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ABSTRACT

The research was aimed at improving the mechanical properties of locally synthesised
styrene butadiene rubber ion exchange membrane through blending with locally
synthesised carbon nanoballs. Emulsified styrene butadiene rubber was sulphonated
to 44% DS by chilled 0.09M CISO3H. Pure and uniform carbon nanoballs of 60nm
diameter were synthesized through a Non Catalytic Chemical Vapour Deposition
method using a 16mm diameter reactor, acetylene as the carbon source and argon as
the carrier gas at 1000°C. Homogeneous blending was achieved using a Probe
Ultrasonicator at 60% amplitude to produce a 160um thick nanocomposite ion
exchange membrane. Weight concentrations varying from 0.25 to 4wt%CNB were
added to the sulphonated styrene butadiene rubber in solution. The blends were cast
using the evaporative technique and dried partly by vacuum oven and finally r.t.p
conditions. Mechanical testing was done using Hysitron Nanotensile5000 Tester to
evaluate the effects of blending. Tensile strength, os, increased linearly (2 - 3.88MPa)
with carbon nanoball volume fraction (Vs), achieving a maximum improvement of
94% at 14.2% V:. The Young’s modulus, E increased as a power function of Vj,
reaching a maximum of 79% (13.71 — 24.58MPa) improvement at 3.3% V; and
decreasing gently afterwards due to agglomeration. The fracture toughness, Us;
increased as a power function of V; up to a maximum improvement of 215% (0.84 —
2.65MPa) at 14.2% V;. Strain, e increased by a maximum of 63% (0.68 — 1.11) at
14.2% Vs Higher ultrasonication amplitudes achieved superior dispersion
effectiveness as compared to lower amplitudes. The nanofiller addition also
significantly reduced degradation of mechanical properties with time. Below a critical
nanofiller volume fraction, V., related to the fractional free volume of the polymer
matrix, the E profile was consistent with existing models by Guth and Thomas. The
only difference was in the coefficients of V¢ which was attributed to the higher
mechanical properties of carbon nanoballs. Beyond V., agglomeration distorted the
profile. The tensile strength profile for the well dispersed carbon nanoballs was



different from the existing models by Nicolais and Narkis and Nielsen. However, the
profile for the poorly dispersed carbon nanoballs was similar to existing models.
Prediction of mechanical properties of synthetic rubber nanocomposites based on
nanofiller volume fraction was also feasible. It was concluded that the addition of [1-
14vol% (1-4wt%)] carbon nanoballs improved the mechanical properties by a margin
between 79% and 369%. Further work on dispersion improvement was shown to have

the potential to increase the mechanical properties by up to 700%.
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CHAPTER 1: INTRODUCTION

1.0 Introduction

Advances in membrane technology especially in novel materials and ion exchange
related processes will continue to play a crucial role in providing reliable energy
efficient and environmentally sustainable applications for the 21% Century.
Continuous growth of chemical engineering technology and biotechnology coupled
with diversity in the applications has fuelled the demand for efficient reliable green
technologies for the downstream processes of which advances in ion exchange
membrane technologies is inevitable (Nagarale et al., 2006 and Xu, 2005). New
membranes with unusual properties like low permeability, low electrical resistance,

good mechanical stability, high chemical stability and durability are thus required.
1.1  Background

Nanocomposite membranes have drawn a lot of attention due to their potential for
properties improvement, emanating from the strengths of individual constituents
(Sata, 1986 and Sata, 1991). Recent developments in processing and nanotechnology
have enhanced the competitiveness of nanocomposite membranes for industrial
applications to achieve the desired environmentally sustainable outcomes (Xu, 2005
and Nagarale et al., 2006). These emerging membrane types are hence expected to
overcome the challenges faced by conventional ion exchange membranes. The
advantages of the new membranes include the reduction in cost of production,
maintenance cost and improved mechanical properties, dimensional stability, thermal

stability, ionic conductivity and reliability amongst others.

Since many important chemical and physical interactions are governed by surfaces
and surface properties, a nanostructured material can have substantially different

properties from a larger dimensional material of the same composition.
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Nanocomposite membrane technology takes advantage of these factors leading to
efficient reinforcement at low filler loadings because of their high aspect ratios
(Hussain et al., 2006; Tripathi et al., 2008; Xu, 2005; Zhou and Magriotis, 2005 and
Tagmatarchis and Prato, 2005).

Xu, 2005 reports that although ion exchange membrane technology has received
multidiscipline attention in both theoretical investigations and industrial applications,
a lot still has to be done in the discovery of new ion exchange membrane types,
synthesis and novel ion exchange membrane based processes. Research has been
done using different polymeric materials blended with various nanomaterials and
yielding excellent membranes, superior to conventional ones (Tripathi et al 2008;
Hussain et al., 2006 and Choi et al., 2008). Abdulkareem, 2009 and Idibie, 2009 have
reported successful blending of polystyrene-butadiene - carbon nanoballs composite
membrane for fuel cell applications, which has better properties than the

commercially available Nafion 112.

1.2 Motivation

Although major breakthroughs have been made towards commercializing highly
efficient and clean ion exchange membranes, the costs are still way above competing
technologies. The major cost component is the membrane material itself, which is the
heart of the ion exchange technology. For example, Nafion, used in Proton Exchange
Membrane for fuel cells cost 800 USD per square metre, which translates to 160 USD
per KW against a target of 10 USD per KW (Hickner et al., 2004 and Chen et al.,
2004). As a result, the cost of the technology is raised far beyond the conventional
power generating systems despite the benefits of higher efficiency and cleaner

environment.

Secondly, the durability and reliability of ion exchange membranes are generally

lower than competing technologies resulting in slow progress towards
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commercialization. A consistent operational performance of 5000 hrs in fuel cell
technology would be comparable to competing technologies (Huang et al., 2006).
Thus great efforts and energy have been channeled towards the development of
alternative and more economical membranes from perfluorinated and non -
perfluorinated polymer membranes with desired qualities. Novel work done by Idibie,
2009 on styrene butadiene rubber ion exchange membrane has attracted much
attention because of the low cost of material, superior properties to commercially
available membranes like Nafion and simple production processes.

1.3 Research problem: Nanocomposite ion exchange membrane challenges

Despite the positive scores, the highly sulphonated styrenic polymers are brittle and
susceptible to damage in the form of cracks which leads to mechanical degradation
(Abdulkareem, 2009 and Idibie, 2009). Micro cracking induced by the operating
conditions of most ion exchange membranes, which involve thermal cycles of heating
up and cooling, humidity cycles, intermittent starts and stops as well as differential
pressure create the great need for adequately reinforced membranes (Tuichiev et al.,
2008 and Patwardhan, 2002).

Efforts to improve the mechanical properties of synthetic rubber ion exchange
through the incorporation of nanofillers have gained momentum all over the world.
Work done on silicon filler based polymer nanocomposite and other nanoparticles
have yielded contradicting results, including some negative effects of nanoparticle
inclusions on mechanical properties of matrix materials. Different results have also
been observed with different blending conditions due to agglomeration and
aggregation of nanoparticles. The increase in nanofiller content comes with problems
like surface roughness, shear heating, and breakage of fillers. A balance between
various complementary properties may be maintained by the addition of nanofiller
particles. Consequently, the composite industry struggles with various trade-off issues
(Guillermo, 2007; Nagarale et al., 2006 and Oren et al., 2004).



The manufacturing of composite constituents like the matrix and nanofiller material
can be quite challenging and limiting. The matrix functionalisation process is often a
long, costly and challenging one (Abdulkareem, 2009 and Idibie, 2009). The
production of nanofiller material may also require high temperatures, as well as strict
control of parameters like flow rates, pressure and temperature (Abdulkareem, 2009
and Idibie, 2009). Material handling and blending at nanoscale has never been easy
due to the fact that nanotechnology is relatively new. As a result, there is need for
more research and development in nano-manipulation technology to address the
dispersion, alignment and orientation challenges. Therefore the cost of producing the
nanofiller and blending may have negative effect on the overall cost of the

nanocomposite ion exchange membrane (Guillermo, 2007).

Mechanical testing at nanoscale has also been limited due to limited technology to
test and characterize nanobased materials. Sue et al., 1994 reported that by 1994,
fatigue testing of polymeric thin films and membranes was very difficult and virtually
non-existent due to the difficulties in adequate membrane sample preparation and
precise control of testing at low loadings of around 0.4 to 0.5N. Such challenges
contributed to lack of adequate literature on the reinforcement properties of
membranes. The recent advancement in characterization and analysis technology like
AFM, HRTEM, and nanomechanical testing equipment have enhanced the need for
testing, characterization and optimization of the critical mechanical properties
(Calleja et al., 1996; Lach et al., 2004,). Current generic models are not consistent,
and hence failed to accurately predict effects of reinforcement at nano-scale, making
inference very undependable.

The novel work done on styrene butadiene rubber — carbon nanoball nanocomposite
ion exchange membrane for fuel cell membranes by Abdulkareem, 2009 and Idibie,
2009 is of great interest because of four major reasons. Firstly, they achieved good
membrane properties superior to Nafion 117 like ion exchange capacity, power

density, thermal stability and reduced methanol permeabilities at low filler loadings
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(1-4wt% carbon nanoballs). Secondly, the synthetic rubber used (SBR) used is a low
cost material with the potential of significantly reducing the ion exchange membrane
cost. Thirdly, the carbon nanoball filler material was reportedly produced by a simple
process using low cost material which could potentially reduce the overall cost
(Mhlanga et al., 2010). Lastly, the spherical nature of the nanofiller is also expected
to overcome orientation and alignment challenges and thus promising a highly

isotropic ion exchange membrane.

1.3.1 Problem statement

Despite the excitement with SSBR-CNB nanocomposite ion exchange membrane, no
information to our knowledge has been reported in literature concerning the
reinforcement effects of the carbon nanoballs on synthetic rubber ion exchange
membrane. Important and accurate information concerning nanoball production,
properties, testing, blending and applications of carbon nanoballs is also yet to be
obtained (Zetl and Cumings, 2001). This is against the background that the
reinforcement need is driven by the critical durability and reliability requirements of
ion exchange membranes. There is also limited literature on sulphonation of styrene
butadiene rubber and hence the need for more work towards the reinforced SSBR —
CNB nanocomposite ion exchange membrane. Therefore low cost synthetic rubber
ion exchange membranes with competitive electrochemical properties but poor
mechanical properties will find commercial application if successfully reinforced

with nanoparticles.

1.3.2 Research questions

In solving the research problems mentioned above the following questions must be

answered;



e What is the effect of the presence of carbon nanoballs on reinforcement of
styrene butadiene rubber ion exchange membrane?

e What is the effect of the concentration of carbon nanoballs on the
reinforcement of ion exchange membrane?

e What is the effect of blending conditions on reinforcement?

e How do the reinforcement properties and characteristics compare with similar
nanocomposites?

e How do the reinforcement properties compare with existing models?

e What are the optimal compositions of the nanocomposite ion exchange
membranes and the achieved improvements by reinforcement?

e What further work needs to be done to maximize the benefits of
nanotechnology?

e What are the possible applications for the ion exchange membrane?
1.3.3  Expected research outcomes and contributions

The polymeric matrix material must be adequately functionalized without distortion
of the backbone, through a simple low cost process. A simple and cost effective
synthesis of nanofiller materials must yield the desired size, purity and uniformity of
carbon nanoballs (under 100nm). An effective blending technique must lead to
homogeneous dispersion of nanofiller into functionalized matrix and casting of

membrane to produce an optimized reinforced ion exchange membrane.

Ultimately, this work is expected to contribute towards a mechanically strong,
dimensionally stable and durable nanocomposite membrane, which is reliable and
cheaper to maintain. The characterization is expected to contribute towards a model
for the prediction of reinforcement properties at any given filler concentration. This
research work is expected to provide a strong basis for further work on durability and

reliability of nanocomposite ion exchange membrane for applications such as Proton



Exchange Membrane (PEM) Fuel Cell (FC) and industrial purification ion exchange

membrane amongst others.

1.4 AIM

The research is aimed at the improvement of the mechanical properties of locally
sulphonated styrene butadiene rubber ion exchange membrane through addition of

low volumes of locally synthesized carbon nanoballs.

1.4.1 Objectives

This aim would be achieved via the outlined activities and objectives:

e To synthesise ion exchange matrix material by sulphonation of the phenyl
group in polystyrene butadiene rubber.

e To synthesise pure carbon nanoballs of uniform size and structure in adequate
volumes as the nanofiller for the synthetic rubber based nanocomposite ion
exchange membrane

e To effectively blend the sulphonated polymer matrix with the nanoparticles to
make a homogeneous nanocomposite blend.

e To cast thin film membranes from the unblended and blends of sulphonated
polystyrene butadiene and carbon nanoballs of different weight ratios to
produce nanocomposite ion exchange membranes.

e To test, characterize and optimize the blending to achieve optimal
reinforcement properties of the nanocomposite ion exchange membrane

e To compare the reinforcement properties of synthesized nanocomposite

membrane with existing membranes and predict possible applications.



1.4.2 Hypothesis

Low additions of (1-10%) by volume of carbon nanoballs will significantly improve
the mechanical properties of styrene butadiene rubber ion exchange membrane
(>50%).

1.5  Scope of research

The scope of the research encompasses the sulphonation of synthetic rubber,
synthesis of carbon nanoballs, preparation of nanocomposite ion exchange membrane
from sulphonated polystyrene butadiene rubber blended with carbon nanoballs,
mechanical testing, characterization and optimization of the blending conditions for

mechanical property improvement.
1.6 Organization of dissertation

Chapter One gives the background/ motivation of the research, research problem, aim
and objectives, hypothesis and scope of the research. Chapter Two starts by a brief
overview of polymeric ion exchange membrane, their properties, types and
applications. This is then followed by a brief description of polymer matrix
functionalisation methods with special emphasis to sulphonation of styrene based
copolymers. The literature review of carbon nanoballs synthesis follows
encompassing process routes, formation mechanisms, and properties of the carbon
spheres. Emphasis shall however be given to the Pyrolytic Chemical Vapor
Deposition method of synthesis. A survey of the blending technologies will then
follow before a comprehensive literature survey on polymer nanocomposites. The
latter survey will include the work done on polymer nanocomposite and their
properties as well as the summary of various models designed to predict the
reinforcement characteristics of polymer nanocomposites. Chapter Three describes

the research methodology and experimental procedures for the research work.



Chapter Four dwells on the results and discussion associated with the production of
nanofiller material, synthetic rubber functionalisation, blending, casting and
mechanical testing. Chapter Five presents the conclusions based on constituent
synthesis, blending and the reinforcement outcomes. Recommendations for future
work are included in the same chapter. Lastly the list of referenced material and

appendices are given.



CHAPTER 2: LITERATURE REVIEW

2.1 lon Exchange Membrane (IEM) overview

The Literature review looks at firstly the ion exchange membrane principle,
morphology, properties and applications overview. It is then followed by a brief
survey of available polymeric membrane materials in relation to property
improvement and functionalisation processes. A review of polymer nanocomposites,
nanomaterials and blending technology with a bias towards carbon nanoballs follows.
Finally the review of the reinforcement measures, failure mechanisms and models for

polymer nanocomposite concludes the chapter.
2.1.1 Definition of lon Exchange Membrane

lon exchange materials are thin insoluble semi permeable membranous materials
bonded to loosely held ions which are able to be exchanged with other ions in
solutions (Jannasch, 2003). The loosely held ions enable the membrane to exchange
either positively charged ions (cation exchangers) or negatively charged ones (anion
exchangers) without any physical alteration to the ion exchange material As a rule,
ion-exchange membrane consists of the inert carrier of a microporous structure and
the ion-active pore wall component carrying fixed positive or negative charges
(Shatalov et al., 2007 and Dortimundt and Doshi, 1999). The membrane serves as a
selective barrier between two phases and remains impermeable to specific particles,
molecules, or substances when exposed to the action of a driving force (Pinnau and
Freeman, 1999; Sata, 1986 and Sata 1991).

Several types of ion exchange membranes are available based on the type of the
functional groups attached to the matrix and their layout and distribution in the
matrix. Cation permeable membranes, called cation exchange (or cationic)

membranes and anion permeable membranes, called anion exchange (or anionic)
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membranes, are monopolar membranes; which means that they are permeable to only
one type of ion (Sata, 1986 and Xu, 2005). Besides these, bipolar, amphoteric and
mosaic ion exchange membranes exist (Sata, 1991 and Strathmann, 2004). Bipolar
ion exchange membranes are the ones that have cation exchange groups on one side
and anion exchange groups on the other (Sata, 1986). Amphoteric ion exchange
membranes have both negatively and positively fixed ionic groups randomly
distributed, whilst mosaic ion exchange membranes are composed of macroscopic
domains of polymers with negatively fixed ions and those of positively fixed ions

randomly distributed in a neutral polymer matrix (Sata, 1986 and Xu, 2005).

2.1.2 Application of lon Exchange Membranes

lon exchange membrane technology has played an important and central role in
addressing the need for more efficient energy conversion technologies as well as lean,
cleaner and environmentally friendly technologies. It has found its industrial
applications in Hi - Tech areas such as biotechnology, nanotechnology and membrane
based energy devices in addition to different membrane based separation and
purification processes (Nagarale et al., 2006). The use of ion exchange membrane not
only makes the process cleaner and more energy efficient but also recovers useful
effluents that are now going to wastes, and thus makes the development of the society
sustainable (Xu et al., 2005).

The most known synthetic membranes separation processes include water
purification, reverse osmosis, dehydrogenation of natural gas, removal of cell
particles by microfiltration and ultrafiltration, removal of microorganisms from dairy
products and solid polymer electrolytes for fuel cell applications. It has also been
used in electrodialysis concentration or desalting of solutions, diffusion dialysis to
recover acids and electrolysis of sodium chloride solution. Membrane based sensors
find applications in humidity sensors, carbon monoxide sensors, drug sensors and
enzyme carriers (Nagarale et al., 2006). New ionomer composites possessing high
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proton conductivity have been introduced as solid electrolytes in polymer fuel cells

for stationary, mobile telephony and automotive power generators (Xu et al., 2005).

They are also efficient tools for treating industrial effluents, concentration or

separation of food and pharmaceutical products containing ionic species.

Table 2.1 summarises the membrane based processes and the process driving force.

The process driving force and applications are important for the design of strong

membranes capable of withstanding the operating conditions (Ho and Zydney, 2001).

Table 2.1: The characteristics of membranes used in different membrane separation

process, process driving force and applications (Ho and Zydney, 2001 and
Strathmann, 2004).

Separation Process Driving | Membrane Materials Applications
Process Force
Reverse Hydrostatic Polymers, cellulosic acetate, | Separation of salts and
Osmosis Pressure, 2-10MPa | aromatic polyamide microsolutes from
solution
Electrodialysis | Electrical Potential | Sulphonated crosslinked | Desalting of lonic
Gradient polystyrene solutions
Gas separation Hydrostatic Polymers and copolymers Separation of Gas
pressure and Mixtures
concentration
gradient
Pervaporation Vapour  pressure | Polyacrylonitrile polymers Separation of zeotropic
gradient mixtures
Nanofiltration 9.3 — 15.0bar Cellulosic acetate, aromatic | Removal of hardness and
polyamide desalting
Microfiltration | Hydrostatic Cellulose nitrate/ | Sterile filtration,
Pressure, 10- | acetate,PVDF,polyamides,p | clarification
500kPa olysulfones,PTFE, metal
oxides
Ultrafiltration Hydrostatic Polysulfone, Separation
Pressure, 0.1- | polypropylene,nylon macromolecular solutions
1.0MPa 6,PTFE, PVC,acrylic
copolymer
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2.1.3 Properties of lon Exchange Membranes

The desired membrane properties determine to a large extent the technical feasibility
and the economics of the processes. The properties of ion exchange membranes are
determined by two parameters, namely the basic materials they are made from and the
type and concentration of the fixed ion moiety. The membrane separation properties
are governed by both chemical and physical natures of the membrane materials as
well as the method of production (Nasef and Hegazy, 2004).

The critical properties to all high performance ion exchange membranes include high
ionic conductivity, low electronic conductivity, good permselectivity, oxidative and
hydrolytic stability, good mechanical properties and dimensional stability, good
thermal stability, low cost, and easy processability (Strathmann, 2004 and Hickner, et
al., 2004).

The need for the above mentioned properties has led to extensive research in
materials and technology to produce competitive ion exchange technologies.
Therefore recent progress in this area is assessed towards the development of next-
generation materials (Zeaman et al., 1996). Polymeric membranes lead the membrane
separation industry market because they are very competitive in performance and

economics (Perry and Green, 1997).
2.2  Polymeric membranes

Many efforts have been made on polymers to form ion exchange membranes.
Polymers’ amorphous and semi-crystalline morphologies affect the membrane
performance characteristics resulting in dimensional instability and low mechanical
properties (Hickner et al., 2004). The polymer has to be readily available, cheap to
functionalise and reasonably priced to comply with the low cost criteria of membrane

separation process. These challenges have delayed the large-scale commercialization
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of polymeric ion exchange membranes. Many membrane polymers are grafted,
custom-modified, or produced as copolymers to improve their properties (Zeaman et
al, 1996). Therefore, many efforts have been devoted to extensive research in
different types of polymers and their sustainable modification to produce competitive

membranes.

2.2.1 Types of polymeric membranes

Fluorocarbon based ion exchange membranes, such as Nafion, Aciplex and Flemion,
with excellent chemical and thermal stability were developed by DuPont. Despite the
good properties, they degrade in the presence of the oxidizing agent, especially at
elevated temperatures above 100°C (Jannasch, 2003 and Hickner et al., 2004). The
fluorinated ionomers based ion-exchange membranes are also very costly due to

limited availability and complex processing route.

Nonfluorinated nonstyrenic polymers have also been explored for ion exchange
membranes. Polysulfone based ion-exchange membranes, are thermally stable with a
minimum temperature of -50°C and a maximum temperature of up to 600°C (Dick
and Anniceli, 2001; Johnson, 2001 and Nagarale et al., 2006). They have been widely
used as a base polymer for ultrafiltration and gas separation because of their excellent
workability and mechanical strength (Nagarale et al., 2006 and Hickner et al., 2004).
Despite the mentioned benefits, they are costly and difficult to process. Sulphonated
poly(ether-ether  ketone) (SPEEK), sulphonated polyimide (SPI) and
polybenzimidazole (PBI) doped with phosphoric acid, have low cost, but the
conductivity of all of these membranes was not high enough for ion exchange
membrane applications (Meier-Haack et al., 2005). Partially sulphonated poly (ether
ether ketone) (PEEK) membranes are reported to be mechanically fragile with limited

lifetime in electrolysis system (Nagarale et al., 2006).
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Polybenzimidazole based ion-exchange membranes were observed to possess
excellent chemical, thermal and mechanical stability. Phthalic polyimides are used for
proton exchange membranes (PEM) in fuel cells. Their disadvantage is the quick
degradation in operating environment. The hydrolysis of the phthalic imide structure
leads to chain scission (decrease in molecular weight) and causes the membrane to
become brittle. Although naphthalenic polyimides are much more stable to

hydrolysis, their stability is still questionable (Nagarale et al., 2006).

Styrene derived ion exchange membranes are widely reported in literature. This is
due to their availability in abundance and easy modification, rendering them low cost
materials. Furthermore, their polymers are easily synthesized via conventional free
radical and other polymerization techniques. Ballard Advanced Materials (BAM)
Corporation introduced a semicommercial styrenic membrane based on a novel
family of sulphonated copolymers incorporating trifluorostyrene. This generation of
BAM membranes exhibited some superior performance to perfluorinated membranes,
such as Nafion 117 (Hickner et al., 2004 and Jannasch, 2003). Dais Analytic
introduced sulphonated styrene-ethylene-butylene-styrene (SEBS) membrane and
styrene/ethylene-butadiene/styrene triblock membranes. They are reported to be
thermally stable with a minimum degradation temperature of -50°C and can withstand
up to 600°C (Dick and Anniceli, 2001 and Johnson, 2001). Dais membranes are
reported to be much less expensive to produce than Nafion 112. They are also
reported to exhibit a rich array of microphase separated morphologies because of the
ability to tailor the block length and composition of the unsulphonated starting
polymer. BAM based semicommercial membranes are limited by their presumed high

cost and monomer availability (Nagarale et al., 2006).

Styrene butadiene and their hydrogenated counterparts are very promising low cost
high performance materials for ion exchange membranes (Sheikh-Ali and Wnek,
2000). Abdulkareem (2009) and Idibie (2009) reported a novel styrene butadiene

rubber ion exchange membrane with better properties than Nafion 112. Despite the
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scores, their main drawbacks are their poor mechanical properties and oxidative
stability compared to perfluorinated or partially perfluorinated membranes due to
their partially aliphatic character (Sheikh-Ali and Wnek, 2000). However, little has
been explored on improvement of the presumed weak mechanical strength and

oxidative stability.

The limitations of the polymeric ion exchange membranes have led to the continuous
research into ways to improve the overall properties of the ion exchange membrane
technology at low cost. One of the most common approaches to modify polymeric
membranes has been to blend them with nanomaterials of different structures and
forms to make nanocomposite ion exchange membranes with improved properties at
lower cost. Therefore researchers have gained a lot of interest in polymeric matrix
based nanocomposite membranes as a result of their combined properties of chemical
stability, thermal stability, flexibility, cost and availability (Nagarale et al., 2006).
Low concentrations of filler material below 4% by weight have been reported to
drastically improve properties of the membranes (Sata, 1986; Osada and Nakagawa,
1992 and Abdulkareem, 2009). Before reviewing the exciting polymer
nanocomposite, a brief review of the prerequisite functionalisation of polymer to
produce polymeric ion exchange membranes shall be done. Furthermore, mechanical

properties need to be addressed with much more rigor than they have been in the past.
2.3 Functionalisation of polymers to produce ion exchange membranes

Although there has been significant progress towards the synthesis of polymeric ion
exchange materials, there are many outstanding issues to fully realize
commercialisation. This review will highlight the synthetic aspects of ion conducting
polymers and the polymer chemical structure considerations for producing useful ion

exchange membranes.
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Functionalisation of polymers is the process of attaching ionic groups to polymer
backbones to produce the desired polymeric ion exchange material. There are several
methods of functionalisation with sulphonation being a popular route due to its
simplicity (Zhang et al., 2000). Polymers from monomers containing phosphoric-
based ion exchange materials have been reported in literature. However they have not
been well studied because of the limited synthetic procedures available for their
preparation, compared with sulphonic acid derivatives (Zhang et al., 2000 and
Hickner et al., 2004). Thus the review shall be focused on sulphonation since the

functionalised polymer is not going to be purchased off the shelf.
2.3.1 Sulphonation of polymers

Sulphonation of polymers to produce ion exchange membranes has been reported
widely in literature as a convenient method of producing desired ion exchange
membranes. It is the process of attachment of the sulphonate group to a polymer
through electrophilic substitution to produce a polymeric sulphonic acid (Figure 2.1)
(Idibie, 2009). Sulphonation can be heterogeneous where the phase of the
sulphonating agent is different from the phase of the polymer solution or
homogeneous (in hydrocarbons or chlorinated solvents) where the polymer solution
and the sulphonating agent are in the same phase (Martins et al., 2003). It is a
reversible reaction which often depends on the type and concentration of
sulphonating agent, the polymer properties, the temperature and time of reaction

(Knaggs and Nepras, 2005).

17



—(CH:— Cl‘H}_ (CH; — CH=CH™ CH;-— + CISOszH
X ¥y

O |

—(CH» — CH),— (CH»— CH=CH — CHy, + HCl
| = o

J

|
SO:H

Figure 2.1: Styrene butadiene reversible sulphonation reaction equation (Idibie, 2009)

2.3.1.1 Sulphonation methods

There are two main methods of sulphonation namely post sulphonation and direct
copolymerization. Post sulphonation is the common route, which has been established
for a while. In this route, the ‘as is’ produced polymer is sulphonated by the
sulphonating agent. The chemical structure and composition of the polymer dictates
the extent of sulphonation rather than trying to externally control sensitive and
sometimes unpredictable macromolecular sulphonation reactions (Foster, 1997). The
method is therefore cheaper and simpler. The drawbacks of post modification include
the lack of control over the degree and location of functionalisation. The opportunity
to control and/or increase molecular weight to enhance durability using post-reaction

on an existing commercial product is also limited.

In direct copolymerization, monomers are sulphonated prior to copolymerization.
However, higher reaction temperatures and longer times are required to obtained high
molecular weight sulphonated copolymers. Random statistical sulphonated
copolymers are produced through this method. The other copolymerization methods
include a series of complicated steps including metalation, sulfination and oxidation

(Zhang et al., 2000). The draw backs of the latter method are that they are complex,
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expensive and resulting in low ion exchange capacities. The method is also relatively
new with little reported in literature. As a result post sulphonation remains the

favoured route to polymer functionalisation to date (Hickner et al., 2004).

2.3.1.2 Sulphonating agents

The common sulphonating agents reported in literature include acetyl sulfate,
chlorosulphonic acid and its complexes, sulfur trioxide and complexes thereof,
concentrated sulfuric acid and fuming sulfuric acid (Walsby et al., 2001). The
common solvents used for dissolving the polymer are the ones which are highly
stable and do not react with the polymer material or sulphonating agent. The
solubility parameters of these polymeric materials in terms of polarity, dispersion
forces and hydrogen bonding forces must be comparable to the solvent of choice for
solubility. These solvents include 1,2 dichloroethane, chloroform, n-propanol,
tetrahydrofuran, toluene/methanol mixture amongst others (Knaggs and Nepras,
2005).

The sulphonation process involves cooling of the diluted sulphonating agent solution
to low temperatures, followed by the addition of the sulphonating agent in an inert
environment of a vigorously agitated polymer solution (ldibie, 2009). The
sulphonation process is commonly terminated by the addition of ethanol and
methanol. The mechanism of sulphonation has been extensively reported to be a first
order or second order mechanism depending on the polymer structure. The second-
order reaction takes place at the aromatic ring due to the higher electron density of the
ring as compared to the carbonyl group. The sulphonation level of the polymer may
be controlled by the stoichiometric ratio of the sulphonating agent to the polymer,
temperature as well as concentration variation. Since aromatic polymers are relatively
easier to sulphonate, the research focus shall be biased towards styrene based

polymers (Knaggs and Nepras, 2005).
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2.3.1.3 Challenges to styrenic polymer sulphonation

Challenges of sulphonation span from material/ingredient and processing cost to
product quality. The cost drivers include the direct costs of sulphonating agent and
solvent employed and the processing cost. The processing costs include the set up
cost for the process, safety, the energy cost associated with temperature control, the
processing time as well as the yield and efficiency factors (Knaggs and Nepras,
2005).

Strong sulphonating agents are reported to cause inhomogeneous reactions that
reduce product quality. Chlorosulphonic acid is reported to induce chain cleavages
during some sulfonations resulting in serious polymer degradation. Unwanted
crosslinking, gelation and side reactions have also been associated with strong
sulphonating agents (Zhang et al., 2000 and Rabia et al., 1996). Mitigations such as
reduction of temperatures below 10°C, have been observed to smoothen some
reactions. However, the cost of energy increases by the additional refrigeration
required. Despite these setbacks, strong sulphonating agents have their own
advantages over their mild counterparts. The reaction speed, the efficiency of
sulphonation and high level of sulphonation is often achieved in a short period of
time. Such advantages tend to reduce the material and processing costs through the

consumption of less quantities and high throughput (Zhang et al., 2000).

Mild sulphonating agents often result in homogeneous reactions, ensuring minimal
polymer degradation, crosslinking and side reactions. The end product is often of a
better quality than those based on strong sulphonating agents. However, they have
their own reported drawbacks. They include low sulphonation efficiency, huge
volumes of ingredients used, thus increasing the material costs and long throughput
times, which raise the cost further. Since the sulphonation process is a reversible
reaction, they tend to favour the backward reaction and hence result in lower yields,
efficiencies and level of sulphonation (Knaggs and Nepras, 2005).
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Clearly, tradeoffs exist between strong and mild sulphonating agents, but prevention
of polymer degradation and side reactions could probably outweigh longer reaction
times and somewhat lower sulphonation efficiency. High sulphonation levels of
between 20mol% and 80mol% have been reported for styrene butadiene based
polymers using acetyl sulfate as the sulphonating agent and 1,2 dichloroethane as the
solvent (Sheikh-Ali and Wnek, 2000). Idibie, 2009 reported successful and fairly
smooth sulphonation of styrene butadiene rubber with chlorosulphonic acid in 1,2
dichloroethane at mild operating conditions. He reported a 55mol% level of
sulphonation. Nevertheless, the ion exchenge membrane was brittle at this high
degree of sulphonation. Continuous research in functionalisation techniques has
resulted in continuous decrease of production costs and hence further reducing the
cost of high quality ion exchange membranes at laboratory scale. If the mechanically
weak synthetic rubber ion exchange membranes are properly reinforced at low cost,
they will find commercial application. Therefore the next section reviews the

modification of polymeric ion exchange membranes using nanomaterials.
2.4 Modification of sulphonated synthetic rubber membranes

One of the abundant polymeric synthetic rubber materials, polystyrene butadiene
rubber, has attracted great attention towards a synthetic rubber based ion exchange
membrane. This is due to the fact that it is readily available, cheap and easily
processed (Abdulkareem, 2009). However, it has limited strength and dimensional
stability (Idibie, 2009). Although chemical modification processes like crosslinking
have improved mechanical properties, they are complex and costly. On the other
hand reinforcement could be possible with nanofillers. Work done on polystyrene
butadiene rubber and carbon nanoball composite ion exchange membrane has shown
great potential for use in fuel cells, with better properties than Nafion 112
(Abdulkareem, 2009). Despite the fact that functionalisation of styrene butadiene

polymers to produce ion exchange membranes has successfully been achieved,
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challenges associated with mechanical integrity, and other property shortcomings are

yet to be addressed.

2.4.1 Polymer nanocomposite membranes

In principle, the polymeric nanocomposite membranes are an extreme case of
composite membranes in which nanometer-size (1 -100nm) particles (spheres, rods,
plates, fibres) (Hussain et al., 2006) are homogeneously dispersed as separate
particles in a polymer matrix (Allegra et al.,, 2008). The term “polymer
nanocomposite” has evolved to refer to a multi-component system in which the major
constituent is a polymer or blend thereof and the minor constituent has at least one

dimension below 100nm (Winey and Vaia, 2007).

The transition from microparticles to nanoparticles yields dramatic changes in
physical properties. Nanoscale materials have a large surface area for a given volume.
Since many important chemical and physical interactions are governed by surfaces
and surface properties, a nanostructured material can have substantially different
properties from a larger dimensional material of the same composition. Typical
nanomaterials currently under investigation include nanoparticles, nanotubes and
nanofibres, fullerenes and nanowires (Baeta et al., 2009). These nanomaterials
generally provide reinforcing efficiency because of their high aspect ratios. The
properties of a nanocomposite are greatly influenced by the size scale of its
component phases and the degree of mixing between the phases (Hussain et al.,
2006).

Low volume additions (1-5%) of nanoparticles were reported in literature to provide
property enhancements which are comparable to those achieved by conventional
loadings (15-40%) of traditional fillers (Yasmin et al., 2006). Apart from the unique
value - added properties not normally possible with traditional fillers, such as reduced

permeability, optical clarity, self - passivation and increased resistance to oxidation
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and ablation, the lower loadings facilitate processing and reduce component weight
(Brechet et al., 2001). Thus, polymer nanocomposites have shown vast potential with
regard to overcoming traditionally antagonistic combinations of properties. New
blending technologies have made it possible to blend these composites to the desired

level of homogeneity and hence obtain the desired properties (Hussain et al., 2006).

The matrix material has been reviewed in the previous section. Nevertheless the
nanofiller material and blending technology affect the quality of the polymer
nanocomposite. Hence the next section reviews the nanomaterials and blending

technologies.
2.4.2 Nanofillers for nanocomposite membranes

The use of nanofillers is driven by cost reduction, improved processing, density
control and improved mechanical properties notably abrasion, hardness, stiffness and
tear resistance (Rothon et al., 2008). Fillers may push the cost higher if they use
different equipment and processes, and hence higher energy input as well as low
throughput. The raw material input cost also increases if filler does not substitute raw
material. Therefore the review of different types of nanofillers, critical to the
properties modification of polymers is done below towards the justification of the

filler selected for blending.
2.4.2.1 Classification and size dimension

Materials that have at least one dimension less than 100nm are denoted as either
nanoparticles, nanoclusters, nanocrystals, nanosheets or nanowires (Thostenson et al.,
2005 and Brechet et al., 2001). Nanomaterials are found in three basic shapes namely
the plate, sphere and the rod/fibre as shown in Figure 2.2 below. It was discovered
that as particles decrease in size to less than 100nm, the interfacial volume around a
particle can dominate the physical properties and this is particularly evident for

spheres and rods (Winey and Vaia, 2007).
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Figure 2.2: Nanomaterial shapes (Winey and Vaia, 2007)

2.4.2.2 Nanomaterials for polymer nanocomposites

Common nanomaterials used in polymer nanocomposites can be classified into
montmorillonite organoclays (MMT), carbon nanofibres (CNFs), carbon nanotubes
(CNTSs), metallic nanoparticles and others (Thostenson et al., 2005). Montmorillonite
organoclays consist of tetrahedral silicate layers of SiO4 groups linked together to
form a hexagonal network. They also comprise the octahedral alumina layers which
are sandwiched by the tetrahedral layers, sharing their apex oxygens with the latter
(Rothon et al.,, 2008). As stiffness, strength, and flame resistance increase, gas
permeability and swelling in solvents decrease, implying improvement of
traditionally antagonistic properties. Their disadvantage is that they are hydrophilic
materials and hence must be made hydrophobic to become compatible with most

polymers which are hydrophobic (Brechet et al., 2001).

Carbon nanofibres are a form of vapour-grown carbon fiber which is a discontinuous
graphitic filament produced in the gas phase from the pyrolysis of hydrocarbons. The
resulting nanofibers typically have an outer diameter of 60 to 200 nm, a hollow core
of 30-90 nm, and a length on the order of 50 to 100 microns. The use of vapor-grown
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carbon nanofibers has been proposed for providing improved mechanical, electronic

and thermal transport properties to polymers (lyuke et al., 2007).

Carbon nanotubes have high Young’s modulus and tensile strength, and can be
metallic, semiconducting, or semimetallic, depending on the hellicity. They are
excellent candidates for stiff and robust structures. There has been intense interest in
nanocomposites of polymers and carbon nanotubes because of the large change of the
properties (conductivity, elasticity, viscosity, thermal conductivity) exhibited at

relatively low concentrations (< 1 % volume fraction) (Carrandi, 2008).

Metallic nanoparticles exhibit novel properties (plasmon resonance, super
paramagnetism, etc). Metals undergo the most considerable property change by size
reduction, and their composites with polymers are very interesting for functional
applications because the properties of nano-sized metals (optical, magnetic, dielectric,
and thermal transport properties) leave unmodified after embedding in polymers
(Carrandi, 2008).

Nanofillers such as exfoliated graphite and silicon carbide (SiC) have been used to
form polymer nanocomposites with enhanced properties (mechanical, thermal and
electrical). Boron nitride (BN) is an excellent thermal conductor and electrical
insulator, polymers filled with boron nitride could be good materials for dissipating
heat (Rothon et al., 2008).

Limitations associated with the use of the above mentioned nanofillers for ion
exchange membranes range from cost and dispersion to contradicting properties.
Carbon nanotubes are difficult to disperse and align and result in a membrane of high
anisotropy. Most of the above mentioned nanomaterials are electron conductive and
hence disqualified for ion exchange membranes for energy generation due to short

circuiting.
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Other nanofillers include mineral fillers (calcium carbonate, dolomite, mica,
nanoclays, crystalline silicas and calcium sulphate). Their limitations include toxicity,
cost of processing to get the right purity for nanocompositing and unwanted electron
conductivity. Synthetic fillers commonly used like carbon black whilst good for
certain applications are disqualified for proton exchange membranes due to electron

conductivity across the membrane (Jayasree and Predeep, 2008).

New nanomaterial candidate in the form of carbon nanoballs offers great potential for
applications in nanocomposite ion exchange membrane due to three major reasons.
Firstly, carbon nanoballs are electron insulating (Abdulkareem, 2009). Secondly,
novel methods of synthesis promise to be simple, yielding nanoballs of high purity
and uniformity, thus giving hope to the provision of cheap and high quality
nanofillers for ion exchange membranes (Deshmukh et al.,, 2010). Thirdly,
undesirable anisotropy is also expected to be minimized considering the spherical
shape of the novel filler. Abdulkareem, 2009 reported improvements in styrene
butadiene based ion exchange membrane properties by addition of 1-4% by weight
carbon nanoballs. He reported reduced methanol permeability and higher power
density as compared to the commercially available Nafion 112. Nevertheless, little
research has been done on carbon nanoballs since more effort has been channeled
towards carbon nanotubes in recent years. Therefore the next section reviews carbon

nanoball as potential filler for use in reinforcement of ion exchange membranes.
2.4.3 Carbon nanoballs

The past two decades have seen the synthesis and characterisation of variously shaped
carbon materials (SCM) which include tubes and fibers, onions, spheres, horns,
calabashes and flasks amongst others (Deshmukh et al., 2010. Much focus has been
on carbon nanotubes because of their unique and distinctive properties. Relatively,
less work has been done on carbon nanoballs (spheres) besides carbon black yet
recent studies have revealed their importance in critical applications like batteries,
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capacitors, fuel cells, reinforcement, cathode materials for field emission, catalyst
support materials, composites and purification processes (Shanov et al., 2007). The
exciting focus on carbon nanoballs is due to the fact that addition of small volumes to
matrix materials have been reported to improve many material properties of the
matrix. If the reinforcement effect is positive, then carbon nanoballs can be ideal

nanofiller for polymer ion exchange membrane.

It becomes therefore important to review the relatively new carbon nanomaterial
since the incorporation of nanomaterials and prediction of the properties of the
formed composite hinges on the detailed knowledge of the constituent materials
including the nanofiller. The synthesis techniques affect the morphology, size,
property and cost structure of the end product and hence the review.

24.3.1 What are carbon nanoballs (nanospheres)?

Carbon nanoballs (CNBs) are a group of shaped carbon materials with a spherical or
near spherical shapes under 100nm diameter. They include balls, spheres,
microbeads, carbon blacks, onions and mesoporous micro-beads (Caldero et al., 2005
and Deshmukh et al., 2010). The spheres and balls can be hollow or solid and in this
survey, spheres and balls will mean the same thing. Since much of the early work has
focused on the production of carbon blacks under oxidizing environments, focus of
this survey will be on carbon nanoballs from inert environments. The survey will be
biased towards the carbon nanoballs outside the pure fullerene family even though

some fullerene based theories will be adopted because of certain similarities.

2.4.3.2 Categorisation of carbon nanoballs

Carbon nanoballs can be classified in a variety of ways. Firstly they can be described
as solid, core shell or hollow. They can also be classified according to the nanometric
orientation of spheres, i.e. whether the spheres are made of concentric, radial or

random layers (Figure 2.3). Thirdly, they can be classified according to their
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diametric size into i) fullerenes (0.7-2nm) ii) well graphitized spheres (2-20nm) and
iii) less graphitized spheres (50-100nm) (Deshmukh et al., 2010). The fullerene
family consists of a family of closed cage carbon atoms like Cy, (1>=60) and multishell
fullerenes symbolized by C,1@C,,,@Chgs.......where n stands for number of carbon
atoms in each shell and 1,2,3... stand for the number of shells (Zettl and Cumings,
2001 and Prato, 1997). Finally carbon nanoballs can be classified according to the
synthesis techniques since most properties, morphologies and sizes are often as a
result of the synthesis route. The common synthesis methods include chemical vapour
deposition (CVD), arc discharge, laser ablation and autoclave processes amongst
others (Sobkowicz et al., 2009). These different techniques produce different carbon

balls for nanocomposites and hence worth reviewing.
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Figure 2. 3: Carbon nanoballs; a) random; b) radial; c) concentric; d) fullerenes
(Cso and Cyp) (Deshmukh et al., 2010)

2.4.3.3 Synthesis of Carbon Nanoballs

An extensive review of synthetic methods of carbon nanoballs has been done by
Deshmulch et al., 2010. The following synthesis review was further summarized with
the aim of facilitating the selection of a suitable synthesis technique with great
potential for production of low cost quality nanofillers for nanocomposite ion

exchange membranes.

The arc discharge methods uses materials such as acetylene, ethanol and coal as
carbon sources in the presence of a catalyst at temperatures around 1100°C. The
28
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catalysts include carbon rod containing Fe — Ni, Ni and polyethylene terephthalate
amongst others. A voltage of 40 — 50V is applied, generating a current of 50-70A
between the electrodes to create the arc under low pressure (0.05-0.06MPa). Carbon
balls with diameters ranging from 10nm to the micron range are produced. The
disadvantages of the process are that low purity balls are formed at relatively high
cost considering the process, temperature and catalyst involved. The range of carbon
balls formed by size is also relatively wide, resulting in low particle uniformity
(Wang and Kang, 1996 and Caldero et al., 2005).

Laser ablation is another method which uses high laser energy at high frequency,
typically 40KW. The technique uses a catalyst such as iron cake, Co, Ni, MgO-Ni
supported on Si amongst others. Methane gas is the common carbon source at high
temperatures (700 — 1000°C) and low pressures (1.6 -5MPa). Production of nanoballs
of 5-100nm have been reported using this technique. The cost and the wide range of
size distribution of the product have been significant draw backs to the use of this
technique (Deshmukh et al., 2010).

The shock compression method uses extremely high pressure of around 57GPa at
high temperatures of up to 3000°C to disintegrate fullerene or pyrolytic graphite to
produce carbon spheres ranging from 8 — 300nm. This technique is expensive due to
the extremely high shock pressures involved and the high temperatures used
(Deshmulch et al., 2010).

Chemical Vapour Deposition (CVD) method

The common and versatile synthesis technique is the chemical vapour deposition
method in which a volatile carbon source is converted into a solid non-volatile carbon
product (lyuke et al., 2007). Many variants of the process have been used due to its
simplicity and hence worth emphasizing in this review. The variants are as a result of

the means by which chemical reactions are initiated, the type of reactor used and the
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process conditions (Deshmukh et al., 2010). The CVD process uses the following
generic approaches; namely variation of the physical characteristics of the vapour,
operating pressure and temperature and catalyst based reactions (Wang and Kang,
1996).

Within the variation of operating pressure class, four regimes can be identified. They
are the atmospheric pressure CVD (APCVD), low pressure CVD (LPCVD), ultra
high vacuum CVD (UHVCVD) and high pressure autoclave CVD (HPACVD). The
variation of the physical characteristics of the vapour includes gas phase CVD
(GPCVD); where process gas is added directly to the reactor, sublimation CVD
(SCVD); where a solid is converted directly into a gas for use in the CVD process and
the direct liquid injection CVD (LICVD); in which the precursors are in liquid form
(Deshmukh et al., 2010).

In the above mentioned processes, the pyrolysis of a carbon source is generally
carried out in a quartz tube reactor at high temperatures (600 — 1100°C) created by an
electronically controlled furnace. A number of carbon sources are available which
include aromatic organic compounds, alkenes, alkanes, carbon dioxide, sugars and
other organic materials rich in carbon. If a catalyst is used in the production process,
then the process is called the Catalytic Chemical Vapour Deposition Method
(CCVD). A wide variety of catalysts has been reported in literature. They include
silica spheres, Au on SiO,, iron doped polypyrrole, Mg, NiCl,, Li, ferrocene, AQNO;
and many more (Deshmukh et al., 2010). The method used in the absence of a
catalyst is called Non Catalytic Chemical Vapour Deposition Method (NCCVD).
There are two basic reactor configurations towards carbon nanoballs synthesis by
CVD, which are the vertical and the horizontal ones. The vertical reactors have been
reported to produce smaller carbon nanoballs as compared to the horizontal ones
(Deshmukh et al., 2010; Jin et al., 2005 and Abdulkareem, 2009).
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The objective of synthesis is to produce high quality, high yield carbon nanoballs in
the simplest way at optimal cost. Such an achievement will result in low cost filler for
the ultimately desired reinforced nanocomposite ion exchange membrane. Therefore
an atmospheric pressure non catalytic chemical vapour deposition method
(APCNCCVD) operating at fair temperatures would be ideal for producing the carbon
nanoballs (Jin et al., 2005).

2.4.3.4 Carbon ball morphology and formation mechanisms

The knowledge of formation mechanisms of carbon nanoballs is critical to process
and morphology control. Indirectly, such review is critical towards cost reduction and
property improvement of the desired nanocomposite. The formation of the carbon
nanoballs occurs too rapidly to isolate intermediate species. As a result, most of the
mechanistic proposals are based on theoretical techniques (quantum mechanical and
molecular dynamics) supported by experimental evidence (Fahlman, 2007). The
mechanisms tend to depend on carbon source, reaction conditions (temperature,

pressure, feed rate and time), catalyst, etc (Wang & Kang et al., 1996).

The main features of synthesis are the conversion of a carbon source typically into C
and H radicals (and O containing radicals if O, is present), and nucleation to produce
the carbon balls. Typically high temperatures or a catalyst will defragment the carbon
source, resulting in carbon particle building blocks for the carbon ball layers. For the
smaller diameter carbon spheres which fall into the fullerene family, two formation
models have been proposed. The pentagon road model proposed by Smalley assumes
that the graphitic sheets contain hexagons and pentagons responsible for closure of
the sheets forming buckyballs and hence growth termination. The growth process
initiates from linear chains which preferably connect to form more stable rings which
ultimately curve to form closed sheets due to the combination of pentagonal and
hexagonal rings. Depending on the number of carbon atoms, planar rings can be
formed. Kroto and Mckay proposed a mechanism for large fullerenes where the
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sphere is nucleated from a pentagonal ring followed by a spiral shell growth (Figure
2.41). In contrast, the “fullerene road” model assumes the initial formation of smaller
non-IPR fullerenes, which undergo thermal rearrangement to yield Cgo and higher
fullerenes (Prato, 1997 and Fahlman, 2007).

Since most carbon balls produced are non fullerenes with diameters greater than
10nm, their morphologies suggest a similar but different formation mechanism of
growth. These carbon balls do not have closed graphitic layers but rather have carbon
graphitic flakes arranged perpendicular to the core and produce concentric layers of
carbon domains with many dangling bonds at their edges (Figure 2.4). The key
difference of these spheres to fullerenes is that the curling and randomly twisted
graphitic flakes are not closed shells (Caldero et al., 2005; Wang and Kang, 1996 and
Miao et al., 2003).

The formation of a graphitic carbon ball typically requires the modulation of the
atomic structure of each flake and the graphitic lattice to accommodate the curvature
of the sphere. The illustration of the proposed growth mechanisms is shown in Figure
2.4. The presence of pentagonal and heptagonal rings is inevitable to achieve
curvature as shown in (Figure 2.4). Kang and Wang, 1996 analysed the flakes in
terms of heptagon, pentagon and hexagon ring structures. A combination of
pentagonal, heptagonal and the planar hexagonal structure of graphene is claimed to
be responsible for curved graphitic flakes, 1 to 30nm in length. The superposition of

these wavy flakes, concentric layer by concentric layer, gives rise to carbon balls.
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Figure 2.4: i) Nucleation of a pentagon, growth of quasi-icosahedral shell, formation of a spiral
carbon particle and growth of large carbon sphere; ii) Graphitic flakes representation — hexagonal,
pentagonal and heptagonal carbon rings introduce changes in the curvature of the graphitic flakes
(Deshmulch et al., 2010 and Caldero et al., 2005)

The morphology of the carbon balls depends much on the type of nucleation site and
combinations of the three different types of carbon rings. The pentagonal and
heptagonal rings within hexagonal rings cause curvatures in opposite directions. Thus
if a pair of pentagon and heptagon appear in the same hexagonal lattice, the curving
of the entire lattice would be significantly reduced. The pure hexagonal rings result in
flat layers. Therefore the random combination of the three different carbon rings
result in different morphologies and sizes of carbon balls (Deshmukh et al., 2010;
Caldero et al., 2005; Wang and Kang, 1996 and Miao et al., 2003). A curling
graphitic carbon particle is claimed to be nucleated from the pentagonal carbon ring
as opposed to a fullerene site. This is due to the fact that production of a fullerene
precisely requires 12 pentagons per shell, which is extremely difficult to achieve
experimentally. Therefore the former mechanism is proposed and backed with

experimental observation.
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The newly created pentagons and heptagons in the reaction chamber fall continuously
on the surface of the growing spiral sphere (nucleation site). These latter carbon rings
act as new nucleation sites for growing curved graphitic flakes with orientations that
may not have any relation to the initial spiral layer. If the growth rates of these
graphitic flakes are faster than that of the spiral layer, the particle surface is covered
by a stack of randomly twisted graphitic flakes nucleated at different depth (Caldero
et al., 2005).

The above mentioned proposal is consistent with experimental observations and
hence generally adopted for larger carbon spheres that are commonly produced at
high yields. If the properties of these relatively common carbon balls are distinctive,
they will definitely contribute towards a reinforced ion exchange membrane with
improved properties. The mechanistic descriptions of the formation of the other types
of carbon balls, especially the radial ones have not been reported widely in literature
(Deshmukh et al., 2010).

2.4.3.5 Properties of carbon nanoballs

Properties of carbon nanoballs are still under investigation considering the limitations
that are still present for testing nanomaterials and the wide variety of carbon nanoball
species. Despite such challenges theoretical models and estimates from experimental
and analysis techniques have given approximate values which could be dependable
(Wang and Kang et al., 1996). The properties can be classified into morphological,

physico-mechanical, chemical and electrical properties amongst others.

Morphological properties have partly been reviewed in the previous section. The
carbon balls normally exist as agglomerates of several nanoballs through van der
Waals bonding. They have a brown to black colour as the thickness increases. The
carbon balls have a BET surface area ranging from as low as 2 to 1200m?®g™ (Jin et
al., 2005 and Deshmukh et al., 2010). The density ranges from as low as 0.4 to 1.6 ¢

34



cm™ depending on the synthesis procedures (Mhlanga et al., 2010). They can be
porous or hard spherical solids depending on process and treatment routes. The
interspacing of the graphitic layers varies from 0.3 to 0.4 nm, with a core shell of
between 3 and 4nm. These morphological properties are essential for tailor making
the properties of ion exchange membrane such as weight to strength ratio, dispersion
efficiency, etc (Miao et al., 2003).

The chemical reactivity of carbon spheres is somewhat similar to those of graphitic
materials. They appear to be insoluble in non polar solvents and sparingly soluble in
most solvents because of their hydrophobic nature. However, solvents such as
chloroform, benzene, methanol and toluene have resulted in miscibility (Sobkowicz et
al., 2009). The presence of dangling bonds has enabled carbon balls to be
functionalised by acids like nitric acid (Kang and Wang, 1996). Therefore fullerene-
like sites in spherical carbons are expected to act as free radical acceptor sites, which

have implications for rubber filler interactions (Wang et al., 2005).

The degree of graphiticity of carbon nanoballs determines their electrical properties.
A low ratio of the ordered graphitic layers to the disordered layers (Ic/lp) implies low
electron conductivity whilst a high ratio (typically greater than 2) implies good
electron conductivity. Ramman spectra have shown the ratio varying from as low as
0.5 to as high as 5 depending on synthesis route and post treatment (Shanov et al.,
2007 and Jin et al., 2005).

Although the physical properties have not yet been fully established, approximations
have been made based on the use of AFM and other nanotechnology instruments as
well as theoretical models. TGA has shown carbon spheres to be thermally stable up
to a temperature range of 400 to 600°C (Jin et al., 2005). The theoretical values of
Young’s modulus for fullerenes have been estimated between 8.8 and 16GPa
depending on temperature (Zettl and Cumings, 2001). Levin et al., 2003 estimated the
bulk modulus of fullerene at 12GPa. Above 260K, molecular rotational orientation
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ordering transition occurs to fullerene from sc to face centred cubic (fcc) crystal
structure. Such transition is claimed to be responsible for the change in mechanical
properties. Classical measurements on carbon spheres have estimated a compressive
strength of 0.7 to 0.9GPa and tensile strength of 7 to 9GPa (Deshmukh et al., 2010).
Since little is reported in literature, estimates based on fullerenes and classical
theories shall aid significantly in analysis and discussions of the reinforcement work
(Ruoff and Hickman, 1993).

The knowledge of carbon nanoballs properties and the synthesis techniques that give
rise to them is critical towards the selection and tailoring of the synthesis
methodology to achieve the desired objectives. A cost effective method of producing
high quality carbon nanoballs for polymeric nanocomposite is aided by the above
review of carbon nanoballs. However, the blending technologies are critical towards
the desired reinforced rubber ion exchange. Therefore the next section briefly reviews

the blending technologies.
2.4.4 Blending technologies

Despite the great potential of nanofillers in reinforcement of ion exchange
membranes, lack of appropriate, effective and efficient blending methods might
hinder the realization of the anticipated benefits. A good blending technology must
achieve homogeneity and maximum matrix - nanofiller interaction through effective
dispersion of nanofiller (Bhattacharya et al., 2009). The blending must not give rise to
high cost of processing due to significant reduction of throughput, complicated
additional equipment and energy intensive processes. Hence the blending technology
selection takes into account the above mentioned factors to come up with an optimal
process that ensures the intended benefits of reinforcement and property improvement
(Cho, et al., 2009). The commonly used nanofiller dispersion methods are briefly

reviewed below.
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2.4.4.1 Solution processing

In this process, the nanoparticles are easily separated and dispersed (weak forces that
separate the nanoparticles) in an adequate solvent in which the sulphonated rubber
and nanofiller are soluble. Agitation and stirring mechanisms can also be used to
facilitate homogeneous dispersion. The filler is trapped in between the polymer
chains, and when the solvent is evaporated, the nanofiller blends with the polymer to
form an ordered, nanocomposite structure (Yasmin et al., 2006).

Mixing is enhanced by different methods. Ultrasonication, whereby nanoparticles are
dispersed by ultrasonic waves is commonly used in recent times due to better
dispersion (Sobkowicz et al., 2009 and Ramanathan et al., 2007 and Shanov et al.,
2007). The airjet method is another effective method where the nanofiller - polymer
mixture/ suspension/solution is violently agitated for a specific time with an airjet
dispersion apparatus operating at high pressure (Crowley and Welch, 1954).

Mechanical agitation methods use baffles to disperse the nanofillers into the matrix.

2.4.4.2 The sol-gel method

Basically, sols are dispersions of colloidal particles (size 1-100 nm) in a liquid and a
gel is an interconnected, rigid network with pores of sub micrometer dimensions and
polymeric chains whose average length is greater than a micron. In the sol gel
method, the nanofiller material reacts with the matrix material and hence a solution to
gel transition occurs to form a rigid two phase composite system of solid

nanomaterial and solvent filled pores (Nagarale et al., 2006).

2.4.4.3 Melt processing

The nanoparticles are mixed with the polymer in the molten state. If the nanomaterial
surface is compatible enough with the selected polymer, it can be inserted into the
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interlayer space and form the final nanocomposite. In this case, no solvent is required
(Miller, 2008).

2.4.4.4 In-situ polymerization

In this process, the monomeric units of the polymer, the initiator and the
nanoparticles are added to the polymerisation reactor. As polymerisation takes place,
the generated polymer chains separate the nanoparticles as they grow forming the

polymer nanocomposite (Brechet et al., 2001).
2.4.4.5 Comparison of dispersion techniques for nanoparticles

A few researchers have investigated different dispersion techniques in an effort to
maximize the nanoparticle effect. Earlier work by Crowley and Welch, 1954, showed
that ultrasonication yielded exceedingly better results of nanofiller dispersion and
blending as compared to the air jet method and mechanical agitation methods. Factors
like increasing the energy of transmission, direct ultrasonication as opposed to bath
sonication as well as increasing the time of sonication yielded better dispersion.
Ramanathan et al., 2007 reviewed the different methods of blending of graphitic
nanofillers on polymer nanocomposites as shown in Table 2.1. Both negative and
positive results were obtained from the methods used. All of the methods were still

far from perfect and hence the need for further work on dispersion of nanofillers.
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Table 2.2: Comparison of effect of different blending technologies on Young’s
modulus (Ramanathan et al., 2007)

Nanocomposite Nanofiller, Blending Technique % Increase in E
wt%
PMMA/EG 05-3 Solution 35-11
PMMA/Graphite 05-5 Solution -35--1.1
Epoxy/EG 0-9 Solution 0
GNP/Epoxy 2 Solution + Sonicate, 2hrs -16
GNP/Epoxy 2 Solution + Sonicate, 8hrs 13
Nylon 6/GNP 0-4 Insitu 20
Nylon 6/FG 0-35 Insitu 0
PMMA/GNP 0-6 Insitu 0
PMMA/EG 0-10 Insitu 0
Epoxy/EG 1-3 Shear Mixing 25.7
HDPE/EG 3 Melt Blending 16.8

2.4.4.6 Challenges to polymer matrix- nanoparticle blending

Despite the rapid development of understanding of the synthesis processes, dispersion
of nanomaterials is one of the major issues due to the agglomeration nature of these
materials (Brechet et al., 2001). On the other hand, the blending process is an addition
to the production process implying higher cost due to new capitalization cost and

increased production cost.

Agglomeration of nanoparticles as observed in carbon nanospheres, bundling nature
of fibrillar nanomaterials like carbon fibres and tubes, presence of impurities and poor
nanofiller — polymer compatibility makes dispersion difficult to achieve (Shanov et
al., 2007; Brechet et al., 2001 and Yasmin et al., 2006). Nanofibres and tubes are also
difficult to align and hence cause undesirable anisotropy. Failure to achieve desired
dispersion was reported to impact negatively on the mechanical and other desirable
properties of nanocomposite ion exchange membranes. With effective homogeneous
dispersion of nanoparticles to polymeric materials, small filler loadings of 1wt% have
improved mechanical properties by more than 100%. Barrier properties have also

been reduced by 50 -500 times at very low loadings. Therefore the control of
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dispersion quality is critical in enhancing the mechanical properties of ion exchange

membranes (Guillermo, 2007).

The cost of blending is driven by the blending technique. Conventional methods use
energy intensive high shear force to produce homogenous blends. However, fibers
such as carbon nano-fibers are damaged, leading to reduction of aspect ratio and
consequently compromising the mechanical properties (Guillermo, 2007). Energy
intensive methods results in high energy cost which can impact negatively on the
cost. Novel blending techniques which allow structured and synthetic dispersion are
being investigated to optimize the cost and dispersion level. Therefore an ideal
blending technique must be low cost, highly reliable, high production throughput,
simple to operate, low maintenance, low energy consumption, low weight and space
requirement (Dortimundt and Doshi, 1999). A combination of high dispersion quality
and low cost process would definitely accelerate the commercialization of polymer

nanocomposite ion exchange membranes.

The review so far, has covered the synthesis of polymer nanocomposites constituents
and their properties and potential benefits. This review was aimed to give the
fundamental background to the core of the research which is centred on reinforcement
of synthetic rubber ion exchange membrane by nanofillers. Since the constituents are
to be produced locally rather than off-shelf, the previous review was critical. The next
section reviews the mechanical properties of polymer nanocomposite as the key

measurement in the reinforcement of synthetic rubbers.
2.5 Mechanical properties of lon Exchange Membranes

The reinforcement goal of improved mechanical properties is driven by durability
(Huang et al., 2006). The strength of a polymeric ion exchange membrane has been
observed to decrease over time as a result of polymer degradation. The loss in
strength will cross a critical threshold resulting in a breach which grows rapidly until
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a catastrophic loss in performance (Sue et al., 1994 and Sata, 1991). Depending on
the operating environment and type of assembly, a membrane can take the following
states; taut (where the membrane carries a tensile load), slack (free of stress and do
not possess any stiffness) and wrinkled (uniaxial stress states) (Hornig and Schoop,
2003). Thus one of the major functions of the composite membrane is to
mechanically support the membrane during operation, thus offering dimensional
stability, robustness as well as durability as required by the customer. Therefore
reinforcement evaluation and understanding of the mechanical behaviour of polymer

membranes are worthy reviewing in this section (Yan et al., 2006).

This section thus briefly looks at the various mechanical property measures for
reinforcement and their understanding, reinforcement mechanisms and finally the

review of models that have been established for polymeric nanocomposites.
2.5.1 Measures of mechanical properties of polymeric materials

In order to have an insight into the resistance of a material to failure or crack growth,
it is essential to carry out the mechanical property measurements. The measures of
mechanical properties have been extensively and thoroughly studied and established
in literature as presented in Figure 2.5. The mechanical property measures can be

classified into stability, strength, ductility, hardness and endurance measures.
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Figure 2. 5: Graphical representation of mechanical property measures

2.5.1.1 Stability measures (Elasticity and Stiffness measures)

The modulus of elasticity, also called the Young’s modulus, E (MPa) or the Tensile

or Elastic modulus, (E = 4o/4¢) is a measure of the stiffness of the material in the
linear region of the stress strain curve where Hooke’s Law applies (Figure 2.5). E was
found to be correlated to two other fundamental stiffness measures; G, (MPa), the

Shear modulus, which is the initial, linear elastic slope of the stress-strain curve in

shear and K (MPa), the Bulk Modulus, which measures the elastic response to
hydrostatic pressure. A material subjected to uniaxial tension will exhibit some
shrinkage in the lateral direction. The ratio of lateral strain and axial strain is defined

as Poisson ratio, v. Elastomers have a poisson ratios just under 0.5 implying that they

are incompressible, whilst solids have a value of v close to 1/3. For isotropic

materials E is related to K and G by the Poisson ratio, v, through E = 3(1-2 v)K and E
= 2(1+ v)K. Hence for solids, v = 1/3, and hence E = K, and E = (8/3) G. For rubbers,
v =0.48,E=0.12K and E = 2.96G
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Since the measures for elasticity are correlated, one measure can be adequate for
stiffness evaluation (Askeland and Predeep, 2003). Approximations of other unknown
stiffness measures for nanomaterials are also facilitated by the knowledge of one

measure through the above mentioned relations.

Anisotropy, (X/Y), is the property of being directionally dependent, as opposed to
Isotropy, which implies homogeneity in all directions. It can be defined as a
difference, when measured along different axes, in a material's physical property, e.g.

Tensile Strength, os in the y and x direction (os/ csy). For many polycrystalline
materials the grain orientations are random before any deformation is done. Although
the individual grains are anisotropic, the property differences tend to average out and,
overall, the material is isotropic. Formation methods often make grains distorted and
hence anisotropic. Therefore the formation measures are essential in improving the

isotropy of the membrane (Askeland and Predeep, 2003).

Creep is the tendency of a solid material to slowly move or deform permanently as a
result of long term exposure to levels of stress that are below the yield strength of the
material. The rate of this deformation is a function of the material properties,
exposure time, exposure temperature and the applied load. Creep always increases
with temperature. The deformation may become so large that a component can no
longer perform its function. The creep of a material can be divided into three stages.
In the first stage, or primary creep, deformation starts at a rapid rate and slows with
time. Second stage (secondary) creep has a relatively uniform rate. Third stage
(tertiary) creep has an accelerating creep rate and terminates by failure of material at

time for rupture.

2.5.1.2 Mechanical strength measures

The Yield Strength, o, (MPa) is defined as the stress applied to the material at which
plastic deformation starts to occur while the material is loaded. The Tensile strength,
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os (MPa), is the nominal stress at which the material, loaded in tension separates. For
brittle solids: ceramics, glasses and brittle polymers - it is much less than the
compressive Yield strength. For metals, ductile polymers and most composites - it is
larger than the Yield strength by a factor ranging from 1.1 to 3. The Ultimate Tensile

Strength (UTS), outs (MPa), is a material property which defines the maximum load

the material can sustain (Askeland and Predeep, 2003).

2.5.1.3 Ductility measures

Strain refers to the amount of stretch or elongation the specimen undergoes during
tensile testing expressed as the ratio of the change in length to the original length. It
can be expressed either as engineering strain, e, or true strain ¢ (based on

instantaneous parameters).The tensile ductility is the permanent increase in length of

a tensile specimen before fracture, expressed as a fraction of the original gauge length
(Pavlina and VVan Type, 2008).

1/2

The Fracture Toughness, Kc (MPa.m~<), is a measure of the resistance of a material to

the propagation of a crack. It can be measured by loading a sample containing a
deliberately-introduced crack of length 2c and then recording the tensile stress o at
which the crack propagates. Fracture toughness is then calculated by Kc = Y oA/ (zc),
where Y is a geometric factor, near unity, which depends on details of the sample
geometry. Ductile materials are complex to characterize due to a plastic zone that
develops at a crack tip with new crack propagation features. Therefore this
conventional evaluation for elastomers is difficult. The Fracture toughness of
elastomers is therefore approximated by the energy required to fracture the specimen

and hence the area under the stress strain curve in (J/cm®) (Anderson, 1995).
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2.5.1.4 Hardness measure (MPa)

The Hardness of a material, H, measured by pressing a pointed diamond or hardened

steel ball into its surface, is defined as the indenter force divided by the projected area
of the indent. It is related to the Yield strength, oy of ductile materials by H = 3 oy.

Due to this relationship, hardness of a material may be inferred from the yield
strength measurement or vice versa (Askeland and Predeep, 2003).

2.5.1.5 Endurance measures

In membrane applications, materials are subjected to vibrating or oscillating forces.
The behavior of materials under such conditions differs from the behavior under a
static load since the material is subjected to repeated load cycles. Therefore Fatigue
strength, o, is the stress level below which a particular material will survive an

indefinite number of load cycles. The Endurance Limit, o, is defined as the maximum

applied cyclic stress amplitude for an ‘infinite' fatigue life. Generally 'infinite’ life
means more than 10" cycles to failure. Fatigue life, N, is defined as the total number

of cycles to failure under specified loading conditions (Budynas, 1999).

Low Cycle Fatigue (LCF) is the service environment of materials characterized by

low frequency, large loads/strains above the yield strength like (heat-up/cool down
cycling) and other load conditions like thermal and/or mechanical cycling. High

Cycle Fatigue (HCF) results from vibratory stress cycles at frequencies which can

reach thousands of cycles per second induced from various mechanical sources. HCF

is predominantly elastic, and stress levels are below the yield strength of the material.

Fatigue is explained in four stages namely crack nucleation, crack growth (stagel),
crack growth (stage 2) and ultimate ductile failure. The fatigue life is affected by the
cyclic stress state (stress amplitude, mean stress, biaxiality, load sequence), geometry

(notches and stress concentrations), surface quality (stress concentrations), material
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type, residual stresses, size and distribution of defects, direction of loading, grain size,

environment and temperature.

Generally for steel, it has been shown that the Fatigue Strength lies from 32% to 50%

of the Ultimate Tensile Strength. The relationship for brittle and ductile materials can

be estimated from this relationship. This relationship also makes inference of fatigue
property acceptable given the ultimate strength of a material (Budynas, 1999).

Therefore a combination of reinforcement path and material selection is helpful in
improving the fatigue properties of materials. Nanoparticles, especially spherical ones
will improve fatigue life because of the size scale as well as their isotropic geometry.
The nanocomposite yield strength gives an idea of the suitability of a membrane for

specific service environments as reported in literature.

From the above review, it can be seen that the complete evaluation of the mechanical
properties from stability measures to endurance measures, might adequately
determine the critical mechanical properties of reinforced ion exchange membranes.
However, other factors, outside the scope of this work, which include chemical
stability in the dynamic operating environment, must be incorporated for a

comprehensive durability assessment.

2.5.2 Reinforcement mechanisms

The understanding of material properties like Young’s modulus hinges on the
understanding of materials from the atomic or molecular level. The mechanical
properties are affected by intermolecular/atomic bonds and the way molecules/atoms
pack together. The behavior of the materials under applied loads is critical to review

towards the design of reinforced materials for applications (Ashbey and Jones, 1980).
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2.5.2.1 Bonding of particles in materials

There are two main bonding types affecting the mechanical properties namely

covalent bonding (intramolecular forces), and non-covalent bonding (intermolecular

forces). They can also be classified according to magnitude of strength into primary
and secondary bonds. Primary bonds include ionic, covalent or metallic bonds, which
are all relatively strong. Ceramics and metals are entirely held together by primary
bonds — the ionic and covalent bond in ceramics and the metallic and covalent bond
in metals (Ashbey and Jones, 1980).

The ionic bond is as a result of the presence of oppositely charged particles held
together by extremely strong electrostatic interactions. The force of separating these
particles was found to be directly proportional to the charge on the ion and inversely
proportional to the square of the separation distance (F = g2/4zeor®, where q is the
charge on each ion, e the permittivity of vacuum, and r is the separation of the ions).
The work done as the ions are brought to a separation r (from infinity) is integration
Fdr = U = q2/4reor. As r decreases, more work is gained until r = 1nm. For r < 1nm,
further work is gained the ionic bond becomes more stable. When the ions get close
enough together, the electronic charge distributions start to overlap one another
causing a very large repulsion. The ionic bond is then most stable at the minimum
point in the U(r) curve, which is well approximated by U = Ui — g2/4zeor + B/r". The
ionic bonding model could be useful in nanocomposite analysis since separation
distances, r for fillers vary with filler concentration within the matrix material and
vice versa. The ionic moieties present in the polymer also introduce ionic bonding

which cannot be ignored (Ashbey and Jones, 1980 and Green and Spain, 1973).

In covalent bonds, the proximity of adjacent nuclei creates a new electron orbital

shared by the two atoms, into which the two electrons go. This sharing of electrons
leads to reduction in energy and the formation of a stable bond. Depending on orbital
shape many other covalent bonds show various kinds of directionality which in turn
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determines how atoms pack together to form crystals. This packing is critical to
filling polymers with nanoparticles. The energy of a covalent bond is described by the
empirical equation; U = - A/r™ — B/r". Carbon atoms in organic materials like
synthetic rubber are held together by covalent bonds. However, this type of bond was
found not to be of significant importance to the mechanical properties of the synthetic
rubbers as compared to the weaker secondary bonds which operate across polymer
chains (Ashbey and Jones, 1980).

Secondary bonds

Although much weaker than primary bonds, secondary bonds are of great importance
to polymers and carbon nanomaterial composites. This is due to the fact that they are
the dominant bonds binding polymer chains and the nanoparticles together. Therefore
they have a significant bearing on the mechanical properties of rubber
nanocomposites. There are three main types of secondary bonds namely Van der
Waals forces, dipole-dipole interactions and hydrogen bonding (Ashbey and Jones,
1980 and Zhang et al., 2000).

Van der Waals forces are weak interactions between uncharged particles caused by

momentary changes in electron density in a molecule. The instantaneous change in
electron density distribution causes unsymmetry which results in a dipole moment.
This moment induces a like moment on a nearby atom and the two dipoles attract
such that their energy varies as 1/r°. Thus the energy of the Van der Waals bond has
the form, U = -A/r® + B/r" (n = 12). The van der Waals forces are the only attractive
forces in nonpolar materials. Although these forces exist in all materials, they are
more dominant in polymers, linking the polymer chains together. Despite the fact that
C-C chains in polymers are linked by strong covalent bonds, the van der Waals
interchain interactions are responsible for the strength of most polymers. The strength
of the van der Waals interactions increases with increasing surface area of a particle
(Zhang et al., 2000 and Ashbey and Jones, 1980).
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Dipole—dipole interactions are the attractive forces between the permanent dipoles of

two polar molecules. The dipoles in adjacent molecules align so that the partial
positive and partial negative charges are in close proximity. These attractive forces
caused by permanent dipoles are much stronger than weak van der Waals forces. The
presence of functional groups in ion exchange materials increase the polarity of the
material and may often result in dipole — dipole interactions. Thus the bonding and
shape, type and strength of intermolecular forces, physical properties, chemical
reactivity are affected by the presence of the ionic groups (Ashbey and Jones, 1980).

Hydrogen bonding occurs when a hydrogen atom bonded to O, N, or F, is

electrostatically attracted to a lone pair of electrons on an O, N, or F atom in another
molecule. Each hydrogen atom gives up its charge to the nearest oxygen atom (which
then acquires a negative charge). The positively charged H atom (proton) acts as a
bridging bond between neighbouring anions, partly because the charge redistribution

gives each molecule a dipole moment (Ashbey and Jones, 1980).
2.5.2.2 Relationship between types of bonding and mechanical properties

From the survey, the following can generally be noted; i) the force F, for any
separation of the particles, r, is given by, F = dU/dr, where U is the work required to
separate the particles, ii) F is zero at the equilibrium separation ro; however, if the
atoms are pulled apart by distance (r-rp), a resistive force proportional to (r-rp) at
small (r-ro) is observed for all materials, in both tension and compression. The
stiffness, S, of the bond is given by dF/dr =d?U/dr?. When the stretching is small, S is
constant and equal to So = (d?U/dr®),=r, that is the bond behaves in a linear elastic
manner. This is the physical origin of Hooke’s Law and the Young’s modulus which
are critical to reinforcement evaluation, iii) The strength of the bond is inversely

proportional to the distance from the equilibrium position (Ashbey and Jones, 1980).
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From the bonding theory upper limits of stiffness constants for different materials
have been established as shown in Table 2.2 (Ashby and Jones, 1980). For metals and
ceramics the theoretical and experimental values of E match. However for a whole
range of polymers and rubbers, there exist some with moduli which are far much
lower than theoretical values (by up to a factor of 100) (Zhang et al., 2000). This is
due to the fact that various bonding types act in these polymeric materials. The
influence of these bonding types on mechanical properties become more complex
creating the need for further research for polymeric composites.

Table 2.3: Bond types and stiffness constants (Ashbey and Jones, 1980)

Bond Type So/Nm™ Approximate E from (So/ro)/GNm™
Covalent, C — C Bond 180 1000
Pure lonic,e.g. Na — Cl bond 9-21 30-70
Pure Metallic, e.g. Cu-Cu 15-40 30 - 150
H-Bond, e.g. H,0 — H,0O 2 8
Van der Waals (waxes, polymers) 1 2

2.5.2.3 Mechanisms of reinforcement in polymer nanocomposites

Blends reinforced with fillers generally show an increase in modulus, hardness,
tensile strength, abrasion, tear resistance as well as resistance to fatigue and cracking.
The critical parameters that control the mechanical behavior of filled polymer blends
are the physicochemical properties of the constituents, polymer-filler interactions,
complexity of filler particles and their aggregation, the large range of particle
dimensions and the distribution and dispersion of filler in each phase of the blend
(Jayasree and Predeep, 2008). Ahmed and Jones, 1990 observed that the modulus of a
filled resin results from a complex interplay between the properties of the individual

constituent phases; the resin, the filler and the interfacial region.
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In comparing a microcomposite and a nanocomposite with the same volume fraction
of a filler, it has been shown that the mean particle—particle separation for the
nanocomposite is smaller by three orders of magnitude, the total internal interfacial
area increases by six orders of magnitude, and the number density of constituents
increases by nine orders of magnitude (Yan et al., 2006). For the rubber matrix,
properties are related to the size of the polymer chain, which can be expressed as the
radius of gyration, Ry (the second moment of the three - dimensional distribution of
the monomers of the polymer chain—approximately the expanse of the molecule). Ry
is on the order of 3-30 nm (Crosby and Lee, 2007 and Hooper and Schweizer, 2003).
Therefore the increase in surface area and number density and the reduction in
particle separation distance all contribute towards high stiffness, tensile strength and
fracture toughness.

The complete dispersion of nanoparticles in a polymer maximizes the number of
available fillers that carry an applied load and deflect the evolving cracks. Nanofillers
also deviate tear paths thereby restricting crack propagation and improving fracture
toughness and tensile strength. The coupling between the large surface area of the
particles and the polymer matrix facilitates the stress transfer to the reinforcing phase

allowing for the improvement of the tensile stress and toughness (Miller, 2008).

It is worthy to note that when the fillers are reduced to the nanoscale size, the volume
of the interfacial region exceeds the volume of the particle. The Vinterface/Vparticle
ratio, therefore increases from plates to rods to spheres as the fillers change from two
— dimensional (sheets) to one - dimensional (wires) to zero - dimensional (sphere)
objects. The magnitude of this change increases dramatically as the filler size drops;
demonstrating the impact that a small volume fraction of filler has on the surrounding
polymers (Crosby and Lee, 2007). The importance of polymer—particle interactions is
amplified in polymer nanocomposites such that the interface and the co-operativity
between particles dominate the macroscopic properties. Van der Waals forces

between particles, are more pronounced for nano -sized particles because of lower
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surface roughness, smaller average particle separations, and thus higher dispersive
forces (Moniruzzaman and Winey, 2006). These high - aspect - ratio, nanoscale fillers
can reach percolation thresholds at 1-5 vol% and thereby exhibit large increases in
bulk mechanical and transport properties at these low loadings (Yan et al., 2006).

The high degree of reinforcement observed in the primary particle size range of 10 —
100nm on work done on synthetic rubber and filler blends is attributed specifically to
the adhesion type of interaction between the amorphous filler and the polymer
macromolecules. The small particle size of the fillers has been reported to be of prime
importance in elastomer reinforcement where as the chemical nature of the filler
appears to be of secondary importance. In the case of carbon-black filled elastomers,
the presence of different active centers on its surface participate in the formation of
chemical as well as physical bonding between the filler and the matrix molecules
improving the tensile strength of the blends. The surfaces of the filler act as stress
homogenizers allowing slippage and redistribution of stress among polymer chains.
They also serve to deflect or arrest growing cracks (Thostenson et al., 2005).

The mechanism of mechanical rupture of polymer chains during processing gives free
chain ends which react with free radicals on the C-black, resulting in giant crosslinks
at the morphological scale. The crosslinked composite results in a stiffer, stronger and
tougher product with enhanced mechanical properties (El-Lawindy, 2002). The
sliding of polymer molecular segments across the filler interface is a mechanism for
energy dissipation. The dissipation of strain energy by additional relaxation
mechanisms introduced by C-black also contributes towards the improvement in the
tensile strength of the blend (Osman et al., 2000). The case of carbon black -
elastomer nanocomposite was worthy taking note of due to the graphitic similarities

between carbon black and carbon nanoballs.
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2.5.2.4 Failure mechanisms in membranes

Mechanisms such as shorts due to punctures by carbon fibers, pinholes due to defects
in the membrane, thinning due to oxidative degradation, thinning due to creep in
compression and tears due to stresses present in the plane of the membrane have been
proposed. Edge failure is commonly observed as a tear or hole in the membrane at or
near the GDL edge in operating fuel cells. The very thin membranes used in many
commercial fuel cells are simply not strong enough to resist either the sharp edges of
the GDL or the stresses present in the region that is unsupported between the GDL
and gasket. It is believed that improvements in membrane strength will significantly
reduce these and other failures (Seon et al., 2004). The membrane production
methods also contribute to the failure mechanisms. Extruded membranes are
mechanically stronger in the machine direction than the transverse direction whilst

cast membranes show random behavior.

Therefore the understanding of bonding mechanisms, reinforcement and failure
mechanisms is essential in the development of an effective reinforcement
methodology for ion exchange membranes. The selection of composite constituents
and membrane production process are enhanced from this review as well. The next
section therefore reviews the models developed for the prediction of reinforcement

effects of various nanofillers on matrix materials.

2.5.2.5 Models of reinforcement

Scientists have given mathematical models for predicting the mechanical properties
of heterogeneous materials. The investigations of Einstein, Smallwood, Guth , Kraus,
Cuneen — Russell, Kerner, Mooney, Thomas, Nielsen, Queamada and Frankie-
Acrivos are of prime importance in predicting the Elastic Modulus of composites at
low filler loadings (Yan et al., 2006). The different models are summarized in Table

2.3. The theories for the strength of filled systems is less developed than that for the
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moduli as pointed out by Nielsen. Verbeck, Nicolais and Narkis and Nielsen have
developed models for the tensile strength as shown in Table 2.4. All of the models
have been developed based on the properties of the constituents of the composite and
factors like geometry, packing factors, e.t.c (Odegard et al., 2005 and Zeng et al.,
2008). Most models show an increase of mechanical properties with increasing filler
content. This trend is consistent with the theories reviewed in previous sections on

bonding.

Table 2.4: Models for prediction of elastic modulus, E of nanocomposites (Ahmed
and Jones, 1990; Seon et al., 2004 and Yan et al., 2006)

Model Equation
Einstein E. =1+ 259%
Guth E, =1+ 25% +14.19°
Moone 2.5%
Y En = exp [——]
l _':i:_m
Kerner __ Gye/17 —5ulGp + (8 — 100Gl +2/[15(1 —ul]

T Gp &/1(7 —5u)Gp + (8 — 10w)Ge 1+ &/ 1501 — )]
Thomas E, =1+ 25& +10.05¢° +0.00273 exp 16.6 &

1
Quemada E. =—— K —Usually 25
’ (1—0.5K%)-

. 1+49 : 1-4
Nle|Sen EF. ] m ..‘I.l ] fliggaﬂ:gfr:ﬂ__l.'{-‘r = 1 + |: ':F:ML:F\:::l"-.l':'I
i Acri 1
Frankie-Acrivos . . g9 : (@) )3 ]
" 81— (&/F, )00

Er = relative modulus, ® = volume fraction of filler, G, = shear modulus of filler, G, = shear modulus of

polymer, v Poisson ratio of polymer, @y, maximum packing fraction of filler.
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Table 2.5: Models for predicting the tensile strength of nanocomposites (Ahmed and
Jones, 1990; Seon et al., 2004 and Yan et al., 2006)

Name Model Notes
Verbeek model 0, = VpOp + K31 MPF Gp = Shear modulus of
the polymer
B GV
o (E (11—, j) o = Tensile strength of

the composite

1, = Shear strength of
1 the polymer

-

MPF = L ( )(tﬂnr‘l(l:j H

K3 = Correction factor

MPF = Strength
reduction factor

Nielsen model : op = Tensile strength of
g = 0, (1 -V )K the polymer
K = Stress

concentration factor

) V; = Volume fraction of
g = 0,(1 — 1.21V7) filler

Nicolais—Narkis model

| k|

2.5.2.6 Comparison of theoretical models and experimental trends

Models developed by different investigators have generally been inconsistent in
predicting the reinforcement effect of nanofillers on matrix materials. Wu proved
theoretically that disc-shaped particles gave better reinforcement than, needle or
spherical shaped particles but ignored the anisotropy associated with non-spherical
particles in the composite (Bigg, 1987). Whilst some models have postulated that the
elastic modulus for a given particle and matrix depend only upon the volume fraction
of filler and not the particle size, it has been generally observed that the modulus
increases as the particle size decreases. One theory assumed that the non-bonded
particles acted as holes and therefore, predicts a decrease in modulus with increasing

filler content. In work done on some silica filled polymers, the experimental values
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lied far above the theoretical values for all filler content, implying strong polymer
filler adhesion (Seon et al., 2004). Therefore the existing models find it difficult to
adequately incorporate activities that occur at the matrix — filler interface.

There are many reasons for such variances reported in literature. The contradictions
are due to the complex factors to consider in the interactions between matrix and filler
particles and hence the need for further investigations. Firstly, most of the theories
which explain the reinforcing action of a filler assume perfect adhesion between the
filler and the polymer matrix, yet there is imperfect adhesion in reality. The degree of
adhesion may have little effect on reinforcement since there may not be any relative
motion across the filler-matrix interface (lkeda et al., 1997). The incorporation of a
coupling agent also further complicates the modeling. Spanoudakis and Young
therefore concluded that the modulus of a filled system is a detailed function of
interfacial adhesion. The nature of imperfection may either result in stronger or
weaker bonds resulting in the variations between experimental and theoretical results.
Secondly, a mismatch in the coefficients of thermal expansion of filler and matrix is
reflected as a mechanical bond resulting from thermally induced stresses (Zhanga et
al., 2005).

It has also been difficulty to incorporate the effect of particle size. Some models
depict an increase in reinforcement effectiveness with increasing particle size,
especially at higher volume fractions. For example, fine silica and chalk particle sizes
were reported to be more effective than the larger ones in polystyrene reinforcement.
On the other hand, there were no observed differences between fine and coarse glass
beads, in a thermosetting polyester resin. In the latter case, reinforcement appeared
not to be affected by particle size (Seon et al., 2004). The effects of agglomeration
have also been difficulty to model and hence theoretical models are still not yet

adequate to predict reinforcement effects of fillers on matrix materials.
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In conclusion, the literature review has provided the strong basis for selection of

nanocomposite constituents, blending methodology and reinforcement evaluation.
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CHAPTER 3: MATERIALS AND METHODS

3. Experimental procedures for reinforcement evaluation

The general steps involved in this synthetic rubber ion exchange reinforcement work
were: (i) selecting the polymer matrix material, ii) selecting the nanoscale constituent
material, iii) synthesizing the nanofiller, iv) functionalisation of the polymer, (V)
performing intermediate processing to prepare the nanofiller for incorporation into the
sulphonated polymeric matrix material, vi) blending the two, (vii) forming the
nanocomposite ion exchange membrane and viii) reinforcement testing (Shanov et al.,
2007). The literature review has therefore given a strong background and justification

of procedures used to achieve the desired aim and objectives.

The first part describes the approach to synthesis of carbon nanoballs and their
characterization. The second part deals with the synthetic rubber functionalisation
technique to produce the desired IEM and the characterization. Thirdly the blending
and casting technique for nanocomposite production is described. Finally the
mechanical testing and characterisation procedures are described to evaluate the
effects of blending. At every stage, the produced constituents are evaluated by

characterisation methods prior to blending.
3.1  Non catalytic synthesis of carbon nanoballs

The apparatus used for the carbon nanoballs production was the Non Catalytic
Chemical Vapour Deposition Equipment (NCCVD) similar to the one developed by
lyuke (2005), presented schematically in Figure 3.1. It consisted of a vertical silica
tube flow reactor (I.D-16mm) immersed in a furnace (heating zone -300mm) with a
sensitive temperature regulator. A system of rotameters, pressure controllers and
valves to control the flow of argon and acetylene gases into the reactor were also

attached to the equipment. The above mentioned system was connected to the swirled
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mixer which in turn led into the reactor. The upper end of the reactor was connected
to a condenser which led to a delivery cyclone where the produced CNBs were
continuously collected. Argon was first turned on at a flow rate of 118ml/min for 30
minutes to purge the system of any impurities and air. The furnace was heated to
1000°C at a heating rate of 20 °C/min under an argon inert environment. Acetylene as
the carbon source and argon as the carrier gas were introduced into the reactor at
varying flow rates for 10 min/run (lyuke et al., 2007; Abdulkareem et al., 2007). The
smoky product or carbon vapour evolved from the reactor was cooled at the
condenser and collected in the cyclones. Acetylene and argon gas flow rates were
varied in order to study their effect on the structure and yields of the CNBs obtained.
The carbon particles produced were collected from the cyclone and silica reactor and
weighed using a digital scale.

|_ Exhaust
rs ; ;
: : Cyclones
i
Quartz tube reactor 1 i
8
P
i ! |« Furnace
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1|« Swirled mixer
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CoH, -
Ar———¥

Figure 3.1: Schematic presentation of NCCVD Reactor for carbon

nanoballs synthesis (Mhlanga et al., 2010)
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The collected samples were analysed with Transmission Electron Microscope (TEM)
(JEOL 100S Electron Microscope), Thermo gravimetric Analyser (TGA) (Perkin
Elmer Pyris 1 TGA Analyzer), BET surface area analysis (Micrometrics TriStar
Surface Area and Porosity Analyzer) and Raman spectroscopy. The production rate
for carbon balls was computed as the total sum of mass of balls collected from the
reactor and cyclone divided by the total running time. The yield (conversion) was
computed as the ratio of the mass of carbon balls produced (product) to the supplied
mass of carbon in acetylene (reactant). The purity was computed as the ratio of the
mass of carbon balls produced to the gross mass of particles produced as a percentage
(Abdulkareem, 2009).

3.1.1 Characterization of carbon nanoparticles

Characterisation of carbon nanoparticles was critical to evaluate the critical properties
of nanoparticles which include morphology, surface area, conductivity and thermal
stability amongst others. These properties are in turn responsible for the benefits

realized in nanotechnology and hence characterisation becomes vital.

3.1.1.1 Morphology of carbon nanoballs (TEM Analysis)

Both High and Low magnification TEM were used to investigate the surface
morphology of carbon nanoparticles. To prepare the samples for TEM analysis, a
trace amount of each of these carbon nanoballs samples which is in powder form and
black in colour, was ultrasonically vibrated in methanol in small tubes for about 15
minutes until it was well dispersed and formed a suspension in the solvent. A drop of
this suspension was spread on 300 mesh copper grid with lacy carbon thin film and
allowed to dry. After drying, the grid was loaded into the instrument (TEM JEOL
100S) for analysis by checking for the presence of carbon nanoballs. A clear picture
is achieved by varying the magnification using magnification knob (Abdulkareem,

2009). After photographing the desired picture, the carbon grid is discharged from the
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machine and the next sample is analyzed by following the same procedure, and
microscopic image printed. The estimate nanoball diameters were measured from the
images and the frequency of occurrence noted for averaging purposes (Mhlanga et al.,
2010).

3.1.1.2 BET surface area analysis and porosity analysis

0.2g of produced carbon nanoball samples were collected and tested for surface area
of pores and pore volume. This was done using a Micrometrics TriStar Surface Area
and Porosity Analyzer BET Analyser (Abdulkareem, 2009).

3.1.1.3 Thermogravimetric analysis (TGA)

The thermal stability of the CNBs was examined with a TGA Perkin Elmer Pyris 1
analyzer running from 25 to 600°C at heating rate of 20°C/min and in an atmosphere
of N, (Abdulkareem, 2009 and Jin et al., 2005).

3.1.1.4 Raman spectroscopy

This device was used to check for the presence of carbon nanoparticles by checking
for the Raman peaks corresponding to the carbon nanoparticles range. It can also be
used to determine whether the nanoparticles produced are single walled or multi-
walled carbon nanotubes, nanofibres or nanoballs. The sample excitation was
performed using 6mW of 514.5 nm light with a 1pum spot size. The integration time

for the spectral collection was 120s per acquisition (Abdulkareem, 2009).
3.2 Sulphonation of styrene butadiene rubber

The synthetic rubber functionalisation was via chlorosulphonation using a method
similar to the one adopted by Idibie, (2010). A 4% wi/v solution of emulsified styrene-
butadiene rubber (SBR) (Afpol 1502, 23.5% Styrene, M, = 135000g/mol, M, =
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530000g/mol, p=0.935g/cm®) (Karbochem, South Africa) was prepared by vigorously
stirring small chopped granules in 1, 2 dichloroethane (Analytical grade >98%:
Merck South Africa) in a 1000ml four neck reactor at room temperature and pressure
for 24hrs. The stirring was achieved by using a magnetic stirrer set at 1250 rpm. The
rubber solution was chilled in a chiller to temperatures between 0 and 5°C to
eliminate latent heat and regulate the initial reaction rate. This was followed by
purging the solution with a continuous flow of argon for 30 minutes to create an inert
environment (Idibie, 2009).

The volume, V¢, (ml) of chlorosulphonic acid, (CISOzH) (purity, P = 97%: Merck
South Africa, density, D = 1.75kg/l, Myea = 116.52g/mol), required to prepare a

dilute solution, volume, V4 of concentration, C.s; (M) in DCE was calculated using

Equation 3.1;
v — CocaVaM,ca (3 l)
cea 10DP '

where Vy and My, are the volume of diluted chlorosulphonic acid and the molecular

weight of the ‘off the shelf* chlorosulphonic acid respectively.

The CSA solutions of desired concentrations were prepared using standard
procedures and chilled in a chiller to 0°C. The CSA solution was freshly prepared
prior to each sulphonation reaction. The chilled CSA in 1, 2 dichloroethane was
added drop wise into vigorously stirred solution (MR3002 Dual Plate Magnetic
Stirrer, 1250rpm) of SBR in a four-neck round bottom flask reactor under argon
atmosphere at room temperature as shown in Figure 3.2. Chilling was necessary to
eliminate latent heat (ldibie, 2010). The sulphonation reaction was allowed to proceed
for 24 hours. The reaction was terminated by adding ethanol (Assay > 98%: Merck

South Africa) and the precipitated sulphonated polymer was recovered, washed with
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deionized water until the pH of wash reached values of 6 — 7 (Martins et al., 2003).
The product was then dried in an oven at 80°C for 2-3 hours. The Sulphonated
Styrene Butadiene Rubber (SSBR) was characterized using Thermo gravimetric
analysis, Titration and FTIR.

Stond

........ SBR Solution
....... in 1,2 DCE

MAGNETIC STIRRERﬁ

Figure 3.2: Sulphonation apparatus for styrene butadiene rubber

3.2.1 Characterisation of Sulphonated Styrene Butadiene Rubber (SSBR)

The SSBR was characterized for ion exchange capacity degree and thermal stability.
These two parameters are critical properties to ion exchange membrane functions and

hence the need for characterization.
3.2.1.1 Determination of lon Exchange Capacity (IEC)

lon exchange capacity is an indirect and reliable way of ion conductivity
measurement as it indicates the content of acid groups present in a polymer matrix.
The back titration method was adopted to measure the IEC. In this method, a known
volume of 0.01M NaOH solution in methanol (methanolic sodium hydroxide) was
added in excess to 0.5wt% (w/v) solution of SSBR in toluene/methanol (90/10 - v/v).
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This overall solution was equilibriated for 48hrs and titrated against a 0.01M HCL
solution. The amount of Na" consumed by the SSBR is equivalent to the difference
between the molar Na* supplied for equilibriation and the ones consumed in the
titration. From this result, the IEC was calculated. This method was preferred since
equilibriation allows for the complete reaction of the Na* cations in the solution and
the SO3™ anions in the SSBR (Walsby et al., 2001; Guan et al., 2005). IEC indicates
the number of milligram equivalents of ions in 1 g of the dry polymer and was
calculated using Equation 3.2 below.

IEC = [(Cyaon * Vyaor) — (Cacp * Vie ) 1/ (1000M g5z

(3.2)

(?naieg)
g

Where IEC is the ion exchange capacity in moles SO37/g, Cnaon (mols/litre), Vnaon
(ml) are the concentration and volume of NaOH supplied for equilibriation
respectively. Cpci (mols/litre), Ve (ml) are the concentration and volume of HCI
consumed in titration respectively. Mssgr is the mass of SSBR used in the titration in
g. The degree of sulphonation (DS) is expressed as mole percent of the sulphonated
styrene repeating units. The DS was the average number of moles of sulphonic groups
present per mole of styrene units in the sulphonated polymer (Walsby et al., 2001).
The relationship between the DS and IEC values was calculated with the following
equation

. 1041EC
©0.235(1 — 80IEC)

(33)

3.2.1.2 Fourier Transform Infrared (FT- IR) Spectroscopy

The FT IR spectra of unsulphonated and sulphonated PSBR were scanned using
Vector O Brucker 400 model FT-IR spectrometer and data were collected in the range
of 400 — 4000cm™. The observed peaks were used to qualitatively prove the
occurrence of sulphonation (Idibie, 2009).
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3.2.1.3 Thermal stability of sulphonated styrene butadiene rubber

The thermal stability of the membranes was examined with a TGA Perkin Elmer
Pyris 1 analyzer running from 25 to 1100°C at heating rate of 20°C/min and in an
atmosphere of N,. The samples were subjected to TGA both before and after
sulphonation and blending to determine the decomposition temperatures (Idibie,
2009).

3.3 Production of nanocomposite ion exchange membrane

Production of a membrane was achieved via the complete dissolution of the
sulphonated rubber in a selected solvent followed by evaporated casting under

specified conditions
3.3.1 Preparation of SSBR membrane films

Due to the fact that SSBR was difficult to dissolve after prolonged drying, the freshly
sulphonated rubber was redissolved within three hours after oven drying. The freshly
dried SSBR was chopped and dissolved (4%w/v solution) in DCE/ethanol mixture
(95/5 viv) in a vigorously stirred conical flask reactor at r.t.p for 12 hrs. The
homogeneous solution was filtered using a 150micron sieve to remove solids. The
solution was degassed and further concentrated to about 20% wi/v using a probe
Ultrasonicator at 30% amplitude of sonication and full cycle for 1 hour. The casting
was done using a simple evaporative technique (Sheikh-Ali and Wnek, 2000; Chen et
al., 2004). The degassed viscous SSBR solution was poured gently into a 90mm
circular petri dish of known surface area and depth. The thickness of the desired
membrane was estimated as follows; Volume of SSBR solution, Vssgr (ml) to give

desired membrane thickness, t (cm) was given by;
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_ 100Atpeegp

Vesar = (3-4)

UCsspr
where A is the internal area of the petri dish in cm®, t, the desired membrane thickness
(cm) and p (gcm™) the density of the membrane and p, the loss factor to account for
losses. The petri dish was placed on a level platform in a vacuum oven at room
temperature and allowed to evaporate for 24hrs. Further vacuum drying of the
membrane was done at 50 "C for 12 hrs to eliminate all residual solvents and acids.
The cast solution was cured for 4 days by exposing it to the air and then peeled off
from the casting foil mold. The dry membranes were then stored at room temperature
in a fume hood at room temperature and pressure. For the non sulphonated
membrane, 100 ml of unsulphonated rubber solution were taken and deposited as
film. The membranes were then characterized using SEM, TGA, IEC and FTIR.

3.3.2 Reinforcement of SSBR with carbon nanoballs

Sulphonated polystyrene butadiene rubber was synthesized at conditions that gave a
steady reaction and high degree of IEC. The SSBR was then blended with the carbon
nanoballs. Therefore SBR was sulphonated with 0.09M CSA at a styrene mole to
CSA mole ratio of 1.12 using the procedure previously described for sulphonation.
The sulphonation time was 24hrs at r.t.p under an inert environment of argon. The
stirring rate was 1250 rpm and sulphonation was terminated by ethanol (Methanol
Absolute, Merck Chemicals, SA), filtered and dried using previously described

procedures.

Carbon nanoballs were also synthesized at optimal conditions. These conditions were
based on a route that produced minimum diameter, uniformly sized, high purity and
relatively high yield carbon nanoballs at optimal temperatures and flow rates of
acetylene and argon. A 16mm diameter reactor, operating at 1000°C, acetylene and

argon flow rate of 456ml/min and 100ml/min respectively were used. As a result,
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highly pure carbon nanoballs of 60nm average diameter, and Ip/lg ratio of 1.04 and
approximate density of 0.5g cm™ were produced by NCCVD in adequate quantities
for blending.

SSBR was dissolved in 1, 2 Dichloroethane/ ethanol (95/5 v/v) mixture at room
temperature in a clean environment to produce a 4% (w/v) solution using the method
described previously. Separately, 0.1% (w/v) solutions of carbon nanoballs of
different masses (from the same batch) in DCE were prepared for blending purposes
(Sobkowicz et al., 2009; Crowley and Welch, 1954 and Manivannan et al., 2009).

The carbon nanoball solutions were magnetically stirred for 5 minutes before
ultrasonication at three different amplitudes (20, 60 and 75%) for 1 hr. The procedure
for ultrasonication was adopted from reported work on similar work and adapted for
this particular work. The probe sonicator of 14mm @ tip was used for ultrasonication
(Ramanathan et al., 2007 and Sobkowicz et al., 2009). The tip was maintained at the
same position close to the surface of the mixture to ensure effective dispersion. The
ultrasonicated solution was prepared for blending by filtration through a 3pm filter to

remove aggregates (Manivannan et al., 2009).

20 grams of SSBR was dissolved in 1, 2 dichloroethane according to the outlined
procedure. The dissolved solution was divided into equal portions, each one
equivalent to 1.67 g SSBR by weight. Carbon nanoballs of masses 0.004, 0.0085,
0.013, 0.017, 0.030, 0.042 and 0.067g corresponding to approximate filler weight
concentrations of 0.25, 0.5, 0.75, 1, 1.75, 2.5 and 4% in SSBR, respectively were
dispersed in DCE according to the procedure described above.  This was then
followed by the dispersion of the various mass dispersions of the carbon nanoballs in
equivolume identical solutions of SSBR in DCE. One of the SSBR solutions was left
plain to represent the 0% filler concentration. The blends were ultrasonicated
(UP200S Processor) for 3hrs at constant power (200W), amplitude and frequency,
until the blends appeared homogenous and viscous (20% wi/v). Three different sets of
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samples were prepared and blended at three different sonication amplitudes, namely
20, 60 and 75% amplitudes (Sobkowicz et al., 2009 and Shanov et al., 2007). The
total sonication time remained constant at 3hrs and frequency to maintain a steady
temperature for the solution. The process was set into the intermittent mode at
constant frequency to prevent heat build up associated with continuous sonication
process. The blended polymer was then cast using the evaporative procedure

previously discussed to produce the nanocomposite membrane.
3.3.3 Morphology of the ion exchange membrane

Morphological structure of plain, sulphonated and nanocomposite SSBR IEM were
carried out using SEM, Model FEI Phenom, Hillsboro, Oregon, USA). The Scanning
Electron Microscopy analysis of representative samples was conducted in two stages.
Firstly, samples were cut and mounted onto spuds using double sided tape. Thereafter
spuds were loaded into the SPL module —Sputter Coater followed by coating with
gold palladium for 9 minutes to make the rubber surface conductive. The coated
samples were finally examined under the microscope for morphological
determination. FTIR and TGA were used for the qualitative IEC analysis and thermal
stability analysis respectively (Lee et al., 2004).

3.4 Mechanical characterisation

The mechanical properties of the nanocomposite and plain membranes were
evaluated by a Hysitron Nanotensile 5000 Tester on thin rectangular specimens, cut
out from the cast films using a sharp blade. All the tests were carried out guided by
the ASTM D 412-99 method at 23 + 2 °C at strain rate of 6 mm/min (El-Lawindy,
2002 and Sue et al., 1994). The average values of three tests for tensile strength,
elastic modulus, fracture toughness and strain were reported for each sample. Yield
strength was measured at 0.2% offset. Creep test was not feasible due to the absence

of an environment chamber.
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3.4.1 Sample preparation for tensile testing

The sample preparation was similar to 1SO 3167 and 527-2 Type 5A but particularly
adapted to fit the Hysitron based membrane testing (El-Lawindy, 2002). Strip
specimens (Sue et al., 1994) of 30 mm x 4mm x 0.15mm (Ixwxt) were prepared for
testing as shown in Figure 3.3. Dimensions were measured by a digital vernier
caliper. Cutting was done on a template using a sharp blade to avoid notches. The
specimens were aligned onto sample holders on a standard square template by a thin
double sided tape. After alignment, the specimens were glued onto specimen holders
by acryanitrite low viscosity glue and left to dry for 24 hrs after which testing would
commence. Three specimens were prepared per sample and the average value
computed after testing. Specimens broken at the grip ends were discarded and

replaced. Prepared samples were also tested on the same day.

Figure 3.3: Tensile testing sample preparation

3.4.2 Mechanical Testing

Prior to testing the system was calibrated using a nanotensile5000 software. The
piezo stop voltage was set to 8V. The X, Y and Z force gains were set to 10, whilst
the Z displacement gain was set to 100. The X, Y, Z relative positions were set to 0

and the system was set onto the Force (um) vs Displacement (nm) mode. A positive
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gradient graph of Force (um) vs Displacement (nm) confirmed successful calibration

upon which testing commenced.

Prior to loading the specimen onto the machine, all gains were reset to 10. The
specimen identity was recorded onto the machine and saved. The test to be performed
was selected (Tensile/Fatigue/Creep). The specimen information including shape, and
dimensions were also captured for computations, documentation and analysis. The
machine was then set into the large displacement mode (maximum extension of
150mm) with a maximum operating load of 10.624mN. The displacement/ strain rate

was set to 100 pm/ second (6bmm/min) for all samples.

The specimen was then loaded onto the upper gripper of the machine and tightly
secured using a torque wrench set to 20lb.inch (Figure 3.4). The specimen mass was
then measured and saved onto the machine. After mass measurement, the specimen
was lowered to the bottom gripper, aligned in the three principal directions (X, Y, Z)
using the mouse and tightly secured once perfect alignment was achieved. The
alignment template was then cut off by a pair of scissors after which tensile testing
commenced. At the fracture point, the testing was stopped and the data saved onto the

software for analysis.
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Figure 3.4: Tensile test specimen loaded onto the Hysitron Nanotensile 5000 machine

For fatigue testing, the machine was set onto the dynamic loading testing and load
control. Different maximum and minimum load settings were set based on the yield
and strength of the materials being tested. The maximum and minimum load sets used
were (60mN, 40 mN); (220 mN, 180 mN); (260 mN, 220 mN) and (350mN, 300
mN). Thus tensile tests for all sample specimens were done before the fatigue tests.

The frequency was set to 0.1Hz and all tests were terminated at 100 cycles.
3.4.3 Reinforcement property evaluation

The engineering stress-strain profile was constructed by using the formula;

g=— (3.5)

Where F is the instantaneous load applied in Newtons and Ay is the cross sectional

area prior to deformation. Engineering strain was computed as;
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(3.6)

where |; is the instantaneous length of sample and I, is the original length of sample.

The Young’s modulus, E (Elastic Modulus) is the slope of the initial linear portion of

the stress strain graph and measures the stiffness of the material.

E= 22 3.7
= 1 (3.7)

The Yield stress is a measure of the maximum stress the material can handle before
plastic deformation commences and was measured at 0.2% offset, the point at which

the slope cuts the stress strain profile.

Fracture toughness was measured by computing the area under the stress strain graph.
Usp = J ale)de (3.8)
|:.

Anisotropy was measured by measuring the mechanical properties in the X and Y
transverse direction and computed by,

Mechanical Property (X direction)

Anisotropy = (3.9)

Mechanical property (Y direction)

Fatigue analysis was limited to low cycle fatigue and 100 cycles due to equipment

limitations.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Carbon nanoball synthesis

As previously discussed in the literature review, the knowledge of the nanofiller
properties is critical towards the development of high quality nanocomposite ion
exchange membrane. The knowledge of the synthesis route was critical in tailoring
the desired properties of the nanofiller end product as well as the cost implications.
Therefore in this section, the analysis and discussion of, i) the synthesized
nanoparticles and ii) synthesis route for carbon nanoballs are presented. The
suitability of the nanofiller in meeting the desired reinforcement objectives is also

discussed.
4.1.1 Conditions of synthesis of carbon nanoballs

The operating conditions and the average carbon ball diameters are tabulated in Table
4.1 for the different reactors used. The 16mm diameter reactor produced uniform
carbon nanoballs at the widest range of operating conditions and hence used as a basis
for analysis of results. The carbon nanoballs were produced at acetylene flow ratios
ranging from 0.72 to 0.82. The smallest carbon nanoball with an average diameter of
60nm was produced from the 16mm diameter reactor (Table 4.1). There was no
carbon ball produced at acetylene flow ratios below 0.5. Below this flow ratio, shiny
flakes were produced. The collected results are analysed graphically and discussed
with the aim of selecting pure and uniform carbon nanoballs for nanocomposite

applications.
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Table 4.1:

Carbon ball synt

hesis conditions

. g
2 S — =) —
c g S g o 3
; 5 g T 5 g
g —~ E —~ % —~ % E ‘s
T £ = .S o S a
~ € S E = E o 2 n —~
T = D= - = I S %) = E
SE <& R E S R o<
22mm @ x 300mm Length Reactor
191 210 401 0.48 1000 -
324 314 638 0.51 1000 150
324 210 534 0.61 1000 200
389 210 600 0.65 1000 160
389 153 543 0.72 1000 80
324 59 384 0.85 1000 200
389 59 449 0.87 1000 300
456 0 456 1.00 1000 450
19mm @ x 300mm Length Reactor
191 413 603 0.32 1000 -
191 210 401 0.48 1000 -
324 210 534 0.61 1000 250
357 182 539 0.66 1000 300
389 153 543 0.72 1000 70
456 100 556 0.82 1000 100
513 59 572 0.90 1000 200
568 0 568 1.00 1000 350
16mm @ x 300mm Length Reactor
261 261 522 0.50 1000 -
324 210 534 0.61 1000 140
357 182 539 0.66 1000 250
389 153 543 0.72 1000 80
456 100 556 0.82 1000 60
513 59 572 0.90 1000 120
568 0 568 1.00 1000 300

a = Adjusted C,H, Flowrate; b = Adjusted Argon Flowrate; ¢ = Total Flowrate (Qac+Qar); d = C;H,
flow ratio (Q,/Qr); e = Average Carbon Ball Diameters. Assumptions: i) Compressibility of argon
and acetylene = unity; ii) Adjustment Factors for Argon and Acetylene Flow Rates = 1.18 and 0.95

respectively; iii) Ideal Gas Law Applies at 20°Cand 101.3kPa
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4.1.2 Morphology of carbon nanoparticles

The morphologies of the produced carbon nanoballs were best observed from TEM
images as shown in Figure 4.1a and b below. TEM analysis showed that the carbon
nanomaterials formed were spherical balls (Figures 4.1a and b) similar to the ones
reported in literature (Mhlanga et al., 2010 and Miao et al., 2003). These carbon
nanoballs, collected from the cyclone, were highly pure and uniform as shown in
(Figures 4.1a and b, 4.2a and 4.3b). However, the ones collected within the reactor
were impure and contaminated with predominantly shining flakes of carbon (Figure
4.3a), similar to the ones reported in literature (Abdulkareem, 2009). The carbon
nanoballs from the smaller diameter reactor were more uniform in size than the ones
from the larger diameter reactor (Figure 4.2a and b). This could be due to the fact that
the smaller the reactor diameter, the narrower the operating conditions variation and
hence the uniformity. An extremely low (<<1%) quantity of about 10nm diameter
carbon nanoballs was observed from the cyclone containing predominantly 60nm
carbon nanoballs (Figure 4.3b). These rare carbon spheres could be fullerenes and

were discussed later in the section.

Figure 4.1: TEM images of CNBs produced at 1000°C, 456ml/min and 100ml/min C,H, and Argon

flow rates respectively (nac = 0.82) using 16mm® reactor; a) Pure and uniform and b) Porous CNBs
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Figure 4.2: TEM Images a) Highly uniform and pure CNB (narrow variation) from 16mm ®
reactor; b) Less uniformly distributed and pure carbon nanoballs (wider variation) from 22mm @

reactor

Figure 4.3: TEM images; a) Impure carbon nanoballs, covered in carbonaceous materials,

collected from the reactor; b) Pure CNBs showing rare CNBs of 10nm .

TEM images also showed that the produced carbon nanoballs were not monodisperse
but stayed as carbon chains or agglomerates as shown in (Figure 4.4a and b). There
must therefore exist relatively strong forces which attract the carbon nanoparticles
towards one another (Shanov et al., 2007). This observation was critical in the

consideration of the dispersion of the carbon nanoballs into the rubber matrix. The
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randomly dispersed carbon nanoball chains amongst the agglomerates could also be

of interest in some applications and may need further focus.

Figure 4.4: TEM images; a) High magnification TEM showing spherical CNBs collected from
the cyclone. Patterned dots on the outer surface suggests porous graphitic layer. Adjacent carbon
balls overlap showing accretion of the CNBs; b) Commonly observed agglomeration of the formed
CNBs

Although the produced carbon balls were physically similar in shape and perhaps
structure, they were different in size and seemed to be affected by the flow ratio (nac)
of acetylene and reactor diameter since the operating temperature was kept constant.
In addition, the observed flakes collected from the reactor would prompt further
investigation into the effect of these various parameters towards the production of
highly pure and uniform carbon nanoballs ideal for nanocomposite ion exchange

membrane.

4.1.3 Factors affecting carbon ball size

Although chemical vapour deposition methods for producing carbon balls have
widely been reported in literature, the greater majority reported are submicron carbon

particles which are outside the nanoscale range. Therefore the synthesis technique
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adopted was aimed at consistent production of carbon nanoballs (under 100nm
diameter). Graphical analysis of the product obtained showed that the flow ratio of
the carbon source (nac) and reactor diameter, (®g) affect the carbon ball size (®cg)
at constant operating temperature and total flow rate (Qt). Figures 4.5 and 4.6
showed that the carbon ball size varies with nac and reactor diameter (®g). The

graphs also show a consistent nonlinear relationship between ®cg and nac.

500 ——22mm reactor
-é- 450 + —f— 19mm reactor
E 400 -
= 350 | e ] G MIM reactor
3 — = = 100nmboundary
€ 300 -
§ 250 -+
Q 4
= 200
8 150 -
o]
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0.45 0.55 0.65 0.75 0.85 0.95
Acetylene flow ratio (Nac)

Figure 4.5: Effect of reactor diameter on carbon nanoball production

4.1.3.1 Effect of acetylene flow ratio (yac) on carbon ball diameter (Dcp)

Figures 4.6 and 4.7 illustrate the effect of acetylene flow ratio (yac) on carbon ball
production. From the experimental results, two regions were observed; i) the
dominantly flake production region and ii) the predominantly carbon ball production
region as shown in Figure 4.6. In the carbon ball production region, the carbon
nanoball production region was of great interest since the reinforcement desired was

to be achieved through nanoparticles under 100nm.
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Figure 4.6: Effect of acetylene flow ratio on carbon ball diameter

The ®cp Vs nac graph was exciting because of the existence of a minimum turning
point corresponding to the critical acetylene flow ratio, maco, Which gave the
minimum carbon ball diameter, ®cgo. The nanoball production region of interest was
bound by the range of values of nac in the asymmetric trough for which ®cg <
100nm as shown in Figure 4.6 above. The production range, was defined by nac(min) <
Naco < Nacmax)- Generally, ®cg, decreases nonlinearly with increasing nac up to
Naco, the minimum turning point, after which, ®cg increases nonlinearly with

increasing nac (Figure 4.7).
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Figure 4.7: Flow ratio conditions for carbon nanoball production

Apparently, it seemed unusual to obtain higher ®cg at lower nac and vice versa in the
left hand side of the graph presented by Figure 4.6 above. However, the mechanism
of growth of carbon nanoballs reported by Caldero et al., 2005 helps to explain the
behaviour. According to the mechanism of growth for carbon nanoballs, the size of
the carbon nanoballs were determined by two main factors namely i) the average

radius of curvature of shells and ii) the number of concentric shell layers formed, n.

Since curvature depends on the ratio of the proportions of hexagons, pentagons and
heptagons forming and combining in the reactor, low nac tend to favour the
formation of a greater proportion of flat hexagonal rings as compared to heptagons
and pentagons (Caldero et al., 2005; Wang and Kang, 1996). As a result, the
curvature, 0 is low and hence the radius of curvature ry, was very high at low nac.
This was consistent with experimental results, since there existed a limiting nac,

below which no carbon balls were produced except the flakes. These flakes were
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assumed to be made of completely planar (hexagonal) layers whose curvature was 0

and hence, rg = .

One could argue that below the minimum acetylene flow ratio, nacmin) (Figure 4.6
and 4.7), carbon nanoballs of very small diameters (<10nm) must be formed. This
was not very likely considering that the TEM analysis of both the cyclone and reactor
product did not show nanoballs under 10nm. However an extremely low percentage
(<<1%) of isolated and rare carbon nanoballs were observed on TEM as shown in
Figure 4.3b. This could be attributed to the fullerene formation mechanisms reported
in literature for small diameter nanospheres. The insignificant quantity of these small
nanospheres could be due to the fact that production of a fullerene precisely requires
12 pentagons per shell, which is extremely difficult to achieve at mild experimental
conditions used (Fahlman, 2007). From Figure 4.6, the experimental results produced

a trendline approximated by Equation 4.1;

¢]:,l_:; = _C—W;C T Csrf-uf - "::Wiu_’ - C‘inﬂf - CE (41)

where Cy4/, C3', C,', Cy’ and Cy' are constant coefficients of the polynomial equation
However, Equation 4.1 could not account for flakes formed at low acetylene flow
ratios. A model based on the experimental observations and the concentric carbon
layer formation is therefore proposed as shown in Figure 4.8.
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Figure 4.8: Model for carbon ball comprising the concentric layers of carbon

Rc
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Therefore, assuming a series of n closed shell layers, one on top of the other around a
spiral core shell, radius, Rc and separated by distance, d (nm), (Figure 4.8), then the

radius of the carbon nanoball, Rcg, is given by;

Reg = Rc+(n—1)d (42)
where Rcg is the carbon nanoball diameter and Rc is the diameter of the core shell
which is assumed to be constant. As nac increases, the proportion of pentagons and
heptagons increases relative to the hexagonal rings and hence promoting curvature of
layers. A direct relationship between mac and the non hexagonal carbon rings
proportion was proposed and assumed. As a result, rq was assumed to be inversely
proportional to nac. The average radius of curvature of shells, ry, must be related to
nac and the number of concentric shells, n, to the carbon source flow rate, Q, since
the total flow rate, Qv is a constant. The relationship between ®cg and nac was

therefore approximated from the three important assumptions;

Tg al/n}, (4:3)

where p is a power of the flow ratio.

na @y, ?é (44)

where n and Qg are the number of shells and C,H; flow rate. Equation 4.4 is derived

from the surface area density equation of a spherical surface.

Mac @ Qe (4.5]

By combining Equation 4.4 to 4.5, the following relationship was derived,;
na Mac /73 (4.6)

By substituting ry in Equation 4.3 into Equation 4.6 and substituting into Equation

4.2, the radius of the carbon ball, Rcg is given by;
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c Caps
Res = +Cd(ng —1) (4.7)

And by substituting p = 1, then Rcg is described by Equation 4.8 below;

c, .
Rega—+ Comye — G (4.8)

o
Wac

Where C;, C, and C3 could be constants related to the equipment specification, total
flow rate of the system and reaction temperature. Since the carbon ball diameter, @cg
= 2R, then a relationship between ®cg and nac can be estimated from Equation 4.7

as,

C
qbcs“_i_ Comae — G5 (4.9]

The relationship seems consistent with the experimental trend since at low nac, the
term C,n’ac approaches zero and Ci/mac approaches infinity, implying infinite
diameter, ®cg of carbon nanoballs. This is consistent with the fact that as the
acetylene flow ratio, nac, is reduced from maco, going to the left of the nac axis,
CiMmac >> C2n3Ac, implying that ®cg ~ Ci/mac. Therefore at the left hand side
(LHS) of Figure 4.6, the carbon ball diameter is inversely proportional to acetylene
flow ratio. This was consistent with the fact that below a certain limiting, naci, no
carbon balls were made but flakes, which can be assumed to be carbon balls with
infinite diameter, thus as nac—0, ®cg—. At the R.H.S of Figure 4.6, the effect of
Conac could be dominating the effect of C1/nac and hence the increase in ®cg. In
other words, as nac >> naco, the inverse part (C1/nac) becomes almost a constant and

hence ®¢g increases as a cubic function of nac.
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Comparing Equation 4.1 and 4.9, the equations are only similar in non linearity. The
difference was due to the complex deviations of produced carbon nanoballs from the
ideal one portrayed in Figure 4.8. For example, the concentric layers are not
completely closed as suggested by the model (Kang and Wang, 1996). On the other
hand, the experimental trend fails to incorporate the infinite diameter observed at low
nac. Further work is definitely necessary to establish an accurate important
relationship between carbon ball diameter and acetylene flow ratio, nac. The turning
point of Equation 4.9, (d®cg/dnac= 0), given by Equations 4.10 and 4.11 below
gives the critical acetylene flow ratio, naco, at which the equipment produces the

smallest carbon ball (®cgo).

2B 25 o 2
E'-‘-‘Au:ﬂ-‘.‘ic 3CMye (4.10)

Substituting the L.H.S of Equation 4.10 by O (turning point), Equation 4.11 is
obtained as shown below.

C

1 -1z
amn CLl— )7 411
Naco (34:':) ( )

Equation 4.11 shows that the minimum diameter is related to the equipment and total
flowrate constants. The NCCVD equipment and process redesign and optimization
was not part of the research scope and hence further work is recommended to
establish a comprehensive relationship for the smooth production of carbon nanoballs
and prediction of sizes based on operating conditions. The analysis and discussion has

therefore given a basis for further work.
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4.1.3.2 Effect of reactor diameter (@g) on carbon ball diameter

The 50mm @ reactor failed to produce significant quantities of carbon nanoballs
under 100nm and hence prompted the investigation of reactor diameter, ®x effects on
carbon ball diameter, ®cg. The same trend of carbon ball size variation with
acetylene flow ratio was observed for all the three reactors under investigation (16mm
® reactor, 19mm @ reactor and 22mm @ reactor) as shown in Figure 4.5 from the
previous section. Table 4.2 shows the data used to analyse the effect of ®r on ®¢g.
Figure 4.7 from the previous section illustrates the important boundary conditions for

the successful synthesis of carbon nanoballs.

The reactor diameter, ®g, has three main positive contributions to carbon ball size
reduction. The first contribution observed was that the minimum carbon ball
diameter, dcpo, decreased with decreasing ®gr at constant total flow rate, Qr.
Secondly, the nanosize production range, nr, widens with decreasing ®cg. Thirdly

size uniformity improves with decreasing reactor diameter.

Table 4.2: Limiting values of acetylene flow ratio for CNB production

@R (mm) NACmin. MAC(max) TR ®cgo’ (NM) Naco
22 0.68 0.78 0.1 80 0.72
19 0.73 0.85 0.12 70 0.72
16 0.72 0.88 0.16 60 0.82

a = Reactor Diameter; b = Minimum C,H, flow ratio for CNB production; ¢ = Maximum C,H,
flow ratio for CNB production; d = Range of nanoball production (c-b); e = Minimum carbon ball
diameter (®cpo); f = C,H, flow ratio to produce smallest carbon ball

The carbon nanoball production range was observed to narrow with increasing ®r
(Figures 4.9 and 4.10). This was attributed to the increasing residence time in the
reactor implying more time for concentric layers accumulation and hence pushing
® off the nanoregion. The minimum carbon ball diameter, ®¢g also increased with
increasing ®g (Figure 4.11). This was attributed to the increasing residence time for

concentric layer formation with increasing ®r at constant Q+ and temperature.
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0.165 -

0.145 -~

0.125 -~

0.105 -

0.085 ~

Nanoball production range (ng)

0.065 T

14 16 18 20 22 24

Reactor diameter (®g) (mm)
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TEM images showed a higher degree of uniformity with carbon nanoballs from the
smallest diameter reactor. This is consistent with better distribution of operating
conditions at narrower cross sectional areas. For example, the minimum temperature
region was observed to be at the centre since the furnace heating elements are outside
the reactor (Mhlanga et al., 2010). Therefore, the wider the reactor, the wider the
range of operating conditions and hence the wider the carbon ball variations. The
16mm diameter reactor produced the smallest carbon nanoballs, over the widest range
and hence preferred.
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Figure 4.11: Effect of reactor diameter on minimum CNB diameter

Two important relationships related to the equipment size can be proposed from the
analysis. The first one is that the smallest size of carbon ball, the equipment can
produce, ®cgo is directly proportional to the reactor diameter, ®g. Secondly, the
carbon nanoball production range, mr is inversely proportional to the reactor
diameter, ®r. Therefore smaller reactors are more suitable for production of uniform
and smaller nanoballs at wider range of production conditions. Carbon nanoballs of
60nm average diameter have been successfully produced using 16mm diameter
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reactor at 0.82 acetylene flow ratio (456ml/min and 100ml/min acetylene and argon

flow rates respectively).

The critical acetylene flow ratio, naco required to produce the minimum carbon ball
diameter, ®cpp, approaches 1 as ®gr decreases. Further work might prove the
existence of a reactor diameter, ®go which produces the smallest carbon ball of
minimum diameter, ®cgo < 100nm, at maco = 1 using the NCCVD method. Such
achievement would eliminate the carrier gas from the production process.
Consequently, the cost of production is reduced, enhancing competitiveness in
nanocomposite applications. The next section looks at the effects of operating
conditions on productivity and yield of carbon balls. Measures like production rate,
yield and purity give insight into the economic feasibility of the process.

4.1.4 Effect of production conditions on productivity

Productivity measures are very important in evaluating a synthesis technology. These

measures include i) the Production rate, Mp (g/min) which was evaluated as the

average mass of carbon balls produced per unit time, ii) the Purity, p (%) computed
as the percentage ratio of the mass of produced carbon balls to the gross mass of
nanoparticles produced, Mg (g/min) and the Yield, y, which is the ratio of the mass
ouput rate of carbon balls produced, Mp (g/min) to the mass flowrate of carbon
supplied as the carbon source, M. The above described production measures were
computed using Equations 4.12 to 4.16 below.

R R
Mg + My

M P = T

(4.12)

Where Mg and Mcyc are the masses of carbon balls collected from the reactor and
cyclone respectively and T, is the total run time of the synthesis.
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PVac
RT

Where M, is the Relative Molecular weight of carbon, Vag; is the volumetric flow

M, =2M,, (4.13)

rate of C,H,, at the inlet, p is the atmospheric pressure (1.03kPa), R is the ideal gas
constant and T is the operating temperature (1273K).

_ .'Il"'fF
B "wc:'

ar
g

(4.14)

Mey
Veve = Tva,: (4.15)

Where ycyc and Mcyc are the cyclone yield and mass of carbon nanoballs collected

from the cyclone respectively. The purity is given by Equation 4.16 below;

M,
p=== (4.16)
.'Il"fG
Table 4.3 shows the productivity data of the synthesised carbon balls.
Table 4.3: Carbon ball productivity from 16mm ® x 300mm length reactor
= = £ 5 < <= <
E g \9 é E E E = ~ = o o
s = 2 2 2 o S 2 s g SR
9 8] ] o x w Y] o L ~ £ s S e
_ £ & = = = = = = 2 e 3 g T &
050 - 026 00000 0.0000 00020 0002 0000 O 0 - 1 0 1
061 140 032 00100 00009 00081 0019 0011 3 57 092 6 3 3
0.66 250 0.36 0.0042 0.0009 0.0038 0.009 0005 1 58 08 3 1 1
072 80 039 00100 0.0300 00270 0067 0040 3 60 025 17 10 7
0.82 60 045 00382 00714 00480 0.158 0110 8 70 035 35 24 11
0.90 120 051 0.0218 0.0410 00176 0080 0063 4 78 035 16 12 3
100 300 057 00211 00513 00190 0091 0072 4 79 029 16 13 3

a = acetylene flow ratio; b = CB diameter; ¢ = mass flow rate of carbon into the reactor; d = mass
accumulation rate of CBs in the cyclone; e = mass accumulation rate of CBs in the reactor, f = mass
accumulation rate of flakes; g = gross mass production rate of carbon nanoparticles; h = mass
production rate of carbon balls; j = cyclone yield of carbon balls; k = purity of CBs; m = mass ratio of
cyclone CBs to total mass of CBs; n = gross yield of carbon nanoparticles; q = yield of carbon flakes
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4.1.4.1 Effect of acetylene flow ratio on production rate

The production rate increased with increasing acetylene flow ratio (Figure 4.12). The
highest production rate of 0.11g/min [6.6g/h] was achieved with 16mm diameter
reactor acetylene flow ratio of 0.82 (Table 4.4 and Figure 4.12). The highest
production rate also occurred in the carbon nanoball production region. The
increasing trend was attributed to increasing carbon supply rate. However, it was
difficult to obtain an accurate relationship between My and nac due to equipment

limitation.
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Figure 4.12: : Effect of acetylene flow ratio on production rate

4.1.4.2 Effect of acetylene flow ratio on yield

Figure 4.13 shows that the yield increased with increasing acetylene flow ratio. This
was attributed to the fact that higher flow ratios promoted the growth of carbon
nanoballs as opposed to flakes and other carbonaceous materials and hence the

increase in yield. However, the maximum vyield achieved was low at 24% (Figure
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4.13). It is comparable to a yield of 26% reported elsewhere (Deshmukh et al., 2010).

The maximum gross yield of carbon nanoparticles produced was 28% (Table 4.3).

The blockages caused by equipment and orientational limitations like 90° elbows

could be the major sources of low yields. The blockages choked the system, blocked

and insulated the reactor, which might have been responsible for significant variations

in the synthesis process.

Further work is proposed to account for the 72% as well as improvement of the yield

to reduce cost. The unaccounted 72% could be made up of gaseous species such as

benzene, C4H4, C4H,, vinyl, ethynyl radicals, hydrogen and unreacted acetylene

(Deshmukh et al., 2010). Gas analysis technigues at the output end could be implored

in further work to confirm the presence of such species and perhaps consider

acetylene recycling.
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Figure 4.13: Effect of acetylene flow ratio on yield
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4.1.4.2 Effect of acetylene flow ratio on purity

Despite the relatively low yields, the produced carbon balls from all reactors were
highly pure as shown by Figure 4.14 and the TEM images in the previous section.
The product collected at cyclone was of high purity (>99%) and hence of great
interest due to the elimination of purification cost. Elimination of blockages from the
system would imply that more carbon nanoballs would be collected in the cyclones
rather than accumulate in the reactor and hence improve the yield whilst maintaining
the high purity. The significance of high purity carbon nanoballs collected from the
cyclone was that they could be used ‘as produced’ as a nanofiller for blending
purposes. The purity was also observed to increase with increasing acetylene flow
ratio (Figure 4.14). This was also attributed to the increasing probability of forming

carbon balls as opposed to flakes as described in earlier sections.
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Figure 4.14: : Effect of acetylene flow ratio on purity of carbon balls
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4.1.4.3 Challenges to productivity using the NCCVD equipment

Many productivity measures are expected to increase with the elimination of
blockages for the following reasons. Firstly, the blockages reduce flow rate and hence
increase the residence time of forming nanoparticles in the reactor. The nanoparticle
diameters increase as a result and their morphologies are distorted. The purity of the
nanoballs is compromised as a result and the production rate retarded due to the
reduced flow rate. Secondly, blockages distort the proportions of the fresh graphitic
constituents responsible for carbon nanoball formation, and hence reduce purity, yield
and production rate. Thirdly, the nanoparticles returning to the reactor due to
blockages reduce the reactor temperature, thus promoting the production of flakes and
other carbonaceous material. The flakes stick to the wall of the reactor and further
insulate the reactor from the elements supplying heat. The quality yield, purity and

production rate were hence affected by the blockage.
4.1.5 Optimum region for carbon nanoball production

Figure 4.15 shows the optimum region for production of pure and uniform carbon
nanoballs for blending purposes. The production range lies between acetylene flow
ratio of 0.71 and 0.86, producing carbon nanoballs ranging from a minimum average
diameter of 60nm to 100nm. Although the conversion efficiency (yield) and
production rate were 24% and 6.6 g/h respectively (though comparable to similar
reported work), there was great room for improvement (Mhlanga et al., 2010). For the
purposes of synthetic rubber reinforcement, the pure and uniform carbon nanoballs

collected from the cyclone of the 16mm ® reactor were selected.
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Figure 4.15: Effect of acetylene flow ratio on purity of carbon balls

Process and equipment redesign and optimisation are recommended to eliminate the
blockages that prohibit smooth continuous production. Such further work is expected
to significantly improve the production yield, rate and carbon nanoball sizes at
minimal cost. Having successfully produced the carbon nanoballs, further
caharacterisation was necessary for thermal stability since most ion exchange

membranes operate at temperatures far above room temperature.
4.1.6 Thermal stability of the carbon nanoballs

The thermal stability of as-synthesised carbon balls was investigated by TGA. Figure
4.16 shows the result of TGA in nitrogen. In the first stage, the weight decreased at a
very slow rate from room temperature to 540 °C, and the product lost about 3 wt.%.
In the second stage, the weight loss was very fast and the product burned off at 900
°C (1173K).
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Figure 4.16: Thermal stability of 60nm carbon nanoballs produced in 16mm ®, at

0.82 n ac and 1000°C (Sample collected from cyclone).

The 3wt% loss in the first stage could be attributed to the amorphous carbon of the
unclosed curved outermost carbon layers of the nanoballs. The result also illustrated
that the spheres are thermally stable up to 540 °C (813K) and similar to the ones
reported elsewhere (Miao et al., 2003; Jin et al., 2005 and Abdulkareem, 2009). The
complete decomposition of the carbon nanoballs at 1173K confirmed that they were
not fullerenes. The fullerene decomposition temperatures range from 4000K for
multi-shelled ones to 7500K for C,, which are way higher than the T4 for the
produced carbon nanoballs (Zetl and Cummings, 2001). This further strengthens the
earlier assumption that the carbon nanoballs were made of unclosed curved layers of
carbon piled together concentrically to the core. The possibility of dangling bonds at
the edges offers opportunities for interaction with other molecules and ultimately

possibility of strong nanocomposites (Kang and Wang, 1996).

Since most IEM applications operate below 500°C, a decomposition temperature of

540°C could generally be adequate. The knowledge of the type of carbon ball
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produced is critical in the prediction and modeling of reinforcement measures. The
97% weight retention at 540°C further confirms the high purity first shown from TEM

images.
4.1.7 Electron conductivity properties of the carbon nanoball

The degree of crystallinity of carbon balls is dependent on the quantity of ordered
graphitic layers in the nanomaterial. The ratio of Ig (intensity of graphitic band) to the
Io (intensity of distorted layer band) was used to determine the conductivity
properties. If (Ic/lp > 2), the material is graphitized and hence an electron conductor.
Otherwise, it is a poor conductor and hence an electron insulator (Shanov et al., 2007
and Abdulkareem, 2009).

Figure 4.17 shows the Raman spectrum of the ‘as synthesized’ carbon nanoballs. A
strong peak at 1589.5 cm™ and a relatively weak peak at 1332 cm™ which correspond
to the G and D bands of carbon spheres respectively. The peak at 1589.5 cm™ (G
band) is attributed to the stretching modes of C—C (sp®) bonds of typical graphite,
while the peak at 1332 cm™ (D band) (sp) is related to the defects and disorders of
structures in carbonaceous solid. The intensity ratio, Ig (145) /lp (139) of 1.04, was
indicative of the presence of approximately equal amounts of sp® and sp? carbon. This
result shows low graphitization degree and hence electron insulating amorphous
carbon nanoballs (Deshmukh et al., 2010 and Abdulkareem, 2009).
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Figure 4.17: Raman Spectra of 60nm carbon nanoballs form 16mm ® reactor

This electron insulation property is critical to IEM for fuel cells to prevent
undesirable short circuiting. On the other hand, if conducting carbon nanoballs could

be made, they could find applications in nanocomposite polymeric conductors.
4.1.8 Porosity and density of carbon nanoballs

The surface area of pores and the pore volume of the 60 nm carbon nanoballs were
13.81m?/g and 0.029cm®/g respectively as shown in Table 4.5. Therefore the
nanoballs produced were highly porous and lightweight. The samples collected from
the reactor were less porous than the ones from the cyclone. This was attributed to the
longer residence time in the former (Abdulkareem, 2009). This greater exposure time
means more layers are compactly stacked together and hence density increases whilst

pore volume decreases (Wang and Kang, 1996).
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Table 4.4: Surface area and pore volume analysis

Sample ID ®cs(Nm) Surface area (m?/g) Pore volume (cm®/g)

Cyclone collected samples

Se 60 13.81 0.029

S3 200 10.28 0.021
Reactor collected samples

Six 150 2.49 0.0059

Sex 400 3.022 0.0055

Ssx 600 5.37 0.012

The density of the formed carbon nanoballs was approximated by using a
combination of Archimedes principle and the pore volume. A weighed mass of the
carbon nanoballs was immersed in a measuring cylinder with a predetermined volume
of ethanol. The change in volume was noted. The density of the carbon nanoballs
were estimated as follows; Let change in volume, AV due to immersed mass, mc, then
apparent density, pca=m/A¥ glcm®. Then the true density must account for the pore
volume, therefore, change in volume correction, AV = 1/Vp, Where V,, is the Pore
Volume in cm®. Therefore the true density, po= M/(AV+ AVeor) glem® (Joyce, 2009).
The approximate density of the carbon nanoballs was 0.5g/cm®, a value much lower
than that of diamond, 3.50 g/cm®, and graphite, 2.26 g/cm® (Jin et al., 2005). The
density showed a typical lightweight nanofiller desirable for high strength to weight
ratio reinforced nanocomposites. The high porosity could be desirable for the

selective permeability required in ion exchange membrane processes.
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4.2 Sulphonation of styrene butadiene rubber, blending and casting

The sulphonation of locally available SBR, blending and casting with the aim of
producing a strong nanocomposite ion exchange membrane are analysed and
discussed in this section. Quantitative and qualitative sulphonation data was initially
analysed and discussed, followed by blending and finally, nanocomposite
characterization. Nevertheless, a separate section is dedicated to the analysis and

discussion of the mechanical properties testing results of the nanocomposite.
4.2.1 Sulphonation of emulsified styrene butadiene rubber

Chlorosulphonic acid was preferred to concentrated sulphuric acid, sulfur trioxide and
acetyl sulphate as the sulphonating agent of choice for several reasons. Sulfur trioxide
was reported to be too reactive whilst the other two were reported to result in low
degrees of sulphonation due to low reactivity and difficulty to penetrate the polymer
chain to sulphonation sites (Knaggs and Nepras, 2005; Owzhera and Cerfontain, 1968
and Foster, 1997). Since the concentration, temperature and reaction time were
critical parameters for sulphonation, optimal parameters from previous work were
used as the basis for sulphonation (ldibie, 2010; Gibson and Bailey, 1980 and
Barreto, 2009).

4.2.1.1 Effect of chlorosulphonic acid concentration on sulphonation

High concentrations of CISO3H (0.2 - 1.6M) were first used in an attempt to achieve
homogeneity as well as high DS at lowest possible time. Serious challenges
associated with polymer degradation and gelation was observed. This prompted the
study of the effect of concentration of CISO3H on sulphonation. Table 4.5 shows the

concentration effect on IEC and DS of the sulphonated SBR.
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Table 4.5: Effect of CISO3H concentration on 24hr sulphonation of SBR,

sulphonated at r.t.p and constant stirring speed of 1250rpm

Efficiency
Conc. (CISO;H) Molar ratio® IEC DS (%) (%)° Recovery (%)°
M) (Mams) mmol/g (Nso3Mcsts) (DS/M.R) [(1-Mpyrmd/Mgyr]
0.05 0.622 0.033 2 2 100
0.09 1.12 0.97 44 39 100
0.8 0.6 0.93 42 70 50
1.6 0.3 0.551 25 83 20

a= ratio of moles of acid added to moles of styrene; b = ratio of DS to the molar ratio; ¢ = ratio of
mass of undegraded polymer to mass of originally added polymer

The effect of concentration on sulphonation was not consistent as shown in Table 4.5.
The DS was very low, 2% at 0.05M CSA and 0.6 molar ratio, and increased to 44% at
0.09M and 1.12 Molar Ratio. From this peak, DS decreased with increasing CISO3H

concentration.

The DS was limited by two major factors. Firstly, low concentration of acid resulted
in high acid volume requirements to match the stoichiometric requirements for
significant sulphonation. The maximum possible volume that can be added was
limited by the sulphonation equipment and hence the low DS at 0.05M CSA.

Secondly, concentrations above 0.1M CSA resulted in instant polymer degradation.
Although filtration of the rubber solution under sulphonation was carried out to
remove the degraded material, sulphonated rubber with burnt phases randomly
distributed in solution was produced. The purity improved with decreasing acid
concentration. Furthermore, the degradation meant polymer wastage and hence low
recoveries. This degradation was associated with localized extremely high heat of
reaction as compared to dissipation at the point of contact of acid dropping into the

polymer solution (Rabia et al., 1996; Knaggs and Nepras, 2005).

Apart from polymer degradation, gelation was also observed for acid concentration

above 0.1M. It was observed after addition of CSA above a critical volume. The
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gelation could be associated with the formation of sulphone bridges between adjacent
sulphonate groups from neighbouring aromatic rings of styrene units (Bacquet et al.,
1992 and Walsby et al., 2001). Other side reactions might include arenesulfonyl
chlorides and diarylsulfones (Knaggs and Nepras, 2005 and Rabia et al., 1996).

Therefore, due to the observed limitations described above, the sulphonation process
is assumed to be stoichiometrically limited. The molar ratio of chlorosulphonic acid
to styrene was used to calculate the efficiency of the reaction (Table 4.5). The
recovery, which was defined as the ratio of the original mass of rubber in solution
less degraded mass to the mass of original rubber, was also an important analysis
measure. The reaction efficiency was defined as the ratio of moles of styrene units
sulphonated to the moles of acid added.

Figure 4.18 shows that recovery at concentrations below 0.1M CSA was high at
100% and hence no polymer degradation. Above 0.1M CSA, recovery dropped from
100% to 20% at 1.6M due to polymer degradation described above. However, the
reaction efficiencies were low (2 — 39%) at low concentrations (0.05 - 0.1M). Above
0.1M the reaction efficiencies increased up to a maximum of 83% at 1.6M CSA
(Table 4.5). The high efficiencies at higher concentrations could be attributable to
better penetration of the acid into the polymer chain as compared to lower
concentrations. Since sulphonation is also a reversible reaction, high concentrations
tended to favour the forward reaction and hence achieved better yields (Bacquet et al.,
1992).
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Figure 4.18: Effect of CISO3zH concentration on yield and efficiency of

sulphonation

On the other hand, the maximum degree of sulphonation (44%) was achieved at the
low concentration of 0.09M CSA. This was due to the fact that sulphonation is
sensitive to the initial concentration of CSA. The 0.09M acid molar ratio of 1.12
stoichiometrically promoted high degree of sulphonation. The volumes of CSA that
can be added at high concentration were limited by gelation and hence limiting the
DS (Figure 4.18).

Therefore, if there is a way of preventing polymer degradation and gelation at high
concentrations of sulphonating agent, then high DS could be achieved using low
volumes of reagents. Sulphonation times could also be reduced and hence
significantly reducing the cost of sulphonation. Although cost reduction was beyond
the scope of this work, insights based on the encountered challenges might enhance
further work towards cost reduction of the sulphonation process. Analysis of the root
causes of polymer degradation and gelation was therefore necessary for

recommendations for further work.
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4.2.1.2 Causes of polymer degradation

The instant localized polymer degradation observed at dropwise addition of acid
concentrated above 0.1M was assumed to emanate from the extremely high local
exotherm from the highly exothermic sulphonation reaction. The maximum stirring
rate of the solution was not adequate to dissipate this heat and hence the burning out.
To prove this assumption, number of moles per drop of acid, ng, was determined as a
function of acid concentration and tabulated in Table 4.6. The matching estimate
number of moles of styrene, ns in the equivalent volumetric drop of polymer solution
was also determined. It was observed that at an acid concentration of 1.6M, the
instantaneous mismatch of moles of acid to styrene was 18 times in favour of the
acid. This mismatch, referred to in this analysis as (DOM = nq/ ns) was greater than 1
for all acid concentrations greater than 0.09M acid. Therefore the high mismatch
between the localized moles of sulphonating agent and styrene moles in polymer
solution was the root cause of polymer degradation. The same mismatch must also be
responsible for gelation due to sulphone bridges and other side reactions (Knaggs and
Nepras, 2005; Owzhera and Cerfontain, 1968 and Bacquet et al., 1992).

Table 4.6: The relationship between CISO3H concentration and instantaneous ratio of

CISO3H moles to styrene moles

Acid Conc. (M) 1q (Moles/drop) ns(moles/drop) Nams (DOM)
0.05 4.22E-06 7.63E-06 0.6
0.09 7.59E-06 7.63E-06 1.0
0.8 6.75E-05 7.63E-06 8.9
1.6 1.35E-04 7.63E-06 17.7

An acid concentration of 0.09M, corresponding to Degree of Mismatch (DOM) of 1,
which implied zero mismatch (Table 4.6), resulted in smooth sulphonation with
neither polymer degradation nor polymer gelation. The assumption was therefore

proved correct. The highest degree of sulphonation was achieved at 0.09M CSA. The
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lowest recovery of polymer occurred at the highest concentration corresponding to
the highest degree of mismatch. FTIR peaks at around 1261cm™, 2250cm™ and
3600cm™ as shown in Figure 4.19 are suspected to be due to the side reactions on the
polymer backbone at high concentrations of chlorosulphonic acid (Mokrini et al.,
2004). The 0.09M sulphonated rubber, shows a consistently similar FTIR profile to
pure SBR, with intact polymer backbone (Figure 4.19). The additional peaks between
1033 and 1126cm™, 1632 and 1650cm™ and 3400cm™ (Figure 4.19) were evidence of
stretching of sulphonate groups (Martins et al., 2003; Lee et al., 2004 and Baeta et al.,
2009).
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Figure 4.19: FTIR of pure SSBR, SSBR (0.09M) and degraded SSBR at different
concentrations. (1—1261cm™, 2—2355cm™ and 3—3500cm™) are suspected degradation sites to
the polymer backbone due to side reactions. (4—1033— 1126 cm™; 5—1650cm™;6—3400cm™) are

wavenumbers which show the evidence of aromatic sulphonation
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4.2.1.3 Optimum sulphonation of styrene butadiene rubber

Sulphonation of SBR with 0.09M CSA for 24 hrs at 1250 rpm stirring and room
temperature conditions under an argon inert environment is referred to as optimum
sulphonation. The DS during optimum sulphonation increased almost linearly with
increasing molar ratio (moles of CISOsH to moles of styrene units) to a desirable IEC
of 0.97mmol/g and relatively high DS of 44% (Table 4.7). The reaction efficiency
also increased with molar ratio. However the reaction efficiency was low at 39%,

which has cost and environmental consequences due to solvent wastage.

Table 4.7: Sulphonation data for SBR sulphonated at 0.09M CISO3zH for 24hrs at r.t.p
and 1250 rpm stirring

Sample Molar Ratio IEC DS (%) Efficiency (%)
NaMs mmol/g NsosMcsHs DS/M.R
1 0.2 0.04 2 9
2 0.4 0.044 2 5
3 0.6 0.26 12 20
4 0.8 0.39 18 23
5 1 0.7 33 33
6 1.12 0.97 44 39

Due to the fact that homogeneous sulphonation resulted in a relatively high DS at
0.09M CISO3H and 1.12 molar ratio, more SBR was sulphonated at the same
conditions to produce sulphonated matrix material for blending purposes. The plane
membrane was cast and characterized by SEM and FTIR (Figures 4.20 and 4.21).
SEM shows unevenness which is distributed uniformly throughout the whole surface.
A slightly darker phase was observed within a lighter phase. The darker phase could
be assigned to the softer hydrophilic sulphonic acid groups containing small amounts
of water. The lighter phase is assigned to the hydrophobic polymer backbone which
stays unchanged after sulphonation (Figure 4.20).
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Figure 4.20: SEM image of 44% DS SSBR at 0.09M CSA and 1.12 molar ratio

4.2.1.4 FTIR analysis of sulphonated styrene butadiene rubber

Figure 4.21 shows specific features for non sulphonated and sulphonated SBR. The
FTIR of the unsulphonated rubber acted as a control to check whether the polymer
backbone remained intact. Secondly, new peaks and change of peak structure would
indicate the position of sulphonation. For the unsulphonated SBR, the broad
symmetric peaks at 2,916 and 2,844 cm™ indicate stretching vibrations of CH and
CH, of the polymer backbone. The peaks between 1436-1452 cm™ and 699 cm™
confirmed the presence of the phenyl group. The peak at 1600 cm™ confirms the CH
group, whilst 966 cm™, the CH and C=C of trans 1,4 butadiene and 910, for 1,2
butadiene (Baeta et al., 2009; Mokrini et al., 2004).

For SSBR, three important regions are observed. The consistent broad and symmetric
absorption peak at 3400 cm ™, corresponds to the hydroxyl group that is formed due
to the oxidation during the synthesis. The second region showing stretching from
1624-1641 cm™ confirms substitution on the phenyl ring by the sulphonate group.
The third region is an unsymmetrical stretch between 1028 and 1261 cm™. Within this
broad stretching a small peak at 1033, 1042 and 1093 cm™ confirm the sulfoxide
stretching, S=O of the sulphonate anion. The small peaks at 1124, 1157, 1192 and
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1261 cm™ indicated the phenyl ring substituted by a sulphonate group (Figure 4.21)
(Mokrini et al., 2004).
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Figure 4.21: FTIR of SSBR membranes sulphonated by 0.09M CSA at different molar volumes

Conclusively, a SSBR of 44mol% DS, and 0.97mmol/g has been successfully
produced using 0.09M CISO3H at a relatively fair reaction efficiency of 39%. This
sulphonation method showed potential in the production of low cost synthetic rubber
IEM matrix for filler reinforcement. Further work to minimize gelation and polymer
degradation has been proposed in an attempt to improve yields and DS, reduce

sulphonation time and cost.

Therefore, the successful production of the constituent materials for the
nanocomposite ion exchange membrane led to the blending of the constituents to

produce the desired strong nanocomposite ion exchange membrane.
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4.2.2 Blending and production of membrane films

As reported in literature effective blending is critical to achieving a nanocomposite
with IEM of high uniformity. The agglomeration of the produced carbon nanoballs
had to be overcome for effective dispersion. Therefore ultrasonication was the
selected blending method. SEM of preliminary cast composites at 20% amplitude
showed serious agglomeration and non uniformity (Figure 4.22). From the SEM
images agglomeration is indicated by the dark spots with an approximate diameter
range of 200nm to 500nm for 2.5wt% CNB loaded composite membrane. For 4wt%
CNB loaded composite membrane, the approximate agglomerate diameter range was
400nm to 600nm. Considering that the average diameter of the used CNB was 60nm,
the blending at 20% amplitude could not disperse the nanoballs into the sulphonated

polymer matrix. Therefore the amplitude of ultrasonication was increased to 60%,

holding the other variables constant.

Figure 4.22: SEM Images of 160um thick membranes, blended at 20% Amplitude, 3
hrs sonication time at 200W power. a) 2.5wt% CNB loading b) 4 wt % CNB loading

Figures 4.23b and 4.24 show that the increase in the amplitude of sonication
significantly reduced agglomeration and improved dispersion efficiency. The
dispersion efficiency in this case was defined as the percentage distribution of

nanosize filler particles to the total distribution of fillers in the matrix. The dispersion
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effectiveness was estimated from SEM images and hence very approximate (Figure
4.25). An estimated 85% dispersion efficiency was achieved at 75% amplitude of
sonication and 1wt% carbon filler concentration. The lowest dispersion efficiency of
1% was observed at 20% amplitude and 4wt% filler concentration. At constant filler
wt%, the dispersion efficiency increased drastically with increasing sonication
amplitude. As an example for 1wt% filler, dispersion efficiency increased from 10%
efficiency for 20% amplitude to 85% efficiency for 75% Amplitude, approximately 8
fold increase. At constant amplitude of sonication, dispersion efficiency decreased
with increasing filler wt%. For example, at 75% amplitude, the efficiency decreased
from 85% at 1wt% filler to 55% for 4wt% filler. Since the quality of dispersion was
critical to reinforcement, the effect of sonication and filler concentration on
dispersion efficiency needed to be discussed.

10um

Figure 4.23: SEM images of 160um thick membrane a) 4wt% cnb loaded IEM at
20% sonication amplitude showing the existence of distinct polymer phases and
and blended phases; b) homogeneous 1wt% cnb loaded IEM at 60% sonication
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Figure 4.24: SEM image of 160um thick membrane, a) 2.5wt% CNB loaded IEM

at 60% sonication amplitude; b) 4wt% CNB loaded IEM at 60% sonication
amplitude
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Figure 4.25: Effect of amplitude of sonication and filler weight fraction on
dispersion effectiveness
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The SEM analyses above and Figure 4.25 show two key aspects. Firstly, the
effectiveness of dispersion increased with increasing sonication amplitude. This could
be attributed to the structural difference between the structure of carbon nanoballs
(spherical) and polymer chain (long and cylindrical). The aspect ratio of a SSBR
chain is about 854 (790/0.924) (1/2r). This implies that the aspect ratio of a chain was
850 times greater than that of a carbon nanosphere (Allegra et al., 2008). This great
mismatch was responsible for the agglomeration that took place due to the difficulties
encountered on mixing. Higher sonication amplitudes therefore break and separate
the long polymer chains. The broken polymer chains have lower aspect ratios which
are more compatible with the carbon nanospheres. As the shorter polymer chain
fragments attempt to recombine on drying, they randomly interact with the carbon
nanospheres (Allegra et al., 2008). The dangling carbons at the outer layers of the
carbon nanospheres interact with terminal free radical ends of the chain fragments
(Kang and Wang, 1996). This strong polymer filler interaction was believed to be

responsible for reinforcement.

At low sonication amplitudes, polymer- nanoball interaction was assumed to be very
low, polymer - polymer and filler - filler were very high, thus promoting
agglomeration of the carbon nanoballs. Therefore high amplitudes of sonication (60
and 75%) resulted in high dispersion of carbon nanoballs with minimum
agglomeration. However, an attempt to increase the amplitude of sonication above

75% resulted in rapid heat build up which made the process difficult to control.

Secondly, as Figure 4.25 shows, agglomeration increased with increasing filler
concentration at constant amplitude of sonication. This could be attributed to the fact
that the higher concentration of filler requires further separation of polymer chains to
incorporate more carbon nanospheres into the matrix. This further separation requires
greater power which was limited by the amplitude of sonication. Therefore the degree
of dispersion decreased with increasing filler concentration. This observation pointed

to the fact that more energy intensive methods may have to be found to further
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improve the dispersion effectiveness. Non energy intensive methods may also be used

to improve dispersion.

The successful dispersion of carbon nanoballs at higher amplitudes of sonication was
a major milestone towards the achievement of reinforcement. However, the
fragmentation of long polymer chains at high sonication amplitudes could mean a
compromise on the mechanical properties. The compromise could be expected since
the mechanical properties of polymeric materials increase with increasing molecular
weight (Allegra et al., 2008).

4.2.3 Characterisation of SSBR nanocomposite lon Exchange Membrane

The nanocomposites were characterised by FTIR and TGA for qualitative

sulphonation analysis and thermal stability respectively
4.2.3.1 FTIR analysis of sulphonated nanocomposite IEM

FTIR was used to qualitatively assess the nanocomposite material. Figure 4.26 shows
that the polymer backbone was not distorted by blending. The strong peaks at 3400,
1641, 1126 and 1033 cm™ were consistent with plain SSBR. A broad strong band
observed for 4wt% CNB loaded IEM at 1632 cm™ was attributed to the C=C bonds
of carbon nanospheres. The generally lower transmittance values observed for 4wt%
CNB loaded IEM was attributed to the presence of high density of C-C and C=C
bonds of carbon nanospheres (Mokrini et al., 2004 and Sobkowicz et al., 2009).
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Figure 4.26: FTIR of nanocomposite IEM at different wt% CNB loading

4.2.3.2 Thermal stability of nanocomposite IEM

Figure 4.27 shows the thermal stability for nanocomposite IEM. For both unblended
and blended IEM, they went up to 140°C without any weight loss. Rapid
decomposition of all samples started at 415°C and total decomposition occurred at
622°C. The 2.5 and 4wt% CNB loaded IEM sample lost 5% weight before rapid
decomposition, whilst the rest of the samples lost 8%. This loss could be attributed to
the loss of water absorbed by the hygroscopic membrane. Therefore the IEM could be

thermally stable for up to 415°C.
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Figure 4.27: Thermal stability of SSBR nanocomposite IEM

The 4wt% CNB loaded IEM could withstand 199°C without any material loss. This
relatively high thermal stability could be of use in ion exchange membranes for fuel
cell applications, where temperatures above 120°C are desirable. Having successfully
blended and cast thin nanocomposite membranes of 160um average thickness, the
testing and evaluation of mechanical properties were feasible. Therefore the next
section analyses and discusses the ultimate goal of the whole work — the

reinforcement effects of carbon nanoballs to SBR ion exchange membrane.
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4.3 Mechanical testing of SSBR nanocomposite IEM

In this section, the results of mechanical testing of nanocomposite ion exchange
membranes were analysed, evaluated, discussed and compared to existing work. The
first subsection focused on the general results of mechanical testing. From these
results, detailed analysis and discussion of the effects of carbon nanoball
concentration on dimensional stability, mechanical strength, ductility and endurance
was done. The trends were then compared to existing models and finally an attempt to
establish relationships for predictions was done. Recommendations for further work

were presented too.
4.3.1 Effect of CNB volume fraction on mechanical properties of SSBR IEM

The mechanical tests carried out on specimens from the nanocomposite membranes
blended at 60% amplitude, 20 days after blending were frequently used for analysis
and discussion due to greater consistency and more uniform dispersion. Data derived
from mechanical testing using the Hysitron Nanotensile5000 tester is recorded in
Table 4.8.

The filler volume fraction, V¢ was defined as the ratio of the volume occupied by the
carbon nanoballs to the total volume of the nanocomposite. It was derived from the
weight fraction of carbon nanoballs used (CNB wt%) using the density - volume
relationship described in the methodology section. The Young’s modulus, E (MPa)
was computed as the gradient of the initial linear portion of the stress - strain graph
obtained from uniaxial tensile testing. The yield strength, o, (MPa) was the stress
value obtained at the point where the initial slope of the stress - strain graph, offset by
0.2% on the strain axis, met the plotted stress - strain curve. The tensile strength, o
(MPa), was the stress level on the stress strain graph at which the membrane broke
apart. The strain, e,, was evaluated as the ratio of the extension of membrane

specimen before breaking to the original specimen length. Since the fracture

115



toughness evaluation of elastomers is difficulty using conventional methods, it was
computed by the Hysitron Nanotensile tester software as the area under the stress-

strain curve.

Table 4.8: Mechanical properties of SBR-CNB nanocomposite IEM

CNB wt% Vi E(MPa) 6,(MPa) o,(MPa) ey Ue 1(J/cm?)
0.00 0.00 13.71+0.29 0.25+0.02  2.00£0.09  0.68+0.03  0.84:+0.04
0.25 0.008 14.34+0.15 0.24+0.01  1.90+0.12  0.57+0.05  0.71+0.01
0.5 0.017 17.15+0.19 0.27#0.01  1.92+0.14  0.69+0.03  0.83+0.07
0.75 0.025 21.91+0.18 0.34+0.01  2.17+0.12  0.73+0.03  0.91+0.02

1 0.033 24.58+0.29 0.47#0.01  2.37+0.10  0.53+0.08  0.85+0.04
1.75 0.058 22.05+0.06 0.45+0.02  2.44+0.03  0.67+0.04  0.99+0.07
2.5 0.086 19.73+0.32 0.44+0.01  2.55+0.03  0.84+0.06  1.41+0.02

4 0.142 20.18+0.52 0.42+0.01  3.88+0.15  1.11+0.01  2.65+0.12

Isotropy data is recorded in Table 4.9. The data was obtained by performing the
uniaxial tensile test for identical specimens cut in two perpendicular directions (X and
Y) from the same membrane sample. The ratio of the mechanical property value
obtained from the x direction to the y direction was defined as the measure of
isotropy. Therefore the degree of isotropy was defined by E./E,, oyx/oyy, 0sx/0sy, €uxl€uy
and Us/Usry, Which are the ratios of E, oy, o5, €, and Uz, in the x direction to the
corresponding values in the y direction respectively. The overall mean of the
mechanical property ratios at constant filler weight fraction gave an indication of the
degree of anisotropy as shown in Table 4.9. The property mean is defined as the
mean of the property ratios of a constant mechanical property with varying weight
fractions of carbon nanoballs. The % dev is the deviation of the mechanical property
ratio from isotropy, defined by; (mechanical property ratio less 1).
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Table 4.9: Data for ratio of transverse mechanical properties to perpendicular

properties
wt% CNB E,/E, Gyx/Gyy (L /ey  UsndUsy Overall Mean  %dev

0.00 1.01 1.05 0.97 1.04 0.94 1.00 0.18

0.25 1.10 0.92 0.76 0.65 0.50 0.79 -21

0.50 1.03 0.91 1.02 0.98 1.01 0.99 -1

1 1.26 1.10 1.09 0.98 1.05 1.09 9

25 0.92 1.29 1.21 1.17 1.38 1.19 19

4 111 0.85 1.00 1.01 1.09 1.01 1

Property Mean 1.07 1.02 1.01 0.97 0.99 1.01 1

4.3.1.1 Effect of CNB volume fraction on mechanical stability of nanocomposite
IEM

Figure 4.28a shows that the Young’s modulus E, initially increased curvilinearly with
increasing filler, from 13.71MPa at 0% loading, up to 24.58MPa at 3.3% volume
fraction, after which a gradual decrease commenced in a curvilinear fashion down to
20.18MPa. Therefore a maximum improvement of 79% was achieved for E at 3.3
vol% CNB. The initial increase was associated with the high stiffness of the filler
material in the homogeneous nanocomposite membrane below 3.3 vol% CNB. The
decrease above this critical V¢ (3.3vol% CNB) was attributed to agglomeration.

Further analysis of E is presented at a later section.
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Figure 4.28: Effect of nanofiller volume fraction, V; on; a) Young’s Modulus, E
(stiffness). b) isotropy

A maximum deviation of 21% at 0.25 CNB wt% loading and a minimum deviation of
1.21% from isotropy were observed (Table 4.9 and Figure 4.28b). However, the
overall mean mechanical property ratio was 1.01, translating to a 1.32% deviation
from isotropy (Table 4.9 and Figure 4.28b). This implies that the membrane was
highly isotropic. This isotropy was attributed to the spherical nature of the carbon
nanoballs as well as the casting technique used which was non-directional. The
deviations from isotropic behavior could be due to agglomeration, and processing
defects associated with blending and the evaporative casting technique (e.g uneven

casting surface, impurities and pressure differentials on the casting liquid surface).

43.1.2 Effect of CNB volume fraction on the mechanical strength of nanocomposite
IEM

Figure 4.29a shows that the tensile strength, o5 increases almost linearly with carbon
nanoball volume fraction from 2MPa at 0% loading to a maximum of 3.88MPa at
14.2vol% CNB loading. Thus tensile strength was improved by a maximum of 94%
at 14.2 vol% CNB (4wt%). The yield strength, oy, increased curvilinearly from
0.25MPa at 0% CNB loading to a maximum of 0.47MPa at 3.3vol% CNB loading.
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Above 3.3vol% CNB loading, o, decreases linearly and gently with increasing V¢
down to 0.42MPa at 14.2vol% CNB loading. Therefore, a maximum of 88%

improvement of yield strength was achieved at 3.3vol% CNB loading (1wt%).
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Figure 4.29: Effect of CNB volume fraction on; a) tensile strength, o; b) yield strength, o,

The increase of o5 was attributable to the increasing total surface area of interaction
between the polymer and the filler, facilitating the load transfer from the weaker
polymer to the stronger nanofiller (Ahmed and Jones, 1990 and Baeta et al., 2009).
The tensile strength of the carbon nanoballs, estimated to be 7 — 9GPa, i.e. about 350
times greater than that of the polymer (Deshmukh et al., 2010). Therefore if more
load is transferred to the carbon nanoballs, the tensile strength is expected to increase.
This further explained why os increased with V. The analysis of o5 vs Vs was
discussed in further detail at later section. The yield strength trend was similar to that
of the Young’s modulus (compare Figure 4.28a and 4.29b). The increasing bouncing
effect of nanoballs with increasing Vs could be responsible for the sharp increase of
yield strength in the first section of Figure 6.2b. The latter decrease was attributed to
agglomeration (Cho et al., 2006). The 88% increase in oy is significant, since the yield
strength is directly related to the fatigue strength. Therefore it can be inferred that the

fatigue strength increases with at least the same proportion.
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4.3.1.3 Effect of CNB volume fraction on ductility of nanocomposite IEM

The engineering strain at break, e, increased linearly from 0.68 at 0% CNB volume
fraction loading to 1.11 at 14.2vol% CNB volume fraction, translating to 65%
improvement (Figure 4.30a). According to Figure 4.30b, the fracture toughness, U
increased curvilinearly with increasing CNB volume fraction from 0.84 J/lcm® at 0%
loading to 2.65J/cm?® at 14.2% filler loading. Accordingly, a 215% fracture toughness
improvement was achieved. The strain improvement could be attributed to the
increasing volume of interactions with increasing V;. The entanglements of dangling
bonds of carbon nanoballs with polymer chain ends as well as the rearrangements of
sliding nanoballs could result in increased strains (Vassiliou et al., 2008). The carbon
nanoballs could also have improved the fracture toughness through filler induced
crazing, crack pinning and crack bridging (Yan et al., 2006). The lower fracture
toughness of the plain membrane was associated with the introduced sulphonate
groups reported to cause brittleness at high DS. The carbon nanoballs are believed to
stop crack migration and propagation through the reorientation of chains, filling of
voids as well as the entanglement interactions between chain fragments and dangling
ends of the outer shell. These interactions increase the total energy of the composite,

which must be overcome to break the membrane apart.
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Figure 4.30: Effect of CNB V; on; a) engineering strain; b) fracture toughness of SSBR IEM
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4.3.1.4 Effect of CNB volume fraction on fatigue strength of SSBR IEM

Due to limitations of nanocomposite membrane fatigue testing equipment, fatigue
testing was limited to 100 cycles at a frequency of 0.1Hz. Figure 4.31 shows the mean
stresses endured by the nanocomposite membrane specimens without breaking for
100 cycles at 0.1Hz frequency. The fatigue strength trend increased with increasing
nanofiller concentration, V. The trend was similar to the tensile strength trend as
shown in Figure 4.31. This fatigue strength improvement could be associated with the
crack pinning effect which dismantles and stops crack propagation. It was also
attributable to the improvement of the yield strength, and hence the increase in
elasticity which was earlier shown. As cycles of stress persist, the reorientation of the
isotropic spherical particles does not alter much of the morphology of the

nanocomposite and hence maintain a steady structure and properties.
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Figure 4.31: Effect of CNB wt% on fatigue strength
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4.3.1.5 Overall reinforcement effect of CNBs on mechanical properties of SSBR
IEM

Table 4.10 shows the maximum mechanical property improvements achieved through
addition of carbon nanoballs. Maximum improvement of E and oy of 79 and 88%
respectively were achieved at 60% amplitude and 3.3 vol% CNB. The maximum
tensile strength improvement of 94% was achieved at 60% amplitude and 14.2 vol%
CNB. The maximum strain and fracture toughness improvement of 369 and 367%

respectively were achieved at 20% amplitude and 14.2vol%.

Table 4.10: Maximum reinforcement achievements with CNB addition

Property Max. Value % Improvement CNB Vol% %Amplitude
E (MPa) 24.6 79 3.3 60
oy (MPa) 0.47 88 3.3 60
os (MPa) 3.9 94 14.2 60
e 3.3 369 14.2 20
Use (Jem™) 4.2 367 14.2 20

When a balance of mechanical properties is required, a CNB volume fraction of
8.6vol% CNB was optimal as shown in Figure 4.32. At this CNB volume fraction, E,
the Young’s modulus was 19.73MPa (44% improvement); yield strength, oy,
0.44MPa (74% improvement); Tensile Strength, os, 2.55MPa (27% improvement);
strain, ey, 0.84 (25% improvement); and fracture toughness, Us;, 1.41J/cm® (72%
improvement). Based on the reinforcement improvements mentioned above,
applications such as nanofiltration (0.93 — 1.5MPa), microfiltration (0.01 — 0.5MPa)
and ultrafiltration (0.1 — 1MPa) could be achieved with reinforcements below 14vol%
CNB. Applications which require taut membranes carry a tensile load and might
require high stiffness (E). Such applications then require CNB reinforcement loadings
close to, but greater than or equal to 3.3vol%, (Figures 4.28a and 4.32). On the other
hand a slack membrane does not possess any significant stiffness and tensile strength,
but require great flexibility and hence good ductility and fracture toughness (Hornig

and Schoop, 2003).
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Figure 4.32: Overall reinforcement effect of carbon nanoballs

This is achieved at higher CNB volume fraction close to 14%. Wrinkled membranes
also require good ductility and fracture toughness and hence higher values of Vs
(Hornig and Schoop, 2003). The membrane could also find applications in reverse
osmosis (2 — 10MPa) if the mechanical properties could be further improved at the
same CNB loading.

More exciting applications of the carbon nanoballs would be in fuel cell applications.
Previous work by Abdulkareem, 2009 and Idibie, 2009 has already shown that
addition of carbon nanoballs drastically improved the electrochemical properties of
styrene butadiene ion exchange membranes. The positive reinforcement effects of the
carbon nanoballs further positions the SBR — CNB nanocomposite ion exchange

membrane for fuel cell applications.
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4.3.2 Effect of blending conditions on mechanical properties of nanocomposite
IEM

Since agglomeration has been reported as one of the key hindrances to realizing the
benefits of nanofillers, blending was investigated at different amplitudes of
ultrasonication. The percentage changes in mechanical properties due to changing the
blending conditions from 20 to 60% amplitude of sonication are shown in Table 4.11.
E, oy, and os increased by 92 — 233%, 88 — 282% and 60 - 81% respectively. On the
other hand, fracture toughness and strain reduced by 44 — 64% and 50 — 66%
respectively. The drastic change in mechanical properties shows that blending
conditions are very critical in reinforcement of polymeric ion exchange materials with

carbon nanoballs.

Table 4.11: Percentage change in mechanicals properties with change in amplitude of
sonication from 20 to 60%

Vs (%) AE (%) A, (%) Ao, (%) AUg (%) Ae(%)
3.3 92 88 60 -44 -50
5.8 120 177 56 -55 -65
8.6 185 238 73 -50 -67
14.2 233 282 95 -64 -66

Average 158 196 71 -53 -62

Figures 4.33 and 4.34 show the mechanical property vs Vs profiles for
nanocomposites at 20, 60 and 75% amplitude of sonication. At 60 to 75% amplitude,
all the mechanical properties improved with CNB loading. Nevertheless, the
improvement of mechanical properties of membrane sonicated at 75% amplitude over
the ones at 60% was marginal (Figure 4.33). The maximum elastic modulus, E of
25MPa, implying a 79% improvement (over plain ones), was achieved at both 60 and
75% amplitudes of sonication and 3.3vol% CNB. The maximum yield strength, oy, of
0.48MPa (92% improvement) was achieved at 75% amplitude and 3.3vol% CNB.
The maximum tensile strength, o5, of 3.9MPa (95% improvement) was achieved at
60% amplitude and 14vol% CNB (Figure 4.33).
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On the other hand, E, o, and os vs V; profiles decreased with increasing filler
concentration at 20% amplitude (Figure 4.33). E, oy, and o, decreased by a maximum
of 57, 55 and 25% respectively. Nevertheless, the maximum fracture toughness, Us;,
and strain, e,, improved by 367% (0.9 — 4.2J/cm®) and 369% (0.7 — 3.28Jcm™)
respectively, at 14vol% CNB (Figure 4.34).

The improvements at higher amplitudes of sonication were attributed to high
dispersion of the carbon nanofiller, which promotes positive polymer - filler, polymer
— polymer and filler - filler interactions. The marginal improvement from 60 to 75%
amplitude of sonication could be attributed to the fragmentation of polymer chains.
Fragmentation reduces the molecular weight of the polymer matrix and consequently
compromises the mechanical properties. The negative effect of carbon nanofiller on
synthetic rubber reinforcement at low sonication amplitude was attributable to
agglomeration. Poor dispersion introduced tactoids and voids which acted as stress
inhomogenizers thus reducing the tensile properties. Agglomeration also meant that
most of the stress was not adequately transferred to the nanofiller material (Cho et al.,
2006 and Brechet et al., 2001). As a result, the mechanical properties of the
composite were limited by the mechanical properties of the polymer at low

amplitude.

The effective surface area of interaction between polymer and filler as well as filler to
filler is reduced by agglomeration, hence reducing the tensile properties. The
significant improvement of fracture toughness and strain at low sonication amplitude
could be attributed to minimal damage of polymer chains during blending. Higher
sonication amplitude is responsible for fragmenting polymer chains and hence the

density of fracture points responsible for failures (Allegra et al., 2008).
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4.3.2.1 Optimisation of ultrasonication conditions for SSBR reinforcement

A compromise has to be reached, to achieve high E, oy, o5 as well as Us;and ey. As

shown in Figure 4.35, the optimal sonication region for overall reinforcement lies

between 30 - 45% amplitude of ultrasonication. In this region, Enax lies in the range
185 — 22MPa (35 - 60% improvement); Oymax, 0.32 — 0.4MPa (28 - 60%
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improvement); Gsmax, 2.5 — 3.25MPa (25 - 63% improvement); Ut max, 3.2 — 3.75 Jem’
% (256 - 317% improvement) and eymax, from 1.8 — 2.6 (157 - 270% improvement).

If a blending method which minimizes polymer chain fragmentation whilst
maintaining high dispersion of nanofiller could be found, then high fracture toughness
and strain could be achieved without compromising the rest of the other desired
mechanical properties. Therefore further work on blending of carbon nanoballs with

SSBR using other blending technologies is recommended.

=—t—gymax x 1/10(MPa)

== g3max(MPa)
eumax

5 =i U timax (J/cm3)

—8—FEinax x 5(MPa)

Mechanical Property
w

20% 30% . 40% " 50% 60% 70% 80%
N ;

~ -
N

> Amplitude of Sonication
Optimum Region

Figure 4.35: Optimisation of sonication amplitude for reinforcement

4.3.3 Effect of time (age) on mechanical properties of nanocomposite IEM

The nanocomposites blended at 60% ultrasonication were also tested 40days after
production under the same conditions of mechanical testing as those carried out at

20days. Figures 4.36 and 4.37 show the comparisons of the mechanical properties
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between 20day old nanocomposites and 40day old nanocomposites stored at room

temperature and pressure conditions.

The increase in the Young’s modulus with age can be attributed to the increase in
crosslink density of the polymer as a result of aging. This increase in crosslink
density could be responsible for enhancing stronger polymer filler interactions
(Yasmin et al., 2006 and Cho et al., 2006). Aging may also result in the reduction of
moisture suspected to be trapped within the membrane. This moisture reduction could
result in the reduction of mean polymer — filler and filler — filler separation distances
resulting in the significant improvements of elastic properties. The improvement of E
was observed to increase with carbon nanoball volume fraction, reaching a maximum
improvement of 52% at 3.3 vol% carbon nanoball loading. The yield strength
increased along similar trends as E for the same reasons. The carbon nanoballs might
also be responsible for reducing the degree of oxidation responsible for polymer
degradation (Mitov et al., 2006). Further work on the effects of carbon nanoballs on
oxidative stability of ion exchange membranes is therefore recommended.

The trend in tensile property with age was in line with that observed for their fresher
counterparts (Figure 4.36b). The tensile strength of the nanocomposites shows
marginal and insignificant change with age. The marginal change could be
attributable to the little changes expected in the effective surface area of interaction

between the carbon nanoballs and the polymer with age.

The trend of fracture toughness with age showed lower values than the ones of fresh
samples, with a maximum reduction of 61%. The negative trend with CNB volume
fraction could be attributed to increased oxidation at fragment ends of the polymer
and dangling bonds of the outer layer of the carbon nanosphere (Mitov et al., 2006;
Allegra et al., 2008 and Kang and Wang, 1996). The ultimate strain gains were also

significantly reduced with age, with a maximum decrease of 52%.
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Nevertheless, the impact of CNB volume fraction on mechanical properties of the

older ion exchange membrane remained positive. The maximum improvements of e,
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and Us, for the older specimens were 44 and 200% respectively, over the plain ones.
Maximum improvements of 177, 139 and 112% on E, oy and os of older
nanocomposite specimens respectively, over their plain counterparts, were still

realized.

Therefore addition of low volumes of carbon nanoballs improved the mechanical
properties of styrene butadiene rubber ion exchange membrane. However, there is
need to improve the fracture toughness stability with time. Carbon nanofiller
functionalisation, heat treatment as well as insitu polymerization are recommended

for further work.
4.3.4 Comparison of the experimental results with existing models

Theoretical and empirical models for tensile strength and Young’s modulus were
extensively reviewed in the literature review section. However, nanocomposite
models for fracture toughness, yield strength and strain have rarely been reported in
literature. Therefore, the comparisons of experimental profiles with existing models
were only done for Young’s Modulus and tensile strength. Figure 4.38 shows the

comparison of the experimental results with existing models.
4.3.4.1 Comparison of experimental E with existing models

Figure 4.38 shows the comparison of experimental profile for E with existing models
(Ahmed and Jones, 1990). Although the profile of E vs Vs between 0 and 3.3vol%
CNB loading was similar to the existing models by Guth and Thomas, the

experimental profile rose far much more sharply than the former.

From the experimental plot of E vs Vi, Equation 4.17 was obtained. By factorising out
(Ep~13.37) as shown in Equation 4.18, Ergexperimentaty Was obtained for the purpose of
comparing with existing models (Equation 4.19).
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Figure 4.38: Comparison of Experimental Results and Existing Models for E for rubber

nanocomposites

The existing models by Guth and Thomas are presented as Equations 4.20 and 4.21

respectively.
Egtgurny = 1 + 2.5V, + 14,1V, (4.20)
Eg (Thomas) = 1 T 2.5V, + 14.1V;" + 0.00273exp16.6V; (4.21)

The sharp rise of the experimental profile was due to the higher coefficients of V; and
Vi in the experimental profile (Equation 4.19) as compared to the existing models
(Equations 4.20 and 4.21). For example, the coefficients of V; and V¢ from the
experimental profile are 2.5 and 37 times greater than the Guth coefficients
respectively. For the Thomas model, the experimental coefficient of V¢ is 52 times

greater (Equation 4.19 and 4.21). This was due to the fact that the Young’s modulus,
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Ecn, Of the carbon nanoball is estimated to be far much greater than that of the
polymer, E, (~680 times greater — 9.5/0.014). Ecn, could also be uniquely greater than
the E for the nanoparticles assumed in models by Guth and Thomas. Thirdly the
carbon nanoballs are not solid but porous with a unique surface of interaction and
hence the higher coefficients (Wang and Kang, 1996 and Miao et al., 2003). Above

3.3vol%, the equation does not hold due to agglomeration.
Validity of the experimental relationship with E

The experimental relationship for E can be divided into two section as shown in
Figure 4.39. The distinctive features of the experimental trend (Figure 4.39a) was i) a
sharp curvilinear rise of E with V¢ up to Vi = 3.3% and ii) an gradual curvilinear
decrease of E values in a different fashion after V= 3.3%. It is therefore premised
that in region 1, E behavior was dominantly determined by the nanofiller properties
whilst the region 2 trend was dominantly influenced by the polymer matrix properties
due to nanofiller agglomeration. The volume fraction dividing the two regions was
referred to as V., the critical filler volume fraction above which agglomeration
begins. It was also assumed that E,, remained constant for 0 < J; < V; and hence the
improvement of E. in this region was due to carbon nanoballs. To prove this, region 1
was profiled as shown in Figure 4.39c and the limiting equations 4.22 and 4.23 were

obtained;
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Figure 4.39: Validity of the experimental profile for E

E (pypery = 14949Vi2 — 433V, + 13.71 (4.22)
E (1ower) = 6967V, + 128.2V, + 13.37 (4.23)

From Equation 4.22 and 4.23, the upper and lower limits of Ec,, were obtained by
extrapolation (Figure 4.39c). If the theoretical Young’s modulus of the carbon
nanoballs found in literature lies between the experimental upper (Ecnsu, V¢=1) and

lower (Ecnsl, Vs = 1) limits, then the premise made for region 1 is valid.
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E cysy = 14949V — 433V, (424)

E ey = 6967V + 128.2V, (425)

By substituting Vs =1 into Equation 4.24 and 4.25, the Young’s modulus of carbon
nanoballs used lie between 7.1GPa and 14.9GPa. The theoretical values given in
literature for fullerenes and related carbon materials similar to carbon nanoballs lie
between 7 and 12GPa (Levin et al., 2003 and Zetl and Cumings, 2001). Therefore the
assumption given to region 1 is consistent with literature. However, the Young’s
modulus for carbon nanoballs has not yet been fully established in literature and

hence further verification work is necessary.

Relationship between fractional free volume of matrix and Enax for nanocomposite
IEM

It was assumed that it was very difficult to disperse the nanofillers beyond the
fractional free volume, V, of the matrix material (Figure 4.39a). Therefore the critical
volume, V. must be related to V,. Filling the matrix material below its free volume is
expected to have the following advantages; i) less energy is required for effective
dispersion since the nanofillers enter the unoccupied spaces with little resistance and
ii) induced stresses (prestressing) are minimal and the matrix properties within the
nanocomposite are expected to remain fairly constant since the matrix-matrix
interparticle separation distance remains fairly constant for all V¢ <V, (Wang et al.,
2004).

For any given matrix material, 0 < V. < Vy. Factors like packing fraction and
dispersion effectiveness must therefore deviate V. away from V,. The higher V. is, the
better the reinforcement. Therefore a preliminary relationship is proposed to relate V.
and Vo (Equation 4.26).
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V. = 8fV, (4.26)

where V. is the filler critical volume fraction, Vj is the fractional free volume of the
matrix material, f is the packing fraction of nanofiller and ¢ is the dispersion
efficiency of nanofillers into the polymer matrix. The theoretical Vo for SSBR was
approximated by taking the one for SBR, Vo, = 0.095 and f= 0.5236, assuming a face
centred cubic lattice packing fraction of spheres (Wang et al., 2004, Recio et al., 2008
and Kozako et al., 2005). Since for the experiment done, V., = 3.3%, substitution into
Equation 6.30 would give a dispersion efficiency, ¢ of 66%. The estimated ¢ achieved
through blending was around 85%. The discrepancies could be due to the fact that
most of the figures used in the computations are estimates rather than accurate
figures. Further work on dispersion analysis techniques for nanocomposites is
therefore recommended. Agglomeration will have a serious effect on reducing V. and
hence the maximum achievable E. Equation 4.23 can take the form shown by
Equation 4.27;

E.=K V7 +K,V, +E,, (4.27)

where K; and K; are constants and Eno is E of the plain matrix without filler.

Assuming that the maximum E of the composite Ecmax Occurs at V, then,

E¢ =KV + KV, +Ey (4.28)

mex

By substitution of Equation 4.26 into 4.28, then;

E¢ = l!‘51.'*E":J?c-hi"rn:-: + K 0fVy + Epp (4.29)

meaex
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Assuming that f and V, are constants for a given pair of matrix and nanofiller, then

Equation 4.29 can be reduced to;

L Kd _E.'r:l:- [4'3{))

Equation 4.30 clearly shows the significant effect of dispersion efficiency on the
maximum elastic modulus of a polymer nanocomposite. If a matrix material and filler
have known characteristics like V, and £, then the maximum E for the nanocomposite
can be predicted by Equation 4.30 if the dispersion efficiency of the equipment was

known.

Beyond V., in region 2 of Figure 4.39a, agglomeration began impacting negatively on
the Young’s modulus profile (Jayasree and Predeep, 2008). The polymer — polymer
interactions begin to dominate the E profile. If non energy intensive methods can
adequately disperse carbon nanoballs beyond V., (up to Vi = 14%), there is potential
for improving E up to 180MPa (700% improvement) (Figure 4.39d). Therefore
further work on blending techniques to improve dispersion might enhance the full

realisation of the benefits of reinforcement.
4.3.4.2 Comparison of experimental profile for tensile strength with existing models

Figure 4.40 shows the comparison of the experimental profiles for tensile strength
with existing models by Nielsen and Nicolais and Narkis (Seon et al., 2004).
Equations 4.31 and 4.32 were derived from the experimental plots of o5 vs V¢ at 20

and 60% amplitude of sonication respectively.
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Figure 4. 40: Comparison of experimental profiles and existing models for tensile strength
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where o IS the tensile strength of the unblended polymer matrix.

The model proposed by Nicolais and Narkis was similar to the experimental profile at
20% amplitude of sonication (Figure 4.40, Equations 4.31 and 4.33). They both are
functions with similar negative coefficient of Vi (compare 1.21 and 1.26). They imply
that the tensile strength decreases approximately linearly with nanofiller volume
fraction. This similarity could be due to the fact that agglomerates of carbon
nanoballs in the composite interact in the same manner as the nanoparticles assumed
by Nicolais and Narkis. However, there was a difference in the power of V; for the
experiment as compared to existing models (compare 1 and 2/3 from Equations 4.31

and 4.33 respectively). This could be attributable to the size of nanoparticles used.
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The existing models might have assumed smaller sizes of nanoparticles than the ones

used, as well as ideal packing, which is different from reality.

The experimental profile for the well dispersed carbon nanoballs at 60% amplitude,
contradicts the given models (Figure 4.40, Equations 4.32, 4.33 and 4.34). The
equation has a positive gradient, implying the increase of tensile strength with
nanofiller concentration. The coefficient of Vs is also more than 4 times greater than
the one for existing models. This change in trend at different amplitudes of sonication
can be attributed to better dispersion of nanofillers at 60% amplitude. This
observation further shows the importance of dispersion in the reinforcement of
synthetic rubbers. Equation 4.32 can form a good basis for the prediction of the
tensile strength of a well dispersed synthetic rubber nanocomposite at any given

volume fraction of carbon nanoballs.
Relationship between tensile strength and CNB volume fraction

The observed relationship between the tensile strength of the nanocomposite, o, and
the carbon nanoball volume fraction, Vi approximates a linear function (Figure
4.41J).
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Figure 4.41: Relationship between i) tensile strength, o, and V; and ii) fracture toughness, Uy, and
V; for SSBR-CNB nanocomposite IEM

The relationship was described by Equation 4.35 below;

o, =g, (1+667V;) (4.35)
where o, and o, are the tensile strength of the nanocomposite and plain polymer,
respectively. The equation suggest that the tensile strength is directly related to the
surface area of interaction and stress transfer, which increases linearly with increasing
volume fraction of carbon nanoballs (Seon et al., 2004). The surface area of

interaction increases with volume fraction and hence the linear increase in stress.
4.3.4.3 Relationship between fracture toughness and CNB volume fraction

The fracture toughness relationship was estimated to be a polynomial relationship of
order 2 (Figure 4.41ii and Equation 4.36).

Us oo = Up (1 + 2,12V, + 131.6V7) (4.36)

where Uz and Uy are the fracture toughness of the nanocomposite membrane and
plain membrane respectively. From the bonding theory, fracture toughness is directly
related to total energy of bonds in the system (Ashbey and Jones, 1980). In turn the
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total energy is directly proportional to the number and strength of interactive bonds.
Therefore by combining Equation 4.42, 4.44, 4.45, 4.46 and 4.50 proposed at a later
section (4.35), Equation 4.37, which is similar to Equation 4.36 except for the Vi3 is
obtained.

U e = Up o1 + KsV; + KoV + Ko VM) (4.37)

The difference could be attributable to the fact that the size of the carbon nanoball
used might have been too large to compare with the molecular bonding theory.
Agglomeration could have also caused further deviation. On the other hand reduction
in the size of carbon nanoball used for blending and high dispersion of nanofiller

might reduce the variation between the theoretical and experimental expressions.
4.3.5 Proposed mechanism for reinforcement of SSBR with carbon nanoballs

The proposed mechanism for reinforcement is similar to the one proposed for styrene
butadiene rubber by carbon black (Jayasree and Predeep, 2008). During the initial
stages of carbon nanoball incorporation, the carbon nanoball aggregates are
compressed by the polymer and contains many discrete voids. During mixing, the
aggregates are dismantled by the ultrasonic energy and forced into the voids and air is
expelled. In the process, long chain rubber molecules are split by the forces generated
by the ultrasonic waves. The chain fragments are formed with terminal free radicals
and if stable, short chain molecules remain. They can also recombine into longer
chain molecules on stabilisation. The combination of polymer chains with the bound
carbon nanoballs result in different types of interactions affecting the overall

mechanical properties (Allegra et al., 2008).

The polymer chains can be considered as sequences of interface segments (subchain
segments totally running in the interface shell of a given carbon nanoball), bridge
segments (sequences of non-interface units with the two adjoining units in the
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interface shells of two different particles), loop segments (similar to bridge segments,
but starting and ending in the interface shell of the same particle) and dangling
terminal segments (Odegard et al., 2005). Bound rubber is trapped between or within
the filler aggregates where it is no longer part of the elastically active rubber matrix.

The assumed model of interaction is illustrated in Figure 4.42.

Figure 4.42: CNBs in polymer matrix; a) illustration of interaction between monodisperse
nanoparticles and polymer chains in an elastomeric nanocomposite; b) modeling of polymer
chains as represented by their radius of gyration (Hooper and Schweizer, 2006)

4.3.5.1 Mechanism for improvement of Young’s modulus

The assumptions made in this discussion are that; i) the carbon nanoballs are uniform
in size and shape (spherical), ii) the polymer matrix, though made of strings of long
polymer chains far much thinner than the carbon nanoballs (1-3nm vs 60-80nm), are
considered as spherical particles (Hooper and Schweizer, 2006) with their diameter
equivalent to their radius of gyration (Figure 4.42b); iii) the nanocomposite is
considered as a multiphase continuum comprising monodisperse filler within
elastomer chains separated by interfacial shells; iv) E for each constituent is thought
of as a result of effective interactions of identical constituent particles, transmitted
and mediated through the intervening second constituent of the nanocomposite
(Crosby and Lee, 2007 and Zeng et al., 2008); v) E for the composite is assumed to be
the sum of E for the constituents of the composite vi) van der Waals forces and
electrostatic forces (due to calixarenes, electron donor—acceptor- type interactions)

are the only significant forces acting between carbon nanoballs in the nanocomposite
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vii) van der Waals and ionic interaction are the significant interactions between
polymer particles (Ashbey and Jones, 1980) and viii) interparticle repulsive forces are

negligible.

Based on the above assumptions, the theoretical value of E, for the composite can be

estimated. The fundamental equations for the theoretical model are as follows;

Ec = E T E, (4.38)

where E;, E; and Ep are the composite, nanofiller and matrix Young’s moduli
respectively. Assuming that the van der Waals and dipole-dipole interactions are the

only significant forces between the nanofillers (Ashbey and Jones, 1980), then,

Er = Ervory T Eptaim) (4.39]

where Efvpory and Egqipy are the contributions of nanofiller van der Waals and

electrostatic (dipole) interactions to Young’s moduli respectively. Similarly,

Ewm = Emvor) T Emtronic) (440

According to bonding theory, the stiffness of a substance, E is related to the potential
energy, U of the substance by;,

E=—0f (4.41)

where r is the interparticle distance (Ashbey and Jones, 1980). For van der Waals
interaction, the magnitude of Energy, U, neglecting the repulsive component is given

by;
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Uypr = 3 (4.42)

where A is the constant of attraction (Ashbey and Jones, 1980 and Zhang et al., 2000).
Therefore by differentiation, Eypr, the stiffness due to van der Waals interactions is

given by;

Evpr = 5 (4.43)

Similarly, the energy due to ionic and dipole interactions and the corresponding E are

given by;
_E
Uronic jaipote = 7 (4.44)
Eronic s =2 (4.45)
IONIC Jdipols .- .

Since the interparticle distance, r is related to the volume fraction of particles, V by
Equation 4.46 (Kozako et al., 2005 and Palza et al., 2010);

™y

(4.46)

b
-
ey
0l

where C is a constant of proportionality related to the size, shape and packing fraction
of the particles. By substituting Equations 4.43 and 4.45 into 4.39;

L'L
a1
%y ]
H

E,

+-L (4.47)

._

ot
]
—

l-'.'I'.II
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By substituting 4.46 into 4.47, an important equation of E; as a function of V;, the

filler volume fraction is established;

-"4.-" E 3 S_]‘ -
E=7sVr toEV (4.48)

where A;, C; and By are constants related to the permittivity of the matrix material to
filler to filler interactions. Similarly, the Young’s modulus of the matrix constituent,

Em, is given by;

A o m

E/3
E“r. .[":1'. H .['f:v.
ce m c3om

™ ™

(4.49)
Where An, Cry and B, are constants related to the permittivity of the filler material to
matrix to matrix interactions. But, Vy, is related to V; by;

V,=1-V, (4.50)

By substitution of Equation 4.50 into 4.49,

E =

™

Lt r E S“’ " r
e (1-V,)3+ - (1-v;) (4.51)

m

By substituting Equation 4.48 and 4.51 into 4.38, an important relationship between
filler volume fraction and E is established,

r

E = -’:1_." L,E.'s -’:1.1.1': 1 1 E [ S_." S.‘.": r Sm 4,57
= CJ.:S 7 C:r: ( f:I foS C.'i ’ C:i ( . :I
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8/3

For small V, and since 0 < V; <1, the expression (1- V;)”" in Equation 4.51 can be

expanded and approximated as Equation 4.53 (Taylor Series);

2
(1=V)I ¥ 1—a, Ve +a, Vi —agV7 +o = (4.53)

where a1, ay, as, e.t.c are established constants. By neglecting the higher powers of

Equation 4.53 since it is a convergent series, the approximation becomes;

5]
(1-V)F~ 1—a,V; (4.54)

Substituting Equation 4.54 into Equation 4.52, Equation 4. 55 is obtained

-

_ "':1_," 2/3 5_,*' B"' "':1.1.*': . S"-' "':1.1.1-':
B T ( ci [CS T C‘S] et ) (+:53)

Equation 4.55 can be generalized further to Equation 4.56, summarised as;

c

E.=KVEP 4k, Vit K, (4.56)
d 0 Jmo g

where K, defined by Equation 4.57 below, is a constant related to the E of the filler

material;
.":1-'.-
Ke= cs (4.57)

4

and Ky, defined by Equation 4.58 below is a constant related to the E of the pure

unblended matrix material.
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K = Sm -’:1.1.1-: 458
m ({?3 E‘Ej E ' :I

m

Kim, the matrix - filler interaction constant defined by Equation 4.59 below is of great

interest.

KS‘ 51?’: ";1.1.":
Kpp = ( T [H—fﬁ C_ED (4.59)

Equation 4.59 can be further summarised as;

Ky = Ky — Koo (4.60)

where Ky and Ky are constants related to the E of the filler and matrix respectively.
The equation therefore suggests that the difference between the magnitude of the
properties of the filler and matrix materials are critical for reinforcement purposes.
The equation suggests that the properties of the mechanical properties of the
nanofiller must be significantly greater than those for the matrix material for
significant reinforcement. If the filler properties are inferior to the matrix material, the
effects on reinforcement could be negative. Agglomeration as a result of poor
dispersion must therefore affect the interaction constant, Ky, resulting in negative
effects on reinforcement. Similarly, K; is significantly reduced by agglomeration

resulting in limited or even negative reinforcement.

As Equation 4.56 shows, the Young’s modulus, E, of a synthetic rubber
nanocomposite ion exchange membrane can be equated to an approximate
polynomial function of the volume fraction of the filler using the bonding theory.
This is justified by the fact that the experimental equation for E, given by Equation
4.17 is similar in structure to the one from the bonding theory (Equation 4.56). The

only difference is on the higher order power of V; (2 vs 8/3). This difference could be
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attributable to the differences between the actual packing of nanofiller in matrix and
the assumed one (Kozako et al., 2005 and Palza et al., 2010). It is also important to
note that the interactions between polymer and filler are much more complex than the
assumptions made. Therefore reduction in the size of carbon nanoball used as a filler
and improved dispersion are expected to bridge the gap between theoretical and

experimental equations.

Therefore, the assumption that the Young’s modulus of a synthetic rubber carbon
nanoball nanocomposite ion exchange membrane is the result of summation of the
filler-filler interactions mediated through the synthetic rubber matrix, the polymer-
polymer interactions mediated through the nanofiller and the polymer-filler
interactions can be reasonable. For the SSBR — CNB nanocomposite ion exchange
membrane, Equation 4.56 can be written as;

£5/3

E.=K_ ,E., .,V ., + K.V

cnb “enb “enhb c” cnb

L ffssb!

E

szby

(4.61)

where E¢, Kenb, Ecnby Venbs Ke, Kssor @nd Esspr are the Young’s modulus of the SBR —
CNB nanocomposite, the permittivity constant for CNB-CNB filler interaction
through SSBR, the Young’s modulus of CNBs, the volume fraction of CNB filler, the
SSBR — CNB compatibility factor, the permittivity constant for SSBR — SSBR
interaction through CNBs and the Young’s modulus of SSBR respectively.

Therefore if the Young’s moduli of CNB and SSBR are known, reasonable
reinforcement predictions can be made for the synthetic rubber nanocomposites. It
can therefore be inferred that predictions for the other mechanical properties is

possible and can be extended to similar synthetic rubber reinforcements.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The research was aimed at reinforcing locally synthesized rubber (polymeric) ion
exchange membrane with locally synthesized carbon nanoballs to improve the
mechanical properties. Successes in carbon nanoball synthesis, synthetic rubber
functionalisation, blending, casting and mechanical testing made reinforcement

feasible.
5.1.1 Carbon nanoball synthesis

A simple and stable NCCVD method using acetylene gas as the carbon source and
argon as the carrier gas, has successfully produced uniform carbon nanoballs for
reinforcement applications. A carbon nanoball of 60nm average diameter, 13.81m?
BET surface area, I/lp ratio of 1.04, T4 of 540°C and 99% purity was produced at
0.82 acetylene flow ratio and 1000°C in 16mm @ reactor. The acetylene flow ratio
and the reactor diameter were observed to be critical for the optimal production of the
carbon nanoballs. At constant temperature and reactor size, the carbon ball size varies
nonlinearly with acetylene flow ratio, reaching a minimum turning point between the
lowest acetylene flow ratio and unity. The acetylene flow ratio, which determines
curvature of graphitic shells, and the acetylene flow rate, which determines the
number of shells formed, were the key factors influencing the size of the carbon ball
formed. The carbon nanoball production range is inversely proportional to the reactor
size. The minimum carbon ball size the equipment can produce is directly
proportional to the reactor size. The acetylene flow ratio corresponding to the
minimum turning point of the graph approaches unity as the reactor size decreases.
Therefore smaller reactor sizes favour carbon nanoball production. The maximum
production rate was 0.11gmin™ and the yield was 24% comparable to 26% reported
elsewhere. The production rate and yield increase with acetylene flow rate.
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5.1.2 Synthetic rubber sulphonation and blending

Styrene butadiene rubber was successfully sulphonated using 0.09M chlorosulphonic
acid in 1,2 dichloroethane at 1.12 molar ratio to produce 44% degree of sulphonation.
Low concentration of sulphonating agent (< 0.1M CSA) was found to promote
homogeneous sulphonation due to the stoichiometric matching of the instantaneous
concentration of sulphonating agent to the polymer solution. High concentration of
acid (>1M) promotes polymer degradation. The high degree of mismatch of the
instantaneous concentration of the sulphonating agent to the polymer solution was

responsible for the degradation at relatively high concentrations.

The successfully sulphonated synthetic rubber ion exchange material was
successfully blended with the carbon nanoballs using the solution processing method
aided by ultrasonication at 60% sonication amplitude for 3hrs. A 160um thick fairly
homogenous nanocomposite ion exchange membrane was successfully produced. The
quality of dispersion increased significantly with the amplitude of ultrasonication
with a 700% quality of dispersion improvement from 20 to 60% amplitude of
sonication. A critical amplitude of sonication exists for optimal blending. Above this
critical value, polymer chain fragmentation occurs. Below this critical value, the
quality of dispersion is compromised. The quality of dispersion also decreases with
increasing filler concentration. There exists a saturation point above which the matrix
material may not accommodate more nanofiller. Therefore optimisation of the

blending conditions is critical inorder to achieve the desired reinforcement objectives.

5.1.3 Reinforcement effects of carbon nanoballs on SSBR ion exchange

membrane

The reinforcement of synthetic rubber ion exchange membrane with 3 — 14 vol%
CNB improved the mechanical properties in the range 79 — 370%. The results of

mechanical testing of the plain unsulphonated and sulphonated rubber were
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comparable with those reported elsewhere (1.18 — 2MPa from literature, vs 2 - 4AMPa
from experimental for tensile strength) implying that the testing method used was
valid (Sakr et al., 1995; Baeta et al., 2009; Furtado et al., 1995; Saeb et al., 2010; Kim
and Reneker, 1999 and El- Lawindy and El Guiziri, 2000). Although the fracture
toughness and strain properties of the ion exchange membrane decreased with time,
the carbon nanoballs reduced the rate of property deterioration. Polymer chain
fragmentation at high amplitudes of sonication was responsible for increasing the
density of fracture points as well as oxidation sites. As a result increased oxidation
must be responsible for deterioration of fracture toughness with time. The elastic
properties improved by a maximum of 50% with age due to increased crosslink
density. The tensile strength remained stable with age. Therefore the addition of
carbon nanofillers between 3 and 14vol% improves the stability of mechanical
properties with time. The blending conditions significantly affected reinforcement.
The change of amplitude of sonication from 20 to 60% drastically improved E, oy
and os by (92 — 233%), (88 — 282%) and (60 - 95%) respectively. These
improvements were as a result of better dispersion at higher amplitudes of sonication.
On the other hand the change of amplitude from 20 to 60% significantly reduced
fracture toughness and strain by (36 — 55%) and 66% respectively. Polymer chain
fragmentation at high amplitude of sonication is responsible for reduction in the latter
properties. Therefore optimisation of the blending process must lead to high quality

of dispersion responsible for significant improvement of the mechanical properties.

Comparison of experimental model for E was similar to the model proposed by Guth
in the range of 1 — 4vol% CNB. However the coefficients of the experimental model
were superior to the ones for the existing models. Therefore the mechanical properties
of carbon nanoballs must be superior to the spherical nanofillers assumed in the
models. This superiority could be attributable to the unique morphology of carbon
nanoballs as compared to other spherical nanofillers. The extrapolation of the

experimental profile for E gave values of E for CNBs that lie in the range reported in
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literature confirming the validity of the model. Extrapolation also showed the
potential of improvement of E by up to 700% within 3 — 14vol% CNB. Above 4 vol%
CNB, the experimental profile was distorted due to agglomeration. The experimental
model for tensile strength of well dispersed carbon nanoballs in the range 1 — 14vol%
differed with models proposed by Nicolais and Narkis and Nielsen. The positive
influence of carbon nanoballs in the experimental model was attributable to the
properties of the carbon nanoballs and good dispersion. When agglomeration is
dominant, the experimental model for tensile strength was similar to the existing
models, the only difference being the power of V¢ (1 vs 2/3). This difference could be
attributable to difference between the experimental packing of carbon nanofiller and
assumed packing due to agglomeration. Models for fracture toughness of synthetic
rubber nanocomposites are rarely reported in literature and hence no comparison was
made. Nevertheless the experimental model showed a polynomial relationship of
order 2, with CNB volume fraction. Approximate predictions for E, o5 and Us; can
therefore be done for similar work on synthetic rubber — carbon nanoball

nanocomposites.

An attempt to compare the experimental models for reinforcement for E and Us; with
the bonding theory showed close similarities. The difference on the higher powers of
V; was attributable to the difference in actual packing as compared to the assumed
packing assumed. There is also still inadequate literature to address the complex

interactions between the synthetic rubber and the carbon nanoballs.

Therefore, the addition of low concentration of carbon nanoballs improves the
mechanical properties and stability of synthetic rubber ion exchange membranes.
Improvement of the degree of dispersion drastically improved the reinforcement
effects. The produced nanocomposites can be used in fuel cell applications, nano and

ultrafiltration processes and reverse osmosis amongst others.
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5.2 Recommendations

Further work spanning from carbon nanoball synthesis, polymeric matrix
functionalisation to blending could facilitate continuous improvement of the

nanocomposite membrane.
5.2.1 Carbon nanoball synthesis

Equipment redesign is recommended to eliminate blockages to the NCCVD process
and hence ensure continuous production of uniform carbon nanoballs. Equipment and
process optimisation is also recommended to produce carbon nanoballs under 50nm
as well as improve the carbon nanoball production range. The economic feasibility of

the process also needs to be looked at for commercialisation purposes.
5.2.2 Synthetic rubber functionalisation, blending and casting

Further work on the feeding mechanism for the sulphonating agent (e.g sprays as
opposed to dropwise addition) might result in the use of higher concentration of
sulphonating agent. This would imply less volumes of reagent used, higher reaction
efficiencies and lower sulphonation times and hence significant reductions in the cost

of the process.

Since the degree of dispersion is one of the major factors affecting reinforcement,
improvement of the blending technology is recommended. Firstly, there is need for
further work into the optimisation of the ultrasonication method for synthetic rubber
reinforcement with carbon nanoballs. Secondly, there is need to try other blending
techniques like insitu polymerisation, carbon nanoball functionalisation as well as the
use of surfactants. Thirdly, further work into more accurate insitu and post blending

dispersion analysis of synthetic rubber nanocomposite blends is recommended.
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5.2.3 Reinforcement of synthetic rubber with carbon nanoballs

The effect of size of carbon nanoballs on reinforcement was not investigated and
hence recommended. The use of functionalised and heat treated carbon nanoballs is
also recommended for reinforcement improvement. The effect of carbon nanoballs
and similar nanofillers on the oxidative stability of synthetic rubber ion exchange
membrane must also be investigated. Along the same lines, the effect of carbon
nanoballs on the chemical stability of synthetic rubber ion exchange membranes must

be investigated.

Since creep test were not done, work on the effect of carbon nanoballs on creep
behaviour of polymer nanocomposite is recommended. Little work was also done on
fatigue testing and hence the need for further research. In situ testing of the
membrane in operating environments with the aim of improving durability is also

recommended.

Last but not least, little has been reported in literature on the mechanical properties of
carbon nanoballs. Research work focused on establishing accurate measurements of
the mechanical properties of carbon nanoballs is recommended. Such work will go a
long way in predicting reinforcement effects of carbon nanoballs of synthetic rubber

nanocomposites.
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APPENDICES

Appendix 1

Table i.i: NCCVD reactor dimensions

Reactor I. D (mm) Length(mm) Furnace Diameter (mm)

50 780 12

19 300 29

16 300 29

22 300 29

Table i. ii: Average carbon ball size estimation
%JFrequency of occurrence
Sample Flow | 40-80nm 80- 120- 180 — 280 — 380- Average
No. Ratio 120nm 180nm 280nm 380nm 500nm Diameter(nm)
(Mac)

22-1 0.48 0 0 0 0 0 0 -
22-2 0.51 3 10 75 6 3 3 150
22-3 0.61 1 3 10 76 6 4 200
22-4 0.65 0 10 80 10 3 2 160
22-5 0.72 35 45 11 5 3 1 80
22-6 0.85 4 6 5 82 3 0 200
22-7 0.87 0 2 4 11 73 10 300
22-8 1 0 1 2 5 22 70 450
19-1 0.32 0 0 0 0 0 0 -
19-2 0.48 0 0 0 0 0 0 -
19-3 0.61 2 4 4 85 3 2 250
19-4 0.66 0 3 2 15 75 5 300
19-5 0.72 70 25 3 2 1 0 70
19-6 0.82 10 85 2 2 1 0 100
19-7 0.90 0 1 8 85 2 1 200
19-8 1 0 0 3 2 93 5 350
16-1 0.50 0 0 0 0 0 0 -
16-2 0.61 2 3 90 3 1 1 140
16-3 0.66 1 2 2 94 1 0 250
16-4 0.72 80 18 1 1 0 0 80
16-5 0.82 95 4 1 0 0 0 60
16-6 0.90 2 80 18 0 0 0 120
16-7 1 0 0 0 2 95 3 300
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Calculation of parameters of CNBs produced from the NCCVD equipment

Rotameter Flow Rate Adjustments Factors for Argon and Acetylene are 1.18 and 0.95

respectively.

Therefore, Adjusted Flow rate for any Gas Flow was calculated as Rotameter Flow
Rate/Adjustment Factor

E.g,

i) Acetylene Flow rate = 181ml/min, Adjusted Flow Rate, Q. = (181/0.95) =
191ml/min

i) Argon Flow rate = 248ml/min, Adjusted Flow Rate,Q.y = (248/1.18) = 210

ml/min

iii) Total Flow Rate, Qr = Acetylene Adjusted Flow Rate + Argon Adjusted Flow
Rate = 191+210 = 401ml/min

iv) Acetylene Flow Ratio, nac = Adjusted Acetylene Flow Rate (Q,c)/ Total Flow Rate,
Qr = 191/401 = 0.48

Production Measures

Production Rate, M, = Sum of Mass of CNBs from Reactor and Cyclone/Production

Run Time.
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Table i.iii: Carbon ball production rate

Sample Flow CNB Mass CNB Mass Total Run Prod Rate
No. Ratio (Cyclone) (g) (Reactor) CNB Time(g/min) (Mp)
(Mac) () Mass (9) (9/min)
22-1 0.48 0 0 0 10 0
22-2 0.51 0.143 0.137 0.28 10 0.028
22-3 0.61 0.235 0.0088 0.24 10 0.024
22-4 0.65 0.112 0.0306 0.14 10 0.014
22-5 0.72 0.484 0.1784 0.66 10 0.066
22-6 0.85 0.26 0.19 0.45 10 0.045
22-7 0.87 0.216 0.42 0.64 10 0.064
22-8 1 0.17 0.398 0.57 10 0.057
19-1 0.32 0 0 0 10 0
19-2 0.48 0 0 0 10 0
19-3 0.61 0.15 0.0047 0.15 10 0.015
19-4 0.66 0.036 0.0013 0.04 10 0.004
19-5 0.72 0.051 0.045 0.10 10 0.010
19-6 0.82 0.242 0.2445 0.49 10 0.049
19-7 0.90 0.138 0.3258 0.46 10 0.046
19-8 1 0.128 0.45 0.58 10 0.058
16-1 0.50 0 0 0 10 0
16-2 0.61 0.1 0.009 0.11 10 0.011
16-3 0.66 0.0418 0.0095 0.05 10 0.005
16-4 0.72 0.10 0.3 0.40 10 0.040
16-5 0.82 0.382 0.7135 11 10 0.11
16-6 0.90 0.2176 0.41 0.63 10 0.063
16-7 1 0.211 0.513 0.72 10 0.072

Calculation of Carbon Ball Yield

The following assumptions were made;

i) Carbon balls are 100% carbon

ii) Acetylene is 100% pure

iii) Ideal Gas Law Equation applies since the compressibility factors for argon
and acetylene are close to unity (R = 8.3144Nm/molK).

iv) Rotameter flow rates were calibrated at T = 293K (20°C) and 101.3kPa

Calculation of mass flow rate of carbon in acetylene entering the reactor, Maci

Let the Volumetric flow rate of acetylene entering the reactor be Qg;
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Using the ideal gas law equation and assumptions given,
PQac = MaciRT/Myac, Which implies that,

Maci = PQac Mwacd/RT, where Mgci, Myac and Qg are the mass flow rate and molecular

weight of acetylene and volumetric flow rate of acetylene respectively.

Therefore mass flow rate of carbon into reactor, M¢j = 2XMuwcXMaci/Mwac, Where Mg
and M,c are the mass flow rate of carbon into the reactor and atomic weight of

carbon respectively. Substituting the values,

Mci = 2XMycXMaci/Myac = 2X12XMgci/ 26 = 0.923Mggi;
Substituting Qac = 456ml/min,

Maci = 101300x456x26x10°%/(8.3144x293) = 0.49g/min
And M¢; = 0.923x0.49 = 0.455g/min

Therefore Yield,y. calculated as, Mp/M.i = 0.11/0.455 = 0.24 = 24%
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Table i.iv: Carbon ball productivity measures

. B Qg g s B B = T = T = =
2 £ 5 > £ £ £ £ S S S g )
= 3 = = = =2 = = S & ] = s

¢ = 2 = = s =

22mm @ x 300mm Length Reactor
0.48 - 0.19 0.0000 0.0000 0.0048 0.005 0.000 0 0 - 3 0 3
051 150 0.32 0.0143 0.0137 0.0092 0.037 0.028 4 75 051 12 9 3
0.61 200 0.32 0.0235 0.0009 0.0002 0.025 0.024 7 99 0.96 8 8 0
0.65 160 0.39 0.0112 0.0031 0.0003 0.015 0.014 3 98 0.79 4 4 0
0.72 60 0.39 0.0484 0.0178 0.0004 0.067 0.066 12 99 073 17 17 0
0.85 200 0.32 0.0260 0.0190 0.0010 0.046 0.045 8 98 058 14 14 0
0.87 300 0.39 0.0216 0.0421 0.0037 0.067 0.064 6 95 034 17 16 1
1.00 450 0.45 0.0170 0.0399 0.0044 0.061 0.057 4 93 030 13 13 1

19mm @ x 300mm Length Reactor
0.32 - 0.19 0.0000 0.0000 0.0059 0.006 0.000 0 0 - 3 0 3
0.48 - 0.19 0.0000 0.0000 0.0020 0.002 0.000 0 0 - 1 0 1
0.61 250 0.32 0.0150 0.0005 0.0090 0.024 0.015 5 63  0.97 8 5 3
0.66 300 0.36 0.0036 0.0001 0.0011 0.005 0.004 1 77 0.97 1 1 0
0.72 70 0.39 0.0051 0.0045 0.0002 0.010 0.010 1 98 0.53 3 2 0
0.82 100 0.45 0.0242 0.0245 0.0283 0.077 0.049 5 63 050 17 11 6
090 200 051 0.0138 0.0326 0.0109 0.057 0.046 3 81 030 11 9 2
1.00 350 0.57 0.0128 0.0450 0.0900 0.148 0.058 2 39 022 26 10 16

16mm ® x 300mm Length Reactor
0.50 - 0.26 0.0000 0.0000 0.0020 0.002 0.000 0 0 - 1 0 1
0.61 140 0.32 0.0100 0.0009 0.0081 0.019 0.011 3 57 0.92 6 3 3
0.66 250 0.36 0.0042 0.0009 0.0038 0.009 0.005 1 58 0.82 3 1
0.72 80 0.39 0.0100 0.0300 0.0270 0.067 0.040 3 60 025 17 10 7
0.82 60 0.45 0.0382 0.0714 0.0480 0.158 0.110 8 70 035 35 24 11
090 120 051 0.0218 0.0410 0.0176 0.080 0.063 4 78 035 16 12 3
1.00 300 0.57 0.0211 0.0513 0.0190 0.091 0.072 4 79 029 16 13 3
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Appendix 2

Dilution of Chlorosulphonic Acid Calculations (Analytical Grade, Merck Chemicals,

SA)

Let purity of purchased chlorosulphonic acid be P (97%), Density, D = 1.75kg/l and
Mucsa = 116.52g/mol

Let desired chlorosulphonic acid concentration and Volume of diluted acid be Ccs
(M) and Vg4 (ml) respectively, therefore the required volume of CSA, Vs, to make this

concentration is given by;

Visa = CesaXVaXMyesa/ (LOXDXP), Taking for example Ccsa and Vd of 1.6M and 500mls

respectively,
Vesa = 1.6x500%x116.52/(10x1.75x97) = 54.91ml

Table ii.i: Dilution of chlorosulphonic acid

Vo(ml) D(kg/l) P(%) Muca(@/mol) Cea(M) Vpce(Ml)*  Vesa(ml)  Co(M)°

500 1.75 97 116.52 1.8 438 62 14.57
500 1.75 97 116.52 1.6 445 55 14.57
500 1.75 97 116.52 1.4 452 48 14.57
500 1.75 97 116.52 1.2 459 41 14.57
500 1.75 97 116.52 1 466 34 14.57
500 1.75 97 116.52 0.8 473 27 14.57
500 1.75 97 116.52 0.6 479 21 14.57
500 1.75 97 116.52 0.4 486 14 14.57
500 1.75 97 116.52 0.2 493 7 14.57
500 1.75 97 116.52 0.1 497 3 14.57
500 1.75 97 116.52 0.09 497 3 14.57
500 1.75 97 116.52 0.05 498 2 14.57

a - the volume of DCE solvent required for dilution; b — concentration of undiluted CSA

176



Stoichiometry of SBR Sulphonation

Let the mass of SBR dissolved in DCE, be Mgy, and the %ge of styrene by weight in
SBR = 23.5% (Karbochem Pty Ltd).

Therefore mass of styrene dissolved, Mg; = 0.235X Mgy

And number of moles of styrene dissolved, ns: = Mgt/Myst

Where Myt = molecular weight of styrene unit = 104g/mol
Therefore ngt = 0.235XMgp/Muyst = 0.235XMsp /104 = 0.00226 Mgy,

If 10g SBR is dissolved, ng = 0.0226 x10 = 0.0226 moles and so on.

Molar ratio, M.R = nca/nst, Where nes, is the number of moles of chlorosulphonic acid
to be added to the SBR solution in DCE.

Therefore for any given M.R, nesa = Nt X M.R (moles)

Therefore Volume of diluted acid required for sulphonation, Vsupn (ml), is given by;
Vsuiph = Nst X M.Rx1000/Ccsa (ml)

E.g for M.R =1.12, Cca = 0.09M and 10g SBR,

Vsuiph = 0.0226x1.12x1000/0.09 = 281mls
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Measurement of instantaneous Degree Of Mismatch (DOM) between CSA and

Styrene moles

Experimentally, the average volume of a drop of CSA was found to be 0.084375ml.
Therefore at any given concentration of chlorosulphonic acid, Ccs,, the number of

moles of acid per drop, Ncsa, IS given by;
Nesa = 0.084375xC.s2/1000

Given that the concentration of SBR solution in DCE (w/v) is given by Cg, (g/l), and
assuming that the volume of contact of a drop of SBR solution with CSA is equal to

the volume of a drop of CSA, then;

The number of styrene units per volume of contact,

ne = 0.235x 0.084375xCqp,/(1000x104) = 0.00226x 0.084375xCs,/1000
Therefore, DOM, given by Nesa/Ne = 442.5Ccsa/Cspr

For example for 1.6M CSA and 40g/l SBR solution,

DOM = 442.5x1.6/40 = 17.7
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Appendix 3

Table iii.i: Dispersion data for SSBR-CNB blended at different amplitudes

e % Frequency of occurrences of Agglomerates (Estimated from
< SEM Images
©
@ 2
g = 60 — 100nm 100 — 200nm >300nm
5 S
n <
1-CNB-20 20 10 80 10
2.5-CNB-20 20 5 70 25
4-CNB-20 20 1 70 29
1-CNB-60 60 80 15 5
2.5-CNB-60 60 60 30 10
4-CNB-60 60 50 40 10
1-CNB-75 75 85 10 5
2.5-CNB-75 75 65 30 5
4-CNB-75 75 55 40 5
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Appendix 4

Mechanical Testing

Testing Set Up

Maximum Force Setting = 10.624 N

Maximum Displacement = 150mm

Displacement Rate = 100um/s

Table iv.i: Dimensions of strip specimens for nanotensile testing

Specimen | L(cm) W(cm) t(cm) V(cm?) M(qg) p(g/em®)
S-0-1 3 0.44 0.013 0.01716 0.0205 1.19
S-0-2 3.2 0.5 0.015 0.024 0.0226 0.94
S-0-3 3 0.45 0.015 0.02025 0.0215 1.06

S-0.25-1 3 0.44 0.015 0.0198 0.0223 1.13
S-0.5-1 3 0.44 0.015 0.0198 0.0194 0.98
S-1-1 3 0.45 0.0145 0.019575 0.0221 1.13
S-1-2 3 0.44 0.015 0.0198 0.0203 1.03
S-1-3 3 0.45 0.0165 0.022275 0.0242 1.09
S-1-4 3.1 0.4 0.016 0.01984 0.0227 1.14
S-2.5-1 3 0.44 0.0135 0.01782 0.02 1.12
S-2.5-2 3 0.44 0.016 0.02112 0.0243 1.15
S-2.5-3 3 0.4 0.014 0.0168 0.02 1.19
S-2.5-4 3.1 0.4 0.015 0.0186 0.0191 1.03
S-4-1 3 0.44 0.0165 0.02178 0.0222 1.02
S-4-2 3.2 0.4 0.015 0.0192 0.0226 1.18
S-4-3 3.2 0.45 0.015 0.0216 0.024 1.11
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Figure iv.i: Stress- Strain and Force Displacement graphs for aged plain SSBR

membranes
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nanocomposite ion exchange membranes
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601~

1
P 1500 1

: pd

9 1400 =

. 1300 /
1
1
1

: A

d
)

200 /

100
000

00 >

800 W

700

500 //
500 ,/
400 /7
300 l
200 I
100 l

t line 4 o I

Force (mN)

U= ! =79+, i
0.0000 0.1000 0.2000 0.3000 0.4000 0.5428 0.000 1.000 2000 3.000 4000 5000 6000 7000 8000 9000 10.000 11.811
Strain Displacement(mim)
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Figure iv.v: Stress- strain graphs of; a) 20% and b) 60% Amplitude SSBR-CNB

nanocomposite ion exchange membrane

a) b)

Figure iv.vi: a) Comparison of Stress-Strain graphs for a) 20% and 60%

amplitude of Sonication, b) different filler concentrations
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Figure iv.vii: Isotropy results (Stress-Strain) for 1wt% loaded SSBR-CNB
nanocomposite ion exchange membrane

Figure iv.viii: Isotropy results (Stress-Strain) for plain SSBR membranes
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AN

a) b)

Figure iv.ix: Isotropy results on a) 2.5 and 4wt% loaded CNB, b) unsulphonated
plain SBR (red) and 1wt%SBR-CNB nanocomposite (blue)

Figure iv.x: Force Time graphs of 20%A, 2.5wt% loaded SSBR-CNB IEM at
0.14MPa mean stress
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Figure iv.xi: Force Time graphs for 20%A, 1wt% loaded SSBR-CNB IEM at

0.14MPa mean stress

a) b)
Figure iv.xii: Force Time graphs for 60%A; a) 1wt% loaded SSBR-CNB IEM at
0.63MPa mean stress and b) 2.5wt% loaded SSBR-CNB IEM at 0.81MPa mean
stress
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Table iv.ii: Young’s modulus experimental results (60% amplitude, 20 days after
drying)

Vs wt%CNB | E;(MPa) E,(MPa) E;(MPa) E(MPa) Deviation %oDev
0.000 0.00 14.02 13.28 13.84 13.71 0.29 2
0.008 0.25 14.12 14.50 14.40 14.34 0.15 1
0.017 0.50 16.89 17.43 17.13 17.15 0.19 1
0.025 0.75 21.67 21.88 22.18 21.91 0.18 1
0.033 1.00 25.01 24.32 24.40 24.58 0.29 1
0.058 1.75 21.97 22.14 22.04 22.05 0.06 0
0.086 2.50 19.56 19.42 20.21 19.73 0.32 2
0.142 4.00 20.16 20.95 19.42 20.18 0.52 3

Table iv.iii: Yield strength experimental results (60% amplitude, 20 days after
drying)

Vs wt%CNB | 6s(MPa) o6,(MPa) o¢,s(MPa) o6,(MPa) Deviation  %Dev
0.000 0.00 0.23 0.26 0.27 0.25 0.02 6
0.008 0.25 0.22 0.24 0.26 0.24 0.01 6
0.017 0.50 0.26 0.26 0.29 0.27 0.01 5
0.025 0.75 0.33 0.35 0.34 0.34 0.01 2
0.033 1.00 0.47 0.48 0.46 0.47 0.01 1
0.058 1.75 0.44 0.43 0.48 0.45 0.02 4
0.086 2.50 0.44 0.43 0.45 0.44 0.01 2
0.142 4.00 0.41 0.42 0.43 0.42 0.01 2

Table iv.iv: Tensile strength experimental results (60% amplitude, 20 days after
drying)

Vs Wt%CNB | 64(MPa) o,(MPa) o63(MPa) o,,(MPa) Deviation  %Dev
0.000 0.00 1.98 2.13 1.89 2.00 0.09 4
0.008 0.25 1.82 1.90 2.13 1.95 0.12 6
0.017 0.50 2.02 1.93 2.29 2.08 0.14 7
0.025 0.75 2.01 2.15 2.35 2.17 0.12 6
0.033 1.00 2.25 2.34 2.52 2.37 0.10 4
0.058 1.75 2.48 2.40 2.44 2.44 0.03 1
0.086 2.50 2.52 2.53 2.59 2.55 0.03 1
0.142 4.00 3.92 4.06 3.65 3.88 0.15 4
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Table iv.v: Engineering strain experimental results (60% amplitude, 20 days after

drying)

V¢ wt%CNB eut euw eus €ua Deviation  %Dev
0.000 0.00 0.63 0.69 0.71 0.68 0.03 4
0.008 0.25 0.57 0.66 0.72 0.65 0.05 8
0.017 0.50 0.68 0.66 0.74 0.69 0.03 5
0.025 0.75 0.63 0.71 0.70 0.68 0.03 5
0.033 1.00 0.66 0.68 0.85 0.73 0.08 11
0.058 1.75 0.69 0.73 0.80 0.74 0.04 5
0.086 2.50 0.77 0.82 0.94 0.84 0.06 7
0.142 4.00 1.13 1.10 1.11 1.11 0.01 1

Table iv.vi: Fracture toughness experimental results (60% amplitude, 20 days after
drying)

Utu Utz Utz Utta
Vi Wt%CNB |  (J/lcm®) (Jlem®) (Jlem®) (J/cm®)  Deviation  %Dev
0.000 0.00 0.77 0.83 0.87 0.82 0.04 4
0.008 0.25 0.68 0.71 0.68 0.69 0.01 2
0.017 0.50 0.73 0.75 0.89 0.79 0.07 8
0.025 0.75 0.88 0.82 0.85 0.85 0.02 2
0.033 1.00 0.89 0.87 0.97 0.91 0.04 4
0.058 1.75 0.91 0.96 1.10 0.99 0.07 7
0.086 2.50 1.44 1.39 1.41 1.41 0.02 1
0.142 4.00 2.67 2.47 2.80 2.65 0.12 4

Table iv.vii: Young’s modulus experimental results (20% amplitude, 20 days after
drying)

Vs wt%CNB | E;(MPa) E,(MPa) E;(MPa) E(MPa) Deviation  %Dev
0.000 0.00 13.01 13.55 14.39 13.65 0.49 4
0.008 0.25 13.92 14.25 14.19 14.12 0.13 1
0.017 0.50 17.36 16.87 17.22 17.15 0.19 1
0.025 0.75 12.36 11.55 1191 11.94 0.28 2
0.033 1.00 13.61 12.47 12.76 12.95 0.44 3
0.058 1.75 11.35 10.01 9.93 10.43 0.61 6
0.086 2.50 6.80 6.92 6.83 6.85 0.05 1
0.142 4.00 6.50 5.23 5.37 5.70 0.53 9
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Table iv.viii: Yield strength experimental results (20% amplitude, 20 days after

drying)

Vs wt%CNB | 6,1(MPa) 6,(MPa) o,(MPa) o, (MPa) Deviation  %Dev
0.000 0.00 0.25 0.24 0.27 0.25 0.01 4
0.008 0.25 0.24 0.23 0.25 0.24 0.01 3
0.017 0.50 0.27 0.28 0.26 0.27 0.01 2
0.025 0.75 0.24 0.22 0.23 0.23 0.01 3
0.033 1.00 0.25 0.23 0.27 0.25 0.01 5
0.058 1.75 0.16 0.18 0.20 0.18 0.01 7
0.086 2.50 0.11 0.12 0.15 0.13 0.01 11
0.142 4.00 0.11 0.09 0.12 0.11 0.01 10

Table iv.ix: Tensile strength experimental results (20% amplitude, 20 days after

drying)

V¢ Wt%CNB | 64(MPa) o6,(MPa) 63(MPa) 6,(MPa) Deviation  %Dev
0.000 0.00 1.95 2.02 2.03 2.00 0.03 2
0.008 0.25 1.88 1.78 2.03 1.90 0.09 5
0.017 0.50 1.92 1.77 2.06 1.92 0.10 5
0.025 0.75 2.12 2.05 2.25 2.14 0.07 3
0.033 1.00 1.48 1.67 1.40 1.52 0.10 7
0.058 1.75 1.66 1.43 1.80 1.63 0.13 8
0.086 2.50 1.48 1.55 1.49 1.51 0.03 2
0.142 4.00 1.88 1.94 2.09 1.97 0.08 4

Table iv.x: Engineering

strain experimental results (20% amplitude, 20 days after

drying)

\'/: wt%CNB But ew eus Bua Deviation  %Dev
0.000 0.00 0.67 0.65 0.71 0.68 0.02 3
0.008 0.25 0.59 0.53 0.59 0.57 0.03 5
0.017 0.50 0.65 0.64 0.79 0.69 0.06 9
0.025 0.75 0.93 0.99 1.02 0.98 0.03 3
0.033 1.00 1.22 1.38 1.81 1.47 0.23 15
0.058 1.75 2.05 2.15 2.19 2.13 0.05 3
0.086 2.50 2.63 2.48 2.59 2.57 0.06 2
0.142 4.00 3.17 3.30 3.37 3.28 0.07 2
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Table iv.xi: Fracture toughness experimental results (20% amplitude, 20 days after

drying)
Utu Utr Utis Utta
Vi Wt%CNB |  (J/lem®) (Jlem®) (Jlem®) (J/cm®)  Deviation  %Dev
0.000 0.00 0.78 0.86 0.89 0.84 0.04 5
0.008 0.25 0.70 0.69 0.73 0.71 0.01 2
0.017 0.50 0.75 0.84 0.89 0.83 0.05 6
0.025 0.75 1.09 1.10 1.17 1.12 0.03 3
0.033 1.00 1.66 1.63 1.53 1.61 0.05 3
0.058 1.75 2.22 2.13 2.10 2.15 0.05 2
0.086 2.50 2.77 2.80 2.80 2.79 0.01 0
0.142 4.00 4.23 4.16 4.18 4.19 0.03 1

Table iv.xii: Young’s modulus experimental results (60% amplitude, 40 days after

drying)

Vs wt%CNB | E;(MPa) E,(MPa) Es(MPa) E(MPa) Deviation %Dev
0.000 0.00 12.45 12.42 12.24 12.37 0.09 1
0.008 0.25 13.87 14.11 15.04 14.34 0.47 3
0.017 0.50 19.07 18.56 17.00 18.21 0.81 4
0.025 0.75 25.32 25.11 24.69 25.04 0.23 1
0.033 1.00 33.99 34.17 34.77 34.31 0.31 1
0.058 1.75 32.36 32.28 32.35 32.33 0.03 0
0.086 2.50 28.79 30.67 30.54 30.00 0.81 3
0.142 4.00 24.97 25.06 24.97 25.00 0.04 0

Table iv.xiii: Yield strength experimental results (60% amplitude, 40 days after

drying)

Vs wt%CNB | 6,1(MPa) 6,(MPa) o,3(MPa) o6,,(MPa) Deviation  %Dev
0.000 0.00 0.30 0.29 0.25 0.28 0.02 7
0.008 0.25 0.31 0.33 0.32 0.32 0.01 2
0.017 0.50 0.35 0.39 0.40 0.38 0.02 5
0.025 0.75 0.54 0.48 0.54 0.52 0.03 5
0.033 1.00 0.66 0.69 0.66 0.67 0.01 2
0.058 1.75 0.62 0.63 0.58 0.61 0.02 3
0.086 2.50 0.58 0.53 0.63 0.58 0.03 6
0.142 4.00 0.44 0.51 0.52 0.49 0.03 7
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Table iv.xiv: Tensile strength experimental results (60% amplitude, 40 days after

drying)

Vi Wt%CNB | 64(MPa) o6o(MPa) 643(MPa) 6,(MPa) Deviation  %Dev
0.000 0.00 1.57 1.70 1.68 1.65 0.05 3
0.008 0.25 1.78 2.07 1.84 1.90 0.12 6
0.017 0.50 1.90 1.81 2.04 1.92 0.08 4
0.025 0.75 2.11 2.13 2.21 2.15 0.04 2
0.033 1.00 2.45 2.26 2.57 2.43 0.11 5
0.058 1.75 2.47 2.61 2.45 2.51 0.07 3
0.086 2.50 2.60 2.70 2.71 2.67 0.05 2
0.142 4.00 3.51 3.48 3.48 3.49 0.01 0

Table iv.xv: Engineering strain experimental results (60% amplitude, 40 days after

drying)

V¢ wt%CNB eu1 eur eu3 €ua Deviation %Dev
0.000 0.00 0.43 0.47 0.53 0.48 0.03 7
0.008 0.25 0.55 0.52 0.64 0.57 0.05 8
0.017 0.50 0.63 0.69 0.76 0.69 0.04 6
0.025 0.75 0.49 0.67 0.67 0.61 0.08 13
0.033 1.00 0.33 0.42 0.29 0.35 0.05 14
0.058 1.75 0.61 0.55 0.61 0.59 0.03 5
0.086 2.50 0.51 0.47 0.65 0.54 0.07 13
0.142 4.00 0.66 0.69 0.73 0.69 0.03 4

Table iv.xvi: Fracture toughness experimental results (60% amplitude, 40 days after

drying)
Utu Ut Ut Utta
2 Wt%CNB | (J/em?) (Jlem®) (Jlem®) (J/cm®)  Deviation  %Dev
0.000 0.00 0.46 0.47 0.53 0.49 0.03 5
0.008 0.25 0.73 0.69 0.70 0.71 0.02 2
0.017 0.50 0.81 0.77 0.90 0.83 0.05 6
0.025 0.75 0.77 0.75 0.82 0.78 0.03 3
0.033 1.00 0.85 0.83 0.84 0.84 0.01 1
0.058 1.75 0.87 0.90 0.81 0.86 0.03 4
0.086 2.50 0.96 0.88 0.98 0.94 0.04 4
0.142 4.00 0.97 0.99 1.14 1.03 0.07 7
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Table iv.xvii: Effect of amplitude of sonication on mechanical properties

E(MPa) o,(MPa) o,(MPa) e Ur(J/cm?)

T g << <« <« | <« <« |2 <« <« [€ <« <«

N - - - -
> T8 B8 8 BRI 8 B |& 8 R | 8 R
0.000 | 14 14 16 |025 025 02520 20 21 |068 068 073]08 08 1.0
0.008 | 14 14 15 |024 024 025 |19 20 20 |057 065 078|07 07 09
0.017 | 17 17 16 | 027 027 028 |19 21 22 [069 069 083|08 08 11
0025 |12 22 221|023 034 036 |22 22 23[098 068 087 |11 09 12
0033 |13 25 25 |025 047 048 |15 24 24 147 073 099 |16 09 14
0.058 | 10 22 22 |018 045 047 |16 25 25 [213 074 115|222 10 15
0.086| 7 20 21 |013 044 044 |15 26 26 |257 084 123|28 14 18
0142 | 6 20 20 |01l 042 043 |20 39 38 [328 111 141|422 27 29

Table iv.xviii: Effect of age on SSBR nanocomposite ion exchange membrane

E(MPa) 0,(MPa) os(MPa) eu Us(3lcm?)
Vi 20dys 40dys | 20dys 40dys | 20dys 40dys | 20dys 40dys | 20dys 40dys
0.000 | 13.71 12.37 | 0.25 0.28 2.00 1.65 0.68 0.48 0.82 0.49
0.008 | 14.34 14.34 | 0.24 0.32 1.95 1.90 0.65 0.57 0.69 0.71
0.017 | 17.15 18.21 | 0.27 0.38 2.08 1.92 0.69 0.69 0.79 0.83
0.025 | 21.91 25.04 | 0.34 0.52 2.17 2.15 0.68 0.61 0.85 0.78
0.033 | 2458 34.31 | 0.47 0.67 2.37 2.43 0.73 0.35 0.91 0.84
0.058 | 22.05 32.33 | 0.45 0.61 2.44 2.51 0.74 0.59 0.99 0.86
0.086 | 19.73 30.00 | 044 058 |255 267 |084 054 |141 094
0.142 | 20.18 25.00 | 0.42 0.49 3.88 3.49 1.11 0.69 2.65 1.03

Table iv.xix: % Change in reinforcement property with age (20 days to 40days)

\/ AE Aoy Ao, Aey AUs

0 -10% 12% -18% -29% -40%
0.008 0% 33% -3% -12% 3%
0.017 6% 41% -8% 0% 5%
0.025 14% 53% -1% -10% -8%
0.033 40% 43% 3% -52% -8%
0.058 47% 36% 3% -20% -13%
0.086 52% 32% 5% -36% -33%
0.142 24% 17% -10% -38% -61%
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Table iv.xx: Comparison of experimental profile for Young’s modulus with existing

models
o < ks
~~ [ > (%]
5 g = . & £ £ g § =
O\o S 2 = 8 =) % [ % o
) — = = > e - > — D
= > L I} O = [ LC o b4 4
0 0.00 | 137 137 137 137 137 137 137 137 137
025 0.01 | 143 140 140 140 140 185 140 140 140
0.5 002 | 172 143 143 143 144 202 143 143 143
075 0.02 | 219 146 147 146 147 216 146 146 146
1 003 | 246 148 150 149 150 228 149 149 148
175 006 | 221 157 164 161 163 263 159 159 158
2.5 009 | 197 167 181 176 178 299 172 171 168
4 014 | 202 186 225 216 217 375 203 198 192
Table iv.xxi: Comparison of experimental profile for tensile strength with existing
models
wt%CNB V¢ 6520%(MPa)  6500(MPa)  Nielsen Nicolais and Narkis
0 0.00 2.00 2.00 2.00 2.00
0.25 0.01 1.90 1.95 1.92 1.90
0.5 0.02 1.92 2.08 1.87 1.84
0.75 0.02 2.14 2.17 1.83 1.79
1 0.03 1.52 2.37 1.80 1.75
1.75 0.06 1.63 2.44 1.70 1.64
25 0.09 1.51 2.55 1.61 1.53
4 0.14 1.97 3.88 1.46 1.34
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