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Abstract

Ion exchange membranes (IEMs) are indispensable materials with diverse applications in
energy and environmental technologies, such as fuel cells, water desalination, water purification,
and electrochemical CO2 reduction systems. IEMs facilitate selective ion transport while
maintaining charge balance, minimizing undesired crossover of species, and ensuring efficient
separation processes. However, the development of IEMs is hindered by several challenges. A key
issue is the trade-off between ionic conductivity and selectivity, where enhancing one often
compromises the other. Additionally, the undesired crossover of reactants or byproducts can
significantly diminish system efficiency and product purity. Compounding these issues is an
incomplete understanding of the structure-property relationships that govern membrane behavior,
limiting the ability to design tailored membranes for specific applications. To address these
challenges, this study investigates (1) single and co-transport solute behavior across various [EMs,
(2) solute transport characteristics in membranes with comparable water volume fractions, and (3)
the impact of different polymer structures on solute transport. In anion exchange membranes
(AEMs), we observed that the co-permeation of alcohol and carboxylate ions decreases, while the
co-permeation of two carboxylates exhibits competitive transport. However, the water volume
fraction generally has the most significant influence on transport behavior. Different monomers
impart distinct physicochemical properties to the membrane, substantially affecting solute

transport.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1. Motivation

Carbon dioxide (CO:) plays a vital role in regulating global temperatures through the
greenhouse effect. The rapid growth of the human population and the reliance on fossil fuels for
energy production have exacerbated CO: emissions, intensifying the energy crisis and global
warming [1, 2]. The increased concentration of CO: has led to negative environmental impacts,
including rising sea levels, and extreme weather events [3, 4]. However, artificial photosynthetic
technologies, such as photoelectrochemical CO: reduction cells (PEC-CRC), have emerged as a
promising solution to address this global challenge. PEC-CRC systems can convert CO: into a
range of products, including carbon monoxide (CO), methane (CHa), ethylene (C2H4), formate
(HCOQO"), acetate (CH3COQO"), and valuable chemical fuels like methanol and ethanol, which serve
as carbon-neutral energy sources. [5-8]. This technology offers a dual advantage by lowering
atmospheric CO: levels while providing a method for sustainable energy production. These
chemical fuels are critical for mitigating fossil fuel consumption and addressing the energy crisis,
making PEC-CRC a transformative technology in the fight against climate change. A key
component of PEC-CRC systems is the IEMs, which facilitate electrolyte transport, maintain
charge balance, and prevent CO:z reduction product crossover between electrodes [9-11]. A major
challenge with this approach is the lack of IEMs capable of effectively reducing the crossover of

CO: reduction products dissolved in the electrolyte. This crossover results in unwanted oxidation
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of these products back into CO: and other by-products. Beyond PEC-CRC, [EMs are indispensable
in various electrochemical applications, including fuel cells [12, 13], electrodialysis[14, 15], and
redox flow batteries[16, 17], highlighting their widespread importance in advancing sustainable
technologies. However, the performance of [EMs is often constrained by challenges such as low
ion selectivity, limited understanding of multi-solute transport behavior, and insufficient
knowledge of membrane structure-property relationships. These limitations hinder the
optimization of electrochemical systems and highlight the need for a deeper understanding of IEMs.
Advancing research on these membranes is essential for developing next-generation membranes
tailored to specific applications, paving the way for breakthroughs in PEC-CRC and other

electrochemical technologies.

1.2. Objectives and Goal

The primary objective of this dissertation research was to deepen the understanding of ion
transport behavior, including permeability, solubility, and diffusivity, between aqueous salt
solutions and IEMs. Advancing molecular insights in this area provides a foundation for the
rational design of high-performance membranes for water purification and energy generation
applications. To achieve this goal, this dissertation employed a combination of experimental and
theoretical approaches. Transport properties and physicochemical characteristics of both
commercial and synthesized AEMs and CEMs were systematically measured. These experimental
findings were then utilized to develop and validate a theoretical framework that links solute

transport to membrane structure-property relationships. This framework exhibited predictive
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capabilities, offering a powerful tool for understanding and optimizing membranes tailored to
specific applications

The following sections provide an overview of the work in this dissertation broken into
discrete sections that form subsequent Chapters. In order to investigate these complex systems a
series of membrane manipulations were performed and those membranes studied for particular
solutes and solute mixtures. These manipulations included controlling membrane water content,
varying crosslinker density, adjusting charge monomer content, and incorporating different
monomers and functional groups. This was done in an attempt to isolate particular membrane
features and/or physiochemical properties and thereby extract structure-property relationships. For
instance, isolating the impact of water content helps eliminate permeability differences attributed
to variations in free volume. Additionally, incorporating different monomers allows for examining
how structural changes influence the membrane's physicochemical properties, such as water
content, mechanical strength, and transport behavior. The following sections provide additional

details of these efforts that form this dissertation.

1.2.1. Single and Co-transport of Ethanol and Carboxylate in AEMs

Investigating the transport behavior of two-solute mixtures in hydrated dense membranes is
critical for advancing PEC-CRC technologies. A deeper understanding of the mechanisms
governing the movement of CO: reduction products, such as formate, acetate, and ethanol, is
essential for optimizing system performance. AEMs are integral to PEC-CRC systems due to their
ability to transport key electrolytes like bicarbonates. However, their concurrent facilitation of

carboxylate transport poses a significant challenge, hindering overall efficiency. Developing
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AEMs tailored for selective ion and electrolyte transport is therefore crucial for enhancing the
performance of electrochemical devices. This study examines the transport properties of formate
and acetate, along with their co-transport behavior with ethanol, in two types of AEMs: (1) a
crosslinked membrane based on poly(ethylene glycol) diacrylate (PEGDA), functionalized with a
quaternary ammonium (QA) charged monomer, and (2) Selemion® AMVN. Through the
systematic synthesis of AEMs and commercial AEM, physicochemical and transport experiments
were conducted to investigate the following research questions in Chapter 4:

1. The impact of counter ions on water content and ionic conductivity.

2. The transport order of carboxylate ions and alcohols.

3. Study the transport behavior of alcohols and carboxylate ions in AEMs under single and

binary solute conditions.

1.2.2. Single and Co-transport of Methanol and Acetate in CEMs

CO2 reduction cells are advanced systems designed to convert CO: into valuable chemicals,
such as methanol (MeOH) and acetate (OAc"), at the cathode. A critical challenge in these devices
is the development of IEMs that facilitate ion-selective transport—specifically protons in the case
of CEMs—while minimizing the crossover of CO2 reduction products. Understanding the multi-
solute transport behavior of these species is essential for designing effective membranes. Our
previous work demonstrated that acetate diffusivity increases in sulfonated CEMs when co-
diffusing with MeOH, suggesting that charge screening of electrostatic interactions by MeOH
influences this behavior [18]. In this study, 12 chemically dissimilar crosslinked membranes were

fabricated via photopolymerization using a crosslinker (PEGDA), a sulfonate-containing
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comonomer, 3-sulfopropyl methacrylate potassium (SPMAK), and a phenyl-containing
comonomer either phenoxyethyl acrylate (PEA, n=1) or poly(ethylene glycol) phenyl ether
acrylate (PEGPEA, n=3). Through the systematic synthesis of CEMs, physicochemical and
transport experiments were performed to address the following research questions in Chapter 5:
1. The hydrophobic pendant phenyl groups influence ionic conductivity at a consistent
charge content.
2. Investigating the impact of varied sidechain length, PEA (n = 1) and PEGPEA (n = 3), on
the multi-solute transport of MeOH and KOAc.
3. Impact of interactions between (1) mobile MeOH (partially hydrophobic) and PEGPEA
(hydrophobic) chains and (2) SPMAK (hydrophilic) and PEGPEA on the observed

transport behavior.

1.2.3. Effect of Acrylate and Methacrylate Backbone Linkages in IEMs

In CO2 reduction cells (CO2RCs), IEMs play a critical role in suppressing the crossover of
CO2 reduction products while facilitating the selective transport of electrolytes. However, several
crosslinked films, such as PEGDA-based IEMs, often exhibit low toughness, which has restricted
their application. Tuning the polymer rigidity within the membrane is essential for achieving
controlled transport of organic solutes in dense, hydrated membranes. In this study, we investigate
the mixed solute transport behavior of methanol and formate in a series of robust phenyl acrylate-
based crosslinked IEMs. These membranes include CEMs functionalized with quaternary
ammonium (QA*)-containing monomers, such as 3-sulfopropyl acrylate potassium (SPAK) or 3-

sulfopropyl methacrylate potassium (SPMAK), and AEMs functionalized with sulfonate (SOs")-
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containing monomers, such as [2-(Acryloyloxy)-ethyl]trimethylammonium chloride (AETAC) or
2-(Methacryloyloxy)ethyl trimethylammonium chloride (MAETAC). Among these charged
monomers, AETAC and SPAK feature acrylates in their backbones, while MAETAC and SPMAK
have methacrylates in their backbones. Using systematically synthesized IEMs, we conducted
physicochemical and transport experiments to address the following research questions in Chapter
6:
1. The effect of acrylate and methacrylate backbone linkages on polymer chain flexibility,
mechanical properties, water content, and transport behavior.
2. The impact of introducing different quaternary carbons as structural modifications on
water content, as well as single and mixed solute transport
3. Evaluate the effect of organic solutes on the membrane's hydrogen-bonding environment

through relative permittivity measurements.

1.2.4. Salt Transport in Zwitterionic Membranes

Produced water, a by-product of industrial activities such as hydraulic fracturing for enhanced
oil recovery, presents significant environmental challenges due to the presence of various metal
ions that must be removed before disposal to prevent contamination of water resources.
Membrane separation processes, which utilize selective transport properties or absorption-swing
techniques with membrane-bound ligands, offer a promising and efficient solution for extracting
or collecting these harmful contaminants. This study investigates the transport of a variety of metal
ions, including Na®, Li", K*, Ca*", Ni*, and Mg?', through crosslinked polymer membranes

synthesized using a hydrophobic monomer (phenyl acrylate, PA), a zwitterionic hydrophilic
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monomer (sulfobetaine methacrylate, SBMA), and a crosslinker (methylenebisacrylamide,
MBAA). Six distinct zwitterionic membranes were systematically synthesized, and
physicochemical and transport experiments were performed to address the following research
questions in Chapter 7:
1. The relationship between PA, SBMA, and MBAA in terms of physicochemical properties,
including water content, ionic conductivity, and mechanical characteristics.
2. The permeability, solubility, and diffusivity ranking of LiCl, NaCl, KCI, CaCl., MgCl,
and NiCl: in zwitterionic membranes.

3. The transport behavior of solutes within zwitterionic membranes.

1.2.5. Impact of Crosslinker on Physiochemical Properties and Transport

Behavior in AEMs

CO2 reduction cells are advanced devices designed to convert CO2 into valuable chemicals
such as formate (OFm~) and acetate (OAc") at the cathode. A critical challenge in these systems is
developing IEMs that facilitate charge carrier transport between electrodes while minimizing the
crossover of CO2 reduction products. This study focuses on the synthesis and characterization of
crosslinked neutral membranes and AEMs composed of PA and (3-acrylamidopropyl)
trimethylammonium chloride (APTA), crosslinked with PEGDA, n=13, or MBAA. By
systematically synthesizing 4 distinct APTA-containing AEMs and 2 neutral membranes, we
evaluated their water volume fraction, mechanical properties, ionic conductivity, ion exchange
capacity, water contact angle, glass transition temperature, permeability, and solubility to

investigate the following research questions in Chapter 8:
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1. Understanding the underlying causes of physicochemical differences, including water
volume fraction, polymer chain flexibility, dimensional swelling, and contact angle,
resulting from variations in crosslinker type and content.

2. Evaluating the mechanical properties of membranes crosslinked with MBAA versus those
crosslinked with PEGDA.

3. Influence of polymer chain mobility on transport behavior as a result of crosslinker

variation.

1.2.6. Transport Behavior Differences between CEMs Containing SPMAK and

MPS

Current membranes face challenges in effectively blocking carboxylate ions, such as formate
and acetate, which are byproducts of CO: electrochemical reduction, from crossing over.
Understanding the factors that govern ion transport within membranes is therefore essential for
designing tailored solutions. This research focuses on comparing SPMAK and 2-methyl-2-
propene-1-sulfonic acid sodium (MPS) to investigate the relationships between monomers,
crosslinkers, and charged monomers. Through a systematic approach, a series of 9 membranes
with controlled chemical compositions were synthesized, utilizing SPMAK and MPS as charged
monomers to modify membrane properties. Through experiments evaluating water content, water
contact angle, glass transition temperature, ionic conductivity, mechanical properties, and
transport behavior, the following questions will be explored in Chapter 9:

1. Influence of crosslinker, hydrophobic monomer, and charge monomer ratios on

physicochemical properties.
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2. How the different monomers influence the flexibility, rigidity, and overall structural
integrity of the membranes.

3. Investigation and comparison of transport behavior in CEMs containing SPMAK and
MPS, analyzing how the chemical composition, monomer structure, and membrane

properties affect permeability, solubility, and diffusivity for carboxylate ions.

1.2.7. Isolating the Impact of Water Volume Fraction in AEMs

Electrochemical reactions often involve multiple electrolytes, and membrane transport in
these systems typically includes interactions between various solutes. The presence of one solute
within the membrane can significantly influence the diffusion and sorption behavior of other
solutes. In complex systems where multiple solutes diffuse simultaneously through hydrated,
dense polymer membranes, understanding these interactions becomes challenging. Among various
factors, water volume fraction plays a critical role in transport behavior. Moreover, systematically
synthesizing membranes with varying properties while maintaining comparable water volume
fractions to study solute transport in IEMs remains difficult, leaving the transport behavior poorly
understood. This study investigates the individual and binary solute transport behaviors of
potassium formate, acetate, and bicarbonate ions in both neutral membranes and quaternary
ammonium-functionalized AEMs with phenyl acrylate polymer backbones.By systematically
synthesizing a neutral membrane and two types of AEMs incorporating APTA and AETAC with
varying charge monomer content while maintaining comparable water volume fractions, this study

aims to address the following questions in Chapter 10:
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1. Single and co-transport behavior of solutes and their transport order within membranes with
comparable water volume fractions.

2. The effects of Donnan exclusion, fixed charge density and solute-membrane interactions on
permeability, solubility, and diffusivity behavior.

3. Influence of amide and ester groups in charge monomers on physicochemical properties and

transport behavior.

1.2.8. Phenyl Acrylate-Based IEMs for Direct Urea Fuel Cell

IEMs play a critical role in direct fuel cells, including direct methanol fuel cells (DMFCs)
and direct urea fuel cells (DUFCs). Although commercially available IEMs, such as FAA-3-50,
deliver reasonable power densities in these systems, they suffer from significant methanol or urea
crossover, which undermines device performance. This challenge drives the development of
advanced IEMs designed to minimize fuel crossover. Most IEMs are composed of linear
copolymers combining a hydrophobic monomer and a hydrophilic monomer with charged
functional groups. These designs typically require non-woven backing for structural support and
make it challenging to incorporate pendant functional groups that could effectively suppress
crossover effects. In this study, we synthesize crosslinked IEMs with enhanced mechanical
toughness by incorporating MBAA as a crosslinker, hydrophobic monomers PA or phenyl
methacrylate (PMA), and charged monomers. For CEMs, we used 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS), a negatively charged monomer with sulfonate functional groups.
For AEMs, we employed methacroylcholine chloride (MACC), a positively charged monomer
featuring a quaternary ammonium group. To assess their suitability for fuel cell applications, we
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performed a series of physicochemical evaluations, including measurements of water volume
fraction, mechanical properties, ionic conductivity, DUFC performance, and urea transport
experiments. These investigations addressed the following research questions outlined in Chapter
11:
1. Influence of methyl groups, varying charged monomers, and crosslinker content on
mechanical properties, water volume fraction, and ionic conductivity.
2. Performance comparison of synthesized AEMs and commercial membranes in DUFC
operation at 20°C and 50°C, focusing on maximum power density and voltage output.
3. Urea permeability of synthesized AEMs at 1, 2, and 3 molar urea concentrations,

compared to commercial membranes at 25°C and 55°C.

1.3. Organization of this Dissertation

This dissertation begins with an introduction of the motivation to emphasize the importance
of IEMs for various electrochemical applications and environments. Then each project's objectives
and motivation were briefly introduced. Chapter 2 provides an overview of membrane technology,
introducing pertinent background and various types of membranes. Moreover, Chapter 2
emphasizes the applications of IEMs and presents detailed derivations of theoretical transport
models and theories that are utilized in the subsequent chapters. Chapter 3 outlines the materials
utilized in this dissertation, details the polymer synthesis methods, and describes the experimental
techniques employed to characterize the physicochemical and transport properties of the
membranes. Chapters 4 through 11 provide a comprehensive exploration of various transport

behaviors and factors influencing IEMs: Chapter 4 examines ethanol and carboxylate transport,
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both individually and in two-solute systems in AEMs, detailing their transport behavior. Chapter
5 investigates methanol and acetate transport, including single and co-transport scenarios in CEMs.
Chapter 6 explores the effects of acrylate and methacrylate components on the physiochemical
properties and transport behavior of IEMs. Chapter 7 focuses on metal ion transport in zwitterionic
membranes. Chapter 8 identifies crosslinker as a critical factor impacting the physiochemical and
transport properties of membranes. Chapter 9 analyzes the influence of two distinct charge
monomers, SPMAK and MPS, on transport behavior in CEMs. Chapter 10 examines the transport
behavior of carboxylate ions by isolating the role of water volume fraction which significantly
dominates the transport behavior in membranes. Chapter 11 showcases phenyl acrylate-based
IEMs with enhanced mechanical properties for use in DUFC. Chapter 12 concludes the study with

a conclusion and recommendations for future research.
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2.1. Membrane Technology

Membranes provide several advantages over traditional separation techniques, making
them a preferred choice in many applications. Membrane separation processes typically require
less energy than conventional thermal techniques such as distillation, which involve energy-
intensive phase changes and higher operational costs [1]. Membranes have a smaller carbon
footprint due to their ability to operate at ambient temperature and pressure. Moreover, their high
selectivity enables precise and efficient separation of specific molecules or ions based on size,
charge, or chemical properties.

Membrane filtration processes are widely utilized across various industries, including
water treatment, food processing, medical applications, and energy production[2-6]. Figure 2.1
illustrates the classification of membrane filtration processes into microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) based on the size of particles or
molecules they separate and the pore size of the membrane [6, 7]. Microfiltration is designed to
remove larger particles, such as bacteria and suspended solids, and ultrafiltration separates viruses
and proteins. Nanofiltration and reverse osmosis work at the molecular level, separating salts and
organic compounds [6, 7]. This broad filtration spectrum highlights the adaptability of membranes

in tackling various separation and purification challenges.
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Figure 2.1. Classification of membrane filtration processes based on pore size and their separation
targets [8].

IEMs are a specialized class of membranes that feature charged groups on the polymer
backbone, enabling selective ion transport and high ionic conductivity. IEMs are typically
classified into CEMs and AEMs, depending on the type of ions they transport, as illustrated in
Figure 2.2. In electrochemical systems such as fuel cells and PEC-CRC, IEMs facilitate charge
balance by allowing the movement of counterions while preventing the crossover of reactants and
products [9, 10]. This selective transport is crucial for maintaining system efficiency and
minimizing energy losses. For example, CEMs used in photoelectrochemical cells are tailored to
optimize the transport of positively charged species while restricting negatively charged

byproducts like carboxylate ions [11].
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Figure 2.2. Schematic description of CEM and AEM.

Moreover, zwitterionic membranes are another type of membrane that contain both
positive and negative charges while being charge-neutral. These membranes are recognized for
their unique properties, including resistance to fouling and high water retention [12]. The balanced
charge distribution enables them to exhibit excellent ion conductivity and selective ion transport,
making them suitable for applications such as water desalination, fuel cells, and biomedical
devices [13]. The structure-property relationships and physicochemical properties of these
membranes are critical parameters influencing their transport performance. However, a
fundamental understanding of the relationship between IEMs physicochemical and transport
properties is still lacking. This dissertation aims to address this knowledge gap, with further details

provided in the following chapter.
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2.2. Application of IEMs

IEMs have attracted significant research attention since the last century due to their broad
range of applications across various industries. In electrochemical technologies such as
electrodialysis (ED) and reverse electrodialysis (RED), polymer electrolyte fuel cells, direct
methanol fuel cells (DMFCs), redox flow batteries, and water electrolysis, IEMs are essential for
separating and transporting ions between the anode and cathode, helping to balance electron flow
in the external circuit. This has driven growing global interest in IEMs as a solution to energy and
environmental challenges. In this study, we focus on the common electrolytes and solutes

generated during the PEC-CRC and DUFU processes.

2.2.1. Photoelectrochemical CO2 Reduction Cells (PEC-CRC)

The PEC-CRC is an innovative technology designed to address two critical global
challenges: mitigating COz2 levels in the atmosphere and producing sustainable energy [14]. PEC-
CRC uses solar energy as a driving force to facilitate the conversion of carbon dioxide (CO.) into
chemical fuels such as hydrogen, hydrocarbons, and multi-carbon oxygenates like methanol and
ethanol [15-17]. These fuels can serve as carbon-neutral alternatives to fossil fuels, offering a
pathway toward achieving energy sustainability. A PEC-CRC system consists of three essential
components. The first is the photoelectrodes, which are crucial for generating and managing
photogenerated charges, enabling CO: reduction at the photocathode and oxygen evolution at the
photoanode [15]. The second is the IEMs, which prevent product crossover, transfer ions to

maintain charge balance, and separate cathodic and anodic reactions [11, 18, 19]. The third
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component is the CO: feeding system, which is necessary to address the low solubility of CO: in
aqueous solutions[15]. Figure 2.3 shows the schematic diagram of PEC-CRC. Although PEC-CRC
systems are straightforward and highly integrated, they face challenges such as low product purity,
difficulties in producing target chemicals, and preventing the crossover of CO: reduction products
[9, 10]. Ongoing research focuses on understanding solute transport within IEMs to address the

limitations and enhance the feasibility of PEC-CRC.
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Figure 2.3. Diagram illustrating the PEC-CRC system.
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2.2.2. Direct Urea Fuel Cells (DUFC)

Urea is a non-toxic compound with a high energy density and can be easily stored and
transported [20]. Figure 2.4 presents the schematic diagram of the DUFC. In DUFCs, urea is
electrochemically oxidized in an alkaline medium, producing carbon dioxide (CO:), nitrogen (N2),
water (H20), and electricity. This process enables efficient electricity generation, positioning
DUFCs as a promising solution for sustainable energy. However, to enhance DUFC performance,
three main challenges must be addressed: (1) increasing catalytic activity by alloying catalysts or
enhancing their surface area, (2) boosting the theoretical open circuit voltage (OCV), and (3)
minimizing the crossover of urea to the cathode side of the cell, particularly at higher
concentrations [21]. Overcoming these challenges can improve the efficiency and practicality of

DUFCs, making them a viable option for clean energy production.

Water + CO, + N>

Water + O,

Figure 2.4. Schematic diagram of a DUFC [22].
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2.3. Transport Mechanisms in Dense Polymer Membranes

Membrane separation mechanisms can be classified into several types. One common
mechanism is size-based separation, which is fundamental to MF, UF, and NF, RO[23, 24]. In this
mode, separation occurs based on the size of particles or molecules relative to the membrane's pore
size. Molecules or particles smaller than the pore size pass through, while larger particles are
retained on the membrane surface or trapped within its pores. RO also relies on the ion exchange
mechanism for solute separation. Charged membranes selectively transport ions based on their
charge. Counter-ions (those opposite in charge to the membrane's fixed groups) are mobile and
selectively transported, while co-ions are excluded due to electrostatic repulsion [25]. Additionally,
solute transport within RO membranes is governed by the solution-diffusion mechanism, which is
complex and strongly influenced by the physicochemical properties of the membrane and the
solutes. The following section will focus on hydrate-dense RO membrane transport mechanisms,
which separate solutes primarily based on their charge and the interplay between membrane

structure and solute properties.

2.3.1. Free Volume Theory

The free volume theory is critical for understanding transport phenomena in hydrated dense
polymer membranes. It explains how small molecules, such as water and ions, move through dense
polymer matrices. Free volume refers to the molecular-scale spaces between polymer chains that
are not occupied by polymer segments [26], which are crucial for molecular diffusion and

influence membrane separation performance. The free volume theory has been widely utilized to
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estimate the diffusion coefficients of permeants through polymeric membranes [27-29]. Figure 2.5
shows the permeant solute molecules diffuse through these spaces, hopping between transient gaps
created by thermal and segmental motion within the polymer structure [30]. The extent of free
volume is affected by factors such as polymer chain flexibility, crosslinking density, and
crystallinity, with amorphous regions having greater free volume than crystalline ones [31-33].
Temperature also impacts free volume, as higher temperatures increase polymer chain mobility,

enhancing diffusion rates but potentially reducing selectivity[31, 34].

i

o [0O) D

o> N\ WS

A solute Desorption
enters the from the
membrane membrane
by sorptionl

Figure 2.5. schematic illustration of solute transport through a hydrated dense membrane.

Positron Annihilation Lifetime Spectroscopy (PALS) is one of the most reliable methods
for directly measuring free volume in polymeric materials [35-37]. This technique is based on a
quantum model where positronium atoms form within free volume cavities and interact with the
surrounding electron density. The local electron density is then correlated with the size of the
micro-voids in the polymer [38]. Although PALS can directly measure free volume in dense
polymer membranes, positrons can interact with ion exchange functional groups, altering their
lifetimes and potentially affecting the accuracy of free volume calculations [39]. Therefore, the
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most practical and direct method for approximating the free volume within the membrane is

through water content measurement, which will be discussed in Chapter 3.

2.3.2. Solution-Diffusion Model

Permeant transport through porous membranes follows the pore-flow model, whereas
transport through dense (nonporous) membranes driven by a concentration gradient is governed
by the solution-diffusion mechanism [40-42]. The solution-diffusion model is widely applied to
characterize water and salt transport in dense membranes, assuming independent diffusion of water
and salt through the membrane. Moreover, water and salt selectivity are determined by the
differences in the solubility and diffusivity of water and salt through the membrane. According to
this model, salt molecules first absorb into the upstream side of the membrane, where the
concentration is higher. They then diffuse through the membrane along the concentration gradient

and desorb from the downstream side, as shown in Figure 2.6.
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Figure 2.6. Schematic representation of the concentration gradient in a hydrated dense membrane.

The solution-diffusion model is based on thermodynamic principles, with the concentration

gradient serving as its driving force. Accordingly, Fick's first law is expressed as follows:

dc;
Ji==Di @.1)
where J; represents the flux of permeant i, D; is the diffusivity, c; denotes the molar
concentration, and x is the dimension of length. By substituting x with the membrane thickness,

the equation becomes:
]i — _Di Cio(m)l_cil(m) (22)

where ¢;o(m) represents the concentration of solute i on the feed side of the membrane, ¢;;(py is

the concentration of solute i on the permeate side of the membrane, and [ denotes the thickness
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of the membrane (Figure 2.6). Since our experimental method measures solute concentration in
the solution rather than within the membrane, the chemical potential of the feed and the feed side
of the membrane are assumed to be equal, resulting in:
YioCio = Yio(m)Cio(m) (2.3)

Where y;, and y;o(m) represent the activity coefficient of permeant i on the feed side and the
feed side of the membrane, respectively. The solubility of solute i, K;, can be used to replace the
ratio of activity coefficients, Y;,/Yio(m)- This process is then repeated on the permeate side of the
membrane. Thus.

Ciotm) = Ki " Cio (2.4

Cam) = Ki - ¢y (2.5)
By substituting Equations 2.4 and 2.5 into Equation 2.2, the result is:

Ji = Dyl e (2:6)

Under pseudo-steady-state conditions, the integral salt permeability coefficient, P;
represents the steady-state salt flux normalized by the membrane thickness and the driving force.
This coefficient can be expressed as a combination of two terms: the salt sorption coefficient, K;,
a thermodynamic parameter quantifying the solutes' ability to sorb to or desorb from the membrane
interfaces, and the concentration-averaged diffusion coefficient, D;, a kinetic parameter
describing the rate at which solutes traverse the membrane [41, 43]. The relationship is defined as
follows:

P; = K; X D; (2.7)
J; = p,Ge=w (2.8)
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2.3.3. Yasuda’s Model

Membrane permeability can be assessed by measuring the solute flux across the membrane
under the influence of a chemical potential gradient (concentration gradient) and normalizing this
flux by the membrane's thickness and transport area [10]. To measure membrane permeability,
diffusion cells are typically employed; as shown in Figure 2.7. A membrane of known thickness
is positioned between two diffusion half-cells, each with a precisely defined orifice. These half-
cells are temperature-controlled to minimize any temperature gradients. The donor chamber is
filled with a solution of known concentration, while the receiver chamber is filled with ultrapure
water. The concentration increase in the receiver chamber is monitored over time as the solute
permeates through the membrane [10, 44].

Yasuda's model is the most widely recognized framework for describing solute permeation

through hydrated dense membranes. Permeability can be determined using the following equation:

cal®] _ _»Ap
ln[l—zm]— 25 Pt (2.9)

where c;;(t) represents the concentration of solute i in the receiver chamber at time ¢, ¢;,(0)
is the initial concentration of solute i in the donor chamber, A is the cross-sectional area
available for solute transport through the membrane, V is the solution volume in both the donor
and receiver chambers, [ is the membrane thickness. Utilizing the permeability as an adjustable

parameter, the permeability is calculated from the time-resolved concentration data [10, 44].
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Figure 2.7. Schematic depiction of diffusion cell setup.

2.3.4. Donnan Theory

Donnan exclusion theory describes the behavior of ions in the presence of charged
membranes, particularly IEMs. These membranes contain fixed charge groups that are bound to
the polymer structure, allowing the permeation of counter-ions (ions of opposite charge to the fixed
charges) while largely excluding co-ions (ions with the same charge as the fixed charges) [25, 45,
46]. When IEMs are placed between two ionic solutions, due to the presence of fixed ions and the
condition of electroneutrality, an unequal distribution of ions exists in a charged polymer, creating
a concentration gradient across the membrane. This gradient leads to the development of an

electrostatic potential difference, referred to as the Donnan potential, at the membrane/solution
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interface. The Donnan potential serves as the driving force for ion transport, influencing which
ions can permeate the membrane and how they are distributed across the membrane. It specifically
works to exclude co-ions from entering the membrane [47]. Figure 2.8 illustrates the electrostatic

repulsion of co-ions in AEM.

Qlectrostatic Repulsioy

Figure 2.8. Schematic depiction of electrostatic repulsion in AEM.

This phenomenon is particularly important for processes like electrodialysis, where
selective ion transport is critical for maintaining functions. The extent of Donnan exclusion is
influenced by factors such as the fixed charge density of the membrane, the ionic strength of the
solutions on either side of the membrane, and the size and charge of the ions involved. Higher

fixed charge densities or greater differences in ionic strength across the membrane lead to stronger
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exclusion of co-ions. Despite the extensive theoretical and practical use of Donnan exclusion,
direct measurement of the Donnan potential has remained challenging due to the lack of effective
interfacial experimental techniques [48]. This limitation has hindered the development of more
selective membranes for specific ions. The ongoing development of advanced membrane
technologies and experimental methods to measure the Donnan potential will be critical for

enhancing the selectivity and efficiency of ion separation processes.

2.3.5. Mackie-Meares Model

The Mackie-Meares model provides a foundational framework for understanding ion
diffusion in membranes by emphasizing tortuosity as the primary factor affecting ion transport and
offering a simple method to estimate ion diffusion coefficients [49]. It assumes that ions diffuse
within membranes similarly to how they move in aqueous solutions but must follow a more
intricate path due to the presence of polymer chains acting as physical barriers. In this model, ions
retain their intrinsic mobility properties from salt solutions, but the reduced effective transport area
and increased path complexity (tortuosity) slow their movement across the membrane.
Consequently, the diffusion of small molecules in swollen membranes is significantly lower than
in pure solvents due to these combined effects of tortuosity and reduced transport area. To quantify
tortuosity, the Mackie-Meares model employed a statistical approach assuming a random
distribution of polymer chains, resulting in a relationship that depends solely on the membrane’s

water volume fraction. The Mackie-Meares model can be expressed as below:

Ow
D; = Do,i(;=5-)* (2.10)

60



Chapter 2: Background

where D; is the diffusivity of a membrane to a solute i, Dy; is the solute i diffusivity in pure
water and @, is the water volume fraction. While the model provides valuable insights,
particularly for predicting co-ion diffusion coefficients in highly hydrated polymers and neutral
membranes, it oversimplifies the effects of electrostatic interactions and fixed charge group
dynamics, limiting its accuracy for counterion transport. Counterions, which remain closer to fixed
charge groups, are more influenced by electrostatic interactions, making their diffusion behavior
harder to predict with this model. Despite its limitations, the model remains a useful tool for
estimating diffusion behavior in membranes with high water content. Additionally, its prediction
that diffusion coefficients become zero at a water volume fraction of zero is unrealistic, limiting

the model’s applicability to membranes with significant water content.

2.3.6. Manning’s Theory

Manning's theory explains ion diffusion in aqueous solutions containing both
polyelectrolytes and ions. It assumes that polyelectrolyte chains generate inhomogeneous electric
fields, which alter the ion diffusion pathways. To model these interactions, Manning applied the
Debye—Hiickel approximation to characterize the electric field produced by the charged polymer
chains [50, 51]. Moreover, in this model, it is assumed that condensed counterions are immobilized.
However, Manning acknowledged that while these condensed counterions may have some ability
to move along the length of the polyelectrolyte chain, they are not free to detach and move away
from the chain easily [ 14, 52, 53]. For instance, electric field-driven transport is primarily governed
by counterion movement [54], allowing for a more flexible assumption regarding the mobility of

condensed counterions. In Manning’s model, polyelectrolyte chains are represented as infinite line
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charges with uniformly spaced charged groups along their length, and the linear charge density is

quantified by the Manning parameter, & [51, 55, 56].

f=— =k
4megekThb b

(2.11)
where e represents the elementary charge, €, denotes the permittivity of free space, € is the
relative permittivity of the membrane phase (static dielectric constant), k is Boltzmann’s constant,
T is the absolute temperature, b is the average spacing between fixed charge groups along the
polymer chain, and Ap refers to the Bjerrum length. When the Manning parameter exceeds a
critical threshold (§ = 1), counterions condense onto the polymer chain, neutralizing its fixed
charge groups and reducing the Manning parameter to the critical value [51]. The remaining
uncondensed counterions are relatively free to move. This phenomenon, known as counterion
condensation, arises in polyelectrolyte solutions due to the overlapping electric fields generated

by closely spaced fixed charges [51, 57]. Conversely, if the Manning parameter is below the critical

value, counterion condensation does not occur [51].
2.4. Tradeoff relationship in polymer membranes

Water content in polymer membranes significantly impacts solute transport behavior, ionic
conductivity, and mechanical properties of the polymer [58, 59]. Factors such as the type of
counterion, pre-polymerization solvent content, degree of crosslinking, external solution salt
concentration, and fixed charge group concentration can all affect and regulate the membrane's
water content. Higher water uptake in hydrated polymers is typically accompanied by excessive

swelling and increased free volume within the polymer matrix, which enhances solute transport
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behavior [42, 60, 61]. According to free volume theory, membranes with greater water content
provide more space for solute movement, resulting in elevated solute diffusion coefficients and
improved permeability [60, 62, 63]. The expanded free volume reduces restrictions on solute
transport, facilitating their passage through the membrane. Additionally, membranes with high
water content often exhibit higher ionic conductivity but suffer from reduced mechanical strength.
This is because increased water content decreases the fixed charge concentration, further boosting
the solute diffusion coefficient [22, 59, 64]. However, excessive swelling can compromise the
membrane's structural integrity, leading to mechanical instability and reduced durability [65].

Pre-polymerization solvent is the most straightforward factor influencing membrane water
content. As the solvent content in the pre-polymerization solution increases, more void spaces are
created within the membrane structure [66]. Introducing a crosslinker into the polymer matrix
helps mitigate this effect by increasing the crosslink density, making the polymer network more
rigid. This reduces water content, limits swelling, and prevents the polymer chains from dissolving,
thereby enhancing the membrane’s mechanical stability [54, 67]

The incorporation of charged functional groups into a polymer chain generally increases
its water affinity and absorption capacity [43, 68, 69]. This behavior is attributed to the hydrophilic
nature of ionic groups on the polymer backbone, which attract and are surrounded by water
molecules [54]. While enhancing ion exchange capacity is a primary objective for [IEMs, polymers
made exclusively from monomers with fixed charge groups tend to be highly water-soluble,
rendering them unsuitable for membrane formation. Additionally, membrane water uptake is
affected by the type of counterions present, as different counterions exhibit distinct hydration

numbers and binding affinities to the fixed functional groups [63, 70, 71].
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The water content of a membrane also depends on the salt concentration in the surrounding
solution [54, 72, 73]. As the external salt concentration rises, the thermodynamic activity of water
in the solution decreases, leading to reduced water uptake by the polymer matrix. In general, water
absorption by polymers increases with higher water activity, as described by models like the Flory—
Huggins theory [74]. Consequently, higher salt concentrations result in a reduction of the polymer's
water content, a process often referred to as osmotic deswelling.

While the above sections detail some of what is known, much remains to be understood
concerning how the distinct properties of different functional groups, crosslinkers, and monomers
influence membrane characteristics and their interactions. Additionally, most studies focus on
investigating the transport behaviors of membranes with varying water content. Given the
profound impact of water content on transport properties, systematically synthesizing membranes

with comparable water volume fractions could offer deeper insights into these mechanisms.
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Chapter 3: Materials and Experimental

Methods

The following sections detail the materials and experimental methods utilized in performing the
research in this dissertation. Additional background details for the experimental methods used are

also included to provide motivation, context, and scientific understanding of the methods.

3.1. Materials

Sodium chloride (NaCl), lithium chloride (LiCl), potassium chloride (KCI), magnesium
chloride (MgClz), ammonium chloride (NH4«Cl, > 99.5%), and calcium chloride (CaCl.) were
obtained from VWR (Radnor, PA, USA). Sodium hydroxide beads (NaOH), potassium acetate
(KOACc, > 99.0%), potassium chromate (K2CrO4, 5% w/v), and silver nitrate (AgNOs, 1 M) were
procured from British Drug Houses (Poole, UK). Selemion® AMVN membranes were purchased
from AGC Engineering Co. (Tokyo, Japan), while Fumasep FAA-3-50 (FAA) membranes were
sourced from FuMA-Tech (St. Ingbert, Germany). Methanol (MeOH, > 99.9%), ethanol (EtOH, >
99%), poly(ethylene glycol) diacrylate (PEGDA, n = 13 and n = 10), 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS, 99%), (3-acrylamidopropyl)trimethylammonium chloride solution
(APTA, 75 wt.% in water), phenoxyethyl acrylate (PEA, n = 1), poly(ethylene glycol) phenyl ether
acrylate (PEGPEA, n = 3), [2-(Acryloyloxy)ethyl]trimethylammonium chloride (AETAC, ~80%

in water), 3-sulfopropyl acrylate potassium salt (SPAK), 3-sulfopropyl methacrylate potassium
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salt (SPMAK), hydrochloric acid (HCI), potassium hydroxide (KOH), sulfobetaine methacrylate
(SBMA), 2-methyl-2-propene-1-sulfonic acid sodium salt (MPS), and 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%) were supplied by Sigma-Aldrich Chemicals (St. Louis, MO,
USA). Dimethyl sulfoxide (DMSO, > 99.9%) was obtained from Macron Fine Chemicals (Radnor,
PA). Sodium formate (NaOFm, > 99%) was purchased from Alfa Aesar (Haverhill, MA), and
phenyl acrylate (PA, 97%) was sourced from Ambeed (Arlington Heights, IL). Phenyl
methacrylate (PMA, > 97%), nickel chloride (NiClz), methacroylcholine chloride (MACC, ~80%
in water), N,N'-methylenebisacrylamide (MBAA, > 98%), 2-(Methacryloyloxy)ethyl
trimethylammonium chloride (MAETAC, ~80% in water), and 1-hydroxycyclohexyl phenyl
ketone (HCPK) were procured from TCI (Tokyo, Japan). Sodium acetate (NaOAc, > 99%) was
obtained from ACS Chemical Inc. (Point Pleasant, NJ), while potassium formate (KOFm, > 98%)
was purchased from BeanTown Chemical (Hudson, NH). Potassium bicarbonate (KHCOs, > 98%)
was sourced from Ward’s Science. Type-1 deionized water (18.2 MQ-cm at 25 °C, 1.2 ppb TOC)
was produced using a Waterpro BT Purification System from Labconco® (Kansas City, MO).
Feeler gauges (205 pm spacers) and glass plates (5 x 5” x 0.25”) were obtained from McMaster-

Carr (Elmhurst, IL).

3.2. Synthesis of Polymer Membranes

Membranes can be manufactured using various techniques, such as phase inversion and
radical polymerization, each offering distinct advantages and limitations. A common approach to
synthesizing IEMs involves a two-step process, where a hydrophobic cross-linked polymer is first

synthesized, followed by the introduction of fixed charge groups onto the polymer backbone [1].
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However, this method complicates the independent adjustment of membrane properties like water
content and fixed charge concentration because the addition of charged groups generally increases
the hydrophilicity and water uptake of the membrane [2-4], driven by the favorable interactions
between charged groups and polar water molecules [5]. And high degree of functionalization can
result in excessive swelling and water uptake, ultimately reducing the polymer’s mechanical
strength [4-7]. Using a one-step synthesis procedure can address this issue. However, a key
challenge in one-step synthesis is achieving compatibility between the charged monomer and the
crosslinker. Charged monomers are typically highly hydrophilic, while crosslinkers are often more
hydrophobic, leading to heterogeneous pre-polymerization solutions and, during polymerization,
may cause phase separation. Additionally, the choice of solvent, crosslinker, and charged
monomer plays a critical role in determining the membrane’s physiochemical properties. For
instance, higher solvent content in the pre-polymerization solution tends to create void spaces in
the membrane structure [8, 9]. Increasing crosslinker content increases the crosslink density, which
reduces water uptake and limits swelling [9-12]. Thus, optimizing these parameters is essential for
achieving the desired balance of membrane properties. All the membranes in this dissertation were

synthesized using a one-step synthesis procedure.

3.2.1. UV Photopolymerization

In this dissertation, the membranes discussed in Chapters 4 and 5 were synthesized using
free radical UV photocrosslinking, using HCPK at 0.1 wt% relative to the total amount of
crosslinker and monomer as the photoinitiator. Figure 3.1 shows the membrane synthesis process.

The pre-polymerization mixtures were sonicated for 30 minutes to ensure a homogeneous solution
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and then sandwiched between two quartz plates (5 x 5 x 1/4") separated by spacers with a thickness
of 305 um. This assembly was placed inside a UV crosslinking oven (Spectrolinker™ XL-1500,
Spectroline, Westbury, NY) and exposed to 254 nm UV light for 3 minutes at an intensity of 3.0
mW/cm?. After crosslinking, the resulting films, matching the thickness of the spacers, were
carefully removed and immersed in 1 liter of deionized (DI) water for 2 days. The DI water was
replaced daily to ensure equilibrium was attained. This step was performed to exchange the solvent

and remove any residual monomers before further use.

Ay pe—
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Figure 3.1. Schematic depiction of the membrane synthesis process.

In Chapter 4, we synthesize one neutral membrane and two AEMs through UV
copolymerization, as detailed in Table 3.1.

Table 3.1. Membrane properties from pre-polymerization mixtures in Chapter 4.

APTA! (mol%) PEGDA (g) APTA (g) Water (g) HCPK (g)

A0 0 8.00 0.00 2.00 0.008
A8 8 7.80 0.20 2.00 0.008
Al2 12 7.69 0.31 2.00 0.008

' APTA = mol of APTA/(mol of PEGDA + mol of APTA) x 100 %
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In Chapter 5, we synthesized five neutral membranes and seven CEMs using UV
copolymerization, as detailed in Table 3.2.

Table 3.2. Membrane characteristics from pre-polymerization mixtures in Chapter 5.

SPMAK? EorG" | PEGDA SPMAK EorG’® Water HCPK
(mol %)  (mol %) () (€9) () (€] @

1.P - - 8.00 - - 2.00 0.008
2. P-S16 16 - 7.50 0.50 - 2.00 0.008
3. P-S24 24 - 7.20 0.80 - 2.00 0.008
4.P-S32 32 - 6.86 1.14 - 2.00 0.008
5.P-El6 - 16 7.60 - 0.40 2.00 0.008
6. P-E32 - 32 7.08 - 0.92 2.00 0.008
7. P-G16 - 16 7.35 - 0.65 2.00 0.008
8. P-G32 - 32 6.57 - 1.43 2.00 0.008
9. P-S16/E16 16 16 6.97 0.58 0.45 2.00 0.008
10. P-S24/E8 24 8 6.92 0.86 0.22 2.00 0.008
11. P-S16/G16 16 16 6.71 0.56 0.73 2.00 0.008
12. P-S24/G8 24 8 6.79 0.84 0.37 2.00 0.008

ASPMAK = mol of SPMAK/(mol of PEGDA + mol of SPMAK + mol of E or G) x 100 %
°E or G = mol of E or G/(mol of PEGDA + mol of SPMAK + mol of E or G) x 100 %

3.2.2. Thermal Polymerization

In this dissertation, the membranes described in Chapters 6 through 11 were synthesized
via thermal copolymerization, using AIBN at 0.1 wt% relative to the total amount of crosslinker
and monomer as the thermal initiator. The monomer, crosslinker, and charge monomer were
combined and sonicated for approximately 30 minutes to achieve homogeneous mixtures. The pre-
polymerization solution was then sandwiched between two glass plates separated by spacers with
a thickness of 205 um and placed in an oven at 65 °C for 24 hours to facilitate the polymerization
of the monomer and crosslinker. After polymerization, the glass plates were carefully separated,
and the resulting polymer films were immersed in 1 liter of DI water for at least 48 hours before

any subsequent characterization. The DI water was replaced daily to ensure equilibrium was
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reached. This process was essential for solvent exchange and the removal of any residual
monomers before further use.

In Chapter 6, we synthesize two AEMs using either AETAC or MAETAC and two CEMs
using SPAK and SPMAK through thermal copolymerization, as detailed in Table 3.3

Table 3.3. Pre-polymerization mixture compositions in Chapter 6.

Name PA (mol%) MBAA (mol%)  Charge monomer (mol%)
PA/A 49 30 21

PA/MA 49 30 21
PA/S 49 30 21

PA/SM 49 30 21

In Chapter 7, we prepared six zwitterionic membranes through thermal copolymerization,
as detailed in Table 3.4.

Table 3.4. Pre-polymerization mixture compositions in Chapter 7.

1

Membrane PA (mol%) SBMA (mol%) 1}?3;?;2)
S20-10 80 20 10
S20-20 80 20 20
S30-10 70 30 10
S30-20 70 30 20
S40-10 60 40 10
S40-20 60 40 20

I'MBAA = mol of MBAA/ (mol of PA + mol of SBMA) x 100%
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In Chapter 8, we synthesized three PEGDA-crosslinked membranes and three MBAA-
crosslinked membranes through thermal copolymerization, as detailed in Table 3.5

Table 3.5. Pre-polymerization mixtures compositions in Chapter 8.
APTA (mol%) PEGDA (mol%) PA (mol%)

A0/P20 0 20 80
A8/P12 8 12 80
A12/P8 12 8 80
APTA (mol%) MBAA (mol%) PA (mol%)
A0/M20 0 20 80
A8/M12 8 12 80
Al12/M8 12 8 80

In Chapter 9, we synthesized one neutral membrane and eight CEMs through thermal
copolymerization, as detailed in Table 3.6.

Table 3.6. Pre-polymerization mixtures compositions in Chapter 9.

Name PA (mol%) PEGDA (mol%) SPMAK (mol%)
PA8OP10S10 80 10 10
PA8OP15S5 80 15 5

PA90OP5S5 90 5 5
PA85P10S5 85 10 5

Name PA (mol%) PEGDA (mol%) MPS (mol%)

PA8SOP10OM10 80 10 10
PASOP15M5 80 15 5
PA9OP5SMS5 90 5 5
PA8SP10MS 85 10 5
PA80P20 80 20 0
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In Chapter 10, we synthesized one neutral membrane and six AEMs through thermal

copolymerization, as detailed in Table 3.7.

Table 3.7. Composition of Pre-polymerization mixtures in Chapter 10.

Name PA (mol%) MBAA (mol%) APTA (mol%) DMSO (wt%)
P55M20AP25 55 20 25 42
P65M15AP20 65 15 20 45
PSOM10AP10 80 10 10 60

Name PA (mol%) MBAA (mol%) AETAC (mol%) DMSO ( wt%)
P55M20AE25 55 20 25 50
P65M15AE20 65 15 20 59
PSOM10AE10 80 10 10 62

PSOM20 80 20 0 69
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Table 3.8. Membrane characteristics from pre-polymerization mixtures in Chapter 11.
Cation Exchange Membranes

MBAA®*  AMPSP PA or AMPS  AIBN MBAA  DMSO
Name (mol%)  (mol%) | PMA (g) (2) (2) (2) (2)

PA/A-5 5 30 1.492 0.894  0.003 0.111 2.500
PA/A-10 10 30 1.428 0.856  0.003 0.212 2.500
PA/A-20 20 30 1.317 0.789  0.003 0.391 2.500
PA/A-30 30 30 1.221 0732 0.002 0.545 2.500
PMA/A-5 5 30 1.541 0.844  0.003 0.112 2.500
PMA/A-10 10 30 1.475 0.808  0.003 0.214 2.500
PMA/A-20 20 30 1.359 0.744  0.003 0.394 2.500
PMA/A-30 30 30 1.260 0.690  0.002 0.547 2.500

Anion Exchange Membranes

MBAA®*  MACC® | PAor  MACC AIBN MBAA DMSO  Water!
Name (mol%)  (mol%) | PMA (g) (2) (2) (2) (2) (2)

PA/M-5 5 30 1.491 0.896  0.003  0.111 2.276 0.224
PA/M-10 10 30 1.427 0.858  0.003 0212 2.286 0.214
PA/M-20 20 30 1.316 0790 0.003  0.391 2.302 0.198
PA/M-30 30 30 1.220 0733 0.002  0.544 2.317 0.183
PMA/M-5 5 30 1.540 0.845  0.003  0.112 2.289 0.211
PMA/M-10 10 30 1.474 0.809  0.003  0.214 2.298 0.202
PMA/M-20 20 30 1.358 0745 0.003  0.39%4 2314 0.186

"MBAA = mol of MBAA/(mol of PA or PMA + mol of AMPS or MACC) x 100 %
®AMPS = mol of AMPS/(mol of PA or PMA + mol of AMPS) x 100 %

‘MACC =mol of MACC/(mol of PA or PMA + mol of MACC) x 100 %

dWater, from the MACC solution as 20 % of the solution is water.
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3.3. Membrane Characterization

Membrane characterization is essential for understanding and optimizing membrane
performance in various applications. By analyzing key properties such as water content, ion
exchange capacity, mechanical strength, thermal stability, permeability, and solubility, we can
evaluate how well a membrane meets the requirements of a specific process. Moreover,
characterization provides insights into the relationship between the membrane's structure,
physiochemical, and transport behavior, enabling the fine-tuning of parameters like water content,
crosslink density, fixed charge concentration, and hydrophilicity to achieve desired outcomes.
Through comprehensive characterization, membranes can be tailored to enhance efficiency,
durability, and compatibility with their intended operational environments, ensuring reliable and

sustainable solutions for separation, filtration, or electrochemical applications.
3.3.1. Water Content and Polymer Density

Water uptake, represented as w,,, is a critical parameter for evaluating the transport
capacity of a membrane [13, 14]. It is largely influenced by the free volume within the membrane,
which consists of the voids between polymer chains. These voids result from the inefficient
packing of polymer chains in amorphous, non-crystalline structures, enabling water absorption and
solute transport. Water uptake is defined as the amount of water absorbed per gram of dry
membrane and was measured using a gravimetric method. A hole punch with a 0.75-inch diameter
was used to cut the hydrated films.

— Ws—Wa

d
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Where W, represents the mass of the hydrated membrane, measured after briefly blotting it with
tissue paper, while W; denotes the mass of the dry membrane, taken after the membrane was
dried under a vacuum at 50°C for 24 hours [15, 16]. The masses of the hydrated and dried
membranes are used to calculate both water uptake and water volume fraction. However, water
uptake cannot accurately explain transport behavior, as it fails to consider the role of polymer
density. The water volume fraction addresses this limitation by incorporating the membrane's
density into the calculation. For example, two membranes with the same water uptake but the
membrane with higher density will exhibit greater transport ability than the membrane with lower
density because it has a higher water uptake per unit volume. Similarly, for hydrated membranes
with identical volumes, a reduction in polymer density, caused by disruptions in chain packing,
can lead to a corresponding decrease in the water volume fraction [17, 18]. The water volume
fraction, which represents the ratio of water volume to the total volume of the hydrated polymer,
is a widely used metric for evaluating a membrane's transport capacity. This parameter provides a
clear indication of the free volume available within a hydrated membrane. Its calculation, denoted
as @, incorporates the volumes of both water and polymer, taking into account the membrane's

water uptake and density properties.

_ (Ws=Wq)/pw
Q)W Ws=Wa)/pw+Wa/pp (32)

Where p,, represents the density of water, and p,, represents the density of the dry polymer. The

dry polymer density was determined using the buoyancy method with a density kit (ML-DNY-43,

Mettler Toledo) coupled with a scale (ML204T, Mettler Toledo) [12, 16, 19]

P = (ow = Po) (-2=) + po (3.3)

Wo—-Wp
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The symbol W, represents the mass of the sample measured in the auxiliary liquid, with W,
denoting the density of the auxiliary liquid at the measurement temperature, and p, indicating the

density of air (1.225 kg/m?) [15, 16].

3.3.2. Dimensional Swelling

The volume ratio between hydrated and dry films was calculated using the photograph-
caliper method at 25 °C. Circular samples, 19 mm in diameter, were prepared for the measurements.
The surface area of each film was determined from digital photographs analyzed with ImagelJ
software, while the thickness was measured with a digital caliper, averaging readings taken at three
random points. The membranes were then dried in a vacuum oven at 50 °C for 24 hours, after
which their surface area and thickness were re-measured in the dry state. Dimensional swelling

was subsequently calculated based on these measurements.

Vy
Vp

(3.4)
Where Vy represents the volume of hydrated membrane, and Vj, represents the volume of dry
membrane. Moreover, the membrane deswelling ratio (volume of the membrane after immersion
in the target solution/volume of the hydrated membrane) between the hydrated membrane and the
membrane after the solubility experiment was determined at 25 °C. Circular samples with a
diameter of 19 mm were prepared for the solubility experiment. The surface area of each sample

was measured using digital photographs analyzed with ImageJ software, while the thickness was

recorded using a digital caliper, averaging measurements from three random points. Following the
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solubility experiment, the membranes' surface area and thickness were re-measured, and

dimensional swelling was calculated.
3.3.3. Ion Exchange Capacity

Ion exchange capacity (IEC), commonly expressed in milliequivalents (meq) of fixed
charge per gram of dry polymer [1, 6, 12, 16], can represent the degrees of functionalization and
the concentration of fixed charge groups, serving as a measure of charge monomer content per unit
mass. For CEMs, IEC is typically determined using titration methods [20-22], whereas the Mohr
method [23, 24] is employed for AEMs.

For CEMs, the membranes were first dried in a vacuum oven at 50°C for 24 hours until a
stable dry weight (W;) was obtained. The dried membranes were then immersed in a 1M
hydrochloric acid (HCI) solution for at least 48 hours to allow counterions to exchange with
protons (H"). Afterward, any excess HCI and counterions were removed by rinsing the membranes
with DI water until the pH of the rinse water stabilized. The membranes were then submerged in
a 1M sodium chloride solution for two days to facilitate the exchange of H" with Na" in the
desorption solution. Subsequently, 3—5 drops of phenolphthalein indicator were added to the
desorption solution, followed by dropwise titration with 0.1M NaOH until a stable pink endpoint

was observed. The IEC was calculated as:

JEC = YNaoH*CNaoH (3.5)
Wq

where Vy,on rtepresents the volume of the NaOH solution added, and Cy,oy denotes its

concentration.

83



Chapter 3: Materials and Experimental Methods

For AEMs, the hydrated membranes were first dried in a vacuum oven at 50 °C for 24
hours, and the dry weight (W) of the films (~1.5 g) was recorded. The membranes in chloride
form were then converted to the hydroxyl form by immersing them in a 1M NaOH solution for
two days. The chloride ions released during this process were quantified through titration with a
0.1M AgNOs3 solution, using KoCrO4 (~5 mL) as an indicator. The AgNO3 solution was added
gradually until the solution exhibited a stable red-brown color. The IEC values were determined
based on the amount of chloride ions released and were expressed in mmol per gram of dry

membrane.

[EC = YAgN0s*Cagnog (3.6)
Wa

where Vjgyo, is the volume of AgNOs solution added, and C4gpp, is the concentration of the

AgNO:s solution.
3.3.4. Fixed Charge Concentration and Density

The fixed charge concentration, C;~" (mol of fixed charge per liter of water), and fixed
charge density, an,p (mol of fixed charge per liter of hydrated membrane), are key volumetric
parameters used to evaluate the charge content in ion exchange membranes. The fixed charge
concentration measures the charge content in relation to the volume of absorbed water, while the
fixed charge density relates to the charge content relative to the total volume of the hydrated
membrane. These parameters are calculated as below using the experimentally determined IEC,

WU, and water volume fractions [25, 26]:

cmw = % (3.7)
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;P =Cc"" %0, (3.8)

3.3.5. Ionic Conductivity

The conductivity of IEMs determines their ability to transport ions under an electric field.
In electrochemical cells, such as fuel cells, IEMs conductivity is crucial for current flow, as ions
must move between electrodes to maintain charge neutrality while electrons transfer. In-plane
conductivity is measured using a four-point conductivity cell (BekkTech BT-110) at 25 °C coupled

with a Gamry Interface 1000 potentiostat [27]. A rectangular piece of the membrane (1 x 0.5 cm)

was cut and inserted into the conductivity cell, which was then immersed in 500 mL of DI water.
Electrochemical impedance spectroscopy (EIS) was conducted after the open circuit potential
stabilized (frequency: 10 Hz—1 MHz, AC voltage: 10 mV) [6, 12, 27, 28]. The EIS data was
processed using Gamry Echem Analyst software, and the resistance, R, was determined from the

Nyquist plot. The ionic conductivity, denoted as o, was calculated as follows:

o=— (3.9)

RWT

where L, W, and T are the distance between two electrodes (0.5 cm), width, and thickness of

the film, respectively.
3.3.6. Mechanical Properties

For most applications, membranes must possess strong mechanical stability to function
effectively. The mechanical properties of the hydrated polymer films were evaluated at room

temperature (~25 °C) using a commercial tensile testing device (DMA, TA Instruments RSA III).
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The films, with a thickness of 0.2 mm, were cut into rectangular strips measuring 10 mm x 40 mm.
The samples were mounted lengthwise between the clamps of the tensile testing machine,
maintaining an initial gauge length of 10 mm. During testing, the upper clamp was moved upward
at a constant deformation rate of 0.05 mm/s [15, 28]. Each composition was tested three times, and

Young's modulus was determined from the initial slope of the stress-strain curves.

3.3.7. Crosslink Density

Crosslink density refers to the number of chemical bonds that link polymer chains together
within a polymer network. It is commonly quantified in terms of moles of crosslinks per unit
volume (mmol/cm?). Crosslink density is a key factor influencing the mechanical and thermal
properties of the material, such as stiffness, elasticity, and resistance to deformation. Higher
crosslink density typically results in a more rigid and less flexible material, while lower crosslink
density leads to greater flexibility. The storage moduli (E") of the membrane were measured to
estimate their crosslink densities [29, 30]. Membranes were prepared using 1 mm spacers. The
films were first hydrated in DI water for at least 5 days and then freeze-dried for 24 hours. After
drying, the films were cut into rectangular shapes (10x20 mm). The storage modulus of each film
was measured using dynamic mechanical analysis (DMA, TA Instruments RSA III) at a heating
rate of 1 °C/min, from 23 to 30 °C (the rubbery plateau), with a test frequency of 1 Hz. The
crosslink density was calculated using Flory's rubber elasticity theory [31]:

5

v, = (3.10)

€ " 3RT
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where E' is the storage modulus (Pa), R is the gas constant (8314 cm?-Pa/K-mmol), and T is

the temperature (298.15 K).

3.3.8. Thermal Properties

The glass transition temperature (Tg) for a membrane refers to the temperature at which the
polymer material transitions from a rigid, glassy state to a more flexible, rubbery state. It is a
critical property that influences the membrane's mechanical, thermal, and transport behavior.
Below the Tg, the membrane is typically brittle and less permeable, while above the Tg, it becomes
more flexible, allowing for greater ion or molecule mobility. Thermal transitions were analyzed
using a TA Instruments Q20 differential scanning calorimeter (DSC). Approximately 10 mg of
each dried sample was weighed and placed in an aluminum pan. To eliminate any potential
relaxation enthalpy, the sample was first heated to 180 °C (above the expected transition
temperature) and then cooled to -70 °C. The samples were subsequently heated at a rate of 10
°C/min from -70 °C to 180 °C under a nitrogen flow of 50 mL/min. The Tg was identified as the

midpoint of the step change in heat capacity.

3.3.9. Contact Angle

The static water contact angle is a key parameter for evaluating the hydrophilicity of
material surfaces, offering insights into polymer solubility, partitioning behavior, and aggregation
properties [32]. For this analysis, hydrated membrane samples were secured to glass plates using
adhesive tape. A water droplet was carefully placed on each membrane surface, and images were

captured for analysis. The contact angles were then measured using ImageJ software (National
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Institutes of Health, Bethesda, MD, USA). A contact angle of 90 degrees or higher indicates a
hydrophobic surface, while angles below 90 degrees signify a hydrophilic surface [33]. These

measurements are crucial for understanding the interactions between membranes and water.

3.4. Counterion Exchange

In Chapter 4, the chloride (CI") counterion in AEMs was exchanged for bicarbonate
(HCOs"). Circular membranes were prepared using 0.75-inch and 1-inch hole punches (General
Tools 1271 Arch Punches), with the smaller membrane designated for sorption-desorption
experiments and the permeability experiments. The membranes were immersed in 1 M sodium
bicarbonate (NaHCO:3) solution for two days, with the solution replaced daily to ensure sufficient
driving force for ion exchange. The setup was gently stirred throughout the process [23]. Following
ion exchange, the films were thoroughly rinsed with DI water and soaked in fresh DI water for
another two days to remove residual Cl- and NaHCOs. The DI water was replaced daily, and a
conductivity meter confirmed that the final solution's conductivity matched that of pure DI water
(<18.2 mQ-cm at 25 °C). The extent of ion exchange from CI~ to HCOs~ was determined using
elemental analysis performed with a Zeiss EVO 50 scanning electron microscope (SEM) equipped
with INCA energy-dispersive spectroscopy (EDS). Likewise, in Chapter 11, the chloride (CI")
counterion in PA/MACC-30 membranes and the bromide (Br~) counterion in Fumasep® FAA-3-
50 membranes were replaced with hydroxide (OH") through ion exchange using a 1| M KOH

solution.
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3.5. Transport Properties

3.5.1. Permeability

Salt permeability coefficients were determined using custom-built glass diffusion cells, as
described in Section 2.3.3 and illustrated in Figure 2.7. A membrane sample was clamped between
two glass diffusion cells. The feed cell contained 25 mL of single or binary target solute solution
and concentration, while the downstream cell was filled with 25 mL of DI water. Magnetic stir
bars ensured consistent mixing of the solutions throughout the experiment, and the temperature
was maintained at 25 °C using a bath circulator. The solute concentration in the downstream cell
was monitored over time using either an in-situ conductivity probe (PC820 Precision Benchtop,
Apera Instruments, Schaumburg, IL, USA) for single-solute systems or an in-situ Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) probe (Mettler-Toledo ReactIR™ 15 with a
shallow-tip 9.5 mm DSun AgX DiComp probe) for alcohols and two-solute systems. The average

salt permeability coefficient was calculated using Yasuda’s model.

_ o tu®] v
Pi—ln[l Zcio(o)](m) (3.11)

where c;;(t) represents the time-dependent concentration of solute i in the receiver cell, [ is
the membrane thickness measured post-experiment, c;,(0) is the initial solute concentration in
the feed cell, V' denotes the volume of the half-cell (25 mL), A is the orifice area of the half-cell
(1.1423 cm?), and t refers to time. A calibration curve was constructed by measuring the
conductivities of solutions with known salt concentrations, enabling the estimation of the

downstream salt concentration from conductivity readings.
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To calibrate the ATR-FTIR probe, specific wavenumbers (1, cm™') were chosen for each
solute, MeOH (1018 cm™), EtOH (1044 cm™), OFm™ (1350 cm™), and OAc™ (1414 cm™), based on
their absorbance spectra to ensure optimal peak separation and sensitivity to concentration changes.
Solutions with varying concentrations of each solute were prepared, and their absorbance values
at the specified wavenumbers were measured, as illustrated in Figure 3.2 [34]. To correct for any
interference caused by co-solutes, absorbance values for the co-solutes at the corresponding
wavenumbers were also recorded, as shown in Figure 3.3 [34]. Finally, the molar absorptivity (&; ;)
for each solute at its specific wavenumber was calculated using the Beer-Lambert law[35].

Ay = i1 &iaC (3.12)
where A, denotes the absorbance intensity at a specific wavenumber, &;; represents the molar
absorptivity of solute i at that wavenumber, and c; is the concentration of solute i. Thus, the

solute's absorptivity (slop) is determined from the plot of absorbance versus concentration.
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Figure 3.2. a) ATR-FTIR spectra of methanol at varying concentrations, and b) the linear least-
squares regression of absorbance against concentration at 1018 cm™'. The error bars in the figure
are smaller than the symbols representing the data points[34].
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MeOH Calibration
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Figure 3.3. An example of ATR-FTIR absorbance as a function of MeOH concentration at

wavenumbers 1018 cm™ (A, red), 1044 cm™ (V, blue), 1350 cm™ (<, green), and 1414 cm™ (D>,
yellow).

To determine the concentration of the solution measured by ATR-FTIR, the time-resolved
absorbances were obtained from the receiver cell solution and converted to concentration using
the molar absorptivities. Additionally, for binary solute transport, both solutes' absorbances must
be considered at the selected wavenumber. Here we use methanol and sodium acetate as an

example.

A1018 = €1018mCm T €1018,aCa (3.13)
A1414 = €1814mCm t €1414,aCa (3.14)

where A;qigand A;4q4 represent the measured absorbance at the wavelengths 1018 cm™ and
1414 cm™ for MeOH and NaOAc, €115, and €191, are the effective molar absorptivities for
MeOH and NaOAc at the wavelength 1018 cm™, €1414, and €414, are the effective molar

absorptivities for NaOAc and MeOH at the wavelength 1414 cm’!, and ¢,, and c, are the
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concentrations of MeOH and NaOAc, respectively. Therefore, the concentrations of MeOH and

NaOAc are calculated as follows:

£1018,a41414

Aj018—
_ £1414,a
Cm = €1018,af1414,m (3.15)
FI01m T e
£1414,mA1018
Ara14~ €1018,m
Cm = £€1414,m€1018,a (3-16)
‘91414,:1—751018 m

3.5.2. Solubility

To evaluate the solubility of various salts in membranes, a previously described sorption-
desorption method was employed [6, 15, 19]. Membrane films were prepared by cutting them into
discs using a 19 mm diameter hole punch, followed by quick blotting with tissue paper. As shown
in Figure 3.4, the prepared films were immersed in a single or binary solute solution of the target
salt at a known concentration for at least three days. Each solution was prepared in triplicate, with
the solution being replaced daily. The thickness of the films was measured at three random points
on the film surface using a digital caliper, while their area was determined using ImageJ software
from captured photographs. After immersion, the membranes were wiped dry and transferred to a
desorption solution (10 mL of deionized water) for at least three days. The salt concentration in
the desorption solution was determined using conductivity measurements or high-performance
liquid chromatography (HPLC) equipped with a refractive index detector and an Aminex HPX-

87H column (Bio-Rad, CA). The solubility (K;) was then calculated based on these measurements.

m
_G

K =% (3.17)
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The solute concentration in the sorption solution is denoted by C;’, while the solute concentration
within the film (C{™) is calculated based on the solute concentration in the desorption solution and

the volume of the film.

— — — —
ooz m 17| mp
S m— » e
—Fm_ 3 Days ﬁ‘, 3 Days
' \..!____/ S —— e’
Pure water Solution Equilibrium Desorption Equilibrium

Figure 3.4. Schematic diagram of sorption-desorption experiment.
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Reproduced from: J.M. Kim, Y. Lin, B. Hunter, B.S. Beckingham, Transport and Co-Transport of
Carboxylate Ions and Ethanol in Anion Exchange Membranes, Polymers. 13 (2021) 2885.
https://doi.org/10.3390/polym13172885.

4.1. Introduction

Anion exchange membranes (AEM [1, 2]) are a crucial component of devices for various
applications, including direct ethanol fuel cells [3], direct urea fuel cells [4], water purification
devices [5], water electrolyzers [6], CO: electrolyzers [ 7] and photoelectrochemical CO:2 reduction
cells (PEC-CRC) [8-12]. Of particular interest here are PEC-CRCs, which utilize solar power to
reduce CO2 to various chemicals [13, 14], such as methanol (MeOH), ethanol (EtOH), formate
(OFm"), and acetate (OAc"). Major roles of the AEM in such devices are to provide preferential
ion transport (i.e., hydroxide (OH™ and anionic electrolytes (bicarbonates, HCO3") [15, 16]) with
membrane-bound, charged functional groups (i.e., quaternary ammonium (QA™) for AEMs) and
to minimize the permeation of CO:2 reduction products to the anode chamber, as they readily
oxidize back to CO2 and by-products [11, 12]. While the majority of ion exchange membranes
(IEM [17-20]) designed for PEC-CRCs have focused on AEMs, one of the major drawbacks of
AEMs for such devices is their high diffusibility for negatively charged CO: reduction products
(OFm™ and OAc). To avoid this issue, our group has performed a series of investigations to gain a
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fundamental understanding of cation exchange membranes (CEM [21-24]) for PEC-CRCs, such
as how the presence of a series of charge-neutral comonomers (acrylic acid, hydroxyethyl
methacrylate and poly(ethylene glycol) methacrylate (PEGMA) [25, 26]) or how the presence of
co-diffusing neutral CO2 reduction products (alcohols) can act to impact and, in some cases,
mitigate the permeation of CO2 reduction products (carboxylates) [27-32]); see Figure 4.1 A, D.
In the case of Nafion® 117 (a commercial CEM) and PEGDA-AMPS (a crosslinked CEM that we
prepared by incorporating 2-acrylamido-2- methyl-1-propanesulfonic acid (AMPS, sulfonate-
containing ionomer) with a crosslinker, poly(ethylene glycol) diacrylate (PEGDA)), both OFm"
and OAc" diffusivities were increased in co-diffusion with either MeOH or EtOH, where we
conjectured a potential charge screening by co-diffusing alcohol [32]. In the case of PEGDA-
AMPS CEMs, which also incorporated a charge-neutral comonomer (PEGDA-AMPS/AA/HEMA,
and/PEGMA) into the structure, the OAc™ diffusivities in PEGDA-AMPS/PEGMA and/HEMA
were increased (as in comonomer-free PEGDA-AMPS films) [28]. However, those of PEGDA-
AMPS/ PEGMA were the same [28] or slightly decreased in co-diffusion with MeOH, where we
conjectured a potential charge screening by long pendant chains.

Here, to further investigate multicomponent transport behavior [33] in IEMs, we perform
an analogous investigation on a series of AEMs, Selemion® AMVN (AMVN) and PEGDA-APTA
(A8 and A12). AMVN is a commercial AEM and PEGDA-APTA is a crosslinked AEM that we
prepare by incorporating (3-acrylamidopropyl) trimethylammonium chloride (APTA, QA+-

containing ionomer) with a crosslinker, PEGDA [28, 30, 34, 35]; see Figure 4.2.
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CEMs PEGDA AEMs
(A) Electrostatic Repulsion (B) (C) Electrostatic Attraction
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Figure 4.1. Schematic depiction of a carboxylate salt diffusion in (A,D) cation exchange
membranes (i.e. PEGDA-AMPS and Nafion® 117), (B,E) crosslinked PEGDA (i.e. A0) and (C,F)
anion exchange membranes (i.e. P8, P12, and AMVN) in (A-C) single and (D-F) co-diffusion with
an alcohol (MeOH or EtOH). Figures are reprinted from [28, 30, 32] with permission from Elsevier,
Wiley, and MDPI.

Moreover, we prepare and characterize a crosslinked PEGDA (A0) as an uncharged analog
to exclude the effect of QA" from A8 and A12 for comparison. The aim of this work is to examine
how the presence of co-permeating EtOH impacts the transport behavior and whether this behavior
is consistent with our prior findings for similar systems. Previously, Carter et al. investigated the
co-transport of alcohols (MeOH, EtOH and n-PrOH) in Selemion AMV, where they observed a

competitive sorption and flux coupling behavior in co-transport [8]. Based on our prior work
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described above on the co-transport of carboxylates and alcohols in CEMs, a pictorial description
of how the presence of copermeating alcohols could be interfering with the electrostatic
interactions (repulsion for CEMs and attraction for AEMs [18, 36, 37]) between membrane-bound
charge groups (sulfonates for CEMs or QA" for AEMs) and a mobile carboxylate anion is shown
in Figure 4.1. In Figure 4.1 A-C, the diffusion of the carboxylate anion by itself is depicted, where
the mobile carboxylate anion experiences electrostatic repulsion from bound sulfonate in CEMs
(Figure 4.1 A) and electrostatic attraction from bound QA" in AEMs (Figure 4.1 C) (ion-polymer
interaction). In Figure 4.1 D-F, the diffusion of carboxylates is assisted by co-diffusing alcohols
(flux coupling; [38]) (ion—alcohol interaction), where the electrostatic interaction between bound
charge groups and the mobile carboxylate anion is screened by the co-permeating alcohol

(alcohol—polymer interaction, charge screening; [27, 29-31]; Figure 4.1 D, F).

L T _UV(@254nm) o ° i S °
T _ Water, HCPK n 13 B Syier g
{0 '+ Gl
S DN G RN o
PEGDA APTA XL(PEGDA) XL(PEGDA-APTA) Selemion® AMVN

Figure 4.2. (A, B) Synthetic scheme of (A) crosslinked PEGDA, A0, and (B) crosslinked PEGDA -
APTA, A8 and A12. (C) Schematic of Selemion AMVN, functionalized polystyrene-
divinylbenzene (PS-DVB)-based film.

To probe this behavior in the AEMs of interest here, for each AEM, we measure their
permeability (P;) and solubility (K;) to both K" and Na* forms of formate (OFm’) and acetate
(OAC). Permeabilities are measured by diffusion cell experiments coupled with in situ attenuated

total reflectance—Fourier transform infrared (ATR—FTIR) spectroscopy [29]; solubilities are
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measured by sorption—desorption experiments coupled with high-performance liquid

chromatography (HPLC) [22]. Additionally, we measure carboxylate permeability (in co-diffusion)
and solubility (from a mixture) with ethanol (EtOH). We then calculate diffusivities (D;) to OFm"

and OAc in both K" and Na" forms (KOFm, KOAc, NaOFm, and NaOAc) using the solution-

diffusion model (Equation (4.1)) [39], which describes the overall solute permeation, which is

dependent on solute sorption [22, 40-43] into the membrane and diffusion [18, 42, 44, 45]through

the fractional free volume [46-49] within the polymer matrix,

P; = DK; (4.1)
where P; isthe permeability to solute i, D; is the diffusivity to solute i,and K; is the solubility
to solute i, for EtOH [8, 50] or a carboxylate anion (OFm™ or OAc™ [51, 52]) in single and co-
transport between EtOH and a carboxylate (EtOH-KOFm, EtOH-KOAc, EtOH-NaOFm and
EtOH-NaOAc. The multi-solute permeability measurement was enabled by our in situ ATR-FTIR
probe approach, which we recently devised [29]. This method is particularly useful upon
measuring the alcohol permeabilities and multi-solute permeabilities as the alternative methods
typically involve aliquots, where the loss of the solution in either the feed or receiver cell is
inevitable and characterization of the multicomponent aliquots ex-situ can be a challenge
(especially for volatile species). Ultimately, we analyze and discuss the observed multi-solute
transport behavior in these AEMs, which will allow more target-specific design of membranes for

CO2 reduction cells.
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4.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed in
Chapter 3. A PEGDA membrane and two PEGDA-APTA anion exchange membranes (AEMs)
were prepared by UV photopolymerization of pre-polymerization mixtures, as shown in Figure
4.2 A, B and Table 4.1. In the film name (A#), A represents APTA and # represents the mol% of
the APTA content. For example, A12 denotes the film prepared with PEGDA (88 mol%) and
APTA (12 mol%). Each pre-polymerization mixture was prepared with 20 wt.% of water content
and HCPK (0.1 wt.% of the polymer) (Table 4.1).

Table 4.1. Membrane properties from pre-polymerization mixtures.

APTA! (mol%) PEGDA (g) APTA (g) Water (g) HCPK (g)

A0 0 8.00 0.00 2.00 0.008
A8 8 7.80 0.20 2.00 0.008
Al2 12 7.69 0.31 2.00 0.008

' APTA = mol of APTA/(mol of PEGDA + mol of APTA) x 100 %.

A charge-neutral film (A0) and three positively charged AEMs (A8, A12, and AMVN)
were prepared to investigate the effect of polymer-bound quaternary ammonium cations (QA™) on
OFm-containing salts (KOFm and NaOFm) and OAc -containing salts (KOAc and NaOAc) in
single and co-transport with EtOH. To further understand this behavior, the EtOH transport of all
films in single and co-transport with each salt was also analyzed. The permeabilities, solubilities,
and diffusivities of each solute in all films were measured. These values were then analyzed based
on three parameters: (1) the charge densities of cations, Na* (0.14mC/cm?) > K* (0.07mC/cm?)
[53], (2) the hydrated diameters of cations, K™ (6.6 A [54]) < Na® (7.2 A [54]) and anions, OFm"

(5.9 A [51]) <OAc (7.4 A [51]), and the kinetic diameter of EtOH (4.5 A [54]) (Figure 4.3), and
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(3) the in-water diffusivities of cations, K* (2.0 x 10° cm?/s [55]) > Na® (1.3 x 10° cm?/s [55]),
anions, OFm™ (1.5 x 10° cm?/s [56]) > OAc™ (1.1 x 10° cm?/s [55, 56]) and EtOH (1.23 x 10° cm?/s
[57]). The relative kinetic diameters and hydrated diameters are shown in Figure 4.3.

(A) EtOH (B) Carboxylate ions

Formate

4.5

5:9 Hydrated Diameter (A ) 7:4
Kinetic Diameter (&)

6.6 7.2
(C) Cations Q @

Figure 4.3. Molecular structure of (A) EtOH (4.5 A), (B) carboxylate ions, OFm" (5.9 A) and OAc’
(7.4 A) and (C) cations, K" (6.6 A) and Na* (7.2 A), where kinetic diameters are stated for EtOH
and hydrated diameters are stated for ions. Carbons are shown in grey, oxygens are shown in red,
hydrogens are shown in white, K is shown in a darker purple, and Na" is shown in a lighter purple.

4.2.1. Water Uptake, Density, and Water Volume Fraction

Water uptakes, dry polymer densities and water volume fractions of films were measured
gravimetrically, with results shown in Table 4.2. Generally, the water uptakes of PEGDA-based
films (A0, A8 and A12) were higher than that of the PS-DVB-based film (AMVN, see Figure 4.2
for structure) by four times, on average. This is due to differences in the polymer backbones, where
PEGDA-based films consist of a hydrophilic backbone (PEG) and AMVN consists of a
hydrophobic backbone (PS-DVB). Water uptakes of A8 and A12 were higher than A0 by 3 and
6%, respectively, for those in CI" form and by 13 and 22%, respectively, for those in HCO3™ form.
This is likely due to the increase in the free volume in films with decreasing crosslink density

(PEGDA content) and increasing charged quaternary ammonium (QA+) content (APTA content)
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[35]. Generally, water uptakes of AEMs (A8, A12 and AMVN) in HCO3™ form were higher than
those in CI" form by 15%, on average, analogous to prior results for QA*-poly(sulfone)-based
AEMs reported elsewhere [15]. Here, the hydration number plays a role as the hydration number
of HCOs™ (7-8 [58]) is higher than that of CI" (5.1-8.4 [59, 60]) and, therefore, the films in HCO3"
form are more likely to hold more water molecules compared to the films in CI" form.

Table 4.2. Water uptake, dry polymer density, and water volume fraction of all films.

Water uptake, w,,
(water g/dry
polymer g-100%)

Dry polymer
density, p,, (g/mL)

Water volume
fraction, ¢,

Cr HCO3 CI HCOs CI HCOs
A0 68 1 1.22+0.01 0.45
A8 70+ 0 77+£0 1.24+0.02 1.25+0.05 0.46 0.49
Al2 72+£2 83+ 1 1.21+£0.00 1.22+0.01 0.46 0.50
AMVN 18+1 27+0 1.01 £0.00 1.02+0.01 0.15 0.22

The dry polymer density of A0 (1.22 g/mL) is consistent with previously reported values
[35, 41, 48]. Generally, the densities of the PEGDA-based films are higher than those of PS-DVB-
based AMVN, in part due to the difference in atomic compositions, as shown in Table 4.3. For
instance, PEGDA-based films contain ~35% of oxygen (16 g/mol) and ~65% of carbon (12 g/mol),
whereas AMVN contains only ~5% of oxygen and ~94% of carbon. Moreover, the densities of
AEMs in HCOs™ form are slightly higher than those in CI'-form, which is attributed to the higher
density of HCO3™ compared to CI (i.e., the densities of KHCO3 and KCl are 2.17 and 1.98 g/mL,
respectively).

The diffusivity of a solute in a hydrated, dense membrane is often described by free volume
theory, in which solute diffusion occurs through the vacant and transient space between repeating

polymer chains[61, 62]. To describe this behavior, Yasuda et al. assumed that all the fractional
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free volume (FFV) within a hydrated film would be filled with water and proposed the following

equation:
1
D; = Dosexp | =B (5= = 1) (4.2)

where D; is the diffusivity of a membrane to a solute i, Dy; is the solute diffusivity in pure
water, [ is the empirical constant for each polymeric material, and @,, is the water volume
fraction. Therefore, Equation 4.2 predicts solute diffusivity to rapidly increase with the water
volume fraction and gradually equilibrate toward the solute diffusivity in pure water (@,, = 1).
Assuming that the empirical constants do not differ drastically, the solute diffusivities of PEGDA-
based films (A0, A8 and A12) will be higher than those of AMVN due to the differences in water
volume fraction; see Table 4.2. We will return to this point in our discussion of solute diffusivities

calculated using the solution-diffusion equation below.
4.2.2. Counterion Conversion, Ionic Conductivity, and IEC

The weight compositions of carbon, oxygen, and chloride were measured from EDS
elemental analysis on A8, A12, and AMVN before and after the counterion conversion; see Table
4.3 for values. Generally, the carbon and oxygen compositions of both A8 and A12 were closely
matched with the theoretical compositions from the pre-polymerization mixture. However,
chlorine compositions were lower than the theoretical values by three times, on average. Complete
counterion conversion (Cl” to HCO3") is presumed in all AEMs (A8, A12, and AMVN) as Cl” was

not detected in EDS elemental analysis on any film after the conversion [16].
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The ionic conductivity (o) and ion exchange capacity (IEC) of each AEM (A8, A12, and

AMVN) were determined, yielding the results shown in Table 4.4. Generally, the measured IECs

for both A8 and A12 are close to that of the theoretical IEC (calculated from the composition of

the pre-polymerization mixture). This indicates that essentially complete conversion from

monomers (PEGDA and APTA) to a crosslinked film has been achieved. The IEC of AMVN (1.5

meq/g) was significantly higher than those of PEGDA-based films by an order of magnitude, such

that considerably more interactions between bound quaternary ammonium groups (QA") and

mobile species (K", Na*, OFm", OAc’, and EtOH) are expected for AMVN. Consequently, the

ionic conductivity of AMVN is also greater than A8 and A12, by six times, on average.

Table 4.3. Weight percent (wt.%) of AEMs (A8, A12, and AMVN) in Cl" and HCO3 forms.

Measured Theoretical*
Name
C 0 Cl C o da
A8 578+07 41.6+06 06+01 | 599 378 223
Cl-form | Aqp 577+03 41.1+03 12+01 | 598 368 34
AMVN | 89.6+04 62+03  41+0.1 ; ; -
HCO3. A8 505+02 405+02 ; 597 403 -
form Al2 589+05 41.1+05 ; 596 404 -
AMVN | 913403 87403 - - - -

"Theoretical values of A8 and Al2 were calculated based on the
prepolymerization mixtures.

compositions in

Table 4.4. Water uptake, dry polymer density, and water volume fraction of all films.

Cl HCO3 CI HCO5
A8 1.0£0.0 0.9+0.0 0.121 0.125 + 0.004
Al2 1.2+0.0 0.8+0.0 0.187 0.190 + 0.001
AMVN | 7.0+00  4.1+0.0 1.5 -

! Reported by the manufacturer
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The ionic conductivities of the AEMs in HCOs™ form were lower than those in CI” form by
1.4 times, on average [16]. The ionic conductivities of films in both CI"and HCO3™ form are plotted
in a function of inverse water volume in Figure 4.4 along with the upper bound regression line for
a series of Selemion® AMV and ImPPO-y AEMs [16]. While the conductivities of AMVN are
within the range of other AEMs (Selemion® AMV and ImPPO-y[16]), the conductivities of both
A8 and A12 are lower than their expected conductivity for their respective water volume fractions.
This indicates that the transport behavior in A8 and A12 is expected to be closer to that of hydrated,

dense membranes (i.c., AO) over the state-of-the-art AEMs (i.e., AMVN, Selemion® AMV and

ImPPO-y).
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Figure 4.4. Ionic conductivity as a function of inverse water volume fraction for A8, A12 (filled
markers), and AMVN (empty markers) in CI" (diamonds, <) and in HCOs3" (squares, 0). The line
is a regression on a series of INMPPO-y AEMs and Selemion® AMYV from the literature [16].
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4.2.3. Permeation

One-component permeabilities to EtOH and carboxylate salts (KOFm, NaOFm, KOAc,
and NaOAc) of a charge-neutral A0 and positively charged A8, A12 and AMVN films in HCO3"
form are shown in Figure 4.5, where (A) and (B) are scaled differently. Generally, the thickness
of AMVN films after permeation was essentially the same (all within 5%) and those of PEGDA-
based films were slightly decreased (7-17%) with increasing APTA content; see Table 4.5.
Permeabilities across all films were increased with increasing water volume fraction, showing
similar results to those reported elsewhere [16, 30, 42, 48]. This is primarily due to increased
diffusion, where solute diffusivities tend to increase with increasing water volume fraction (i.e.,
free volume theory [61, 62]); for values. For all films, salt permeabilities are in the order of KOFm
> NaOFm > KOAc > NaOAc, indicating that the primary discrimination is the size difference
between the two carboxylate anions, OFm™ (5.9 A) < OAc™ (7.4 A), followed by the difference

between the two cations, K* (6.6 A) <Na* (7.2 A); see Figure 4.3.
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Figure 4.5. (A) Permeabilities to EtOH, o, in single permeation. (B) Permeabilities to KOFm (A,
red), NaOFm (V, orange), KOAc (>, blue) and NaOAc (<, purple) in single permeation. Each
data point is the average of 3 experiments with error bars corresponding to the standard deviation.

Two-component permeabilities to EtOH and carboxylate salts (KOFm, NaOFm, KOAc,
and NaOAc) of a charge-neutral A0 and positively charged A8, A12, and AMVN films in HCO3"
form are shown in Figure 4.6, where (A) and (B) are scaled differently; see Table 4.5.

Table 4.5. Normalized film thickness to hydrated membrane after permeability measurements.

AMVN | A0 A8 | Al2
Hydrated 1.00 1.00 | 1.00 | 1.00
1. EtOH 1.05 093 | 091 | 0.85
2. KOFm 0.99 093 | 0.90 | 0.83
3. NaOFm 0.95 092 | 0.88 | 0.85
4. KOAc 1.02 091 | 0.90 | 0.83
5. NaOAc 1.05 0.93 | 0.89 | 0.83
6. EtOH/KOFm 1.01 092 | 091 | 0.87
7. EtOH/NaOFm 1.03 093 | 0.90 | 0.85
8. EtOH/KOACc 1.03 0.93 | 0.90 | 0.84
9. EtOH/NaOAc 1.03 0.93 | 0.90 | 0.84
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In co-permeation, the permeabilities of AMVN to EtOH are increased by 1.7 times, while
those of PEGDA-based films are essentially the same. This is largely due to the differences in
sorption, which are described below; see Figures 4.7 and 4.8. Interestingly, QA"-free A0
permeabilities to NaOAc and KOFm are decreased by 1.1 times, on average, in co-permeation,
while those to NaOFm and KOAc are increased by 1.2 and 1.1 times, respectively, on average.
However, QA -containing A8 and A12 permeabilities to NaOAc, KOFm, NaOFm, and KOAc all
decrease, by 2.2, 1.4, 1.3, and 1.1 times, respectively, on average. To rationalize this behavior, we
conjecture the permeation of carboxylate salts to be dependent on the polyatomic carboxylate
anions over the cations. Consequently, electrostatic attraction (i.e., counterion condensation [18])
between the bound quaternary ammonium (QA™) and mobile carboxylate anions (OFm™ and OAc¢)
can be suppressed by co-permeation with EtOH (i.e., charge screening [29, 30, 32]); see Figure
4.1. As aresult, the overall salt permeabilities of QA" -containing A8 and A12 are decreased in co-
permeation with EtOH. Similarly, AMVN permeabilities to OFm™-containing salts (KOFm and
NaOFm) are decreased by three times, while those to OAc™-containing salts (KOAc and NaOAc)

are similar. More details of this behavior will be discussed below in the section 4.2.5.
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Figure 4.6. (A) Permeabilities to EtOH in co-permeation with KOFm (A, red), NaOFm (V,
orange), KOAc (P>, blue), and NaOAc (<, purple). (B) Permeabilities to KOFm (A, red), NaOFm
(V, orange), KOAc (I>, blue), and NaOAc (<, purple) in co-permeation with EtOH. Each data
point is the average of 3 experiments with error bars corresponding to the standard deviation.

4.2.4. Sorption

One-component solubilities to EtOH and carboxylate salts (KOFm, KOAc, NaOFm and
NaOAc) of a charge-neutral A0 and positively charged A8, A12 and AMVN films in HCO3™ form
are shown in Figure 4.7, where (A) and (B) are scaled differently. Generally, the volumes of
AMVN films after sorption in all external solutions were slightly increased (6-9%), and the
volumes of PEGDA-based films were essentially the same (within 3%) or slightly increased (up

to 9%) after sorption; see Table 4.6.
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Figure 4.7. (A) Solubilities to EtOH, o, in single sorption. (B) Solubilities to KOFm (A, red),
NaOFm (V, orange), KOAc (P>, blue) and NaOAc (<, purple) in single sorption. Each data point
is the average of 3 experiments with error bars corresponding to the standard deviation.

Table 4.6. Volume of hydrated films and volume of swollen films (mm?) after sorption
experiments were measured from photographs and a digital caliper. Normalized to the volume of
the hydrated films.

A0 A8 | A12 | AMVN
Hydrated 1.000 | 1.000 | 1.000 | 1.000
1. EtOH 0.988 | 0.904 | 0.899 | 1.085
2. KOFm 0.976 1 0.926 | 0.926 | 1.081
3. NaOFm 0.994 1 0.885]0.959 | 1.078
4. KOAc 0.968 | 0.885 | 0.880 | 1.068
5. NaOAc 0.946 | 0.899 | 0.876 | 1.084
6. EtOH/KOFm 1.090 | 1.016 | 0.993 | 1.070
7. EEOH/NaOFm | 1.074 | 0.975 ] 0.975 | 1.082
8. EtOH/KOAc 1.022 | 0.980 | 1.005 | 1.093
9. EtOH/NaOAc | 1.002 | 0.969 | 0.984 | 1.078
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Generally, EtOH solubilities are higher than those of salt solubilities by 1.7 times, on
average, indicating that EtOH uptake is preferred in these films (@,,: 0.2-0.5) over the uptake of
carboxylate salts. We observed similar behavior in a previous investigation of cation exchange
membranes (CEM) [29, 32, 50], where the alcohol (MeOH and EtOH) solubilities were higher
than the carboxylate (NaOFm and NaOAc) solubilities. However, contrary to our previous
investigations of CEMs, the EtOH concentrations in the AEMs here (A8, A12, and AMVN) after
sorption in the external solution (1 M EtOH) were less than those of the external solution, such
that EtOH is less preferred in these films over the external solution; see Table 4.7.

Table 4.7. Volume fraction among the solution, EtOH (@,)-carboxylate salt (@.), inside the

membranes after sorption experiments, where the remaining is the volume fraction of water (@,,,)
from the solution.

External, 1 M AMVN A0 A8 Al2

P Oc Pe Oc Pe Oc Pe Oc Pe Oc
1. EtOH 0.058 - 0.038 - 0.033 - 0.051 - 0.047 -
2. KOFm - 0.044 - 0.017 - 0.016 - 0.025 - 0.025
3. NaOFm - 0.035 - 0.010 - 0.009 - 0.014 - 0.010
4. KOAc - 0.063 - 0.022 - 0.018 - 0.027 - 0.024
5. NaOAc - 0.054 - 0.012 - 0.010 - 0.015 - 0.015
6. EtOH/KOFm | 0.058 | 0.044 | 0.044 | 0.015 | 0.076 | 0.014 | 0.051 | 0.019 | 0.046 | 0.017
7. EtOH/NaOFm | 0.058 | 0.035 ] 0.045 | 0.008 | 0.081 | 0.010 | 0.053 | 0.011 | 0.047 | 0.010
8. EtOH/KOAc 0.058 | 0.063 ] 0.051 | 0.019 | 0.070 | 0.012 | 0.053 | 0.024 | 0.046 | 0.019
9. EtOH/NaOAc | 0.058 | 0.054 ] 0.052 | 0.011 | 0.087 | 0.013 | 0.056 | 0.014 | 0.047 | 0.013

For PEGDA-based films (A0, A8, and A12), the carboxylate salt solubilities were in the

order of KOFm > KOAc¢ > NaOFm > NaOAc. This result indicates that the salts with K'(KOFm
and KOAc) are preferred over the salts with Na+ (NaOFm and NaOAc). A similar result was
observed by Jang et al. [41], where the potassium chloride (KCI) solubilities of crosslinked
PEGDA films were higher than their sodium chloride (NaCl) solubilities. They proposed that it is

easier for K" ions to bind with PEG as they can directly interact with the dipole moment of the
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ether oxygen group in the absence of a strongly bound hydration layer due to the relatively low
surface charge density (0.072 mC/cm?), while it is more difficult for Na+ ions to interact with the
dipole moment with a strongly bound hydration layer due to the relatively high surface charge
density (0.142 mC/cm?) [41]. Similarly, Sartori et al. reported the binding constant of K* to
ethylene oxide to be higher than that of Na" to ethylene oxide [63]. This result also suggests that
the salts with OFm™ (KOFm and NaOFm) are preferred over the salts with OAc™ (KOAc and
NaOAc). A possible cause of this difference between the solubilities of OFm™ and OAc" is the
effect of molecular size, where the larger OAc™ (7.4 A) would experience more steric hindrance
from the polymer structure than smaller OFm™ (5.9 A) (Figure 4.3) [32, 41, 51, 64]. For AMVN,
the salt solubilities are in the order of KOFm > NaOFm > KOAc > NaOAc; the order between
NaOFm and KOAc is changed. This indicates that the effect of carboxylates (OFm™ > OAc) is
more apparent than the effect of cations (K" > Na"). This is likely due to the fact that the
polystyrene-divinylbenzene (PS-DVB) backbone in AMVN does not contain functional groups
with a strong dipole moment as ether oxygen groups in PEG; see Figure 4.2.

Two-component solubilities to EtOH and carboxylate salts (KOFm, NaOFm, KOAc, and
NaOAc) of a charge-neutral A0 and positively charged A8, A12 and AMVN films in HCO3™ form

are shown in Figure 4.8, where (A) and (B) are scaled differently.
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Figure 4.8. (A) Solubilities to EtOH in co-sorption with KOFm (A, red), NaOFm (V, orange),
KOACc (P>, blue) and NaOAc (<, purple). (B) Solubilities to KOFm (A, red), NaOFm (V, orange),
KOACc (P>, blue) and NaOAc (<, purple) in co-sorption with EtOH. Each data point is the average
of 3 experiments with error bars corresponding to the standard deviation.

In co-sorption, PEGDA-based films’ (A0, A8, and A12) solubilities to EtOH are increased
by 1.3, 1.2, and 1.1 times, on average, respectively, while those to salts are decreased by 1.1 times,
on average. Again, EtOH is preferentially sorbed into PEGDA-based films over carboxylate salts
in co-sorption. Our group reported similar behavior [32] for a series of crosslinked PEGDA (same
as A0) and sulfonate-bearing PEGDA-based CEMs (similar to A8 and A12, but a CEM with
negatively charged sulfonate groups). For those CEMs, solubilities to alcohols in co-sorption with
a carboxylate salt were increased by 1.2 and 1.1 times, on average, respectively, while those to
salts in co-sorption were essentially the same. A possible cause of this behavior is the difference

in hydrophobicity [65]. While both EtOH and carboxylate salts are hydrophilic, as they bear an
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alcohol group (-OH) and charged groups (i.e., a carboxylate™ and either K" or Na™"), respectively,
the carboxylate salts are relatively more hydrophilic due to the hydration of the charge groups and,
therefore, their interaction might be less preferred with a polymer structure (relatively
hydrophobic).

In co-sorption, AMVN solubilities to EtOH are increased by 2.1 times, on average, while
those to salts are essentially the same. This is contrary to behavior reported for CEMs [32], where
the solubilities of a commercial perfluorosulfonic acid (PFSA) CEM, Nafion® 117, to alcohols in
co-sorption with a carboxylate salt were decreased by 1.1 times, on average. As current state-of-
the-art [IEMs, AMVN and Nafion® 117 share some common characteristics, such as a hydrophobic
backbone (i.e., PS-DVB and PF), similar IEC (i.e., 1.5 and 0.9 meq/g) and similar water volume
fraction (i.e., 0.22 and 0.25 [30]). To rationalize this difference in transport be[16]havior between
AEM and CEM, we conjecture a potential repulsive interaction between bound QA" and mobile
EtOH in single sorption (i.e., AEM direct ethanol fuel cells, DEFC [3]), which might be interfered
with by mobile carboxylate anions as they are attracted to the bound QA" and screen the interaction
between the QA" and EtOH. Nevertheless, the increase in EtOH sorption in AEM is a concerning
behavior for CO2 reduction cells [8-10, 12, 16] and, therefore, it would be appropriate to make

efforts to suppress this behavior in the design of AEMs for COz reduction [7, 28].

4.2.5. Diffusion

One-component diffusivities to EtOH and carboxylate salts (KOFm, KOAc, NaOFm and
NaOAc) of a charge-neutral A0 and positively charged A8, A12, and AMVN films in HCO3™ form

were calculated using the solution-diffusion relationship (Equation (4.1)) and the results are shown
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in Figure 4.9. The Mackie—-Meares model was used to correlate the diffusivities with the water

volume fraction of each membrane (Equation (4.3)).

Dy
D; = Dy (- W)Z (4.3)

where D; is the diffusivity of a membrane to a solute i, Dy; is the solute diffusivity in pure

water. Table 4.8 presents the diffusivities of the targeted solute in water.
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Figure 4.9. (A) Diffusivities to EtOH, o, in single diffusion. The solid line is the Mackie-Meares’
fit. (B) Diffusivities to KOFm (A, red), NaOFm (V, orange), KOAc (P>, blue) and NaOAc (<,
purple) in single diffusion. The lines are the Mackie-Meares’ fits, KOFm (solid line, red), NaOFm
(dot-dashed, orange), KOAc (dashed, blue), and NaOAc (dotted, purple).
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Table 4.8. Solute diffusivities of select species in water (x 10° cm?/s) at 25 °C in the dilute
condition.

Solute Diffusivity in water
Water 2.45[66]
EtOH 1.23 [57]
OFm” 1.454 [56]
OAc 1.089 [55, 56]
K* 1.957 [55]
Na* 1.334 [55]

The calculated EtOH diffusivities are higher than those estimated by the Mackie— Meares
model by 2.1 times, on average, showing a similar result to MeOH diffusivities reported elsewhere
[42]. This under-prediction of alcohol diffusivity has been observed previously and attributed to
the Mackie—Meares model being initially devised for ionic species [67]. The relative difference in
the calculated and the estimated diffusivities was larger in AMVN. For instance, the calculated
EtOH diffusivity of AMVN was 3.6 times higher than the estimated value from the Mackie—
Meares model, while those of PEGDA-based films were 1.7 times higher. A contribution to the
significantly low estimation for AMVN is made by the inherent weakness of the model at low
water volume fraction. For instance, the model implies that the solutes become immobile at zero
water volume fraction, which is not true as they can diffuse through the backbone structure [18,

67]. Another contribution is the increase in the volume fraction of solution, @, [42]:

where W, is the mass of the dried film, p; is the density of dry polymer, and V; is the volume
of the swollen film after sorption. To determine V, the film surface area was extracted from digital
photographs and the thickness was measured using a digital caliper; see Table 4.9 for values. As

the solution volume fraction was higher than the water volume fraction by 1.1 times, the AMVN
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diffusivities can be closer to the Mackie—Meares’ fit as this would constitute a rightward shift in
the values in Figure 4.9 A.
Table 4.9. Water volume fractions (@,,) and solution volume fractions (@) of films after

sorption experiments, where the remaining is the polymer volume fraction (@,) from the dry
polymer density.

AMVN, A0, A8, Al2,
(I)S (I)S q)s (I)s

Water volume fractions, ¢w 0.217 0.452 0.492 0.504
1. EtOH 0.245 0.452 0.382 0.446
2. KOFm 0.242 0.445 0.397 0.462
3. NaOFm 0.240 0.455 0.369 0.481
4. KOAc 0.233 0.441 0.369 0.434
5. NaOAc 0.244 0.428 0.380 0.432
6. EtOH/KOFm 0.235 0.503 0.451 0.499
7. EtOH/NaOFm 0.243 0.496 0.427 0.489
8. EtOH/KOAcCc 0.250 0.470 0.430 0.505
9. EtOH/NaOAc 0.240 0.460 0.424 0.494

The salt diffusivities are closer to the Mackie—Meares’ fits; see Figure 4.9 B. To calculate
the diffusivities of salts in water (Dg;), we assume the diffusivities of a salt consisting of
monovalent ions (i.e., Na" and CI for NaCl) and that the salt diffusivity is close to the average
diffusivities of the two ions (mobility-weighted average diffusivity [68]). For instance, using the
reported diffusivities of Na*, K*, Cs* and CI" in water (1.33 x 107, 1.96 x 107, 2.06 x 10~ and
2.03 x 10 cm?/s, respectively [55]), the estimated diffusivities of NaCl, KCl, and CsCl in water
are 1.68 x 10, 2.00 x 10 and 2.04 x 10~ cm?/s, respectively, and these are close to the reported
diffusivities for these salts: 1.61 x 107 [69], 1.99 x 107 and 2.04 x 10 cm?/s, respectively. Here,
using the reported diffusivities of K, Na*, OFm™, and OAc in water, 1.96 x 107, 1.33 x 107, 1.45

x 107 and 1.09 x 107 cm?/s [55, 56], respectively, we estimate the diffusivities of EtOH, KOFm,
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KOAc, NaOFm, and NaOAc in water as 1.23x 107, 1.71 x 10>, 1.52 x 107, 1.39 x 10~ and 1.21
x 10 cm?/s, respectively.

Generally, salt diffusivities to AMVN are higher than the estimated diffusivities by 1.4
times, on average, while those to PEGDA-based films are essentially the same. Again, a
contribution to the low estimation for AMVN is presumably made by the inherent weakness of the
model at low water volume fraction. For AMVN, the calculated diffusivities to K'- containing
salts (KOFm and KOACc) are higher than the estimated diffusivities by 1.5 times, on average, while
those to Na+-containing salts (NaOFm and NaOAc) are higher than the estimated diffusivities by
1.4 times, on average. The calculated diffusivities of PEGDA-based films to Na+-containing salts
are higher than the estimated diffusivities by 1.1 times, on average, while those to K+-containing
salts are lower than the estimated diffusivities by 1.3 times, on average

Two-component diffusivities to EtOH and carboxylate salts (KOFm, NaOFm, KOAc, and
NaOAc) of a charge-neutral A0 and positively charged A8, A12 and AMVN films in HCO3™ form
are shown in Figure 4.10 along with predicted diffusivities using the Mackie-Meares model.

In co-diffusion, the EtOH diffusivities are decreased by 1.2 times, on average. Our group
reported a similar result for CEMs (PEGDA-AMPS and Nafion® 117) [32], where both MeOH
and EtOH diffusivities were decreased in co-diffusion with a carboxylate salt (either NaOFm or
NaOAc). To rationalize this behavior, we conjectured there to be competitive diffusion between
the co-solutes [32], and that the diffusional path of a fast-diffusing diffusant can be interfered with
by a slow-diffusing co-diffusant. A similar diffusant— diffusant interaction is likely of consequence
for the EtOH diffusion with these carboxylate salts in the AEMs studied here. For PEGDA-based

films (A0, A8 and A12), the decrease in EtOH diffusivities was more apparent in co-diffusion with
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OAc -containing salts (KOAc and NaOAc). While EtOH diffusivities in co-diffusion with OFm™-
containing salts (KOFm and NaOFm) were decreased by 1.11 times, on average, those with OAc
-containing salts were decreased by 1.23 times, on average. The impact of the difference in
carboxylate anion (as stated above) was more apparent than the impact from the difference in
cation, where EtOH diffusivities in co-diffusion with K'-containing salts (KOFm and KOAc) and
Na*-containing salts (NaOFm and NaOAc) were decreased by 1.15 and 1.18 times, on average,
respectively. A possible cause is the hydrated diameter of OFm (5.9 A) being significantly less
than that of OAc™ (7.4 A) and, therefore, the larger-diameter anion correlates to a larger impediment
to the fast-diffusing EtOH, while the differences in the hydrated diameters of K* (6.6 A) and Na*
(7.2 A) are relatively small (Figure 4.3). For AMVN, the impact of the difference in cation was
more apparent than the impact of the difference in anion. While EtOH diffusivities in co-diffusion
with K'-containing salts were decreased by 1.39 times, on average, those with Na*-containing salts
were increased by 1.07 times, on average. EtOH diffusivities in co-diffusion with OFm™-containing
salts and OAc -containing salts were decreased by 1.13 and 1.10 times, on average, respectively.
To rationalize the increase in EtOH diffusivity in co-diffusion with Na'-containing salts, we
conjecture that the diffusional path of EtOH is less interfered with by the salts with Na*. As the
surface charge density of Na™ is higher than that of K*, the electrostatic repulsion from bound QA"
to Na" can be higher than that to K. Consequently, more salts with Na” might diffuse away from
the bound water region and, therefore, more EtOH can diffuse near the bound water region, which
will have a lesser effect on the fast-diffusing EtOH. On the other hand, the diffusional path of
EtOH and the salts with K+ might be overlapping and, therefore, more salts can impede the EtOH

diffusion.
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Figure 4.10. (A) Diffusivities to EtOH, o, in co-diffusion with KOFm (A, red), NaOFm (V,
orange), KOAc (P>, blue) and NaOAc (<, purple). The solid line is the Mackie-Meares’ fit. (B)
Diffusivities to KOFm (A, red), NaOFm (V, orange), KOAc (>, blue) and NaOAc (<, purple) in
co-diffusion with EtOH. The lines are the Mackie-Meares’ fits, KOFm (solid line, red), NaOFm
(dot-dashed, orange), KOAc (dashed, blue), and NaOAc (dotted, purple).

In co-diffusion with EtOH, QA"-free A0 (crosslinked PEGDA) diffusivities to carboxylate
salts were slightly increased by 1.1 times, on average, and a similar result was reported elsewhere
[32]. This behavior is partially due to flux coupling [12, 38] between fast-diffusing EtOH and
slow-diffusing carboxylate salts. The diffusivities of QA"-containing AEMs (A8, A12 and AMVN)
to carboxylate salts were decreased by 1.3 times, on average, in co-diffusion with EtOH.We
observed the opposite behavior in sulfonate (SO37)-containing CEMs [32], where the diffusivities
of SOs™-containing PEGDA-AMPS (equivalent to A8 and A12, but with SO3™ group) and Nafion®
117 were increased by 1.4 times, on average. To rationalize this behavior, we conjectured a partial

charge screening [27, 31] by a co-diffusing alcohol [29, 30] such that the electrostatic repulsion
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(Donnan exclusion; [36]) between bound SO3™ and mobile carboxylate anions (co-ions in CEM) is
diminished and, therefore, the overall salt diffusivity is increased. Typically, the salt diffusion in
an IEM (while maintaining the charge neutrality) is often limited by the co-ion (electrostatic
repulsion) [18] and, therefore, the charge screening between the bound charge and the co-ion was
in line with the traditional understanding of salt diffusion in IEM. If the co-ion (either K™ or Na")
of these carboxylate salts shows a significant impact on the diffusion through AEMs, then the
charge screening by alcohol might be assisting the overall salt diffusion (rather than suppressing,
as seen in this investigation). This leads to a conjecture that the impact of K* or Na* is not apparent
and a possible contribution is the difference in the kinetic diameters of cations and carboxylate
anions. As polyatomic anions, the kinetic diameters of carboxylate anions are significantly larger
than those of K" and Na®. These differences may impact the hydration shells of the cations (unlike
those with a smaller monovalent anion, Cl7; [44]). Taken together, the electrostatic attraction
(counterion condensation theory; [18, 20, 37]) between bound QA" and mobile carboxylate anions
(counterions in AEM) can be dominant over cations and can be diminished through a partial charge
screening by the co-diffusing EtOH and, therefore, the overall salt diffusivity is decreased as the
diffusivity of the condensed counterion [18] is diminished; see Figure 4.1. Overall, these changes
in interactions suggest that differences in diffusion behavior from the above-described interactions
are a primary driver of changes in membrane diffusivities to carboxylate salts in single and co-
diffusion with alcohols and perhaps for understanding the co-diffusion of other complex mixtures

through IEMs.
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4.3. Conclusions

A QA'-free PEGDA (A0), two QA"-containing PEGDA-APTA (A8 and Al12), and
Selemion® AMVN (AMVN) were investigated for their transport and co-transport behavior when
challenged with carboxylate ions, EtOH and mixtures of carboxylate ions and EtOH.
Permeabilities and solubilities to EtOH or carboxylate salt (either KOFm, KOAc, NaOFm, or
NaOAc) were measured both by themselves and in co-transport. Solute diffusivities for each case
were then calculated using the solution-diffusion model, where, generally, EtOH exhibited higher
solubility and diffusivity than the carboxylate salts in all films. A charge screening behavior is
conjectured based on the assumption that the diffusion of a carboxylate salt is dependent on the
polyatomic carboxylate anion over the cation. The carboxylate salt diffusivities of AEMs (AS,
A12, and AMVN) are decreased in codiffusion with EtOH, which we ascribe to the screening of
the electrostatic attraction by the co-diffusing EtOH (charge screening), as shown in Figure 4.11.
Overall, multi-component transport in ion exchange membranes is a highly complex system as
various mobile components (i.e., cation, uncondensed carboxylate anions, condensed carboxylate
anions, EtOH, and bulk water) are permeating in various fixed components (i.e., QA™, polymer
backbone, and bound water) and the array of interactions between solutes and between solutes and
the membrane are dynamic and complicated. Therefore, while this investigation extends our
understanding of the transport and co-transport behavior of select solutes (carboxylate ions and
EtOH), more fundamental investigations are needed to further develop our understanding of the

transport behavior of complex mixtures in polymer membranes.
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Figure 4.11. Schematic depiction of a carboxylate salt diffusion in charge neutral crosslinked
PEGDA and anion exchange membranes in single and co-diffusion with alcohol.
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Reproduced from: Kim, J. M.; Lin, Y.-H.; Aravindhan, P. P.; Beckingham, B. S. Impact of
Hydrophobic Pendant Phenyl Groups on Transport and Co-Transport of Methanol and Acetate in
PEGDA-SPMAK Cation Exchange Membranes. Chemical Engineering Research and Design
2022, 185, 418-429. DOI:10.1016/j.cherd.2022.07.017.

5.1. Introduction

Artificial photosynthetic applications such as photoelectrochemical CO:2 reduction cells
(PEC-CRCs [1]) are a promising approach for reducing atmospheric CO2, which is a primary
greenhouse gas of concern for climate change. Due to a lack of catalyst specificity, COz is often
being reduced to a variety of chemicals within a device [2], including carbon monoxide (CO),
methane (CHa4), ethylene (C2H4), formate (OFm"), acetate (OAc), methanol (MeOH), and ethanol
(EtOH) [3]. PEC-CRC:s incorporate either a CEM [4, 5] or anion exchange membrane (AEM) [6-
11] to provide ion-selective transport and an electrolyte (i.e. potassium bicarbonate (KHCO:3) [9,
12]to facilitate the CO:z reduction process. Recently, Singh and Bell devised an advanced PEC-
CRC [1], which targets maximizing the recovery of alcohols (MeOH and EtOH) to utilize as
carbon neutral fuels. One of the major challenges of this approach is the current lack of ion
exchange membranes that sufficiently minimize the crossover of electrolyte-dissolved CO2

reduction products [13-18] and OAc™ [8, 18, 19], which results in their subsequent oxidation back
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to CO2 and other by-products. In this context, understanding the transport behavior of CO2
reduction products is important to design a target-specific membrane.

Single permeant transport behavior in hydrated ion exchange membranes has been
investigated to understand the interactions between membrane bound ions and mobile permeants
(e.g., Donnan exclusion [20], counterion condensation [21, 22], volume expansion [16], and charge
screening [23-25]). However, relatively few efforts have been made to analyze and understand
multi-solute transport behavior [8, 11, 13, 17, 18, 26]. Previously, our group observed increased
permeabilities, Pi, of CEMs (Nafion® 117 [18] and PEGDA-AMPS [19]) to carboxylates (OFm"
and OAc") in the presence of an alcohol (either MeOH or EtOH) [26]. It was found that this
behavior is mainly due to a change in diffusivities, Di, as opposed to solubilities, Ki (solution-
diffusion model, P; = KixDi [26-28]. As this type of transport behavior is concerning [29], we
examined a series of comonomers with pendant groups with varied number of ethylene oxide
groups (n) in the side chain: carboxyl (n = 0), ethylene oxide (n = 1), and PEG (n = 5)) by
incorporating the comonomer (acrylic acid (AA), hydroxyethyl methacrylate (HEMA), and
poly(ethylene glycol) methacrylate (PEGMA), respectively) in a model CEM, which we prepared
with a crosslinker, (PEGDA, n = 13 [30-32], and a comonomer with a terminal negatively- charged
sulfonate, 2-acrylamido-2-methylpropanesulfonic acid (AMPS [33-35]), namely PEGDA-
AMPS/AA, PEGDA-AMPS/HEMA, PEGDA-AMPS/PEGMA [8]. While OAc™ permeabilities of
PEGDA-AMPS/HEMA and PEGDAAMPS/ AA increased in co-permeation with an alcohol
(MeOH), those of PEGDA-AMPS/PEGMA in co-permeation were consistent with OAc
permeabilities by itself [8]. We then focused on PEGDA-AMPS/ PEGMA films to examine how

pendant PEO chains impact behavior, where we reported (1) the change in permeabilities is due to
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the change in diffusivities and (2) electrostatic interactions between polymer-bound sulfonate and
mobile acetate anions may be suppressed by the long PEO pendant chains (n = 5) and, therefore,
the electrostatic repulsion may already be suppressed even in single diffusion [36].

Here, we investigate two additional pendant chains, phenoxyethyl acrylate (PEA, n = 1)
and poly(ethylene glycol) phenyl ether acrylate (PEGPEA, n = 3) on OAc" diffusion in transport
and co-transport with MeOH through a model crosslinked CEM that is prepared with PEGDA (n
= 13) and a negative-charged comonomer, 3-sulfopropyl methacrylate potassium (SPMAK). As in
PEGDA-AMPS, and discussed below, we observe OAc™ diffusivities of PEGDA-SPMAK increase
in co-diffusion with MeOH. This is presumably due to charge screening by the co-transporting
alcohol as shown schematically in Figure 5.1 (A, D).

Conversely, we observe distinct behavior in PEGPEA-containing films, namely PEGDA-
PEGPEA and PEGDA-SPMAK/ PEGPEA. OAc™ diffusivities of sulfonate-free PEGDA-PEGPEA
films increase in co-diffusion. We postulate that this distinct difference is, at least in part, due to
changes (increased) in segmental dynamics of the network from the interactions of MeOH with
the relatively long (n = 3) and bulky (with phenyl group) PEGPE chains; see Figure 5.1 (C, F). On
the other hand, OAc" diffusivities of PEGDA-SPMAK/PEGPEA films decrease in co-diffusion,
which conversely could be linked to decreased segmental dynamics as SPMAK-PEGPEA
sidechain interactions induce steric effects; see Figure 5.1 (B, E). These empirical-based

conjectures are further discussed in the context of our physiochemical and transport results.
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Figure. 5.1. Illustration of KOAc diffusion in (A-C) single and (D-F) co-diffusion with MeOH.
(A,D) PEGDA-SPMAK, (B,E) PEGDASPMAK/PEGPEA, and (C,F) PEGDA-PEGPEA.

5.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed in
Chapter 3. A series of binary films were prepared, as shown in Table 5.1 and Figure 5.2, PEGDA-
SPMAK (P-S), PEGDA-PEA (P-E), and PEGDA-PEGPEA (P-G), and ternary films, PEGDA-
SPMAK/PEA (P-S/E) and PEGDA-SPMAK/PEGPEA (P-S/G), to investigate the impact of varied
sidechain length, PEA (n = 1) and PEGPEA (n = 3), on the multi-solute transport of MeOH and

KOAc in CEMs. Moreover, the impact of interactions between (1) mobile MeOH (partially
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hydrophobic) and PEGPEA (hydrophobic) chains and (2) SPMAK (hydrophilic) and PEGPEA on

the observed transport behavior are conjectured.
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Table 5.1. Membrane characteristics from pre-polymerization mixtures,

SPMAK? EorGP | PEGDA SPMAK EorG’® Water HCPK
(mol %)  (mol %) (€] (€] (€9) (€] (€]

1.P - - 8.00 - - 2.00 0.008
2. P-S16 16 - 7.50 0.50 - 2.00 0.008
3. P-S24 24 - 7.20 0.80 - 2.00 0.008
4.P-S32 32 - 6.86 1.14 - 2.00 0.008
5. P-E16 - 16 7.60 - 0.40 2.00 0.008
6. P-E32 - 32 7.08 - 0.92 2.00 0.008
7. P-G16 - 16 7.35 - 0.65 2.00 0.008
8. P-G32 - 32 6.57 - 1.43 2.00 0.008
9. P-S16/E16 16 16 6.97 0.58 0.45 2.00 0.008
10. P-S24/E8 24 8 6.92 0.86 0.22 2.00 0.008
11. P-S16/G16 16 16 6.71 0.56 0.73 2.00 0.008
12. P-S24/G8 24 8 6.79 0.84 0.37 2.00 0.008

ASPMAK = mol of SPMAK/(mol of PEGDA + mol of SPMAK + mol of E or G) x 100 %
°E or G = mol of E or G/(mol of PEGDA + mol of SPMAK + mol of E or G) x 100 %

5.2.1. Ionic Conductivity and IEC of Membranes

Measured ionic conductivity of SPMAK-containing films (P-S, P-S/E, and P-S/G) are

shown in Figure 5.3 and Table 5.2. SPMAK-free membranes (P, P-E, and P-G) were not measured

as they do not contain charged moieties [8]. As expected, ionic conductivities of SPMAK-

containing films increase with increasing SPMAK content and are otherwise consistent across the

membrane chemistries examined here [8, 36]. Likewise, the IEC of each membrane increases as

SPMAK content increases due to the increase in sulfonate content and thereby counterion content.

Notably, the average difference between theoretical and measured IEC values are in good

agreement (2 %), as shown in Table 5.2.
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Figure 5.3. lonic conductivity of P-S, o, P-S/E, A, and P-S/G, <. Standard deviations are denoted
by error bars and lines provided as a guide.

Table 5.2. Measured Conductivities and IECs

PEGDA SPMAK Conductivity Theoretical IEC Measured IEC
(mol%)  (mol%) (6, mS/cm) (meq/g dry (meq/g dry
polymer)? polymer)
100 0 - - -
P-S 84 16 0.79 +£0.02 0.26 0.27+0.01
76 24 1.42 +0.00 0.41 0.40+0.01
68 320 2.15+0.01 0.58 0.57+0.01
68 0 - - -
P-S/E 68 16 0.92 +0.00 0.29 0.29 +0.00
68 24 1.61 +0.02 0.44 0.43 +0.01
68 32° 2.15+0.01 0.58 0.57+0.01
68 0 - - -
P-S/G 68 16 0.92 +0.00 0.28 0.28 +0.00
68 24 1.49 +0.00 0.43 0.42+0.01
68 32° 2.15+0.01 0.58 0.57+0.01

aTheoretical IEC = mmol SPMAK/(PEGDA mass + SPMAK mass + Comonomer mass (E or G)
"These are the same film.
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5.2.2. Membrane Water Volume Fraction

Measured water uptakes and dry polymer densities (see Table 5.3) were used to calculate
membrane water volume fractions (Figure 5.4 and Table 5.3). Generally, water volume fractions
of P-S films increase with SPMAK content (decreased with PEGDA content); see Figure 5.4 (A).
This is likely due to (1) bound sulfonate anions being hydrophilic and holding more water
molecules than PEGDA [4] and (2) crosslink densities of the films decrease as PEGDA content
decreases [31]. In the case of P-E and P-G films, water volume fractions are essentially the same;
see Figure 5.4 (B, C). This is likely due to the decrease in crosslinking (and consequently increase
in water volume fraction) being offset by inclusion of the more hydrophobic phenyl-containing
pendant groups (PEA and PEGPEA). In ternary films (PS/E, and P-S/G), water volume fractions
increase with SPMAK content (decrease with phenyl content); see Figure 5.4 (D, E). This is due
to the increase in sulfonate group content (hydrophilic) and a decrease in the phenyl group content

(hydrophobic).
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Table 5.3. Water uptake, dry polymer density, water volume fraction, crosslink density, and glass transition temperature of all

membranes.,
PMAK | (gl phme e | S Gl
(mol%) dry membrane density fraction (MPa) ©C)
100%) (g/mL)

1.P - 62+3 1.20 £ 0.00 0.428 £0.011 25.6+0.8 43 +1

2. P-S16 16 75+ 0 1.22 £0.00 0.478 £ 0.001 282+1.3 -33+3

3. P-S24 24 79+ 3 1.24 £0.01 0.495+0.010 28.3+0.3 -33+£2

4. P-S32 32 84 +0 1.25+0.01 0.514 +0.001 29.1+£2.5 -29+2

5. P-E16 - 65+0 1.22 £0.01 0.441 +0.002 258 +1.8 -36+2

6. P-E32 - 63+0 1.21£0.00 0.433 +£0.001 254+3.3 -33+£2

7. P-G16 - 58+0 1.20 £0.00 0.412 +0.001 243+1.5 -38+1

8. P-G32 - 56+ 1 1.19£0.01 0.403 +0.003 249+1.4 -38+0

9. P-S16/E16 16 70+ 0 1.22 £0.00 0.460 = 0.000 232+14 -30+2

10. P-S24/E8 24 74 + 1 1.23 £0.00 0.477 +=0.003 242 +3.6 3242

11. P-S16/G16 16 68+ 0 1.21£0.00 0.454 +0.000 243+2.8 -28+3

12. P-S24/G8 24 76 £ 1 1.24 £0.01 0.485 +0.002 26.8 £5.7 31+2
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Figure 5.4. Water volume fraction of (A) P-S, o, (B) P-E, A, (C) P-G, <, (D) P-S/E, A, and (E)
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5.2.3. Storage Modulus

Measured storage moduli are shown in Figure 5.5 and Table 5.3. Generally, storage

moduli increase as the water volume fraction increases and for P-S films as SPMAK content

increases (Figure 5.5 (A)). This behavior is partially

due to the presence of the methyl group in the

methacrylate (as opposed to acrylates) of SPMAK, which increases polymer backbone rigidity (a

steric effect [37]) and, therefore, allows for storage of more mechanical energy. Yan et al.
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conducted similar experiments on analogous films (PEGDA-AMPS, where AMPS is an acrylate
(no additional methyl group)) and reported the storage moduli of PEGDA-AMPS films decrease
as AMPS content increases, due to the reduced crosslink density as PEGDA is replaced by the
pendent comonomer (AMPS) [33]. The difference in these, and many other, studies suggest
various factors impact the storage modulus of copolymeric hydrogels (itself a field of intense
interest across a wide range of applications) [38]. The storage modulus of both P-E (n = 1) and P-
G (n = 3) films was essentially the same with increasing phenyl content; see Figure 5.5 (B, C).
This indicates the presence of the two additional ethylene oxide repeat units on the PEGPEA
sidechain have a negligible impact on the storage modulus. In the case of ternary films, the storage
modulus generally increases with increasing SPMAK content; see Figure 5.5 (D, E). This is
presumably due to the interactions between hydrophilic SPMAK and hydrophobic PEA or

PEGPEA chains leading to decreased polymer segmental dynamics (reduction in storage modulus).
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5.2.4. Membrane Permeability

Membrane permeabilities were measured by diffusion cell experiments, as shown in

Figure 5.6. Additionally, the volume expansion of each membrane was estimated from the film

thickness before (hydrated) and after permeation, as measured by a digital caliper to get the average

of 5 random locations; see Table 5.4 for normalized values. Generally, the thickness of all films
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did not change significantly. For instance, the thickness of the film after single MeOH permeation
was essentially the same (increased by 0.2 %), on average, and those of the film after single KOAc
permeation and co-permeation (1 M of each in feed) were slightly decreased by 1.4 % and 1.6 %,
respectively, on average. A contribution to the observed slight deswelling in KOAc permeation
experiments is the difference in osmotic pressure as the water concentration in the hydrated film
is higher than that of the salt solution in the feed cell [18, 39].

Generally, MeOH permeabilities increase as SPMAK content increases (Figure 5.6 (A, D,
E)) and slightly decrease with increasing phenyl-containing comonomer content (Figure 5.6 (B-
E)). These trends are somewhat consistent with those observed in the water volume fraction
(Figure 5.4), which increase with increasing SPMAK content (Figure 5.6 (A, D, E)) and slightly
decrease with increasing phenyl-containing comonomer content (Figure 5.4 (D, E)). In co-
permeation with KOAc, MeOH permeabilities decrease slightly. We observed similar behaviors
elsewhere [8, 14, 18, 19, 26]. As the permeability, P, is a product of solubility, K, and diffusivity,
D (solution-diffusion model), this co-transport behavior will be examined in terms of sorption and
diffusion in the following sections. Nevertheless, a reduction in membrane permeability to MeOH
is favorable for typical CO2 reduction cells (minimization of product crossover).

In the case of binary films (P-S, P-E, and P-G), KOAc permeabilities in single permeation
decrease with increasing comonomer content (both sulfonate and phenyl contents); see solid lines
in Figure 5.6 (A-C). A contribution to the decrease of P-S permeabilities to KOAc is electrostatic
repulsion (Donnan exclusion [20]), where repulsive interactions between mobile OAc™ and bound
sulfonate anions increase with IEC (Table 5.2). A possible contribution to the decrease in KOAc

permeabilities in P-E and P-G is the hydrophobicity of the bound phenyl groups and hydrophilicity
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of the mobile KOAc which together lead to a repulsive interaction. In the case of ternary films (P-
S/E and P-S/G), KOAc permeabilities in single permeation increase with increasing SPMAK
content; see solid lines in Figure 5.6 (D, E). This is consistent with the behavior in binary films as
the permeabilities decrease more rapidly with increasing phenyl content than with increasing
SPMAK content.

In the case of co-permeation with MeOH, KOAc permeabilities of P-S films increase. We
observed similar behavior in other CEMs (Nafion® 117 [18, 26] and PEGDA-AMPS [19, 26],
where we conjectured the electrostatic interaction between polymer-bound sulfonate anions and
mobile carboxylate anions is suppressed by mobile alcohols (charge screening [18, 19, 23, 25, 26];
see Fig. 5.1(A,D). KOAc permeabilities in co-permeation with MeOH for P-E and P-G films are
similar and higher, respectively, compared to those measured by itself. To rationalize these
differences in co-permeation, we conjecture potential changes in polymer segmental dynamics in
the presence of MeOH. As MeOH is more hydrophobic than ionized K* and OAc in water, MeOH
has more associations with and may permeate closer to the hydrophobic phenyl groups leading to
increased segmental dynamics by facilitating mobility (chain rotation) of the sidechains [40]. Due
to the longer sidechain for P-G (n = 3) compared to P-E (n = 1) films, the impact of this type of
interaction would be greater for P-G films. Discussion on this type of behavior conjectures is
continued in the diffusivity section below. For P-S/E films, KOAc permeabilities gradually
increase with increasing SPMAK content. This is also likely a result of the screening of
electrostatic repulsion between bound sulfonates and mobile carboxylates by mobile MeOH and,
therefore, easier to permeate in co-diffusion [26]. While KOAc permeabilities of P-S and P-G

films increase in co-transport with MeOH, those of P-S/G films (P-S16/G16 and P-S24/G8) are
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essentially the same; see Figure 5.6 (E). A possible cause is the internal structure of P-S/G films
being different from P-S and P-G films. To further correlate this transport behavior with the
polymer network behavior, we measured the glass transition temperature (Tg) of all films; see
Figure 5.7. The Ty generally increased with SPMAK content. Generally, more permeation (and
diffusion) is expected for polymer films with a lower Tg due to higher segmental dynamics at a
consistent operating temperature [41]. Once again, the S16/G16 permeability to KOAc in single
permeation (1.2 x10-7 cm?/s) is similar to that in G32 (1.2 x10-7 cm?s) but the S16/G16
permeability to KOAc in co-permeation (1.2 x10-7 cm?/s) is lower than that in G32 (1.6 x10-7
cm?/s). We conjecture this unexpected behavior is due to the impact of co-permeating MeOH on
the internal structure of the polymer (S16/G16), consisting of both SPMAK (hydrophilic sulfonate)
and PEGPEA (hydrophobic phenyl with a longer ethylene glycol chain, n = 3). More discussion
on these conjectures will be continued in the following section.

Table 5.4. Normalized film thickness to hydrated membrane after permeability measurements.

S(E\(ﬂfg Water 1MMeOH 1 MKOAc lmll\g Il\fgi?
I.P _ 1.00 + 0.00 0.99 + 0.0l 0.99 + 0.0l 0.99 + 0.01
2.P-S16 16  1.00 + 0.0 1.00 + 0.01 1.00 + 0.0l 0.98 + 0.01
3.P-S24 24 1.00 + 0.00 1.02 + 0.0 099 + 0.01 1.00 + 0.01
4.P-S32 32 1.00 + 0.00 1.0l + 0.00 0.98 + 0.00 0.99 + 0.01
5. P-Al6 - 1.00 £ 0.00 1.00 + 0.0l 098 + 0.0 0.98 + 0.00
6. P-A32 _ 1.00 + 0.02 099 + 0.01 0.98 + 0.00 098 + 0.01
7.P-G16 - 1.00 + 0.01 1.00 + 0.00 0.99 + 0.00 1.00 + 0.01
8. P-G32 ; 1.00 + 0.02 1.0l + 000 099 + 0.0 099 + 0.01
9. P-S16/E16 16 1.00 £ 0.00 1.0l + 0.00 1.00 + 0.00 1.00 + 0.01
10. P-S24/E8 24 100 + 0.00 1.01 + 0.0l 099 + 0.01 0.99 + 0.01
11. P-S16/G16 16  1.00 + 0.02 0.98 + 0.00 0.96 + 0.01 0.97 + 0.00
12. P-S24/G8 24 1.00 + 0.00 1.00 + 0.00 0.98 + 0.0l 0.97 + 0.00

Average 1.000 1.002 0.986 0.984
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Figure 5.6. Permeabilities of all films to (A-E) MeOH and KOAc measured in one-component
(solid line) and two-component (dashed), which consist of (A) P-S (red, one: o and two: x), (B)
P-E (green, one: A and two: V), (C) P-G (blue, one: < and two: I>), (D) P-S/E (green, one: A and
two: V), and (E) P-S/G (blue, one: <l and two: I>) films. The error bars show the standard deviation
and all lines are a guide to the eye.
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Figure 5.7. Glass transition temperature (Tg, °C) of (A-C) binary films (P-S, P-E, and P-G) and
(D,E) ternary films (P-S/E and P-S/G).

5.2.5. Membrane Solubility

Solubilities to MeOH and KOAc were determined by sorption-desorption experiments and
values are shown in Figure 5.8. Additionally, the volume expansion of each membrane was
calculated from the volumes of the film before (hydrated) and after sorption (solvated) in each
solution (1 M MeOH, 1 M KOAc, or 1 M of each); Table 5.5. Generally, the volumes of all films

did not change significantly. For instance, the volume of the film after sorption in 1 M MeOH was
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essentially the same and those of the film after sorption in KOAc-containing solutions (1 M KOAc
and 1 M of each) were slightly deswelled by 1.07 times, on average. A contribution to this
deswelling is the difference in osmotic pressure, where the concentration of water within the film
is higher than that in the external solution [18, 39].

For single sorption, as the SPMAK content increases so does the MeOH solubilities of P-
S films; see solid line in Figure 5.8 (A). This is presumably linked to free volume increases (as
indicated by the water volume fraction, Fig. 5.4 (A)), which introduces more regions for the
polymer network to interact with the solution (1 M MeOH). Moreover, due to their relative
hydrophobicity MeOH is somewhat more preferred by the polymer film over water [40]; see solid
lines in Figure 5.8 (B). MeOH solubilities of P-E and P-G films were also increased with increasing
comonomer content. It is likely this is due to the increasing hydrophobicity of the polymer with
the introduction of phenyl groups and, therefore, more MeOH is expected to interact with the film.
For ternary film (P-S/E and P-S/G), MeOH solubilities slightly increase with increasing SPMAK
content; see solid lines in Figure 5.8 (D, E). This is consistent with binary films (P-S, P-E, and P-
G), as the MeOH solubility increases more rapidly in P-S films than in other films.

In the case of single sorption, KOAc solubilities in P-S films decrease with increasing
SPMAK content; see the solid line in Figure 5.8 (A). This is partly a result of electrostatic repulsion
(Donnan exclusion [20]) between polymer-bound sulfonate anions and mobile OAc". Similarly,
KOAC solubilities of P-E and P-G films slightly decrease with increasing comonomer content due
to the increased film hydrophobicity with increasing phenyl content; see solid lines in Figure 5.8

(B, C). For ternary films, KOAc solubilities slightly decrease with increasing SPMAK content;
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see solid lines in Figure 5.8 (D, E). Again, this is consistent with the binary films, as the decrease
in KOAC solubilities is more rapid in P-S films than in other films.

In the case of co-sorption (1 M each solute), both MeOH and KOAc solubilities increase;
see dashed lines in Figure 5.8. One contribution to this behavior is the larger difference in osmotic
pressure inside the film and the external solution in co-sorption (less water in the external solution).
As a result, more water in the film will be replaced by solutes (MeOH or KOAc) from the external
solution. While MeOH solubilities of P-S films increase to a similar degree with increasing
comonomer content (Figure 5.8 (A)), the gap between those of P-E and P-G films in single and
co-permeation becomes narrower with increasing comonomer content (Figure 5.8 (B, C)). For
example, MeOH solubilities of P-E and P-G films increase by 1.4, 1.2, and 1.1 times, respectively,
on average, with increasing comonomer content (0, 16, and 32 mol%). This type of behavior was
also observed in ternary films, where the gap between single and co-permeation becomes narrower
with increasing phenyl content (decreasing SPMAK content); see Figure 5.8 (D, E). This behavior
may be rationalized somewhat by the relative hydrophobicity of KOAc, MeOH, and the film-
bound phenyl groups, where the overall polymer segmental dynamics can be suppressed in the
presence of hydrophilic KOAc and can be increased in the presence of partially hydrophobic
MeOH as these solutes interact with the film-bound phenyl groups (described above) [42].
However, we note this remains a conjecture as the underlying solute-solute-polymer interactions
that lead to this type of behavior are complex.

In the case of co-sorption, KOAc solubilities of P-S films increase uniformly; see Figure
5.8 (A). Again, this is partially due to an increase in osmotic pressure (larger water concentration

difference in binary mixture, 1 M each). In the case of phenyl-containing films (P-E, P-G, P-S/E,
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and P-S/G), KOAc solubilities slightly increase in co-sorption; see Figure 5.8 (B-D). Nonetheless,

the differences between those solubilities measured in single and co-sorption are very close to one

another. This indicates the apparent differences in KOAc permeabilities in single and co-

permeation are weakly associated with sorption.
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Figure 5.8. Solubilities of all films to (A-E) MeOH and KOAc measured in one-component (solid
line) and two-component (dashed), which consist of (A) P-S (red, one: o and two: %), (B) P-E
(green, one: A and two: V), (C) P-G (blue, one: < and two: I>), (D) P-S/E (green, one: A and two:
V), and (E) P-S/G (blue, one: < and two: I>) films. The error bars show the standard deviation

and all lines are a guide to the eye.
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Table 5.5. Volume of swollen membranes.
SPMAK Water 1 M MeOH 1 M KOAc 1 M MeOH and

(mol%) (mm?*) (mm>) (mm>) KOAc (mm°)

1.P - 95 £ 0 99 £+ 1 94 + 2 93 £ 1
2. P-S16 16 99 + 5 101 + 4 91 £+ 4 90 £+ 3
3. P-S24 24 95 + 1 96 + 1 88 £+ 1 87 + 1
4. P-S32 32 98 £ 0 9 + 4 88 + 1 87 £ 3
5.P-El16 - 91 £ 0 94 + 1 87 £ 1 88 + 1
6. P-E32 - 92 +£ 0 94 + 2 87 £ 1 89 + 0
7. P-G16 - 92 £ 0 95 £ 3 86 + 1 87 £ 1
8. P-G32 - 93+ 0 95 £ 1 86 + 1 87 £ 2
9. P-S16/E16 16 95 + 2 98 £+ 1 87 + 2 87 + 1
10. P-S24/E8 24 95 £ 0 98 + 2 88 + 1 86 + 1
11. P-S16/G16 16 94 £ 3 95 + 4 85 + 2 87 + 2
12. P-S24/G8 24 98 + 1 99 + 2 8 £+ 3 86 + 2

Average 94 + 1 97 + 2 87 + 2 88 + 2

5.2.6. Membrane Diffusivity

Membrane diffusivity, Di, are calculated using the solution-diffusion relationship (Di =
Pi/Ki) and are shown in Figure 5.9. Additionally, the Mackie- Meares model [43] was used to

approximate MeOH and KOAc diffusivities in these films (solid lines in Figure 5.9), which states:

DOw
D; = Dy (- W)Z (5.1)

where D; is the film diffusivity to solute i, @,, is the water volume fraction, and Dy ; is the
solute diffusivity in water (1.49 x 10-5 cm?/s for MeOH [44] and 1.52 x 10-5 cm?/s for KOAc [26,
45, 46]. Generally, the Mackie-Meares model is better at approximating the behavior of salts over
other molecules as this was the goal when the model was first conceived [43]. Therefore, KOAc
diffusivities are closer to the model (Figure 5.9 (D-F)), than MeOH diffusivities (Figure 5.9 (A-

C)), where similar behavior is reported elsewhere [16, 26, 47, 48].
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Generally, MeOH diffusivities in both binary and ternary films increase with increasing
SPMAK content; see red markers in Figure 5.9 (A-C). This is consistent with our previous report
on comonomer-free crosslinked PEGDA films, where we observed MeOH permeabilities decrease
in co-permeation with sodium acetate (NaOAc) and the relative difference in copermeation
compared to single permeation was greater for more hydrated films (higher water volume fraction)
[14]. MeOH diffusivities decreased in co-diffusion; see Figure 5.9 (A-C). This is presumably due
to competitive diffusion, where the presence of the slow-diffusing KOAc interferes with
diffusional path to the faster-diffusing MeOH [26].

In the case of P-S films, KOAc diffusivities increase in the presence of MeOH; see Figure
5.9 (D). We observed similar behavior in various CEMs (i.e. Nafion® 117 and PEGDA-AMPS)
[18, 19, 26, 36], where the diffusivities of carboxylate salts (OFm™ and OAc’) were found to
increase in the presence of alcohol. In that prior work we speculated that a charge screening
behavior [23, 25, 26], between the polymer-bound sulfonate anions and the diffusing carboxylate
anions is suppressed by the interactions with the alcohol; see Fig. 5.1(A,D).

In the case of the KOACc diffusivities of P-E films in codiffusion, essentially no change is
observed, while those of PG films increase; see Figure 5.9 (D). To rationalize this behavior, we
conjecture (1) more MeOH may interact with phenyl end groups on PEGPEA (n = 3) than PEA (n
= 1) due to the longer PEGPEA sidechain length, (2) more segmental motion is thereby induced
in P-G by co-diffusing MeOH, and (3) the increased segmental dynamics increases the overall
solute diffusivity; see Figure 1 (C, F). Nonetheless, more investigation on segmental dynamics in

these and related materials must be conducted to validate these conjectures (an important but
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experimentally complex undertaking) as other factors (relative permittivity [49-51], hydration
number [52, 53], pH, etc.) are likely also a factor this complex behavior.

In the case of P-S/G films, both P-S24/G8 and P-S16/G16 diffusivities to KOAc¢ in co-
diffusion are slightly lower than those in single diffusion; see Figure 5.9 (F). This behavior is
different than that observed in P-G films, as KOAc diffusivities of P-G32 in co-diffusion with
MeOH are higher than those in single diffusion by 1.3 times; see Figure 5.9 (F). As we briefly
discussed in Section 5.2.5, a probable cause is the influence of co-diffusing MeOH (partially
hydrophobic) on the polymer network (partially hydrophobic) such that due to the partial
hydrophobicity of MeOH, its presence is likely to increase the polymer segmental dynamics of
hydrophobic phenyl-containing films (P-E and P-G). Additionally, compared to PEA (n = 1),
PEGPEA (n = 3) has a longer sidechain and, therefore, generally more mobility. Overall, these
differences may result in the higher KOAc diffusivity of P-G32 in co-diffusion than that in single
diffusion and the comparable KOAc diffusivity of P-E32 in co-diffusion compared to that in single
diffusion; see Figure 5.9 (E, F). This increase in chain mobility of PEGPEA in co-diffusion can be
suppressed in the presence of the sulfonate group (P-S/G) due to a steric effect between sulfonate
(hydrophilic) and phenyl (hydrophobic) groups. In the absence of MeOH, this steric effect may
have a negligible effect. However, MeOH has both hydrophilic and hydrophobic end groups and,
therefore, may act as a bridge between sulfonate and phenyl groups. The resulting increased
interactions between dissimilar functional groups (sulfonate and phenyl) may thereby result in
lower P-S/G diffusivities to KOAc in co-diffusion than those in single diffusion due to the co-

diffusing MeOH; see Figure 5.1 (B, E) for a pictorial description of our conjecture.
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Figure 5.9. (A-C) MeOH and (D-F) KOAc diffusivities of (A,D) binary films (P-S, P-E, and P-
G), (B.,E) P-S/E films, and (C,F) P-S/G films. Single diffusivities are shown in solid lines with
filled markers (E: A, G: 4, and S: e) and co-diffusivities are shown in dashed lines with empty
markers(E: V, G: D>, and S: X). The error bars show the standard deviation and all lines are a guide
to the eye.

This potential chain-chain interaction between these comonomers might provide helpful
insight to the conjectured charge screening behavior; see Figure 5.1 (A, D) [26]. Since KOAc
diffusivities do not increase in P-S/G films in co-permeation with MeOH, the charge screening

behavior can be suppressed by reducing the overall segmental dynamics. Nonetheless, more
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investigations are needed to provide additional insights into this complex behavior and to assess
the validity of our hypotheses described above. However, the physiochemical or transport roots of
this behavior aside, the strategic inclusion of PEGPEA in CEMs targeting COz2 reduction cells may

be beneficial as they suppress the crossover of negatively-charged CO: reduction products.

5.3. Conclusions

A series of binary films (PEGDA-SPMAK (P-S), PEGDA-PEA (PE), and PEGDA-
PEGPEA (P-G)) and ternary films (P-S/E and PS/G) films were prepared at a constant pre-
polymerization water content (20 wt%). Ionic conductivities and ion exchange capacities (IEC) of
cation exchange membranes (P-S, P-S/E, and P-S/G) were measured to understand the impact of
bound sulfonate anions on both binary and ternary films. Water volume fractions, storage moduli,
and glass transition temperatures of all films were measured to fully understand the transport
behavior within these films. Permeabilities and solubilities to methanol and potassium acetate
(KOACc) were measured in single and co-transport, and diffusivities calculated using solution-
diffusion. An interesting co-diffusive behavior was observed in P-S/G films, where KOAc
diffusivities did not increase in the presence of MeOH, when those of P-S and P-G films increased
by 1.35 times, on average. We conjecture this behavior to be related to a steric effect between
sulfonated chains and PEGPEA chains in co-diffusion with MeOH which reduces the overall
segmental dynamics. Overall, while further investigations are needed to investigate the emergent
transport behavior observed in these and other dense, polymeric membranes, the incorporation of
comonomers such as PEGPEA may be a viable strategy for reducing undesirable solute crossover

in CO2 reduction cells.
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Reproduced from: Kim, J. M., Lin, Y., Bannon, S. M., Geise, G. M., & Beckingham, B. S. (2023a).
Improved structural stability of charged hydrogels under organic CO2 reduction products: Effect
of acrylate and methacrylate backbone linkages. The Journal of Physical Chemistry C, 127(22),
10826-10832. https://doi.org/10.1021/acs.jpcc.3c01854

6.1. Introduction

Greenhouse gases (e.g., CO2 and CH4) are major contributors to climate change, and there
have been significant efforts toward their capture, utilization, and storage [1]. CO2 reduction cells
(CO2RCs) are one promising technology to convert captured atmospheric CO:z to valuable fuel
sources (e.g., alcohols) and chemicals (e.g., carboxylates), enabling their utilization while
simultaneously replacing fine chemicals traditionally sourced from petroleum [2]. A CO2RC often
consists of three components: (1) cathode cell, (2) anode cell, and (3) ion exchange membrane
(IEM).

A linear polymer-based anion exchange membrane (AEM) is often selected as the IEM to
facilitate electrolyte (e.g., bicarbonate, HCO3") and hydroxide (OH™, from water oxidization)
transport. Unfortunately, linear polymers often swell in the presence of alcohols such as methanol
(MeOH]3, 4]), a polar organic sorbate and CO2 reduction product, and isopropanol [5]. Moreover,
AEMs typically permit the crossover of carboxylates (CO2 reduction products, e.g., formate

(OFm), a charged organic sorbate) [6]. Linear polymer-based cation exchange membranes (CEMs)
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have also been used, though less frequently, in CO2RCs [7-9] to facilitate the transport of
electrolytes (e.g., potassium, K*) and protons (H", from water reduction). While linear polymer-
based CEMs (e.g., Nafion 117 [3]) are advantageous in suppressing the crossover of carboxylate
anions, they still suffer from swelling in the presence of polar organic sorbates [3].

Cross-linked polymer-based IEMs are one promising alternative to linear polymer-based
IEMs (cross-linked sulfonated polysulfone [10]), as cross-links within the polymer network
support the structural stability of the films and limit their swelling [10, 11]. However, several
cross-linked films (e.g., cross-linked PEGDA-based IEMs [6, 12-14]) tend to have low toughness,
which has limited their application. Recently, we developed a series of phenyl-based cross-linked
IEMs by employing phenyl acrylate (PA) and phenyl methacrylate. We reported that the PA-based
films had more favorable monomer solubility in solvent (i.e., DMSO) and Young’s modulus than
the phenyl methacrylate-based films [11]. This manuscript thereby focuses in on the use of PA as
the neutral comonomer and investigates the role of methacrylate vs acrylate backbone linkages for
the ion exchange comonomers for both AEMs and CEMs.

Solute transport in polymeric membranes can often be explained by the solution-diffusion
model [15], where the membrane permeability (Pi), a thickness and driving force normalized flux,
can be expressed as a product of a sorption coefficient (Ki, which is sensitive to polymer—solute
interactions [16]) and a diffusion coefficient (Di, which is representative of the kinetic factors that
contribute to the permeability [15]): Pi = Ki x Di. By measuring MeOH and KOFm diffusive
permeabilities (Pm and Pr) via permeation cell experiments using both single and multisolute
solutions, we aim to infer the efficacy of PA-based XL-IEMs (both AEMs and CEMs) in CO2RC.

Moreover, we performed sorption—desorption experiments to measure the sorption coefficients,
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and we characterized the relative dielectric permittivity properties to investigate the
polymer—solute—water interactions. Additionally, we evaluated the impact of polymer steric
hindrance by replacing the acrylate with methacrylate on the backbone of the charged comonomer
(Figure 6.1). We prepared four different films with two quaternary ammonium (QA™)-containing
monomers [2-(acryloyloxy)ethyl trimethylammonium chloride (AETAC, A) and 2-
(methacryloyloxy)ethyl trimethylammonium chloride (MAETAC, MA)] and two sulfonates
(SO37)-containing monomers [3-sulfopropyl acrylate potassium (SPAK, S) and 3-sulfopropyl
methacrylate potassium (SPMAK, SM)], namely PA/A, PA/MA, PA/S, and PA/SM. Among these
charged monomers, AETAC (A) and SPAK (S) have acrylates in the backbone, and MAETAC
(MA) and SPMAK (SM) have methacrylates in the backbone. In terms of the polymer chains, the
methacrylate-containing films are more sterically constrained than the acrylate-containing films
[17]. In the case of poly(methyl methacrylate) (PMMA) and poly-(methyl acrylate) (PMA), where
the only difference is the presence of the methyl group on PMMA, the glass transition temperatures
(Tg) differ by approximately 100 °C (105 °C for PMMA and 9 °C for PMA).18 Therefore, the
chains are more rigid and less able to relax in response to changing solvent conditions. Here, the
difference in Ty is less pronounced (6—7 °C) in the final membranes (see Table 6.1 for Tg values)
but follows a similar behavior with the methacrylate-containing films exhibiting higher Tg than the

analogous acrylate-containing films.

164



Chapter 6: Effect of Acrylate and Methacrylate
Backbone Linkages in IEMs

All Acrylate with Methacrylate

0% L1 1%
0
o< "0

o | o)
AEM NH
’ (NH @ I_\;‘LC|' o ﬂ\n-l @ 'DP-I* cr
pat a

[A} PA/A (B) PA/IMA
o 8% 1% 0% ' 1%
H ° ° H O 0
ﬁm 0

(C) PAIS (D) PA/SM

Figure 6.1. Scheme of prepared PA/A, PA/MA, PA/S, and PA/SM hydrogels.

Table 6.1. Glass transition temperature (Tg) values of dry polymer films.

T,

°0)

PA/A | 179.8
PA/MA | 185.7
PA/S | 185.1
PA/SM | 195.8

6.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed in
Chapter 3. Briefly, four transparent prepolymerization solutions were prepared by dissolving 30

mol % MBAA, 49 mol % PA, 21 mol % of a charged monomer (A, MA, S, or SM), and 0.1 wt %
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AIBN in DMSO (50 wt %). Solutions were placed on a glass plate, and two feeler gauges (205um)
were placed on two sides, carefully covered with an identical glass plate, and placed inside an oven
at 60 °C for 8 hours. Each film was placed in about 500 mL of DI water for 2 days to exchange

DMSO to water.

6.2.1. Water Volume Fraction

The water volume fraction (@,,) of all films was measured in triplicate (Table 6.2).
Generally, @,, of sulfonate (SO3°) containing films (PA/S and PA/SM) was higher than that of
quaternary ammonium (QA™) containing films (PA/A and PA/MA). This result is likely due to the
hydration number of sulfonate (R—SO3™ [18]) being higher than that of ammonium (NH4" [19]).
Next, the methacrylate-containing films (PA/MA and PA/SM) had greater @,, than the
methacrylate-free films (PA/A and PA/S). Similarly, the hydrated film thicknesses of PA/MA and
PA/SM were 150 and 153 um, respectively, and those of PA/A and PA/S were 130 and 137 um,
respectively. Methacrylate-containing films are expected to experience less osmotic deswelling
because of greater steric hindrance due to the quaternary (4°) carbons on the polymer backbone.

Table 6.2. Water Volume Fractions, Ionic Conductivities (ClI” Conductivity for PA/A and
PA/MA and K" Conductivity for PA/S and PA/SM), and Young’s Moduli of All Films.

Water volume | Ionic conductivity | Young’s modulus
fraction, @, (mS/cm) (MPa)
PA/A 0.39£0.01 6.1 +£0.1 0.87 £ 0.01
PA/MA | 0.43+£0.00 6.0+0.0 0.75+0.03
PA/S 0.47 £0.00 10.6 0.0 0.66 + 0.01
PA/SM | 0.50+0.01 11.8+0.0 0.62 +£0.01
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6.2.2. Ionic Conductivity

Chloride (CI") conductivities of QA" containing AEMs (PA/A and PA/MA) and potassium
(K™) conductivities of SO3™ containing CEMs (PA/S and PA/SM) were measured (Table 6.2). For
CEMs, we assumed the ionic conduction is occurring primarily by K. The conductivities of
methacrylate-free and methacrylate-containing films were essentially unchanged for the AEMs
and slightly elevated for the methacrylate-containing CEMs; 6.1 = 6.0 mS/cm and 10.6 =~ 11.8
mS/cm, respectively. These results indicate the methacrylates have a negligible to very small
impact on the electromigration of both K™ and CI". Notably, these conductivity values might be
affected if COz2 reduction products (MeOH and KOFm) are included in the measurement. For
instance, the inclusion of formate ion (Kp = 5.55 x 107! in solution will alter the pH of the
potassium formate/ water solutions (8.9 for I M KOFm and 9.2 for 4 M KOFm). The K*
conductivities of CEMs were higher than Cl™ conductivities of AEMs. This result is unexpected
as the ionic mobilities of K" and CI are close (K*: 7.62 x 104 = Cl: 791 x 10* cm? s ' V). A
possible contribution to this behavior is the @,, of CEMs being higher and, therefore, easier for
K" to migrate through the polymer network. Another possible contribution is the binding affinity

of K™ to SO3™ might be less than that of C1” to QA™.

6.2.3. Young’s Modulus

Young’s moduli of all films were measured in triplicate (Table 6.2); see Figure 6.2 for
strain-stress curves. All films showed comparable Young’s moduli to a commercial AEM (FAA,

2.0 MPa) and a commercial CEM (Nafion 117, 1.0 MPa), which we previously measured [11].
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Generally, Young’s moduli values decrease as @,, increases. A similar trend was observed in our
previous investigation for analogous PA-based AEMs (PA/MA) and CEMs (PA/2-acrylamido-2-
methylpropane sulfonic acid (PA/AMPS))[11]. These trends indicate PA-based crosslinked films
(prepared under similar conditions) with a lower @,, likely undergo more deswelling during

solvent exchange from DMSO to water which provides additional capacity for subsequent chain

stretching.
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Figure 6.2. Stress-strain curves for (a) PA/A, (b) PA/MA, (c) PA/S, and (d) PA/SM.
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6.2.4. MeOH and KOFm Permeability

MeOH permeabilities (Pm) and KOFm permeabilities (Pr) of all films were measured in
single solute permeation (Pi1) and mixed solute permeation (Pi2) experiments (Figure 6.3).
Generally, solute permeabilities were higher for the films with a larger @,, and when the smaller
solute (MeOH) was considered. The kinetic diameter of MeOH (3.6 A [20]) is smaller than the
hydrated diameters of K* (6.6 A [21]) and OFm™ (HCOz", > 5.9 A [22, 23]). Continued
discussion on the relative impacts of diffusion and sorption can be found in the next section.

The KOFm permeability values for all films were essentially unaffected by the presence
or absence of MeOH in the measurement (Figure 6.3 (b)). This result indicates that copermeating
MeOH did not alter the overall KOFm permeabilities. In contrast, MeOH permeabilities in mixed
solute permeation with KOFm (Pm2) are different from those by itself (Pm,1), where Pm2 of PA/A,
PA/MA, PA/S, and PA/SM are different from Pm; of these films by +21, + 9, 0, and —7%,
respectively. These results indicate that copermeating KOFm alters the overall MeOH permeation.
To explain these differences, we conjecture a potential relationship between the @,, and the flux
coupling [24] (MeOH—KOFm). Assuming the average chain spacing within each film is
proportional to @,,, the solute—solute interaction may be more likely as the chain spacing
decreases (lower @,,); therefore, the flux coupling is more likely to occur (more MeOH diffusion
along with KOFm). However, the solute—solute interaction is less likely as the chain spacing

increases (higher @,,); therefore, the flux coupling is less likely to occur (less MeOH diffusion).
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Figure 6.3. (a) MeOH permeabilities in single (blue) in mixed solute permeation with KOFm
(green) and (b) KOFm permeabilities in single (red) in mixed solute permeation with MeOH
(orange) as a function of water volume fraction.

6.2.5. MeOH and KOFm Sorption Coefficients

MeOH sorption coefficients (Km) and KOFm sorption coefficients (Kr) of all films were
measured in single sorption (Ki1) and mixed solute sorption (Ki2) experiments (Figure 6.4).
Generally, MeOH sorption coefficients in single sorption (Km,1) and mixed solute sorption with
KOFm (Km2) were similar (Figure 6.4 (a)). Based on the volume fraction of
MeOH—-KOFm—water—polymer within the swollen films, we observed more rigid films (PA/MA
and PA/SM) had a higher MeOH fraction in cosorption with KOFm (17% and 14%, respectively)
when less rigid films (PA/A and PA/S) had the same MeOH fraction in cosorption. This result

indicates MeOH is more favorable in rigid structures.
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On the other hand, KOFm sorption coefficients were affected by the presence of MeOH.
KOFm sorption coefficients in cosorption with MeOH were less than those measured by itself;
K2 < Ks1 (Figure 6.4 (b)). Based on the volume fractions of MeOH—KOFm—water—polymer
within the swollen films, we observed the KOFm fraction decrease by 25%, on average (Table
6.3).

In addition, we also noticed the gaps between K1 and K2 were larger for QA" -containing
films (PA/A, 22%, and PA/MA, 20%) than those of SO3 -containing films (PA/S, 17%, and
PA/SM, 13%). As a conjecture, mobile formate anions (OFm~) may be more favorable in QA™-
containing films (counterion condensation [25, 26]). In mixed solute sorption, OFm™ mobility can
be reduced in these films as MeOH softens the fixed charge interface and interferes with the

counterion condensation [3, 6].
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Figure 6.4. (a) MeOH sorption coefficients in single (blue) in mixed solute sorption with KOFm
(green) and (b) KOFm sorption coefficients in single (red) in mixed solute sorption with MeOH
(orange) as a function of water volume fraction.
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Table 6.3. The volume fraction of solutes (MeOH and/or KOFm), water, and polymer after equilibration with single solute
solutions (1 M MeOH or 1 M KOFm) or a mixed solute solution (1 M MeOH and 1 M KOFm). The polymer volume fraction is the
remaining volume fraction in these swollen materials. All measurements were made at room temperature, and all values were
measured in triplicate (standard deviations are reported).

MeOH KOFm Mix
MeOH (9,,) | Water (9,,) | KOFm (9y) Water (9,,) MeOH (2,,) KOFm (95) | Water (9,)
PA/A | 0.012+0.000 | 0.447+£0.012 | 0.012+0.001 | 0.426+0.035 | 0.012+0.001 | 0.009 +0.000 | 0.477 +0.011
PA/MA | 0.011 £0.000 | 0.387 £0.018 | 0.010 +0.000 | 0.281 £ 0.027 0.013 £0.000 | 0.008 =0.000 | 0.237 +0.084
PA/S | 0.012+0.001 | 0.508 £0.017 | 0.011 +£0.000 | 0.414+0.018 | 0.012+0.001 | 0.008 +0.000 | 0.410+0.015
PA/SM | 0.016 +0.001 | 0.506 +0.009 | 0.015+0.001 | 0.0431+0.025 | 0.018 +£0.001 | 0.012£0.000 | 0.389 + 0.005
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6.2.6. Relative Permittivity

Relative permittivity (¢") values of hydrated films were measured before and after sorption
in 1 M MeOH, 1 M KOFm, or 1 M of each mix thereof (Figure 6.5). It is useful to frame the
analysis within the context of the bulk solution relative permittivity values; the relative permittivity
of pure water is the highest (78 [27]), followed by 1 M MeOH (76 [27]), | M KOFm (~68, based
on 0.96 M NaOFm [28]), and 1 M of each mix thereof (~66, estimated based on both 1 M MeOH
and 1 M KOFm). We expect the external solution relative permittivity properties to affect the
relative permittivity properties of the membrane [29]. For instance, the films equilibrated with
KOFm-containing solutions (i.e., | M KOFm and 1 M MeOH/1 M KOFm) may have lower relative
permittivity values than those films equilibrated with KOFm-free solutions (i.e., pure water and
IM MeOH).

For all films, the relative permittivity values for films equilibrated in water and 1 M MeOH
were close to one another (within 10% on average), and this result may be consistent with the fact
that the relative permittivity properties of water and 1 M MeOH are similar (Figure 6.5 (a)). In
contrast, the relative permittivity values of certain films were much more affected by equilibration
with KOFm-containing solutions (i.e., 1 M KOFm or a solution containing 1 M MeOH and 1 M
KOFm). For the acrylate films (PA/A and PA/S, without methacrylate backbone linkages), relative
permittivity values after equilibration with 1 M KOFm were less than those before equilibration
by 40% on average (Table 6.4, cyan and red in Figure 6.5 (b)). This result is expected, as the
relative permittivity properties of KOFm-containing solutions are lower than KOFm-free solutions.
Alternatively, the relative permittivity values of methacrylate-based films (PA/MA and PA/SM)
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before sorption were close to those after equilibration with KOFm (Table 6.4). This result is
unexpected, as the KOFm sorption coefficients of PA/MA and PA/SM were close to those of PA/A
and PA/S. These observations may be consistent with a physical picture where methyl group
incorporation influences polymer/solvent interactions so that KOFm does not interfere with the
hydrogen bonding between the polymer and water, which leads to maintaining the relative
permittivity [29].

In the acrylate films (PA/A and PA/S), the relative permittivity values, after equilibration
with the external solution containing 1 M MeOH and 1 M KOFm, were close to those before
equilibration, within 12% on average (Table 6.4). In contrast, the relative permittivity values of
the methacrylate films (PA/MA and PA/SM) after equilibration with the external solution
containing 1 M MeOH and 1 M KOFm were less than those before equilibration by 28% on
average (Table 6.4). This result may be due to the impact of reduced water content within the
methacrylate films after sorption in the mixed solute solution. We observed that the water volume
fractions within PA/MA and PA/SM, after equilibration with the mixed solute solution, were lower,
by 5%, than those values after equilibration with the single solute solutions (either 1 M MeOH or
1 M KOFm). At the same time, the volume fraction for PA/A and PA/S decreased by only 2%
when comparing equilibration with the mixed solute solution and the single solute solutions (Table
6.4).

These results suggest that polymer rigidity (i.e., methyl group incorporation) may impact
the relative permittivity properties of the swollen polymers, especially in the mixed organic solute
solution. Moreover, these results suggest that relative permittivity values of hydrated films can be

a valuable tool to investigate the influence of sorbed organic solutes on material properties.
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Figure 6.5. (a) Relative permittivity values (at 45 MHz) of all films in water (cyan) and after
equilibration with 1 M MeOH (blue). (b) Relative permittivity values of all films after equilibration
with 1 M KOFm (red) and a mixed solute solution containing 1 M MeOH and 1 M KOFm (purple).

Table 6.4. Relative permittivity values at 45 MHz of hydrated films before and after equilibration
with either 1 M MeOH, 1 M KOFm, or a mixed solute solution containing 1 M MeOH and 1 M
KOFm. All measurements were made at room temperature, and all values were measured in
triplicate (standard deviations are reported).

Water Volume IM MeOH
Fraction, 0, Water 1MMeOH | 1M KOFm &
’ 1M KOFm
PA/A 0.39+0.01 124+1.0 98+1.3 6.7+0.6 12.8+0.9
PA/MA 0.43+0.00 127+1.2 122+2.0 14.8 0.0 102+1.6
PA/S 0.47 £ 0.00 14.5+0.9 15.0+0.5 9.6+1.6 114+1.2
PA/SM 0.50 +0.01 139+1.2 12.7+0.3 11.7+0.5 93+14

6.3. Conclusions

The single and mixed solute transport of two CO2 reduction products, methanol (MeOH)
and formate (OFm"), were investigated in four different phenyl acrylate (PA)-based crosslinked
ion exchange membranes (PA/A, PA/MA, PA/S, and PA/SM). Briefly, PA/A and PA/MA are

anion exchange membranes with QA™ functional groups and PA/S and PA/SM are cation exchange
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membranes with SO3™ functional groups, where PA/A and PA/S are methacrylate-free films, while
PA/MA and PA/SM are methacrylate-containing films. In mixed solute permeation experiments,
we observed MeOH tends to permeate more rapidly than KOFm at a lower water volume fraction,
presumably due to the flux coupling. In mixed solute sorption experiments, we note that PA/MA
had the lowest MeOH and KOFm sorption coefficients, which is encouraging in terms of
preventing the crossover of these CO: reduction products. Finally, we hypothesized that
methacrylate backbone linkages, which provide greater polymer rigidity in PA/MA and PA/SM
compared to PA/A and PA/S, may influence polymer—water interactions such that KOFm does not
interfere significantly with the hydrogen bond network within the material; as shown in Figure 6.6.
We observed lower relative permittivity values when MeOH was present in the equilibration
solution likely due to lower water content within swollen films. Based on these findings, enhancing
anion exchange membranes by incorporating methacrylate monomers to increase steric hindrance

(via the quaternary carbons) may be useful for engineering membranes for CO2 reduction cells.
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Figure 6.6. Schematic depiction of different rigidity hydrated film interaction with water and
formate.
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Reproduced from: Lin, Y.; Kim, J. M.; Beckingham, B. S. Salt Transport in Crosslinked Hydrogel
Membranes Containing Zwitterionic Sulfobetaine Methacrylate and Hydrophobic Phenyl Acrylate.
Polymers 2023, 15 (6), 1387. DOI:10.3390/polym15061387.

7.1. Introduction

Wastewater containing metal ions is produced from a wide variety of commercial activities,
including oil extraction, metal plating, mining, battery production, paint manufacturing, etc [1].
The metals in these streams must be removed prior to discharge as they are hazardous to the
environment and human health where they have the propensity to accumulate in the human body
and induce disease [2]. Wastewater treatment is difficult; however, methods such as chemical
precipitation, oxidation, ion exchange, filtration, biological treatment, and adsorption have been
used to remove metal ions from aqueous solutions [3, 4]. Membrane separation processes are
promising unit operations for the removal of these species due to the potential for high selectivity
and low energy consumption, which has led to the adoption of membrane separation technologies
for the remediation of wastewater [5]. However, the long-standing issue of colloidal, organic, and
other membrane fouling substantially impairs membrane functionality, limiting membrane
performance and lifetime [6]. Numerous attempts have been made to modify and optimize the

membrane surface to improve membrane performance, as the chemical and physical characteristics
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of the membrane surface play a significant role in membrane performance. Relatedly, zwitterionic
polymers, which bear both positive and negative charges while being charge neutral overall, have
received a great deal of attention as hydrophilic, ultra-low fouling materials that can withstand the
adsorption by bacteria, cells, and protein [7]. The significant surface hydration caused by
electrostatically induced hydrogen bonding in these zwitterionic polymer films is thought to be the
source of the antifouling characteristics [8]. The presence of the zwitterions and thereby firmly
bonded hydration layers at the surface act as physical and energetic barriers to foulant surface
adhesion [9]. Zwitterions have been incorporated into polymers in various ways including as
surface layers, grafted into or polymerized within the pores of filtration membranes as transport-
controlling materials, and within unsupported dense polymer membranes [10-20]. For instance, Ni
et al. investigated zwitterionic polymer films fabricated using sulfobetaine methacrylate (SBMA)
or carboxybetaine methacrylate (CBMA) as the zwitterionic comonomer with poly(ethylene glycol)
diacrylate (PEGDA) as the crosslinker where water uptake and permeability increased with
zwitterion content, but salt permeability increased for SBMA-containing and decreased for
CBMA-containing films as salt concentration increased [19]. Relatedly, Chiao et al. found the
coating of porous polyvinylidene difluoride (PVDF) membranes coated with zwitterionic
poly(SBMA) led to higher water flux, increased bovine serum albumin rejection, and improved
antifouling performance [20].

Herein, we combine phenyl acrylate (PA), a monomer previously found to improve
mechanical properties [21, 22], and the commercially available zwitterionic monomer,
sulfobetaine methacrylate (SBMA), within crosslinked polymer films using N,N'-

methylenebisacrylamide (MBAA). The physiochemical properties of a series of fabricated
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polymer membranes at varied PA/SBMA content—including water content, dry polymer density,

and transport behavior including permeability and solubility—are characterized and discussed.

7.2. Results and Discussion

A total of 6 membrane chemistries denoted SX-Y where X represents the mol% SBMA
with the remaining PA, and Y represents the mol% MBAA of total monomer (PA and SBMA)
S20-10, S20-20, S30-10, S30-20, S40-10, and S40-20 were prepared by thermal copolymerization
of pre-polymerization mixtures, as shown in Figure 7.1. The composition of the pre-
polymerization mixtures is provided in Table 7.1. Each mixture contained 70 wt.% DMSO and 0.1

wt.% AIBN. The materials, membrane synthesis methods, and experimental procedures are

detailed in Chapter 3.
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Figure 7.1. Synthetic scheme of PA-SBMA membrane.

Table 7.1. Pre-polymerization mixture compositions.

) 1

Membrane PA (mol%) SBMA (mol%) 12/1[11130?(2 )
S20-10 80 20 10
S20-20 80 20 20
S30-10 70 30 10
S30-20 70 30 20
S40-10 60 40 10
S40-20 60 40 20

' MBAA = mol of MBAA/ (mol of PA + mol of SBMA) X 100%
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7.2.1. Membrane Characterization

ATR-FTIR was utilized to analyze the zwitterionic polymer films and determine the degree
of conversion of their acrylate groups. The spectra of all films are presented in Figure 7.2, wherein
the absorption at 1640 cm™ is attributed to the C=C group. Notably, this band was absent in the
crosslinked film spectra, suggesting the complete conversion of acrylate groups and the breakage

of the double bond during polymerization.
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Figure 7.2. Representative FTIR spectra for each membrane composition.

The characterized water uptake, dry polymer density, ionic conductivity, and Young’s
modulus for each of the six investigated polymer film chemistries are shown in Table 7.2, and the

membrane water volume fraction is shown in Figure 7.3. With increased MBAA content, water
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uptake decreases for both S20-Y and S30-Y, which is attributed to the corresponding increase in
crosslinking density [23, 24]. For S40-Y, a decrease was observed as well, but it is within the
experimental error (~1%). Water uptake also decreases with increasing SBMA content, which may
be due in part to structural differences within the films. Increasing the SBMA content results in a
more compact structure due to its linear shape whereas the comparably bulky phenyl ring on PA
likely results in more fractional free volume, even though, structurally, PA is a more hydrophobic
comonomer. In addition, we conjecture that higher SBMA content films have more ionic
interactions between the ammonium and sulfonate moieties, which serve as dynamic crosslinks
resulting in decreased water uptake and water volume fraction. These differences in water uptake
and the polymer network structure also manifest as differences in the water volume fraction (Figure
7.3). For the lower MBAA content series (SX-10), the water volume fraction decreases somewhat
as the SBMA content increases from 0.613 for S20-10 to 0.573 for S40-10. A similar general trend
is observed for the SX-20 series. However, S30-20 showed both the lowest water uptake and water
volume fraction of the membranes characterized. Relatedly, membrane ionic conductivities
increase with increasing SBMA content due to the increase in ion content, which is consistent with
the generally observed properties of ionic polymers [25, 26]. Interestingly, the highest ionic
conductivity is observed for S40-20 (1.56 mS/cm) and is significantly higher (22%) than the next
highest ionic conductivity (1.28 mS/cm for S40-10). The primary difference between these two
films is the increased MBAA content for S40-20; correspondingly, S40-20 has slightly lower PA
and SBMA contents. The resulting structural difference is a tighter network due to the higher
crosslink density for S40-20, which may be the cause of this increased conductivity. Regardless,

this behavior will be investigated in a subsequent study.
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Table 7.2. Water uptake, dry polymer density, and ionic conductivity of all films.

w,, Py Ionic Conductivity Young’s
(g water/ g dry polymer) (g/mL) (mS/cm) Modulus (MPa)
S20-10 125+2 1.26 + 0.04 1.20+0.01 0.93+0.03
S20-20 116 +4 1.30+0.04 1.22+0.04 1.00 £+ 0.00
S30-10 108 £ 0 1.29+0.00 1.26 +0.03 0.52 £0.02
S30-20 100+ 1 1.29 +0.01 1.27 +£0.02 0.78 £ 0.05
S40-10 104+ 1 1.29 +0.01 1.28 +0.03 0.26 +£0.01
S40-20 103+ 1 1.31+0.01 1.56 +0.03 0.27 +£0.02
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Figure 7.3. (a) Water volume fraction as functions of SBMA content. (b) Water volume fraction

as function of Young’s modulus.

7.2.2. Mechanical Characterization

Tensile tests were performed in triplicate to evaluate the mechanical properties of all

membranes, and exemplary stress-strain curves are shown in Figure 7.4. The average Young’s

modulus (Table 7.2) increases with increasing PA and/or MBAA content. The higher Young’s

modulus with increasing PA content is attributed primarily to its hydrophobicity and the rigid

benzene ring, which impact the inner structure and strength of the hydrated films. However, this
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increase in Young’s modulus comes with a corresponding decrease in the strain at break. Notably,
these SBMA-containing hydrogel membranes have a relatively high Young’s modulus compared
to some other reported SBMA-containing membranes [27-29]. For instance, Shen et al. reported
crosslinked poly(SBMA) hydrogel membranes, using MBAA as the crosslinker analogous to our
work here, to have a Young’s modulus of 0.002 MPa, and crosslinked copolymer hydrogels of

SBMA with acrylic acid all had Young’s moduli under 0.4 MPa [27].
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Figure 7.4. Representative stress—strain curves for (solid) SX-10 and (dotted) SX-20 films.

7.2.3. Salt Permeability

Permeabilities to NaCl, LiCl, KCl, NiClz, CaClz, and MgClz of all six films were measured
by in situ conductivity diffusion cell with the results shown in Figure 7.5. Generally, permeability
to metal ions increases with an increasing water volume fraction value or decreasing MBAA

content. This behavior is expected as the water volume fraction increases as solute diffusivities
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tend to rise with increasing water volume fraction within a membrane (free volume theory [30,

317).
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Figure 7.5. (a) Correlation between permeability and water volume fraction in MBAA 10
zwitterionic polymer. (b) Correlation between permeability and water volume fraction in MBAA
20 zwitterionic polymers. The average of three experiments is shown by each data point, and the
error bars represent the standard deviation.

Salt permeabilities for all films generally follow the order of KC1 > NaCl > LiCl > NiCl2
> CaCl2 > MgCly, suggesting that the size difference between cation serves as the main criterion
for differentiation since the alkali metal chloride solutions share a common anion (CIl"). The
reported hydration radius of the metal ions [32] are in the order of K* (3.31 A) <Na* (3.58 A) <
Li* (3.82 A) <Ni*" (4.04 A) < Ca*" (4.12 A) <Mg?" (4.28 A) such that we find that the observed
variations in permeability between these solutions may be ascribed primarily to the identity of the
cation [33]. The salt permeability of the films is consistent with water sorption behavior, where a
higher water volume fraction leads to a higher permeability. The relationship between water

content and salt permeability for these zwitterionic polymer membranes is generally consistent

with Yasuda’s model, where high water sorption corresponds with high salt permeability.

187



Chapter 7: Salt Transport in
Zwitterionic Membranes

7.2.4. Salt Solubility

The relationship between the salt sorption and the membrane zwitterion content is shown
in Figure 7.6. Salt solubility was determined through a kinetic desorption experiment using 0.1 M
solutions of the salt of interest (NaCl, LiCl, KCI, NiClz, CaClz, or MgCl>) [30, 34]. Interestingly,
the order of the salt sorption changes as the content of the zwitterionic monomer changes such that
the salt sorption cannot be explained simply by correlating the size of the hydrated cation and
surface charge density to the magnitude of salt sorption. Yasuda et al. hypothesized that the
capacity of a polymer to sorb salt is severely constrained in the absence of water by assuming the
water in the membrane phase dissolves all salt [30]. Since water molecules cluster at or near
polymer chains in membranes with greater water absorption, direct interactions between polymer
chains and ions are restricted [35]. However, as the membrane water content declines, increasing
the interactions between polymer and ions, as well as the interactions between the polymer and
water, may cause the ions in the membrane to behave in a highly non-ideal manner, which would
then influence ion sorption. Because the water content decreases with increasing SBMA content,
interactions between the polymer and the ion and the polymer and the water are thought to have
an impact on how different salts interact with them within the film. In other words, the main
determinants of alkali metal chloride sorption in polymers are the polymer water content and the
interactions between ions and polymer segments. In addition, ion charge density, which affects an
ion’s propensity for hydration and interactions with the polymer, has been shown in several
investigations to affect the precise interactions between various ions and polymer segments [36,

37]. The sorption of alkali chlorides is significantly impacted by the cations since NaCl, LiCl, KCl,
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NiClz, CaClz, and MgCl: all share CI', a large, low-charge density ion that weakly binds water
molecules. Moreover, ion charge density increases as the ion crystal radius decrease in the alkali
metal ion series, where the order of the crystal’s radius is K (1.33 A) > Ca (0.99 A) > Na (0.95 A)
> Ni (0.70 A) > Mg (0.65 A) > Li (0.60 A) [32]. The amount of water absorbed by the polymer
varies depending on the salt solution because ions with various charge densities carry different
amounts of water molecules into the polymer matrix. For example, Li" ions carry more water
molecules than K ions into the polymer matrix. Since salt sorption in charged polymers is strongly
correlated with properties related to the charged groups on the polymer [38-40], increasing the
zwitterionic monomer content generally increases the sorption such that charged groups in these
zwitterionic polymer membranes may enhance salt sorption, though in different degrees as

observed here [8, 41].
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Figure 7.6. (a) Effect of SBMA content on the salt solubility to MBAA 10 films. (b) Effect of
SBMA content on the salt solubility to MBAA 20 films. The average of three experiments is shown
by each data point, and the error bars represent the standard deviation. Lines are guides to the eye.
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7.2.5. Salt Diffusivity

Salt sorption and permeability parameters were assessed and utilized to determine the
effective diffusivity using Equation 7.1. Figure 7.7 presents the correlation between diffusivity and
the water volume fraction. The diffusivity, D;, of solute i in a membrane is closely related to the

fractional free volume of membranes by
_bl
D; = a; exp (v—) (7.1)
f

where a; and b; are empirical parameters; «; is related to a geometric factor and the velocity

of solute i, and b; is linked to the Lennard—Jones diameter of solute i [42, 43]
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Figure 7.7. Correlation of diffusivity and water volume fraction in zwitterionic polymers. (a)
Effect of water volume fraction on the monovalent salt diffusivity. (b) Effect of water volume
fraction on the divalent salt diffusivity.

According to eq 7.1, the diffusivity of a solute of a specific size rises with v;. Because the

water volume fraction is directly connected to the fractional free volume available in the hydrated
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polymers for diffusion, raising the water volume fraction values generally results in higher salt
diffusivity [44, 45]. For a wide range of polymers, this result is consistent with a connection
between salt diffusivity and water absorption. The order varies with polymer water content,
indicating that ion hydration and particular interactions between polymer and ions affect alkali
metal chloride diffusion behavior in polymers. lons with lower hydrated radii diffuse in aqueous

solutions more quickly than ions with higher hydrated radii [46].

7.3. Conclusions

This study investigates the fundamental transport properties of small molecules including
NacCl, LiCl, KCI, NiClz, CaClz, and MgCl: in a series of zwitterionic polymers prepared via
thermal free-radical polymerization from SBMA and PA, which were crosslinked at two different
MBAA contents. The properties of zwitterionic polymer films were investigated through various
analytical techniques, including ATR-FTIR spectroscopy, water volume fraction measurements,
ionic conductivity, Young’s modulus, and salt permeability. The results show that the degree of
conversion of acrylate groups was high in crosslinked films and increasing the SBMA content led
to a decreased water volume fraction and increased ionic conductivity due to corresponding
increases in polymer density, dynamic crosslinks, and increased ion content; as shown in Figure
7.8. The higher Young’s modulus with increasing PA content was attributed to its hydrophobicity
and rigid benzene ring. Interestingly, while permeabilities are generally linked to the water content
within the membrane, the order of the preference for salt sorption changes as the content of the
zwitterionic monomer changes. Salt permeability was primarily affected by the size of the cation,

and the relationship between water content and salt permeability was consistent with Yasuda’s
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model. The salt sorption capacity of the polymer films could not be solely explained by the size of
the hydrated cation and surface charge density but is indicative of more complex interactions
between the membrane and the solutes, which requires further investigation to both understand
and exploit the design of polymer membranes for emerging applications.
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Figure 7.8. Schematic depiction of ionic interactions between the ammonium and sulfonate groups
in both low and high SBMA content.
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Chapter 8: Impact of Crosslinker on
Physicochemical Properties and Transport

Behavior in AEMs

8.1. Introduction

The use of solar energy in converting CO2 through photo electrochemistry, also known as
artificial photosynthesis, has attracted considerable attention [1-3]. This process aims to generate
fuel and valuable chemicals like formate (OFm") and acetate (OAc") by reducing COsx. (41 Typically,
photoelectrochemical COz reduction cells (PEC-CRC) consist of an anode and a cathode separated
by an ion exchange membrane and liquid electrolyte [3, 5, 6]. Within these devices, the cathode
facilitates the reduction of carbon dioxide into alcohol or other products, while the anode oxidizes
water to generate oxygen. Membranes in these devices serve a dual role: First, facilitating the
movement of electrolyte charge carriers between the electrodes to enable the flow of electric
current and second, reducing the crossover of CO:2 reduction products from the cathode to the
anode. When the reduction products reach the anode and undergo oxidation, it leads to the loss of
products and wasted energy [1, 5, 7]. Therefore, anion exchange membranes (AEMs) play a crucial
role in artificial photosynthesis devices due to their ability to selectively transport anions using

charged functional groups within the membrane, such as quaternary ammonium (QA"). In prior
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research, our group has conducted a series of experiments using PEGDA-based membranes to
enhance our understanding of PEGDA-based cation exchange membranes (CEMs) and AEMs for
PEC-CRC applications [4, 8-12]. For CEMs synthesized using PEGDA, with 20 wt.%
prepolymerization solvent content, and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) or
sulfopropyl methacrylate potassium (SPMAK), the water volume fraction was approximately 50%
and 45% respectively and permeability to CO2 reduction products (methanol, sodium acetate) on
the order of 107" cm?/s.[8, 10] Furthermore, for AEMs composed of PEGDA/APTA with 20 wt.%
prepolymerization solvent content, the water volume fraction in the membranes is about 46%, the
permeability to CO2 reduction products (ethanol, sodium acetate, sodium formate, potassium
acetate, and potassium formate) were also on the order of 10”7 cm?/s [4]. For both cases, it would
be desirable to reduce the water volume fraction, improve the mechanical properties, and reduce
the permeability to the CO2 reduction products. In order to vary the water content in the membranes,
there are several strategies that can be applied including variation of the solvent content of the
prepolymerization mixture and/or variation of the polymer membrane chemistry to incorporate
more hydrophobic moieties. For instance, in prior work varying the prepolymerization solvent
content (water) in PEGDA membranes the water uptake could be varied by a factor of 3 in going
from no water to 60 wt.% water in the prepolymerization mixture [9]. We also previously
introduced different hydrophobic comonomers that featured hydrophobic phenyl groups at the end
of their side chain— phenoxyethyl acrylate (PEA), and poly(ethylene glycol) phenyl ether
acrylates (PEGPEA)—into crosslinked membranes and prepared neutral and AEMs [8]. For
example, for PEGDA-SPMAK-PEGPEA, and PEGDA-SPMAK-PEA membranes, where the

PEGDA content was constant but the ratio of SPMAK to either PEA or PEGPEA was varied, the
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water content decreases with increasing phenyl-bearing comonomer content [8]. Mredha et al.,
reported hydrogels with notable mechanical attributes (modulus and strength) and relatively low
water content through the incorporation of the even shorter chain and more hydrophobic phenyl
acrylate (PA) [13]. This inspired some of our other prior work incorporating phenyl acrylate as a
hydrophobic comonomer. For instance, we synthesized PA-based crosslinked membranes for
direct urea fuel cells that incorporated either the anion exchange comonomer methacroylcholine
chloride (MACC) or the cation exchange comonomer AMPS, as an ion exchange comonomer, and
were crosslinked using N, N'-methylenebisacrylamide (MBAA) where increasing the crosslinker
content, at a constant PA/ionic comonomer ratio, led to decreasing water volume fraction and
increasing Youngs Modulus [14]. Importantly, the PA-MACC membrane with the highest
crosslinking (and lowest water content) showed permeabilities to urea on the order of 10 cm?/s
and better performance, with respect to power density, in a direct urea fuel cell compared to
Fumasep FAA-3-50, a commercially available membrane used in this application [14]. Here, we
extend these studies to further investigate the role of crosslinker and relative crosslinker-ionic
comonomer content in phenyl acrylate-based membranes by synthesizing and characterizing a new
series of anion exchange membranes that incorporate a high content of phenyl acrylate (80 mol%),
and varied relative amounts of APTA as the anion exchange comonomer, and either PEGDA or

MBAA as the crosslinker.

8.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed

in Chapter 3. In this study, six membranes were produced from pre-polymerization mixtures
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through thermal copolymerization, as illustrated in Figure 8.1. Each pre-polymerization mixture
consisted of 50 wt.% DMSO and AIBN (0.1 wt.% of total monomer). The polymer composition
information is summarized in Table 8.1. The membrane nomenclature is as follows: A for APTA,
P for PEGDA, M for MBAA, and # for mol% of APTA, PEGDA, or MBAA. For instance, A8/P12

refers to a membrane prepared with APTA (8 mol%), PEGDA (12 mol%), and PA (80 mol%).
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Figure 8.1. Synthetic scheme of crosslinked MBAA-PA-APTA and PEGDA-PA-APTA
membranes.

Table 8.1. Pre-polymerization mixtures compositions.
APTA (mol%) PEGDA (mol%) PA (mol%)

A0/P20 0 20 80
A8/P12 8 12 80
A12/P8 12 8 80
APTA (mol%) MBAA (mol%) PA (mol%)
A0/M20 0 20 80
A8/M12 8 12 80
A12/M8 12 8 80
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8.2.1. Membrane Physiochemical Properties

Water volume fractions of the membranes were calculated from measured water uptakes
and dry polymer densities, as presented in Figure 8.2 and Table 8.2. In general, water volume
fractions of the membranes increase as APTA content increases. This trend may be attributed to
the decreasing crosslink densities (number of crosslinks per volume) of the membranes with
decreasing PEGDA or MBAA content [15-17], as well as the increasing content of charged
quaternary ammonium (QA™) groups (APTA content) [18]. This is consistent with prior research
where decreased crosslink density has been found to increase water uptake by giving the polymer
network more polymer chain mobility and ability to swell [19], and membranes with fixed charge
groups increase hydrophilicity and thereby water uptake due to favorable interactions between
charged groups and polar water molecules [20-22]. Correspondingly, PEGDA-containing
membranes have higher water volume fractions than MBAA-containing membranes which we
attribute to the more hydrophilic backbone (PEG) and longer crosslinker chain length. Interestingly,
A0/P20 and A0/M20 exhibit comparable water volume fractions (0.19 and 0.18 respectively)
where the membrane chemistry only differs by the crosslinker. Previously, we prepared
PEGDA/APTA membranes utilizing 20 wt.% water as the prepolymerization solvent and
PEGDA/APTA mole ratios of 100:0 (A0), 92:8 (AS8), and 88:12 (A12), respectively where higher
water volume fractions were observed (45%, 46%, and 46% respectively) [4]. This is notable as a
large increase in prepolymerization solvent typically results in correspondingly large increases in
water content [15, 23]. For example, Ju et al. measured water uptakes of crosslinked PEGDA (n=13)

where water volume fractions (calculated using a dry polymer density of 1.19 g/cm? [23, 24]

201



Chapter 8: Impact of Crosslinker on Physiochemical
Properties and Transport Behavior in AEMs

increased from 0.43 to 0.57 for 20 wt.% and 50 wt.% prepolymerization water content respectively
[15, 23, 24]. Here, in lieu of water the solvent is DMSO in order to achieve dissolution of the high
phenyl acrylate content such that increasing the prepolymerization solvent content does not
necessarily lead to an increase in water volume fraction upon solvent exchange. The above
comparison of A0 from our prior work (100% crosslinked PEGDA) compared to A0/P20 here
shows a significant reduction in water volume fraction when PA is incorporated instead of PEGDA,

as desired, even though the crosslink density is reduced, and more solvent was used in preparing

A0/P20.
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Figure 8.2. Water volume fraction as functions of APTA content.
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Table 8.2. Water uptake, dry polymer density, and water volume fraction of all membranes.

w,, P Contact
Name (water g/dry polymer g:100%) (g/nI;L) Ow Vi/Vo Angle
A0/P20 185+ 1.1 1.22+0.00 | 0.19+0.01 | 1.65+0.03 {69.8+1.4
A8/P12 33.5+1.3 1.21+0.01 |0.29+0.01 | 1.68+0.02 |73.6+0.9
A12/P8 479+34 1.22+0.00 | 0.37+0.02 | 2.22+0.03 |74.9+0.7
A0/M20 17.6 £ 0.7 1.26+0.01 |0.18 £0.01 | 1.37+£0.03 | 65.1 £0.0
A8/M12 24.0+£0.6 1.24+0.00 | 0.23 £0.01 | 1.39+0.06 {69.7+0.9
A12/M8 376 £ 1.9 1.254+0.00/0.32+0.02| 1.46+£0.02 |[71.5+0.4

Next, when then examining the impact of introducing APTA (and reducing crosslinker
content) it is clear for the membranes here that the water volume fraction is significantly influenced
by increasing APTA content and corresponding decreasing crosslinker content for both PEGDA
and APTA. Whereas the water volume fractions for the APTA-free membranes are essentially the
same, PEGDA-crosslinked membranes show a more pronounced increase in water volume fraction
with increasing APTA content compared to MBAA. This trend of increasing water volume fraction
is interesting for these high PA content membranes our prior work on PEGDA-APTA membranes
with analogous APTA contents (8 and 12 mol%) found the water volume fraction of the membrane
to be unaffected by the probed variation in crosslinker content [4, 8]. However, those prior
membranes had much higher crosslinker contents, whereas the membranes herein with lower
crosslinker content are more impacted by variation in crosslinker content. Related to the water
volume fraction is the degree of dimensional swelling; shown in Table 8.2. Dimensional swelling
of both PEGDA and MBAA-crosslinked membranes increases with decreasing crosslinker content
as one might expect for a more open network structure. In comparison to PEGDA-crosslinked

membranes, MBAA-crosslinked membranes display lower dimensional swelling, which can be
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attributed to the shorter MBAA chain length and its mechanical properties, which will be discussed
in the following section.

The water contact angle values for the membranes are presented in Figure 8.3 and Table
8.2. In order to assess the membranes' hydrophilicity, water contact angle is a widely applied
technique to gain insight for polymer solubility, partitioning behavior, and aggregation [25]. Here
water contact angle and hydration capacity are characterized, where a contact angle at or above 90
degrees indicates a hydrophobic surface and a contact angles less than 90 degrees indicates a
hydrophilic [26]. A hydrophilic membrane surface could potentially improve the fouling resistance
of the hydrogel when used as a surface coating for the separation of oily wastewater, organic
compounds, and proteins [27-30]. As shown in Figure 3, PEGDA-containing membranes display
an increase in contact angle with APTA content, more hydrophobic, as one might expect based on
the chemical structures of PEGDA and APTA; PEGDA being more hydrophilic due to the presence
of the 13 ethylene oxide repeat units. Comparing PEGDA-crosslinked to MBAA-crosslinked
membranes, the PEGDA membranes exhibit slightly higher water contact angles than MBAA-
crosslinked membranes at analogous compositions (3-5 degrees). This was unintuitive as one
might expect MBAA-crosslinked membranes to be more hydrophobic based on their relative
chemical structure and the water solubility of PEGDA and MBAA (PEGDA 700 is water soluble
whereas MBAA water solubility is reported to be only 0.01-0.1 g/100 mL at 18 °C). This difference
is likely due to differences in the crosslinked network structure from the different chain lengths
(PEGDA vs MBAA); as the difference in contact angle decreases slightly with decreasing
crosslinker content. The rigid network formed with MBAA may retain a more hydrophilic surface

due to its shorter crosslinks, which allow greater surface exposure of polar amide groups, reflected
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in the higher polymer density of the membrane. In contrast, although PEGDA contains a

hydrophilic PEG backbone and longer chain length, its lower polymer density likely reduces the

surface exposure of polar groups, resulting in a less hydrophilic surface.
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Figure 8.3. Effect of copolymer composition on water contact angle for all membranes.

Table 8.3. Young’s Modulus and ion exchange capacity of all membranes.

Name T, Name T, IEC Ionic conductivity | Youngs Modulus
(°O) (°C) | (mmol/g) (mS/cm) (MPa)

A0/P20 | 0.7 N/A N/A 0.036 £ 0.000
poly(APTA) 49 | A8/P12 | 20.5 0.36 1.303 £0.008 0.028 £ 0.001
poly(PEGDA) | -41 | A12/P8 | 36.1 0.57 3.003 £0.009 0.026 +=0.001
poly(PA) 33 | A0/M20 | 111.2 N/A N/A 2.120£0.070
poly(MBAA) 150 | A8/M12 | 63.9 0.48 2.127 £0.003 1.863 +0.078
Al12/M8 | 39.5 0.73 3.931 +0.026 1.600 + 0.025

The glass transition temperature (Tg) for dry copolymer membranes was characterized

using differential scanning calorimetry; Figure 8.4 and Table 8.3. Each copolymer displayed a

single Tg, implying that these copolymer membranes behave like homogeneous materials [31].

Poly(APTA), poly(PEGDA), poly (PA), and poly(MBAA) membranes were also synthesized
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using 50 wt.% of solutions of the monomer of interest in DMSO (50 wt.%) with AIBN as the
initiator (0.1 wt.% of total monomer). The Tgs for poly(APTA), poly(PEGDA), poly(PA), and
poly(MBAA) were characterized and found to be 49 °C, -41 °C, 33 °C, and 150 °C respectively.
As expected, decreasing the PEGDA content increases Tg as PEGDA has the lowest Ty of any of
these constituents. Conversely, the Tg of MBA A-crosslinked membranes decrease with decreasing
MBAA-content as MBAA has the highest Tg of any of the constituents. This variation in Tg has

implications for the transport behavior, as polymers with lower Tgs will have more chain mobility.
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Figure 8.4. Glass transition temperature as a function of APTA content for all membranes.

Table 8.3 presents the results of the membrane ion exchange capacities (IECs). APTA-free
membranes (P20 and M20) were not characterized since they don’t have membrane-bound charged
moieties [11]. The IECs of membranes decreased with increasing content of crosslinkers (PEGDA
and MBAA), which can be attributed to the corresponding reduction in the number of quaternary
ammonium groups (QA") as the APTA content decreased. In an electrochemical cell, the AEMs

or CEMs are commonly employed because they allow ions to migrate between electrodes, ensuring
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charge neutrality is maintained while electrons traverse from one electrode to another. Figure 8.5
presents the results of measuring the ionic conductivities of all membranes at 25 °C. As expected,
the ionic conductivities of membranes demonstrated an increase with higher APTA content. The
counterion is the mobile ion responsible for contributing to the conductivity, and its concentration
is proportional to the fixed charge density of the membrane, determined by electroneutrality.
Additionally, the ionic conductivity of ion exchange membranes increases as the water volume
fraction increases [1, 32]. As the water volume fraction increases, the fixed charge concentration
decreases, and the solute diffusion coefficient increases [33]. The ionic conductivity of MBAA-
crosslinked membranes was higher than those of PEGDA-crosslinked membranes, resulting in
more interactions between bound quaternary ammonium groups (QA") and mobile species due to
higher QA" content in the same weight of membranes(IEC). Consequently, the ionic conductivity

of A8/M12 and A12/M8 exceeded A8/P12 and A12/P8, respectively.
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Figure 8.5. Ionic conductivity as a function of APTA content of A12/P8, A8/P12, A12/MS, and
A8/M12 membranes.
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Mechanical properties were probed using tensile testing in triplicate for all membranes, and
illustrative stress-strain curves are shown in Figure 8.6 (where A and B are scaled differently);
extracted Young's moduli are presented in Table 8.3. Generally, membranes with lower PEGDA and
MBAA (crosslinker) content were found to be more ductile than those with higher crosslinker content
because of the lower crosslink density, allowing the membrane to stretch. However, A12/P8 and
A12/M8 demonstrated less strain at break than A8/P12 and A8/M12, potentially because of the limited
ability of the membranes to withstand deformation before fracture, which is a common tradeoff.
Therefore, A8/P12 and A8/M12 represent the optimal composition for achieving the highest strain at
break. Young's modulus of the membranes increased with increasing PEGDA and MBAA (crosslinker)
content, as expected owing to the increase in crosslink density and decrease in water volume fraction
[18, 34]. Additionally, it should be noted that MBA A-crosslinked membranes exhibit a higher Young's
modulus and lower strain at break in comparison to analogous PEGDA-crosslinked membranes. The
variation in crosslinker structure accounts for this phenomenon, and MBAA-crosslinked membranes
are in a glassy state at 25 °C, which has been supported by the measured glass transition temperatures.
Concerning dimensional swelling, PEGDA-crosslinked membranes tend to shrink more during the
drying process, not only due to their higher water volume fraction but also because of their higher
strain and lower Young’s modulus. For example, A0/P20 and A0/M20 have comparable water volume

fractions but distinctly different dimensional swelling values.
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Figure 8.6. Representative stress—strain curves for (A) PEGDA-contained membranes and (B)
MBAA-contained membranes.

8.2.2. Salt Permeability

As noted in the introduction, desirable attributes for anion exchange membranes (AEMs)
for artificial photosynthesis are high charge carrier conductivity while exhibiting low permeability
to reduction products. To evaluate these characteristics, the diffusive permeability to various
solutes, including KOAc, KOFm, NaOAc, NaOFm, KCl, and NH4Cl, were characterized using a
diffusion cell experiment, as illustrated in Figure 8.7. Formate and acetate are particularly
appealing as target products for CO2 reduction, as they can be used as deicers or as raw materials
for chemical synthesis [35]. Potassium chloride and ammonium chloride are important and
common electrolytes [36]. Across all membranes, it was observed that the permeability to these
salts increased with higher APTA content (lower crosslinker content). This trend is correlated with

the fractional free volume (FFV) where the free volume is the available space between polymer
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chains for solute transport as characterized here through the relative water volume fractions [37,
38]. The reason for this is mainly attributed to enhanced diffusion, as the diffusivity of solutes
typically rises with a higher fraction of water volume [37, 38]. Previous studies by Yasuda et al.
have demonstrated that changes in the polymer's water volume fraction can significantly affect
solute permeation by altering solute diffusivity [37, 38]. Consequently, permeability often exhibits
a significant dependence on the polymer's water volume fraction. Interestingly, although A0/P20
and a0/M20 have similar water volume fractions, AO/P20 exhibits an average permeability that is
82 times higher than A0O/M20. This indicates that water volume fraction alone does not dominate
solute permeability. Moreover, prior studies on membranes using PEGDA/APTA with mole ratios
of 100:0 (A0), 92:8 (A8), and 88:12 (A12) exhibit higher water volume fractions (45%, 46%, and
46%, respectively) compared to the membranes in this study, yet they display comparable
permeability (1 to 3.5%107 cm/s) to A8/P12, A12/P8, and A12/M8 [4]. This observation suggests
that PA can substantially decrease water volume fraction, but polymer structure plays a crucial
role in permeability as well, such that water volume fraction does not solely determine relative
permeability. Similar findings have been reported in other research, indicating that microstructural
disparities among membranes could significantly influence permeability [39]. In general, the
relative permeabilities of the solutes tend to correspond to the order of their hydrated diameters
(diameters of cations NH4"= K (6.6 A) <Na* (7.2 A) and diameter of anion OFm™ (5.9 A) < CI’
(6.6 A )< OAc (7.4 A).[40, 41] Moreover, permeabilities to these solutes for A8/P12 and A12/P8
show no significant differences, whereas membranes containing MBAA and A0/P20 each exhibit

noticeable variations in permeability to the different solutes.
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Figure 8.7. (A) The correlation between permeability and APTA content is demonstrated for
A0/P20, A8/P12, and A12/P8. (B) The correlation between permeability and APTA content is
demonstrated for AO/M20, A8/M12, and A12/M8. The data points reflect the average of three
experiments, and the standard deviation is depicted by the error bars.

8.2.3. Salt Solubility

The relationship between the characterized salt sorption behavior and the membrane
APTA content is shown in Figure 8.8. Salt solubility was characterized through a kinetic
desorption experiment using 1 M solutions of the salt of interest (NH4Cl, KCI, KOFm, KOAc,
NaOFm, and NaOAc) [38]. We have observed a clear relationship in all membranes between the
increase in APTA content and the corresponding increase in solubility. This connection is likely
due to the higher water volume fraction, which provides more opportunities for the polymer
network to interact with the solution. Similar patterns have been noted in previous studies on
hydrated polymers, where a greater water content generally facilitates the distribution of salt within

the polymer membrane [22]. MBAA-crosslinked membranes usually have a lower water volume
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fraction compared to PEGDA-crosslinked membranes with the same charge monomer content, but
the former display higher solubility than the latter. Even though A0/P20 and A0/M20 membranes
have similar water volume fractions, A0/M20 exhibits greater solubility than A0/P20. Furthermore,
the water content and interactions between ions and polymer segments are vital for understanding
ion sorption in polymers. It is essential to explore the relationship between salt solubility and
hydrophobicity as well. The behavior of ions within the membrane often deviates significantly
from expectations based on their hydrated radius or ion charge density which affects hydration
tendency and interaction with the polymer and impacts the specific interactions between different
ions and polymer segments [42, 43]. However, the membrane solubilities do not follow the order
of hydrated radius and ion charge density. This discrepancy arises due to the intricate interplay
between the polymer, ions, and water interactions. These non-ideal behaviors can greatly influence

ion sorption and contribute to the complexity of investigating the order of salt sorption.
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Figure 8.8. (A) The impact of APTA content on salt solubility in A0/P20, A8/P12, and A12/PS.
(B) The impact of APTA content on salt solubility in AO/M20, A8/M12, and A12/M8. Each data
point represents the average of three experiments, with error bars indicating the standard deviation.
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8.2.4. Salt Diffusivity

The membrane diffusivities are determined through the application of the solution diffusion
relationship (Di = Pi/Ki), as illustrated in Figure 8.9. The diffusivity relationship follows the
principles of the free volume theory, where the amount of water present directly affects the
availability of free volume within the hydrated polymers for diffusion [37, 38]. Increasing the
water volume generally leads to higher salt diffusivity [44]. Additionally, the order of solute

diffusivity correlates with the diffusivity of the solute in water. In terms of water diffusivity, the

cation order is: NH4" (2.0 x 10° cm?/s) = K* (2.0 x 10° cm?/s) > Na" (1.3 x 10°> cm?/s), and the

anions order is CI" (2.0 x 10° cm?/s) > OFm™ (1.5 x 10° cm?/s) > OAc™ (1.1 x 10° cm?/s) [45, 46].

To compute the diffusivities of salts in water, we assume that the diffusivity of a salt composed of
monovalent ions is approximately equal to the average diffusivity of the two ions, taking into
account their respective mobilities (referred to as mobility-weighted average diffusivity [47]). For
instance, based on the provided diffusivity values, the estimated diffusivities for KOAc, KOFm,
NaOAc, NaOFm, KCl, and NH4Cl are 1.52x10°, 1.71x10°, 1.21x10°, 1.39x10°, 1.99x10°, and
1.99x10° cm?/s, respectively. The order of diffusivity of the solute in water is NH4Cl = KCI >
KOFm > KOAc > NaOFm > NaOAc. However, the order is not readily observed in PEGDA-
contained membranes compared to MBAA-contained membranes. The scatter in diffusivity
implies that microstructural factors play a major role [39]. Moreover, the diffusivity is influenced
by the flexibility of polymer chains, which is often characterized by the glass transition

temperature of the polymer [48]. A lower Ty indicates increased segmental dynamics, resulting in
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higher solute diffusivity. Conversely, a higher T leads to reduced mobility of the membrane chains.
Overall, with the same crosslinker content, PEGDA-contained membranes typically exhibit higher
diffusivities when compared to MBAA-contained membranes. This disparity can be attributed to
differences in the water volume fraction and the glass transition temperature between the two types
of membranes. Because of the comparable water volume fraction, we conclude that the disparity
in A0/P20 and A0/M20 primarily stems from the glass transition temperature's influence. However,
further investigation into the segmental dynamics of these materials, as well as related factors such
as relative permittivity and structure analysis, is necessary to validate this conclusion, as these

complex behaviors are likely influenced by multiple factors.
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Figure 8.9. The correlation between diffusivity and water volume fraction.

8.3. Conclusions

This study investigated the physicochemical properties and transport behavior of

crosslinked AEMs based on PA and APTA, with either PEGDA or MBAA as the crosslinker. The
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results highlight the significant influence crosslinker type and content has on membrane properties
such as water volume fraction, ionic conductivity, mechanical strength, permeability, and
diffusivity. MBAA-crosslinked membranes demonstrated higher glass transition temperatures (Tg),
greater stiffness, and lower permeability compared to PEGDA-crosslinked membranes, attributed
to reduced chain mobility. However, PEGDA-crosslinked membranes exhibited higher water
content and diffusivity, enhancing ionic conductivity at the cost of increased permeability. These
findings emphasize the trade-offs between ionic conductivity and selectivity critical for artificial
photosynthesis applications. Mechanical testing revealed that increasing crosslinker content
boosted Young’s modulus and decreased water volume fraction. MBAA-crosslinked membranes
demonstrated greater stiffness and lower strain than PEGDA due to their higher Tg. While the
overall permeability aligned with the free volume theory, this investigation revealed A0/P20 and
A0/M20 with similar water volume fractions but distinct permeabilities. Specifically, A0/M20
exhibited relatively low permeability due to its low diffusivity. Diffusivity depends on polymer
chain flexibility indicated by the glass transition temperature (Tg). Lower Tg enhances segmental
dynamics, increasing solute diffusivity, while higher Tg restricts membrane chain mobility,
reducing solute diffusivity. The distinct behaviors observed in membranes with comparable water
content but differing crosslinker chemistry underscore the significant role of polymer segmental

mobility and microstructure in determining transport properties.
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Chapter 9: Transport Behavior Differences
between CEMs Containing SPMAK and

MPS

9.1. Introduction

Global warming poses a significant threat to humanity. The link between CO2 and global
warming has caught widespread attention through the recognized phenomenon of the greenhouse
effect [1]. Because of the extensive burning of fossil fuels like coal and petroleum, coupled with
industrial development, the concentration of COz2 in the atmosphere is steadily rising year by year
[2-4]. This exacerbates the greenhouse effect, leading to planetary warming [2-4].
Photoelectrochemical COz reduction cells (PEC-CRC) are considered a promising to convert CO2
into sustainable chemical fuels such as methanol, and ethanol [5, 6]. Ion exchange membranes
(IEMs), featuring ionizable functional groups, play a crucial role in PEC-CRC by facilitating the
transport of counter-ions between the anode and cathode, ensuring overall charge balance while
chemically isolating the two half-cell reactions and restricting the crossover of oxidation and
reduction byproducts generated at the electrode [5, 6]. Although commercial Nafion membranes
are distinguished by their sulfonate groups and demonstrate satisfactory ion-conducting, transport,

and mechanical properties, their complex morphology poses a challenge for systematically
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studying of their structure-property relationships, which are critical to guide the design of optimal
membranes [7-9]. Our previous studies have leveraged a tunable membrane design approach,
manipulating (meth)acrylate, crosslinking density, and bound ion content as a platform for
studying structure-property relationships in IEMs [7, 10-14]. Those studies illustrated that salt
permeability to membranes typically conforms to the free volume theory, where a higher water
volume fraction leads to increased permeability [7, 10-14]. While salt permeability is
predominantly influenced by water volume fraction, it results from the interplay of solubility and
diffusivity. Factors such as co-transport, membrane glass transition temperature, and membrane
structure can also exert influence. Additionally, various factors, such as crosslink density, counter
ion chemistry, and functional groups, can impact water volume fraction [7, 10-14]. Although past
studies offer valuable insights for designing innovative membranes, further research is crucial to
delve into structure-property relationships as adjusting membrane composition to tailor their
physiochemical and transport behavior involves trade-offs, highlighting the need for
comprehensive investigation. In this Chapter, a range of CEMs are synthesized incorporating two
distinct charge monomers that both incorporate a polymerizable methacrylate moiety and a charge-
bearing sulfonate moiety: 3-sulfopropyl methacrylate potassium (SPMAK) or 2-methyl-2-
propene-1-sulfonic acid sodium salt (MPS). The ratios of these two charged monomers,
poly(ethylene glycol) diacrylate (PEGDA, n = 10), and phenyl acrylate (PA) were varied and
compared. The high quantities of PA are included as it has demonstrated in our prior work to
enhance membrane mechanical properties and reduce water content [10-12]. This platform of

membrane thereby extends upon prior related work where. However, the difference in variation
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and comparison in the charged monomers (SPMAK and MPS) allows for the investigating

influence of monomer structure and the relationship between each component.

9.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed
in Chapter 3. A total of 8 IEMs and 1 charge-neutral membrane were synthesized through
thermally initiated free radical copolymerization. The naming used for the membranes is as follows:
PA(W)P(x)S(y) and PA(W)P(x)M(z), with w, X, y, and z denoting the molar percentages of phenyl
acrylate, PEGDA, and SPMAK or MPS, respectively. The amounts of chemicals used for
membrane synthesis are detailed in Table 9.1, and the general synthetic scheme is depicted in
Figure 9.1. Each pre-polymerization mixture consisted of 70 wt.% DMSO and 0.1 wt.% AIBN,
combining PA, PEGDA, SPMAK, or MPS as specified in Table 9.1.

Table 9.1. Pre-polymerization mixtures compositions.

Name PA (mol%) PEGDA (mol%) SPMAK (mol%)
PA8SOP10S10 80 10 10
PABOP15S5 80 15 5

PA90P5S5 90 5 5
PA85P10S5 85 10 5

Name PA (mol%) PEGDA (mol%) MPS (mol%)

PASOPIOM10 80 10 10
PA8SOP15M5 80 15 5
PA90P5M5S 90 5 5
PA85P10MS5 85 10 5
PASOP20 80 20 0
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Figure 9.1. Synthetic scheme of PA/PEGDA/SPMAK and PA/PEGDA/MPS.

9.2.1. Membrane Water Content

The water uptake, polymer density, and water volume fraction are shown in Table 9.2. The

water volume fraction of the 9 membranes is shown in Figure 9.2. In this study, membranes
containing MPS were found to have a higher water volume fraction compared to those containing
SPMAK. This disparity can be attributed to the influence of polymer structure on water volume
fraction, where membranes containing SPMAK may experience higher steric effects and structural
obstacles [15-17] because of their 3-carbon propyl chain and ester group, resulting in lower water

content in these membranes. Moreover, the counter-ion also influences the water content [13].
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Since sodium has a higher hydration radius than potassium [18, 19], membranes containing MPS
will exhibit higher water content than those containing SPMAK. Based on our previous research,
we noted a general decrease in water volume fraction with increasing crosslinker content [11, 13,
14]. Interestingly, although crosslinker content significantly influences water volume fraction, the
hydrophobic phenyl acrylate monomer also plays a crucial role. Specifically, in the cases of
P85P10S5 (WVF 0.17) and P8OP15S5 (WVF 0.19), as well as P§5P10M5 (WVF 0.2) and
P8OP15MS5 (WVF 0.26), an increase in the amount of PA led to a lower water volume fraction.
This may be due to the difference in hydrophobicity between PA and PEGDA, as discussed in the
following contact angle section. Additionally, membranes with higher charge monomer content
tend to attract water, due to the energetic interactions between the charge groups and polar water
molecules [20-22].

Table 9.2. Water uptake, dry polymer density, and water volume fraction.

Wy p

Name (water g/dry polymer g-100%) (g/nI:L) Dw
P80P10S10 34.12+1.57 1.254 +£0.004 | 0.300 =+ 0.009
P80P15S5 18.34 £0.03 1.252 £0.012 | 0.187 £ 0.002
P90P5S5 4498 +1.31 1.171 £0.003 | 0.345+0.007
P85P10S5 16.26 £ 0.09 1.245 £ 0.009 | 0.169 +0.001
P8OP10M10 66.28 £1.31 1.246 £0.012 | 0.453 £0.006
P80P15M5 28.33 £ 1.56 1.225+0.004 | 0.258 £0.011
P90P5M5 4734 £1.76 1.237+0.006 | 0.370=+0.008
P85P10MS5 20.91 £ 1.05 1.225+0.011 | 0.204 £ 0.009
P80P20 7.74 +1.01 1.368 £0.027 | 0.096 +£0.010
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Figure 9.2. Water volume fraction of PA/PEGDA/SPMAK (circle), PA/PEGDA (square) and
PA/PEGDA/MPS (triangle). Each data point represents the average of measurements from three
separate membranes, while the error bars indicate the extent of the standard deviation.

9.2.2. Membrane Characterization

Table 9.3 presents the data of contact angle, Tg, IEC, ionic conductivity, and Young’s
modulus. Water contact angle is a straightforward approach to assess membrane surface
hydrophilicity, and is also used as an indication of anti-fouling ability and water absorption
capacity [23-25]. Typically, contact angles equal to or exceeding 90 degrees signify hydrophobic
surfaces, whereas angles below 90 indicate hydrophilic surfaces [26]. Although all the membranes
are classified as hydrophilic, no significant correlation between contact angle and water volume

fraction was observed. This is consistent with our previous findings and those of other studies [27].
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Contact T, IEC (mmol/g) TIonic conductivity |Youngs Modulus
Name
Angle (°C) ' |Theoretically| Measured (mS/cm) (MPa)

P80P10S10 | 71.17 £ 1.8 48.8 0.50 0.49 1.596 £ 0.001 0.243 £0.017
P80P15SS | 73.96+2.5 | 27.43 0.23 0.22 0.697 £0.011 0.032 £0.002
PI9OPSSS | 87.99+ 1.1 | 54.55 0.29 0.28 0.981 £0.077 1.646 +0.097
P85P10SS | 82.08+2.2 | 39.18 0.26 0.25 0.268 £ 0.067 0.303 £ 0.006
P8OP10M10| 72.29+2.1 | 36.25 0.52 0.51 1.627 +0.008 0.054 £ 0.004
P80P15SMS5 | 70.97+3.3 | 22.07 0.24 0.23 0.263 £0.001 0.019 +0.002
P90OPSMS | 80.28 +1.7 | 43.69 0.29 0.27 0.225 £0.029 0.993 £0.190
P8S5P10MS | 81.97+3.7 | 32.47 0.26 0.24 0.211 £0.001 0.060 +£0.011
P80P20 83.20+2.6 11.7 N/A N/A N/A 0.014 £0.001
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The IEC of the membranes was measured yielding the results shown in Table 9.3. IEC of

the membranes increases with decreasing PEGDA content and increasing SPMAK or MPS content,
which is likely due to the combination of difference in molecular weight and the increase in the
charge monomer content. The measured IECs of all films were closely matched with the theoretical
IECs. This indicates that essentially complete conversion of the monomers into the crosslinked
films has been achieved. Moreover, Table 9.3 and Figure 9.3 display the Tg values for dry polymer
membranes. Each membrane exhibits a singular Tg, indicating behavior like homogeneous
copolymers [28]. In membranes with a lower Tg, the mobility of polymer chains increases,
enhancing diffusion. Conversely, in membranes with a higher Tg, chain mobility is significantly
restricted [14, 29]. Therefore, a lower Tg promotes greater diffusivity compared to a higher Tg, due
to increased segmental dynamics driven by thermal energy that create and close temporary gaps
in the polymer matrix [30, 31]. Notably, membranes containing SPMAK demonstrate higher Ty
values compared to those containing MPS. Because MPS contains a branched 2-methyl-2-propene

group, its structure increases free volume and enhances chain flexibility, leading to a lower Tg.
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Figure 9.3. Glass transition temperature as a function of PEGDA content for all membranes.

Table 9.3 and Figure 9.4 present Young’s modulus values for all membranes. While
membranes with higher water volume fractions generally show lower mechanical properties, we
observe that membranes with higher phenyl acrylate content can enhance mechanical strength
which is observed in a previous study [10]. Interestingly, increasing crosslinker content tends to
raise Young’s modulus; however, in this study, we found that higher crosslinker content decreases
Young’s modulus but improves membrane elongation, potentially due to the longer chain length
of PEGDA and difference in inherent mechanical properties compared to PA. Furthermore,
membranes containing SPMAK exhibit higher Young’s modulus than those containing MPS. This
may be due to the linear sulfopropyl group in SPMAK, which limits molecular motion more than
the branched structure of MPS, resulting in a stiffer material with a higher Young’s modulus.
PA8OP20 shows the highest strain, while membranes with SPMAK and MPS exhibit similar

elongation abilities at the same crosslinker content, which increases with PEGDA content. In
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summary, when using PEGDA (n=10) as a crosslinker, membrane elongation is mainly influenced

by PEGDA content, while Young’s modulus is primarily determined by PA content.
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Figure 9.4. Stress-strain curves for (a) SPMAK-contained films and (b) MPS-contained films.

9.2.3. Salt Permeability

Salt permeability was characterized at 25°C using a standard diffusion cell setup, and the
findings for the membranes are depicted in Figure 9.5. Generally, permeabilities across all films
increase as the water volume fraction increases, consistent with findings reported elsewhere [10,
13, 32, 33]. According to free volume theory, this increase primarily stems from enhanced
diffusion, as solute diffusivities typically increase with higher water volume fractions [34, 35].
The hydrated ion diameter order is OFm™ (5.9 A) <K' (6.6 A) <Na" (7.2 A) <OAc (7.4 A) [13].
However, this order does not correspond to the observed salt permeability. Unexpectedly, NaOFm
and NaOAc demonstrate higher permeability than KOFm and KOAc most of the time. We
hypothesize that sodium exhibits stronger interactions with the sulfonate group due to its higher

charge density and enhanced ion-dipole attraction. Interestingly, although MPS has a higher water
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volume fraction, the permeability of POOPSMS and PSOP10M10 is lower than that of POOP5SS5 and
P8OP10S10. Additionally, previous research indicates that lower water volume fraction generally
leads to higher selectivity. In contrast, as water volume fraction increases, selectivity decreases
due to the corresponding rise in solute permeability [36]. Here we observe membranes with a water
volume fraction above 0.2 exhibit better salt selectivity, as indicated by the dispersion salt
permeability to membranes. In contrast, membranes with a water volume fraction below 0.2 show
lower salt selectivity. This may be attributed to the membranes having smaller free volume

elements and more tortuous structures, which would hinder solute transport.
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Figure 9.5. (a) Permeabilities of charge neutral film and films containing SPMAK to KOAc,
KOFm, NaOAc, and NaOFm. (b) Permeabilities of films containing MPS to KOAc, KOFm,
NaOAc, and NaOFm. Each data point represents the average of three experiments, with error bars
indicating the standard deviation.

9.2.4. Salt Solubility

The solubilities of all salts were calculated using the previously reported Equation 8, with

the results shown in Figure 9.6. We observe a correlation between solubility and water volume
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fraction. Despite the salts being ordered by size as KOFm < NaOFm < KOAc < NaOAc, there is
no significant trend indicating higher solubility for smaller salts. We find that membranes with the
same crosslinker and charge monomer generally exhibit similar solubility, except for POOPSM5
and P9OP5SS5. This is very interesting since compared to other membranes containing the same
crosslinker and charge monomer, PO9OP5SMS5 and P90P5S5 have a comparable water volume

fraction, but show significantly different solubility.
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Figure 9.6. (a) Solubilities of charge neutral film and films containing SPMAK to salts. (b)
solubility of films containing MPS to salts. Each data point represents the average of three
experiments, with error bars indicating the standard deviation.,

9.2.5. Salt Diffusivity

In this study, we characterized the permeability and solubility of various salts in these
membranes, which enables diffusivity to be calculated using the solution—diffusion model, as
shown in Figure 9.7. While solubility shows a slight dependence on the water volume fraction,

diffusivity exhibits a much stronger dependence. We observe that when the water volume fraction

231



Chapter 9: Transport Behavior Differences between
CEMs Containing SPMAK and MPS

in the membrane exceeds 0.2, the salt diffusivity data becomes more dispersed, which can enhance
diffusivity selectivity. Some studies suggest that reducing the water volume fraction improves
selectivity by enabling better discrimination of salts [15, 36, 37]. However, when the water volume
fraction is too low, salt diffusion is restricted, ultimately reducing selectivity. Thus, achieving
optimal selectivity requires a balanced water volume fraction—not too high or too low. Each
material (and membrane fabrication process) has its own optimal water volume fraction for
selectivity due to its unique structural properties and physicochemical properties, highlighting the
need for exploring more materials and combinations. Interestingly, despite Na* having a larger
hydration diameter than K*, Na* exhibits higher diffusivity than K*. Moreover, it was observed
that the diffusivity of the membrane containing SPMAK exhibits a steeper slope in diffusivity
versus water volume fraction compared to the membrane with MPS. This suggests that the water

volume fraction has a greater influence on the diffusivity of SPMAK-containing membranes than

on those with MPS.
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Figure 9.7. Diffusivity of (a) charge neutral film and films containing SPMAK (b) films containing
MPS to all salts. Each data point represents the average of three experiments, with error bars
indicating the standard deviation.
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9.3. Conclusions

This study highlights the critical role of Cation Exchange Membranes (CEMs) in
photoelectrochemical CO2 reduction cells (PEC-CRC), particularly in the challenge of preventing
carboxylate ion crossover while facilitating ion transport for efficient CO2 conversion. By
comparing membranes based on 3-sulfopropyl methacrylate potassium (SPMAK) and 2-methyl-
2-propene-1-sulfonic acid sodium (MPS), we demonstrate that membrane performance is strongly
influenced by the interplay of monomers, crosslinkers, and charge monomers. MPS-containing
membranes exhibit higher water volume fractions, lower glass transition temperatures, and
Young’s modulus compared to SPMAK-containing membranes, leading to differences in their
permeability, solubility and diffusivity. Moreover, SPMAK-containing membranes show a steeper
diffusivity increase with water volume fraction than MPS-containing ones, indicating a stronger
influence of water volume on SPMAK membranes. These findings reinforce the importance of
optimizing membrane composition and structure to balance water uptake, mechanical stability,
and transport properties. Understanding these structure-property relationships provides valuable
insights for designing tailored membranes, where adjusting factors such as crosslinking density,
charge monomer type, and water content can enhance membrane selectivity and mechanical
performance. Future work should continue to explore new materials and compositions to further

refine CEMs for artificial photosynthesis and sustainable CO2 conversion applications.
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Chapter 10: Isolating the Impact of Water

Volume Fraction in AEMs

10.1. Introduction

Addressing global warming and the energy crisis requires a dual focus on reducing carbon
emissions and expanding sustainable energy sources. The urgent need to lower atmospheric CO-
and secure energy resources points to an essential shift from hydrocarbon fuels toward greener,
renewable options. PEC-CRC presents a promising solution for addressing global warming and
the energy crisis by converting CO: into valuable chemical fuels like methanol and ethanol [1].
Ion exchange membranes (IEMs) are essential components in PEC-CRC systems [2, 3] and a range
of electrochemical applications, including fuel cells [4, 5], electrodialysis [6, 7], and redox flow
batteries [8, 9]. Their primary role within these systems is to separate the chemical reactions
occurring at the electrodes while enabling selective ion transport between compartments [10]. The
intricate balance between membrane properties, such as water volume fraction, fixed charge
density, and ion transport behavior, is pivotal for optimizing their function. However, the complex
dynamics of ion transport in hydrated, dense polymer membranes, particularly under
multicomponent systems, remain poorly understood. This gap in knowledge limits the

development of advanced membranes tailored for specific electrochemical applications. In this
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study, we systematically investigate the interplay between solute-membrane interactions, water
volume fraction, and fixed charge density by synthesizing neutral membranes and quaternary
ammonium-functionalized AEMs based on phenyl acrylate backbones. By isolating the impact of
water content, this work analyzes the transport behavior of potassium formate, acetate, and
bicarbonate, both individually and in combination, to elucidate the other physiochemical properties
and mechanisms governing ion transport. Here, we observe higher single-solute permeability in
AEMs than neutral membranes, with potassium formate exhibiting the highest permeability,
followed by acetate and bicarbonate. Co-permeation experiments find minimal differences
between single-solute and two-solute permeabilities. Moreover, solubility analysis indicated that
fixed charge density influences ion retention, with an increase generally reducing solubility likely
due to intensified Donnan exclusion. Notably, potassium acetate shows an unusual solubility
increase with rising fixed charge density. These results underscore the importance of fixed charge
density and solute-membrane interactions in influencing ion transport and solubility, offering
opportunities for tailoring ion exchange membrane design in PEC-CRC and other electrochemical

systems.

10.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed
in Chapter 3. A total of six AEMs and one charge-neutral membrane were prepared via thermally
initiated free radical copolymerization of pre-polymer mixtures, as detailed in Table 10.1 and the

synthetic scheme depicted in Figure 10.1. The membranes are designated as P(w)M(x)AP(y) and
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PA(w)P(x)AE(z), where w, X, y, and z represent the molar percentages of PA, MBAA, APTA, and
AETAC, respectively. The crosslinker and solvent content affect the membrane's water content by
altering the crosslink density. Dissolving hydrophilic charged monomers and hydrophobic
crosslinkers in a shared solvent is a notable challenge. To achieve a homogeneous solution and
consistent water volume fraction across all membranes, the solvent content was adjusted
accordingly. And each pre-polymerization solution contains 0.1 wt.% AIBN. This arrangement
facilitated a comparative analysis of the different charged monomers and fixed charge densities,
isolating the effects of water volume fraction on physicochemical and transport properties.
Moreover, we found that the APTA charge monomer has a greater ability to attract water molecules
than AETAC. When controlling the membrane's water volume fraction to a specific value, the
APTA monomer requires less solvent content to reach that target compared to AETAC.

Table 10.1. Composition of Pre-polymerization mixtures.

Name PA (mol%)  MBAA (mol%) APTA (mol%) DMSO(wt%)
P55M20AP25 55 20 25 42
P65M15AP20 65 15 20 45
PS8OM10AP10 80 10 10 60

Name PA (mol%) MBAA (mol%) AETAC (mol%) DMSO( wt%)
P5S5M20AE25 55 20 25 50
P65SM15AE20 65 15 20 59
PSOM10AE10 80 10 10 62

P8OM20 80 20 0 69
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Figure 10.1. Synthetic scheme of PA/MBAA/APTA and PA/MBAA/AETAC

10.2.1. Membrane water content and charge content

In our previous research, we have synthesized several series of ion exchange membranes
(IEMs) with various charged monomers and solvent contents [2-4, 11-15]. Generally, membranes
with higher water volume fractions exhibit increased permeability, solubility, and diffusivity,
attributed to the greater free volume available for water transport [2, 3, 12, 16]. This finding,
consistent with free volume theory and other reports, highlights that water volume fraction is a
critical factor influencing ion transport in hydrated membranes [17, 18]. However, varying water
volume fractions between membranes make it difficult to isolate and examine the specific effects
of charged monomers and charge content. Since most charged monomers are hydrophilic, there is

a tradeoff between water content and charge content [19]. The increased interactions between
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water molecules and charged groups make it challenging to synthesize a series of membranes with
varying charge content but comparable water volume fractions. To address this, we prepared
membranes with similar water volume fractions, approximately 0.4, by adjusting the solvent
content and monomer-to-crosslinker ratio in the homogeneous pre-polymerization solutions. Table
10.2 provides the characterized membrane water content, dry polymer density, ionic conductivity,
fixed charge concentration, and fixed charge density for the membranes in this study. Figure 10.2
illustrates the relationship between volumetric charge density and water volume fraction against
the mol % of charged monomer in the pre-polymerization solution. The IEC is expected to increase
as the charged monomer content increases. Here, we observed that membranes with the same
charged monomer content exhibited similar IEC, fixed charge concentration, and fixed charge
density values, as APTA and AETAC have comparable molecular weights (206.7 g/mol and 193.7
g/mol, respectively) and comparable water content within membranes. Moreover, this study
primarily uses fixed charge density, rather than IEC, to represent the relationship between charged
monomer content and transport behavior, as it accounts for membrane volume, which can
significantly influence transport properties.

Table 10.2. Water uptake, dry polymer density, water volume fraction, ionic conductivity, fixed
charge concentration, and fixed charge density.

pp lEC mw m,p
Name Pu (g/mL) Ow (mmol/g) | ©a Ca

PS5M20AP25 | 0.52+0.01 | 1.242+0.005 | 0.393+0.003 | 1.78 343 | 135
P6SMI15AP20 | 0.54+0.01 | 1.250+0.002 | 0.404 +0.004 |  1.47 273 | 1.10
PSOMI10AP10 | 0.56+0.01 | 1.228+0.005 | 0.408 +0.005 |  0.79 137 | 056
PS5M20AE25 | 0.52+0.01 | 1.271+0.009 | 0.398 £0.004 |  1.75 336 | 134
P6SMISAE20 | 0.55+0.01 | 1240 £0.006 | 0.407+0.006 | 146 | 2.64 | 1.07
PSOMI10AE10 | 0.53+0.01 | 1.238+0.003 | 0.398+0.003 |  0.71 134 | 053
PSOM20 | 052001 | 1242+0.006 | 03930004 | NA | N/A | N/A
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Figure 10.2. Fixed charge density and water volume fraction are plotted against the mol% of
charge monomer in the pre-polymerization solution. Fixed charge density is shown in black color,
while water volume fraction is depicted in blue color. Circles (O) represent membranes containing

APTA, triangles (V) represent membranes containing AETAC, and crosses (3X) denote neutral
membranes.

10.2.2. Membrane Characterization

Glass transition temperature, ionic conductivity, and Young’s modulus are critical
parameters in polymer membranes, reflecting the flexibility of the polymer chains, ion transport
capacity, and mechanical properties of the membrane, respectively. Table 10.3 presents data on
the glass transition temperature, ionic conductivity, and Young's modulus. We observe the Tg of
AEMs increases with higher crosslinker content which can be attributed to a higher Tg of MBAA;
the Ty values for PA, MBAA, APTA, and AETAC are 32.8°C, 150.3°C, 48.7°C, and 2.4°C,

respectively. Poly(AETAC) was synthesized using 50 wt% AETAC and 50 wt% water, with AIBN
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as the initiator at 0.1 wt% relative to AETAC. After synthesis, the polymer was dried in a vacuum
oven at 50°C for 24 hours, followed by characterization using DSC. Typically, the ionic
conductivity increases with a higher charged monomer content, as it is closely linked to the
membrane water content and fixed charge concentration [20]. Higher fixed charge concentrations
introduce more counter ions as charge carriers into the polymer, thereby enhancing ionic
conductivity. In this study, the influence of water volume fraction is excluded, and the membranes
containing APTA exhibit higher ionic conductivity compared to those with AETAC at the same
charged monomer content. This could be due to the slightly higher IEC and the stronger ion-dipole
interactions of the amide group in APTA compared to the ester group in AETAC [21]. These
stronger interactions may create more efficient ion pathways, resulting in better ionic mobility and
enhanced ion transport efficiency within the membrane. Interestingly, while Young’s Modulus
typically increases with higher crosslinker content, the Young’s Modulus for both AEMs decreases
as the crosslinker content increases. We attribute to this to the corresponding decrease in phenyl
acrylate content as phenyl acrylate has been previously found to increase Young’s Modulus [16,
22]. The benzene ring in phenyl acrylate is rigid and stiff, which restricts the flexibility of the
polymer chains, and leads to an increase in the stiffness of the polymer membrane [23]. Moreover,
the increased APTA and AETAC content could lead to more flexible polymer chains, reducing the

overall rigidity of the membrane and lowering the Young's Modulus.
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Table 10.3. Glass transition temperature, ionic conductivity, and Young’s modulus.

Name Ty Ionic conductivity Young’s Modulus
(°O) (mS/cm)) (MPa)
P55M20AP25|131.33 7.50 +£0.08 0.353 +0.020
P65M15AP20 | 88.31 6.35+0.08 0.843 +0.050
P8OM10AP10| 71.28 3.24+0.03 1.250+0.010
PS55M20AE25| 144.9 6.68 +0.02 0.584 +£0.021
P6SM15AE20| 87.23 5.22+0.02 0.873+0.018
PS8OM10AE10 | 83.29 1.95+0.02 1.080 +0.032
P8OM20 [118.58 N/A 1.384 £ 0.035

10.2.3. Salt Permeability

The permeability of a total of 1 mol of single solute and two-solute mixtures was measured
at 25°C using a standard diffusion cell. Figure 10.3 illustrates the single-solute permeability of
neutral membranes and both AEMs to potassium formate, potassium acetate, and potassium
bicarbonate. Again, permeability is closely related to the water volume fraction, higher
permeability is observed as the water volume fraction increases due to more free volume available
for ion transport [2, 3, 12, 16, 19]. However, the effect of water volume fraction is excluded in this
study as all membranes have essentially the same water volume fraction. The neutral membrane
demonstrates significantly lower permeability compared to the AEMs. Interestingly, both AEMs
exhibit comparable single-solute permeability across various fixed charge densities, which
deviates from expectations. Theoretically, at a constant water volume fraction, an increase in fixed
charge density enhances the Donnan potential [19], which should lead to a rise in solute
permeability. We hypothesize that counter-ion condensation occurs, reducing the strength of

electrostatic attraction. Moreover, the permeability trend among the tested solutes—potassium
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formate > potassium acetate > potassium bicarbonate—does not directly align with the order of
the ions' hydrated diameters: formate (5.9 A), acetate (7.4 A), and bicarbonate (7.3 A) [2, 24, 25].
This suggests that factors beyond hydrated ion size, such as solute-membrane interactions,
solubility, and diffusivity are influencing the observed transport behavior. These findings
underscore the complexity of solute transport in membranes and highlight the need for a more
detailed investigation into the interplay between membrane structure, solute properties, charge
groups, and transport mechanisms. Moreover, our previous study on AEMs, composed of 49 mol%
PA and 30 mol% MBAA with the incorporation of 21 mol% AETAC or 2-(Methacryloyloxy)ethyl
trimethylammonium chloride (MAETAC), demonstrated water volume fractions of 0.39 and 0.43,
respectively. The study also revealed 1M permeability values for KOFm of approximately 0.3 X

1077 cm?/s.
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Figure 10.3. Single solute permeability as a function of fixed charge density is presented. Blue
markers indicate APTA-containing membranes, red markers indicate AETAC-containing
membranes, and black markers represent neutral membranes. Potassium formate is represented by

triangles (V), potassium acetate by crosses (X), and potassium bicarbonate by circles (O).

To mitigate the effects of total concentration changes—such as dimensional swelling,
Donnan potential, and fluctuations in the driving force—this study employed a solute mixture
containing 0.5 mol of one solute and 0.5 mol of another. Figure 10.4 illustrates the co-permeation
behavior of neutral membranes and both AEMs for potassium formate, potassium acetate, and
potassium bicarbonate. The relative permeability order between the two solutes remains largely
unchanged compared to their single-solute permeability. Typically, salt flux decreases as the
upstream solute concentration decreases, leading to slower accumulation of solute in the
downstream compartment. This occurs because the weaker driving force results in lower

membrane permeability to the solute [4, 26]. However, an intriguing observation in this study is
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that no significant difference was found between the single-solute and two-solute permeability
values, despite the expectation of reduced co-permeation in the mixed-solute system. This
expectation stems from reducing individual solute concentrations from 1 M to 0.5 M in the mixture.
One explanation for this behavior is that the total solute concentration in the upstream solution
remains constant at 1 M in both scenarios, maintaining a relatively stable osmotic driving force
across the membrane. This could mitigate the expected decrease in permeability caused by the
lower concentration of each solute. Moreover, electrostatic interactions among multiple solutes,
particularly in mixtures of non-ideal, highly polar solutes (e.g., electrolytes), can result in
unexpected flux behaviors. Phenomena such as flux coupling and competitive sorption complicate
the prediction of multicomponent transport behavior based solely on single-component data,
emphasizing the need for direct measurement of multicomponent transport parameters [27, 28].
To fully understand these unexpected outcomes, further studies are necessary. These should
include varying the total solute concentration, investigating the effects of different solute pairs,

and examining microstructural changes within the membrane during transport.
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Figure 10.4. The co-permeation of two solutes is illustrated as a function of fixed charge density.
(a) APTA-containing and neutral membrane (b) AETAC-containing and neutral membrane. Co-
permeation results for potassium acetate and potassium formate are shown in blue, potassium
acetate and potassium bicarbonate in red, and potassium formate and potassium bicarbonate in
black. Symbols represent each solute: potassium formate with triangles (V), potassium acetate

with crosses (3X), and potassium bicarbonate with circles (O).

10.2.4. Salt Solubility

Previous studies have shown that membrane solubility typically correlates with water
content, with more hydrated membranes absorbing more ions than those with lower water content
[2, 3, 12, 16, 29]. Figure 10.5 illustrates the swelling ratio of membranes in response to
equilibration with 1 M of each solute. This measures the membrane's volume change after being

saturated in a salt solution, indicating how much space the membrane can take in the solution.

Volume of saturated film

Swelling Ratio = (10.1)

Volume of hydrate film
Swelling ratio typically depend on the membrane’s mechanical properties and osmotic
pressure caused by solution concentration; at high salt concentrations, the external osmotic
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pressure increases. Water molecules move out of the membrane to balance this pressure, leading
to reduced water content and membrane shrinkage. As water content decreases, the fixed charge
density increases, meaning the charged sites within the membrane become more concentrated. This
higher fixed charge density intensifies Donnan exclusion, where the membrane's internal
electrostatic forces more effectively repel co-ions and retain counter-ions [30-32]. As a result, the
solute concentration in the membrane decreases, since the membrane is less able to accommodate
additional ions [30, 33]. Here, we observe that as the fixed charge density increases, swelling ratio
decreases, which may lead to a reduction in water content within the membrane. This reduction in
water content results in decreased free volume available in membranes and an increase in fixed
charge density [30]. Additionally, membranes containing AETAC exhibit lower dimensional

swelling compared to those with APTA.

Ty
U

00 02 04 06 08 10 12 14
Fixed Charged Density (mol/L (membrane))

Figure 10.5. The deswelling ratio of membranes conducting single-solute solubility is shown, with
blue markers for APTA-containing membranes, red markers for AETAC-containing membranes,
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and black markers for neutral membranes. Potassium formate is indicated by triangles (V),

potassium acetate by crosses (3X), and potassium bicarbonate by circles (O).

Figure 10.6 shows the calculated solubility of potassium acetate, potassium formate, and
potassium bicarbonate in both AEMs and an uncharged membrane from the 1M sorption-
desorption experiments. The solubilities in the neutral membrane remain relatively similar, likely
due to the absence of fixed charge groups, leading to fewer interactions between the membrane
and ions. In contrast, both AEMs exhibit stronger interactions between the fixed charge groups
and the ions, impacting solubility behavior. Specifically, the solubility of potassium formate and
potassium bicarbonate in both AEMs decreases as the fixed charge density increases. This decrease
may be due to the reduced membrane swelling. On the other hand, the solubility of potassium
acetate in both AEMs shows an increase with rising fixed charge density. This unexpected trend
may be due to specific interactions between the acetate anion and the membrane. Acetate may
interact more favorably with the hydrophobic regions within the membrane or form stable ion pairs
with the fixed charge groups. Moreover, membranes containing AETAC exhibit higher solubility

compared to those with APTA, despite having lower dimensional swelling.
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Figure 10.6. Single solute solubility as a function of fixed charge density is presented. Blue
markers indicate APTA-containing membranes, red markers indicate AETAC-containing
membranes, and black markers represent neutral membranes. Potassium formate is represented by

triangles (V), potassium acetate by crosses (3X), and potassium bicarbonate by circles (O).

The concentration of the solution greatly affects the solubility of AEMs, as the Donnan
exclusion and dimensional swelling can be disrupted by the concentration of the solution [34, 35].
To maintain a consistent concentration, 0.5 M of one solute and 0.5 M of another solute are used
for measuring co-sorption. Figure 10.7 illustrates the dimensional swelling of membranes in
response to 0.5/0.5 M co-sorption. In this case, the neutral membrane exhibits a slightly higher
swelling ratio compared to single-solute sorption. Membranes containing APTA show a higher
swelling ratio compared to those with AETAC, following a similar trend observed with single-
component sorption. For AETAC-containing membranes, dimensional swelling decreases as the
fixed charge density increases, whereas APTA-containing membranes exhibit a slight increase in

swelling with higher fixed charge density, which is unexpected.
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Figure 10.7. The deswelling ratio of membranes during co-sorption is illustrated, with blue
markers representing APTA-containing membranes, red markers for AETAC-containing
membranes, and black markers for neutral membranes. A square (0) indicates potassium acetate

and potassium formate, a star () represents potassium acetate and potassium bicarbonate, and a
triangle (A) stands for potassium formate and potassium bicarbonate.

Figure 10.8 shows the 0.5/0.5 M two-solute solubility of potassium acetate, potassium
formate, and potassium bicarbonate in both AEMs and the uncharged membrane. Generally, the
co-sorption of two AEMs and uncharged membranes to potassium acetate, potassium formate, and
potassium bicarbonate is lower than single solute solubility as in a membrane there is a finite free
volume where solutes can interact and be retained. In a two-solute system, both solutes compete
for the same free volume. This competition can reduce the sorption of each solute, leading to lower
overall solubility compared to a single-solute scenario, as observed in this and prior studies [2, 36].
Here, potassium bicarbonate shows the highest co-sorption in neutral membranes, unlike its

behavior in AEMs. In both AEMs, potassium bicarbonate exhibits the lowest solubility in the two-
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solute system, which decreases further as the fixed charge density increases. This trend is likely
due to the intensified Donnan exclusion effect and the lower charge density of bicarbonate
compared to the acetate and formate. However, in both AEMs, the co-sorption of potassium acetate
increases with higher fixed charge density as it might have a specific interaction with the
membrane. In terms of the co-sorption of potassium formate, when it is mixed with potassium
acetate its solubility decreases as fixed charge density increases due to encounter higher
competition, whereas the co-sorption of potassium formate increases with potassium bicarbonate

due to higher charge density than bicarbonate.
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Figure 10.8. The co-sorption of two solutes as a function of fixed charge density is illustrated. (a)
APTA-containing and neutral membrane (b) AETAC-containing and neutral membrane. Co-
sorption results for potassium acetate and potassium formate are shown in blue, potassium acetate
and potassium bicarbonate in red, and potassium formate and potassium bicarbonate in black.
Symbols represent each solute: potassium formate with triangles (V), potassium acetate with

crosses (X), and potassium bicarbonate with circles (O).
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10.2.5. Salt Diffusivity

Figure 10.9 illustrates the single-solute diffusivity of potassium formate, potassium acetate,
and potassium bicarbonate through the neutral membrane and AEMs. The lower diffusivity in the
neutral membrane compared to both AEMs may be due to the absence of fixed charges, which
means there is no electrostatic driving force to facilitate ion transport. However, no clear trend of
increasing diffusivity with higher fixed charge density is observed. APTA-containing membranes
exhibit slightly higher diffusivity compared to AETAC-containing membranes. This difference
may be due to AETAC’s ester group, which tends to form stronger ion-dipole interactions and
hydrogen bonds with water molecules compared to the amide group in APTA. These stronger
interactions in AETAC create a more tightly bound water structure within the membrane, reducing
the mobility of solute ions and leading to lower diffusivity. Moreover, the diffusivity of the solutes
in the neutral membrane follows the order of potassium formate> potassium acetate> potassium
bicarbonate, which aligns with the single solute permeability. However, in AEMs, this order shifts
for potassium acetate and potassium bicarbonate, likely due to differences in their interactions with
the charged functional groups of the membrane. The smaller size of bicarbonate ions may reduce
electrostatic interactions with the AEM’s fixed charges, allowing them to diffuse more efficiently

compared to acetate ions.
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Figure 10.9. Single solute diffusivity as a function of fixed charge density is presented. Blue
markers indicate APTA-containing membranes, red markers indicate AETAC-containing
membranes, and black markers represent neutral membranes. Potassium formate is represented by

triangles (V), potassium acetate by crosses (3X), and potassium bicarbonate by circles (O).

Figure 10.10 illustrates the co-diffusion of potassium formate, potassium acetate, and
potassium bicarbonate for the neutral membrane and AEMs. Co-diffusion exhibits higher
diffusivity compared to single-solute diffusivity. This phenomenon has been observed in one of
our previous reports, including PEGDA-AMPS membranes containing sulfonate groups (SO3)
and Nafion® 117 cation exchange membranes (CEMs) during the co-transport of carboxylate ions
and alcohols [15]. The same trend is apparent in neutral membranes, where co-diffusion also leads
to increased diffusivity. We hypothesize that the co-transport of carboxylate ions enhances the
mobility of both solutes through a synergistic effect. Interestingly, the diffusivity hierarchy
changes in AEMs compared to neutral membranes. Specifically, the co-diffusion of potassium

bicarbonate exhibits higher diffusivity than its single-solute diffusivity. However, this trend does
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not extend to neutral membranes, where the order of diffusivity remains consistent across solutes.
This may be attributed to the lower charge density, which reduces competition with other solutes
in solubility and decreases interactions with the membrane, resulting in higher diffusivity. In
contrast, potassium acetate exhibits specific interactions with the functional groups, leading to the

lowest diffusivity in co-diffusion.
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Figure 10.10. The co-diffusion of two solutes as a function of fixed charge density is illustrated.
(a) APTA-containing and neutral membrane (b) AETAC-containing and neutral membrane. Co-
diffusion results for potassium acetate and potassium formate are shown in blue, potassium acetate
and potassium bicarbonate in red, and potassium formate and potassium bicarbonate in black.
Symbols represent each solute: potassium formate with triangles (V), potassium acetate with

crosses ((X), and potassium bicarbonate with circles (O).

10.3. Conclusions

This study investigated single and dual solute transport in 1 neutral membrane and 6
different AEMs based on two different quaternary ammonium-containing comonomers, focusing
on the impact of fixed charge density and charge group chemistry for membranes with water

volume fraction. We found that the APTA charge monomer attracts more water molecules than
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AETAC, and membranes containing APTA exhibit higher ionic conductivity due to the stronger
ion-dipole interactions of APTA’s amide group. Moreover, in co-sorption membrane solubility to
all solutes decreases compared to sing solute solubility due to the competition of finite space for
solutes to retain in the membrane. In terms of solute solubility order, it was observed that potassium
bicarbonate shows the highest solubility but shows the lowest solubility in AEMs. We hypothesize
that the solute charge density affects membrane solubility to solute. Since potassium bicarbonate
has a lower charge density compared to other solutes, it shows the lowest solubility in co-sorption.
This effect becomes more significant as fixed charge density increases. In co-sorption experiments,
membrane solubility to all solutes decreases compared to single-solute conditions, likely due to
competition for the finite space available for solute retention. Regarding solute solubility trends,
potassium bicarbonate exhibits the highest solubility in the neutral membrane but the lowest
solubility in AEMs. We hypothesize that solute charge density plays a key role in membrane
solubility, as potassium bicarbonate, having a lower charge density than other solutes,
demonstrates reduced solubility in co-sorption conditions. This effect becomes more pronounced
as the membrane's fixed charge density increases. Therefore, membrane diffusivity to solutes is
also influenced by the interaction between the solute and the membrane. In general, solutes that
interact more strongly with the membrane exhibit slower diffusivity. These findings highlight the
importance of synthesizing membranes with comparable water volume fractions to investigate
other factors affecting transport behavior. Future research, such as exploring the interplay of
concentration changes in mixed transport systems and ion-membrane interactions, could further

enhance our understanding of membrane transport behavior in practical applications.
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Reproduced from: Kim, J. M., Wang, Y., Lin, Y., Yoon, J., Huang, T., Kim, D.-J., Auad, M. L.,
& Beckingham, B. S. (2021). Fabrication and characterization of cross-linked phenyl-acrylate-
based ion exchange membranes and performance in a direct urea fuel cell. Industrial &
Engineering Chemistry Research, 60(41), 14856—14867. https://doi.org/10.1021/acs.iecr.1c02798.

11.1. Introduction

Ion exchange membranes (IEMs) are hydrated, dense polymeric membranes with a charged
functional group that have been applied in various applications, such as direct fuel cells (direct
methanol fuel cells [1-4] and direct urea fuel cells (DUFCs) [5-7]) and CO2 reduction cells [8-12].
Major roles of IEMs in these devices are to provide ion-selective transport for device operation
and to minimize the crossover of charge-neutral solutes (i.e., methanol (MeOH), ethanol (EtOH),
and urea), which reduce performance. While many efforts have focused on enhancing the ion
selective transport through higher ionic conductivity [13-15], investigations on minimizing neutral
solute crossover are relatively lacking [16-18]. Common strategies for mitigating this type of
solute crossover are (1) to engineer the surface of the membrane with functional groups or
chemistry that inhibit transport [9] and (2) to incorporate solid additive materials (silica
nanoparticles and carbon nanotubes [19, 20]) within the membrane to obstruct the transport of

undesired molecules.
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Recently, our group has been performing a series of investigations to identify potential
pendant functional groups that suppress the transport of CO:2 reduction products, MeOH, EtOH,
formate (OFm’), and acetate (OAc"), that dissolve in catholyte and whose transport through the
IEM is undesirable [18]. For instance, we prepared a series of cross-linked copolymeric cation
exchange membranes (CEMs) with a cross-linker, poly(ethylene glycol) diacrylate (PEGDA), a
sulfonated ionomer, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS [21-23]), and a
comonomer, either acrylic acid, hydroxyethyl methacrylate, or poly(ethylene glycol) methacrylate
(PEGMA) [18, 24-27]. While the diffusion of all solutes in these cross-linked copolymeric CEMs
in one-component diffusion cell experiments exhibited conventional diffusive behavior
(dependent on the free volume and the solute size [28-35]), we observed the diffusivities of OFm"
and OAc" to be suppressed in codiffusion with either MeOH or EtOH in PEGDA-AMPS/PEGMA
CEMs. To rationalize this behavior, we conjectured that flux coupling (between two solutes,
alcohol and carboxylate, that assist the carboxylate diffusivity) is suppressed by the presence of
the relatively long pendant PEG chains from PEGMA [18]. Although this series of investigations
provided valuable insights into understanding the impact of various pendant groups on the
transport and cotransport of solutes, the applicability of this strategic approach upon membrane
modification remained in doubt as a cross-linked IEM must be mechanically stable (cross-linked
IEMs with PEGDA are quite fragile).

Here, we introduce a class of cross-linked IEMs that are significantly enhanced in
mechanical properties with relatively low water content [36]. Recently, Mredha et al. introduced
a hydrogel with great mechanical properties (i.e., modulus and strength), where they prepared a

series of copolymeric organogels with a cross-linker, N,N’-methylenebis(acrylamide) (MBAA), a
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hydrophobic comonomer, phenyl acrylate (PA), and a hydrophilic comonomer, acrylamide (AAm)
in an organic solvent, dimethyl sulfoxide (DMSO), and converted the organogels to hydrogels by
a solvent exchange from DMSO to water [36]. Here, we take inspiration from this approach to
improving mechanics but vary the chemistry to prepare IEMs. In lieu of AAm, we utilize an
ionomer, either AMPS or methacroylcholine chloride (MACC, bearing a quaternary ammonium
(QA")), and prepare cross-linked MBAA-PA/AMPS CEMs (briefly PA/A) and MBAA-
PA/MACC (briefly PA/M). Further, we also replace PA with phenyl methacrylate (PMA/A and
PMA/M) to understand the effect of the additional methyl group on the polymer backbone [37] on
membrane properties. From these IEMs, we select an AEM with a low water volume fraction
(PA/M prepared with 30 mol % of MBAA, briefly PA/M-30) to examine the applicability of these
membranes in a fuel cell (i.e., DUFC). DUFC is an emerging type of direct fuel cell, which
converts urea (from industrial wastewater and urine) to electrical power [38] with a relatively high
energy density and a low operating temperature [39-41]. One of the challenges of these devices is
a lack of IEMs (either CEM [42] or AEM [7]) that minimize crossover of urea to the cathode side
of the cell (especially at higher concentrations) as this crossover can suppress the overall reaction
(sweeping effect). To further examine the likelihood of urea crossover, we measure urea
permeability of PA/M-30. Finally, we perform similar experiments on a commercial AEM
(Fumasep FAA-3-50, briefly FAA) to validate our cross-linked IEMs as competitive with

commercial IEMs for such devices.
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11.2. Results and Discussion

The materials, membrane synthesis methods, and experimental procedures are detailed in
Chapter 3. A total of 8 cross-linked CEM organogels were prepared by thermal copolymerization
of prepolymerization mixtures, as shown in Figure 11.1 and Table 11.1. A series of crosslinked
PA-AMPS films (PA/A) and cross-linked PMA-AMPS films (PMA/A) were prepared. Both PA/A
and PMA/A contain 70 mol% of either PA or PMA (a hydrophobic comonomer) and 30 mol % of
AMPS (a sulfonated comonomer). Each film contains from 5 to 30 mol % of MBAA (a cross-
linker) and 0.1 wt % of AIBN (thermal initiator), where both mol % and wt % are the sum of a
hydrophobic comonomer (either PA or PMA) and the sulfonated comonomer (AMPS). Each
prepolymerization mixture was prepared with 50 wt % of DMSO (solvent) content. Moreover, a
total of 7 cross-linked AEM organogels (PA-MACC (PA/M) and PMA-MACC (PMA/M)) were
prepared by thermal copolymerization of prepolymerization mixtures, as shown in Figure 11.1 and
Table 11.1. Both PA/M and PMA/M contain 70 mol % of either PA or PMA and 30 mol % of
MACC (a quaternary ammonium (QA™)-containing comonomer). PA/M films contain from 5 to
30 mol % of MBAA, and PMA/M films contain from 5 to 20 mol % of MBAA, where the mol %
is the sum of a hydrophobic comonomer (either PA or PMA) and the QA "-containing comonomer
(MACC). We note that phase separation was observed in the prepolymerization mixture prepared
analogously for PMA/M-30, such that a homogeneous cross-linked film could not be prepared. All
films contain 0.1 wt % of AIBN, where the wt % is based on the sum of the two comonomers.
Each prepolymerization mixture was prepared with 50 wt % of solvent content, where the solvent

is composed of water (~8 wt %) from the MACC solution and the remaining DMSO (~92 wt %).
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Figure 11.1. Scheme of prepared PA/A, PMA/A, PA/M, and PMA/M organogels.
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Table 11.1. Membrane characteristics from pre-polymerization mixtures,

Cation Exchange Membranes

Name MBAA? AMPSP PA or AMPS AIBN MBAA DMSO
(mol%)  (mol%) | PMA (g) (4] (4] (4] 2
PA/A-5 5 30 1.492 0.894 0.003 0.111 2.500
PA/A-10 10 30 1.428 0.856 0.003 0.212 2.500
PA/A-20 20 30 1.317 0.789 0.003 0.391 2.500
PA/A-30 30 30 1.221 0.732 0.002 0.545 2.500
PMA/A-5 5 30 1.541 0.844 0.003 0.112 2.500
PMA/A-10 10 30 1.475 0.808 0.003 0.214 2.500
PMA/A-20 20 30 1.359 0.744 0.003 0.394 2.500
PMA/A-30 30 30 1.260 0.690 0.002 0.547 2.500
Anion Exchange Membranes
Name MBAA* MACC* PA or MACC AIBN MBAA DMSO  Water?
(mol%)  (mol%) | PMA (g) (4] (4] 2 2 2
PA/M-5 5 30 1.491 0.896 0.003 0.111 2.276 0.224
PA/M-10 10 30 1.427 0.858 0.003 0.212 2.286 0.214
PA/M-20 20 30 1.316 0.790 0.003 0.391 2.302 0.198
PA/M-30 30 30 1.220 0.733 0.002 0.544 2317 0.183
PMA/M-5 5 30 1.540 0.845 0.003 0.112 2.289 0.211
PMA/M-10 10 30 1.474 0.809 0.003 0.214 2.298 0.202
PMA/M-20 20 30 1.358 0.745 0.003 0.394 2314 0.186

"MBAA = mol of MBAA/(mol of PA or PMA + mol of AMPS or MACC) x 100 %
®AMPS = mol of AMPS/(mol of PA or PMA + mol of AMPS) x 100 %

‘MACC =mol of MACC/(mol of PA or PMA + mol of MACC) x 100 %

dWater, from the MACC solution as 20 % of the solution is water.
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11.2.1. Young’s Modulus and Storage Modulus

Tensile experiments of all films were performed in triplicate, and an exemplary
stress—strain curve from all films is shown in Figure 11.2 (where (A-E) are scaled differently). The
Young’s moduli are shown in Figure 11.3 and Table 11.2.

Generally, commercial films show a higher toughness (both strong and ductile) over cross-
linked films. A contribution to the relatively higher ductility of these commercial films is that they
are thermoplastic polymers (cross-link-free) such that they can freely elongate, whereas the cross-
linked films undergo irreversible damage to the film upon breaking of the internal network under
strain [43]. For cross-linked IEMs, films prepared with less MBAA (cross-linker) were more
ductile than the films prepared with higher MBAA contents, as would be expected. In the case of
PA/M-30, the toughness of the film was significantly decreased after ion exchange to the OH-form
(PA/M-30-OH) (see Figure 11.2D).

The Young’s modulus within each series (PA/A, PMA/A, PA/M, or PMA/M) of
membranes increases with increasing MBAA (cross-linker) content (see Figure 11.3). This is due
to the increase in the cross-link density (number of cross-links per volume; see Table 11.2), which
reduces the ductility of each film [21, 24, 43]. Moreover, the Young’s moduli of PMA-containing
films (PMA/A and PMA/M) are higher than those of PA containing films (PA/A and PA/M), which
can be attributed, in part, to an increase in polymer backbone rigidity from the additional methyl
groups (Figure 11.1) [37]. Again, the Young’s modulus of PA/M-30-OH was less than PA/M-30
(in Cl form) (see Figure 11.3 (B)). Similarly, the storage modulus of all films increased with

increasing MBAA content (see Table 11.2). This is likely due to the increase in the cross-link
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density (Flory’s rubber elasticity relationship, eq 3.8) with increasing MBAA content (see Table

11.2).
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Figure 11.2. Stress-strain curves of (A) commercial CEM(Nafion 117, red solid) and AEM (FAA-
Br, blue dashed), (B) PA/A, (C) PMA/A, (D) PA/M, and (E) PMA/M, where the MBAA (cross-
linker) contents are specified as 5 (red solid), 10 (blue dashed), 20 (green dot-dashed), and 30

(orange dotted) mol %.
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Figure 11.3. Young’s modulus of (A) CEMs, PA/A (o, red, solid line) and PMA/A (O, orange,
dashed line). Young’s modulus of (B) AEMs, PA/M(o, blue, solid line) and PMA/M (o, purple,
dashed line). Each data point is the average of three membranes with error bars corresponding to
the standard deviation. Lines are present as a guide to the eye.
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Table 11.2. Young’s modulus, dry polymer density, water volume fraction, ionic conductivity,
and ion exchange capacity of CEMs and AEMs.

Cation Exchange Membranes
Young’s Storage g::;lsl:l?;i Density Water

Name Modulus N{odului Density, v, (g/mL) Volm.ne

(MPa)? E’(GPa) (mmol/cm?) Fraction
Nafion® 117 1.0+0.0 - - 1.80+0.01 0.25+0.00°
PA/A-5 0.04 +0.00 0.06 +0.04 8+6 1.30+0.05  0.66+0.00
PA/A-10 0.11 +£0.00 0.28 £0.07 38+9 1.30+0.03 0.49+0.03
PA/A-20 0.28+0.01 0.40+0.13 54+ 18 1.30+0.00 0.45+0.00
PA/A-30 0.40 = 0.00 0.42 +0.04 57+5 1.32+0.03  0.46=+0.01
PMA/A-5 0.46 = 0.00 0.29+0.11 39+£15 1.25+0.02  0.59+0.03
PMA/A-10 0.47 £0.01 0.35+0.07 47+ 10 1.27+0.00 0.52+0.01
PMA/A-20 0.62 +0.01 0.43+0.19 58 £25 1.26 +£0.02  0.43+0.00
PMA/A-30 0.65+0.02 0.35+0.09 47+ 13 1.27+0.01 0.41=+0.00

Anion Exchange Membranes
Young’s Storage g:(t)lsl:l?;f( Density Water
Name Modulus Modulus Densitv. v (g/mL) Volume
(MPa)? E’(GPa) Y> e g Fraction
(mmol/cm"~)

FAA 2.0+£0.0 - - 1.34+0.02 0.12+0.02
FAA-OH - - - 1.27+0.08 0.58 +0.06
PA/M-5 0.13+0.00 0.63+0.17 84 £23 1.23+0.00 0.48+0.01
PA/M-10 0.25+0.00 0.46=+0.08 62+11 1.22+0.01 0.43+0.01
PA/M-20 0.47 +£0.02 1.02 +£0.15 137+ 20 1.23+£0.00 0.39+0.01
PA/M-30¢ 0.49 +0.00 - - 1.24+0.00 0.40=+0.01
PA/M-30-OH¢ 0.14 +0.01 - - 1.43+0.02 0.67+0.01
PMA/M-5 0.41+0.01 0.25+0.08 33+10 1.20£0.02 0.53+0.04
PMA/M-10 0.49 £0.01 0.46+0.11 62+15 1.22+0.01  0.50+0.00
PMA/M-20 0.50+0.00 0.40+0.12 54+ 16 1.23+0.02 0.44+0.00

# The thickness of the films was ~0.35 mm.

The thickness of the films was ~1 mm.

¢ Literature [23].

4 Could not prepare the film (PA/M-30) for 1 mm thickness due to phase separation.
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11.2.2. Water Volume Fraction

The water volume fractions of all films were measured as shown in Figure 11.4 and Table
11.2. Generally, the water volume fraction of all films decreases with increasing MBAA content.
For instance, the water volume fraction of the films prepared with 30 mol % of MBAA is less than
those prepared with 5, 10, and 20 mol % of MBAA by 1.33, 1.14, and 1.01 times, on average,
respectively. The water volume fractions of CEMs are slightly higher than those of AEMs. This is
likely because the higher sulfonate anion hydration numbers (A;, H2O/ion (i)) of the sulfonate
anion (Agy;r: 12—16 [44]) is higher than that of quaternary ammonium cations (AQA: 4 [45]). The
difference in the water volume fraction of films prepared with PA and PMA was not apparent,
where the water volume fractions of PA/A films were slightly higher than those of PMA/A films
and those of PMA/M films were slightly higher than those of PA/M films (see Figure 11.4 (A and
B)).

The water volume fraction of PA/M-30 in Cl form (A.;, = 1 [46]) was significantly higher
than that of FAA in Br form (Ag,, = 1 [46]). One possible cause is the difference in the polymer
structure such that FAA is more tightly structured via its poly(phenylene oxide) backbone52 than
PA/M-30 with a cross-linked poly-(phenyl acrylate-co-MACC) backbone. However, the water
volume fraction of FAA is much closer to that of PA/M-30 after exchange of the counterion to the
OH form (AOH = 3[46]) (see Figure 11.4 (C)). Two primary factors likely contribute to this
behavior: the higher ion exchange capacity for FAA (IEC, 2.02 meq/g) compared to PA/M-30
(1.41 meq/g) and the higher hydration number for OH (AOH = 3 [46]) compared to the Br" and CI’

anions.
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Figure 11.4. Water volume fractions of (A) CEMs, PA/A (o, red) and PMA/A (o, orange). Water
volume fractions of AEMs, (B) PA/M (o, blue) and PMA/M (g, purple) and (C) FAA-Br, FAA-
OH, PA/M-30-Cl, and PA/M-30-OH. Each data point is the average of three membranes with error
bars corresponding to the standard deviation.

11.2.3. IEC and Ionic Conductivity of Membranes

The IEC of CEMs (PA/A and PMA/A) and AEMs (PA/M and PMA/M) was measured
yielding the results shown in Table 11.3 and Figure 11.5. IECs of each series of films decrease
with increasing MBAA content, which is likely due to the decrease in the ionomer content. The
measured IECs of all films were closely matched with the theoretical IECs.

The ionic conductivities of all films were measured at 25 °C as shown in Table 11.3 and
Figure 11.6, where Figure 11.6A-C is scaled differently. Generally, the ionic conductivities of the
AEMs were lower than the CEMs. Here, the difference in molar conductivities of the counterion
play a role, where the molar conductivity of H" (for PA/A and PMA/A) is 350 x 10"* m*-S/mol
and that of CI' (for PA/M and PMA/M) is 76 x 10*m?-S/mol [47]. We observed the ionic

conductivities of PA-containing CEMs (PA/A) to be higher than those of PMA-containing CEMs
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(PMA/A), whereas ionic conductivities of PA-containing AEMs (PA/M) are less than those of
PMA-containing AEMs (PMA/M) (see Figure 11.6 (A, B)). This is likely related to the measured
IEC (dotted lines in Figure 11.5), where the IECs of PA/A films are higher than those of PMA/A
films, when those of PA/M films are equal to or less than those of PMA/M films.

The ionic conductivities of FAA and PA/M-30 are significantly increased after the
counterion conversion to OH form (see Figure 11.6 (C)). This is due to the molar conductivity of
OH™ (198 x 10~* m?-S/mol) being significantly higher than those of Br™ (78 x 10™* m?-S/mol) and
CI'[47]. Another contribution is the increase in water volume fraction as the ionic conductivity of

IEMs often increases with increasing water volume fraction (upper bound relationship [48]).
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Table 11.3. Ionic Conductivity and Ion Exchange Capacity of CEMs and AEMs.

Cation Exchange Membranes
Name Conductivity Theoretical IEC Measured IEC
(0, mS/cm) (meq/g dry polymer)* (meq/g dry polymer)

Nafion® 117 78 £ 1° >0.90°¢ -
PA/A-5 91.0+0.0 1.73 1.48
PA/A-10 88.1+0.0 1.65 1.42
PA/A-20 65.2+0.0 1.52 1.35
PA/A-30 56.4+0.1 1.41 1.19
PMA/A-5 61.5+0.1 1.63 1.20
PMA/A-10 53.9+0.5 1.56 1.21
PMA/A-20 35.7+0.2 1.44 1.08
PMA/A-30 33.5+0.0 1.33 0.96

Anion Exchange Membranes
Name Conductivity Theoretical IEC Measured IEC
(0, mS/cm) (meq/g dry polymer)* (meq/g dry polymer)

FAA 29+0.0 2.02°¢ -

FAA-OH 16.2+0.1 - -
PA/M-5 156+0.3 1.72 1.78
PA/M-10 143+0.0 1.65 1.80
PA/M-20 9.1+£0.0 1.52 1.48
PA/M-30¢ 6.0 0.0 1.41 1.41

PA/M-30-OH* 55.0+0.1 - -
PMA/M-5 196 +1.2 1.63 1.91
PMA/M-10 16.2+0.2 1.56 1.56
PMA/M-20 12.7+0.5 1.44 1.44
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Figure 11.5. Theoretical IECs (solid lines) of (A) PA/A (red, o) and (B) PMA/A (orange, 0) and
(C) PA/M (o, blue) and (D) PMA/M (g, purple). Measured IECs (dashed lines) of (A) PA/A (red,
x), (B) PMA/A (orange, 0), (C) PA/M (%, blue), and (D) PMA/M (0, purple). Lines are present as
a guide to the eye.
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Figure 11.6. Ionic conductivities of (A) CEMs, PA/A (o, red, solid line) and PMA/A (O, orange,
dashed line), and (B) AEMs, PA/M (o, blue, solid line) and PMA/M (o, purple, dashed line). Lines
are present as a guide to the eye. (C) Ionic conductivities of FAA in Br” form (blue) and OH™ form
(purple) and PA/M-30 in CI" form (blue) and OH™ form (purple). Each data point is the average of
three membranes with error bars corresponding to the standard deviation.

11.2.4. Direct Urea Fuel Cell

Two membrane electrode assemblies (MEAs), prepared with FAA-OH and PA/M-30-OH,
were used in analogous fuel feeds of 1 M KOH containing 0.33Murea and humidified air (relative
humidity: 100%) as the electron— and donor—acceptors [7]. The anode and cathode reactions in
the fuel cell are as follows [5]:

(Anode ): CO(NH2)2 + 60H" — CO2 + 5H20 + N2 + 6¢e” (R1)
(Cathode ): 3/202 + 3H20 + 6¢ + 60H (R2)
The Ni(OH)2 catalysts on the anode will adsorb the urea molecules, followed by urea oxidation
under alkaline media. As a result of the urea oxidation reaction, six electrons flow to the cathode
through the external circuit, forming a hydroxide ion (OH") with the humidification at the cathode

(see Figure 11.7).
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« COZ + Nz + H20 OH" Hzo + Oz »

= CO(NHz)z » H,O + O, <=

Figure 11.7. Schematic diagram of a direct urea fuel cell.

The relative DUFC performance of both MEAs was investigated in a DUFC utilizing a
Ni(OH)2/C anode and Ag/C cathode at 20 °C, as shown in Figure 11.8 A, B. After the activation
process, the initial difference of electrical potential between the two electrodes was read as the
open-circuit voltage (OCV). The power output, P, of the fuel cell is also determined through the
product of voltage, V, and current, I (P = V/I). The OCV and power densities were evaluated,
reaching 0.89 V and 2.16 mW/cm? at FAA-OH and 0.89 V and 2.19 mW/cm? at PA/ M-30-OH,
respectively (see Table 11.4 and Figure 11.8). The two prominent roles of the membrane in a
DUFC are (1) restricting the urea flow from the anode to cathode to improve urea oxidation
efficiency and (2) transferring OH™ from the cathode to the anode in alkaline media. Critically, the
obtained OCV and power density using the PA/M-30-OH membrane were comparable to those

obtained for the commercially available FAA-OH membrane.
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As the DUFC efficiency improves at higher working temperatures due to diminished

polarization resistances, analogous tests were performed in a DUFC system at moderate elevated

temperature (50 °C) under the same feed conditions, as shown in Figure 11.8 C, D. At this elevated

temperature, FAA-OH exhibits an OCV of 0.97 V and maximum power density of 2.53 mW/cm?,

and PA/M-30-OH demonstrated an OCV of 0.99 V and a maximum power density of 3.40

mW/cm?2 (see Table 11.4). These differences in operation at elevated temperature are presumably

linked with the crossover of urea (CO(NH2)2) and OH™ from the anode to the cathode, which

diminishes the anodic reaction and interferes with the cathodic reaction (eq 3.6). In addition, AEMs

undergo the loss of ion conductivity as the OH ™ ion flow is hindered by the direct contact of anode

and urea molecules in the urea-based environment [49]. More details on the urea crossover will be

discussed in the next section.

Table 11.4. Maximum Power Density and Voltage at the Maximum Power Density.

Name Temperature Maximum power Voltage at the maximum
cO) density (mW/cm?) power density (V)
20 2.16 0.327
FAA-OH 50 2.53 0.301
20 2.19 0.449
PAM-30-OH 50 3.40 0.404
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Figure 11.8. Power density and OCV, in initial voltage, of (A, C) FAA-OH and (B, D) PA/M-30-
OH at (A, B) 20 and (C, D) 50 °C.
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11.2.5. Urea Permeability

The diffusive permeabilities of FAA-OH and PA/M-30-OH to urea at 25 and 55 °C at 1, 2,
and 3Mwere measured via diffusion cell experiments (see Figure 11.9).

Generally, the permeabilities of both FAA-OH and PA/M-30-OH to urea measured at 55
°C were higher than those measured at 25 °C by a factor of 2, on average. This is due to the increase
in the diffusivity (Stokes—FEinstein [50]) with temperature [51]. While PA/M-30-OH
permeabilities to urea were essentially consistent under different concentrations (1, 2, and 3 M,
with a slight decrease observed from 1 to 2 M at 55 °C), FAA-OH permeabilities were increased
with increasing urea concentrations. This is presumably because the solubility (dependent on the
affinity between the solute and polymer) of the FAA-OH to urea is a function of concentration. As
a dense membrane, the permeabilities of FAA-OH can be explained by the solution-diffusion
relationship (permeability = solubility x diffusivity [35, 52]). Since the solute diffusivity is
dependent on the free volume, we calculated the ratios between the solvated film (after 2 days in
0.33, 1, 2, and 3 M urea) and hydrated film to understand the volume changes (as the change in
volume can be a proxy for the change in free volume) (see Table 11.5 for values). We observed
negligible changes in film volumes under all concentrations, which indicates the change in
permeability is presumably due to the changes in sorption. Further investigation on FAA-OH (such
as sorption—desorption63 and relative permittivity [53-55]) can be considered for a better
understanding of this behavior. Based on the higher permeability to urea, a higher urea crossover
is expected during DUFC operation with FAA-OH than with PA/M-30-OH, which likely

contributes to the lower FAA-OH power densities. Nevertheless, more investigations on the cross-
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linked IEMs introduced here and their chemically similar analogues are underway (compositional
optimization, other fuel tests, and further characterizations) to validate and integrate the broad

applicability of this class of cross-linked IEMs.

— (A) FAA (B) PA/M-30
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Figure 11.9. Urea permeabilities of (A) FAA-OH and (B) PA/M-30-OH at 25 °C (dashed, blue,0)
and 55 °C (solid line, black, o) at 1, 2, and 3 M urea. Lines are present as a guide to the eye.

Table 11.5. The volumetric ratio between solvated films (Solutions: 0.33, 1, 2, and 3 M Urea) and
hydrated films (VS/VH) was measured via the photograph-caliper method at 25 °C, where the
surface area of each film was measured from a digital photograph coupled with the ImagelJ
software and the film thickness was measured with a digital caliper by taking the average of 5
random points.

Vo.33m/VH Vim/Vu Vaom/Vu Vim/Vu
FAA-OH 0.996 £ 0.007 1.010+0.007 1.000=+0.000 1.014+0.031
PA/M-30-OH | 1.000 £ 0.006 0.995+0.004 0.996+£0.002 1.010+0.011
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11.3. Conclusions

A new class of cross-linked CEMs (PA/A and PMA/A) and AEMs (PA/M and PMA/M)
were prepared and characterized. As the cross-linker (MBAA) content increases, Young’s modulus
increases, and water volume fraction decreases, both desirable improvements. An AEM
composition with a low water volume fraction (PA/M-30) was selected to validate the applicability
of the film in a direct fuel cell (i.e., DUFC), and the performance was compared with a commercial
anion exchange membrane (FAA-3-50). The power density from the DUFC prepared with PA/M-
30-OH was slightly higher than that with Fumasep FAA- 3-50-OH. This is likely due to a higher
ionic conductivity (55 > 16 mS/cm) and presumably less urea crossover. This new class of cross-
linked IEM can be a promising candidate for various energy devices upon target-specific

compositional optimization.
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Recommendations

12.1. Conclusions

Ion exchange membranes are essential components in a variety of membrane-based
technologies. This dissertation focuses on enhancing the understanding of ion transport
mechanisms by synthesizing membranes and conducting concentration-gradient-driven transport
experiments. The presented research encompasses a range of membranes, including charge-neutral
membranes, [EMs, and zwitterionic membranes, to explore ion transport behavior under single
and binary solute conditions. In Chapter 4, a notable finding is the observation of charge screening
effects during co-transport with alcohol. A charge screening effect is hypothesized, assuming that
the diffusion of carboxylate salts is more influenced by the carboxylate anion than by the cation.
The diffusivities of carboxylate salts in AEMs decrease when co-diffusing with ethanol. This
reduction is attributed to the screening of electrostatic attractions by the co-diffusing EtOH,
demonstrating a charge screening phenomenon. The permeability order is determined by the size
differences between two carboxylate anions and two cations. Additionally, AEMs in the HCOs~
form exhibit higher water uptake compared to those in the Cl~ form due to differences in hydration
numbers. However, AEMs in the HCO:~ form demonstrate lower ionic conductivity than their C1~

counterparts.
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In Chapter 5, P-E and P-G films, the water volume fractions remain essentially unchanged
because the reduction in crosslinking is counterbalanced by the incorporation of hydrophobic
phenyl-containing pendant groups. In ternary films (P-S/E and P-S/G), the water volume fraction
increases with higher SPMAK content due to the rise in hydrophilic sulfonate group content and
the reduction in hydrophobic phenyl group content. MeOH permeability increases with higher
SPMAK content (due to increased water volume fraction) and slightly decreases with more phenyl-
containing comonomers. During co-permeation with KOAc, MeOH permeabilities slightly
decrease. For binary films (P-S, P-E, P-G), KOAc permeability decreases with increasing
comonomer content (both sulfonate and phenyl). In P-S, this reduction is attributed to electrostatic
repulsion between mobile OAc™ ions and bound sulfonate anions, which intensifies with higher
IEC. In P-E and P-G, the hydrophobicity of phenyl groups and the hydrophilicity of KOAc may
cause repulsive interactions. In ternary films (P-S/E, P-S/G), KOAc permeability increases with
higher SPMAK content. Under co-permeation with MeOH, KOAc permeability increases in P-S
films, likely due to charge screening by MeOH reducing electrostatic interactions. For P-E and P-
G films, KOAc permeability during co-permeation is similar and higher, respectively, compared
to single permeation, potentially due to changes in polymer segmental dynamics induced by
MeOH.

In Chapter 6, sulfonate-containing films (PA/S and PA/SM) had higher water volume
fractions than quaternary ammonium-containing films (PA/A and PA/MA) due to the higher
hydration number of sulfonate compared to ammonium. Methacrylate-containing films (PA/MA
and PA/SM) exhibited greater water volume fractions than methacrylate-free films (PA/A and

PA/S), likely because the quaternary carbons in the polymer backbone reduce osmotic deswelling
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through steric hindrance. Membranes with higher water volume fractions generally had higher
solute permeabilities. KOFm permeability was unaffected by the presence or absence of MeOH.
However, MeOH permeability during co-permeation with KOFm differed from its single-solute
permeability, suggesting that co-permeating KOFm impacts MeOH transport. This behavior may
stem from a relationship between water volume fraction and flux coupling (MeOH—KOFm).
Lower water volume fractions (narrower chain spacing) likely increase solute-solute interactions,
enhancing flux coupling and MeOH diffusion with KOFm. Conversely, higher water volume
fractions (wider chain spacing) reduce these interactions, leading to weaker flux coupling and less
MeOH diffusion.

In Chapter 7, increasing SBMA content leads to a more compact structure due to its linear
shape, while the bulkier phenyl ring in PA increases fractional free volume. Higher SBMA content
likely enhances ionic interactions between ammonium and sulfonate groups, acting as dynamic
crosslinks that reduce water uptake and water volume fraction. These structural differences
influence water volume fraction and membrane properties. Membrane ionic conductivity increases
with SBMA content due to higher ion content. The Young’s modulus increases with increasing
PA or MBAA content, attributed to PA’s hydrophobicity, the rigid benzene ring, and increasing
crosslink density, which enhance the film's inner structure and strength but reduce strain at break.
Ion permeability increases with higher water volume fractions, as salt permeability aligns with
water sorption behavior. According to Yasuda’s model, higher water content in zwitterionic
polymer membranes corresponds to increased salt permeability.

In Chapter 8, water volume fractions in the films generally increase with higher APTA

content due to lower crosslink densities and the presence of charged quaternary ammonium (QA™)
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groups. PEGDA-crosslinked films exhibit higher water volume fractions than MBA A-crosslinked
films, attributed to PEGDA’s hydrophilic backbone and longer crosslinker chain. Dimensional
swelling increases with decreasing crosslinker content, reflecting a more open network structure.
MBAA-crosslinked films swell less due to their shorter chain length and superior mechanical
properties. Interestingly, PEGDA-crosslinked films show higher water contact angles (indicating
more hydrophobicity) than MBAA-crosslinked films, contrary to expectations based on their
chemical structures and water solubilities. PEGDA lowers PEGDA-crosslinked films' Ty as its
content increases, whereas MBAA-crosslinked films’ Ty and stiffness decrease with less MBAA.
MBAA-crosslinked films are glassy at room temperature, contributing to their higher Young’s
modulus and lower strain at break compared to PEGDA films. Salt permeability increases with
higher APTA content (lower crosslinker content), correlated with fractional free volume. However,
A0/P20’s permeability is 82 times higher than A0/M20, despite similar water volume fractions,
indicating water volume fraction alone doesn’t dictate solute permeability. This study reveals that
while water volume fraction influences permeability, polymer structure also plays a crucial role.
Additionally, solute permeability trends align with the order of their hydrated diameters.

In Chapter 9, membranes containing MPS exhibited a higher water volume fraction
compared to those with SPMAK, likely due to differences in polymer structure. SPMAK
membranes may face greater steric hindrance and structural obstacles, reducing their water content.
Increased PA content correlated with reduced WVF, likely due to the higher hydrophobicity of PA
compared to PEGDA. Additionally, membranes with higher charge monomer content attracted
more water, attributed to the interactions between charge groups and polar water molecules. The

ion exchange capacity of the films increased with lower PEGDA content and higher SPMAK or
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MPS content, reflecting greater WVF and charge monomer content. Membranes containing
SPMAK displayed higher Tg than those with MPS, while higher PEGDA content lowered Tg.
Increased crosslinker content reduced Young’s modulus but improved elongation at break,
possibly due to the longer chain length of PEGDA compared to PA. SPMAK-containing
membranes showed a higher Young’s modulus than MPS membranes. Among the tested
membranes, PASOP20 exhibited the highest strain. SPMAK and MPS membranes at the same
crosslinker content show similar elongation at break, which improved (larger elongation at break)
with PEGDA content. Salt permeability did not align with the order of hydrated ion diameter size.
Notably, NaOFm and NaOAc often showed higher permeability than KOFm and KOAc.

In Chapter 10, seven membranes with similar water volume fractions were synthesized.
Membranes containing APTA demonstrated higher ionic conductivity than those with AETAC at
the same charged monomer content. This difference is likely due to APTA’s slightly higher IEC
and the stronger ion-dipole interactions of its amide group compared to the ester group in AETAC.
These interactions may create more efficient ion pathways, enhancing ionic mobility and transport
efficiency. Interestingly, Young’s modulus decreased with increasing crosslinker content for both
AEMs, contrary to typical trends. This behavior might result from a decrease in phenyl acrylate
content, whose rigid benzene rings stiffen the polymer structure, combined with an increase in
flexible charged monomers like APTA and AETAC, which reduce membrane rigidity. Neutral
membranes showed significantly lower permeability than AEMs. Despite variations in fixed
charge density, both AEMs displayed similar single-solute permeability, deviating from theoretical
expectations. At constant water volume fractions, higher fixed charge density should enhance the

Donnan potential and reduce solute permeability. This discrepancy suggests additional factors,
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such as solute-membrane interactions or microstructural changes, influence permeability.
Moreover, the relative permeability order between solutes remained consistent across single- and
mixed-solute systems.

In Chapter 11, hydrogel-based CEMs, PA/A and PMA/A, and AEMs, PA/M and PMA/M,
were prepared. PA/M-30 the film's toughness significantly decreased after ion exchange to the
OH™ form (PA/M-30-OH). The Young’s modulus increased with higher MBAA content due to
increased crosslink density, which reduced film ductility. PMA-containing films showed higher
Young’s moduli than PA-containing films, likely due to the added rigidity from PMA’s methyl
groups. Notably, PA/M-30-OH had a lower modulus compared to PA/M-30 in the CI” form. Water
volume fraction generally decreased with increasing MBAA content. CEMs exhibit slightly higher
water content than AEMs. This difference is attributed to the higher hydration number of sulfonate
anions compared to quaternary ammonium cations. No significant difference in water volume
fraction was observed between PA- and PMA-based films. CEMs displayed higher ionic
conductivities than AEMs, mainly due to the higher molar conductivity of H* compared to CI".
Counterion conversion to OH™ form significantly increased the ionic conductivities of FAA and
PA/M-30, attributed to the high molar conductivity of OH™ and an increased water volume fraction.
The urea permeability of FAA-OH and PA/M-30-OH doubled at 55 °C compared to 25 °C due to
increased diffusivity with temperature. PA/M-30-OH showed slightly decreased permeability with
increasing concentration, while FAA-OH exhibited increased permeability with higher urea

concentrations.

294



Chapter 12: Conclusion and
Recommendations

12.2. Recommendations for Future Work

12.2.1. Multi-Solute Transport in IEMs

Solute transport is one of the most critical properties of membranes, as it directly impacts
their performance in separation and purification processes. Sodium chloride is widely used for
transport testing due to its prevalence as the most common salt in everyday life. However, different
applications demand specific solute transport characteristics. Numerous research studies have
investigated the transport of various solutes in polymer membranes, each offering valuable insights
into membrane performance and behavior [1-7].

Single-solute transport experiments are widely conducted because they are easier to
measure and simplify the analysis by excluding interactions between multiple solutes. While this
approach is beneficial for isolating specific transport mechanisms, it often falls short of reflecting
real-world conditions, where solutions typically contain multiple solutes. Multi-solute transport
experiments, although more complex, are essential for accurately understanding membrane
performance in practical applications. These experiments introduce challenges such as overlapping
solute interactions, differences in solute properties, and potential variations in transport behavior,
making analysis significantly more difficult. To bridge this gap, more multi-solute transport
studies are necessary to elucidate the transport behaviors of solutes in membranes. The following
approaches are proposed to advance our understanding of this topic:

1. Transport of Different Solute Combinations
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Investigate the simultaneous transport of two alcohols (e.g., methanol and ethanol)
or two carboxylate ions (e.g., KOAc and NaOAc, or KOFm and KOACc) to study
the competitive transport and cation and anion effect on transport.

Study transport behavior with different electrolyte combinations to explore
interactions between solutes of varying ionic strengths, charges, and under

different pH conditions.

Here, further investigation of whether a particular solute dominates the observed permeability

behavior and the underlying reason(s) it does so is needed. Further investigation to identify the

prominent interactions or solute competition that should be either avoided or encouraged

depending on the application. There remains much to learn in this space and improving

understanding of these interactions and driving forces is needed to enhance the overall efficiency

of the device and assist in design of new materials and device architectures for the target product.

Effect of Solute Concentrations

Vary the concentrations of each solute in multi-solute systems (e.g., 1 M with 1
M, 0.5 M with 0.5 M, or I M with 2 M) to study how concentrations influence
transport behavior.

Compare the effects of total solute concentration in multi-solute systems to those
in single-solute transport. For example, evaluate the transport characteristics of a
binary solute system (0.5 M methanol and 0.5 M ethanol) against a single-solute
system (I M methanol), focusing on differences in permeability, diffusivity, and

solute interaction effects.
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This investigation is more relevant to real-world applications, as solute concentrations in a solution
are not usually equal. While certain products or solutes may be unavoidable in the solution, we
may be able to control their concentrations to either inhibit or enhance specific solutes, ultimately
improving the permeability of our target product. Therefore, it is essential to study the impact of
different solute concentrations on transport behavior and how the myriad of interactions are

influenced.

12.2.2. Isolating Water Volume Fraction Effect

Water content is one of the most fundamental and influential factors affecting ion transport
within membranes, as it directly determines the free volume available for ion mobility. This critical
parameter can be finely tuned by adjusting the solvent content in the pre-polymerization solution,
providing precise control over the hydration levels of the resulting membrane. Isolating the
influence of water volume fraction is essential for accurately analyzing solute transport behavior,
as variations in water content can obscure or confound the effects of other important factors, such
as polymer structure, electrostatic effect, flexibility of polymer chain, and charge density. These
overlapping influences make it difficult to discern their individual contributions to permeability
and transport performance. While controlling solvent content is a key strategy for predicting and
regulating water content in membranes, using too little solvent can lead to immiscible solutions.
This challenge can be addressed by modifying other components, such as charge monomers and
crosslinkers. For example, increasing the amount of charge monomer typically increases water
content, while increasing crosslinker concentration reduces it. By systematically isolating the

effects of water content, its influence can be separated from other variables, allowing for a deeper
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understanding of different factors affecting ion transport. This approach facilitates the design of

membranes with optimized transport properties, tailored to meet the demands of specific

applications, and advances the development of high-performance IEMs.

12.2.3. Next Generation of IEMs

The majority of applications utilizing IEMs require membranes with high selectivity for

ion transport, excellent ionic conductivity, and robust durability and stability. Achieving these

goals necessitates the discovery of new preparation methods or innovative membrane

compositions. Below are several suggestions to guide future development efforts:

1.

Optimize Solvent Usage and Control Water Content

Minimizing solvent usage and identifying a solvent capable of dissolving all components
at low solvent content is critical for controlling the water volume fraction within the
membrane. A miscibility ternary plot incorporating monomer, crosslinker, and charge
monomer compositions, combined with different solvents, could be a valuable tool for
understanding miscibility and ensuring homogenous membrane formation. For example,
dimethylformamide (DMF), tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP), and
acetone are highly polar solvents with significant potential. This approach allows for better
water content control and reduces immiscibility issues.

Maximize Ionic Functional Group Content

Increasing the content of ionic functional groups within the membrane can significantly
enhance ionic conductivity. Careful tuning of charge monomer concentration is necessary

to balance conductivity improvements with mechanical stability and water content. For
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example, choosing a crosslinker with multiple reactive sites, such as trimethylolpropane
triacrylate (TMPTA), trimethylolpropane trimethacrylate (TMPTMA), pentaerythritol
tetraacrylate (PETA), or pentaerythritol tetramethacrylate (PETMA), can reduce
crosslinker usage, increase charge monomer content, and facilitate network formation.
Explore Novel Charge Monomers

Investigating new charge monomers and leveraging their structural variations can
minimize the adverse effects of increased water content associated with higher charge
densities. For example, vinylbenzyl trimethylammonium and styrene sulfonic acid are ideal
charge functional group for AEMs and CEMs. Both are short-chain charged monomers
with a styrene backbone, which enhances mechanical properties and helps reduce water
content. This exploration could lead to membranes that maintain high ionic conductivity
while offering improved selectivity and controlled water content.

Incorporate Mechanically Robust Monomers

Selecting monomers that enhance mechanical properties is essential for real-world
applications. Membranes that are too brittle may fail under operational stresses, limiting
their usability. Conducting comprehensive mechanical testing, such as tensile strength and
Young’s modulus evaluations, will ensure that membranes meet the durability

requirements for practical applications.
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