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ABSTRACT

Alkaline anion exchange membranes (AAEM) have been fabricated using
polyethylene as the base polymer offering a low cost AAEM for electrolyser and fuel
cell applications. This study focused on the synthesis and characterisation of AAEM
with controlled degree of grafting (DOG) and ion-exchange capacity (IEC) with the
following parameters investigated: low density polyethylene (LDPE) film thickness
30-130 um, gamma radiation dose and monomer concentration. The corresponding
IEC, water uptake (WU) and degree of swelling (DS) are reported. The performance
of 74.6% DOG membrane in a hydrogen fuel cell showed a high open circuit voltage
of 1.06 V, with a peak power density of 608 mW cm at 50 °C under oxygen. The
use of a membrane with a high DOG does not impact fuel cross-over significantly
and provides improved fuel cell performance due to its high conductivity, water
transport and resilience to dehydration.

The AAEMs showed long term stability, at 80 °C, exhibiting a conductivity of
ca. 0.11 S cm? over a period of 3300 h under nitrogen. The membrane showed a
degradation rate of 5.7 and 24.3 mS kh! under nitrogen and oxygen, respectively.
With the membrane lifetime defined as the duration of fuel cell operation until the
conductivity of the membrane has reduced to a cut-off value of 0.02 S cm™, the
estimated lifetime of the membrane is 2 years under nitrogen and 5 months under
oxygen operating at 80 °C.

The fabricated anion exchange membranes were subjected to degradation
tests in deionised water for electrolyser/fuel cell operation. After the degradation
test, the decrease in ion exchange capacity (IEC) of the AEM, hence decrease in
ionic conductivity, was influenced by the applied gamma radiation dose rate. The
use of a high radiation dose rate produced membranes with improved stability in
terms of % IEC loss due to shorter, more uniformly distributed vinylbenzyl chloride
(VBC) grafts. For LDPE-based AEMSs, increasing the applied radiation dose rate
during grafting from 30 to 2000 Gy h-! significantly reduced AEM % IEC loss from
38 to 11%, respectively. Analyses of both the aged functionalised membranes and
their resulting degradation products confirmed the loss of not only the functional
group, but also the VBC group, which has not been reported previously in the
literature.  Investigation of other amine functional groups revealed similar

degradation via the removal of both VBC and head group. Oxidation reactions



taking place at pH close to neutral are the main contributor to the IEC loss, in
contrast to the widely reported E2 or Sn2 attack on the head group in high alkalinity
solutions. A parallel degradation mechanism is proposed to explain head group loss
of AEMSs, that involves peroxide radicals which are more dominant in low alkalinity
solutions.

The investigation of the degradation of a commercially available AEM (A201,
Tokuyama Corp.) was performed and compared with the fabricated LDPE AEMSs.
Using similar membrane thickness, results revealed that the fabricated AEM
exhibited superior stability to the commercial A201 membrane in terms of % IEC
loss and ionic conductivity, both in fuel cell and electrolyser modes. It is believed
that the faster degradation rate of the A201 membrane could possibly be due to the
attack of OH" ions on both the head group and on the polymer backbone, the latter

of which was not observed on the fabricated AEMs.
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tetrafluoroethylene

a technique that involves applying a low-
voltage signal to an electrochemical system
wherein the output spectrum is plotted in
terms of gain and phase-shift

a technique which is used to obtain an
infrared spectrum of a sample that is used to
identify the molecular components and
structures

an electrochemical device capable of
converting chemical energy from the reaction
of fuel and oxidant directly into electrical
energy

a thermoplastic polyolefin which exhibits
higher mechanical properties than low density
polyethylene due to lower degree of
branching

expressed as the number of water molecules
per unit of functional group

measure of the ability of the anion exchange
membrane to allow preferential displacement
of the initially attached OH ion on the tethered
head group by another OH ion, which is a
function of the number of exchange sites
within a given quantity of the membrane
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| ECtheo

theoretical ion exchange capacity

KOH
potassium hydroxide

LDPE
low density polyethylene

LLDPE

linear low density polyethylene

MAS
magic angle spinning

membrane lifetime

MCFC
molten carbonate fuel cell

NMP
N-methylpiperidine

NMR

nuclear magnetic resonance
spectroscopy

PAFC
Phosphoric acid fuel cell

PEMFC

polymer electrolyte membrane

fuel cell

ion exchange capacity of the membrane
assuming complete amination, ion exchange
and complete removal of water upon drying

a strong base commonly called as caustic
potash with a molecular weight of 56.11 g/mol

a type of thermoplastic polyolefin exhibiting
high degree of short and long chain branching
with low crystallinity and melting point

a type of thermoplastic polyolefin with high
number of short chain branches and higher
crystallinity than low density polyethylene

a technique commonly employed in solid-
state nuclear magnetic resonance
spectroscopy wherein the sample is spinning
at an angle of 54.74° with respect to the
direction of the magnetic field

duration of fuel cell operation until the
conductivity of the membrane has reduced to
a cut-off value of 0.02 S cm*?

a type of fuel cell that operates above 600 °C
and utilises molten carbonate mixture
material as electrolyte to produce current

a type of cycloaliphatic amine with empirical
formula CeHi3N

a technique in which a sample when
subjected to a known magnetic field strength
absorbs and emits electromagnetic radiation
producing a resonance frequency that
provides information about the structure and
chemical environment of the sample

a type of fuel cell that utilises liquid
phosphoric acid as electrolyte to produce
electric current

a type of fuel cell that uses solid acid

membrane as electrolyte operating at low
temperatures to produce current
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PEMWE
polymer electrolyte membrane
water electrolyser

RH
relative humidity

SEM
scanning electron microscopy

SOFC
solid oxide fuel cell

SOWE
solid oxide water electrolyser

TMA
trimethyl amine

UHMWPE
ultra high molecular weight
polyethylene

UTS
Ultimate tensile strength

uv
ultraviolet

VBC
vinylbenzyl chloride

wu
water uptake

a type of electrolyser that uses solid acid
membrane as electrolyte operating at low
temperatures to split water into hydrogen and
oxygen

the ratio of the partial pressure of water
vapour in air to the saturation vapour
pressure of water at the same temperature,
expressed in percentage

a type of electron microscope that produces
image using a focused beam of electrons to
scan the surface of the sample

a type of high temperature fuel cell that uses
solid oxide (e.g. yttria stabilised zirconia) as
electrolyte to produce electric current

a type of high temperature electrolyser that
uses solid oxide (e.qg. yttria stabilised zirconia)
as electrolyte to split water into hydrogen and
oxygen

a clear and colourless tertiary amine with
chemical formula N(CHs)s

a type of thermoplastic polyethylene
containing extremely long chains with a
molecular mass of 3 to 7 million atomic mass
units

maximum stress that a material can withstand
prior to fracture upon elongation

an electromagnetic radiation shorter than
visible light with a wavelength between 10 nm
to 400 nm

also known as chloromethyl styrene, is a type
of monomer containing polymerisable double
bonds and benzylic chloride group

measure of the amount of water a membrane

can absorb expressed in terms of weights of
the hydrated and dried polymer membrane
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OVERVIEW AND OUTLINE OF THE THESIS

This research has investigated a wealth of different parameters in terms of
base polymer types, initial film thickness, monomer concentration, radiation source
and grafting conditions in fabricating anion-exchange membranes (AEM) as shown
in Table A. The produced AEMs were evaluated in terms of their physico-chemical,
morphological, mechanical and electrical properties in order to obtain an AEM with

the desired properties (Table B).

Table A. Different grafting parameters investigated in this study.

Base film and base Monomer - . L
film thickness concentration Radiation source Grafting condition
uv Two 400 W lamp
L DPE UV source
(20, 30, 50, 75 and Total dose: 10 and
130 pm) Gamma radiation 20 kGy
. Dose rate: 2 kGy h
Vinylbenzyl
chloride
LLDPE (cast) 10% and 31% Total dose: 10 and
HDPE (40 pm) oan 0 Gamma radiation 20 kGy
UHMWPE (40 um) Dose rate: 2 kGy ht
4.5 MeV electron
ETFE (50 um) Electron beam beam source

Total dose: 70 kGy

It was originally envisaged that polyethylene base film precursors will be
prepared and cast in the laboratory so that the properties of the initial films can be
controlled. This is because polyethylene films procured from commercial sources
have varying quality and properties (i.e. molecular weight, degree of polymerisation,
melting and glass transition temperature, presence and amount of additives, etc.)
which play significant role in the resulting copolymer characteristics and will greatly
affect the consistency of the measured properties of the fabricated polyethylene-

based AEM. However, after numerous attempts, polyethylene pellets were found
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difficult to melt with a suitable solvent and cast into films. The study therefore

proceeds with the use of polyethylene films from commercial suppliers.

Table B. Important AEM properties that are evaluated.

Degree of grafting

lon exchange capacity
Physico-chemical Water uptake

Hydration number

Degree of swelling

Grafting distribution

Morphological .
P g (surface and cross-section)

Mechanical Ultimate tensile strength

) lonic conductivit
Electrical y

Fuel cell performance

An initial approach to fabricate the AEMs is with the use of ultraviolet (UV)
radiation source and using low density polyethylene (LDPE) as the base polymer
and vinylbenzyl chloride (VBC) as the grafting monomer. However, due to the low
energy emitted by UV, hence low depth of penetration through the LDPE film to
enact grafting, the synthesis of AEM shifted to the use of gamma radiation source.
In order to investigate the effect of the applied radiation dose, two total exposure
doses are used, namely, 10 kGy and a higher dose of 20 kGy, with a fixed radiation
dose rate of 2 kGy ht. These choices of exposure parameters were based on
equipment’s settings and limitations as the mutual radiation grafting was performed
by Synergy Health plc (Wiltshire, UK).

Aside from LDPE, the first batch of samples sent for gamma radiation grafting
include other polyethylene-type of base polymers such as linear low density
(LLDPE), high density (HDPE) and porous ultra-high molecular weight polyethylene
(UHMWPE). The next batch of samples sent for gamma radiation grafting focused
chiefly on LDPE from a single commercial source, however, with different initial film
thicknesses, namely, 20, 30, 50, 75 and 130 um. On the other hand, employing

ethylene-tetrafluoroethylene (ETFE) as base polymer requires high radiation energy
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source and total dose exposure hence, electron beam source with 70 kGy total dose
was used to prepare the membrane.

The fabricated AEMs, after assessment in terms of fuel cell performance, are
subsequently subjected to degradation test in order to evaluate its suitability for fuel
cell and water electrolyser application. The degradation test is done by immersing
the OH™ exchanged AEM in deionised water placed in water bath for different time
and temperatures. This approach of performing degradation test (i.e. in deionised
water and prolonged period of up to 1440 h) is novel, and contrary to those reported
in literature where AEM degradation tests were performed using solutions of high
alkalinity and immersion for only several days (< 200 h), which is not sufficient to
confirm with certainty any observable degradation on the membrane and is very far
from the real operating conditions of alkaline fuel cells and electrolysers.
Furthermore, typically reported AEM degradation studies in literature were
performed under inert atmosphere and use simple benzyl trimethylammonium
compound instead of the actual polymer membrane.

The study of AEM degradation is expanded to include other functional groups
aside from trimethyl amine (TMA) in order to compare and identify the most stable
cation group for the AEM. The other functional groups include N-methylpiperidine
(NMP), 1,4-diazabicyclo[2.2.2]octane (DABCO) and 1-azabicyclo[2.2.2]octane
(ABCO). The original and aged membranes together with the solid and degradation
solutions are subjected to Fourier transform infrared (FTIR) spectroscopy and to
solid state- and solution-NMR spectroscopy. The summary of degradation test
conditions performed on the fabricated AEMs is shown in Table C. The degradation
tests were performed at temperatures of up to 60 °C, which is normally the highest
operating condition for low-temperature alkaline fuel cells and electrolysers. The
use of deuterium oxide (D20) for some samples offers the advantage of having the
dissolved degradation products in deuterated water to be directly analysed and
identified by solution-NMR spectroscopy.

Due to the vast number of parameters to be investigated and with the limited
amount of fabricated radiation-grafted membranes and considering further the long
duration of each degradation test (up to 1440 h in deionised water and 5000 h in
nitrogen-saturated atmosphere) for each type of functionalised membrane and
under different test conditions, performing several trials for each degradation test
were deemed tedious and impracticable.
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Table C. Summary of degradation test conditions of the different fabricated AEMs.

. Degradation test condition**
Base polymer | Functional group*
Temperature (°C) Time (h)
) TMA 60 2160
LDPE TMA 60 2160
(unexchanged)
LDPE DABCO 60 2160
(unexchanged)
LDPE
TMA 20, 40, 60 720
HDPE 60 1440
ETFE
TMA
DABCO 60 720
LDPE : 1440
ABCO (in D20)
(in D20)
NMP
60 1080
(in D20) (in D20)
LDPE TMA under Nitrogen under Nitrogen
under Oxygen under Oxygen

*OH- exchanged, unless otherwise specified.

*Immersed in deionised water, unless otherwise specified.

In order to have a systematic and easy-to-follow flow of discussions, this
doctoral thesis is hereby presented in two major parts. Part | includes the synthesis
and characterisation of the anion-exchange membrane prepared by radiation
grafting employing different base polymer films and vinylbenzyl chloride as the
grafting monomer. The produced copolymers were subsequently functionalised
with TMA. The functionalised membrane was chemically analysed by FTIR
spectroscopy and was characterised in terms of different AEM properties

enumerated in Table B.
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Part Il focuses on the stability and degradation studies of the fabricated
membranes functionalised with different head groups. This involves stability
assessment of the membranes in both vapour phase (fuel cell) and in liquid phase
(deionised water) conditions. The initial and aged membranes functionalised with
different head groups were characterised in terms of ion exchange capacity and
ionic conductivity measurement while scanning electron microscopy was utilised to
investigate the morphology and structure of the membrane. The aged membranes
were subjected to 13C, °N, 17O solid state magic angle spinning NMR analysis while
the degradation solutions were analysed using 'H and 13C solution-NMR
spectroscopy. The solid degradation by-products were chemically analysed by

FTIR spectroscopy.
Furthermore, this thesis is partially based on the following publications of the author:

R. Espiritu, B. Golding, K. Scott and M. Mamlouk. Degradation of radiation grafted
hydroxide anion exchange membrane immersed in neutral pH: removal of
vinylbenzyl trimethylammonium hydroxide due to oxidation. Journal of
Materials Chemistry A. 2017, 5(3), 1248-1267. DOI: 10.1039/c6ta08232g

R. Espiritu, M. Mamlouk, and K. Scott. Study on the effect of the degree of grafting
on the performance of polyethylene-based anion exchange membrane for fuel
cell application. International Journal of Hydrogen Energy. 2016, 41(2), 1120-
1133. DOI: 10.1016/j.ijhydene.2015.10.108

K. Scott, M. Mamlouk, R. Espiritu and X. Wu. Progress in alkaline membrane fuel

cells and regenerative fuel cells. ECS Transactions. 2013, 58(1), 1903-1906.
DOI: 10.1149/05801.1903ecst
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INTRODUCTION

Over the recent decades, there has been aggressive research on the
development of alternative renewable energy technologies. Such undertaking was
driven by the increasing consumer demand for energy, unabated cost of power
production and the rising public awareness for environmental protection. Though
there are several established renewable energy resources (e.g. wind, geothermal
and sunlight), fuel cell technology has been recognised as a promising clean power
source for future energy systems [1, 2].

The fuel cell is an electrochemical device capable of converting chemical
energy from the reaction between the fuel and the oxidant directly into electrical
energy. It consists mainly of three important components, namely, the anode where
the fuel is externally supplied, the cathode where the oxidant is fed and the
electrolyte which effectively separates the two electrodes but allows the flow of ions
through it. The chemical energy conversion of hydrogen (fuel) and oxygen (oxidant)
into electric energy and heat takes place by electrochemical redox reactions at the
anode and the cathode, respectively.

The fuel cell offers the advantage of providing higher energy conversion
efficiency compared with an internal combustion engine. Furthermore, it basically
has no moving parts thus produces less noise and so is more reliable. Therefore it
is expected to have lower maintenance cost and longer service life [3]. Fuel cells
are mainly classified according to the type of electrolyte they employ. Currently,
there are five major types of fuel cells, namely, alkaline fuel cells (AFCs), proton-
exchange membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs),
phosphoric acid fuel cells (PAFCs) and molten carbonate fuel cells (MCFCs).
Comparison between different types of fuel cells is shown in Table D. The choice
of suitable fuel cell type depends on the particular desired application, the kind of
catalyst used, the temperature range in which the fuel cell operates and required
fuel input.

Among all of these types of fuel cells, PEMFCs and AFCs are the most
studied for practical service applications, particularly in low temperature regime of
operating conditions. Though AFCs are considered to be the most matured fuel cell
technology [4], having been extensively studied as early as the 1960s, PEMFCs



Table D. Comparison of different types of fuel cells [2, 3, 5, 6].

PEMFC PAFC AFC MCFC SOFC
Electrolyte FONTIED L_|qU|d I—_|§PO4 _L|qU|d .K.OH Molten carbonate Ceramic
membrane (immobilised) (immobilised)
Charge carrier H* H* OH- COs?* 0%
Operating 60 — 100 °C 175 — 220 °C 60 — 220 °C 600 — 650 °C 800 — 1000 °C
Temperature
Catalyst Platinum Platinum Platinum, nickel Nickel Peroysklte (cathode)
Nickel (anode)
Fuel Compatibility H2, methanol H2 H2 H2, CH4 H2, CH4, CO
Efficiency (%) 40 - 50 40 — 45 50 -70 50 - 60 50 - 60
Power density _
(kW/m3) 3.8-6.5 08-19 1.0 15-26 0.1-15
Capacity 30;5\3/6&\/\/’ 100KW — 1.3 MW 10 — 100 kW 155KW — 2MW 1KW — 1. 7MW
High power Tolerant to impure High efficiency, fast High efficiency,
Advantages density, quick H P cathode reaction, High efficiency generate high grade
start-up 2 quick start-up waste heat
Expensive Corrosive Expensive platinum  High cost, corrosive

Disadvantages

Application

platinum catalyst,
Intolerant to CO in
impure Hz
portable power,
distributed
generation,
transportation

electrolyte, Low
power density,
sulfur poisoning

Distributed
generation,
transportation

catalyst, Intolerant to
COz2 in impure H2
and air

Transportation,
military, space and
portable power

electrolyte, slow
start-up, sulfur
poisoning

Electric utility,
distributed
generation

High temperature,
high cost, thermal
stress failure

Auxiliary power,
electric utility and
distribution
generation




have emerged as the preferred technology and have effectively displaced AFCs for
low temperature and moderate power applications [7]. This is due to the flexibility
of PEMFCs for using solid electrolyte and its capability of preventing electrolyte
leakage [4].

Many types of fuel cell require hydrogen as fuel. Although hydrogen is
ubiquitous in nature, it rarely exists in its pure form. Commercial large scale
production of hydrogen is performed by reforming of natural gas, gasification of
coal and petroleum coke, and reforming of fossil fuels [8]. The process of producing
hydrogen through water electrolysis has been known for around 200 years and
offers the advantage of producing extremely high purity of hydrogen, however, it is
confined to small scale setup with limited application to large scale pure hydrogen
production. Thus water electrolysis accounts only for 4% of world total hydrogen

production [9].

Table E. Different types of water electrolyser technologies [10, 11].

AWE PEMWE HT-SOWE
Electrolyte Liquid KOH FOES Ceramic
membrane
Charge Carrier OH- H* oLy
Electrode Ni Pt/C Ni, ceramics
Operating 60 — 90 °C 20 — 100 °C 700 — 1000 °C
Temperature

high current
densities, high
gas purity, rapid
system response

well-established,
Advantages non-noble catalyst,
relative low cost

100% efficiency High-
pressure operation,
non-noble catalyst

low current densities, high component
Disadvantages gas crossover, costs, corrosive
corrosive electrolyte environment

laboratory stage,
brittle electrolyte

Water electrolysis is an electrochemical process which utilises supplied
electricity to split water in to separate components, namely, hydrogen and oxygen.
In this process, water is fed to an electrochemical cell (electrolyser) in which the

hydrogen evolves at the cathode while the oxygen evolves at the anode. It is



basically a reverse process of a fuel cell. There are currently three types of water
electrolysers available, namely, alkaline water electrolyser (AWE), polymer
electrolyte membrane water electrolyser (PEMWE) and high-temperature solid
oxide water electrolyser (HT-SOWE) as shown in Table E.

Similar with fuel cell, AWE and PEMWE are employed for low-temperature
applications, however AWE provides higher efficiency in comparison with PEMWE.
Furthermore, PEMWE requires ultrapure water feed while AWE is tolerable to
caustic electrolytes [12].

Motivation for the Study

Renewed interest to the research and development of AFCs and AWESs has
grown rapidly with the advent of solid anion-exchange membrane (AEM) instead of
liquid KOH as the electrolyte. The alkaline anion-exchange membrane fuel cell
(AEMFC) and water electrolyser (AEMWE) have been developed to address the
challenges and limitations of the conventional AFCs and AWEs. Alkaline-type fuel
cell and electrolyser regain fame against their PEM-type counterparts as they offer
the following advantages, namely, (a) faster oxygen reduction reaction (ORR) under
alkaline fuel cell conditions, thus providing lower activation losses [4, 13, 14], (b)
possibility of using non-noble metal catalysts [15-17], (c) osmotic drag associated
with ion transport opposes the cross-over of liquid methanol fuels [18, 19] and (d)
lower membrane cost and cheaper cell components due to less corrosive
environments [13, 15, 19]. Figure A shows the comparison of mechanism between
PEM and AAEM containing fuel cells.

Owing to these advantages, this particular study focuses on the synthesis
and characterisation of AEMs for alkaline fuel cells and electrolysers using low
density polyethylene as the base polymer thus offering an essentially cheaper
alternative than commercially available AEM. Vinylbenzyl chloride is used as the
monomer to produce the graft co-polymer which exhibits high ion conductivity
coupled with good mechanical, chemical and thermal stability. This research further
investigates the use of different grafting techniques and employing several amine
functionalities in fabricating the most suitable AEM for fuel cell and electrolyser

applications.
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Figure A. Schematic of proton exchange membrane and alkaline anion exchange
membrane both fuelled with pure hydrogen or methanol [20, 21].

Research Aim and Objectives

The aim of this research is to synthesise an alkaline AEM using low density
polyethylene (LDPE) as base polymer and poly(vinylbenzyl chloride) as the grafting
monomer. Such AEM is envisioned to have excellent properties that can be
seamlessly applied for fuel cell and electrolyser operation. Particularly, this study
intends to:

1. Establish a procedure of synthesising an alkaline polymer anion-

exchange membrane via radiation grafting techniques.

2. Evaluate the different parameters such as the type of radiation source
(e.g. gamma and UV), radiation dose, exposure time, monomer
concentration and functionalisation/amination (head group) type to the
properties of the resulting graft co-polymer.

3. Characterise the AEM in terms of its hydrophysical, morphological,
chemical, mechanical and electrical properties and relate them to their
respective stability characteristics.

4. Perform fuel cell performance testing; and

5. Assess the stability of the AEM by performing degradation tests.



PART I. SYNTHESIS AND CHARACTERISATION OF
ANION EXCHANGE MEMBRANE



CHAPTER 1

REVIEW OF RELATED LITERATURE

The basic principle of the fuel cell was discovered by the Swiss scientist
Christian Friedrich Schonbein in 1838 and the following year, the first fuel cell was
developed when Sir William Grove in his experiment accidentally reversed the
electrolysis of water [5]. The alkaline fuel cell is considered to be the first type of
fuel cell to be developed where Francis T. Bacon later gained prominence. Bacon
commenced his research in 1932 and successfully constructed a 5-kW hydrogen-
oxygen fuel cell in 1952 [22]. In the 1960s, AFC was the first fuel cell type to be

used for space application and were installed in NASA’s Apollo spacecraft [23].

1.1 Alkaline fuel cell

The alkaline fuel cell (AFC) is an electrochemical device that converts the
chemical energy of hydrogen (as fuel) directly into electric current. AFC uses a
liquid electrolyte solution of potassium hydroxide (KOH) because it is the most
conducting of all alkaline hydroxides [22, 24]. Of all the types of fuel cells available,
AFC offers the highest electrical efficiency when using very pure gas fuels [25]. The

schematic diagram and overall chemical reactions are shown in Figure 1.1.
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Figure 1.1. Fundamentals of an alkaline fuel cell [26].



Unlike in PEMFC where H* is transmitted from the anode to the cathode, in
an AFC, OH- is conducted from the cathode to the anode. In the anode, hydrogen
reacts with the hydroxyl ions producing water and electrons. The generated
electrons are then transported to the cathode thru an external circuit which then
react with water and oxygen to produce hydroxyl ions. It is also evident from the
overall chemical reaction that the anode produces twice as much water as the
anode can consume, thus water recirculation is an integral component of a fuel cell.
This can be done by recirculating the electrolyte and using the excess water as the
coolant liquid, thereby allowing removal of water by evaporation.

As mentioned earlier, one of the important advantages of AFC is that the
activation overvoltage at the cathode is generally less than that with an acid
electrolyte. This is because the reduction of oxygen to a hydroxide ion is much
faster in AFC than in the acidic counterpart of oxygen to water [25]. Such improved
kinetics allow AFCs to have operating voltages considerably higher than their
PEMFC counterparts [23]. This high electrical efficiency also allows the use of
alternative noble metal catalyst instead of platinum which is very expensive.
Furthermore, AFCs are relatively easy to handle as the operating temperature is
relatively low.

Albeit the numerous advantages of the use of AFCs, no fuel cell system is
perfect. One of the main problem of AFCs is that the liquid KOH electrolyte reacts
with CO2 forming carbonates and/or bicarbonate (COs?/HCOs’) which cause the
degradation of the electrodes and the electrolyte solution [21, 24]. Consequently, it
has been a major constraint to keep the COz2 concentration to the minimum. In order
to address this concern, the search for an alternative electrolyte has been the focus
of intensive research, which resulted in the development of anion-exchange

membranes for alkaline fuel cell applications.

1.2 Alkaline water electrolyser

Electrolysis is a well-established method of generating hydrogen and oxygen
by applying electric current to water. The very high purity of hydrogen that can be
obtained from this process significantly attracts attention of its viability as hydrogen
fuel source for low-temperature fuel cell applications. In water electrolysis, electric

current flows between two electrodes immersed in an electrolyte and are separated



by a membrane with high ionic conductivity to avoid the recombination of the

generated hydrogen (cathode) and oxygen (anode) [9].

‘o | |

2H: | 0, +2H,0

0, + 4H 2H, + 40H
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Anode e Cathode
4H* -
2H,0 40H 2H,0
PEMWE AWE
Anode: 40H — O2 + 2H20 + 2e” Eo=04V (D)
Cathode: 2H20 + 2e” — 2H2 + 40H" Eo=-0.83V (2)
Overall: 2H20 — 2H2 + O2 Eo=1.23V 3

Figure 1.2. Comparison of electrode reactions for AWE and PEMWE [27].

A water electrolyser is an electrochemical device that converts electrical and
thermal energy into chemical energy stored in a fuel (hydrogen). There are two main
types of low-temperature water electrolysers namely, alkaline water electrolyser
(AWE) which uses OH" ions as charge carrier and polymer electrolyte membrane
water electrolyser (PEMWE) that uses protons instead, comparison of which is
shown previously in Table E. Figure 1.2 further shows the comparison between
AWE and PEMWE in terms of half-cell reactions wherein the major difference
between the two, aside from the type of charge carrier involved, is that water reacts
at the opposite sides of the cell. Such difference great influences the appropriate
system configuration and the choice of electrolyser type for a particular application.
The low operating potential at the anode side (0.4 V) enables the use of non-

platinum based catalysts for AWE systems thereby offering a lower operating cost.



Similar to fuel cell systems, the membrane that separated the two electrodes
plays a very important role in attaining the highest electrolyser operation efficiency
possible. It is therefore incumbent for the anion-exchange membrane for AWE
application to have superb ionic conductivity, high chemical and thermal stability

and enhanced mechanical strength while reducing gas cross-diffusion [28].

1.3 Alkaline anion-exchange membrane

Anion-exchange membranes (AEMs) are solid polymer electrolyte
membranes that contain positive ionic groups, typically containing quaternary
ammonium groups: —N*(CHs)s, and mobile negatively charged anions, usually OH"
[20, 29]. With the use of AEMs as electrolyte for AFCs, the oxygen reduction
reaction is improved [1] and electrolyte leaking and carbonate precipitation are
prevented [4] due to the effective separation of the fuel and oxidant.

There have been several classes of alkaline anion-exchange membranes
fabricated for fuel cell and electrolyser operations reported in literature. As
previously mentioned, the most common class of AEMs are those based on
guaternary ammonium groups due to their appreciable stability under alkaline
environment [30]. Examples of anion exchange membranes for fuel cells and
electrolysers reported in literature are quaternised poly(ether sulfone) [31],
quaternised poly(phenylene) [32], aminated poly(oxy ethylene) [13], methacrylates
[33] and poly(epichlorhydrin [34]. Polybenzimidazole-doped AEMs were also
investigated for their feasibility for fuel cell [21, 35] and electrolyser [36, 37]
applications were found to possess excellent endurance both in alkali medium [38]
and at elevated temperature [39].

The materials and methods needed to synthesise the AEM are influenced by
the desired properties of the resulting membrane wherein it should meet stringent
performance, durability, stability, and low cost. The chemical and thermal stability
are greatly dependent on the nature of the polymer backbone and on the type of
functional groups that enables the transfer of hydroxyl ions [40]. With these in mind,
the major challenge is to synthesise AEM with a high OH" ion conductivity which can
be done by using a polymer backbone with high ion exchange capacity. This
challenge has been adequately solved by employing polymer modification via a

grafting technique.
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1.4 Polyethylene-based anion exchange membranes

Polyethylene is a thermoplastic olefin composed of long chains of ethylene
monomer. It is used extensively in various industrial applications and has gained
significant attention in fuel cell technology particularly as an attractive base polymer
for anion exchange membranes. Polyethylene has been found to be a lucrative
polymer backbone for AEMs due to its low cost, superior chemical stability, high
crystallinity and hydrophobicity, good mechanical properties [41, 42] and versatility
to radiation grafting both for electrolyser and fuel cell applications [43-45]. Masson
et al. [46] utilised a gamma radiation source to graft low density polyethylene (LDPE)
with acrylic acid followed by sulfonation while Faraj et al. [47] utilised a UV-radiation
source to graft LDPE with vinylbenzyl chloride (VBC) with subsequent amination to
fabricate AEMs for water electrolysis. In terms of fuel cell application, Mamlouk et
al. [48, 49] successfully fabricated AEMs for alkaline fuel cells using LDPE and high
density polyethylene (HDPE) as base polymer and employing VBC as the graft
monomer. Aside from LDPE and HDPE based membranes for alkaline fuel cells,
ultrahigh molecular weight polyethylene (UHMWPE) has also been used for
radiation grafting but requires a melt pressing method to produce the membrane
[50]. Shen et al. [51] on the other hand, performed methanol permeation studies on
LDPE-based AEM for direct methanol fuel cells while Cheng et al. [52] evaluated
the performance of LDPE-based AEM for direct borohydride fuel cell application.

There were reports in literature that used LDPE as base polymer for AEM
however used a chemical synthesis route rather than the radiation-induced grafting
method. Kostalik et al. [53] have functionalised crosslinked-polyethylene with a
tetraalkyl ammonium group through ring-opening metathesis polymerisation and
successfully produced AEM with good ionic conductivity and improved mechanical
strength. Another study [41] synthesised AEM by employing metallocene-mediated
copolymerisation in order to introduce flexible pendant ammonium groups to the
crosslinked and uncrosslinked polyethylene matrix.

Evolving research trends on polyethylene-based membranes involve grafting
of polyethylene with another polymer in order to obtain the desired chemical and
mechanical properties of the resulting copolymer backbone prior to
functionalisation. Kim et al. [42] exploited the innate hydrophobicity of polyethylene
and chemically grafted it with sulfonated poly(arylene ether sulfone) to produce
membranes with high ion exchange capacity but with controlled swelling and water
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uptake. The grafting of 4-vinylpiridine on polyethylene was also reported to increase
the ion-exchange properties of the resulting polymer product [54]. The work of
Noonan et al. [55] showed the preparation of membranes with superb alkaline
stability by chemically attaching phosphonium-based functional groups to
polyethylene. The crosslinking of tetrafluoroethylene with polyethylene was
reported to enhances the tensile strength of the resulting membrane [56]. Moreover,
pore-filled composite membranes based on porous polyethylene exhibited high
durability [57] and enhanced mechanical stability for high temperature fuel cell

operation [58].

1.5 Monomers for AEM fabrication by radiation-induced grafting

As the base polymer film provides the backbone structure of the membrane,
the grafting monomer acts as the bridge between the polymer backbone and the
attached ion exchange site functionality. Expectedly, the choice of grafting
monomer is a major consideration that affect the uniformity and yield of grafting.
Based on the reactivity and sensitivity of the monomer to radiation, grafting
monomers can be classified either reactive or non-reactive. Reactive or radiation-
sensitive monomers are those that exhibit high susceptibility to homopolymerisation
due to formation of free radicals, which is in contrast compared with the non-reactive
grafting monomers. Furthermore, the monomer of choice should have low viscosity
to enhance monomer diffusion through the base polymer and should have low
dipole strength to reduce the tendency of the monomer to form free radicals [45].

Vinyl monomers have been the most commonly employed for radiation
grafting reactions wherein styrene has been the most extensively used monomer
for anion-exchange membrane fabrication due to the following advantages, namely,
availability due to low cost, established reaction kinetics, and the presence of a
benzene ring making it highly amenable to host a variety of functionalities [59].
However the lack of stability of the styrene-functionalised membranes resulted in
exploring styrene-based substitutes (Figure 1.3) that can enhance the stability of
the resulting membrane [43]. Among the styrene-based monomers available, VBC
has been widely used due to its versatility as a single monomer or as a starting
monomer (i.e. cross-linker) for radiation-induced grafting copolymerisation.

Monomer concentration is the major governing parameter that significantly

influences the outcome of the grafting process. The concentration of the monomer

12



in the bulk solution dictates the diffusion rate to the base polymer, hence the extent
of grafting degree [45]. The unimpeded access of the monomer to the active sites
ensures effective and uniform grafting, thus increasing the amount of monomer
available for grafting leads to a higher degree of grafting of the resulting polymer
membrane. This is observed with either simultaneous or pre-irradiation grafting

schemes [44].

styrene a,B,B-trifluorostyrene m,p-methyltrifluorostyrene

chloromethylstyrene or

m,p-methylstyrene a-methylstyrene vinylbenzyl chloride

Figure 1.3. Chemical structures of some styrene and styrene-based monomers

used for AEM fabrication through radiation-induced grafting [43].

1.6 AEM preparation by the radiation-induced grafting method

Radiation grafting is a widely used technique in industrial applications in
order to improve the properties of the resulting polymer product [60] without altering
their individual inherent properties [61]. In this method, active sites are formed on
the polymer backbone using high energy radiation (gamma radiation, ultraviolet or
electrons) and the irradiated base polymer is allowed to react with the monomer
units which then propagate to form side chain grafts [62]. Radiation grafting can be
performed through three different ways [40, 44]: (1) simultaneous irradiation of the
polymer in the presence of the monomer, (2) irradiation of the polymer under air or
oxygen atmosphere resulting in the creation of radicals along the polymer backbone

which initiates polymerisation, and (3) irradiation of the polymer in an inert
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atmosphere or vacuum condition wherein the monomer is subsequently added to
commence polymerisation.

In fuel cell and electrolyser applications, in particular, radiation grafting is a
cheaper way of producing ionomer membranes and offers a wealth of adjustable
experimental parameters (e.g. radiation source, radiation dose, temperature, film
thickness) thus providing a large degree of tailorability. Furthermore, the radiation
grafting method offers the following advantages, namely, uniformly distributed
reaction sites within the bulk of the polymer due to effective penetration of the high
energy radiation, facile membrane synthesis that can be performed at room
temperature and with the absence of catalysts, and the radiation grafting can be

performed on polymer substrates regardless of the form and shape [63].

1.6.1 Ultraviolet-induced radiation grafting method

Ultraviolet (UV) radiation has been used as radiation source for anion
exchange membrane, however was not popular because the UV range of radiation
is not efficient in breaking sigma bonds to form radicals [64]. UV-radiation however,
is less invasive compared with other radiation sources thus only penetrates a few
millimetres of depth of the polymer. As expected, cross-linking by UV radiation is a
slow process, and photo-initiators are usually required to induce grafting (Figure
1.4). Ketones such as benzophenone and benzyl dimethyl ketal are suitable photo-
initiators for crosslinking of polyethylene [65, 66]. The process involves abstraction
of the hydrogen on the polymer surface by the benzophenone photo-initiator
resulting in the formation of radicals and in the presence of the monomer initiates

graft polymerisation under UV radiation [67].

grafis

~

Flolymer @.g_@ G monomer e

benzophenone

Figure 1.4 Schematic of AEM preparation by UV-radiation grafting [67].
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Faraj et al. [47] successfully grafted VBC with LDPE using UV-radiation and
subsequently functionalised it with 1,4-diazabicyclo[2.2.2]octane to be used as AEM
for water electrolysis. The fabricated AEM exhibited an ion exchange capacity of
1.5 meq g* and through-plane ionic conductivity of 10 mS cm-! (30°C). Choi et al.
[68] reported fabrication of AEM using LDPE as base polymer and grafted with
divinylbenzene (DVB) crosslinked with VBC prior to functionalisation with TMA.
Another experiment of the same authors [69] again utilised a single-beam UV-
radiation source setup to crosslink divinyloenzene (DVB) with polystyrene and
LDPE base polymer prior to functionalisation and obtained a modest ion-exchange
capacity of 1.8 meq g*. In order to obtain an improved AEM, this research designed
an AEM fabrication setup utilising a double-beam UV-radiation source (one on each
side of the polymer substrate) to produce membranes with a more uniform grafting

on both side of the LDPE film due to improved penetration of UV radiation.

1.6.2 Gamma radiation-induced grafting method

Unlike a UV source, gamma radiation can provide stronger energy radiation
and improved penetration depth to cause production of radicals in the inner part of
the polymer structure without the need for initiators [70]. The reaction is completed
in a fraction of a second, thus high product yields can be obtained [65]. Expectedly,
preparing AEM with a high degree of grafting can be easily achieved via the gamma
radiation grafting method. Among the different sources of gamma radiation
available today, the most versatile is ®°Co which has a long half-life of 5.3 years and
is capable of emitting gamma radiation between 1.17 to 1.33 MeV [44]. The amount
of exposure to gamma radiation of a given material is expressed in terms of the
absorbed dose. The most widely used unit of absorbed radiation dose is Gray (Gy)
which corresponds to 1 x 10% erg g*. Similarly, the radiation dose rate is defined as
the absorbed gamma radiation per unit time (Gy min1).

Mamlouk et al. [48, 49] and Scott et al. [71] successfully fabricated AEM by
using low density (LDPE) and high density polyethylene (HDPE) as base polymer
immersed in vinylbenzyl chloride (VBC) monomer solution and via simultaneous
gamma radiation grafting (Figure 1.5). Kolhe and Kumar [72] also successfully
grafted VBC with LDPE in the presence of 2-hydroxyethyl methacrylate (HEMA) via
simultaneous irradiation using °Co as the gamma radiation source, however key

properties such as ion exchange capacity and water uptake are reportedly low.
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Figure 1.5. Reaction mechanism of gamma radiation grafting of polyethylene with
VBC monomer [50].

Horsfall and Lovell [73], Fang et al. [74], Herman et al. [75] and Sundell et al.
[76] have utilised gamma radiation to pre-irradiate the base polymer film (i.e. LDPE,
ETFE and PVDF) which was later immersed in a VBC monomer to produce graft
copolymer prior to functionalisation. Pre-irradiation method however, requires
higher irradiation dose to produce a sufficient number of active sites needed for
subsequent contact with the monomer to effect grafting. As the electron beam
radiation can supply a higher dose rate than 8°Co source, it is widely regarded as
the most effective high energy radiation source if the pre-irradiation route is desired
[45]. However, this may adversely lead to degradation of the base polymer during

fuel cell and water electrolyser operation [63].

1.7 Functionalisation of PE-g-VBC

After chloromethylation of polyethylene by grafting with vinylbenzyl chloride,
the copolymer will be converted to an anion exchange membrane via amination
reaction. Thisis commonly done by reacting the grafted copolymer with compounds
containing tertiary amine groups, the reaction of which is shown in Figure 1.6. The
compositional ratio of the ortho and the para isomers in the VBC dictates the extent
of the amination reaction. Trimethylamine reacts more readily with the para isomer

compared with that of the ortho derivative which gives a sluggish reaction [77]. After
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amination, the cationic end group is then reacted with KOH solution to produce

hydroxide ion-conducting AEM.

HH HH HH H H H H H H
1o I [ N{CH3)s || || 11
+c—c—//—c—c—//—n::—c]L - JFC_C_//_C_C_//_C_CTL
[ o [ 1M NaOH | | I
LI LN
[Hﬁél‘— H,C—C+ | HECES IH;C§+
CHzcl CHECl CH» e HsC
=] | |
OH @ N(CH3); OH @ N(CH3)
PE-g-PVBC aminated PE-g-PVBC

Figure 1.6. Amination and alkalisation reactions of the VBC grafted PE [50].

1.8 Characterisation of alkaline anion exchange membrane

As mentioned earlier, the AEM is the heart of the fuel cell, thus its properties
(i.e. physical, thermal, mechanical and structural) are of paramount importance in
determining the suitability and performance of the fabricated membrane. These
properties are dependent on several factors like the nature and type of base polymer
used, the type of co-polymer(s) used if any, the extent of polymerisation or grafting
and the choice of grafting route.

Essentially, characterisation of AEM greatly depends on the polymer matrix
properties and the nature and concentration of the cation group. Properties of the
polymer matrix dictate the mechanical, structural and thermal stability while the
parameters related to the cation functional group determines the ion-exchange
capacity, transport number and ionic conductivity [24]. The chemical stability of the
AEM however, is influenced by the synergistic effect of both polymer matrix and the
tethered functional group [24, 78]. Table 1.1 summarises the important properties
that are determined for each anion exchange membrane and the corresponding

technique used to measure them.
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Table 1.1. Important AEM properties and the techniques to measure them [79].

Properties

Technique/Equipment

Physico-chemical
Properties

lon-exchange capacity

Back Titration

Water uptake

Gravimetry

lonic conductivity

Impedance spectroscopy

Thermal Properties

Melting temperature

Differential scanning
calorimetry (DSC)

Thermal stability

Thermal gravimetric
analysis

Structural and
Morphological
Properties

Grafting distribution

X-ray microprobe analysis
or EDX

Degree of crystallinity

X-ray diffractometer
(XRD) or DSC

Mechanical Properties

Tensile strength

Elongation (%)

Universal testing machine

1.8.1 Degree of grafting

The measure of the extent of polymerisation is often expressed in terms of

the degree of grafting (DOG). It is defined as the percentage mass of the grafted

component within the copolymer matrix [44]. It is a very important property of the

anion exchange membrane since it influences the resulting properties of most of the

characterisation studies performed, i.e. ion exchange capacity, swelling and water

uptake, ionic conductivity and thermal stability. Needless to say, obtaining the

optimum DOG will lead to the desired membrane characteristics. Table 1.2 lists the

factors that should be taken into consideration in the proper manipulation of the

DOG when using the radiation-grafting route.
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Table 1.2. Parameters affecting the degree of grafting of the membrane

using radiation-grafting method [43, 45].

Parameters related to the radiation Parameters related to the grafting
source mixture

e Nature of radiation e Nature of monomer

e Dose rate e Nature of base film

e Dose e Monomer concentration
[ ]

Addition of diluent

Addition of crosslinking agent
Reaction temperature
Addition of inhibitor

Film thickness

1.8.2 lon-exchange capacity

The ion-exchange capacity (IEC) is the measure of the ability of the ion-
exchange membrane to allow preferential displacement of the initially attached ion
on the tethered functional group by another ion present in the solution [80], hence
it is a function of the number of exchange sites within a given quantity of membrane
[81]. It is often expressed in millimoles of the ion-exchange groups present in a
gram of the dry membrane (mmol g'). The IEC is determined by titration (Table
1.1) and increases as a function of the DOG [44]. The IEC however, only dictates
the overall capability of the AEM to exchange anions and does not give information
about the distribution profile of the ion exchange sites throughout the membrane
structure [82]. This could indicate that membranes with high IEC do not necessarily
translate to high ionic conductivity [63, 78]. Therefore, the uniformity of grafting
across the membrane is a major consideration during membrane preparation to
assure effective hydroxide ion transport from the cathode to the anode during fuel

cell operation.

1.8.3 Water uptake and hydration number

As the functional group attached to the polymer backbone dissociates for the
charged ion (H* or OH’) to become mobile, the amount of water present in the
membrane greatly influences the conductivity of the charged ions. Transport of

mobile ions occurs via hopping from one water molecule to another (Grotthus
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mechanism, Figure 1.7) thus higher membrane water content results in improved
ionic conductivity. Expectedly, as the DOG is increased resulting in higher
concentration of ion exchange sites, hence higher IEC, the hydrophilicity of the
membrane also increases evidenced by increased water uptake [44]. The water
uptake (WU) is determined by gravimetry (Table 1.1) where the mass of the wet and
dry membrane are taken into account. The WU is commonly expressed in terms of
hydration number (M), which is the number of water molecules per unit of functional

group [83].

1.8.4 Degree of swelling

Similar to the WU is the degree of swelling (DS) of the membrane which is
also dependent on the water content of the membrane. The DS corresponds to the
change in dimensions (expansion) of the membrane in terms of length, width and
thickness as a function of water content. Though increased amount of water in the
membrane increases IEC, hence increase in ionic conductivity, excessive WU leads
to weaker mechanical properties and decreased structural stability of the membrane

[84]. A calibrated balance between WU and ionic conductivity is therefore desired.

1.8.5 Mechanical testing

In both AFC and AWE, the membrane is expected to exhibit mechanical
stability during operation. Tensile strength, elongation and creep are important
mechanical properties that have to be taken into consideration in order to ensure
long term service conditions. The polymer backbone of the AEM has the primary
role of providing mechanical strength and stability which is essentially achieved by
chain entanglements during radiation grafting. It is therefore of paramount
importance to choose a polymer backbone composed of rigid repeating units and
with relatively high molecular weight capable of chain entanglement formation
during grafting [85]. Although increased WU is desired to obtain high OH ion
conductivity through the membrane, it also causes increased DS that imperils
dimensional stability leading to structural defects (i.e. pinholes and crack
propagation) on the membrane. The increased swelling of the membrane can also
cause delamination in the catalyst layer [86]. Furthermore, membrane creep is likely
to occur due to the continuous compaction experienced by the hydrated membrane
under elevated working temperature and prolonged service operation [44].
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Therefore a balance between the optimum WU uptake and the required mechanical
properties is desired.

The tensile strength and elongation are commonly measured using a
universal testing machine (UTM). The membrane sample, both hydrated and
unhydrated, are placed in between the grips and pulled apart (tensile stress) under
a predetermined load. Upon application of constant cross-head speed during the

mechanical test, the stress-strain plot can be obtained.

1.8.6 Conductivity measurement

lonic conductivity is a key performance property of the anion exchange
membrane wherein a higher ionic conductivity will translate to better fuel cell and
water electrolyser performance. It has been an ardent challenge for AFC and AWE
to deliver high ionic conductivity since OH" ions transport is inherently about 2 times
slower compared with its acidic (HsO*) counterpart [63, 78]. This can be generally
offset by fabricating membranes with sufficiently high IEC which is possible through
the radiation grafting route. In the molecular level, the OH" ion transport through the
hydrated or humidified membrane can be explained by three transport mechanisms
namely, the Grotthuss transport mechanism, diffusion or vehicular mechanism and
convection mechanism [87] (Figure 1.7). The Grotthuss mechanism or commonly
called “ion hopping” mechanism is wherein, as the name implies, the OH" ions hop
from one hydrolysed exchange site to another across the membrane, similar to what
is observed with protons (H3O*) [88]. On the other hand, the diffusion or vehicular
mechanism involves water as the vehicle of OH- ion transport driven by an
electrochemical potential gradient while the convection mechanism is attributed to
the electro-osmotic drag as OH" ions carried by water move through the membrane
generating convective flow of water molecules [24]. Expectedly, the level of
hydration, i.e. water uptake, of the membrane has a significant influence to its ionic
conductivity wherein OH- ion transport happens simultaneously through these three
mechanisms. However, among the three OH" ion transport mechanisms, the

Grotthuss transport route is considered to be the most dominant [89].

21



VCoy-: VP

!
v
Q..

Grotthuss Mechanism Diffusion & Migration Convection
Hydrogen

! vr ( 2. )Vq)
bonds

LA R AR R AR AR R RRRRRRRERNRS.ENR.]
Surface Site Hopping

Fa o

O

CH,N*CH,},
CH,N*(CH)s

CH:N’(CHs)sl sssnnnfunnnn
CH,N*(CH,)s

CHN*(CHa )

Figure 1.7. Transport mechanism for OH" ions in AAEM [87].

Though the membrane ionic conductivity cannot be directly measured, it is
the resistance or impedance that is experimentally determined wherein the
conductivity is conversely derived. Conductivity is therefore defined as the ease
with which hydroxyl ions can pass through or within the membrane and can be

computed by the following formula:

o=— 4)

where o is the conductivity, L is the membrane thickness, A is the electrode area
and R is the measured resistance. Conductivity measurement can be performed in
two ways, one is done within the plane of the membrane (in-plane direction) and the
other is through the thickness of the membrane (through-plane direction). Although
through-plane conductivity is more important for fuel cell design considerations, in-
plane conductivity measurement is more easily implemented.

There are several factors that could affect the measured conductivity most
influential of which is the distribution of the graft component across the membrane.
Studies have also shown that in some cases, a thicker starting polymer film will yield

higher conductivity after grafting and functionalisation [44]. The operating
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temperature also plays a key role in determining the membrane conductivity. As the
temperature is increased, the conductivity increases exponentially following an

Arrhenius behaviour, thus

_E
o(T)=0, exp( kT""j (5)

where 0, 0o and k are the ionic conductivity, the pre-exponential factor and the
Boltzmann constant, respectively. With respect to the effect of relative humidity
(RH) to the conductivity of the membrane, higher RH gives higher conductivity. It is
because at a particular temperature, the increase in RH gives higher moisture or
water content that presumably lowers the viscosity within the membrane. Such
decrease in viscosity with the membrane translates to higher ion mobility and
conductivity [90].

1.8.6.1 Electrochemical impedance spectroscopy

Although resistance can be simply measured using the DC method, other
phenomena like polarisation, the distribution of chemical potential and changes in
the electrode reaction would greatly affect the measured resistance of the fuel cell
system thus requiring a more accurate measuring equipment. Electrochemical
impedance spectroscopy (EIS) is a method wherein an electrochemical system is
excited by a perturbation voltage of which the effect on the frequency response of
the system is analysed. Such frequency response to the applied potential is related
to the electrochemical impedance of the fuel cell system. With the use of the
impedance data, EIS can be routinely used as a technique of measuring
conductivity and performance of fuel cell operations. The impedance (Z) is defined
as the ratio of the sinusoidal voltage to the current at a particular frequency and is
represented mathematically as a complex system that consists of the real (Z’) and

imaginary part (Z”), wherein 8 is the phase angle.

Z' =|Z|cosé (6)
Z" =|Z|sin6 (7)
71
= tan | —
0 = tan (Zj (8)
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The impedance can be graphically represented in two ways, one using a
rectangular coordinate form of Z' + jZ”, also known as the Nyquist plot or using the
logarithm of the absolute magnitude of the total impedance |Z| versus the logarithm

of the angular frequency (log w), also known as the Bode plot [91].

1.8.7 Fuel cell performance

The polarisation curve is the most common method of representing the
electrochemical efficiency of a fuel cell at any operating current. It is a plot which
describes the magnitude of potential drop with increasing current draw brought
about by the resistance to the passage of current. An excellent fuel cell has a
polarisation curve which exhibits high current density and cell voltage, thus
indicating high power output [92]. Figure 1.8 shows the typical polarisation curve of

the fuel cell describing the prominent slopes in the plot.

'No loss' voltage of 1.23 V (at STP condition)

12 = e e e e e e e ———
1.0 < Rapid initial fall in voltage
activation loss
Total Loss
0.8 ohmic loss
0.6 — Voltage falls more slowly, I concentration loss

and graph is fairly linear

Cell voltage (V)

—

0.4 — Voltage begins to fall faster
at higher currents

0.2 =

0 | I | | |
0 200 400 600 800 1000

Current density (mA cm™2)

Figure 1.8. A typical polarisation curve in a fuel cell [23, 92].
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From the graph, the 1.23 volts indicate the highest theoretical voltage that a
fuel cell can operate. But in reality, due to the losses within the fuel cell, this is never
achieved wherein the potential is slightly lower than the theoretical voltage even
with no external current generation. Such potential corresponds to the open circuit
voltage (OCV). Once the circuit is closed or a load is applied, current starts to be
produced which further contribute to the decrease in cell voltage. Further increase
in current drawn will lead to a decreasing linear slope due to resistance to the flow
of electrons. Consequently, as more current is drawn, fuel transport poses a
limitation to sustain the current requirement whereupon the cell voltage quickly
drops. These phenomena are the three voltage drop regimes shown on Figure 1.8,

namely, the activation loss, ohmic loss and the concentration loss.

1.8.7.1 Activation loss

Activation losses are primarily due to the sluggish reaction kinetics on the
surface of the electrodes [93]. The initial drop in cell voltage is attributed to the loss
of potential needed to drive the chemical reaction that will transfer the electrons to
and from the electrode [23]. This drop is indicated as the steep slope in the initial
portion of curve in Figure 1.8. The relationship between the activation voltage and

the current density is conveniently expressed in terms of the following equation [94]:

V. - Aln[ii] ©)

This equation above is also called the Tafel equation where A is the Tafel slope
which is usually high if the electrochemical reaction is slow, i is the current density
and io is the exchange current density. This equation only holds true if the current
density is greater than the exchange current density.

1.8.7.2 Ohmic loss

As the current is increased, the steepness of the slope of the I-V curve
becomes less which indicates that activation polarisation is no longer the significant
factor that contributes to the potential drop. At this point another phenomenon
causes the polarisation which is the ohmic loss. It is the polarisation due to the

resistance to the flow of hydroxyl ions through the membrane in addition to
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electronic resistance of bipolar plates and various fuel cell interconnections. The
ohmic loss (nohmic) therefore has two contributing factors, namely, the electronic

resistance (Relectronic) and the ionic resistance (Rionic) [95]:

nohmic = (Relectronic + Rionic )X I (10)

Furthermore, the ohmic resistance is strongly dependent on both the operating

temperature and membrane humidity [94, 96].

1.8.7.3 Concentration loss

Lastly, as a larger current is drawn, more fuel needs to be delivered to the
electrodes to drive electrochemical reactions resulting for a concentration gradient
to occur. Consequently, a drastic potential drop is observed due to the failure to
transport sufficient reactant to the electrode surface. The voltage loss due to
concentration polarisation (Vconc) is computed using the formula [93]:

V= In(_ L ] an
nF (i1, -1

where R is the gas constant, T is the operating temperature, n is the number of
electrons per molecule of hydrogen, F is the Faradays constant (96,485 C mol?), i
is the current density and i is the limiting current density.

Alternatively, Kim et al. [97] proposed a more convenient empirical

approximation of the concentration loss using the following equation:

Ve =CX exp(dlj (12)

where ¢ and d are empirical coefficients having values of 3 x 10°V and 0.125 A/cm?,
respectively. Furthermore, the empirical coefficients are dependent on the
conditions inside the fuel cell and should be determined experimentally as each fuel

system is unique.
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CHAPTER 2
METHODOLOGY

2.1 Materials

Low-density polyethylene (melt index of 25 g / 10 min) and linear low-density
polyethylene (melt index of 1 g/ 10 min) pellets were procured from Sigma-Aldrich.
Commercial polyethylene films were sourced from different suppliers, namely,
British Polythene Industries plc (BPI) and VWR International (VWR). Microporous
ultra-high molecular weight polyethylene (UHMWPE) films, with 40% porosity, were
purchased from Entek Membrane LLC (ENTEK, USA). Vinylbenzyl chloride
(mixture of 3— and 4—-isomers, 97%) and trimethyl amine (in 45% solution in H20)
were also procured from Sigma-Aldrich. Benzophenone initiator, toluene solvent,
potassium hydroxide pellets, acetone, methanol, sulphuric acid and sodium chloride

were all analytical reagent grade and were used as received.

2.2 Anion exchange membrane preparation

2.2.1 Polyethylene casting

Pre-calculated amounts of low-density polyethylene (LDPE) and linear low-
density polyethylene (LLDPE) were dissolved in 30 mL toluene solvent to obtain
solutions of 5% by weight and 2% by weight of LDPE and LLDPE, respectively.
Dissolution of polyethylene was performed by heating with agitation. After complete
dissolution of polymer in hot toluene, appropriate amounts of 5% LDPE and 2%
LLDPE were extracted using a syringe and were transferred to a pre-heated Petri
dish placed inside a metal chamber submerged in a Grant GD120 hot water bath
set to 90 °C. Toluene solvent was allowed to completely evaporate to produce the

membrane films.

2.2.2 Heat treatment of cast polyethylene films

In order to obtain strong polyethylene films and to completely remove trapped
solvent, cast membranes were subjected to heat treatment. LDPE-cast membranes
were placed inside the Lenton ECF 12/30 furnace at 130 °C while the temperature

setting for LLDPE-cast membranes was 150 °C. Polyethylene samples were heat-
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treated for 30 min and were allowed to cool to room temperature inside the furnace.

After which, polyethylene films were then peeled from the Petri dish.

2.2.3 Preparation of PE-g-VBC copolymer

2.2.3.1 UV radiation grafting route

LDPE film was cut into 12 cm x 17 cm dimension and was soaked in acetone
for 5 minutes to remove surface impurities. The polymer film was subsequently
dried and the initial weight measured. An appropriate amount of benzophenone
(BP) initiator was dissolved in a small amount of THF. The BP photoinitiator was
added to the VBC monomer, pre-washed with 0.5% KOH solution to extract the
inhibitor. The LDPE film was then soaked in the VBC monomer and was left

overnight under the dark cupboard.

LDPE film

UV source

quartz
UV source chamber

Figure 2.1. AEM synthesis using double-beam UV radiation source.

The wet LDPE was then placed inside the sealed quartz chamber (Figure
2.1) with continuous flow of nitrogen gas. The polymer film was subjected to UV
radiation using two 400 W UV beam sources spaced 25 cm apart on both sides at

varying exposure time (Figure 2.2). After which, the grafted film was washed with
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acetone to remove surface VBC homopolymers and subsequently allowed to dry.
The weight of the grafted membrane was determined and the DOG was computed.

Another set of LDPE films were prepared and subjected to stepwise-radiation
exposure. After the initial exposure of the LDPE film to UV radiation, the irradiated
film was immersed back in the VBC solution and was allowed to stay overnight. The
initially grafted polymer film was subjected again to UV radiation under the same

exposure time. The resulting DOG was subsequently computed.

Figure 2.2 UV irradiation of LDPE film.

2.2.3.2 Gamma radiation grafting route

Figure 2.3 shows the schematic of the preparation of LDPE-based AAEM.
Both commercially procured and as-cast polyethylene films of a constant thickness
of 50 um, were cut into 4 cm x 8 cm dimension. The films were washed with acetone
and allowed to dry. Two samples of each polyethylene film were prepared and their
initial weights were recorded. They were then subsequently placed inside a screw-
cap vial. VBC monomer was added to each vial in the following concentration ratios:

10:36:54 and 31:26:45 by volume VBC/toluene/methanol, respectively. Samples
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were then sent to Synergy Health plc (Wiltshire, UK) for gamma radiation treatment.
The samples were subjected to gamma radiation with total dose of 10 kGy and 20
kGy at dose rate of 2.0 kGy h'l. Radiation grafted membranes were then washed
with toluene, then with acetone and were subsequently ultrasonicated for 5 min.
The membranes were allowed to dry and the final weights were recorded. To
investigate the effect of varying the initial polyethylene thickness, another set of
polyethylene films with thicknesses of 30, 50, 75 and 130 ym were prepared and

were subjected to the same radiation grafting.
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Figure 2.3. Schematic of synthesis of polyethylene based AAEM.
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2.3 Functionalisation of the membranes

A previous study [71] revealed that, from a selection of various amines and
sulfide functional groups investigated, TMA functionalised membranes offered the
highest conductivity and superior fuel cell performance in comparison with other
functional groups. Therefore, TMA was used to functionalise each PE-g-VBC
membrane sample (Figure 2.3) and allowed to soak for sufficient amount of time.

The membranes were then washed repeatedly with deionised water.

2.4 Characterisation of anion exchange membranes

2.4.1 Degree of grafting

The degree of grafting (DOG) of the membrane was measured from the
weights of the membrane before and after gamma irradiation using the following
formula:

Degree of Grafting (%) = W, —W,

x100 (10)

a

where Wo and Wa are the weights of polymer before and after irradiation,

respectively.

2.4.2 Scanning electron microscopy (SEM)

SEM analysis of the UV-grafted membranes was performed using a JEOL
JSM-5300LV machine. The cross-section micrographs were obtained by first
dipping the polymer membranes in liquid nitrogen prior to cutting in order to reveal
a crisp edge side.

2.4.3 Fourier-transform infrared (FTIR) spectroscopy

Verification of chemical structure and presence of functional groups were
performed using Varian 800 FTIR Spectrometer at scan range of 3800 to 600 cm?
equipped with Pike Technologies diamond crystal plate Attenuated Total
Reflectance (ATR) unit. Samples of original polyethylene, VBC-grafted
polyethylene and TMA-functionalised PE-g-VBC were subjected to analysis.
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2.4.4 Measurement of ion exchange capacity

The ion exchange capacity (IEC) of each membrane was measured using
acid-base titration. Membranes were treated with fresh 1.0 M KOH solution every
20 min for three times (total OH- exchange time of 1 h) to completely exchange the
chloride ions with hydroxide ions. The membrane was then washed with copious
amount of deionised water to remove residual hydroxide ions. Removal of excess
OH- ions was confirmed by using pH paper. The membrane was subsequently
immersed in a known volume of 1.0 M NaCl solution and was let to stand overnight.
The liberated hydroxide ions were then titrated with 0.05 M H2SO4 solution using
Brand GMBH Titrette bottle-top burette and the endpoint was determined visually
using methyl red indicator. The membrane was thoroughly washed with deionised
water to remove excess salt and was allowed to dry. The IEC was computed using
the amount of OH" ions neutralised, expressed in mmol divided by the dry weight of
the membrane, in grams. The measured IEC was then compared with the
theoretical IEC, computed as shown in equation below which assumes complete

amination, ion-exchange and full removal of water upon drying.

1000 x (\NLDPE—g—VBC _WLDPE)
MWVBC

(\NLDPE— -VBC _WLDPE)
WLDPE—g—VBC +{ EAWVBC x MW,y

|ECtheo (mmol g1) = (11)

where Wippre-g-vsc and Wippe are the weights of the grafted membrane and initial
LDPE respectively; and MWvsc and MWtma are molecular weights of VBC and TMA,

respectively.

2.4.5 Water uptake, hydration number and swelling measurement

Water uptake (WU) was determined from the difference in weights between
the hydrated and the dried polymer membrane. OH- exchanged membranes were
immersed in deionised water at room temperature. After 48 h, wet membranes were
collected and pat dried with tissue paper to remove surface water. The thickness,
dimensions and weight of the hydrated membrane were subsequently measured.

To obtain the weight of the dry membrane, the hydrated membranes were oven-
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dried at 60 °C and weighed repeatedly until constant weight and dimensions were

obtained. The WU, in terms of wt%, was computed as follows:

W, —W
WU (wt %) = — 9% »100 (12)

dry

where Wwet and Wary were the wet and dry weights of the membrane, respectively.
Consequently, the volumetric WU was determined taking into consideration the
density of the polymer and with the assumption that the total volume is simply the
sum of volume of the water phase and the polymer phase of the swollen membrane
(Equation 13) [98]

(\Nwet _Wdry )

— pwater (13)
WU (vol %) = <100
(\Nwet _Wdry) n Wdry

pwater P polymer

where pwater and ppolymer are the densities of water (1 g cm) and the grafted and
functionalised polymer (0.95 g cm3), respectively.

The hydration number (A), which is the number of water molecules per
trimethyl amine group, was calculated using the IEC and the gravimetric WU data

as shown below:

WU (Wt%) %10
MW, xIEC

water

(14)

where MWwater is the molecular weight of water, 18.01 g mol-.
The degree of swelling (DS) was measured as the average of swelling in
width, in length and in thickness, of the membrane before and after drying, as shown

below:

D, — D
DS (%) = — % 4100 (15)

dry
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where Dwet, is the dimension, of the wet membrane in a given direction (width (x-
axis), length (y-axis) or thickness (z-axis)) and Dury, is the corresponding dimension

of the dry membrane in a given direction.

2.4.6 Mechanical testing

Tensile testing of the LDPE base film, dry AEM and fully hydrated AEM of
different DOG was performed. A fully hydrated Nafion 212 film was also tested for
comparison. To prepare fully hydrated AEMs, membranes were soaked in
deionised water for at least 48 hours prior to tensile testing. A Shimadzu Autograph
AGS-X Universal Testing Machine was employed to obtain the stress-strain plot

applying a constant crosshead speed of 2 mm min-! for all the test specimens.

2.4.7 Conductivity measurement

Grafted membranes were OH- exchanged using 1.0 M KOH solution for initial
20 min. The solution was then replaced with fresh 1.0 M KOH solution and was
allowed to exchange for another 20 min. The process was repeated until a total
OH- exchange time of 1 h was achieved. After which, the membranes were
thoroughly washed with deionised water. Removal of excess OH™ ions was
confirmed by using pH paper. Initial thickness of the membrane was measured
using a Mitutuyo No. 293-240 micrometre calliper. Each membrane was then
sandwiched in between two Freudenberg FCCT H2315-C2 gas diffusion layer
carbon electrodes and was placed in a gold-plated titanium test cell. The
environment inside the test cell was maintained at atmospheric pressure and the
humidifier temperature was set to ensure 100% relative humidity inside the cell. The
relative humidity inside the fuel cell was verified using a Vaisala HUMICAP humidity
sensor. The through-plane conductivity was measured using a four-point technique
with one probe placed on either side of the membrane. The impedance was
measured using an N4L NumetriQ PSM 1735 Frequency Response Analyser within
the frequency range of 200 kHz to 20 kHz with a perturbation voltage amplitude of
15 mV (Figure 2.4). Three readings of the impedance in 5 min intervals were made
and the average was reported. Consequently, the conductivity of the membrane
was computed based on the following formula [14]:
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4L
R(7d*)
where o is the hydroxyl ion conductivity, L is the membrane thickness, R is the
resistance derived from the impedance value at zero-phase angle and d is the

diameter of the membrane test area.

Figure 2.4. AEM conductivity measurement setup.

2.4.8 Fuel cell performance test

Fuel cell electrodes made from catalyst inks were used for testing as
previously prepared [13, 48]. A titanium-made hydrogen fuel cell, with a 1 cm? gold-
coated serpentine flow field was used. Each membrane was OH" exchanged using
the same alkaline treatment. The polarisation curve of each anion exchange
membrane was obtained using an Autolab PGSTAT302 Potentiostat with a scan
rate of 2 mV s*. The test cell was subjected to several cycle runs until stable
performance was obtained at hydrogen and oxygen stoichiometry of 1.2 and air of
2.2.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Polyethylene film casting

One of the parameters investigated in this research is to study the influence of
the variability in polyethylene films supply source onto the fabricated polyethylene-
based AAEM. This is because batches of commercial polyethylene films could differ
in properties like molecular weight, melting and glass transition temperature, melt
index and the type and content of additives. Several trials have been performed to
obtain a working procedure of casting polyethylene films into desired concentration,
thickness and consistency. Different types of polyethylene were subjected to trials,
namely, low density polyethylene (LDPE), linear low density polyethylene (LLDPE),
medium density polyethylene (MDPE) and ultrahigh molecular weight polyethylene
(UHMWPE). Toluene was used as the non-polar solvent suitable for polyethylene.
Unfortunately, polyethylene is not soluble in toluene at room temperature, thus
requires heating by a heat gun.

Of the different types of polyethylene used, only LDPE and LLDPE were
successfully cast. Due to limited solubility of polyethylene in hot toluene, the highest
concentrations that can be produced are 5% and 2% by weight for LDPE and
LLDPE, respectively. On the other hand, MDPE was brittle and shrank upon heat
treatment while UHMWPE was found to be quite difficult to be dissolved in hot
toluene solvent in a manageable concentration.

Finding the suitable casting technique was also found to be difficult. It was
found out that LDPE transforms from its liquid phase to its solid, swollen state at
around 60°C. The rate of solvent evaporation below this temperature will be high,
therefore producing a cracked LDPE cast. The optimum casting temperature
should be higher than 60°C to produce a smooth and consistent LDPE film. Unlike
that of LDPE, the phase transformation temperature for LLDPE was higher at 91°C.

The influence of pressure on the production of the polyethylene films was also
investigated. Initial casting runs were made inside a metal chamber pressurised at
about 2 bars. The pressurised metal chamber was subjected both to room
temperature and elevated temperature. Placing the polyethylene solution under
pressure drastically decreased the evaporation rate of the solvent thus required
venting from time to time. No polyethylene film was successfully cast under
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pressurised environment. Table A.1 (Appendix A) shows the different sample runs
performed with varying parameter conditions. Table 3.1 on the other hand,

summarises the best procedure of polyethylene casting so far been developed.

Table 3.1. Summary of optimum polyethylene casting procedure.

Polymer Concentration Casting Procedure

1. Place 1.3737g LDPE in 30 ml
toluene then dissolve with heating.

2. Syringe 6 mL of 5% LDPE on Petri
dish

L;We?ﬁr:zir% 5% by weight > Castin a metal chamber
P g_DPyE) ° By Welg submerged in 91°C hot water bath

for 25 min.

4. Heat treatment at 125°C for 30
minutes then allow to cool to room
temperature inside the furnace.

1. Place 0.5326g LLDPE in 30 ml
toluene then dissolve with heating.

2. Syringe 12 mL of 2% LLDPE on
Petri dish

3. Cast in a metal chamber
submerged in 91°C hot water bath
for 120 minutes.

4. Heat treatment at 150°C for 30
minutes then allow to cool to room
temperature inside the furnace.

Linear low density
polyethylene 2% by weight
(LLDPE)

3.2 UV radiation grafting of polyethylene films

An attempt to fabricate AEM utilising UV radiation is hereby reported. The
polymer film initially soaked in VBC monomer with BP photoinitiator was placed in
between two UV radiation lamps to effect grafting. This is envisioned to provide
more uniform grafting through the polymer structure due to improved radiation
penetration on both sides of the base polymer film compared with using only one
radiation source.

The initial attempt was 30 min irradiation time where the grafting of LDPE
with VBC was low with only 6.29% DOG. The low DOG can be attributed to the
VBC monomer not sticking on the LDPE surface even with overnight immersion and

probably due to the vertical position of the LDPE film during UV irradiation rather
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than lying flat. The surface grafting appeared to be rough (Figure 3.1a), and the
SEM image of the cross-section revealed very thin grafting as the bulk of the LDPE
film remains unreacted (Figure 3.1b). When the grafted polymer was removed from
the quartz chamber, the polymer turn yellowish indicating oxidation of VBC on the
surface of LDPE. This suggests VBC monomer on the surface remains unreacted,

hence another preparation trial was made with prolonged UV exposure time.

» (b)

Figure 3.1 SEM micrograph of the (a) surface at 50000x and (b) cross-section at
2500x of UV-grafted LDPE-g-VBC.

A subsequent test was performed with increased irradiation time to 45 min.
Though the DOG slightly improved from 6.29% to 11.27% from 30 to 45 min
irradiation time, the grafting was still not uniform and also patchy due to dripping of
the VBC monomer during irradiation. Measurement of the through plane ionic
conductivity revealed very low conductivity not useful for fuel cell application.

To address the issue of dripping VBC monomer from the polymer surface,
the monomer-wet LDPE base film was sandwiched between two quartz glass plates
and sealed with cellotape before placing it inside the quartz chamber. Placing the
polymer film in between two quartz glass plates provides some advantage namely,
the grafting was smooth and homogenous, and the base film had complete contact
with the VBC since the evaporation of the monomer was impeded (Figure 3.2).
However, placing the LDPE film between two quartz glass plates limits the amount
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of VBC monomer that can be spread onto the surface of the polymer and also limits

the movement (i.e. expansion) of the copolymer during UV grafting.

(a) ‘ (b)

Figure 3.2 SEM micrograph of the (a) surface at 50000x and (b) cross-section at
2500x of UV-grafted LDPE-g-VBC sandwiched between quartz glass plates.

The DOG significantly improved to 30.11% at 45 min irradiation time
evinced by the thicker LDPE-VBC grafts on both sides of the LDPE film (Figure
3.2b). Though 30.11% is a modest DOG value, through-plane ionic conductivity of
the membrane remained very poor as the bulk of the LDPE film in the middle
remains unreacted. Even with prolonged exposure to UV, the grafted LDPE film still
turned yellowish after removal from the chamber suggesting the presence of
unreacted VBC-radicals on the surface that consequently reacted with the
surrounding air. This could indicate limited penetration of UV radiation even with
prolonged exposure to radiation and cannot be solely attributed to excess VBC
monomer on the LDPE surface.

In order to obtain AEM with higher DOG, step-wise UV irradiation was
realised. In this way, initially UV-irradiated films were re-immersed into the VBC-
BP solution overnight and subjected again to UV radiation. Figure 3.3 shows the
surface and cross-section of LDPE-g-VBC subjected to 2 UV radiation treatments.
The bulk of the surface appears to be saturated with the VBC monomer and was
not uniformly distributed (Figure 3.3a) while the cross-section shows an inner layer
of LDPE-g-VBC but the subsequent exposure to UV radiation only produced VBC
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homopolymers on both the outermost layer of the copolymer (Figure 3.3b). The
added layers are probably responsible to the significant increase of the resulting
DOG to 45.40%. However, high DOG does not necessarily reflect to increased ionic
conductivity. There is still a significant layer of LDPE film in the middle which
remained unreacted, expectedly resulting in a very low through plane ionic

conductivity.

+200 prm= X h —50 pm———oro

(a) _ (b)

Figure 3.3 SEM micrograph of the (a) surface at 150x and (b) cross-section at

1200x of LDPE-g-VBC subjected to consecutive UV radiation treatments.

Lastly, in order to obtain a copolymer with uniform surface grafting, the wet
LDPE film was sandwiched between two quartz glass plates before placing inside
the quartz chamber prior to 2 UV radiation treatments. The resulting graft copolymer
showed a smooth and uniform surface (Figure 3.4a), however, was still
unsuccessful in obtaining a completely grafted copolymer throughout the base film
structure. While the initial exposure to UV radiation resulted in formation of LDPE-
g-VBC (inner layer), the subsequent UV exposure only resulted in the formation of
VBC homopolymers on the surface of the initial LDPE-g-VBC (Figure 3.4b). There
was still a thick LDPE film that remained in the middle. The several preparation
trials under UV radiation confirmed its limited penetration capability (i.e. UV
radiation source should be higher than 400 W power output). Therefore, the use of
a higher radiation source was necessary to produce membranes with improved

grafting uniformity.
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(a) ' (b)

Figure 3.4 SEM micrograph of the (a) surface at 50000x and (b) cross-section at
2500x of UV-grafted LDPE-g-VBC sandwiched between quartz glass plates and
subjected to consecutive UV radiation treatments.

3.3 Gamma radiation grafting of polyethylene films

The polyethylene films were placed in a vial and added with 10:36:54 and
31:26:43 by volume VBC/toluene/methanol solution adapting the procedure of
Horsfall and Lovell [99] and Cheng et al. [52], with modifications. The toluene
served as the solvent for the VBC while methanol was used to swell the LDPE film
so that that VBC monomer can more effectively penetrate the LDPE structure. They
were then subjected to gamma radiation of 10 kGy and 20 kGy total dose. The
results are shown in Table 3.2. Both the as-cast and commercial LDPE-based
membranes grafted poorly at low VBC concentration and low gamma radiation dose
(Appendix B). Increasing the concentration of the VBC monomer produced a
marked increase in the degree of grafting (DOG). The BPI-polyethylene based
membrane, in particular, showed the highest percentage increase in DOG from
16.3% to 74.6% both subjected to 20 kGy radiation dose. This is due to the presence
of more monomer available (higher concentration) for grafting to the polymer
backbone. It can be also observed that an increase in the total gamma radiation
dose results in an increase in the DOG of the membranes. This is due to the fact
that more high energy radiation is supplied to cause the formation of active sites for
the VBC monomer to tether to the polyethylene backbone.
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Table 3.2. Degree of grafting for polyethylene membranes subjected to different

VBC monomer concentration and gamma radiation dose.

Approximate Degree of Grafting (DOG)
based on single measurement, %

Polyethylene
10:36:54 by volume 31:26:43 by volume
VBC/toluene/methanol VBC/toluene/methanol

Type Source 10 kGy 20 kGy 10 kGy 20 kGy
LDPE BPI 4 16 50 75
LDPE VWR 6 13 48 71
Cast-LDPE  Sigma-Aldrich 7 22 53 70
Cast-LLDPE Sigma-Aldrich 1 13 49 71
UHMWPE ENTEK 21 46 57 84

The ENTEK UHMWPE porous membrane showed the highest DOG for all
VBC concentrations and gamma radiation doses as compared with all of the other
studied non-porous PE membranes. The ENTEK UHMWPE exhibited a four-fold
increase in DOG from 21.0% at low VBC concentration and low gamma radiation
dose to 83.9% DOG at both high VBC concentration and gamma radiation dose. At
low VBC concentration and low radiation dose, the ENTEK-based membrane
showed three-fold higher DOG in comparison with any of the other studied
membranes. This is because even at low VBC concentration, the monomer can still
easily penetrate within the porous structure of the ENTEK base polymer with high
mass transport rate in comparison with the non-porous films. Unfortunately, while
the grafting resulted in a decrease in the porosity from the original 40%, the ENTEK-
based membrane remained porous (>5%) after grafting with very high rate of
hydrogen cross-over rendering it not suitable for fuel cell applications. When the
concentration of the monomer was increased, the mass transport of the VBC
monomer through the LDPE film became no longer a limiting factor and the
observed DOG became similar to the other non-porous LDPE-based membranes.

In the case of cast-PE membranes, both the cast-LDPE and cast-LLDPE
showed almost the same high value of DOG at both high VBC concentration and

gamma radiation dose. At low VBC concentration however, cast-LDPE showed
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higher DOG than cast-LLDPE. This is attributed to the difference in the polymer
architecture between LDPE and LLDPE. Due to the absence of long chain
branching in LLDPE, fewer sites are available for monomer attachment, requiring
higher energies and resulting in a lower DOG. Radiation grafting favours a more
branched structure wherein more sites for grafting are present compared with just
a fixed long chain. However, with the increase in VBC concentration and radiation
dose, the difference in DOG became negligible between the two structures.

The use of low-density polyethylene films from different sources showed no
effect on the observed DOG at both high VBC concentration and gamma radiation
dose. Even at low monomer concentrations, similar structure LDPE-based
membranes showed very minimal variation in the observed DOG. This indicates
that varying the PE supplier source has minimal effect on the PE grafting.

3.4 Characterisation of the membranes by FTIR Analysis

The chemical structures of polyethylene, PE-g-VBC and functionalised PE-
g-VBC were analysed by FTIR analysis, as shown in Figure 3.5. The polyethylene
spectra (i), being predominantly composed of methylene groups, is characterised
by the presence of methylene stretches and bends. The spectra revealed four sharp
peaks, namely the —CH2 asymmetric stretching at 2916 cm™ (m) and symmetry
stretching at 2849 cm* (*) and —CH: deformation (stretching and bending) at 1463
cm? (o) and 719 cm™ (o) [100]. Comparison between the non-irradiated and the
irradiated polyethylene film as shown in (ii) revealed presence of only the same
dominant bands indicating that no structural damage to the polymer backbone was
observed after gamma irradiation [101]. This is because the radiation dose of 20
kGy was not high enough to cause significant damage to the polyethylene structure
[102, 103].
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Figure 3.5. FTIR spectra of (i) original polyethylene, (ii) VWR-based PE-g-VBC
and (iii) functionalised PE-g-VBC.

The VBC-grafted polyethylene (ii) showed additional peaks attributed to the
presence of chlorobenzyl functional groups. The stretching of C=C aromatic double
bonds was observed at peaks between 1400 cm to 1600 cm™ (A). Bands observed
at 823, 796 and 708 cm (0) were consistent with the meta and/or para benzene
ring substitution of the VBC. Furthermore, the C—ClI stretching was observed at 673
cm?® (o) and CH2—Cl wagging band at 1266 cm™ (2) [104].

The spectra of TMA-functionalised PE-g-VBC (iii) exhibited additional peaks,
particularly at 3377 cm™ (1) which can be attributed to —OH stretching from the
residual water present in the membrane. The band at 1474 cm™ (n) can be
attributed to symmetric N—CHs deformation. Also, it can be observed that the CH2>—
Cl wagging band and the C—Cl stretching peak both observed in (ii) were no longer
present, confirming the release of ClI- and bonding with N* upon successful

guaternisation [47].
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3.5 IEC, membrane swelling and WU

Representative samples of grafted membranes were subjected to IEC
measurement, by measuring the amount of OH" ions released by exchanging it with
Cl ions employing acid-base titration. IEC is the measure of the number of
functional groups available for OH" ion exchange per weight of dry membrane.

Table 3.3 shows the computed IEC in relation to the corresponding DOG for
the prepared membrane from different polymer sources. The IEC increased with
increasing DOG, as more functional groups were attached to the polymer backbone

and more sites available for OH" ion exchange.

Table 3.3. IEC of membranes with different polyethylene sources with the same

initial thickness of 50 um.

Polyethylene

DOG IEC
% mmol g
Type Source (%) ( 9
46 2.0
UHMWPE ENTEK
57 2.5
VWR 52 2.3
LDPE
71 3.0
Cast-LLDPE Sigma-Aldrich 71 2.9
50 2.4
LDPE BPI
75 3.2

Table 3.4 shows the effect of increasing the initial polyethylene thickness on
the IEC and DOG of the produced membrane. The use of varying initial thickness
of polyethylene film showed no effect on the resulting IEC of 2.7 mmol g* for a given
value of DOG. This is because as shown in the previous section, the use of high
VBC concentration enhanced monomer mass transport through LDPE film even at
high dose rate of 20 kGy thereby the influence of varying the thickness was not
observed. Furthermore, based on the results, the thinnest membrane will be the

most desirable due to better water transport and lower resistance. However, this
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will come at the cost of increase in the gas cross-over (H2).

The measured IEC (Table 3.4) is lower than the estimated theoretical value
from the DOG values due to the following reasons: incomplete amination of the
LDPE-g-VBC copolymer, limitation of accessing all the functional sites and
incomplete ion exchange between OH- and CI. The calculated value of hydration
number (A) is also high of 52 (IEC 2.7 mmol g1). This is around double that of fully
hydrated Nafion and mainly caused by the high IEC. The IEC of most of the
prepared membranes in Table 3.4 are ca. 3 times higher than that of Nafion 117
(0.91 mmol g1). This high IEC and consequently high A is required to achieve high
OH-ionic conductivities in the order of 0.1 S cm. Conductivity of ions is a function
of both the ion mobility and the concentration of charge carriers. The ratio of the ion
mobility in dilute solution of that of H* to OH" is around 1.77 [29]. Which means that
to achieve similar H* ionic conductivity in Nafion, AEM should have IEC ca. double
that of Nafion to balance the slow diffusion of hydrated OH" in comparison with that
of the hydrated H*. Moreover, Nafion binds water more strongly than the relatively
weak base in AEM, the absorbed water is less bound within the AEM polymer
structure because there are not as many ion pairs dissociated [105] and higher IEC
is required to stop AEM from dehydration at temperatures above 60°C. An IEC over
2 mmol g*! is required for AEM to achieve similar effective water self-diffusion
coefficients in Nafion of 10° m? s at 25 °C [105]. However excessive water uptake
will lead to excessive swelling leading to dimensional deformation and structural
instability of the membrane. Therefore, a good balance between IEC and WU is
desired.

Similar with A, the water uptake, WU, is also a measure of the amount of
water in the membrane in terms of wt% or vol% which results in membrane swelling
DS%. Consequently, high DOG, hence high IEC, will lead to high WU and high DS.
Since all membranes regardless of initial polyethylene thickness showed essentially
constant IEC and DOG at the same grafting conditions (Table 3.4), expectedly the
membranes exhibited the same high value of WU around 255 wt% (IEC 2.7 mmol
gl). While an initial look at this value suggests significantly higher number than
Nafion WU ca. 30 wt% (Table 3.5), WU based on wt% has its limitations due to its
failure to consider the density of the polymer (Nafion of ca. 2 g cm™ [106] in

comparison with LDPE-VBC-TMA of ca. 0.95 g cm=3). A more relevant comparison
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Table 3.4. DOG, IEC, WU, A, and swelling of membranes with increasing initial LDPE thickness measured at room temperature.

Initial

Membrane

Membrane Swelling

polyethylene thickness DOG IECtheo Me?Es(téred wu wu A
film thickness  after grafting (%)  (mmol g%) (g (Wt%)  (vol %) DS: DS« DSy  Average
(um) (um) (mmol ™) (%) ) %) (%)
30 49 67.5 3.5 2.7 255 70.8 52.4 57.9 41.5 60.3 53.2
50 63 32.0 1.9 14 130 54.8 53.5 30.2 20.8 17.9 23.0
50 75 65.4 3.4 2.7 253 70.6 52.0 53.9 52.5 36.9 47.8
50 95 74.6 3.8 3.2 285 73.1 49.5 58.9 57.1 50.7 55.6
75 96 65.6 3.4 2.7 254 70.7 52.2 49.6 34.6 32.3 38.8
130 169 59.9 3.2 2.7 259 71.0 53.3 51.1 43.1 38.9 44.4
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is to look at the WU in vol% [107]. The WU vol% for AEM with IEC of 2.7 mmol g
was ca. 71% (Table 3.4) around 2.5 times that of Nafion (Table 3.5) which is in
agreement with the ratio of IEC and A.

The WU is also related to the swelling, which can be measured by the
increase of membrane thickness or by dimensional expansion due to the water
content at room temperature. Higher WU causes higher swelling of the membrane.
The membrane exhibited isotropic swelling wherein dimensional change was similar
both along the in-plane (width and length) direction and the through-plane
(thickness) direction. As expected, average swelling was essentially constant at
given IEC and WU of ca. 50% for IEC of 2.7 mmol g*. As expected, the observed
swelling is found to be higher to that exhibited by Nafion membranes as shown in
Table 3.5. The swelling varied with IEC when the measured IEC for LDPE
membrane with initial thickness of 50 pum increased from 1.4 to 2.7 to 3.2 mmol g%,
the DS increased from 23.0 to 47.8 to 55.6%.

Table 3.5. WU, A and swelling of Nafion membranes having IEC of 0.91 mmol g

Nominal
Membrane : wu wua a DS
Code thickness Wt%)  (vol %) A (%) Reference
(Hm)
Takamuku [108]
cl b,2

212 51 30.3 37.7 185 39.6 ?Sherazi et al. [109]
117 183 19.22d 27.8 11.7 37.4¢ Xu et al. [110]

2 calculated based on reported WU (wt %) and using Nafion density of 2 g cm™
[106].

b measured at 20 °C

¢ measured at room temperature

4 measured at 30 °C

3.6 Tensile test

Mechanical testing was performed to determine the effect of swelling and
WU on the resulting tensile strength of the hydrated membranes of different DOG.
A sample of the initial LDPE film and fully hydrated commercial Nafion 212 film were
also tested for comparison wherein the stress-strain curves of all the samples are
shown in Figure 3.6. As summarised in Table 3.6, both dry AEMs, 32% and 65%
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DOG, showed comparable ultimate tensile strength (UTS) of 9.5 and 11.2 MPa,
respectively. This indicates that the amount of VBC monomer did not significantly

affect the tensile strength of the dry membranes. These values are also slightly

lower than that of pristine LDPE film of 15.5 MPa.

Table 3.6. Ultimate tensile strength of single test specimens.

Test Specimen Ultimate Tensile Strength (MPa)

LDPE base film 155
Fully hydrated Nafion 212 film 9.0

Dry LDPE-AEM 11.2
65% DOG

Fully hydrated LDPE-AEM 2.4

Dry LDPE-AEM 9.5
32%DOG  Fylly hydrated LDPE-AEM 6.6

Stress /MPa

0 20 40 60 80 100 120 140 160 180 200
Strain /%

Figure 3.6. Stress—strain curves of the (i) LDPE film, (ii) fully hydrated Nafion 212
film, (iii) dry LDPE-AEM (65% DOG), (iv) fully hydrated LDPE-AEM (65% DOG),
(v) dry LDPE-AEM (32% DOG), and (vi) fully hydrated LDPE-AEM (32% DOG).
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Fully hydrated membranes, on the other hand, have as expected significantly
lower UTS of 6.6 and 2.4 MPa for AEMs with DOG of 32% and 65%, respectively.
The higher the grafting degree (65% — Table 3.4) the higher the membrane degree
of swelling (DS of 48%) and the poorer the mechanical properties, i.e. decrease by
79% of UTS (from 11.2 to 2.4 MPa) compared with AEM with lower DOG (32%) and
consequently lower DS (23%) and lower loss of UTS of 30% (from 9.5 to 6.6 MPa).

The commercial Nafion film exhibited a UTS of 9.0 MPa (Table 3.6) which is
in agreement with values reported in literature [56]. While the AEM with low DOG
of 32% has an IEC 1.5 that of Nafion (and lower ionic conductivity), the UTS of the
hydrated AEM is lower than that of Nafion by only 26%. Furthermore, when
compared with other polymers, the tensile strength of the AEM with the use of LDPE
as the base polymer is still inferior compared with that of polytetrafluoroethylene
(PTFE) [111] and ethylene tetrafluoroethylene (ETFE) [56] as the base polymers.
HDPE and UHMWPE can be used in the future instead of LDPE to improve the
mechanical strength of the initial base polymer and consequently the final produced
AEM. As mentioned earlier, since the OH- diffusion is ca. 2 times slower than H* in
dilute solutions, the optimum balance between IEC and mechanical properties shifts
towards higher IEC values, in comparison with PEM, at the cost of mechanical

properties.

3.7 lonic conductivity

The IEC and DOG data from Table 3.3 are important membrane parameters
that can be directly correlated with the measured ionic conductivity. Figure 3.7
shows the variation in conductivity of the radiation grafted membranes with
temperature as a function of increasing DOG. It can be observed that as the DOG
increased, the ionic conductivity also increased. As shown for ENTEK-based
porous membrane, an increase from 46.0% to 57.4% DOG exhibited an increase in
ionic conductivity at 70 °C from 0.05 to 0.08 S cm™, respectively. Similarly, BPI-
based non-porous membrane showed an increase in ionic conductivity from 0.09 to
0.11 S cm? at 60 °C when the DOG was increased from 50.4% to 74.6%,

respectively.
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Figure 3.7. Through-plane conductivity of membranes at different temperatures.

By comparing relatively similar DOG of membranes from different
polyethylene sources, namely VWR-based AEM (51.7% DOG) and BPI-based AEM
(50.4% DOG), we can establish that varying the commercial polyethylene supply
source has minimal effect on the ionic conductivity of the fabricated AEM. It can be
observed that both membranes exhibited essentially the same ionic conductivity at
all temperatures tested ruling out the effect of variation in supplier on the properties
of the resulting AEM, particularly in terms of ionic conductivity.

The ENTEK-based porous membranes were compared with non-porous
VWR-based membranes, at similar DOG. The non-porous VWR-based membrane
showed superior conductivity compared with the porous ENTEK-based membrane.
At 70 °C, the non-porous VWR-based membrane with 51.7% DOG showed higher
conductivity of 0.097 S cm compared with 0.078 S cm™ exhibited by the porous
ENTEK-based membrane with 57.4% DOG. The observed difference in
conductivity by ca. 20% is believed to be caused by the remaining porosity in
ENTEK membranes after grafting. This porosity led to a very high hydrogen fuel
cross-over through the membrane and the recorded OCV was lower than 0.4 V,

thus the fuel cell performance data was no longer collected.
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Among the different AEMs tested, the VWR-polyethylene based membrane
with DOG of 71.3% (IEC 3.0 mmol g) showed the highest conductivity of 0.12 S
cm? at 70 °C. This value is much higher compared with similar studies of
polyethylene-based AEMs at the same temperature [50]. This makes the fabricated
membrane a good candidate for alkaline fuel cell systems being capable of
supporting large currents with minimal resistances loss.

Figure 3.8 shows the effect of varying the thickness of polyethylene on the
ionic conductivity of the produced membrane. As the initial thickness of the
polyethylene increased, the ionic conductivity of the resulting membrane also
increased. However from Table 3.4, the IEC remained essentially constant
regardless of the initial thickness of polyethylene used, thereby inferring that the
expected ionic conductivity should be also constant. A parallel study by Ko et al.
[112] which investigated the effect of fluoropolymer film thickness in the preparation
of fuel cell membranes, also showed a similar trend wherein the conductivity of the
membrane increased as the fluoropolymer film thickness increased even with

essentially the same membrane IEC.

0.06
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0.02 T T T T T
30 40 50 60 70 80 90
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Figure 3.8. Effect of varying initial polyethylene thickness to the average through-

plane ionic conductivity.
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The observed increase in ionic conductivity could not be due to the variation
in water uptake or swelling since data from Table 3 showed similar WU and swelling
regardless of the initial polyethylene thickness. The membranes exhibited superb
performance in terms of ionic conductivity in the range of 0.08 to 0.12 S cm™ under
fully humidified environment at 80 °C. The observed high conductivity of the thickest
membrane can be attributed to the variation in degree of anisotropy among the
membranes. The degree of anisotropy is the ratio of the in-plane conductivity to
that of the through-plane conductivity. Thus, the anisotropy is largely influenced by
the variation in the uniformity of VBC grafting on the polymer backbone whereby
larger amount of VBC grafted onto the polymer surface than within the polymer will
result in higher in-plane over through-plane conductivity (anisotropy).

A low degree of anisotropy is desired which indicates successful penetration
of monomer through the polyethylene film resulting in improved grafting. Thicker
polyethylene film were reported to graft more uniformly than thinner films [48]
wherein the grafting is chiefly controlled by the concentration of the radicals rather
than by the monomer transport [113]. The thickest membrane showed the highest

through-plane conductivity of 0.21 S cm™ at 80 °C.

3.8 Fuel cell performance

Figures 3.9 shows the fuel cell polarisation curve for anion-exchange
membranes with 74.6% and 32.0% DOG at 40 °C, using air and oxygen feed under
atmospheric pressure. Under oxygen feed, the measured OCV were 1.06 and 1.08
V for 74.6% and 32.0% DOG, respectively. The high recorded OCVs indicate that
the studied DOG range and the resulting membrane swelling degrees are suitable
for fuel cells application with low fuel cross-over across the cell. The DS of AAEM
with DOG of 74.6% was ca. 55.6% and the DS of AEM with DOG of 32.0% was
23.0% (Table 3.4) in comparison with that of Nafion 212 of 40% and Nafion 117 of

37% as shown in Table 3.5.
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Figure 3.9. Polarisation and power density curves of LDPE-based anion exchange

membranes at 40 °C both at oxygen and air atmosphere.

The use of AEM with increased DOG is beneficial in attaining higher
performance of the fuel cell due to better conductivity, resilience to dehydration and
water transport from anode to cathode. As can be seen in Figure 3.9, the slope of
the 1-V curve improved upon using AAEM with higher DOG due to lower membrane
resistivity from 158 mQ cm? for 32.0% DOG to 143 mQ cm? for 74.6% DOG
(measured using FRA) resulting in an increase in current density from 502 to 544
mA cm? at 0.6 V, respectively. The resistivity decrease translates to ionic
conductivity increase by a factor of 2 considering the difference in thickness
between the two membranes (Table 3.7). While both polymer films had the same
initial thickness of 50 um, the thickness of the dry film with higher DOG of 74.6%
was 1.5 that of the lower DOG of 32.0% after grafting (Table 3.4). The consequent
difference in IEC and WU when hydrated resulted in even larger difference in the
final hydrated films thickness by a factor of 1.84 (Table 3.7).
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Table 3.7. MEAs through plane resistivity at 40 °C under oxygen with different

DOG and corresponding membrane thickness.

Membrane Initial PE Hydrated FRA through-
DOG thickness thickness plane resistance
(%) (Hm) (Hm) (mQ cm?)
32.0 50 82 158
74.6 50 151 143

Data further shows that the difference between oxygen and air performance
at 40 °C is rather small indicating good electrode architecture and good hydration
level with minimal transfer losses at the cathode. For the membrane having 74.6%
DOG, the current density at 0.6 V was 544 mA cm under oxygen and 415 mA cm-
2 under air. The plot shows approximately linear behaviour at medium current
densities. While normally this region is referred to as the ohmic region, contribution
from mass transport effects are also present [29, 49]. This can be seen from the
difference in the polarisation slopes between air and oxygen operation.

Figures 3.10 shows the fuel cell polarisation curve for anion-exchange
membranes with 74.6% and 32.0% DOG at 50 °C, both using air and oxygen feed
under atmospheric pressure. It can be seen that for the membrane electrode
assembly (MEA) utilising a 74.6% DOG membrane under oxygen feed, the obtained
current density at 0.6 V was 643 mA cm2, higher compared with that at 40 °C of
544 mA cm2. Similarly, for the MEA with 32.0% DOG membrane, the current
density at 0.6 V under oxygen increased from 502 to 546 mA cm when the working
temperature was increased from 40 to 50 °C, respectively. Despite the observed
increase in current density under oxygen with temperature, the dehydration of MEA
with 32.0% DOG membrane became evident at a closer look. A clear mass transport
limitation represented by a limiting current even under oxygen operation at ca. 1.2
A cm? was observed (32.0% DOG, Figure 3.10). This is an indication of
membrane/ionomer dehydration and consequently decrease in oxygen permeability
(through ionomer) and water permeability (through ionomer and membrane) both of

which are reactants at the cathode. This is also supported by the resistivity
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measurements where the through plane resistivity of MEA utilising the membrane
with 32.0% DOG increased from 158 to 199 ohm cm? (Table 3.8). The dehydration
effect became more apparent under air operation where higher flow rates were used
at the cathode. The current density under air at 0.6 V decreased (32.0% DOG) from

372 to 342 mA cm with temperature increase from 40 to 50 °C, respectively.
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Figure 3.10. Polarisation and power density curves of LDPE-based anion

exchange membranes at 50 °C both at oxygen and air atmosphere.

On the other hand, the MEA utilising the membrane with 74.6% DOG did not
suffer dehydration at 50 °C under oxygen. This can be seen by no clear limiting
current even at a current density of 2.2 A cm™ under oxygen. This was additionally
confirmed by a decrease in the measured resistivity from 143 to 122 mQ cm? with a

temperature increase from 40 to 50 °C, respectively.
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Table 3.8. MEAs through plane resistivity at 50 °C under oxygen with different DOG.

Membrane FRA through-

DOG plane resistance
(%) (mQ cm?)
32.0 199

74.6 122

The measured WU of the 32.0% DOG membrane was 130 wt%, considerably
lower compared with 285 wt% for the 74.6% DOG membrane (at room temperature)
explaining the observed dehydration limitation in the case of the 32.0% DOG
membrane. It can be therefore reiterated that in order to operate AEM for prolonged
periods at temperatures of 50 °C and above, the use of membranes with high DOG

is required.

Table 3.9. Summary of peak power density and current density at 0.6 V of the
fabricated membranes.

Current Density

DOG Temperature ato6Vv

Gas Eeed Peak Power Density

(%) (C) (MW cm?) (MA cm?)
Oxygen 363.3 543.5
40
Air 284.0 414.6
74.6
Oxygen 607.8 643.0
50
Air 261.6 460.6
Oxygen 318.5 502.3
40
Air 241.7 372.2
32.0
Oxygen 359.3 546.0
50
Air 235.9 342.4
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Peak power density and current density values at 0.6 V are summarised in
Table 3.9. Under oxygen gas feed at 50 °C, the membrane with 74.6% DOG
exhibited peak power density and current density at 0.6 V of 608 mW cm and 643
mA cm2, respectively. On the other hand, using air as the feed showed peak power
density and current density at 0.6 V of 262 mW cm and 461 mA cm2, respectively.
Similarly for the 32.0% DOG membrane, the peak power density and current density
at 0.6 V at 50 °C under oxygen were 359 mW cm and 546 mA cm, respectively,
while under air were 236 mW cm2 and 342 mA cm2, respectively.
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CHAPTER 4
CONCLUSION

The fabrication of polyethylene-based alkaline anion-exchange membranes
(AAEM) was attempted employing a double-beam UV radiation source, to supply a
high radiation dose rate and potentially ensure uniform grafting on both sides of the
base polymer film. However, after several trials and varying synthesis parameters
(i.e. irradiation time, placing the base film between quartz glass plates, step-wise
and simultaneous grafting) the grafting was patchy and not uniform. Even with
prolonged exposure to UV, the grafted LDPE film turned yellowish suggesting
presence of unreacted VBC radicals on the surface.

The successful fabrication of a polyethylene-based AAEM was performed by
mutual radiation graft polymerisation using both laboratory-cast and commercially
procured polyethylene films. AEM conductivity increased with VBC concentration
and gamma radiation dose. Cast-LDPE membrane showed higher DOG than cast-
LLDPE membrane at low VBC concentration due to the absence of chain branching
in LLDPE. The variation in commercial polyethylene films had an insignificant effect
on the ionic conductivity of the fabricated AEMs. The use of porous ENTEK
polyethylene as base polymer film resulted in higher DOG compared with non-
porous LDPE at the same grafting conditions due to the ease with which the VBC
monomer can penetrate the porous structure of the base polymer. However, the
AEM remained porous (over 5%) after radiation grafting rendering it not useful for
fuel cell applications. Mechanical testing revealed that when fully hydrated, the
AEM ultimate tensile strength (UTS) was significantly reduced with an increase in
DOG and consequent increase in swelling. At 32% DOG, the value was 26% lower
than Nafion UTS. However, due to slower OH- diffusion (ca. 2 times) in comparison
with H*, the optimum balance between conductivity and mechanical strength shifts
towards higher IEC values, in comparison with PEM, at the cost of mechanical
properties.

The observed ionic conductivity and the IEC increased with increase in DOG,
wherein VWR-based AEM with 71.3% DOG exhibited the highest conductivity of
0.12 S cm™! at temperature of 70 °C, amongst the membranes prepared with 50 ym
initial LDPE thickness. The initial thickness of the polyethylene film was found to

have no influence on the resulting IEC and DOG of the produced membrane.
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Similarly, the WU and swelling were essentially constant at fixed DOG, regardless
of the initial polyethylene thickness. To achieve similar H* ionic conductivity as
Nafion (0.1 S cm at 80°C, 100%RH), the AEM should have IEC > 2.0 mmol g
double that of Nafion to balance the slow diffusion of hydrated OH" in comparison
with that of the hydrated H*. Moreover, Nafion binds water more strongly than the
relatively weak base in AEM, and higher IEC is required to stop AEM dehydration
at temperatures above 60°C.

Membrane electrode assemblies based on fabricated AEM showed high
OCVs of 1.06 and 1.08 V for 32.0% and 74.6% DOG membranes, respectively. This
shows that membranes with DOG <75% are suitable for fuel cell application with
low fuel cross-over. Furthermore, the use of membranes with high DOG provided
improved fuel cell performance due to better ionic conductivity and water transport
from anode to cathode. The fuel cell performance can be improved by increasing
the operating temperature from 40 to 50 °C. The best performing AEM with a
hydrated thickness of 151 um (74.6% DOG) achieved a peak power density of 608
mW cm? and a maximum current density at 0.6 V of 643 mA cm-? under oxygen at
50 °C. In order to operate AEM for prolonged periods at temperatures of 50°C and

above, the use of membranes with high DOG >32% is required.
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PART II.

STABILITY AND DEGRADATION STUDIES
OF ANION EXCHANGE MEMBRANE
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CHAPTER 1
REVIEW OF RELATED LITERATURE

Alkaline anion exchange membranes (AEMs) are solid polymer electrolytes
that contain positive ionic groups, typically containing quaternary ammonium
groups: —N*(CHs)s, and mobile negatively charged anions, usually OH- [20, 29].
There have been several classes of AEMs fabricated for alkaline fuel cell (AFC) and
water electrolyser (AWE) operations reported in literature. As the ionic conductivity
and fuel cell / electrolyser performance are important properties of AEM, its
chemical and thermal stability for long term service life is equally paramount. The
chemical and thermal stability of AEMs greatly depend on the nature of the polymer
backbone and on the type of functional group that enables the transfer of hydroxide
ions [40].

1.1 Stability and degradation of polymer backbone

A variety of base polymers for AEM synthesis have been extensively
investigated in literature from vinyl polymers to aromatics such as LDPE [47, 114],
HDPE [48, 50], poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) [115, 116], poly(ether
ether ketone) (PEEK) [70, 117], poly(arylene ether sulfone) (PES) [42, 110, 118],
and poly(methyl methacrylate) (PMMA) [119, 120], to fluorinated or partially
fluorinated polymers such as poly(tetrafluoroethene-co-hexafluoropropylene) (FEP)
[121, 122], poly(vinilydine fluoride) (PVDF) [123], poly(ethylene tetrafluoroethylene)
(ETFE) [56, 74, 124], and poly(tetrafluoroethylene) (PTFE) [125, 126]. As
mentioned in the previous section, the polymer backbone provides the mechanical
strength and stability of the AEM and perceived degradation of the polymer
backbone will eventually lead to the failure of the AEM to deliver the desired
performance. The fluorinated base polymers have emerged to be the preferred
polymer backbone for AEM preparation owing to their inherently inert properties and
electrochemical and thermal stability due to the presence of the strong electron-
withdrawing fluorine atom (C—F) [127]. However, it has been reported that partially
fluorinated polymers like PVDF-based AEMs are known to degrade in alkaline
media via dehydrofluorination [121, 128].

Since fluorinated-type of AEM still undergo degradation under an alkaline
environment, it paved the way to revisit the use of hydrocarbon-based backbones
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for AEM preparation due to some definite advantages, namely, low cost,
commercial availability and structures that are amenable for tethering pendant
groups [88]. The study of Nunez et al. [129] however, has reported that grafting of
cationic functional groups to an innately stable and chemically inert polymer
backbones, i.e. PES and PPO, negatively affects the nature of the polymer
backbone. It has been reported that even though polysulfone polymer is tolerant to
a highly basic environment, the polymer backbone gradually degrades in alkaline
medium when quaternised with ammonium functional groups [129, 130]. The PPO-
based AEM, on the other hand, undergoes backbone degradation by chain scission
via hydrolysis of the ether bonds [131, 132]. In order to address this concern, Pan
et al. [133] suggested that the DOG to be in minimum while tethering the grafted
membrane with functional groups containing multiple cations. In this way, the
polymer backbone is minimally altered while delivering the same IEC, hence same
ionic conductivity, brought by the increased number of cation sites.

Since the degradation of the polymer backbone is triggered by the proximity
of the attached functional group, another approach to improve the stability of the
backbone is to move the tethered functionality farther by using pendant spacers.
The long spacer chain was predicted to increase the barrier for Hofmann elimination
thus further preventing cation degradation [134]. However, it was reported that a
spacer length of more than 4 units provided little improvement in terms of alkaline
stability of the resulting AEM [135] and will only increase the hydrophobicity of the
AEM [136], hence decreasing ionic conductivity. Parrondo et al. [137] even reported
that the use of hexyl spacers for PPO-based AEMs offered insignificant alkaline
stability which suggests that the envisioned advantage of using spacers does not

apply to all types of polymer backbones and preparation conditions.

1.2 Stability and degradation of tethered functional group

The fact that novel fluorocarbon-type AEMs are still unstable under strong
basic conditions [21, 138] suggests that the functional ion-exchange groups rather
than the cross-linked polymer network undergoes degradation. Therefore, it can be
assumed that the alkaline stability of an AEM is given by the stability of the weakest
link, which is generally considered to be the head group. The most common class
of AEMs are those based on quaternary ammonium groups (Table 1.1) [63, 139]

due to their appreciable stability in an alkaline environment [140, 141] compared
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with phosphonium or sulfonium groups [24]. However, it was reported that
phosphonium groups have demonstrated their potential and seem to be more stable
towards attack by the hydroxide ion than the more conventional quaternary
ammonium [142].

Table 1.1. Chemical structures of representative ammonium-based functional

groups [139].
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Alkaline stability and degradation of AEMs are mainly assessed in the
purview of cation stability. Literature has abundantly discussed mechanisms of the
degradation of AEMs, namely, Hofmann elimination, nucleophilic substitution and
formation of ylide derivatives [24, 78, 130, 134, 143-148]. Hofmann elimination is
when OH- ions attack a B-hydrogen atom (with respect to N) of the cation which
leads to the elimination of the tertiary amine from the neighbouring carbon [24, 134,

144] as shown in Scheme 1.1.
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Scheme 1.1. Degradation mechanism of OH" ion attack on the TMA cation group

via Hofmann elimination [24].

Nucleophilic substitution involves OH-" ions acting as a strong nucleophile
which can either (1) attack the a-carbon atom of the cation converting the
gquaternary ammonium group to tertiary amine and releasing an alcohol or (2) attack
the benzylic carbon atom causing the detachment of the tertiary amine [78, 130,
146]. Lastly, the ylide formation route is through OH" ions abstracting the proton (a-
hydrogen) of the methyl group producing nitrogen ylide intermediates which
transform to tertiary amine and water [145, 147, 148]. These ylide intermediates
can further undergo degradation through Stevens rearrangement or the Sommelet-
Hauser mechanism [143, 149-151], the selectivity of which is dependent on the
electronic properties of the substituents attached to the aromatic ring, the steric
effect and the type of solvent used [151]. These three degradation mechanisms
can occur simultaneously which can lead to a combination of degradation products.
It is thus important to synthesise membranes with chemical structures capable of
circumventing these degradation mechanisms to ensure long term stability of AEMs.

Table 1.2 shows the relative basicity and half-life of the head-groups
investigated in this study. ABCO shows the highest pKa (10.76) making it the
strongest base among the head-groups investigated and TMA is found to be the
weakest base in terms of pKa (9.76). NMP-functionalised membranes exhibited the
longest half-life (in 6 M NaOH solution at 160 °C) suggesting that it is the most stable
among the investigated membranes in medium with high alkaline concentration.
The same study also revealed that DABCO-based membranes will be the least
stable compared with TMA, NMP and ABCO having the least half-life of 1.4 h
measured at 160 °C in 6 M NaOH solution.
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Table 1.2. Basicity and half-life of amine functionalities of AEMs investigated.

. pKa Half-life?
Name Functional Group (at 25 °C) h)
TMA Trimethyl amine 9.81P 4.2
DABCO  1,4-diazabicyclo[2.2.2]octane 8.72°¢ 1.4
NMP N-methylpiperidine 10.13¢ 7.3
ABCO 1-azabicyclo[2.2.2]octane 10.76¢ -

a3in 6 M NaOH and 160 °C [135]
bHall and Bates [152]

°Frenna et al. [153]

dBeltrame et al. [154]

1.2.1 Trimethyl amine-based AEM

The use of trimethyl amine (TMA) to impart functionality to AEMs provides
tetraalkyl ammonium cations considered to be the most chemically stable [155].
This is due to the absence of longer subgroups (e.g, ethyl or propyl) that could
introduce B-hydrogens making it susceptible to degradation via the Hofmann
elimination mechanism.

The ionic conductivity and fuel cell performance of several benzyl ammonium
and sulfonium head groups for AEMs has been reported and it has been found that
trimethylamine (TMA)—functionalised ionomers show superior ORR performance
and higher ionic conductivities in comparison with other studied head groups
including 1,4-diazabicyclo[2.2.2]octane [29, 71]. Another report [49] showed an
increase of around 60% of the power density at 0.4 V when TMA was used instead
of N,N,N’,N’-tetramethyl-1,6-hexanediamine (TMHDA) at 60 °C. Our TMA-
functionalised vinylbenzyl chloride (radiation) grafted on low-density polyethylene
backbone (LDPE-g-VBC-TMA) showed low activation energy of 12 kJ mol for OH-
ionic conductivity close to the reported value for H* conductivity in Nafion [156] with
OH- through plane conductivity of 0.11 S cm™ at 80 °C and 100% RH [49]. These
(LDPE-g-VBC-TMA) AEMs have superior fuel cell peak power densities, at a high
potential of 500 mV, one of the highest reported in the literature for AAEMFCs of
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823 mW cm under oxygen (atm) and 506 mW cm-2 under air (1 bar gauge) at 60
°C [48].

Benzyl-trimethylammonium (benzyl-TMA) is far more stable than its phenyl
equivalent [141]. 90% of benzyl-TMA was found to be stable after 29 days alkaline
treatment compared with only 30% in the case of phenyl-TMA [147]. Among the
several studied quaternary ammonium head groups, benzyl-TMA and benzyl-
DABCO showed the highest stability in 2 M KOH at 160 °C (under N2) with half-time
disintegration of 29 and 42 min, respectively [155].

For the TMA-functionalised membranes, the attachment of TMA to VBC
during functionalisation did not produce B-hydrogens, thus the Hofmann elimination
route can be conveniently disregarded [50, 157, 158]. When the Hofmann
elimination is impossible, nucleophilic substitution proceeds preferably towards the
release of TMA rather than producing benzyl-dimethylamine [145, 155, 159] as
shown in Scheme 1.2. This is because TMA is an excellent leaving group in the
nucleophilic substitution reaction [155, 160]. The reaction consequently leaves
behind a benzylic alcohol [159] that readily transforms to dibenzylic ether, and

together with TMA, are the major decomposition products [161].

© OH HsC ~CHs
OH Lo |
S

Major Route

@/CH3
N\
| “CH;
CH, o _CHj,
OH ITJ + CH30OH

Minor Route CHj

Scheme 1.2. Degradation mechanism of OH" ion attack on TMA cation group via

nucleophilic substitution [159].
Stevens rearrangement for the benzyl-TMA group in basic media involves
abstraction of the acidic proton of the a-carbon connecting the aromatic group and

the TMA to form ylide. This ylide intermediate undergoes rearrangement to produce
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a tertiary amine and water as final products (Scheme 1.3) [150]. Similar to the
Stevens rearrangement, the Sommelet-Hauser mechanism also involves
abstraction by OH" ions, however the attack is on the acidic proton of the a-carbon
of the methyl group attached to the quaternary nitrogen atom and the resulting
carbanion attacks the ortho-position of the aromatic ring (Scheme 1.3) [151].

For benzyl-TMA cation, Stevens rearrangement is the only ylide reaction
observed as the OH" ion prefers the acidic proton attached to the a-carbon
connecting the aromatic ring and the TMA, rather than the methyl attached to the
quaternary nitrogen atom [149, 150]. However, recent studies have suggested that
this ylide reaction pathway is reversible and does not lead to cation degradation [55,
140, 148, 162].

H
C\.CEID/CH3 N/CH3
| “CH, » |
o CH, CH,
[T
H Stevens ylide intermediate + H,0
2
\®/CH3
‘ CHs
CHj

bommelet Hauser

_CHg
CH3 _>- \\{Of\
ylide intermediate + H-0

Scheme 1.3. Stevens rearrangement [163] and Sommelet-Hauser

mechanism [164] for benzyl-TMA cation group.

1.2.2 ABCO- and DABCO-based AEM

The use of functionalities, namely, 1-azabicyclo[2.2.2]octane (ABCO) and
1,4-diazabicyclo[2.2.2]octane (DABCO), for AEM was realised owing to its cyclic
bulky structure that can provide the needed chemical and thermal stability. This is
because the rigid structures of ABCO and DABCO make them not amenable to the
Hofmann elimination mechanism [134, 165]. Unlike the TMA-functionalised
membranes, the linkage between ABCO or DABCO with VBC results in the

presence of B-carbons, however, their structures do not allow the stereoelectronics
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necessary for a Hofmann elimination mechanism. In order for the Hofmann
elimination to proceed, the B-hydrogen and the quaternised nitrogen should be in
trans-position to each other with a dihedral angle of 180 °C (anti-periplanar) [78,
146] (Scheme 1.4a). For the caged structure of ABCO and DABCO in the fixed boat
conformation, the carbon atoms are in eclipsed conformation (Scheme 1.4b)

therefore, an anti-periplanar conformation is not possible [155].

Hp
HB
Ry
@
NR,
(a) (b)

Scheme 1.4. The (a) anti-periplanar conformation required for Hofmann

elimination and the (b) eclipsed conformation [78].

Using polysulfone as base polymer, Di Vona et al. [166] reported that the
ionic conductivity and water uptake of the DABCO-functionalised membrane
doubled compared with TMA-functionalised membrane at the same degree of
chloromethylation of 76%. Thermogravimetric analysis also reported [167] that the
DABCO-functionalised membrane exhibits better thermal stability than its TMA-
based AEM counterpart. However, in terms of AFC performance, Maurya et al.
[157] reported 81 mW cm? maximum power density of a DABCO-functionalised
membrane using porous polyethylene base film which is inferior to our TMA-based
AEM having a non-porous LDPE base polymer and the same thickness of 50 ym.

Parrondo et al. [137] compared the stability of TMA and ABCO functionalities
tethered to PPO base film via hexyl spacers and both were found to undergo
degradation in 1 M KOH solution at 60 °C. DABCO unlike ABCO, has two nitrogens
which provides better stabilising effect wherein the positive charge can balance the
over-all charge therefore, mono-substituted DABCO-membrane is preferred [166].
Expectedly, a mono-quaternised DABCO-based membrane will exhibit better
chemical stability than ABCO-functionalised AEMs. However, the mono-

quaternised ABCO/DABCO undergoes a nucleophilic displacement reaction
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causing the release of ABCO or DABCO to the solution as shown in Scheme 1.5
[145, 155].

R = CH (ABCO) or N (DABCO)

Scheme 1.5. Degradation mechanism of OH" ion attack on ABCO/DABCO cation

group via nucleophilic substitution [155].

If both the DABCO nitrogens are quaternised, the IEC tends to decrease due
to increased mass of the repeating unit. Furthermore, the bis-quaternised DABCO
converts into a piperazine structure which is less stable due to rapid elimination via
the mononuclear E1 (two-step) mechanism (Scheme 1.6). At 160 °C in 2 M KOH
solution under nitrogen atmosphere, the half-life (t12) of bis-quaternised DABCO
drops to 2.3 min compared with 42 min for the mono-quaternised DABCO [155].
Therefore, the combined faster degradation and decrease in IEC rendered it inferior

to mono-substituted DABCO and unsuitable for fuel cell and electrolyser application.

CH,—

—_—

N—CH,

D0

Scheme 1.6. Degradation of bis-quaternised DABCO compared with mono-
quaternised DABCO [155].
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1.2.3 NMP-based AEM

N-methylpiperidine (NMP) is another cycloaliphatic quaternary ammonium
group used to functionalise AEMs. Dang and Jannasch [168] investigated the use
of quaternary piperidinium groups for AEMs using PPO base polymer film placing
heptyl spacers in between. Thermogravimetric data indicates that NMP-based
AEMs offer slightly better thermal stability than TMA-functionalised AEMs at the
same IEC with the use of PPO base polymer film and heptyl spacers. The same
study also indicated insignificant degradation in terms of IEC loss under alkaline
stability test using 1 M NaOH solution at 90 °C for 8 days.

Degradation of NMP-functionalised AEM is due to OH" ion attack through
nucleophilic substitution (Scheme 1.7a). NMP-based AEMs also degrades by ring-
opening elimination (Scheme 1.7b) and ring-opening substitution (Scheme 1.7c).

Among the three possible pathways, nucleophilic substitution is considered to be

dominant [135].
| N
—
> \
OH

\ N

|
OH

Scheme 1.7. Three possible degradation mechanisms of OH" ion attack on NMP
cation group: (a) nucleophilic substitution, (b) ring-opening elimination and (c) ring-
opening substitution [135].
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1.3 Motivation and Research Objectives

The chemical stability of AEMs in the OH- form, particularly at high
temperatures, poses a critical challenge that limits the wide scale use of AEMFCs.
In some of our published results [114], we have successfully demonstrated the long
term stability of the fabricated polyethylene-based AEMs for AFC operating at
temperatures of up to 80 °C. We have shown that the degradation rate is strongly
dependent on the oxidant concentration, where the degradation rate under oxygen
(atm) was 4 times faster than that under nitrogen. However, limited chemical
analysis has been conducted regarding the chemical stability of AEMs, wherein a
more fundamental understanding of the chemical stability of AEMs is required to
adequately design robust solid-state AFCs and electrolysers [145]. Degradation
tests of membranes having quaternary ammonium groups reported in literature
were all performed in high alkaline concentrations [50, 169] and elevated
temperature [141, 145, 170]. This study is the first attempt to illustrate the observed
degradation of the OH" exchanged AEM stored in deionised water, which is the
usual medium for electrolyser operations. Furthermore, the majority of the
published work assessed membrane stability by measuring the decrease in its
weight, ion exchange capacity and ionic conductivity with time [50, 55, 119, 145,
157, 169, 171, 172]. However, very limited research has been done to analyse the
decomposing products. This is partially due to the insoluble nature of some of these
products [173], limiting the technique available for chemical analysis needed to
identify their structure. Due to such difficulty, we have gathered results from several
chemical analyses to elucidate the structure and identity of the degradation
products. Most importantly, all of the available literature has so far reported that the
degradation of AEMs is due to the removal of the ion-carrying functional groups and
not the graft monomer [21, 24, 26, 63, 78, 140, 155, 174]. This research is the first
to report that the degradation of the AEMs is not only due to the removal of the
functional group, but also attributed to the loss of the benzene ring, namely
vinylbenzyl chloride, in the AEMs we have synthesised and investigated. Such
findings will have a significant implication on the way we design and fabricate AEMs

in order to obtain excellent thermal and chemical stability properties.
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CHAPTER 2
METHODOLOGY

2.1 Materials

Low-density polyethylene films were sourced from two suppliers, namely,
British Polythene Industries plc and VWR International. The ETFE film was
procured from Nowoflon Kunststoffprodukte GmbH while the high-density
polyethylene film was obtained from Metal Box Co. All commercial polymer films
were used as received. Poly(vinylbenzyl chloride) (60/40 mixture of 3- and 4-
isomers, Mn = 55000, Mw = 100000), vinylbenzyl chloride (mixture of 3- and 4-
isomers, 97%), 1,4-diazabicyclo[2.2.2]octane, trimethylamine (45% in water) and N-
methylpiperidine were acquired from Sigma-Aldrich while 1-azabicyclo[2.2.2]octane
was purchased from Alfa Aeser. Deuterium oxide (99.8 atom % D) was purchased
from Acros Organics. Toluene solvent, potassium hydroxide pellets, acetone,
sulfuric acid, methanol and sodium chloride were all analytical reagent grade and

were used as received.

2.2 Anion exchange membrane preparation

The AEMs were synthesised as previously discussed in Part | using low-
density polyethylene (LDPE), high-density polyethylene (HDPE) and ethylene-
tetrafluoroethylene (ETFE) as base polymers immersed in a vinylbenzyl chloride
(VBC) monomer. PE-g-VBC copolymer was prepared with LDPE film (20 to 130 ym
thickness) immersed in 31:26:43 ratios by volume VBC/toluene/methanol via mutual
gamma radiation grafting while ETFE-g-VBC was produced utilising electron beam
as radiation source. The samples were sent to Synergy Health plc (Wiltshire, UK)
and irradiation was carried out for a predetermined time and known dose rate. The
obtained grafted copolymers were then washed thoroughly with acetone to
completely remove VBC homopolymers. To produce the AEM, a selection of
several amines were utilised to impart functionality to the PE-g-VBC copolymer
(Table 2.1). Scheme 2.1 shows an idealised schematic of the preparation of

polyethylene-based AEM functionalised with TMA.
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Scheme 2.1. Synthesis of LDPE-based AEM functionalised with different amine

head groups.

74



Table 2.1. Functionalisation of LDPE-g-VBC with different amines.

Name Functional Group Condition*
(@) TMA Trimethyl amine 7.6 M solution at room temperature
(b) DABCO 1,4-diazabicyclo[2.2.2]octane 1 M solution at 60 °C
(c) ABCO 1-azabicyclo[2.2.2]octane 1 M solution at 60 °C
(d) NMP N-methylpiperidine 8.2 M solution at 60 °C

*All copolymers were functionalised for 72 h.

2.3 Membrane stability tests

2.3.1 Membrane stability test under vapour phase condition

The LDPE-g-VBC functionalised with TMA was converted to OH" form in
sealed bottles at room temperature. The membrane was washed several times with
deionised water prior to conductivity measurement following the procedure stated
earlier. Conductivity measurements were made at 40, 50, 60, 70 and 80 °C taking
note to obtain a stable conductivity reading at each temperature regime before

shifting to a higher temperature.

2.3.2 Membrane stability test under liquid phase (deionised water) condition

2.3.2.1 Stability test of PYBC-TMA copolymer

The stability of the poly(VBC)-TMA copolymer was initially assessed. A
precalculated amount of PVBC was dissolved in a Petri dish with a small amount of
tetrahydrofuran (THF) and mixed thoroughly until homogenous. The PVBC was
allowed to dry at room temperature to remove the THF solvent, after which, it was
immersed in TMA for 72 h. The PVBC-TMA copolymer was then allowed to dry and
was subsequently placed in a vacuum oven to completely remove excess TMA.
The solid PVBC-TMA copolymer was dissolved in deuterium oxide (D20) and a
measured amount of KOH pellets were added to obtain a 0.4 M alkaline solution.
The PVBC-TMA solutions were then placed inside a water bath at 60 °C for 1440
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h. The PVBC-TMA solutions for every 720 h interval were then submitted for

analysis. An initial solid PVBC-TMA copolymer was set aside for comparison.

2.3.2.2 Stability test of PE-g—VBC copolymer and the un-exchanged
functionalised membrane
The PE—g—VBC copolymer and the functionalised membrane (Cl- form) were
immersed in deionised water in sealed bottles and were placed inside a water bath
at 60 °C for three months (2160 h). The ion-exchange capacity (IEC) of the TMA-
and DABCO-functionalised membranes before and after the stability test were

measured and compared.

2.3.2.3 Stability test of OH exchanged membranes with different head groups

Functionalised AEMs were treated with 1.0 M KOH solution for 20 min. The
solution was then replaced with fresh 1.0 M KOH solution and the process was
repeated until a total OH" exchange time of 1 h was achieved to ensure complete
exchange of chloride ions to hydroxide ions. The membrane was then washed with
copious amount of deionised water to remove residual hydroxide ions. Removal of
excess OH" ions was confirmed by using pH paper. OH™ exchanged membranes
were then placed in sealed bottles immersed in deionised water and were placed
inside the water bath. Stability tests were performed with varying temperature and

degradation time.

2.3.2.4 Stability of OH  exchanged membranes under oxygen and nitrogen
gas feed
The OH- exchanged TMA-functionalised membrane was immersed in D20
inside a sealed polypropylene bottle placed in water bath at 60 °C. A continuous
feed of oxygen gas was supplied. A similar setup was prepared but with nitrogen
gas feed instead. After the stability test for 1440 h, both the membrane and the D20

solution were sent for analysis.
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2.4 Characterisation of the membrane and the degradation products

2.4.1 Measurement of the ion-exchange capacity

The ion-exchange capacity (IEC) of each membrane was measured using
acid-base titration. Membranes were treated with fresh 1.0 M KOH solution every
20 min for three times (total OH- exchange time of 1 h) to completely exchange the
chloride ions with hydroxide ions. The membrane was then washed with a copious
amount of deionised water to remove residual hydroxide ions. Removal of excess
OH- ions was confirmed by using pH paper. The membrane was subsequently
immersed in a known volume of 1.0 M NaCl solution and was left to stand overnight.
The liberated hydroxide ions were then titrated with 0.10 M H2SOa4 solution using
Titrette GMBH bottle-top digital burette and the endpoint was determined visually
using methyl red indicator. After titration, the membranes were washed with
deionised water to completely remove the salt and dried using an MTI Model DZF-
6020-FP vacuum oven. Measurements of the weight were performed until no
change in the dry weight remained. The IECs were computed using the amount of
OH- ions neutralised, expressed in mmol, divided by the dry weight of the

membranes, in grams.

2.4.2 Measurement of the ionic conductivity

The membranes were OH- exchanged using 1.0 M KOH solution for initial 20
min. The solution was then replaced with fresh 1.0 M KOH solution and was allowed
to exchange for another 20 min. The process was repeated until a total OH"
exchange time of 1 h was achieved. The membranes were thoroughly washed with
deionised water. Removal of excess OH" ions was confirmed by using pH paper.
Each membrane was then sandwiched between two Freudenberg FCCT H2315-C2
gas diffusion layer carbon electrodes and was placed in a gold-plated titanium test
cell. The environment inside the test cell was maintained at atmospheric pressure
and the humidifier temperature was set to ensure 100% relative humidity inside the
cell. The relative humidity inside the fuel cell was verified using a Vaisala HUMICAP
humidity sensor. The through-plane conductivity was measured using a four-point
technique with each probe placed on either side of the membrane. The impedance
was measured using an N4L NumetriQ PSM 1735 Frequency Response Analyser
within the frequency range of 200 to 20 kHz with a perturbation voltage amplitude
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of 15 mV. Three readings of the impedance in 5 min intervals were made and the
average was reported. Consequently, the conductivity of the membrane was

computed based on the following formula:

4L
R(7d ")
where o is the hydroxide ion conductivity, L is the membrane thickness, R is the
resistance derived from the impedance value at zero-phase angle and d is the

diameter of the membrane test area.

2.4.3 Chemical analysis
The following were the equipment utilised to characterise the membrane

before and after the stability test and the resulting degradation products.

2.4.3.1 Scanning electron microscopy (SEM) analysis

SEM analysis was performed using JEOL JSM-5300LV equipment.

2.4.3.2 Nuclear Magnetic Resonance (NMR) spectroscopy

Solid-state (*3C and **N) NMR analysis employing magic-angle spinning with
cross-polarisation (CP-MAS) of the AEMs before and after degradation and the
resulting degradation products were performed using tetramethylsilane (TMS) and
nitromethane as chemical shift references, respectively. For the solid-state 'O
NMR analysis of the membrane, direct-excitation (DE-MAS) was employed with
water as the chemical shift reference. All solid-state (*3C, °N and ’O) NMR spectra
obtained with two-pulse phase-modulated (TPPM) decoupling were acquired using
a Varian VNMRS spectrometer of the EPSRC National Solid-State NMR Service in
Durham University, UK. The enriched water-1’O (70 - 75.9 atom % 17O, Aldrich)
was used to prepare 0.1 M NaOH solution in a glove box by adding the appropriate
amount of Na and then the membrane was immersed in the solution for 1440 h at
60 °C. The membrane was then rinsed with deionised water and dried under
vacuum at 50 °C. Similarly, the isotope-labelled degradation solution was subjected
to solution NMR analysis using a Bruker 500 Avance Il HD spectrometer to obtain
the 7O NMR spectra.
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The 'H and C NMR spectra of the other degradation solutions were
obtained using the same Bruker 500 Avance Il HD NMR spectrometer operating at
500.15 MHz with TMS as the chemical shift reference. All solution and solid-state
NMR spectra were processed using MestReNova 11.0 (Mestrelab Research S.L.)

software.

2.4.3.3 Fourier-transform Infrared (FTIR) spectroscopy

Determination of chemical structure and presence of functional groups were
performed using a Varian 800 FTIR Spectrometer at scan range of 4000 to 500 cm"
1 equipped with Pike Technologies diamond crystal plate Attenuated Total
Reflectance (ATR) unit.

2.5 Membrane stability of commercial membrane

A commercially procured AEM (A201, Tokuyama Corp.) was subjected to
similar stability test for 720 and 1440 h degradation period. The aged membrane
was characterised in terms of IEC and ionic conductivity. The ionic conductivity of
the A201 membrane was measured (a) using a four-point probe technique in a fuel
cell under fully humidified gas stream and (b) using an electrolyser cell for 5 days
with circulating alkaline electrolyte (0.5 M NaOH) operating at atmospheric

pressure.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Membrane stability under vapour phase condition

The stability of the LDPE-g-VBC membrane (71.3% DOG) was investigated
in terms of ionic conductivity in vapour phase condition for a total of 4800 h. The
test was performed with a stepwise increase in temperature from 40 to 80 °C
wherein a stable conductivity reading was obtained before shifting to the higher
temperature. The plot of membrane conductivity for different temperature regime is
shown in Figure 3.1. The observed fluctuations in the conductivity data at 80 °C

were due to regular replenishment of deionised water into the humidifier.
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Figure 3.1. Through-plane conductivity of LDPE-g-VBC membrane (71.3% DOG)

with increasing temperature under nitrogen.

As expected, the conductivity of the membrane increased with increasing cell
temperature from 0.06 to 0.11 S cm™® peak conductivity. At the highest temperature
of 80 °C, the conductivity was extremely stable at an average ca. 0.11 S cm™ for a

2000 h continuous run under nitrogen with a degradation rate of 5.7 mS kh'l. Ata
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conductivity cut-off point of 0.02 S cm™ for the membrane, the estimated life time
under nitrogen would be 2 years. This demonstrated that the produced membrane
exhibited superb stability considering the fact that the membrane was subjected to
a harsh test temperature of 80 °C. Typical alkaline fuel cells usually do not operate
above 50 °C because of dehydration which results in faster degradation [175]. Thus
it is expected that the calculated life time of the produced membrane will be
significantly longer at 50 °C.

After obtaining a stable conductivity of the membrane for 3300 h under
nitrogen, the gas feed was changed to oxygen at the same temperature of 80 °C to
determine its effect on membrane stability. On a closer look at the data shown in
Figure 3.2, it can be seen that the conductivity gradually and continuously
decreased from around 0.10 to 0.07 S cm™ in 1000 h resulting in an average
degradation rate of 24.3 mS kh't. At a conductivity cut-off point of 0.02 S cm™ for
the membrane, the estimated life time under oxygen would be 5 months operating
under 80 °C.
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Figure 3.2. Degradation of LDPE-g-VBC membrane (71.3% DOG) under oxygen
gas feed at 80 °C.

81



The results indicate that the degradation rate in terms of ionic conductivity is
around 4 times faster in oxygen than in nitrogen gas stream. After the 1000 h period,
the gas feed was reverted to nitrogen to check whether the conductivity decline of
the membrane will stop. It can be observed from Figure 3.2 that the decrease in
conductivity was abated but the membrane did not recover its original high
conductivity. It can be concluded that membrane degradation caused by oxidation

was permanent.

3.2 Stability of PYBC-TMA polymer

The stability test of the PVBC-TMA polymer was performed to assess the
stability of the membrane components prior to AEM fabrication. In this way, the
effect of the base polymer on the degradation can be isolated from the PVBC-TMA.
OH- exchanged PVBC-TMA in excess alkaline solution were subjected to
degradation test for every month (720 h) interval. Figure 3.3 shows the 13C solution-
NMR spectra of the PVBC-TMA polymer after 1440 h degradation test.
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Figure 3.3. The 13C solution-NMR of PVYBC-TMA polymer after 720 and 1440 h
degradation test at 60 °C.
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The 3C solution-NMR of PVYBC-TMA polymer (Figure 3.3) shows the same
resonance peaks after every 720 h degradation period when compared with the
initial polymer. There were no new peaks detected indicating no by-products formed
and confirmed the stability of PVYBC-TMA after 1440 h degradation test.

(c) 1440 h

(b) 720 h

I(a) Initial

I 9.0 I 8.5 I 8.0 I 7.5 | 7.0 I 6.5 I 6.0 | 5.5 | 5.0 I 4.5 | 4.0 | 3.5 I 3.0 | 2.5 | 2.0 I 1.5 | 1.0 | 0.5 I 0.0 |
ppPm
Figure 3.4. The H solution-NMR of PVBC-TMA polymer after 720 and 1440 h
degradation test at 60 °C.

Similarly, the same PVBC-TMA polymer was subjected to *H solution-NMR
as shown in Figure 3.4. The 'H solution-NMR spectra shows a similar set of
resonance before and after degradation test confirming the stability of the polymer.
The observed upfield shift of peak from 2.30 ppm of the initial to 2.08 ppm of that
after 720 and 1440 h degradation test could be due to the unexchanged (CI- form)
and exchanged (OH-form) of the un-attached TMA in the solution, respectively.
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3.3 Stability of LDPE—g—-VBC copolymer and the fabricated membrane

The stability of the fabricated membranes was assessed by measuring the
IEC of the unexchanged (CI- form) membranes before and after immersing the
membranes in deionised water at 60 °C for 3 months (2160 h). Table 3.1 indicates
the stability of the synthesised membranes having the same degree of grafting
(DOG) wherein IEC did not change after the stability test. Both the DABCO- and
TMA-functionalised membranes in their unexchanged (CI°) forms were found to be
stable at 60 °C for 2160 h. The solutions wherein the membranes were immersed
were also oven dried and no solid precipitates were recovered indicating that there

was no degradation of the membrane.

Table 3.1. The IEC of membranes (ClI form) immersed in deionised water at 60°C.

IEC (mmol g1)
DOG (%) Functionality After
Initial
2160 h
DABCO-functionalised 2.2 2.2
65.5
TMA-functionalised 2.8 2.8

3.4 Effect of initial base polymer (LDPE) thickness

Varying thicknesses (20 to 130 um) of the LDPE base polymer films were
subjected to a 2000 Gy hr! gamma radiation dose rate (total dose of 2 kGy) which
resulted in a ca. 65.5% degree of grafting (DOG) for all LDPE-g-VBC copolymer
produced. The AEMs were subsequently prepared by functionalising the copolymer
with TMA and DABCO. The TMA- and DABCO-functionalised AEMs prepared from
different initial LDPE base polymer thickness were then subjected to stability test
and the initial IECs of the membranes and the IECs after 1440 h in deionised water
at 60 °C are shown in Tables 3.2 and 3.3, respectively. It is observed that using
varying thickness of LDPE base polymer showed insignificant effect on the
measured IEC of the resulting membrane at essentially constant DOG of 65.5%.
This is due to the use of high VBC concentration during radiation grafting which
enhances monomer mass transport through the LDPE base film coupled with a high

dose rate of 2000 Gy hr! [114]. However, the measured initial membrane IECs of
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ca. 2.7 and ca. 2.3 mmol g* for TMA- and DABCO-functionalised membranes,
respectively, indicates influence of the nature of the tethered functionality to the IEC.
DABCO cannot effectively penetrate the structure of the LDPE-g-VBC copolymer
due to its bulkier structure compared with TMA [157], thus DABCO shows lower
initial IEC.

Table 3.2. IEC profile of TMA-functionalised AEM with varying initial LDPE

thickness.
ks ———— o wiEc
. After After loss
(um) nitial 20k 1440h

20 2.7 2.5 2.2 18.3

30 2.8 2.7 2.4 14.2

50 2.8 2.6 2.5 9.1

75 2.7 2.6 2.5 55
130 2.9 2.8 2.5 111

The TMA-functionalised membranes showed a decrease of IEC after 720 h
degradation test and further decreased after 1440 h, for all membranes regardless
of the initial LDPE base film thickness. This could indicate either deactivation of the
tethered functional group (i.e. exchange with carbonates and/or other competing
ions with OH") or detachment of the functional group responsible for the transfer of
charge from the AEM backbone. A linear relationship of the decrease in IEC from
the initial, to 720 h and then further to 1440 h is observed for all TMA-based AEMs
investigated. However, from the initial IEC of ca. 2.7 mmol g, membranes with
thicker initial LDPE base film (50 to 130 ym) ended up with similar IEC of 2.5 mmol
gt after 1440 h degradation test, slightly higher than those of thinner initial LDPE
films, 20 and 30 ym, of 2.2 and 2.4 mmol g1, respectively. This suggests that even
though membranes have the same initial DOG and IEC, thinner membranes
degrade faster than thicker ones. This is due to ease with which the membrane

structure can be attacked because of its thinner cross-section.
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Table 3.3. IEC profile of DABCO-functionalised AEM with varying initial LDPE

thickness.
s ———— o e
. After After loss

(W) 2l 720h  1440h
20 2.1 19 18.2
30 2.2 2.0 13.2
50 2.3 2.1 2.0 15.6
75 2.1 2.0 12.7
130 2.2 2.0 115

Similar with the TMA-based AEMs, the DABCO-functionalised membranes
showed a decrease of IEC after 720 and 1440 h for all the membranes with varying
initial LDPE film thickness as shown in Table 3.3. The same linear relationship of
the decrease in IEC was observed, from the initial to 1440 h, though starting with a
lower initial IEC of ca 2.3 mmol g. After 1440 h degradation test, all the DABCO-
functionalised membranes regardless of the initial LDPE base film thickness
showed IEC of 2.0 mmol gt. Expectedly, the % IEC loss is essentially constant at

average of 14%.

3.5 Effect of radiation dose rate

The IEC of the OH" exchanged aged TMA-functionalised membranes were
measured after 1440 h and compared with their initial IECs as shown in Table 3.4.
The initial IECs of the membranes varied as expected based on their DOG for each
type of base polymer. The resulting DOG upon grafting is influenced by the applied
dose rate and total radiation dose. With all of the other parameters remaining
constant (i.e. VBC monomer concentration, amination time, and total radiation
dose), a higher dose rate results in a higher DOG as more high energy radiation is
supplied to grafting [114], which is observed in LDPE and HDPE (Table 3.4). The
IEC of the membrane decreased after 1440 h of soaking in deionised water at 60

°C for all types of OH- exchanged AEM investigated. Such a decrease in IEC is an
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indication of the loss of the functional groups that enable the transfer of charge. The
data further demonstrates that AEM with higher DOG exhibits slower degradation
in terms of % IEC loss compared with that of AEM with lower DOG having the same
type of base polymer. This suggests that the degradation rate is limited by factors
other than the functional group concentration (IEC). This further suggests that there
is a stability benefit as well as conductivity benefit from the use of membranes with
high DOG for electrolyser/fuel cell application that is operating at a very low alkaline
concentration.

The differences obtained in membrane DOGs are the direct result of the
influence of the applied radiation dose rate (at the same total dose) during mutual
radiation grafting. It can be observed that the variation in % IEC loss is directly
related to the dose rate used. For example, LDPE-based AEM with a dose rate of
30, 35 and 67 Gy h, exhibited % IEC loss after 1440 h of 37, 33 and 21%,
respectively. Similarly with the HDPE-based AEM, at dose rate of 30, 35 and 67
Gy h, the % IEC loss observed after 1440 h was 50, 46 and 28%, respectively.
This leads to the conclusion that subjecting the base polymer to a higher dose rate
will lead to a slower rate of degradation and hence to a more stable membrane.
Lower dose rates can cause oxidative degradation to the base polymer, which
decreases the extent of crosslinking compared with subjecting the base polymer to
high dose rates which is normally favourable [176, 177]. High dose rate treatment
increases the degree of crosslinking of the base polymer, which provides structural
strength and stability to the AEM [178, 179]. When polymers are exposed to ionising
radiation, even at low doses, they often undergo structural changes accompanied
by molecular cross-linking, grafting and chain-scission reaction. It should however
be mentioned that the highest total radiation dose (70 kGy for ETFE and 20 kGy for
LDPE) used to fabricate the AEMs is still relatively low to cause substantial damage
to the base polymer structure [102, 103, 180] and was confirmed previously by
FTIR (Figure 3.5, Part I) [114]. Furthermore, subjecting the polymer to a high dose
rate quickly consumes available oxygen and thus effectively prevents any dissolved
oxygen from penetrating into the polymer and causing undesirable side reactions
as the time of high energy application is so short [176, 181]. Expectedly, when
radiation grafting was performed with a very high dose rate of 2000 Gy h-1, the AEM
stability further improved with only 11% IEC loss over a 1440 h test.
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Table 3.4. The effect of mutual radiation grafting conditions on the IEC of TMA-

functionalised membranes.

IEC (mmol g?)
Radiation Base Total dose  Dose rate DOG IEC loss
source polymer (kGy) (Gy h'h) (%) initial After (%)
nitia 1440 h
10 30 32 1.6 1.0 375
LDPE 10 35 58 2.4 1.6 33.3
10 67 68 2.8 2.2 21.4
Gamma 20 2000 65 2.7 2.4 11.1
radiation
30 27 1.4 0.7 50.0
HDPE 10 35 58 2.6 1.4 46.2
67 66 2.9 2.1 27.6
29 1.3 1.1 15.4
Electron ETFE 70 400
beam 37 1.5 1.3 13.3

Another important factor that should be considered is the effect of dose rate
on the distribution and the length of VBC chains in the grafted polymer. Ideally
during simultaneous radiation grafting, each VBC unit should be attached to each
of the polyethylene chain upon creation of a free radical (Scheme 3.1a) leading to
very short length graft. However, there is a competition between the grafting
process and the VBC polymerisation. After the initial VBC unit attached itself to the
polyethylene backbone, subsequent VBC units attach to the VBC unit (VBC
polymerisation) instead of the polyethylene chain (Scheme 3.1b) resulting in longer
grafts. Using higher dose rates will result in faster decay of radicals by
recombination and consequently faster termination of the growing VBC chains. This
results in a shorter VBC grafted chains due to a decrease in styrene concentration
in the internal grafting layers [182, 183]. While at slow dose rates, VBC diffusion
through the base polymer is sufficiently fast and the lifetime of the radicals formed

is long enough to result in longer and fewer VBC chain grafts [184] i.e. faster dose
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rates will result in better distributed VBC throughout the grafted polymer and more
LDPE-VBC links and shorter VBC-VBC links for a given DOG (Scheme 3.1a).

There seems to be also an effect of the base polymer on the stability of the
grafted AEM. While this effect is minimal compared with the dose rate effect, it is
still significant. At similar grafting conditions (dose rate, DOG, etc.), the LDPE-
based AEM showed a 25% slower degradation rate compared with that of HDPE
across the studied dose rates. This might arise from the differences in the structural
change, e.g. cross-linking, that the base polymer is undergoing under radiation.
Since crosslinking takes place between carbon atoms in neighbouring chains or
chain branches joining together with other branches of the chain, a highly branched
polymer like LDPE is more amenable to crosslinking compared with a linear polymer
like HDPE [65]. It has been shown that under our radiation dose (maximum of 20
kGy for LDPE/HDPE) i.e. below total dose of 100 kGy, LDPE polymer experiences
significantly higher cross-linking under radiation than HDPE, with both approaching
similar cross-linking values at 250 kGy [185]. Additionally, the highly branched
LDPE provides more accessible grafting sites in comparison with HDPE (seen by
higher DOG for the same grafting conditions) which could translate to better grafting
distribution and consequently shorter grafts.

The large variation in grafting requirements of LDPE/HDPE (10 to 20 kGy)
and that of ETFE (70 kGy) makes direct comparison of the degradation rate difficult.
In the case of ETFE, membrane fabrication using gamma radiation as source did
not produce high enough graft of VBC monomer [48]. ETFE-based membranes
were then synthesised via electron beam radiation grafting since a high energy
electron beam is capable of providing a higher dose rate [186]. At a dose rate of
400 Gy h't, ETFE-based AEM showed an IEC loss of 13-15% somewhere in the
middle range of IEC loss of LDPE of 21% for 67 Gy h'* and 11% for 2000 Gy h.
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Scheme 3.1. Possible structures of functionalised AEM after radiation grafting.



3.6 Effect of functional head-group

Figure 3.5 shows the comparison in IEC drop of the membranes tethered
with different amine functionalities having the same DOG of 65% (2000 Gy hr?).
The TMA-functionalised membrane exhibited the highest initial IEC than other
amine groups since TMA can more effectively penetrate the LDPE—g-VBC
copolymer compared with other amine functional groups due to their bulkier
structure. The lower IEC with the use of other amine functionalities is still
acceptable, provided that the resulting membrane is more chemically and thermally
stable [187].

29
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Figure 3.5. The IECs of membranes functionalised with different amines (2000 Gy
h, 65% DOG) after soaking in deionised water at 60°C.

The degradation rate for the membranes investigated were very similar, with
IEC loss in the range of 11 to 13%. These results were obtained under neutral pH
(deionised water) and not in highly alkaline media, where the hydroxide counter ions
associated with the head group might not be able to start the nucleophilic attack
leading to head group loss under Scheme 1.2 but rather could undergo reversible
ylide reaction (Scheme 1.3). It can be seen that the degradation rate in our tests
was less dependent on the head group in comparison with the accelerated tests on

the head groups alone in high temperature and alkaline concentration (2M KOH at
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160 °C) which showed much better stability of DABCO than TMA with half-time
disintegration of 42 and 29 min, respectively [155]. It also suggests that the
degradation mechanism under low alkaline concentration and relatively low
temperature of 60 °C might be different to the mechanisms reported under
accelerated testing using high alkaline concentrations and temperature using single

monomer unit.

3.7 Effect of temperature and degradation time on the membrane stability
The effect of temperature on the degradation rate was studied where
representative samples of AEM with varying base polymers (LDPE and HDPE, 35
Gy hr! and ETFE, 400 Gy hr'; Table 3.4) were subjected to the stability test
employing the same procedure but with increasing temperature and time (Table
3.5). There was negligible decrease in IEC at low temperature of 20 and 40 °C after
720 h period indicating that the AEMs are stable at temperatures up to 40°C. At 60
°C, a measurable decrease of IEC was recorded after 720 h period as discussed

earlier.

Table 3.5. The IECs of membranes in deionised water soaked for different time

intervals and temperatures.

IEC after 720 h IEC after 1440 h
Base DOG Initial IEC (mmol g?) (mmol g?)
polymer (%) (mmol g1)
20 °C 40 °C 60 °C 60 °C
LDPE 58 2.4 2.3 2.2 2.0 1.6
HDPE 58 2.6 2.5 2.5 2.4 1.4
ETFE 37 1.5 1.5 1.5 1.4 1.3

3.8 lonic conductivity of the initial and aged membranes

IEC is a measure of the concentration of the functional groups present to
transfer the hydroxide ions and a higher IEC consequently results in a higher ionic
conductivity. Loss of functional groups due to membrane degradation results in

lowering its IEC and decreases its measured ionic conductivity.
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Table 3.6 shows the through-plane ionic conductivity at 60 °C of HDPE-
based membranes prepared under a radiation dose rate of 35 and 67 Gy ht,
respectively. Degradation tests on the membranes after 1440 h revealed a
decrease in ionic conductivity of the membrane (at 60 °C) by 37.0% (84 to 53 mS
cm?) and 24.7% (101 to 76 mS cm™). Similarly, LDPE-based membranes showed
a decrease in ionic conductivity (at 60 °C) of 19.0% (84 to 68 mS cm?) and 14.1%
(99 to 85 mS cmt) for AEM with dose rate of 67 and 2000 Gy ht, respectively. The
decrease in ionic conductivity agrees well with the observed decrease in IEC
reported in Table 3.4 and confirms the earlier conclusion that membranes prepared
under high radiation dose rate demonstrate slower degradation compared with
using low dose rate. Furthermore, it also confirms that the degradation rate using
LDPE-based AEM is lower compared with that of HDPE-based AEM using the same

grafting conditions.

Table 3.6. Through-plane ionic conductivity at 60 °C of AEMs before and after
1440 h degradation test.

Average lonic Conductivity

Radiation 1
Base Dose Rate Functionality (mS cm~)
polymer (Gy h')
Initial After 1440 h
35 84 53
HDPE TMA
67 101 76
67 84 68
TMA
LDPE 2000 99 85
2000 DABCO 69 52

The TMA-functionalised membrane showed lower decrease in conductivity
at 60 °C after 1440 h of 14.1% compared with the DABCO-functionalised
membrane, which showed a decrease of 24.6% (using the same radiation dose rate
of 2000 Gy h1). While both AEMs using TMA and DABCO showed the same %
IEC loss after 1440 h, the bulkier structure of DABCO and its lower basicity (pKa =
8.72) compared with TMA (pKa = 9.81) (Table 1.2) results in lower conductivity at
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similar DOG and IEC. This translates to a larger activation energy of DABCO-based
AEM (Ea = 14 kJ mol?) for OH- ion conductivity and consequently larger effect of
IEC decrease on ionic conductivity in comparison with TMA-based AEM (Ea = 12
kJ mol?) [29].

3.9 Scanning electron microscopy analysis

Figures 3.6a and 3.6b show the scanning electron microscopy (SEM) images
of the surface and cross-section of the aged LDPE-based membrane prepared
under 35 Gy h'! dose rate, respectively. The observed voids (bubbles) suggest that
part of the polymer was lost and dissolved in the surrounding water during the
degradation process leaving the void behind. This is most likely to be the grafted
vinylbenzyl groups and not simply the functional head group alone.

Figure 3.6. SEM micrographs of (a) surface at 100x and (b) cross-section at 200x
magnification of the aged membrane prepared under 35 Gy h'! dose rate, and (c)
surface and (d) cross-section at 1000x magnification of the aged membrane
prepared under 2000 Gy h! dose rate.
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While polyvinylbenzyl trimethylammonium chloride or hydroxide is water
soluble, the grafted LDPE—g—VBC-TMA~-OH is not and the potential loss of polymer
seen by the SEM must be caused by the degradation mechanism using OH" ion
attack as such degradation/loss was not observed with LDPE-g-VBC-TMA-CI
(Table 3.1). It also suggests that at such dose rate, the VBC has relatively longer
chains and is less distributed throughout the grafted polymer (for a given DOG).
Hence, upon scission of the VBC-VBC link, long chains of water soluble vinylbenzyl
trimethylammonium hydroxide are lost leaving the large void space observed
behind. The image of the cross-section of the aged membrane seems to suggest
that the degradation starts on the surface then progresses through the membrane.

Figures 3.6¢c and 3.6d show the surface and cross-sectional structure of an
aged LDPE-based AEM prepared under higher radiation dose rate of 2000 Gy h-,
respectively. SEM micrographs were taken at higher magnification (1000x) and the
membranes were still visibly smooth and lacked any bubbles. This supports the
earlier results concluding that mutual radiation grafting performed under high dose
rate produces more stable AEMs compared with applying low radiation dose rate
and suggests that the loss of VBC is more uniform in the structure. This can be
explained by better distribution of VBC in the grafted polymer with shorter grafted
chains and higher cross-linking resulting in less water soluble by-products. This will
be discussed further below using various chemical analysis techniques.

3.10 NMR analysis of the aged membranes and the degradation products
Solid-state NMR spectroscopy was employed on both the original and the
aged TMA- and DABCO-functionalised membranes (in OH" form stored in deionised
water at 60°C for 1440 h) to determine the decrease of various chemical groups
present as an initial attempt to identify the decomposition products (Figures 3.7 and
3.8). The ¥C CP-MAS NMR peaks were observed to be broad, which is usually
expected for polymers, while the intensities of the signals are not normally
proportional to the number of equivalent *3C atoms (unlike *H NMR) and are instead
strongly dependent on the number of surrounding spins (typically *H). This means
for example, that the ratio of aromatic ring 13C peaks to that of LDPE 13C is lower
than the estimated molar ratio value from the DOG. However, a decrease in that

ratio under the same NMR test conditions (relaxation time, etc.) suggests a
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decrease in the aromatic group content. The 3C CP-MAS NMR spectra obtained
were normalised against LDPE peaks since the base polymer was not detected in
the degradation products.

Comparison of the spectra of the initial and aged membranes revealed a
decrease in the intensity ratio of the benzyl group to that of LDPE, which indicates
a decrease in the amount of the particular group in the membrane structure [188].
Furthermore, no new signals were detected in both *C and >N CP-MAS NMR
spectra suggesting no degradation by-products on the membrane surface had
formed. This suggests that the degradation products are water soluble and can be
identified in the solution.

Figure 3.7a shows the 3C CP-MAS NMR spectra of the initial and aged TMA-
functionalised membrane (67 Gy h't, 68% DOG). The aromatic ring carbons (benzyl
groups) give the resonance between 125 and 150 ppm. The signals between 190
and 220 ppm and the smaller broad signal between 55 and 85 ppm are spinning
sidebands associated to the aromatic carbons. The CH—CH:z groups resonate at
40-50 ppm, N(CHs)z at 53 ppm and LDPE aliphatic carbons around 20 to 35 ppm.
The 69 ppm resonance is assigned to the —CH2N [47, 189, 190].

It is clear from the spectra that there are losses in the VBC and ammonium
(TMA) group peak size. The results show 1:1 ratio of VBC to TMA loss wherein the
percentage of the loss to their initial values after 1440 h degradation was ca. 30%.
This agrees well with the observed loss of IEC of ca. 22% and indicates that the
majority of the degradation is caused by the loss of the whole vinylbenzyl
trimethylammonium hydroxide and not simply just the TMA head group. This is
significant since all the proposed mechanisms in the literature involve loss of only
the head group (TMA) and not the VBC groups. It was further observed that the
ratio of VBC to TMA loss remained close to 1 using high radiation dose rate (2000
Gy h, 66% DOG).

Figure 3.7b on the other hand, shows the *®N CP-MAS NMR spectra of the
same LDPE-based AEM. The same quaternised nitrogen peak of TMA at -330 ppm
[191] can be seen and no other resonance peaks were observed after degradation
suggesting that no other nitrogen-containing by-products have formed on the

membrane.
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Figure 3.7. The (a) 13C and (b) *®N CP-MAS NMR spectra of the original and aged
TMA-functionalised membrane (67 Gy h't, 68% DOG).
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Similarly for the DABCO-functionalised membrane (2000 Gy h1, 65% DOG),
the 13C CP-MAS NMR spectra shown in Figure 3.8a share common peaks with that
of TMA-based AEM namely, the aliphatic carbon peaks of LDPE at 20 to 35 ppm
and the aromatic carbons between 120 to 150 ppm. Total Suppression of Spinning
Sidebands (TOSS) was employed during analysis in order to minimise the impact
of the spinning sidebands. There are two strong peaks at 46 and 53 ppm
representing the carbons attached to the unquaternised and quaternised nitrogen,
respectively [192]. It can be seen that the sizes of both of those peaks are very
similar suggesting equal amounts of unquaternised and quaternised nitrogen, i.e.
mono-substituted DABCO which is supposed to offer better stability over double
substitution [155]. After 1440 h degradation period, there is a marked decrease in
the peak intensity at 40 ppm indicating loss of VBC, similar to what was observed
with the TMA-functionalised membrane (Figure 3.7a). However, unlike the aged
TMA-functionalised membrane, the results indicate VBC to DABCO loss of 1:2 ratio
with loss to its initial values of ca. 15% which is in agreement with the observed IEC
loss of 13% (Figure 3.5).

The resonance peak at -330 ppm in the >N CP-MAS NMR spectra shown in
Figure 3.8b is consistent with the quaternised nitrogen in the DABCO structure and
the peak at -368 ppm can be associated with the unquaternised nitrogen, both
present in the original and degraded membrane [193]. Furthermore, no other
additional resonance peaks were observed. Unfortunately, the peaks in °N CP-
MAS NMR spectra cannot be integrated to quantify the relative loss of DABCO-
nitrogen in both original and degraded membranes.
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Figure 3.8. The (a) 13C and (b) *®N CP-MAS NMR spectra of the original and aged
DABCO-functionalised membrane (2000 Gy h't, 65% DOG).
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Nuclear magnetic resonance (NMR) has been the most commonly
established method of analysing and monitoring degradation of ionomer
membranes [159, 194, 195]. In order to shed more light on the role of OH" ion on
the degradation process, both solid-state and solution 17O NMR spectroscopy were
utilised in order to determine the presence of possible oxygen-containing
compounds which could help elucidate the AEM degradation reactions [196]. The
70 DE-MAS NMR spectra of the aged TMA-functionalised membrane revealed
clear identifiable peaks even with a moderate signal-to-noise ratio that suggests
oxidation of the aged membrane as shown in Figure 3.9a. Similarly, the water-’O
solution wherein the isotope-labelled TMA-functionalised membrane had
undergone degradation, was subjected to 'O solution-NMR (Figure 3.9b). As
expected, the spectra of the solution appear to show predominantly oxygen from
H21’0O solvent and alkaline *’OH- ion [197], but also show other peaks indicating the
presence of degradation products.

Experimental data obtained at 120 °C employing Ag20-mediated ion
exchange reaction have verified mechanism (Scheme 1.2) indicating formation of a
benzylic alcohol and release of TMA as predominant degradation products [173].
However, the presence of a benzylic alcohol cannot be ascertained from the 'O
NMR spectra (Figure 3.9) since its expected chemical shift (0.7 ppm) [198] is
masked by the predominant oxygen resonance of H21’O and OH. This can also
be due to the conversion of benzylic alcohol to dibenzylic ether [161], whose
possible presence can be attributed to the 127 ppm (C-0O) and 48 ppm (—-O-)
resonances [199] (Figure 3.9a). Furthermore, the presence of carbonyl-containing
(C=0) compounds [200] suggests that the benzylic alcohol, if present, is not the
final form of the degradation product, but rather could have undergone subsequent
oxidation reactions. Considering that the membrane was subjected to a
degradation period of 1440 h at 60 °C, the benzylic alcohol by-product may have
undergone auto-oxidation to produce aromatic aldehydes and/or other carbonyl
compounds [201]. Aromatic aldehydes can readily transform to the corresponding
carboxylic acid and/or benzylic peroxide radicals [202]. This benzylic peroxide
radical could lead to a variety of side reactions, which may cause release of benzyl-
TMA group from the membrane. The benzylic peroxide radical could have also
been responsible for the oxidation of TMA indicated by the presence of N-oxide (N—
O) groups (resonances at 409 and 500 ppm) [199] detected on the aged membrane
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(Figure 3.9). The peak at 379 ppm (C=0) coupled with the single-bond O
resonance at 127 ppm indicates the possible presence of an ester (—O—-C=0)
functionality [199], while the 242 ppm signal may arise from an anhydride [200]. In
addition, the broad resonance at 170 ppm in the 3C CP-MAS spectra (Figure 3.10)
and the FTIR signals at 1057 (o) and 1730 (A) cm™ of the degradation products
(Figure 3.12) provide further evidence of the presence of carbonyl-containing
compounds indicating that either both the benzylic alcohol and TMA group might
underwent subsequent oxidation and such auto-oxidation reactions could have
caused the decrease in IEC of the membrane, or other peroxide radicals could have
attacked the VBC-TMA group resulting in the observed carbonyl and N-oxide

groups.
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Figure 3.9. The (a) 'O DE-MAS NMR spectra of aged TMA-functionalised AEM
and (b) O solution-NMR spectra of the degradation solution after stability test.
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The presence of degradation products in the solution was confirmed by the
detected resonance peaks as shown in Figure 3.9b. The peak at 194 ppm is
attributed to peroxides (O—Q) and/or soluble carbonate (CO3%>) compounds [203]
present in the solution. There are also common peaks observed in both the solution
and solid-state 1O NMR spectra, such as the peak at 500 ppm indicative of oxidised
TMA group (N—oxides) and the resonance at 52 ppm (—OH and —O- group) [204]
suggesting the presence of similar functional groups in both the degradation
solution and the aged membrane. However, further studies are required to identify
all of the oxygen-containing products observed.

Figures 3.10 and 3.11a show the C CP-MAS NMR spectra of the
degradation products for both TMA- and DABCO-functionalised membranes after
the stability test, respectively. The characteristic resonance of the aliphatic carbons
of the base polymer between the 20 to 35 ppm range for the degradation products
for both TMA- and DABCO-functionalised membranes is clearly absent, proving that
the LDPE is not part of the degradation products. The strong peak at 53 ppm
corresponding to the methyl groups in TMA and the resonance peaks within the 130
to 160 ppm region attributed to aromatic ring carbons are both present in the
degradation product of the TMA-functionalised membrane (Figure 3.10).
Furthermore, the peak at 69 ppm (CH2—N) indicates that the benzyl-TMA groups
were detached as a whole from the polymer backbone which is consistent with the
observed 1:1 ratio of VBC to TMA loss between the original and aged membrane
(Figure 3.7). Such loss of benzyl-TMA groups can explain the observed decrease
in IEC and the large voids seen in SEM (Figure 3.6). This is in contrast with typically
suggested elimination degradation mechanism which produces only TMA and/or
methanol as proposed by-products [78, 147]. It should be stressed that the later
mechanisms are typically suggested in high alkaline media. The broad resonance
in the 170 ppm region indicates the presence of carbonyl groups (C=0) suggesting
formation of oxidative degradation products discussed earlier. Unfortunately, an
attempt to obtain a >N CP-MAS NMR spectra for the degradation product of the
TMA-functionalised membrane was unsuccessful due to low absolute intensity of

the carbon spectrum.

102



O TMA

CH,-N

c=0

1(I50 1tI10 1 I20 160 80 60 40 20 0
ppm
Figure 3.10. The 13C CP-MAS NMR spectra of the degradation products of TMA-

functionalised membranes after stability test.
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Unlike TMA, some of the DABCO upon detachment from the membrane were
observed to recrystallise from the solution upon cooling to room temperature.
DABCO was subsequently separated by centrifuge and was present predominantly
in mono-quaternised form as indicated by the two strong carbon peaks at 45 and
53 ppm as shown in Figure 3.11a. Furthermore, the resonance at -330 ppm
attributed to quaternised nitrogen in the *®N CP-MAS NMR spectra (Figure 3.11b)
suggest the loss of benzyl trimethylammonium groups from the polymer backbone.
The intense resonance of DABCO compared with weak VBC peaks indicates
presence of DABCO in excess than VBC in the degradation product which is in
agreement with the 1:2 ratio of VBC to DABCO loss as observed in Figure 3.8a.
Since the prepared DABCO-functionalised AEM is largely mono-quaternised (weak
-368 ppm resonance, Figure 3.8b), the unquaternised nitrogen is expectedly too
weak to be detected in the degradation products. (Figure 3.11b).

103



4513
(a) ) 53.11

280 260 240 220 200 180 160 140 120 100 80 60 40 20 0
ppm

b
o) =-329.58

-50 -100 -150 -200 -250 -300 -350 -400 -450
ppm

Figure 3.11. The (a) *3C and (b) >N CP-MAS NMR spectra of the degradation

products of DABCO-functionalised membrane after stability test.

3.11 FTIR analysis of the degradation products

Figure 3.12 shows the FTIR spectra of the degradation products (residue
isolated from the solution) of TMA-functionalised membrane having different base
polymers. It was very evident in all spectra of the degradation products (deg prdt)
that there were no detectable strong peaks between the 2800 and 3000 cm! region.
The 2850 () and 2920 (1) cm™ peaks are attributed to the —CH2 symmetric and
asymmetric stretching, respectively, both of which are characteristic peaks of the
ETFE, LDPE and HDPE [100, 205, 206]. Additionally for ETFE deg prdt, there is a
clear absence of intense peaks in the 1100 to 1300 cm™ region than can be
associated with C—F stretching vibrations [74, 126]. This agrees with the NMR

analysis (Figure 3.10) wherein the absence of these characteristic peaks indicates
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that the base polymers were thermally stable and did not degrade as they were not
detected in the degradation products.

Figure 3.12 clearly shows that the spectra of the degradation products for all
the different base polymers are identical. This indicates that same degradation
products were recovered after the stability test regardless of the type of polymer
backbone used. The precipitate contains VBC groups evinced by bands observed
at 840 (e) and 700 (4#) cm™ which are consistent with the meta and/or para benzene
ring substitution [104]. The presence of TMA is attributed to the C—N stretch at 880
cm (=) and the N—-CHs symmetric bending deformation at 1393 cm (n) [207] while
the band at 1440 cm (m) refers to the —CH2 scissoring vibrations [208]. The peak
at 1660 cm™ (o) is due to the O—H bending of hydrogen bonded water associated
with tetramethylammonium hydroxide (TMAH) hydrate [209]. This is different with
the weak signal observed between 3300 and 3400 cm-* region (¢) that is associated
with the O—H stretching due to possible presence of residual water and/or OH in the

degradation product.
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Figure 3.12. FTIR spectra of the degradation products of TMA-functionalised

membranes with different polymer backbones.
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The possible presence of carbonyl-containing compounds in the degradation
products is shown by the strong C-O and C=0 stretching vibrations at 1057 (o) and
1730 (A) cm™, respectively [210].

The FTIR spectra of the degradation product from the LDPE-based
membrane functionalised with DABCO is shown in Figure 3.13. Similar to the TMA-
functionalised membrane (Figure 3.12), there is no detected presence of LDPE
base polymer in the degradation products as there were no strong peaks observed
between the 2800 and 3000 cm™ region, which also confirms with the NMR analysis
(Figure 3.11). The peaks observed at 1700 (A ), 1057 (o) and 583 cm* (5) suggest
existence of carbonyl-containing (aldehyde and/or ketone) by-products, while the
bands at 848 (e) and 796 cm (A) are attributed to the meta and/or para
substitutions of the VBC [104] indicating presence of aromatic compounds in the

degradation product.
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Figure 3.13. FTIR spectra of the degradation products of LDPE-based membrane
functionalised with DABCO.

106



The presence of DABCO in the degradation product was confirmed by the
bending deformation at 1460 cm* (m) of the CH2 groups [211] while the strong signal
at 1030 cm* (*) is due to C—N stretching vibrations in the DABCO structure [212,
213]. Lastly, the band observed at 3460 cm (¢) is associated to stretching vibration
of N—H bond and/or O—H stretching due to possible presence of residual water and
OH in the degradation product.

3.12 Mechanism of AEM degradation

Studies on the mechanisms of degradation and measurements of the
degradation rates of fabricated membranes reported in the literature were all
performed in media with high alkaline concentration and temperature. The
degradation rates reported therein are driven predominantly by the loss of head
group due to very high alkaline concentration (OH" ion attack) at elevated
temperature. However, such test conditions are actually very far from the real
operating environments of low-temperature fuel cells and electrolysers (i.e. close to
neutral medium). As previously discussed, AEM degradation due to IEC loss was
observed even at very low alkaline concentration (deionised water) at temperature
of 60 °C. Results suggest that not only the loss of TMA head group and VBC
monomer were responsible for the loss of IEC but also parallel oxidation processes
are taking place that provide other routes to degradation. Therefore, in actual fuel
cell and electrolyser systems that use media with very low alkalinity and constantly
exposed to oxygen gas, the investigation of membrane degradation should shift to
the effect of varying the oxygen concentration rather than simply the OH- ion
concentration on stability. Consequently, this suggests that the rate of membrane
degradation due to auto-oxidation can have a significant impact aside from the
established degradation mechanisms due to loss of head group.

The decrease in ionic conductivity brought about by the decrease in IEC due
to the degradation of the fabricated membrane via auto-oxidation of the functional
group (TMA), is more pronounced under 100% humidified stream of oxygen than
nitrogen at 80 °C (Figure 3.2). The degradation rate in terms of ionic conductivity is
4 times faster in oxygen than in nitrogen which suggests that at very low alkaline
concentration, such four-fold increase in degradation rate indicates another

degradation mechanism taking place alongside (i.e. oxidation) or at very low
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alkaline concentration with negligible head group loss (Scheme 1), one mechanism
is accelerated by oxygen concentration.

The result was compared with our ex-situ degradation test of membranes
immersed in deuterium oxide (D20) at 60 °C, one fed with continuous flow of
oxygen, another with nitrogen gas feed, and both under reflux (later shown in
Section 3.14). NMR spectra only revealed decrease in resonance intensities for
both membranes before and after the degradation test and *H-NMR confirmed the
same soluble degradation by-products under nitrogen and oxygen atmospheres.
Furthermore, the membrane fed with oxygen gas exhibited higher % IEC loss than
the membrane with nitrogen gas feed, which indicates that the membrane
degradation is faster with oxygen gas feed compared with nitrogen similar to the
results observed with the fuel cell degradation test.

The ca. 5.5 % loss after 1 month (720 h) in deionised water at 60 °C (Figure
3.5) was compared with reported degradation rates in literature. Einsla et al. [160]
observed a 10% loss of benzyltrimethylammonium (BTMA) cation (compound) at
80 °C after 1 month under 1 M alkaline and there was no change in degradation
rate in the studied alkaline concentration range between 1-5 M. Using the reported
activation energy (15.8 kcal mol?), the degradation rate at 60 °C of the same BTMA
cation was estimated to be 2.6% after 1 month in 1 M KOH. This is less than half
of the % loss after 1 month (720 h) in air saturated deionised water we obtained of
5.5% with the highest radiation dose and an order of magnitude lower than the
lowest dose rate (25%) indicating that the degradation of the fabricated membranes
investigated is not only due to the removal of the head group but could also due to
other mechanisms involving oxygen.

We therefore suggest an alternative AEM degradation mechanism at very
low alkaline concentration that involves auto-oxidation of the initial degradation
products and the ylide intermediate (Scheme 3.2) which can explain the above
observations. A parallel observation that suggests peroxide radicals could be
generated from ylide (Scheme 1.3) was recently reported [131] employing 3P NMR
spectroscopy and using polyphenylene oxide (PPO) as base polymer for the TMA-
based AEM. It was reported that auto-oxidation is favoured under alkaline
conditions and the degradation of AEM was due to hydroxyl and superoxide anion
radicals formation which were found to be responsible for the PPO backbone chain

scission.
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Scheme 3.2. Proposed degradation pathways for TMA-functionalised AEM in

media with very low alkaline concentration.

In the proposed mechanism (Scheme 3.2), the degradation of the membrane
is governed by 2 reaction routes (A and B) which can proceed simultaneously.
Initially, in alkaline environment, AEM degradation proceeds with the loss of the
head group (Scheme 1.2) as widely reported, hereby indicated as Reaction A. The
reaction rate (r1) in terms of loss of head group is a function of the OH- ion
concentration and operating temperature, wherein subjecting the membrane to
highly alkaline media and temperature expect a high degradation rate via head
group loss. The initial degradation products of Reaction A could subsequently
undergo oxidation/auto-oxidation to form benzylic peroxide radicals and TMA—oxide
radicals. The reaction rate in terms of auto-oxidation reaction is dependent on
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temperature and on degradation products and oxygen concentrations, wherein as
more oxygen is fed to the system at constant alkaline concentration and
temperature, more N-oxide and peroxide radicals will be created. These benzylic
peroxide radicals and TMA—oxide radicals could possibly attack the benzylic carbon
liberating VBC-TMA groups-grafts causing further decrease in IEC of the AEM
depending on the length of the VBC grafts, n. However, we observed 1:1 ratio of
VBC to TMA loss of prepared AEM (67 Gy h1, Figure 3.7), suggesting that at very
low alkaline concentration, the loss of head group due to OH" ion attack (Reaction
A) has minor contribution to membrane degradation and is rather mainly attributed
to the loss of VBC-TMA group as a whole (Reaction B).

The degradation route via Reaction A can be applicable to DABCO-based
AEM (2000 Gy h1) where a 1:2 ratio of VBC to DABCO loss was observed (Figure
3.8) indicating better stability of TMA than DABCO even at same radiation dose rate
due to more loss of DABCO head group than VBC. This suggests that the
degradation of DABCO-functionalised membrane is not solely due to removal of the
whole VBC-DABCO group but could also involve the auto-oxidation of the initial
degradation products of the nucleophilic substitution reaction (i.e. membrane
degradation proceeds through both Reaction A and B). Therefore, this indicates
that at very low alkaline concentration, the ratio of VBC to head group loss dictates
the relative yields of degradation routes and that different head group types could
follow one or more degradation pathways depending on the applied radiation dose
rate.

Reaction B proceeds as proposed by Parrondo et al. [131] wherein the
carbanion reduces the dissolved oxygen present in the solution to produce
superoxide radicals. Such process involves one-electron reduction of the dissolved
oxygen leading to the formation of O2/O2 (superoxide) redox couple [214]. The
ylide formation and consequently the superoxide explain why degradation in terms
of IEC loss is not due to direct oxygen reaction with VBC—TMA as IEC loss was only
observed when the membranes were in the OH- form and was not observed in CI-
form (Table 3.1). The presence of carbonyl-containing compounds and N-oxide
groups (Figure 3.9) provides evidence of formation of these superoxides.
Consequently, in the absence of high OH- ion concentration in the surrounding
media, these superoxide radicals can attack the vulnerable benzylic carbon of the
LDPE-VBC chain resulting in the release of VBC-TMA groups.
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The attack of free radicals (benzylic peroxide, TMA-oxide, or superoxide
radicals) on the vulnerable carbon (carbon in para position with respect to the
trimethyl ammonium hydroxide group) gives rise to the formation of a hydroperoxide
moiety (Reaction C) reported for cumene [215]. The hydroperoxide group is
expectedly unstable and is easily fragmented to hydroxyl and oxide radicals upon
thermal decomposition (Reaction D) [215, 216], which subsequently rearranges to
form ketone (C=O) by-product and cause the detachment of VBC-TMA chains
[216].

The reaction rate in terms of free radical attack is influenced by the applied
radiation dose rate. Therefore, at a fixed operating temperature with constant OH-
ion and oxygen concentration, the degradation rate is solely dependent on the
applied radiation dose rate during AEM synthesis. Membranes prepared under low
radiation dose rate produce longer VBC-VBC chains (high value of n) resulting in
higher IEC loss upon chain scission of the long VBC grafts. As observed in the
SEM image (Figure 3.6), the even distribution of bubbles (voids) suggests long
VBC-VBC grafts as few active sites for LDPE-VBC were created due to low applied
radiation dose rate. On the other hand, membranes prepared under high radiation
dose rate will have more uniform VBC monomer distribution producing more LDPE—
VBC grafts and shorter VBC-VBC links (low value of n), hence slower degradation

due to lower IEC loss per attack.

3.13 Investigation on other amine-functionalised membranes

3.13.1 Measurement of ionic conductivity

LDPE-based membranes (65% DOG) were prepared with high radiation
dose rate (2000 Gy h'1) and functionalised with different amine groups, namely,
TMA, DABCO, ABCO and NMP. Table 3.7 shows the through-plane ionic
conductivity of the membranes tethered with different amine functionalities at 60 °C.
Degradation resulted in a decrease in the through-plane ionic conductivity for each
720 h interval for all AEMs investigated. Expectedly from the IEC measurement
(Figure 3.5), TMA exhibited the highest ionic conductivity due to its high initial IEC
attributed to its effective penetration of the LDPE-g-VBC copolymer compared with

the bulkier cyclic structure of the other amine functional groups, namely, ABCO,
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NMP and DABCO. The observed decrease in ionic-conductivity is in agreement

with the observed decrease in IEC (Figure 3.5) for each 720 h degradation test.

Table 3.7. Through-plane ionic conductivity at 60 °C of LDPE-based AEMs

functionalised with different amine groups before and after degradation test.

Average lonic Conductivity (mS cm™?)

Functional
Group Initial  After 720h  After 1440 h
TMA 101 87 85
ABCO 87 81 71
NMP 75 71 65
DABCO 70 57 47

The TMA-functionalised membrane showed lower decrease in ionic
conductivity at 60 °C after 1440 h of 15.8% compared with DABCO-functionalised
membrane of 32.8% (using the same high radiation dose rate of 2000 Gy h1) similar
with that observed in Table 3.6. The decrease in ionic conductivity at 60 °C after
720 h of the TMA-functionalised membrane of 13.8% was found to be similar to that
after 1440 h (15.8%). However, the measured decrease in ionic conductivity at 60
°C after 720 h of the DABCO-functionalised membrane of 18.6% was about half of
that after 1440 h of 32.8%.

The ABCO- and NMP-functionalised membranes also showed evidence of
degradation in terms of ionic conductivity loss due to the observed decrease in their
respective IECs after every 720 h of degradation test. While the three cyclic-
structured head groups showed similar % IEC loss after 1440 h degradation period
(Figure 3.5), the measured ionic conductivity of ABCO- (71 mS cm) and NMP-
functionalised AEM (65 mS cmt) were found superior to the 47 mS cm ionic
conductivity of DABCO-functionalised AEM, which is primarily due to the lower
basicity of DABCO (pKa = 8.72) compared with NMP (pKa = 10.13) and ABCO (pKa
= 10.76) (Table 1.2).
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3.13.2 CP-MAS NMR analysis

The original and aged membranes (after 720 and 1440 h degradation period)
with different amine functionalities were subjected to the same solid state NMR
analysis to measure the decrease of the chemical groups present at every 720 h.
Figures 3.14 to 3.17 show the 13C and >N CP-MAS NMR spectra of the original and
aged membranes functionalised with TMA, DABCO, ABCO, and NMP, respectively.
The obtained 3C CP-MAS NMR spectra were normalised against LDPE peak since
the base polymer was found to be stable and did not participate in the degradation
reactions.

Figure 3.14a shows the 13C CP-MAS NMR spectra of the original and aged
TMA-functionalised membrane (2000 Gy h', 65% DOG). The resonance
assignments are similar with that of Figure 3.7a, hence will no longer be discussed.
Figure 3.14a however, shows the spectra of the aged and original TMA-
functionalised membrane prepared with higher radiation dose rate (2000 Gy h?)
compared with Figure 3.7a (67 Gy h?). It was also observed that the ratio of VBC
to TMA loss remained close to 1 using high radiation dose rate of 2000 Gy h-* (Table
3.8). Furthermore, even with the same VBC to TMA ratio of 1 for both 67 and 2000
Gy h', the decrease in intensity of each particular group for the aged membrane
prepared with higher radiation dose rate (Figure 3.14a) is less at each 720 h interval
compared with that prepared with lower radiation dose rate (Figure 3.7a). This
indicates improved stability of membranes when prepared with high radiation dose
rate that provides structural strength to the AEM brought about by the increase in
the degree of crosslinking. Furthermore, the application of high radiation dose rate
also produces shorter chain grafts which results in a lower % IEC loss.

Figure 3.14b shows the ®N CP-MAS NMR spectra of the same TMA-
functionalised membrane (2000 Gy h', 65% DOG). Similar with that of Figure 3.7b,
the same quaternised nitrogen peak of TMA at -330 ppm [191] was observed and
no other resonance peaks were detected after degradation suggesting that no other

nitrogen-containing by-products have formed on the membrane.
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Figure 3.14. The (a) *3C and (b) >N CP-MAS NMR spectra of the original and
aged TMA-functionalised membrane (2000 Gy h1, 65% DOG).
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Figure 3.15 shows the 3C CP-MAS NMR spectra of the initial and aged
DABCO-functionalised membrane prepared under high radiation dose rate of 2000
Gy h similar to that of Figure 3.8a. However, Figure 3.15a further shows the
progression of the decrease from the initial, after 720 h and after 1440 h degradation
tests. The marked decrease in the intensity of DABCO from initial, after 720 h and
finally to 1440 h degradation period compared with that of VBC verified the observed
ratio of VBC to DABCO loss of 1:2.

The resonance assignments of the initial and aged DABCO-functionalised
membranes have been amply discussed in Figure 3.8a which is just similar to Figure
3.15a. The resonance peak at -330 ppm in the >N CP-MAS NMR spectra as shown
in Figure 3.15b is consistent with the quaternised nitrogen in the DABCO structure
and the peak at -368 ppm can be associated with the unquaternised nitrogen, both
present in the original and degraded membrane [193]. Furthermore, no other
additional resonance peaks were observed suggesting that no other nitrogen-
containing by-products have formed on the membrane.

Figure 3.16 shows the 13C and >N CP-MAS NMR spectra of the original and
aged ABCO-functionalised membrane (2000 Gy hrt, 65% DOG). ABCO has similar
structure with that of DABCO but with only one nitrogen present, thus the only
difference in the 13C CP-MAS NMR spectra is the additional intense CH2—CH2 peaks
at 25 ppm. There is a noticeable rapid decrease in intensity of ABCO functional
group after 720 h and further after 1440 h of degradation run compared with that of
DABCO (Figure 3.15) which indicates better stability of mono-quaternised DABCO
than ABCO as proposed in the literature.

Having a single quaternised nitrogen similar with TMA, the >N CP-MAS NMR
spectra of the original and aged ABCO-functionalised membrane (Figure 3.16b)
both show single resonance at -330 ppm. No other additional resonance peaks

were detected.
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Figure 3.15. The (a) *3C and (b) >N CP-MAS NMR spectra of the original and
aged DABCO-functionalised membrane (2000 Gy h?, 65% DOG).
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Figure 3.16. The (a) *3C and (b) >N CP-MAS NMR spectra of the original and
aged ABCO-functionalised membrane (2000 Gy h', 65% DOG).
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Lastly is the NMP-functionalised membrane (2000 Gy hr?, 65% DOG)
wherein the 3C and *®N CP-MAS NMR spectra of the original and aged membranes
are shown in Figure 3.17. Similar with previous spectra, the aromatic VBC
resonance is observed at 125 to 150 ppm and exhibited a decrease in intensity with
every 720 h degradation period suggesting loss of VBC from the polymer backbone.
The cyclic alkyl structure of NMP made it difficult to distinguish from LDPE as the
alkyl CH2>—CH2 resonance overlaps that of the intense LDPE peaks, which
consequently complicates the estimation of the VBC and NMP (head group) loss
(Table 3.8).

Similar with previous spectra of mono-quaternised nitrogen, the 1N CP-MAS
NMR spectra of the original and aged NMP-functionalised membrane (Figure 3.17b)
both show single resonance at -330 ppm. No other additional resonance peaks
were detected.

The superimposition of the 3C CP-MAS NMR spectra of the original and
aged membranes showed the decrease of the chemical components of the AEM at
each period of degradation test. As all measurements were performed under similar
CP-MAS NMR test conditions, the loss of each component (i.e. VBC and head
group) and their ratios at every period of degradation can be estimated. Table 3.8
shows the estimated VBC to head group loss for each membrane investigated at
every 720 h degradation period.

Table 3.8 VBC and head group loss of AEMs (2000 Gy h', 65% DOG) for each
period of degradation test estimated from the 3C CP-MAS NMR spectra.

Head group

Degradation test
TMA DABCO ABCO NMP

VBC loss (%) 2.0 8.5 28.2 37.6

After 720 h  Head group loss (%) 1.9 18.6 25.9 20.8
VBC:Head group 1:1 1:2 1.1 1.2
VBC loss (%) 12.1 15.1 47.2 61.7

After 1440 h  Head group loss (%) 9.0 26.9 49.3 38.9
VBC:Head group 1:1 1:2 11 1.5:1
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Figure 3.17. The (a) *3C and (b) >N CP-MAS NMR spectra of the original and
aged NMP-functionalised membrane (2000 Gy h1, 65% DOG).
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The TMA-functionalised membrane emerged as the most stable among the
AEMs investigated having minimal VBC loss of 2 and 12% for after 720 and 1440 h
degradation test, respectively, and head group (TMA) loss of 2 and 9% for after 720
h and 1440 h degradation test, respectively. The ratio of VBC to TMA loss remained
close to 1 for both after 720 and 1440 h degradation. The observed stability of TMA
compared with the other cyclic-structured head groups is consistent with the IEC
data (Figure 3.5) that shows TMA having the slowest degradation rate.

Table 3.8 also shows that the cyclic-structured head groups, namely, NMP
and DABCO, exhibited ratios of VBC to head group loss greater than 1 after 720 h
degradation, which indicates more head group units were detached for every unit of
VBC present in the membrane. This can be due to the bulkier structures of these
head groups in comparison with the facile structure of TMA. In the case of DABCO-
functionalised AEM, the ratio of VBC to DABCO loss is 1:2 for both materials after
720 and 1440 h degradation test. The greater loss of DABCO head group compared
with VBC suggests more than one degradation mechanism could be taking place
simultaneously, as previously proposed. These are (1) nucleophilic substitution
reaction caused by the attack of OH" ions resulting in the release of DABCO, and
(2) superoxide and/or benzylic peroxide radical attack on the vulnerable benzylic
carbon of the LDPE-VBC, leading to the removal of the VBC-DABCO groups [217].

Comparison of the aged DABCO- with ABCO-functionalised AEMs revealed
that, in terms of % VBC loss and % head group loss, ABCO-functionalised AEM
appears to lose more VBC and ABCO (Figure 3.16) than the DABCO-functionalised
AEM with 28% loss of VBC, which is three times higher than that of DABCO-
functionalised membrane of only 8.5% VBC loss after 720 h. While after 1440 h
degradation run, the % loss of VBC of ABCO-functionalised AEM is also three times
higher at 47% than 15% VBC loss of DABCO-functionalised AEM and the % loss of
head group of ABCO-functionalised AEM is almost double that of DABCO-
functionalised membrane at 49% and 27%, respectively. Thus, the much greater
loss of both VBC and ABCO indicates that the ABCO-functionalised AEM is inferior
to the DABCO-functionalised AEM in terms of cation stability. This is consistent
with that propounded in literature that a mono-quaternised DABCO (Figure 3.15b)
offers improved stability as the unquaternised nitrogen balances the positive charge
of the other nitrogen [166], effectively reducing the acidity of the molecule thereby
making it less susceptible to nucleophilic substitution through OH" ion attack [218].
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The observed order of cation stability in terms of % VBC loss of the cyclic-
structured head groups, DABCO>ABCO>NMP, is possibly due to the more rigid or
caged structure of DABCO and ABCO compared with NMP, however such
conclusion cannot be correlated with the IEC data (Figure 3.5) as the difference in
% IEC loss between AEMSs is minimal. Furthermore, some measurements showed
higher % VBC loss than the head group (i.e. ABCO after 720 h and NMP after 1440
h) that results in inconsistencies with the calculated estimates and can be attributed
to personal bias in identifying the peak areas in the NMR spectra, particularly to that
of NMP (and to some extent on ABCO) where the resonance of the alkyl CH>—CH:
in the head group structure overlaps that of the peaks of the base polymer (LDPE)
making their stability assessment in terms of VBC and head group loss ratios

inconclusive.

3.13.3 'H solution-NMR analysis

The degradation solutions (D20 solution where the AEM was immersed
during degradation test) of AEMs functionalised with different head groups were
analysed using NMR. With the use of D20 as the solvent, the obtained degradation
solutions can be directly subjected to *H solution-NMR spectroscopy. Figures 3.18
to 3.21 show the *H NMR spectra of the degradation solutions of TMA-, DABCO-,
ABCO- and NMP-functionalised AEMs, respectively.

The *H NMR spectra of the degradation solution of TMA-functionalised AEM
(Figure 3.18) confirms the removal of VBC (6.25 to 7.25 ppm region) [219] and TMA
(2.89 ppm) [133] from the base polymer chain. The ratio of VBC to TMA loss is 1
for both after 720 and 1440 h degradation tests (Table 3.9), which is consistent with
the ratios of VBC to TMA loss estimated from the 13C CP-MAS NMR spectra (Table
3.8). Furthermore, the presence of 4.25 ppm peak (9) [220] suggests that VBC—
TMA detaches from the polymer backbone as a whole.
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Figure 3.18. *H NMR spectra of the degradation solution of TMA-functionalised
AEM.

Table 3.9. The ratios of VBC to head group loss of AEMs (2000 Gy hr?, 65%
DOG) for each period of degradation test from the *H solution-NMR spectra.

Head group
Degradation test

TMA DABCO ABCO NMP

Ratio of VBC to After 720 h 11 1:2 1:2 -
head group loss

After 1440 h 11 1:2 1:2

Aside from the expected functional groups and chemical components (i.e.
VBC and TMA), the 'H NMR spectra of the degradation solution of TMA-
functionalised AEM (Figure 3.18) revealed formation of new peaks at 1.85 ppm

(singlet), 8.36 ppm (singlet) and clusters of peaks between the 3.0 to 3.8 ppm
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region. The observed new peaks were detected after 720 and 1440 h degradation
indicating the presence of identical degradation products. The degradation
products proposed in literature as shown in Schemes 1.2 and 1.3 were compared
with the obtained NMR spectra. There is a possible presence of dibenzylic ether as
a proposed degradation product by Musker [161] due to the presence of aromatic
group (around 7.0 ppm region) and the ether (—O-) group detected in the 'O
solution-NMR (Figure 3.9b) of the degradation solution. The proposed presence of
benzylic dimethylamine as a minor product of degradation (Schemes 1.2 and 1.3)
is untenable due to the clear absence of resonance within the 2.15 to 2.25 ppm
region characteristic to the dimethyl groups attached to the nitrogen atom [221].
The downfield resonance at 8.36 ppm (#) can be attributed to the benzylic
hydroperoxy proton (O—O-H) with the corresponding alcohol (O-H) signal at 1.85
ppm (*) [222], which conforms with the 194 ppm peroxide peak in the 'O solution-
NMR (Figure 3.9b). Furthermore, the cluster of unsymmetrical splitting resonance
within the 3.0 to 3.8 ppm region (inset, Figure 3.18) can be considered as noise in
the signal or from impurities due to their very weak intensities (in comparison with
other degradation products) and they are similarly observed in other spectra of
degradation products of different head groups investigated as shown later.
Moreover, the resonance at around 3.1 ppm were confirmed to be impurities innate
to the membrane as it was originally present in the 'H solution-NMR spectra of the
PVBC-TMA polymer (without the LDPE base polymer) as shown in Figure 3.4.
The 'H NMR spectra of the degradation solution of DABCO-functionalised
AEM (Figure 3.19) revealed removal of both the VBC (6.25 to 7.25 ppm region) and
DABCO head group (at 2.7 ppm (11, 13, 17) for protons neighbouring the
unquaternised nitrogen; and at 3.1 ppm (10, 14, 16) for protons neighbouring the
guaternised nitrogen) [223]. Both spectra of degradation solutions showed the
same set of resonance, indicating similar degradation products were produced and
increased in concentration after the longer degradation test as evidenced by the

increased intensity of resonance from 720 to 1440 h period.
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Figure 3.19. 'H NMR spectra of the degradation solution of DABCO-functionalised
AEM.

The ratio of VBC to DABCO loss is 1:2 after both 720 and 1440 h degradation
(Table 3.9), which is consistent with the ratios of VBC to DABCO loss estimated
from the 3C CP-MAS NMR spectra (Table 3.8). This suggests that DABCO was
detached from the membrane in addition to removal of the VBC-DABCO group as
evidenced by the presence of 4.25 ppm peak (9, Figure 3.19). Similar with the
spectra of the degradation products of TMA-functionalised AEM, there is a peak at
1.81 ppm and at the downfield 8.34 ppm suggesting the presence of benzylic
peroxide in the degradation solution of DABCO-functionalised AEM. Furthermore,
there are new peaks detected in both spectra aside from the expected VBC and
DABCO resonances, namely, 2.50, 3.38 and 3.65 ppm indicating the presence of

other degradation products.
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Figure 3.20. 'H NMR spectra of the degradation solution of ABCO-functionalised
AEM.

Figure 3.20 shows the *H NMR spectra of the degradation solution of ABCO-
functionalised membrane. Similar with the 'H NMR spectra of the degradation
solution of TMA- and DABCO-functionalised membranes, there’s an observed loss
of both the VBC and the ABCO head group from the membrane in both 720 and
1440 h degradation. The two spectra are identical, indicating similar species are
present after 720 and 1440 h degradation, although with a slight shifting of the
resonances. The spectra after 1440 h degradation showed increased intensity of
peaks, indicating more loss of both VBC and ABCO with the same ratio. Upon
integration of the spectra, the ratio of VBC to ABCO loss is 1:2 for both 720 and
1440 h degradation test (Table 3.9). The similar ratio of VBC to ABCO loss is due
to their removal as a whole evidenced by the 4.0 ppm peak shown in the spectra (9,
Figure 3.20). Furthermore, aside from the expected spectra of VBC and ABCO,
there are new peaks observed in the spectra which suggests the presence of other

degradation products. The unsymmetrical splitting spectra between 3.4 to 3.8 ppm
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region is considered to be either noise in the signals or from impurities as they were
detected in the same region regardless of the head-group investigated as detected
in previous spectra (Figures 3.18 and 3.19).

The 'H NMR spectra of the degradation solution of the NMP-functionalised
AEM is shown in Figure 3.21. Similar to those observed in previous spectra, the
resonance after 720 and 1440 h degradation are identical suggesting the presence
of similar degradation products and there is an observed increase in peak intensity
as the degradation test is prolonged to 1440 h.
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Figure 3.21. *H NMR spectra of the degradation solution of NMP-functionalised
AEM.

There is no or very little loss of VBC observed from both spectra hence ratio
of VBC to NMP loss was not computed (Table 3.9). It is more likely that the
estimation of % VBC loss using the *C NMR spectra is inaccurate due to the
reasons mentioned earlier (i.e. personal bias in measurement) and considering the

fact that solution-NMR is more sensitive and accurate than solid-state NMR.
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However, there is identified presence of NMP in the degradation solution confirming
loss of the head group. Furthermore, the asymmetric signals between the 3.35 to
3.65 ppm region were considered to be from noise or impurities. There are also
new peaks detected but these are considered as impurities due to their very weak

absolute intensities.

3.14 Degradation test under nitrogen and oxygen atmospheres

In order to investigate the effect of oxygen gas feed (oxidation) to the
degradation of membrane, OH- exchanged TMA-functionalised AEM (2000 Gy h-,
65% DOG) was subjected to 1440 h degradation test with continuous oxygen gas
feed under reflux. A similar membrane was subjected to the same degradation test
but with nitrogen gas feed for comparison. Table 3.10 shows the IEC of the
membranes after the degradation test.

Immediately after the degradation test, both membranes were immersed in
1.0 M NaCl solution (without prior OH" ion exchange) for IEC measurement. Table
3.10 shows decrease in IEC of the membranes after the degradation test wherein
from the initial 2.7 mmol g%, the IEC dropped to 1.9 and 2.4 mmol g with oxygen
and nitrogen gas feed, respectively. However, when the IEC of the membranes
were measured again by re-exchanging with 1.0 M NaOH solution prior to titration,
the membrane that undergone degradation test under nitrogen gas feed recovered
its initial IEC. The result indicates that the membrane remains stable under nitrogen

gas feed which agrees well with earlier observation.

Table 3.10. The IEC of TMA-functionalised membranes immersed in D20
supplied with different gas feeds at 60 °C.

IEC (mmol g1)
Gas Feed
Initial After 1440 h
Oxygen 1.9
2.7
Nitrogen 2.4

127



The observed loss of IEC immediately after the degradation test suggests
the presence of other anions (aside from OH") attached to the AEM active sites,
which consequently reduce the OH" ions present that could react with the titrant
during acid-base titration. The decrease in IEC can be due to the possible presence
of carbonates and/or bicarbonates (CO3s/HCO3") that were exchanged with the OH-
ions in the active site but not necessarily detaching the functional head group from
the membrane, especially in the case of aged TMA-functionalised AEM under
nitrogen gas feed. This might also indicate that some of the OH" ions initially present
in the membrane could have been neutralised or have been transformed or reacted
to form other compounds.

However, in the case of the aged TMA-functionalised AEM under oxygen gas
feed, the loss of IEC after 1440 h is not entirely due to the possible presence of
other anions (i.e. COs and/or HCO3") but also due to the removal of both the VBC
and TMA head group as shown in Figure 3.22. The ratio of VBC to head group loss
IS very close to 1, which is consistent with TMA-functionalised AEM as previously
discussed and that the accelerated AEM degradation is caused by exposure to

increased concentration of oxygen gas feed.
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Figure 3.22. The 3CP-MAS NMR spectra of the original and aged TMA-

functionalised membrane under oxygen gas feed after 1440 h.
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The 'H NMR spectra of the degradation products of TMA functionalised
membranes under oxygen and nitrogen atmospheres after stability tests are shown
in Figure 3.23. The 'H NMR spectra revealed similar resonances both under
oxygen and nitrogen gas feeds indicating presence of the same soluble degradation
products. The peak at 3.3 ppm is associated to TMA while the resonances between
the 7.5 to 8.0 ppm region represent the aromatic benzyl group. Similar with that
previously mentioned, the additional peaks can be associated with other
degradation products or possibly just impurities due to their very weak absolute

intensities.
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Figure 3.23. 'H NMR spectra of the degradation products of TMA-functionalised

membranes under oxygen and nitrogen atmospheres after stability test.

The higher % IEC loss of the membrane with oxygen gas feed (29.6%)
indicates faster degradation compared with 11.1 % IEC loss of the membrane with
nitrogen gas feed. The faster degradation of AEM under oxygen environment is not
only due to the removal of head group but also due to oxidation/auto-oxidation of
the initial degradation products that result in the formation of peroxide radicals
(Scheme 3.2). Therefore, at low alkalinity media typical for electrolysers and fuel
cells, the degradation of AEM is chiefly driven by peroxide radical attack which

occurs predominantly, compared with degradation by head group loss. This study
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therefore reports the importance of oxidation in the degradation process and
recommends that future research on AEM degradation be conducted at neutral pH

and under oxygen-saturated conditions.

3.15 Membrane stability of commercial membrane

A commercially available membrane (A201) from Tokuyama Corp. was
subjected to the similar stability test and the degradation in terms of IEC and ionic
conductivity was compared with the fabricated AEM. Table 3.11 shows the IEC
profile of the commercial A201 membrane after 720 and 1440 h degradation test.
The initial IEC of the A201 membrane was measured to be 1.44 mmol g which is
comparable with the IEC data reported by Tokuyama Corp. [224]. There is an
observed similar trend of decreasing IEC of the membrane after each degradation
period.

Table 3.11. IEC of commercial A201 membrane before and after degradation test
at 60 °C in comparison with the fabricated LDPE-based AEMs

IEC (mmol g1)
Membrane Membrane Thickness

Source Type (m) . After After
Inital 720 h 1440 h

Tokuyama A201 28 1.4 1.2 0.8

TMA-
Fabricated functionalised 30 2.8 2.7 2.4
LDPE-based DABCO-
functionalised 30 2.3 2.2 2.0

At comparable thickness with the fabricated LDPE-based AEM (reproduced
from Tables 3.2 and 3.3), the commercial membrane (A201) performed inferior
having % IEC loss of 42.9% after 1440 h degradation, which is three times higher
than the % IEC loss of fabricated AEMs (TMA- and DABCO-functionalised). The
results indicate superior stability of the fabricated LDPE-based AEMs for

electrolyser application in comparison with a commercially available membrane.
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Since the chemical structure and identity of the commercial AEM is proprietary, the
mechanism of membrane degradation cannot be predicted. However, based on the
results, the degradation rate of the commercial membrane is faster than the
fabricated membrane, which could indicate a more aggressive mechanism of OH"
ion attack that occurs not only to the functional head group, but also to the polymer
backbone, of which the latter was not observed in the fabricated AEMs.

The measured decrease in IEC is consistent with the observed decrease in
ionic conductivity for each degradation period as shown in Figure 3.24. The ionic
conductivity of the OH- exchanged original A201 membrane measured using a fuel
cell setup at 25°C was 16.3 mS cm™ (100% RH), which was lower than the ionic
conductivity advertised by Tokuyama Corp. of 42 mS cm? (23°C and 90% RH)
[224].
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Figure 3.24. lonic conductivity of A201 membrane before and after degradation

test in a fuel cell setup.

The ionic conductivity of the A201 membrane under electrolyser operation at
80 °C using 0.5 M NaOH as the alkaline electrolyte is shown in Table 3.12. Similar

with the measured ionic conductivity of the commercial A201 membrane in fully
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humidified environment (fuel cell), the obtained ionic conductivity in an electrolyser
setup was also low even with circulating alkaline electrolyte. The ionic conductivity
of the TMA-functionalised membrane was also measured for comparison.

The fabricated TMA-functionalised membrane was expected to exhibit higher
ionic conductivity than the A201 membrane because of its initial IEC double than
that of the commercial membrane, which further increased due to the circulating
alkaline electrolyte. However, ionic conductivity data (Table 3.12) indicates superb
stability of the fabricated TMA-functionalised membrane in an electrolyser setup at
80 °C for 5 days in comparison with the day-to-day decrease in ionic conductivity of
the commercial A201 membrane. Aside from the observed fast degradation rate of
the A201 membrane at 60 °C in deionised water (Table 3.11), the higher
degradation rate observed in Table 3.12 is the combination of increased alkaline
concentration (more attacking OH" ions) and the increased operating temperature
to 80 °C.

Table 3.12 lonic conductivity of commercial A201 and TMA-functionalised AEMs
at 80 °C using 0.5 M NaOH alkaline electrolyte

Average ionic conductivity (mS cm?)

Time
(Day) A201 membrane TMA-functionalised AEM
1 48 98
2 29 98
3 27 96
4 23 96
5 19 96

Prolonged use of the fabricated TMA-functionalised AEM in an electrolyser
at 80 °C showed evidence of degradation due to the discoloration of the AEM
exposed to the anode side (Figure 3.25). This is due to the oxidation of the
membrane as oxygen is produced at the anode side coupled by the exposure of the

AEM at high operating temperature. Furthermore, such oxidation reaction can be
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the likely cause of the observed degradation in terms of decrease in ionic
conductivity of the same TMA-functionalised membrane under vapour phase
condition (fuel cell) at 80 °C (Figure 3.2). The observed discoloration (oxidation)
confirms the occurrence of AEM degradation when exposed to oxygen as discussed
in this research and thereby presents considerable challenge in designing and
fabricating highly stable membrane for both fuel cell and electrolyser to ensure long

term service life.

Figure 3.25. Discoloration of the TMA-functionalised AEM exposed to the anode

side of the electrolyser setup
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CHAPTER 4
CONCLUSION

The chemical and thermal stability of anion-exchange membrane (AEM) are
important properties that dictate its service life for fuel cell and electrolyser
applications. This research has investigated the stability of fabricated AEMs in both
vapour phase condition and in deionised water which is the usual medium for
electrolyser and fuel cell operation. After the stability test, there was an observed
decrease in ion exchange capacity (IEC), hence a decrease in ionic conductivity,
which is an indication of AEM degradation.

The LDPE-based membrane (71.3% DOG) was subjected to stability test for
4800 h and was found to be extremely stable at temperature of up to 80 °C for 2000
h under nitrogen, with average conductivity of 0.11 S cm™ and a degradation rate
of 5.7 mS khl. However, the membrane continuously lost conductivity when
exposed to oxygen gas at 80 °C with a degradation rate of 24.3 mS kh?. At a
conductivity cut-off point of 0.02 S cm!, the membrane projected life time under
nitrogen is 2 years and 5 months under oxygen operating under 80 °C. The life time
of the prepared membrane will however be significantly longer when it is operated
at a lower temperature of typically 50 °C.

The stability of the membrane was found to be influenced by the applied
gamma radiation dose rate. The use of higher radiation dose rate produces
membranes with enhanced stability due to the improved VBC monomer distribution
throughout the grafted monomer, hence more LDPE-VBC grafts and shorter VBC—
VBC links. The increase in applied radiation dose rate from 30 to 67 Gy h! (total
radiation dose of 10 kGy) for the LDPE-based AEM significantly reduced the % IEC
loss from 37 to 21%, respectively. The same was observed with HDPE-based AEM
where the % IEC loss decreased from 50% to 28% with similar increase in radiation
dose rate. The stability of the LDPE-based AEM even further improved when the
applied radiation dose rate and total radiation dose were increased to 2000 Gy h-?
and 20 kGy, respectively, with only 11% IEC loss. The ETFE-based AEMs, on the
other hand, were fabricated using an electron beam radiation source and at 400 Gy
h-! radiation dose rate demonstrated comparable stability to that of the LDPE based
AEM (2000 Gy h!) having 13-15% IEC loss.
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The use of different base polymer types among those investigated revealed
minimal effect on the stability of the resulting AEM, which is mainly influenced by
the structural changes (e.g. cross-linking, chain graft lengths, DOG) during radiation
grafting. In terms of functional groups, TMA has emerged to offer slightly better
stability than DABCO (under the same radiation dose rate).

NMR (solution and solid-state) and FTIR analyses of both the aged TMA-
and DABCO-functionalised membranes and their degradation products confirmed
loss of not only the functional group but also the VBC monomer which is in contrast
with typically reported degradation mechanisms of AEMs where degradation under
inert atmosphere and the use of simple benzyl trimethylammonium compound
instead of polymer membrane in high alkaline media were mainly considered. At
very low alkaline concentration, the reaction rates of membrane degradation were
dependent on both oxygen concentration present in the surrounding media and on
the applied radiation dose rate. As the concentration of dissolved oxygen in the
solution is increased, the rate of membrane degradation due to IEC loss also
increases due to increased formation of superoxide radicals that could attack the
vulnerable benzylic carbon and cause the release of VBC-TMA chains. Polymer
grafting performed under low radiation dose rates produces long chain grafts that
leave large void spaces upon chain scission due to OH- ion attack. Moreover, 'O
NMR analysis of the aged membrane and the degradation products revealed the
presence of carbonyl-containing compounds suggesting that either the benzylic
alcohol and TMA by-products are not the terminal form of the degradation products
and could undergo further auto-oxidation leading to the loss of VBC through benzylic
peroxide radicals and TMA-oxide radicals attack, or another more probable
explanation is that peroxide radicals generated from dissolved oxygen through the
ylide are responsible for VBC-TMA loss, wherein the degradation rate was
observed to be faster with an oxygen gas feed compared with nitrogen under fuel
cell operation as we have reported previously [114]. Lastly, preparation of AEMs
with high radiation dose rate resulted in a lower % IEC loss and improved stability
explained by shorter grafts length, which the established degradation mechanisms
reported in literature have not taken into account.

The investigation on ABCO-functionalised membranes revealed similar
degradation via the loss of both the VBC and head group as a whole. The DABCO-

functionalised membrane (in mono-quaternised form) was found to offer better
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stability than the ABCO-functionalised membrane, which is consistent with that
reported in literature. Among all the amine head groups investigated in this
research, TMA emerged as the most stable functionality for the AEM.

The *H NMR spectra of the degradation solution confirmed the loss of the
chemical components of the membrane (VBC and head group) observed in the 13C
CP-MAS NMR spectra. The 'H NMR spectra of the degradation solution of the
TMA-functionalised membrane showed presence of degradation products
containing ether group compounds and benzylic hydroperoxy proton responsible to
the attack on the head group and VBC chains. These degradation products
containing ether group compounds and benzylic hydroperoxy proton were also
observed with membranes tethered with other amine functionalities.

The degradation test under oxygen and nitrogen atmospheres confirmed the
observed faster degradation in terms of ionic conductivity of the membrane under
oxygen gas feed in a fuel cell setup in comparison with nitrogen gas feed. IEC
measurement revealed higher % IEC loss under oxygen than with nitrogen, which
agrees with the observed ionic conductivity, due to the oxidation/auto-oxidation of
the degradation products leading to the formation of peroxide radicals. Hence,
oxygen was found to play a significant role on faster degradation of the membrane.

A commercially available AEM (A201, Tokuyama Corp.) was subjected to the
same stability test in order to compare with that of the fabricated AEMs. Results
revealed that the commercial A201 membrane performs inferior compared with the
fabricated AEMs. IEC measurement showed faster degradation of the commercial
A201 membrane having three times higher % IEC loss than the fabricated TMA-
functionalised membrane. The measured ionic conductivity of the membranes in
both fuel cell and electrolyser setup agrees with the obtained IEC data. The
degradation rate of the commercial membrane is faster than the fabricated
membrane probably due to OH- ion attack on both the functional head group and
polymer backbone, unlike that of the fabricated AEMs having polyethylene base

films found to exhibit superb stability.
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RESEARCH SUMMARY

This research has successfully fabricated polyethylene-based anion
exchange membranes (AEM) promising for fuel cell and electrolyser application.
The prepared AEMs were characterised in terms of degree of grafting (DOG), ion
exchange capacity (IEC), water uptake and swelling, mechanical strength, ionic
conductivity and fuel cell performance. The measured ionic conductivity and the
IEC increased with increase in DOG where the fabricated membrane with 71.3%
DOG exhibited the highest ionic conductivity of 0.12 S cm™* at a temperature of 70
°C prepared with 50 um initial LDPE thickness. The fabricated TMA-functionalised
membranes have an IEC of 2.7 mmol g regardless of the initial LDPE thickness.
Such a high IEC is desired (IEC > 2.0 mmol g!) in order to achieve comparable H*
ionic conductivity to that of Nafion (0.1 S cm™* at 80 °C, 100% RH) to compensate
for the slow diffusion of hydrated OH- in comparison with that of the hydrated H*.
Moreover, the high IEC improves the hydrophilicity of the membrane which is
necessary to stop AEM from dehydration at fuel cell operating temperatures above
60 °C.

A membrane electrode assembly based on the fabricated TMA-
functionalised AEM showed high open circuit voltage of 1.08 V for AEM with 74.6%
DOG. This indicates that membranes with DOG < 75% are suitable for fuel cell
operation with low fuel cross over. The AEM with 74.6 % DOG and hydrated
thickness of 151 uym exhibited the best performance among the fabricated AEMs
achieving peak power density of 608 mW cm2 and maximum current density at 0.6
V of 643 mA cm under oxygen gas feed at 50 °C.

While this research has successfully synthesised alkaline AEMs exhibiting
excellent ionic conductivity and cell performance, their chemical and thermal
stability for long-term service life is noteworthy of investigation. The stability of the
fabricated AEMs in both vapour phase (fuel cell) condition and in deionised water
(electrolyser) is hereby reported. The TMA-functionalised AEM (71.3% DOG) was
found to be highly stable in a fuel cell operating at temperature up to 80 °C for 2000
h under nitrogen, with average conductivity of 0.11 S cm*. However, the membrane
showed evidence of degradation in terms of ionic conductivity when the gas feed
was changed to oxygen with a degradation rate of 24.3 mS kh1. This indicates that
oxygen plays a vital role in the stability and degradation of AEM which poses as a
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critical challenge as oxygen is the usual reactant in fuel cells and product gas in
electrolysers.

This research has established that the observed degradation of AEM is
influenced by the applied gamma radiation dose rate. The use of a higher dose rate
for the preparation of the membrane will result in enhanced stability brought about
by the improved VBC monomer distribution throughout the grafted monomer (i.e.
shorter VBC-VBC links and more LDPE-VBC grafts as more active sites are
created). This finding is very significant as AEM degradation mechanisms reported
in literature have not taken it into account.

In the investigation of the stability of the fabricated AEM, 13C CP-MAS NMR
spectroscopy revealed the loss of not only the tethered head group but also the
VBC monomer which is in contrast with typically reported degradation mechanisms
of AEMs in literature, where degradation studies were performed under inert
atmosphere use of simple TMA compounds unlike what has been done in this
research of using actual polymer AEM. Furthermore, degradation tests reported in
literature were mostly performed in high alkaline medium, elevated temperature and
short period of exposure (hours or days). However, this study has demonstrated
the occurrence of degradation of AEM even in neutral pH media and a degradation
period of up to 1440 h. At very low alkaline concentration, the reaction rates of
membrane degradation were dependent on both oxygen concentration and the
applied radiation dose rate. The presence of dissolved oxygen in the solution
caused the formation of superoxide radicals which consequently attack the benzylic
carbon causing the release of VBC—TMA chains thereby resulting in the decrease
in IEC of the membrane. Moreover, 1’O NMR analysis confirmed the presence of
carbonyl containing compounds in the degradation product and the 'H NMR spectra
of the degradation solution confirmed the presence of dissolved VBC and head
groups that dislodged from the membrane. The degradation solution also contains
the benzylic hydroperoxy proton responsible in the head group and the VBC chains.
The degradation test of membranes in deionised water with continuous flow of
nitrogen and oxygen gas revealed faster rate of degradation in terms of % IEC loss
under oxygen compared with that of nitrogen. Such oxidation/auto-oxidation of the
AEM leading to the decrease in ionic conductivity was similarly observed under fuel
cell condition as previously mentioned. With these significant findings, this research
is the first to report that the degradation of the AEMs is not exclusively due to the
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removal of the tethered head group, but is also attributed to the loss of VBC. An
alternative degradation mechanism is hereby proposed which involves oxidation of
the initial degradation products and the ylide intermediate that could explain the
obtained results.

The observed degradation of TMA-functionalised membranes via the
removal of both the TMA head group and the VBC led this research to consider
other amine functionalities and compare them with TMA in terms of degradation,
hence, DABCO, ABCO and NMP were considered. The investigation of the
degradation of ABCO- and DABCO-functionalised AEM revealed degradation via
the loss of the VBC and the head group as a whole, similar with that observed with
TMA-functionalised AEM. However, mono-quaternised DABCO-functionalised
AEM was more stable than the ABCO-functionalised membrane, consistent with
that discussed in literature. The NMP-functionalised membrane, however showed
loss of VBC in the *C CP-MAS NMR spectra but only minimal presence of VBC
was detected in the *H NMR spectra of the degradation solution. This discrepancy
is hereby recommended for further investigation.

Lastly, this research investigated the degradation of a commercially available
AEM (A201, Tokuyama Corp.) which was compared with the fabricated AEMs. The
results revealed that the fabricated AEM exhibited superior stability than the
commercial A201 membrane in terms of % IEC loss and ionic conductivity, both in
fuel cell and electrolyser setup. The % IEC loss of the commercial A201 membrane
was 3 times that of the % IEC loss of the fabricated TMA-functionalised AEM with
similar membrane thickness. Though the chemical structure of the commercial
membrane is proprietary, the faster degradation rate of the A201 membrane could
possibly due to the attack of OH" ions on both the head group on to the polymer
backbone. The higher stability of the fabricated AEM compared with that of the
commercial A201 membrane can be due to the superb stability of the polyethylene

base polymer.

Therefore, in summary, the following are the highlights, novelty and key aspects of
the study:
e Successfully fabricated LDPE-based anion exchange membranes exhibiting
highest conductivity of 0.12 S cm™* at 70 °C and maximum current density at
0.6 V of 643 mA cm under oxygen at 50 °C.
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The stability of the fabricated anion exchange membranes in vapour phase
condition was investigated.

The use of high radiation dose rates produces membranes with enhanced
stability due to the improved VBC monomer distribution through the grafted
polymer.

The degradation test of the fabricated membranes was performed in
deionised water, which is the usual medium present in fuel cells and
electrolyser operation, which is contrast with the degradation studies
reported in the literature that are performed in high alkalinity solutions.

The duration of the degradation study was also significantly prolonged (i.e.
up to 1440 h in deionised water and 5000 h in nitrogen-saturated
atmosphere) in order to confirm with certainty any observable degradation
unlike those reported in literature which performed only in just few days
immersion time.

Actual fabricated polymer membranes were used in all degradation tests
rather than simple benzyl trimethylammonium compound routinely reported
in the literature.

Successfully established that the degradation of the fabricated membranes
is not solely due to the removal of the tethered functional group but also due
to the removal of the vinylbenzyl group via oxidation (i.e. superoxide radical
attack).

The rate of membrane degradation is faster under oxygen gas feed

compared to using nitrogen under fuel cell operation.
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RECOMMENDATION AND FUTURE WORK

This study was able to successfully fabricate membranes using polyethylene-
based base polymer films and functionalised with different head groups under
different synthesis conditions. The prepared membranes were subsequently
characterised and were found promising for fuel cell and electrolyser applications.
The membranes were also subjected to degradation tests to assess their potential
for efficient and long-term service of alkaline membrane fuel cells and electrolyser.
Even though this research was able to present a great deal of accomplishment,
there are still areas in this research that can be further investigated.

For the membrane synthesis part, although the author has successfully
fabricated membranes with high ionic conductivity and ion exchange capacity due
to the high degree of grafting, still a critical challenge is producing a membrane with
all these desired properties but with controlled swelling and water uptake. Very high
degree of swelling and water uptake leads to dimensional deformation and
structural instability of the membrane electrode assembly.

Another novelty of this research is the use of double-beam UV radiation
source to prepare the polyethylene-VBC graft copolymer. It was an attempt to
address the low-energy radiation provided by a single-beam source and to ensure
uniform grafting of VBC monomer on both sides of the base polymer film.

The study of the membrane degradation was complicated by the difficulty in
identifying the degradation products hence, further chemical analysis of the solid
membrane and the degradation solution is recommended. Furthermore, the results
of our degradation study paved the way for the future research on AEM materials
and degradation studies to shift its focus on conducting investigations under pH
close to neutral and in oxygen saturated environment. The next research direction
points to the design and synthesis of oxidation-resistant head groups where
degradation experiments will be performed under oxygen atmosphere.
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APPENDIX A

CASTING OF POLYETHYLENE FILM

Table A.1. Summary of polyethylene casting runs

Sal\rlr;ple Concentration Casting Procedure Findings /Remarks
1 5 mL solvent evaporation at | Good cast
room temperature 18 microns thickness; 43.9 mg
1% LDPE :
2 14 mL solvent evaporation | Good cast
at room temperature 129.1 mg
Solvent evaporation at GOOO! cast
3 r0om temperature 18 microns (center); 14-16
b microns (edges); 153.3 mg
2% LDPE Solvent evaporation in .
Comparison before and after
chamber (under pressure) L
4 : storing in oven produced no
and subsequently stored in sianificant improvement
oven at 97degC 9 b
5 5 mL solvent evaporation at | Good cast
97degC in oven 60-70 microns; 237.3 mg
6 Heating gun casting very fast evaporation rate
Solvent evaporation at
7 around 90-95 degC on fast evaporation rate
5% LDPE hotplate
5mL solvent evaporation
inside chamber (vent to
_ Good cast
8 atmosphere); subsequently Imoroved transparenc
fed in furnace for 80 P P y
minutes at 150 degC
9 Solvent evaporation at Solid PE particulates and
above 65 degC on hotplate | presence of holes
1% LLDPE i : .
° Solvent evaporation at Solid PE patrticulates and
10 above 65 degC on open-
oven presence of holes
8mL solvent evaporation . :
11 inside chamber (vent to Not pompletely CQSted’ casting
continued at ambient
29 LLDPE atmosphere)
12 0 Heating gun casting very fast evaporation rate
13 12 mL solv_ent evaporation | 5,54 cast
at 97degC in oven
Solvent evaporation at contracted to the center of dish;
14 t t strong and thick, yet brittle
1% MDPE g)olm etmpera urt_e t g Y
olvent evaporation a -
15 Brittle
above 65 degC on hotplate
16 204 MDPE 5 mL solvent evaporation at very brittle

93degC in oven
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APPENDIX B

RADIATION GRAFTING OF DIFFERENT POLYMER FILMS

Table B.1. DOG of membranes subjected to 10 kGy gamma radiation dose.

10/36/54 31/26/43
VBC/toluene/methanol VBC/toluene/methanol
Sample
Description | Initial Final Degrees of | Initial Final Degrees of
Weight | Weight | Grafting | Weight | Weight Grafting
(mg) (mg) | (DOG),% | (mg) (mg) (DOG), %
Cranfield 151.2 158.1 4.36 147.2 296.8 50.40
Cranfield 148.1 157.1 5.73 150.8 289.2 47.86
Entek
UHMW PE 354 44.8 20.98 36.3 85.3 57.44
Entek
UHMW PE 34 44 .4 23.42
VWR PE 169.1 179.1 5.58 184.5 354 47.88
VWR PE 173.2 358.4 51.67
Cast 5%
| DPE 159.2 171.3 7.06 105.8 224.4 52.85
Cast 2%
L LDPE 73.5 74.4 1.21 4.7 145.6 48.70
Cranfield
VBC with 145.6 152.3 4.40 145.1 307.5 52.81
inhibitor
S%LDPE | 4945 | 106.2 -753 1127 | 103 -9.42
Colloid
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Table B.2. DOG of membranes subjected to 20 kGy gamma radiation dose.

10/36/54 31/26/43
VBC/toluene/methanol VBC/toluene/methanol
Sample " ) i, :
Description | Initial Final | Degrees of | Initial Final | Degrees of
Weight | Weight | Grafting Weight | Weight | Grafting
(mg) (mg) (DOG), % (mg) (mg) (DOG), %
Cranfield 152 181.6 16.30 153.8 605.4 74.60
Cranfield 144.8 174.4 16.97 172.2 631.5 72.73
Entek
UHMW PE 35.9 66.5 46.02 355 220.7 83.91
Entek
UHMW PE 34.4 58.2 40.89
VWR PE 175.3 201.8 13.13 1745 607.3 71.27
VWR PE 182 634.1 71.30
Cast 5%
| DPE 120 153.5 21.82 114 374.7 69.58
Cast 2%
LLDPE 79.9 92.3 13.43 97.8 3335 70.67
Cranfield
VBC with 153.6 178.7 14.05 146.4 504.6 70.99
inhibitor
SHLDPE | 1139 | 1205 12.05 121 | 153.9 21.38
Colloid
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