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Abstract

This study aims to investigate the effect of different crosslinking agent and different
crosslinking agent content on the material properties of the clay-polymer
nanocomposite. A lot of materials were tried to be mixed to form a fully-reacted
clay-polymer nanocomposite for the first time, which is a part of the novelty for this
work. The overall properties governed by clay properties and clay/polymer
relationship are prime aspects of this study. The Enhancement of significant
properties of nanocomposites is a measure of clay platelets dispersion within the
polymer matrix. Different approaches were adopted to understand the influence of
clay properties on the nanocomposite; (i) by examining and comparing different
clays as raw, dry, powder material using spectroscopy and thermogravimetric
analysis (ii) mechanical examination of clay/water suspension of different clay
types/grads, and different concentrations varying from 0.5 % - 10 % using
rheological studies (iii) chemical and mechanical and morphological examination of
Clay/Polymer nanocomposite with different clay types/grades, concentration, and
polymers.

The synthesis of such material addresses issues including heterogeneity,
processability, injectability, crosslinking and mechanical stability. The synthesis
requires no purification steps no specialist equipment, and basic typical
components of crosslinked nanocomposite/hydrogels (water, monomer, clay and
initiator).

Morphological, pore size and scaffolding general arrangement which shows the
effect of different crosslinking agents and crosslinking density were examined by
Scanning Electron Microscope (SEM) to acquire information on wide/small pores
are, diffusion kinetics in the system if required for further applications. The nature
and elemental composition of the clay-polymer nanocomposites were determined
by X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier Transfer Infrared
(FTIR) spectroscopy. The water content in the dry clay-polymer nanocomposite was
determined and examined by Thermogravimetric analysis (TGA). Mechanical and
rheological properties of the result were examined using a rheometer that operates
on different modes (as a Dynamic Mechanical Analysis (DMA) technique) to
evaluate the structure, performance, strength, and mechanical modules of these
nanocomposites under different rotational and oscillatory loads. This offers the
opportunity to relate the differences to the clays and polymers the hydrogels were
synthesised from.
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Introduction



Chapter 1 Introduction

1.1  Polymers: An Overview

Polymers occupy a major place in our materials map. With a wide range of potential
applications and performance characteristics, they can be manufactured and used
as rubbers, resins, composites, adhesives, laminates, and coatings. They offer

novelty that can hardly be matched by other materials.

The word polymer (Greek poly- "many" and -mer "parts") was used for the first
time by Berzelius in 1833. It was not fully understood until the 1920s when
polymers were defined as we know them today, i.e. large molecules of very high

molecular weights made up of molecular repeating units, known as monomers.

Polymers are synthesised by chemically joining many molecular units or
“monomers” in a chemical process called polymerisation. Polymers found in nature
are mostly water soluble which includes glycogen, proteins, deoxyribonucleic acid
(DNA), silk, wool, cellulose and starches. Synthetic polymers have a wide range of
uses depending on their behavioural properties. Many are produced commercially
and include polyester, polyamides, poly(tetrahydrofuroethylene), and epoxy. A
polymer can be prepared from a single or multiple monomers; and can be classified
depending on shape (Figure 1.1), polymerisation process or the nature of the bonds

in the final product. [1][2]

Ef | _f> — 0\
"\JF—J\ P T,

Linear Branched Metwork
Figure 1.1 Representation of different polymer types. [3]



1.1.1 Polymeric Systems

1.1.1.1 Homopolymer / Copolymer

Polymers prepared from one monomer are called homopolymers. If two or more
monomers are employed, the polymer is called a copolymer. The monomeric units
in a copolymer (Figure 1.2) can take different arrangements: randomly (random

copolymer), in blocks (block copolymer), or alternate (alternating copolymer).

VA-AAAAAAAANA  \A-A-B-B-A-B-A-AB- N~

Homopolymer Random copolymer
\WA-A-B-A-B-A-B-A-B-\\~ \An-A-A-A-A-B-B-B-B- N\~
Alternating copolymer Block copolymer

Figure 1.2 Representation of homopolymer and copolymers. [1][4]

Different types of block copolymers exist. If blocks A and B alternate in the
backbone it is called an AB multi-block copolymer. If A and B form the backbone
with a single block of each the polymer is known as an AB di-block copolymer. It is
also possible to form a tri-block copolymer ABA (central B block with terminal A

blocks) or ABC (one each of three blocks).
1.1.1.2 Polymer Blends

If two or more polymers or copolymers form a mixture without covalent bonds (i.e.
a physical mixture), the product is called a polymer blend or polyblend. This
concept is not new; the rubber industry has used it for many years. These polymer
networks attracted a lot of attention recently due to the demand for a wider variety

of engineering plastics and special grades of fibres and elastomers.

IPN (Interpenetrating Polymer Network) Figure 1.3 is defined by the IUPAC as a
"polymer comprising two or more networks which are at least partially interlaced

on a molecular scale but not covalently bonded to each other and cannot be



separated unless chemical bonds are broken". [5] IPN is one type of polyblend that

uses the concept of crosslinking (Section 1.4).

. Polymer network (B)

~ A

N~

Polymer network (A)

il \

Figure 1.3 Schematic of interpenetrating polymer networks IPN. [6]
1.1.1.3 Amphiphilic Polymers

Amphiphile (from Greek amphis: both, philia: friendship) is a chemical compound
which possesses hydrophobic (water-hating) and hydrophilic (water-loving)
properties. Amphiphilic polymers contain hydrophobic and hydrophilic units, either
as zones within a single monomer unit or by incorporating both hydrophilic and
hydrophobic comonomers. The hydrophobic part is typically referred to as the tail
and the hydrophilic part is referred to as a head group which may be charged or
uncharged. Due to repulsion between hydrophobic and hydrophilic groups of the
polymer phase separation may occur; such materials can often self-assemble into a
range of morphologies and can be environmentally-responsive to changes in
conditions such as temperature, pH, light frequency and type or concentration of
electrolyte. Common amphiphilic substances are soaps, detergents and

lipoproteins. [7][8]
1.2 Hydrogels

Polymer hydrogels are crosslinked, stable, three-dimensional, two- or multi-

component polymeric network systems made of natural or synthetic materials,

4



which can form soft materials. They are capable of retaining substantial amounts of
water that fills the space between macro-molecules in a swollen state up to
thousands of times their dry volume; the water fills the interstitial space of the
network giving the final product a high degree of flexibility. [9][10] Due to the
unique properties of hydrogels: including reversible swelling/de-swelling behaviour,
mechanical strength, permeability, environmental sensitivity, high ionic
conductivity, [11] and extraordinary surface properties accredited to polar groups
on their polymer backbone, they provide a promising platform for a range of

applications as smart material. [12][13][14]

Around the 1890s, the term ‘hydrogel’ appeared in the scientific literature
describing a colloidal gel of inorganic salts. In 1936, a paper was published by
DuPont's scientists on synthesised methacrylic polymers in which poly 2-
hydroxyethyl methacrylate (pHEMA) was described as a glassy, hard and brittle
polymer. It was not considered of importance and was essentially forgotten until
Wichterle and Lim reported a water-swollen, elastic and clear gel in 1960. [15]
Today these gels are known as a hydrogel. Figure 1.4 shows important events in the
history of the research. [16] Since then, crosslinked hydrogels have been used in
many fields such as soft contact lenses, superabsorbent polymeric gels (disposable
nappies), artificial burn dressings and refrigerants in medical and food industries.
[17][15] Some polymers show sensitivity to external stimuli. Because of this;
swellability, flexibility and adaptability it could be engineered to match natural
living tissue. [18] The potential of these different polymeric hydrogels have been
investigated and continued to be of interest for; cell encapsulation, photo-
responsive gels [19], enzyme carriers, [20] separation devices, [21] and colloid
crystals. Recently investigations have begun into the potential use of hydrogels for
“tissue engineering” as cell-cultivation matrices for repairing and regenerating

tissues and organs, as they can be biocompatible and biodegradable. [13]



1894: First appearance of the term ‘hydrogel’ in literature

1958: PVA hydrogel crosslinked via gamma radiation
1960: Wichterle and Lim publish their landmark paper about pHEMA hydrogels

1968: pNIPAAmM solutions displaying a temperature dependent phase transition

1970: PEG hydrogel crosslinked via gamma radiation
1972: Pluronic hydrogel for the controlled release of antimicrobials

1990: pNIPAAM hydrogel crosslinked via redox-mediated radical polymerization
1992: pNIPAAmM hydrogel responding to both pH and temperature

1993: PEG-PLA hydrogel crosslinked via photopolymerization

1993: Poly(oxazoline) hydrogel crosslinked by Co(ll) or Fe(lll) ions

1994: Supramolecular PEG hydrogel crosslinked via inclusion complex formation
1995: Hybrid hydrogel combining synthetic and natural polymers

1997: Temperature responsive PEG PLA hydrogel

1998: Hydrogel from self-assembling artificial proteins

2000: Stereocomplex dextran hydrogel
2001: PEG hydrogel crosslinked via Michael addition
2006: PVA hydrogel crosslinked via click chemistry

2010s: Age of smart hydrogels

U@ Bl

Figure 1.4 The most important events in the history of hydrogel research. [16]
1.2.1 Hydrogel Classification

Literature reports a number of classifications for hydrogels. Depending on the
source, hydrogels may be natural like collagen, gelatine and polysaccharides such as

starch; or synthetically prepared using chemical polymerisation methods. [22][23]

It is also possible to categorise hydrogels depending on their configuration or
physical appearance (matrix, film, or microsphere). It is also possible to divide
hydrogels into groups based on the charge on the bonded groups (nonionic, ionic,

amphoteric electrolyte).

Hydrogels can also be classified depending on physical properties, method of

preparation, polymeric composition, nature of swelling/de-swelling and type of



crosslinking. Figure 1.5 shows clearly that the classification for each type is complex

and beyond the scope of this thesis. [11]

Based on polymeric composition, hydrogels may be classified as homopolymeric
(derived from a single species of monomer), [24] copolymeric (comprised of two or
more different monomers-one hydrophilic component at least), [25] semi-
interpenetrating network (IPN) (where a linear polymer penetrates another
crosslinked network without the aid of chemical bond) [11] or multipolymer IPN

(made of two independent crosslinked synthetic and/or natural polymer

components)
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Figure 1.5 Classification of hydrogels based on different properties. [11]

Based on stimuli response; hydrogels can be classified as;

e Environmental: responding to physical stimuli, which can change their
molecular interactions at critical onset points (including light levels,
pressure, temperature, electric fields, magnetic fields and mechanical

stress).[26]



e Chemical; which change their interactions between polymer chains and
solvents at the molecular level (including pH, ionic factors and chemical

agents).

e Biochemical; where hydrogels respond to enzyme, antigen, and other
biochemical agents. This biologically responsive type of hydrogels has
attracted a lot of attention as biomaterials for biomedical, biotechnology,

pharmaceutical research and industry. [27]

e Dual stimulus hydrogels; where two stimuli responsive mechanisms work in

one system. [28]
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Figure 1.6 Stimuli response swelling hydrogel. [23]
1.2.1.1 Temperature Responsive Hydrogels

Temperature-sensitive hydrogels are a widely studied type of environmentally
responsive systems known for their ability to swell and shrink as the surrounding
fluid temperature changes. They can be classified as positive or negative
temperature responsive systems (Sections 1.2.1.1.1. and 1.2.1.1.2). In general;
water release reabsorption occurs as a result of the quest for thermodynamic
stability. The temperature dependent balance of the physical entanglements,

hydrogen bonding and hydrophobic interactions govern the thermo-sensitive
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behaviour of the hydrogel giving it an advantage in a range of applications such as
"in-situ" forming systems. For example, the ability of the material to be injected
into tissue, organ or body cavity in a minimally invasive manner prior to gelation
may reduce the necessity for surgery in many instances. [29] Temperature sensitive
hydrogels are also utilised for the controlled delivery of pharmaceutical agents. The
most studied temperature responsive hydrogels are chitosan-based copolymers i.e.
methylcellulose, hydroxypropyl methylcellulose and N-isopropylacrylamide

(pPNIPAM) with poly N-2-hydroxypropyl methacrylate (pHPMA). [16][11]

1.2.1.11 Positive Temperature Hydrogels

An important temperature of note for temperature sensitive hydrogel is known as
the upper critical solution temperature (UCST). [30] When the temperature is below
the UCST the hydrogels release solvents (water, ethanol, methanol, acid etc) from
the network (de-hydration). When the temperature is higher than the UCST,
swelling occurs. Positive temperature hydrogels swell rapidly above the UCST as
their structure dissociates due to the breaking of hydrogen bonds. Below the UCST
positive temperature hydrogels shrink because of the formation of a complex

structure of hydrogen bonding at the lower temperature. [31]

1.2.1.1.2 Negative Temperature Hydrogels

This kind of hydrogel is known by the lower critical solution temperature (LCST),
meaning the hydrogel will shrink and expel fluid as the temperature increases

above the LCST and will swell as temperature decreases below the LCST. [32]

The hydrophilic groups of the polymer interact with the fluid when the temperature
is lower than the LCST forming hydrogen bonds which improve the dissolution and
the swelling in crosslinked systems. With a dominant hydrophilic behaviour, water
occupies the interstitial spaces of the gel in a swollen hydrated phase. The
hydrogen bonds become weaker at temperatures above the LCST. This causes
hydrophobic interactions within the hydrophobic parts to become stronger and

dominate, while the ordering of water molecules becomes entropically



unfavourable in the presence of hydrophobic units. Shrinking occurs due to inter-
polymer chain association and de-swelling processes force absorbed fluid to leave

the network, making the polymer physically collapse. [33]

The LCST can be tailored in different ways by mixing the hydrogel with ionic
copolymer or changing the solvent composition. In general, the greater the

hydrophobic constituents present the lower the LCST for the polymer system. [34]
1.2.1.1.3 Thermo-Reversible Hydrogels

For thermo-reversible hydrogels the volume change mechanism and the bond type
are different, here the hydrogels undergo a sol-gel phase transition instead of a
swelling-shrinking process because the polymer chains are not covalently
crosslinked. At the CST the hydrogen bonds (between the polymer and water
molecules) become energetically unfavourable facilitating polymer-polymer and
water-water interactions causing the release of water from the hydrogel and
resulting in shrinkage of the polymeric network. In the swollen state, water forms
hydrogen bonds with the polar groups of the polymer backbone in the hydrogels

and organises itself around hydrophobic groups as a clathrate.

Thermo-reversible hydrogels are an important class of hydrogels since the solution
responds to temperature by a sol-gel transition. The specific temperature at which
the transition takes place depends on the hydrophilic and hydrophobic blocks,

polymer concentration, and the chemical nature of the polymers. [11]

1.3  Polymerisation Reactions

The term polymerisation describes the chemical reaction monomers react through
to form long-chain polymers. Polymerisation reactions can be classified as either
addition or condensation processes. The basis of this classification was suggested
by W. H. Carothers in 1929. It is based on whether the repeating unit of the

polymer contains the same atoms as the monomer.
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For addition polymerisation, the synthesised polymer has the same number of
atoms as the monomer in its repeating unit, whereas for condensation
polymerisation the polymers contain fewer because of the formation of by-

products during the polymerisation process.

Polymerisation reactions are now more commonly characterised according to the
reaction mechanism, in which polymerisation reactions are divided into step and

chain processes.

Step polymerisation: or step-growth polymerisation. Polymer chains are built up in
a stepwise fashion by the random union of monomer molecules. Monomer
concentration drops rapidly towards zero early in the reaction. Molar mass rises
steadily during the reaction as groups of polymerised monomers continue to link

together. Long reaction times are essential to obtain a high molar masses. [35]

Chain polymerisation: or chain-growth polymerisation. The molecular weight
increases by the successive linking of single monomer molecules, monomer
concentration decreases steadily with time. Long reaction times give higher yields.
The reaction mixture contains only monomer, high molar mass polymer, and a low

concentration of growing chains. [35]

Polymers having identical repeating units but when formed by different reactions
do not necessarily possess the same properties. Physical and mechanical properties
may differ as different polymerisation processes may produce differences in

molecular weight, stereochemistry, end groups, or chain branching. [1]

1.3.1 Step Polymerisation

Step polymerisations occur between functionally substituted monomers. There are
two approaches to prepare linear step-reaction polymers. Consider hypothetical
functional groups A and B that react to form group X. The first approach is having

both reactive functional groups in one molecule:
A—R—-B - [R-X]
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and the other having two difunctional monomers:

A—-R—A+B—-R —-B-> [R—X—-R —X]
Typically, these reactions take place between reactive components, such as dibasic
acids with diamines to give polyamides, or dibasic acids with diols to form
polyesters. This reaction has an important modification in the case of nylon 6,6
[poly(hexamethyleneadipamide)], where the initial product of the reaction between
hexamethylenediamine and adipic acid is a salt. This salt can be recrystallised
readily in order to obtain the high-purity intermediate essential for conversion to
high molar mass product. The condensation part of the reaction, in this case, is

brought about by heating the intermediate salt. [1]
1.3.2 Chain Polymerisation

This polymerisation reaction often involves unsaturated monomers which means
they have at least one C=C group. It begins with the chemical generation of reactive
centres on selected monomer molecules. These reactive centres are typically free
radicals, which react with other monomers without extinguishing the active centre.
This way any active centre becomes responsible for the reaction of a number of

monomers which add to the growing polymer, increasing its molar mass. [36]

Chain reactions do not continue indefinitely, the nature of the reactivity of the free

radical is likely to react in ways that will destroy the reactivity.

Chain polymerisation consists of three phases, namely initiation, propagation, and

termination. In detail:
1.3.2.1 [Initiation

To carry out such polymerisations the monomer mixture must contain a trace of an
initiator material. Initiators role is to start off the chemical process. Initiators readily
fragment into free radicals through the application of heat (thermal), light

(ultraviolet and visible), electricity (electrochemical), or any other process that
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creates the essential free radicals (Figure 1.7). The two most commonly used free

radical initiators are benzoyl peroxide and azobisisobutyronitrile (AIBN).
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Figure 1.7 Initiator free radical creation.

This can be represented by the following reaction, where | represent the initiator

molecule and I* represents a free radical.

I -I Reaction 1

Once produced the active free radical formed can react rapidly with a molecule of
monomer (M) to yield a new species that is a free radical of the monomer as shown

in reaction 2.

r - IM* Reaction 2

The efficiency of the initiator is a measure of the extent to which the number of

radicals formed reflects the number of polymer chains formed.

1.3.2.2 Propagation

Free radicals are transient compounds which have the ability to add to another
monomer unit. Propagation is the series of reactions in which the free radical unit
at the end of the growing polymer molecule reacts with the additional monomer to
increase the length of the polymer chain, the resulting chain may contain thousands

of monomer units (Reaction 3).

IM*"+M - IMM* - IM, M* Reaction 3

13



1.3.2.3 Termination

There are two methods of termination in radical polymerisations; the first is
recombination which occurs when two radical species react together sharing their
unpaired electrons to form a single and stable covalent bond and one reaction

product (Reaction 4) where the polymer chain is represented as P.
IP* + IP* - IP —IP Reaction 4

The second method is disproportionate (Reaction 5) where two radicals can interact
by a hydrogen atom transfer from one chain end to the free radical chain end of a
growing chain, leading to the formation of two reaction products, one of which is

saturated and the other having an unsaturated chain end. [37][36]
PCH,CH," + PCH,CH,” - PCH,CH; + PCH = CH, Reaction 5

1.3.2.4 Other Reactions

The reactivity of the free radicals means other processes can also occur during
polymerisation. This occurs when the reactivity of the free radical is transferred to
another species which is capable of continuing the chain reaction. This is known as
chain transfer. This reaction stops the polymer molecule from growing further

without quenching the radical centre.

Generally, chain transfer reactions involve the abstraction of an atom from a
neutral saturated molecule (solvent or agent added to control the final size and
distribution of molar mass). It also involves more polymer molecules with a lower
degree of polymerization. Some monomers and relevant polymers are also known
to be effective as chain transfer agents, these may cause an increase in the number
of polymer molecules; polymer transfer may lead to moderate to extensive chain

branching. [1][35]

14



1.4  Crosslinking in Hydrogels

The crosslink is a major component in the creation of hydrogels and partially

responsible for their unique properties.

Crosslinked polymers can be presented by a planar network as in graphite or space
network, as in diamond. On crosslinking, basic structural changes in the polymers are
introduced producing improvements in properties. Designing the process with the final
application in consideration, different degrees and densities of crosslinking, high or low

can be achieved, Figure 1.8. [2]

a b

Figure 1.8 Schematic representation of network or cross-linked structures a) High crosslink density,
and b) Low crosslink density. Modified from [38]

Depending on the nature of the crosslink, hydrogels can be divided into two
categories; chemical and physical. Chemically crosslinked networks are composed
of polymer networks with covalent bonding, while physically crosslinked networks
have non-covalent interactions that may arise from polymer chain entanglements
or physical interactions. The properties of the final hydrogel are highly dependent
on the nature of the crosslink. [23][39] This study will investigate the influence of
crosslink density and nature on the hydrogels; focusing mainly on physical

crosslinks.

1.4.1 Chemical Crosslinks

In chemically crosslinked hydrogels, the crosslinking procedure is achieved through

covalent bonds to form a polymer network via a crosslinking agent. As the most
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severe mechanism for decreasing molecular freedom; chemically crosslinked
hydrogels are permanent and the crosslinking process is irreversible. The initiation
of chemical crosslinking may require the addition of a low molecular weight agent

with the polymer into the reaction mixture.

Crosslinking can be effected through the application of heat, mechanical forces,
exposure radiation and chemical agents, or a combination of these. [11][40][41]
The crosslinking in the polymer networks may contain the same chemical and
structural features as the main chains or they may be different depending on the
way crosslinking was formed. Crosslinking induces a few changes; for example, the
polymer will no longer dissolve if it was previously soluble and may swell in a

solvent as solvent molecules penetrate the network. [1]

Chemically crosslinked hydrogels have some serious drawbacks, mainly the lack of
mechanical toughness leaving the hydrogel weak and brittle. As the covalent
bonding process is irreversible, bonds broken during the application of external
stresses cannot reform rendering the 3D structure damaged. [42] Chemically
crosslinked hydrogels have slow de-swelling rates that require a long time to reach
equilibrium (e.g. up to a month), which puts it out of range for some applications

such as drug delivery systems. [43][44]

The transparency of chemically crosslinked hydrogels can be lost when changing
the polymerisation conditions and/or the composition, high concentrations of
crosslinking agent lead to a permanent structural inhomogeneity therefore
chemically crosslinked hydrogels become opaque even at temperatures below their

LCST. [14][45]

1.4.2 Physical Crosslinks

Covalent crosslinking has disadvantages; once crosslinked the polymer cannot be
dissolved, moulded or recycled. Many strategies have been explored to circumvent
this; one approach investigated crosslinks that break apart on heating and reform

on cooling, e.g. ionic crosslinks. Another approach introduced strong secondary
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bonding attraction between polymer chains, which is termed "physical

crosslinking". [1]

Physically crosslinked hydrogels can be synthesized through different methods like
hydrogen bonding, amphiphilic graft and block polymers which can self-assemble in
aqueous media to form hydrogels and polymeric micelles, crystallization, ionic
interactions like alginate crosslinked via calcium ions, or by protein interactions.

[44]

The physical junctions maintain the 3D structure of the swollen state. Non-covalent
interactions and hydrophobic or hydrophilic interaction keep the polymer chains
free and flexible allowing for solvent casting, ease of fabrication, reshaping,
biodegradation and non-toxicity, which chemically crosslinked hydrogels lack. [41]
Physically crosslinked hydrogels can be prepared by several methods, such as
hydrophobic association, chain aggregation and crystallisation. [46] Physically
crosslinked hydrogels can also disintegrate and dissolve; hence they are sometimes

referred to as ‘reversible’ hydrogels. [11][13]

A noticeable improvement on the properties (mechanical, swelling/de-swelling rate
and optical) of physically crosslinked hydrogels was reported in 2002 by Kazutoshi
Haraguchi, [39] who replaced the conventional chemical crosslinks with exfoliated
inorganic clay platelets. Prepared by in situ free radical polymerisation, this new
hydrogel synthesis route showed an increase in viscosity and different behaviour on
the stress-strain curves due to a primary network formation. The new material
demonstrated a 1000 % improvement in elongation at break; fracture energy up to
3300 times that of its predecessors and a strength, modulus and swelling/shrinking
capacity which could be modified and controlled by adjusting clay concentration.
The clay platelets act as an effective multifunctional crosslinking agent through
non-covalent interactions; free and flexible polymer chains are randomly

distributed between clay platelets which are large distances apart. [14]
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1.5 Clays

Clays are used in a range of applications. A key component in the formulation of
ceramic products, drilling fluids, cement, paints and paper. Clays occur naturally as
constituents of geological material, mainly as fine particles with a very large surface
area and sheet-like structure. They have a high capacity for cation exchange,
swelling properties, and high adsorption capacities. Clay minerals ability to disperse
is key to obtain a uniform stable system under certain conditions, which leads to
changes in properties required for specific applications; for example, the flow
behaviour in drilling fluids. Clay minerals include kaolinite and smectite, of which

the latter is the main clay type used in this study. [47]
1.5.1 Clays Structure and Properties

Clay minerals are natural silicates or aluminosilicates which dominantly make up
soils, sediments and rocks. It is an inexpensive material but is not phase pure, which
makes natural clay undesirable in some industrial applications. Synthetic clay is an
inexpensive, nanoparticulate material with unique electrical, mechanical, and
rheological properties, which are of interest to several industries. An added benefit
of synthetic clay is that it can be produced at a high enough purity for critical

manufacturing applications. [48]

Clays are crystalline structures that exist as layers. The structure is determined by
the atomic arrangement within each clay layer. The simple blocks of a clay platelet
consist of silica tetrahedral sheets and octahedral sheets. For silica tetrahedral, four
oxygen atoms surround a central silicon atom. For octahedral sheets, six oxygen
atoms (or hydroxyl anions) surround an aluminium or magnesium atom. Adjacent
octahedral groups share these anions and a planar network sheet is formed (Figure
1.9). The tetrahedral and octahedral sheets are superimposed on one another and
fused by the sharing of oxygen atoms; the fused sheets collectively constitute a clay

layer. The layers form stacks with a large surface area and a high aspect ratio.
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Figure 1.9 Clay structural units: tetrahedra and octahedra. [49]

Inter-layer ions within the sheets may be replaced with similar size and lower
charge ions resulting in an excess of electrons (e.g. Si** is replaced by APP* in
tetrahedral or AIP* is replaced by Mg?* in octahedral sheets). The net negative
charge may be counteracted by the adsorption of K*, Ca?*, Na* or Mg?* providing a
charged aqueous environment within the inter-layer space. The cationic charge is

shared between the layers and results in the layers being attracted to one another.

1.5.2 Hectorite

Laponite® (Figure 1.10) is a synthetic hectorite, which is one of the trioctahedral
subgroups of the smectite family of clays and produced by BYK® Additives &
Instruments. It is a speciality additive synthetic clay mineral similar in structure and
composition to the natural hectorite of the smectite group. It is a layered silicate

manufactured from naturally occurring inorganic mineral sources.

The primary particle of Laponite® possesses an anisotropic nanometric shape.
When dispersed in water it shows a rich variety of phase behaviours. It excels in

applications as an active agent in many water based formulations. [50]

There are two key areas of functional use for Laponite®; either i) Rheology modifier,
added to the formulation of many waterborne products such as surface coatings,

household cleaners and personal care products. It will impart thixotropic shear
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sensitive viscosity and improve stability and synthesises control. ii) Film former

agent used to produce electrically conductive, antistatic and barrier coatings.

Table 1.1 shows the advantages of using Laponite® where it can be used depending

on different grades for two groups of final application:

e Gel forming grades disperse under agitation in water to form clear colourless
dispersions. The viscosity depends on the solids and electrolyte content of
the water used. A highly thixotropic gel is formed at 2 wt.% in tap water,
whereas the same concentration in deionised water will produce a low
viscosity sol. Both forms of dispersion are suitable to use in or add to

formulations at this point.

e Sol forming grades also disperse readily in water under agitation, but these
grades contain dispersing agents which delay the formation of a thixotropic
gel structure. At concentrations of up to 30 wt.% solids, low viscosity liquid

sols can be produced. [51]

Table 1.1 Properties and Benefits of Laponite®
Property Benefits

Synthetic layered silicate ¢ High purity
e Colourless dispersion
e Excellent consistency
e Free from abrasives

Colloidal sized primary crystal ~ * Produces clear gels or sols in water to give ultra-clear products
e Disperses rapidly in water without the need for high shear

Inorganic material e Cannot support microbial growth
* Not affected by high temperature
* Non-yellowing
e Non-toxic
¢ Non-flammable
e Free from crystalline silica

Laponite® dispersions are versatile components for waterborne formulated
products due to the combination of key properties including; high viscosity at low
shear rates which produce very effective anti-settling properties, and low viscosity

at high shear rates.
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With such properties and benefits, a small addition of Laponite® into polymer
thickened systems can generate a very significant increase in low shear rate
viscosity. It will also improve tolerance to “harsh conditions” in formulations
containing high levels of electrolytes, surfactants, acids and alkalis. Precise
rheological profiles can be engineered by combining Laponite® with polymeric
thickeners. Pourable formulations with stable suspended particles can be easily

formulated.

Laponite® has a layered structure (Figure 1.10). Each layer comprises three sheets,
two outer tetrahedral silica sheets and a central octahedral magnesia sheet. The Si
and Mg are balanced by twenty oxygen atoms and four hydroxyl groups to maintain

charge neutrality. [52]
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Figure 1.10 Hectorite Idealised Structural Formula. Modified from [51].

octahedral

The idealised structure shown in Figure 1.10 would have a neutral charge with six
divalent magnesium ions in the octahedral layer, giving a positive charge of twelve.
In practice, however, some magnesium ions are substituted by lithium ions
(monovalent) and some positions are empty to give a composition which typically

has the empirical formula Nag,* [(SigMgssLig3)050(0H),]%7".
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A Laponite® particle (Figure 1.11) is defined as a repetition of layers many times in
two directions, with a typical particle containing up to 2000 of these layers.
Macromolecules of this size are known as colloids, examples include bentonite and
hectorite, which are natural clay mineral thickeners and have a similar crystal

structure but are more than one order of magnitude larger in diameter.

Laponite® dispersion in water has attracted attention from academia and industry
due to the dependence of physical properties of the dispersion on time; particularly

the increase in modulus and relaxation time. [51][53]

A Laponite® dilute dispersion in deionised water at low concentration may remain a
low viscosity dispersion of non-interacting crystals for long periods of time, whereas
the addition of Laponite® to tap water, typically beyond 2 wt.%, increases its
viscosity and elastic modulus by several orders of magnitude over a shorter
duration. [52] The phenomenon of gelation can be ascribed to interactions between
the electrical double layers, these interactions are strong enough to limit
translational diffusion and cause an equilibrium structure of almost immobile

particles at high concentrations.

The gelation mechanism of Laponite® dispersions is likely to be similar to that which
occurs with natural hectorite minerals which can also undergo osmotic swelling.
[54] At 25°C in tap water and with rapid agitation, it takes 10 minutes for the clay to
substantially disperse (high shear mixing, temperature or chemical dispersants are

not required) Figure 1.11.

Gelation takes place within a period from a few hours to some days depending on
the concentration of clay. Two different mechanisms for gelation in clay mineral
dispersions are proposed, leading to different types of three-dimensional network

structures of the clay dispersion.
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Figure 1.11 Addition of Laponite® to Water. [51]

The first case; formation of an equilibrium structure is induced by long-range
electrostatic repulsion. Sodium ions are exchangeable; in aqueous dispersions,
sodium ions are drawn towards the crystal surface by electrostatic attractions,
where osmotic pressure from the bulk of water pulls them away, these ions diffuse
into the water and plate-like particles with negatively charged faces are formed;
This forms what is known as electrical double layers; an equilibrium structure
where the sodium ions are held in a diffuse region on both sides of the dispersed

Laponite® crystal Figure 1.12.

At higher ionic strength another mechanism is suggested where the double layers
around the faces of the platelets are compressed and the electrostatic attraction
between oppositely charged faces and edges (together with the attractive van der
Waals forces between the particles) gives rise to edge-to-face as well as edge-to-
edge associations, leading to a linked three-dimensional network flocculated in a

so-called house of cards like structure (Figure 1.13). [51][52]
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Figure 1.12 Dispersed Primary Particle. [51]

(a)

Figure 1.13 Gel formation of house-of-cards structure. [55]

The kinetics of gelation of aqueous dispersions has been rheologically probed by
measurements of the storage modulus G'. [54] The dispersion of different grades of
Laponite® in water exhibits a low viscosity and Newtonian type rheology, as their
mutual positive charges repel particles from each other. The addition of polar
compounds in solution to the dispersion will reduce the osmotic pressure holding
the sodium ions away from the particle surface. This is of particular interest for the
application of an emulsifying and thickening agent, as well as the gelation and
flocculation of Laponite® dispersions caused by the addition of electrolytes or polar

solvents. [52]
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1.5.3 Bentonite

Bentonite also falls in the smectite group. In this study, A “BYK® Additives &
Instruments” grade of montmorillonite called Cloisite® Na+ was provided. It has the
same structural units as the three sheets as Laponite®. Montmorillonite structure
classifies as dioctahedral, with two-thirds of the octahedral sites occupied by
trivalent cations. Dioctahedral montmorillonite charge originates from the

substitution of Mg?* for AI** in the octahedral sheet (Figure 1.14). [47]
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Figure 1.14 The layer structure of bentonite. Modified from [51][56].
Montmorillonite is known as Na*-montmorillonite, if Na* cations are exclusively in
exchange with the surface or otherwise as bentonite. Montmorillonite idealised
structural formula is My+nH2O(Alzyng)Si4010(0H)2 (cations intercalated
between the structural units balance the negative charge, these cations may be
alkaline earth ions (Cax* and Mg>*) or alkali metals Na*). The expanding lattice may

provide the clay with a specific area of as high as 800 m?/g. The chemical formula

for Na+ montmorillonite is Nag 35[ (Al ¢7Mgo.33) (0O(OH)),(Si0,),]. [47]
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1.6  Composite Materials

Composites are composed of two or more individual components combined to
obtain the ideal properties of each component, the result is a material with better
properties than those of the individual components used on their own, to end up
with unique behaviour and properties. A composite material was defined by Jartiz
as “a multifunctional material system that provides characteristics not obtainable
from any distinct material”. [57][58][59] Composites are traced back to 2500 years
ago, where Egyptians used clay containing straw and to build their houses.
[60][61][62] In 1980; Bonfield et al. showed the possibility of using composites in
bone grafts. [63][64] Consequently, composites have been already in use for many
different applications such as household appliances, aerospace, and medical

devices. [65]

A polymer composite is a composite material in which one of its components is a
polymer. Adding a second component will, hopefully, produce a new material that
is relatively cheap with unique properties for applications such as house goods,

construction materials and medical instruments.

Bone is a natural composite of an inorganic hard but brittle component called
hydroxyapatite and an organic soft and flexible component called collagen, this
gives the bones the unique properties that are needed to support the body and
protect organs such as the brain and lungs. Recently; several studies investigated
the possibility of using composites in medical applications. [63][66][67]
Polymer/inorganic composites are attractive and promising in the field of
biomedical and tissue culture, as enhancement is always a needed for mechanical
properties and this can be obtained by incorporating nanoparticles into polymeric
materials, [39][68][69][70-74] where tensile strength, [39][69][72][73][74] higher
stiffness [75][76] and elongation at break [39][72][69][73][77] are improved by

nanoparticles when compared to that of the pure polymer.
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1.7 Nanocomposite Materials

Nanocomposites can be generally defined as multiphase solid material which
incorporates one or more individual components (where one of the phases has one,
two or three dimensions of < 100 nm) that are combined to obtain the optimal

properties of each component and a unique property profile. [78]

The reasons nanocomposites differ from conventional composite materials are the
high surface to volume ratio of the reinforcing phase and/or its exceptional aspect
ratio. The nanocomposites reinforcing material can be made up of particles (e.g.
minerals), sheets (e.g. exfoliated clay stacks) or fibres (e.g. carbon nanotubes or
electrospun fibres). The area of the interface between the matrix and

reinforcement is greater than for conventional composite materials. [79]
1.7.1 Polymer-Matrix Nanocomposites

Adding nanoparticulate (metals, carbon nanotubes or clays) to a polymer matrix
enhances its performance. This strategy is particularly effective in yielding high-
performance composites when good dispersion of the filler is achieved and the
properties of the nanoscale filler are substantially different or better than those of
the matrix, for example, reinforcing a polymer matrix by much stiffer nanoparticles

of clays, or carbon nanotubes. [74][80]

Nanoscale dispersion in the composites can introduce new physical properties and
novel behaviours, effectively changing the nature of the original matrix-like fire

resistance and accelerated biodegradability. [78]

Well-arranged polymer nanocomposites materials display a rich morphology due to
the variations in composition, structure, and properties on a nanometre scale allow
the delivery of nanoscale therapeutic agents, small enough to be taken up by cells.
The advantages of using such a delivery system are that different therapeutic

agents can be encapsulated in the same nanogel without changing the agent’s
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attachment chemistry. Covalently bound systems also offer greater drug stability

and can prevent a burst release. [81][82]

The result of the combination of clay minerals with polymers is a new family of
composite materials that possess both the polymers' properties such as elasticity,
stiffness and toughness and the inorganic materials' behaviour such as hardness
and resistance ignition which improves the properties of final products. [83][84] At
the end of 1980s Toyota began the advent of clay-polymer nanocomposites by
developing clay/Nylon-6 nanocomposites. [85][86][87] The properties and
applications of clay-polymer/ nanocomposite were further investigated.
[391[711(72][73][74][88] Some nanocomposites showed appreciable improvements

in certain properties, such as permeability, modulus and stiffness. [89]

1.7.2 Clay-Polymer Nanocomposites

Clay-polymer nanocomposites are of interest due to their wide range of novel
physical properties. In 1989; researchers at Toyota patented clay-nylon composites
with greatly improved tensile strength, tensile modulus, and heat resistant timing
belt cover with only 5% of clay incorporation. [48] Research groups around the
world are still spending significant effort to understand and develop these

materials. [90]

Three main types of composites may be found when the clay is associated with a
polymer. The type of composite depends on the method of preparation and the

nature of clay used (Figure 1.15).

When the clay layers are not separated, the polymer will not be able to intercalate
between the silicate sheets, as a result, a phase-separated micro-composite is
obtained which has similar properties to the traditional micro-composite (Figure

1.15 a).

Dispersed clay with a single (or a few) polymer chains intercalated between the

silicate layers, gives a well-ordered multilayer silicate known as an intercalated
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structure (Figure 1.15 b). [91] The repetitive multilayer structure is preserved in
intercalated structures making it easy to determine the interlayer spacing using X-
ray diffraction (XRD). As silicate layers completely disperse, it allows multiple
polymer chains to extend in-between, resulting in an exfoliated structure (Figure
1.15 c). [92] Exfoliated structures allow a large number of clay-polymer interactions,
and the result may be a nanocomposite with excellent properties. When dispersed
in water clays exhibit different rheological behaviours as the clay content increases
with the presence of polymers the interaction between the polymer chains and clay
platelets causes a change in the rheological behaviour of dispersions. In
suspensions, these clay platelets can only adsorb a maximum amount of polymer.
The polymer and clay build a network-like structure containing excess polymer and

water. [93]

Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Figure 1.15 Composites arising from the interaction of layered silicates and polymers. [91]

Clay-polymer nanomaterials have been of interest to several industries in the last
twenty years, which is due to clay being an inexpensive, environmentally benign,
transparent suspension creator, nanoparticulate material. [48] Clay can be
produced at high purity as a result of its availability. This allows the use of clay

suspensions for critical applications that require improvements on mechanical, and
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rheological properties for the clay suspensions and the clay nanocomposites
depending at low and high loading. [94] Applications that require suspension or gels
can be engineered to use, shear thinning and thickening applications can also make

use of such property.

1.7.3 Clay-Polymer Based Hydrogels

Haraguchi et al developed a clay-pNIPAM nanocomposites composed of specific
polymers and a water-swellable organic clay in 2002 were the inorganic clays are
exfoliated and uniformly dispersed in an aqueous media, then neighbouring clay
sheets are connected by polymer chains [74] which is a very similar technique to
what is used in this work, they documented the swelling, optical and mechanical
properties on the final product. [39][72][95] The purpose of producing composite
materials is to improve the general properties of the composite and incorporating
inorganic particles (clay) to pNIPAM could improve several properties. The
interesting properties of pNIPAM thermal response, [96] ability to absorb large
volumes of water, [13] biocompatibility [76][97][98] make it a promising material
for different applications, such as artificial soft tissues [99][100][101] and drug
delivery. [102]

In pNIPAM, the thermoresponsive behaviour can be modified to be used as an
injectable scaffold, where cells could suspend in the hydrogel in a flowing state
above LCST, then gel will encapsulate the cells within its structure when
temperature decreased below the LCST. [97] Scarpa et al investigation of LCST for
free pNIPAM dates to 1967, they presented a study describing precipitation and
resolving of pNIPAM from the solution as an "inverse temperature coefficient of

solubility". [103]
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The major purpose of producing composite materials is improving their general
properties and reducing the cost. In the same context, incorporating inorganic
particles such as clays to other polymers in this study may improve a number of

their properties.

Several parameters can influence the mechanical properties on the composites,
such as crosslink density, monomer type and concentration, polymerization method
and temperature, and swelling and de-swelling rate. [13][39][104][105][106][107]
Due to its importance in controlling the mechanical properties of viscoelastic
networks Crosslink density of hydrogel materials has received significant attention
over the last decade. [108] The increase in the crosslink density was shown to
increase the stiffness of hydrogel materials as was reported by Haraguchi et al and
Djonlagic, [75][45] to meet different application requirements, mechanical
properties of hydrogel materials can be tuned.[109] In the current study, the
influence of composition on the mechanical properties (Rheological properties) of
pNIPAM based hydrogels as well as pDMAc, pHEMA, pHPMA, and pGMAc based

hydrogels has been studied.

As previously mentioned, hydrogels are 3D polymeric network structures containing
water and have the ability to absorb a huge amount of water or other fluids in their
structures. [110] High water contents are very important for hydrogel's
biocompatibility. [36] To understand the water within hydrogel materials Fourier
Transform Infrared spectroscopy (FTIR) has been used to investigating hydrogen

bonding between water and polymer molecules. [104][111] [112]

1.7.4 Structural Properties of Clay-Polymer

Based Hydrogels

Morphological and structural properties of polymer-based hydrogels were
impacted by crosslink density. [75][113][114][115] It was found by Jang J, et al. that
average pore size of hydrogels was decreased by increasing crosslink density. [116]

The pore size modification of hydrogel materials is important as it improves fluid
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transportation through the structure rapidly and effectively when used in tissue
culture. [117] In addition, structural and morphological properties influence other
properties, such as swelling degree [118][119] and the mechanical behaviour.
[75][76][119] This study focused on influences of crosslink density, type and
concentrations on the morphology and structure of clay-polymer based hydrogels,
as well as the relationship between changing hydrogel structure and the effect on

rheological properties within these materials.

1.8  Aims and Objectives

The initial focal point from which the research stems is a novel, developing and
relatively well researched hydrogel system based on pNIPAM. From this, we have
investigated different, yet comparative polymer and clay chemistries with the aim
to better understand the formation and interactive processes of the components
within the hydrogel nanocomposite system. Furthermore, the new formulations
and chemistries have led to new nanocomposite morphologies other than

hydrogels, e.g. films and coatings.

1) What are the new polymer chemistries, how do they compare/differ and why
were they chosen? This is all based on free radical polymerisation and thermally

initiated.

2) What are the new clay chemistries (i.e. the crosslinkers), how do they

compare/differ and why were they chosen?
3) How did we characterise the interactions - rheology, XRD, SEM, etc?

The novelty of this study lies in the control of the clay-polymer nanocomposite by
combination and variation of different clays and monomers. While earlier studies
described alteration by changing the polymer to clay ratio, the polymer molecular

weight, the amount of metal salt, and the amount of water. [93]

The aim of this research was to explore applying existing nanotechnology to

address technical challenges in the development of new clay-polymer
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nanocomposite materials. Using clay with different chemistry, sizes and surface
areas gives the chance to understand how clay interacts and affects the structure
and characteristics of clay-polymer based nanocomposites, some of these materials
are already used for a number of high-value applications such as drug delivery, and

biological tissue scaffolding and cosmetics.

This study also aims to investigate the effect of different crosslinking agent and
different crosslinking agent content on the material properties of the clay-polymer
nanocomposite. The overall properties governed by clay properties and clay-
polymer relationship are prime aspects of this study. The Enhancement of
significant properties of nanocomposites is a measure of clay platelets dispersion
within the polymer matrix. Different approaches were adopted to understand the
influence of clay properties on the nanocomposite; (i) by examining and comparing
different clays as raw, dry, powder material using spectroscopy and
thermogravimetry analysis (ii) mechanical examination of clay/water suspension of
different clay types/grads, and different concentrations varying from 0.5 %-10 %
using rheological studies (iii) chemical and mechanical and morphological
examination of clay-polymer nanocomposite with different clay types/grades,

concentration, and polymers. [120]

Morphological, pore size and scaffolding general arrangement which shows the
effect of different crosslinking agents and crosslinking density were examined by
Scanning Electron Microscope (SEM) to acquire information on how wide/small
pores are, diffusion kinetics in the system if required for further applications. The
nature and elemental composition of the clay-polymer nanocomposites were
determined by X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier
Transfer Infrared (FTIR) spectroscopy. The water content in the dry clay-polymer
nanocomposite was determined and examined by Thermogravimetric analysis

(TGA).

Mechanical and rheological properties of the hydrogels were examined using a

rheometer that operates on different modes (as a Dynamic Mechanical Analysis
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(DMA) technique) to evaluate the structure, performance, strength and torsional
mechanical modules of these nanocomposites under different rotational and

oscillatory loads.

Here is presented an investigation study the of clay-polymer nanocomposite which
addresses all the previous issues. Polymerised at a high temperature as a low or
high viscosity, opaque liquid, or as solid material. Investigations were undertaken to
examine the mechanical, chemical and morphological properties of the
nanocomposite at different state controlled by surrounding environment
temperature when possible. This study allows the development of new and exciting
technologies which can be tailored to specific high end medical and industrial

applications. [121]
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Experimental



Chapter 2 Experimental

2.1  Analytical Techniques
2.1.1 X-Ray Diffraction (XRD)

XRD is a technique used to identify atomic and molecular crystalline phases and
crystal orientation within a sample. Crystals are regular arrays of atoms, and X-rays
are high-energy electromagnetic radiation with a wavelength between that of
ultraviolet (UV) radiation and gamma-rays in the electromagnetic spectrum. Short
wavelength X-rays are suited for the examination of atomic structural

arrangements.

The diffractometer generates X-rays by bombarding a metal target (Cu in the
instrument used) with a beam of electrons emitted from a hot filament. The X-rays
then are focused on a solid sample. The crystals in the sample cause the X-rays to
diffract generating a continuous stream of parallel monochromatic X-rays.
Measuring the angles and intensities of the diffracted beam provides information

about the crystals structure such as the mean positions of the atoms in the crystal.

[1](2]

Crystalline material atoms are arranged into atomic planes with interplanar-
spacings (denoted by “d”). The angle of incidence of parallel rays is denoted 6.
Figure 2.1 is a schematic of a wave scattered from two planes separated by a
spacing, d. The difference in path length for the X-rays scattered from top and
bottom planes is given by 2d sin 6. Constructive wave interference occurs when
waves leave the sample “in phase” with the difference in path length for the top ray
and bottom ray equal to an integer number of wavelengths (nA = 2d sin 8). This

gives a reflected beam of maximum intensity. [2]

nA = 2dsinf@ Equationl
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Incidint X-ray Reflected X-ray

Figure 2.1 Schematic of a wave scattered from two planes separated by spacing d. Modified from [3]

Diffracted beams are received by a detector (Figure 2.2) and their intensity is
recorded using a counter mounted on a rotating arm which moves at constant
angular velocity. The resulting trace produced gives the diffracted beam intensity as

a function of angle 26.

direct
beam
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Figure 2.2 Schematic typical components and angles for a 6-26 X-ray diffractometer. The flat
specimen is at the centre of the goniometer circle. Modified from [4]
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2.1.1.1 XRD Experimental Parameters

Diffracted traces were collected using a Phillips-Xpert Diffractometer with Cu X-ray
source (A=1.542 A, 40 kV, 40 mA) and a Philips mini prop detector. Standard masks
for the X-ray beam (% inch divergence slit, 4 inch anti-scatter slit, and a 15 cm fixed
mask). Dry powder clay samples and dried fine ground clay-polymer nanocomposite

samples were tested.

Clay-polymer hydrogels were synthesised and then oven-dried at 60 °C for five
days. Fine powder clay samples (or clay-polymer samples ground by a mortar and
pestle) were filled in the sample holder with the top face of the sample holder held
down using a solid steel cylinder (Figure 2.3). [5] The sample is then packed into the
sample holder to create a flat upper surface and to achieve a random distribution of

lattice orientations. [6]

Figure 2.3 XRD a) Sample holder loading with top face down b) smooth surface with top face up.

2.1.2 X-Ray Fluorescence (XRF)

XRF spectrometry is a widely used elemental analysis technique based on the
principle that when atoms are excited by an external energy source certain
characteristic energies and wavelengths are emitted. X-rays with energy greater
than the binding energy of an inner shell electron dislodge and eject an electron

(Figure 2.4). An electron from a higher energy orbital shell drops down to the empty
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space emitting the energy of a characteristic wavelength (a fluorescent X-ray) and
the atom regains stability. The instrument detects the energy of X-rays and matches

this to a database to determine what elements are present in the sample.

Counting the photons of the X-ray energy emitted from a sample identify and
qguantify the elements presented in it. Modern XRF instruments analyse solid and
liquid samples for major and trace level components. The analysis time is short and
sample preparation is minimal. XRF is not suitable for analysis of very light elements

(H to Ne). [7]

E\v Characteristic photon

Incoming photon

¢ EE: “ (@

Expelled electron

Figure 2.4 Production of characteristic radiation. [7]

2.1.2.1 XRF Experimental Parameters

XRF data was collected using a "PANalyticalMagiX Pro XRF spectrometer”
instrument with "PANalytical 1Q+" software to interpret the X-ray spectra and to
give quantitative results. XRF data from clay powder samples were collected using a
fused bead analysis method, where samples are fused into a glass bead at 1100 °C
then poured into a mould and allowed to cool. ~1 g of sample is mixed with 10 g of
fusion flux (5 g of LiB4O7 and 5 g of LiBO;). This flux consists of elements which will
not be detected by XRF as the elements present in the flux are too light to give
strong enough XRF lines that can be easily detected; thus, only XRF lines from the

sample of interest will be observed.

The analysis was performed by a laboratory technician (Dr Tony Bell) at the

Materials and Engineering Research Institute at Sheffield Hallam University.
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2.1.3 Thermogravimetric Analysis (TGA)

Thermogravimetry (TG) is the study of the relationship between a sample’s mass
and its temperature. [8] Thermogravimetric analysis (TGA) is a technique used to
characterise a wide variety of materials in which an excellent precision of the
substance mass is monitored. It can be used to study physical (e.g. evaporation) or
chemical process (e.g. thermal degradation). Upon heating or cooling a material,
the weight increases or decreases as these physical and chemical processes occur.
TGA measures the amount and rate of change in the mass of a sample in a

controlled atmosphere.

The measurements are used primarily to determine the thermal and/or oxidative
stabilities of materials as well as their compositional properties. TGA can quantify
significant weight loss of water or solvent, decarboxylation, pyrolysis, oxidation, or
decomposition associated with sample degradation. Weight gain indicates a
chemical process like oxidation which can be prevented by continuously purging the
system with an inert gas that flows over the sample and exits through an exhaust.
[9] These measurements provide valuable information that can be used to select
materials for certain end-use applications, predict product performance and

improve product quality.

The differences of polymers thermal stabilities are easily detected by TGA in terms
of temperature range, extent, and kinetics of decomposition and so the technique
provides a rapid means to distinguish between polymeric materials. These
measurements are useful for the study of polymeric materials such as;

thermoplastics, thermosets, composites, films, fibres, and coatings. [10]

The TGA arrangement consists of a sample crucible able to withstand the highest
temperature used in the experiment, and not chemically interact with the sample.
The crucible is loaded with a sample and supported on a high precision balance. The
crucible (residing in a temperature-controlled furnace) is heated and the sample
mass is monitored as it is heated by a linear temperature gradient (which can

exceed 1000 °C if required). The sample weight is plotted relative to the
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temperature in real-time using appropriate software. The resulting weight loss/gain
curve is affected by several factors like the sample mass and size, the sample form
(block or powder), the gas purge rate and type (oxidative or pyrolysis). Generally, a
slower heating rate reveals a more detailed weight loss curve and ensures the

recorded temperature is closer to that of the whole sample. [11]

Figure 2.5 shows the weight change as a function of temperature. A transformation
to 1% derivative weight loss curve (DTG) is often useful to help distinguish subtle
event differences when weight loss curves look similar. The peak of the 1°
derivative indicates the point of the greatest rate of change on the weight loss

curve. [11]
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Figure 2.5 A) TG thermogram curves. B) DTG derivative thermogram curves. Modified from [12].

2.1.3.1 TGA Experimental Parameters

Thermogravimetric analysis was performed using a Mettler TG50 with 40 ml min*
N, purge. Placed into a clean, dry alumina crucible, clay and clay polymer
nanocomposites samples were heated from 20 °C to 900 °C at a constant rate of 20
°C mint. Powder clay samples were weighed and loaded to the instrument. Clay-
polymer nanocomposites were oven-dried and ground using a pestle and mortar

prior to analysis.
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2.1.4 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an analytical technique used to obtain high-
resolution images of samples surfaces. It requires an electron optical system to
produce an electron beam, a stage to place the specimen on, an electron detector,

and a display unit.

As the SEM instrument fires electrons at the sample, several different signals can be
given as a result of electron-sample collisions (Figure 2.6). Among the various
signals, three of the most important are backscattered electrons, secondary
electrons, and X-rays. The X-rays are used for elemental analysis of the sample
(Energy Dispersive X-ray spectroscopy EDS). SEM imaging utilises the other two
types of electrons (Backscattered and Secondary Electrons BSE) to form an image
by scanning the electron beam across the sample and recording the electrons
ejected from the sample using detectors which pick up the signals to create a

magnified image of the sample. [13]
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Figure 2.6 Schematic of a Scanning Electron Microscope. [14][15]

High-resolution SEM images are produced by the detection of secondary electrons
emitted from the specimen by a secondary electron detector, the secondary

electrons are attracted to the tip of the detector due to the high voltage applied to
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it. The output signals from the secondary electron detector are amplified and then

transferred to the display unit. [14][15]

With a magnification capability of approximately 10x to 500,000x a surface area of
between approximately 5 um to 1 cm can be imaged at any one time with a
conventional SEM setup. Details of the structure and surface texture are revealed
as a 3-dimensional image is constructed. Samples typically are around 10 cm in
width and not more than 4 cm in height to fit into the chamber and must be self-
supporting. The chamber is vacuumed to 10 - 10 torr, and as such samples must
be stable under these conditions. [16] Electrically insulating samples must have an
electrically conductive coating (usually carbon or gold) for study in conventional

SEM systems.
2.1.4.1 SEM Experimental Parameters

The electron micrographs were taken at the Materials and Engineering Research
Institute at Sheffield Hallam University using a FEl NOVA nanoSEM 200 Scanning
Electron Microscope. A Backscattered and Secondary Electrons “Helix Detector”
insert was used to obtain the images together with an accelerating voltage of 5 kV
and a spot size of 4.0. In this thesis, all SEM data was collected in conventional SEM
mode for the gold coating samples. Clay-polymer hydrogels were flash-frozen in
liquid nitrogen and then were freeze-dried overnight in an attempt to maintain the
3D structure. The Imagel images processing software was used for the
measurement of the pore size, it is a software that helps to measure distances and

areas on images after a known scale is presented.

2.1.5 Infrared (IR) Spectroscopy

Infrared spectroscopy is one of the most important analytical techniques available
to scientists. The principal advantage of infrared spectroscopy is that any sample in
any state may be studied. In basic terms, IR spectroscopy relies on the absorption of
electromagnetic radiation at frequencies that correlate to the vibrational energy

level of specific chemical bonds within a molecule. [17] The vibrational spectrum of

57



a molecule is characteristic of the molecular structure of the molecule. The infrared
spectrum of the sample is obtained by passing infrared radiation through a sample,
and by determining the absorbed fraction of the radiation at each particular energy
level. Comparing the spectrum from an ‘““‘unknown’” substance to previously
recorded reference spectra allows an infrared spectrum to be used as an

identification fingerprint for organic and inorganic compounds. [18]

For IR spectroscopy, the wavelength (A) is presented as “wavenumbers” in cm™. The
wavenumber is equal to 1/A cm™. Electromagnetic radiation is absorbed by

molecules at only specific wavelengths. [19]

The vibrational energy corresponds to the absorption of energy by a molecule as
the atoms vibrate about the mean centre of their chemical bonds. The Plank-
Einstein equation (Equation 2) shows the relationship between the energy of a
photon (£) in J/photon, Plank’s constant (/) (6.625 x 103* m?2 kg s or Js), and the

frequency of the electromagnetic wave () in 1/s:

E = hv  Equation2

Vibrational frequency is proportional to the square root of the ratio of the
vibrational force which in turn is proportional to the masses of the corresponding
atoms. So, the lower the atomic mass is (stronger bond), the higher the vibrational
frequency. i.e. C=N and C=C bond stretches occur at higher frequencies than those
of C=0, C=C, and C=N which have higher frequencies than C-H, O-H, C-C, C-N, and
N-H. In addition, C-H stretching occurs at a higher frequency than C-C, and C-O

stretching occurs at a frequency lower than both.

The fundamental requirement for infrared activity is that specific vibrational
energies for a given system are possible, so photons with specifically related
energies will only be absorbed. Therefore, a change in molecular vibration occurs
when the photon frequency matches the vibrational frequency of the molecule,
leading to the absorption of infrared radiation. For absorption to occur, a net

change in dipole moment during the vibration is also required. [17]
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2.1.5.1 Fourier Transform Infrared (FTIR) Spectroscopy

(FTIR) spectroscopy is based on the interference of radiation between two beams to
yield a signal produced as a function of the change of pathlength between the two

beams. The distance and frequency are interconvertible by Fourier-transformation.

The source emerging radiation is passed through an interferometer to the sample
then to a detector. Upon signal amplification, the data are converted from analogue
to digital and transferred to the computer for Fourier-transformation Figure 2.7.
(18]
f Source : Interferomeler Sample ‘-:Dmector Amplifier j-'ﬁn”'!oq-m-d:glm--.Cﬁrn[:lmer\
L ]| L Il L converier L |

Figure 2.7 Basic components of an FTIR spectrometer. [18]

The most common interferometer used in FTIR spectrometry is a Michelson
interferometer, which consists of two perpendicular plane mirrors, with one
travelling in a perpendicular direction to the plane (Figure 2.8). A beamsplitter
(semi-reflective film), bisects the planes of these two mirrors. When a radiation
beam with wavelength A (cm) is passed into a beamsplitter half of it reflects at a
moving mirror while the other half transmits to a fixed mirror. The two beams
combine at the beam splitter again and changes in the relative position of the

mirrors generate an interference pattern.

Half of the beam reflected from the fixed mirror is transmitted through the
beamsplitter while the other half is reflected back to the source. The beam which
emerges from the interferometer at 90 degrees to the input beam is called the
transmitted beam and this is the beam detected in FTIR spectrometry. Applying a
Fourier Transform mathematical operation to the intensity of the path-length
difference over the recombined beam contains information about the frequencies

present in the beam as a graph. [20][18]

When high refractive index light (n1) propagates through the material at a certain

angle (6; > 8.) it reflects internally with a lower refractive index (nz). At the
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reflection, a wave with components in all directions is formed (evanescent wave).
For the beam to reflect, the crystal refractive index must be greater than that of the

sample.
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Figure 2.8 Schematic of a Michelson interferometer.

Sample setup can be different depending on the phase of the sample, full contact
between the sample and the crystal is essential. A small amount of a liquid sample
poured directly onto the crystal is enough whereas a plate presses the sample onto

the diamond crystal surface for solid sample analysis (Figure 2.9). [20]

evanescent
wave molecules

infrared beam

Figure 2.9 Schematic of ATR apparatus.
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2.1.5.2 FTIR Experimental Parameters

Spectra were collected using "Graseby Specac Single Reflection Golden Gate ATR"
sampling accessory, attached to "Thermo Nicolet Nexus Spectrometer". The spectra
for clay powder samples and hydrogels were collected using 64 scans at a
resolution of 4 cm™. The clay-polymer nanocomposites used were the same oven-

dried ground powders described in Sections 2.1.3.1 and 2.1.4.1.

2.1.6 Rheology and Viscoelasticity

Rheometry is the technique used to determine the rheological properties of
materials experimentally; this assists in defining rheology as the science which
studies flow and deformation of matter for a better understanding of the
interrelation between force, deformation, and time. The term was invented by
Professor Bingham of Lafayette College. It is a branch of physics since the most
important variables come from the field of mechanics: forces, deflections, and
velocities. The term rheology (rheos: Greek for flowing or streaming) literally means

flow science.

Rheological experiments reveal information about the deformation behaviour of
solid-like materials produced by shear forces and the flow of liquid-like materials,
particularly about the behaviour of complex viscoelastic materials (which represent
most real materials). For example, gum eraser is a viscoelastic solid and wallpaper

paste is a viscoelastic liquid.

Before 1980, rheological experiments were carried out as rotational tests which
enabled the characterisation of flow behaviour at medium and high velocities. As
measurement technology has developed, investigations were expanded on
deformation and flow behaviour which also covers the low-shear range. The
rheometrical study is motivated by the hope that flow behaviour can be correlated
to measured geometrical function. Hence it is of potential importance for the

industry in quality and process control. In future rheometry may also be relevant in
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process modelling when the full potential of computational fluid dynamics is

realised within a rheological context. [21][22][23]
2.1.6.1 Viscosity

Materials clearly showing a flow behaviour are referred to as fluids (liquids and
gases). Molecules show relative motion between one another for all flowing fluids,
in the shear flow, they shear past one another, whilst in the extensional flow, they
flow away or towards one other, this process is always combined with internal
frictional forces. The easiest flow to measure on a rheometer or viscometer is shear
flow. A certain flow resistance occurs for all fluids in motion which may be

determined in terms of the viscosity.

To understand viscosity, terms related to it need to be defined. The simplest
explanation of shear flow is to imagine layers sliding over each other; the

uppermost layer has maximum velocity while the bottom layer is stationary. Shear
force takes the form of shear stress (T) which is defined as a force (F) over a unit
area (A) (Figure 2.10). The upper layer moves a distance x, while the bottom layer
remains stationary. The term shear strain (y) defines a displacement gradient

created across the sample (x/h). For a solid, no flow is possible, so the strain is
finite for applied stress. For a fluid, the shear strain will continue to increase for the

period of applied stress. This creates a velocity gradient called shear rate or strain
rate (Y) which is the rate of change of strain with time (dy/dt). It is easier to

understand the relation of these terms to viscosity mathematically.

e Shear Stress:
t=F/A (Pa) Equation 3
where:
T: Shear stress (Pa), F: Shear force (N) and A: Shear area (m?).

e Shear Strain
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Yy =x/h Equation 4
Where:
y: Shear Strain, x: Distance (m), h: Height (m).
e Shear Rate or Strain Rate:
y=v/h s! or y =dy/dt s7! Equation 5
where:

V: Shear rate (s1), v: Velocity (ms™) and h: Distance (m).

e m et

v=0

Figure 2.10 Plates-Model for shear illustrating the velocity distribution of a flowing fluid

When the shear stress is applied to a fluid, the momentum is transferred through
the layers of fluid by collisions and interactions. The ratio of shear stress to shear
rate is defined as the shear viscosity or dynamic viscosity (n) measured at constant

pressure and temperature, and can be calculated as:
n= t/y (Pa.s) Equation 6

where:

n: Viscosity (Pa)

For Newtonian fluids, the shear stress is linearly related to the shear rate (Figure
2.11). Newtonian fluids include water, simple hydrocarbons, and dilute colloidal
dispersions. For non-newtonian fluids, the viscosity varies with the applied shear

rate or shear stress.

63



[ -
>

Y i
Figure 2.11 Left) Viscosity curve of a Newtonian fluid, Right) Flow curve of a Newtonian fluid.

2.1.6.2 Shear Thinning

For non-Newtonian fluids, if viscosity decreases as shear rate increases it is

described as Shear Thinning (pseudoplastic) flow. Shear thinning fluids show a
constant viscosity at low shear rates no, and a large drop in viscosity is observed at

critical shear stress or shear rate.

-

¥ Y
Figure 2.12 Left) Viscosity curve of shear thinning liquid, Right) Flow curve of shear thinning Liquid.

A shear thinning region can be viewed on a double logarithmic scale (Figure 2.12).
At very high shear rates another constant viscosity can be observed, called the
infinite shear viscosity Ne. Polymer solutions (e.g. methylcellulose), unfilled
polymer melts, most coatings, glues, and shampoos are all examples of shear-
thinning materials. Shear thinning is the result of micro-structural rearrangements
occurring in the plane of applied shear and is observed for dispersions as well as
polymer solutions. In polymer solutions at rest, each macromolecule is in the state

of the lowest level of energy consumption; therefore, it shows the shape of a three-
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dimensional coil. Coils show a semi-spherical shape and are entangled with
neighbouring macromolecules. As the shear process occurs, the molecules become
oriented in the shear direction. When in motion, the molecules disentangle, and
flow resistance reduces. An illustration of shear-induced orientation which can
occur for various shear thinning material (polymer chain as an example) is shown in

Figure 2.13.

microstructure at rest

microstructure under shear

\/\/\/‘
o <

Figure 2.13 Macromolecules, showing coiled and entangled chains at rest and oriented and partially
disentangled chains under shear load.

2.1.6.3 Shear Thickening

Shear-thickening and dilatant materials have an identical meaning; their viscosity
increases as the shear rate or shear stress increases (Figure 2.14). Shear-hardening,
or solidifying are also terms which are sometimes used to describe the same

phenomenon.

Figure 2.14 Left) Flow curve of a shear-thickening Liquid, Right) Viscosity curve of a shear thickening
liquid.
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Suspensions or dispersions which have a high concentration of solid particles
usually show shear thickening. Shear thickening materials are less common in
industrial applications however these materials are useful in specific applications
such as high impact protective equipment and shock absorbers. However, shear
thickening can lead to problems with flow processes, so it is often an unwanted
effect. If tested or in use flow should be carefully observed. To investigate this, tests

need to be repeated several times under identical conditions for reproducibility.

Generally, shear thickening occurs for suspensions that show shear thinning at
lower shear rates and stresses. In suspensions with high particle concentrations at
high shear rates, the particles come into contact with each other more regularly.
Softer and gel-like particles may become compressed and flow resistance will
increase. The particle shape plays a crucial role. Shear gradients occurring in each

flowing liquid cause the particles to rotate and move in the shear direction.

Shearing highly concentrated, chemically unlinked, polymer solutions and melts
may cause shear-thickening due to mechanical entanglements between the
molecule chains. The higher the shear rate or shear stress the more the molecule
chains open-up and stretch causing some exposure of the chain that can create
transient intermolecular associations that can then prevent relative motion

between neighbouring molecules.

2.1.6.4 Yield Stress

A sample will not begin to flow before the external forces Fex: acting on it are larger
than the internal structural forces Fint; The term “yield stress” is used to indicate
that point. The vyield point is also referred to as the yield stress or yield value.
Below that point, the sample exhibits an elastic behaviour with a degree of

deformation that recovers after removing the load.

Many shear thinning fluids have both liquid and solid-like properties. At rest, they
form intermolecular networks because of polymer entanglements, or other

interactions.
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Figure 2.15 shows shear stress against shear rate for different fluid types. For fluids
with a yield stress, the curves intercept the shear stress axis at a higher value

greater than zero.

To measure the yield stress, applying a shear stress ramp can be useful (Figure 2.15
b), as a viscosity peak can be observed indicating the value of the yield point. Prior
to that peak, the sample deformation is elastic. The peak represents the point at
which the material starts to flow, and structure breaks down. If there is no peak this
indicates that the material does not have yield stress under the conditions of the
test. Understanding yield stress helps the industry to relate and improve properties

such as stability of a suspension and sagging of film on vertical surfaces.

There are many examples of such material both in research fields and in the
industry, gels, dispersions with a high concentration of solid particles, conductor
pastes, sealants, ceramic masses, semi-solid materials. Examples can also be seen in
daily life; toothpaste, margarine, lipsticks, creams, ketchup, mayonnaise, chocolate

melts, and yoghurts.

T..
Yield /
2
AD yield stress No yield stress 1
Y T
Figure 2.15 Left) Without and with Ty, T, is interception on the T - axis, Right) With and without yield
stress corresponding to viscosity, Ty is the point the peak.

2.1.6.5 Viscoelasticity

Viscoelasticity describes materials which show behaviour between that of an ideal
liquid (viscous) and ideal solid (elastic). Oscillatory shear rheometry is the primary

technique that is used to measure viscoelasticity.
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2.1.6.5.1 Elastic Behaviour

Structured fluids have a minimum energy state associated with an ‘at rest’
microstructure. Applying an external force to a structured fluid creates an elastic
force that tries to restore the microstructure to its initial state. The applied stress is
proportional to the resultant strain if the elastic limit is not exceeded, and the
structured fluid will start to return to its initial shape as soon as the stress is
removed. If the applied stress exceeds the elastic limit the relationship will become

non-linear and the structured fluid may be permanently distorted.

[N R —-

Figure 2.16 Solid deforming elastically under shear force

The elastic modulus (G) is the constant of proportionality for elastic shear
deformation. Similar to how viscosity is a measure of the resistance to flow the

elastic modulus is a measure of resistance to deformation (Figure 2.16).

y=1t/G Equation 7

Where:

T: Shear stress (Pa), y: Shear Strain, G: Elastic Modulus

2.1.6.5.2 Viscous Behaviour

When a stress is applied to a fluid, the dashpot starts to deform immediately at a

constant strain rate. For an ideal liquid, the strain is expressed as:
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Y= 1t/1 Equation 8

Where:

VY: Shear Strain, T: Shear stress (Pa), 1): Viscosity (Pa)

2.1.6.5.3 Viscoelastic Behaviour

Viscoelastic materials show viscous and elastic behaviour simultaneously. Most of
the materials exhibit rheological behaviour that puts them in this region. It is
possible to illustrate a viscoelastic liquid using a combination of a spring and a
dashpot connected in series. The spring portion of the model represents the elastic
behaviour, and the dashpot part of the model represents the viscous behaviour
(Hooks law and Newtons law, respectively) which is called the Maxwell model in
honour of James C. Maxwell (1831 to 1879), who first presented the mathematical
fundamentals. To represent a viscoelastic solid, the Kelvin-Voigt model (Figure 2.17)

is used which utilizes the same combination of elements in parallel.

a b

Figure 2.17 (a) Maxwell model (simple viscoelastic liquid); (b) Kelvin-Voigt model (viscoelastic solid).

If a stress is applied to a Maxwell model, the response is predominantly elastic at
short times and governed by G, and has a vicious response at longer times and

governed by n.

69



2.1.6.6 Rheology Experimental Parameters

Rheological experimental analysis was performed using an Anton Paar "Physica
MCR Series" rheometer using a parallel-plate measuring system (PPMS) geometry

(Figure 2.18) for testing clay suspensions and clay-polymer hydrogels.

=

o

/\

Figure 2.18 Parallel-plate measuring system (PPMSI) geometry. Modified from [23].

Placed between the clean parallel plates, clay suspensions and clay-polymer
hydrogels were subjected to a constant temperature to reach thermal equilibrium
before the testing start. To better control the environment around the samples and
to prevent dehydration a moisture control tool was used on top of the samples
(Figure 2.19), however still some dehydration was noted, and a wet sponge was

used on top of this for a better seal.

Water Solvent trap

L ]

Sample
Figure 2.19 Moisture control device provided by the instrument manufacturer.

For the clay suspensions, a simple viscosity curve was determined by performing a
shear rate run to find the values of clay suspensions viscosity at the different shear
rate and the way clay suspension behave over a range of shear rate (shear thinning

or shear thickening).
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For clay-polymer hydrogels. At first, a time sweep was performed to determine how
long it takes the samples to reach an equilibrium state. Strain sweep was then
performed to determine the linear viscoelastic region (LVE) of the sample with
respect to strain. A frequency sweep determines the linear equilibrium modulus

plateau, the values from these three test were then used to design:

e Temperature sweep to show the viscosity behaviour over a cooling

temperature sweep for thermo-responsive hydrogels.

e Strain sweep to show the different yield point on a flow curve and the
behaviour of the storage modulus (G’) and loss modulus (G”) values as a

function of strain up to 100 % strain.

e Frequency sweep to show the behaviour of the storage modulus (G’) and

loss modulus (G”) values as a function of frequency up to 100 Hz.

e Oscillatory cooling temperature sweep at a constant strain and frequency to
determine the behaviour of the loss modulus and storage modulus as a

function of temperature for the thermo-responsive nanocomposites.

2.2 Materials and Sample Synthesis
2.2.1 Clays

In this work, the clay material used is synthetic smectite that resembles the natural
clay mineral hectorite in both structure and composition. Five grades of Laponite®
(Laponite EL, Laponite FN, Laponite OG, Laponite RD, Laponite XL21) supplied by

BYK Additives & Instruments as a white powder, and a bentonite Cloisite® Na*

(CNa*) as a yellowish powder, were used as received without any further

purification. [24][25][26][27][28]

Laponite® EL is a lithium magnesium sodium silicate which was developed to be
more tolerant in higher ELectrolyte conditions. It produces shear sensitive and

thixotropic structure products when dispersed in water. It is particularly useful with
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formulations that contain high levels of salts or surfactants, showing an increased

efficiency and gel strength in such systems compared with other Laponite grades.
Laponite® OG is a very similar grade which was developed to be compatible with an

OrGanic modification. Laponite® RD falls in the same chemical category, it is a very
early grade in the development of Laponite for Rapid-Dispersing, it swells producing

a translucent and colourless colloidal dispersion, but it is water insoluble.

[29](30](31]

Laponite® FN is a synthetic layered fluorosilicate which contains structural Fluorine,
the N refers to the project that it was developed for by the manufacturer. This
grade is water insoluble but hydrates and swells producing translucent and

colourless colloidal dispersions. Its particles are primarily larger with higher cation

exchange capacity than other Laponite® grades. [32]

Laponite® XL21 is a sodium magnesium fluorosilicate, a high purity grade, certified
low heavy metal and low microbiological content developed to control the
rheological properties of personal care and cosmetic products, this is still an

experimental grade and as such limited data is available in the literature and little

data is provided by the supplier. The XL21 included in the name of this Laponite®

has no relation to any particular properties of the material; it behaves like

Laponite® FN and Laponite® RD in water. [33][34]

The Laponite® clay platelets vary in surface dimensions and are approximately 1 nm
thick charged discs. Clay crystals carry a charge caused by the substitutions of
certain atoms in their structure where the Si** may be replaced by trivalent cations
(A* or Fe') in the tetrahedral sheet, or the AI** may be replaced by divalent
cations (Mg?* or Fe?*) in the octahedral sheet. As the replacement happens a
negative potential is created at the surface of the clay due to the charge deficiency.
[35] The negative potential is balanced by the adsorption of cations on the surface.
In aqueous suspension, ions may exchange with ions in the bulk solution (known as

exchangeable cations). The total amount of cations adsorbed on the clay is called
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the cation exchange capacity (CEC). It is an important characteristic of the material.
[36]. The general chemical composition of the dry powder s

Nay, [(SigMgs sLig3)0,0(0H)4]1%7. [26][27][28] Table 2.1 shows the particle
size, CEC and the chemical composition (dry basis) for the different Laponite® grade

as provided by the manufacturer. Most of the Laponite® grades produce an

optically transparent suspension in water.

Table 2.1 Clay platelet size, CEC, and chemical composition by weight %. [29][30][31][32][33][34]

Laponite Platelet CEC Chemical Composition
Size (hm)  (meq/100g) Si0, MgO Li,O Na,O F
EL 44 75 59.5 27.5 0.8 2.8 0.0
FN 140 130 62.4 21.7 2.5 2.2 4.2
0G 83 60 59.5 27.5 0.8 2.8 0.0
RD 40 55 59.5 27.5 0.8 2.8 0.0
XL21 60 107 No data available

The Cloisite® Na+ platelets are 100 nm wide across the surface and are 1 nm thick

and produce an opaque suspension. The chemical composition of the dry Cloisite®
Na+is Nay33[(Al; 7Mgo33)(0(0H)),(Si0,),]. The Cloisite Na+ CEC is on average

90 meq/100g. Figure 2.20 shows the differences in chemical structure and
composition between hectorite (presenting the Laponite®) and bentonite

(presenting the Cloisite® Na+). [24][25][37][38]

Hectorite Bentonite
dNa dNa
" ]¢ tetrahedral = 1¢
JSi I Si
JOH JOH
P Mg, Li octahedral d Mg @Al
do ' T do0
JSi 3 ' JSi
&do tetrahedral ‘% \““/‘w’ \‘ &do

Interlayer region d dPNa Interlayer region & dPNa

JI 9 'y 9 9 9 9 9

Figure 2.20 The layer structure of Hectorite and Bentonite. [33][39]
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2.2.2 Polymers

2.2.2.1 Acrylamide

Poly(N-isopropylacrylamide) (pNIPAM) is a water-soluble polymer; which has a well-
defined thermoresponsive stimulus sensitivity. [40] Around its lower critical
solution temperature (LCST) the pNIPAM undergoes a fast and reversible transition
in aqueous media. Above the LCST the pNIPAM chains are dehydrated. Below the
LCST the pNIPAM chains are hydrated and flexible in the water. pNIPAM is being
studied extensively in both fundamental and application based studies and there is
a constant drive to engineer the functionality of its thermo-responsivity. [41] [42]

[43]

Thermo-stable poly(N,N-dimethylacrylamide) (pDMAc) can also absorb large
amounts of water similar to poly(N-isopropylacrylamide) (pNIPAM). pDMAc can be
easily altered because it dissolves in water, the polymer solutions formed are stable
against temperature changes. [44][45] pDMAc can be used in contact-lens

fabrication and adhesives manufacturing and drug delivery. [46]

2.2.2.2 Methacrylates

The interest in the polymerisation of methacrylate is due to its relatively easy

radical reactions with the hydroxyl groups that provide hydrophilicity.

Hydroxyethyl methacrylate (HEMA) is a hydrophilic monomer used to prepare
hydrogels. Its polymer (pHEMA) is an excellent biocompatible material and has
physicochemical properties like living tissues. It is widely used to manufacture
contact lenses due to its homogeneous network structure and water distribution

which results in optical clarity. [47][48]

Most of the hydrophilic behaviour of pHEMA is due to the hydroxyl group (-OH)
present. At this location, hydrogen bonding with water molecules occurs, causing

them to be drawn into the polymer matrix. [49]
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Hydroxypropyl methacrylate (HPMA) is a water-soluble monomer, it contains a
functional group that can be easily polymerized and crosslinked.
Poly(hydroxypropyl methacrylate) pHPMA has better shrinkage resistance and
water resistance than pHEMA. It is biocompatible and can be easily copolymerized

with another water-soluble block. [50][51]

2,3-Dihydroxypropyl methacrylate, otherwise known as glycerol methacrylate
[GMAC], has highly hydrophilic functional monomers which contain two hydroxyl
groups and epoxy group. It is of interest for the preparation of biocompatible
amphiphilic networks, [49][52] and It can be used in soft contact lenses. [51] It is a
low-cost reagent as it is widely used for the industrial production of epoxy-

functional methacrylic resins used in coatings and adhesives. [53]

N-lsopropylacrylamide 99% (NIPAM) monomer, N,N-Dimethylacrylamide 99%
(DMAc) monomer, Hydroxyethyl methacrylate 99% (HEMA) monomer,
Hydroxypropyl methacrylate 99% (HPMA) monomer, and Glyceryl methacrylate
99% (GMAc) monomer were purchased from Sigma-Aldrich chemicals and were
used without further treatment or purification. 2-2'-azobisisobutyronitrile (AIBN)
was purchased from Sigma-Aldrich chemicals, it was recrystallised from methanol

and dried in vacuum. All water was 18 mQ, distilled and deionized.
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Table 2.2 Monomers and polymers names, composition and structure

Monomer
Name/Chemica
| Composition

Monomer Structure

Polymer Structure

N-Isopropyl
Acrylamide
(NIPAM)
CeH11NO

Hydrophilic
Amide O

Hydmphlprc
Ethene

Hydrophopic
Propyl

MNJ\

N,N-Dimethyl

Hydrophilic
Amide

Hydrophopic

Acrylamide / #” | Methyl -~
(DMACc) CsHsNO N

Hydrophf,mc

Ethene 1 |

I | Hydrophopic
Methyl
O Hyrdophopic
Ester O

Hydrophipic k

Ethene
Hydroxyethyl % p ) /’\/ o H O H
Methacrylate O h O/\/
(HEMA) CoH505 | o

Hydrophopic
Methyl
O Hyrdophopic
Ester O

Hydrophipic
Hydroxypropyl Rl
Methacrylate %’/

|

(HPMA) C7H1003

O./YOH

Glycidyl
Methacrylate
(GMAC) C7Hz0s

Hydrophopic Hydrophilic
Methyl propanol
Hyrdophopic

Hydrophipic
Ethene

Hydrophopic
Methyl

Ester

Epoxide
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2.3 Sample Synthesis and Preparation

2.3.1 Synthesis and Preparation of Clay Suspensions

All glassware, including sample vials, were thoroughly washed using base and acid

baths, rinsed with acetone and dried in a drying cupboard overnight prior to use. An

appropriate amount of Laponite® and CIoisite® Na* clays were weighed before being
dispersed in deionised water and exfoliated under rapid stir for 24 hours. [54] Clay
suspensions of 0.5 % (or 0.5 g clay to 99.5 g water), 1 % (or 1 g clay to 99 g water), 2 %
(or 2 g clay to 98 g water), 5 % (or 5 g clay to 95 g water), and 10% (or 10 g clayto 90 g

water) in water were prepared for Laponite®EL, Laponite®FN, Laponite®OG,

Laponite®RD, Laponite®XL21, CIoisite® Na* (otherwise noted as Lg, Len, Log, Lro,

Lxt21, and Cna+ respectively)

2.3.2 Synthesis and Preparation on Clay-Polymer
Nanocomposites
All glassware, including sample vials, were thoroughly washed using base and acid
baths, rinsed with acetone and dried in a drying cupboard overnight prior to use. An
appropriate amount of clay was weighed before being dispersed in deionized water
and exfoliated under rapid stir for 24 hours. Monomers and initiator (AIBN) were
weighed and added to the mixture, before stirring for a further 2 hours. Pure

polymer formulations were prepared identically, omitting the presence of clay.

To prepare a precursor solution which contains 10 wt.% solids of which 1 wt.% is
clay (otherwise denoted 1Lanonite grade-p(monomer) or 1Cloisite-p(monomer), an
aqueous solution consisting of water (9 g) exfoliated inorganic clay (0.1 g) (or 9.1 g
of the original exfoliated suspension), AIBN (0.009 g) and monomer (0.9 g) was
prepared (N.B. In all cases, the ratio of monomer to AIBN was kept at 99:1). And to

prepare a precursor solution which contains 10 % solids of which 2% is clay

(otherwise denoted 2Lanonite® grade-p(monomer) or 1CIoisite®—p(monomer), an

aqueous solution consisting of water (9 g) exfoliated inorganic clay (0.2 g) (or 9.2 g

of the original exfoliated suspension), AIBN (0.008 g) and monomer (0.8 g) was
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prepared (N.B. In all cases, the ratio of monomer to AIBN was kept at 99:1). Then,
polymerisation was allowed to proceed in an oven pre-set to 80 °C for 24 hours.

[15][48]

As there are six different clay grades and five different monomers, a naming
convention was required. To avoid confusion the grade and concentration of clay
and the monomer used are included in the name, and the nomenclature format is

as follows:
x (L or C) grade intiais — P(Monomer acronym,)

Where xis the overall percentage of clay by weight without the percentage symbol
(%), L is for Laponite®, Cis for CIoisite®, and p is for the polymer. For example,
“1Lec-pNIPAM” indicates a sample of clay-polymer nanocomposite prepared using
90 wt.% water, 9 wt.% NIPAM, 1 wt.% Laponite® EL discounting AIBN, therefore
clay + monomer. All of the 1 % clay composites were made for the first
investigation, depending on the results of these trials only specific 2% clay
composites where made based on the processability and ability to test on the
rheometer. A full trial of a monomer with all clay grades and a clay grade with all
types of monomer was also considered that is why DMAc was polymerised with all
clays and the Lx21 was incorporated with all monomers. Table 2.3 shows

composites made with each crosslinker concentration.

Table 2.3 Composites made for different crosslinker concentration

NIPAM DMAc HEMA HPMA GMAc
. 1Le-pNIAPM 1Le-pDMAC
Laponite EL 1Le-pHEMA 1Le-pHPMA 1Le-pGMAC
2Le-pNIAPM 2Le-pDMAC
. leN-pDMAc
Laponite FN 1Len-pNIAPM ———————————  1lLv-pHEMA 1Len-pHPMA 1Len-pGMAC
2Lrn-pDMAC
. 1|_OG-|OD|V|AC
Laponite OG 1loc-pNIAPM —————— 1lloe-pHEMA 1logc-pHPMA 1Loc-pGMAC
ZLOG-pDMAC
. 1LRD-pNIAPM 1LRD-pD|VIAC
Laponite RD 1Lrp-pHEMA 1Lgp-pHPMA 1Lrp-pGMAC
2Lro-pNIAPM 2Lrp-pDMAC

Laponite XL21

1|_x|_21-pN IAPM

1|_x|_21-pD|V|AC

1Lx|_21-pH EMA

1Lx|_21-pHP|V|A

1LXL21-pG MACc

2|_x|_21-pN IAPM

2|_x|_21-pDMAC

2Lx|_21-pH EMA

2Lx|_21-pHP|V|A

ZLXL21-pG MACc

Cloisite Na*

1Lna+-pNIAPM

1Llnat-pDMAC

2Lya:-pDMAC

1Las-pHEMA

1Lnas-pHPMA

1Llna+-pGMAC
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Characterisation of Clay

and Clay Dispersions



Chapter 3  Characterisation of Clay and Clay

Suspensions

Clays are a key component in a wide range of applications like ceramic products,
drilling fluids, moulding sands, paints, and paper. [1] Clays can provide a convenient
particle dispersion for these applications which is necessary to obtain a uniform and

stable system.

The purpose of this chapter is to highlight the characteristics of clay powders and
clay suspensions in order to help understand the characteristics, structure, and

behaviour of the clay-polymer nanocomposites. [2]

Clays are hydrous silicates or aluminosilicates which make up the dominant
colloidal fraction of soils, sediments or rocks. [3] The clay minerals structure is
composed of layers containing silica and alumina or magnesia sheets joined

together, and these layers are stacked on top of each other.

Generally, two structural sheets are involved in the clay layer (as described
previously in Figure 2.19). One consists of closely packed oxygens and hydroxyls in
which aluminium or magnesium atoms are embedded in octahedral coordination
(the octahedral sheet). The second is built of silica tetrahedrons (the tetrahedral
sheet) in which each silicon atom is equidistant from four oxygen atoms or
hydroxyls to balance the structure. The silica tetrahedral groups are arranged to

form a hexagonal network, and a sheet of composition Si4Og(OH)a. [4]

Smectites are a class of clay minerals which have a range of characteristics e.g.
(swelling capacity, polymer adsorption, and gel-like structures) as a result of its

ionic charged surfaces that attract the attention of several fields. [5][2]

In order to understand the interaction between the different clay grades used in
this study and the range of polymers, it is essential to understand the structure of

clay and the interaction of clay particles in the aqueous medium. Clay powder and
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clay suspensions were characterised using the experimental methodology described
in Chapter 2. The names and some manufacturer-provided information regarding

their character are given in Table 3.2.

3.1  XRD Characterisation of Clays

XRD is a technique used to evaluate the d-spacing between clay layers by using the

position and intensity of the basal reflections from the distributed silicate layers. [6]

Representative XRD traces of the Lg, Len, Log, Lro, Lxi21, and Cna+ powder samples are
shown in Figure 3.1. They are consistent with hectorite and montmorillonite type
powder traces characterised by the broad doo: (Figure 3.4) between of 12.6 — 18.2 A
(206 = 4.86 ° - 7.02 °). [7][8] The notation used here in this section will be used

throughout this study for the purposes of saving space and clarity.

The doo1 spacing of the clay defines the distance from a plane in one layer to the
corresponding plane in another parallel layer of the crystal, so the doo1 includes
information about the geometry of stacking of the layers and any material present
between the layers. [9][4] The doo1 values are calculated by following Braggs Law,
(nA = 2d sinB) at the observed reflections. Pure clay shows broad XRD reflections

due to relatively low and broad range of crystallinity and small particle size. [10][11]

Le. shows the largest doo1 at 18.2 A while Log shows the smallest doo1-spacing of 12.6
A. The d-spacing values can vary as a function of relative humidity (RH); the higher
the RH the larger the d-spacing value due to water incorporation in the clay
interlayer. [4] The extent of water intercalation in different clays, at fixed RH and

temperature, reflects the polarity and hygroscopic nature of the clay.
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Figure 3.1 X-ray diffraction traces for as received powders; LEL, LFN, LOG, LRD, LXL21, and CNa+
showing reflections for 001, 100, 005, and 110 (dotted lines) basal spacing, respectively.

Reflections present at 20 values (19 - 20 °), (27 - 28 °) and (34 - 35 °) are attributed
to (100), (005) and (110) crystal planes, respectively (the dotted lines on Figure 3.1).

Table 3.1 summarises the reflections positions and the corresponding d-spacing
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values. [12][13][14] The intensity of the dooi-spacing relative to the digo-spacing
reflects the order within the clay layers. An increase in the ordering of the clay
layers is easier to achieve when the layer diameters (i.e. platelet size) become
larger, this could explain that the relative intensities of the doo1 of Len, Lo and Cpa+

compared to their digo’s are higher than those of Le. Lrp, and Lxi21

Table 3.1 d-spacing values calculated by Braggs Law and crystal planes.

Samples doos d100 doos di10

26 d (A) 26 d (&) 20 d (&) 26 d (A)
Ly 4.86 18.2 19.2 4.6 27.3 3.3 35.1 2.6
Len 6.54 13.5 19.5 4.5 28.2 3.2 34.6 2.6
Log 7.02 12.6 19.3 4.6 27.5 3.2 34.2 2.6
Lro 5.86 15.1 19.3 4.6 27.3 3.3 34.7 2.6
Lxi21 6.22 14.2 19.4 4.6 27.8 3.2 34.7 2.6
Chat 6.94 12.7 19.6 4.5 28.0 3.2 34.8 2.6

3.2  XRF Characterisation of Clays

Table 3.2 shows the elemental chemical analysis of the Laponite® clays as provided
by “gyk® Additives & Instrument”, they clearly contain major quantities of
magnesium, silicon, sodium, and other elements in minor quantities. [15]

Table 3.2 Chemical analysis of Laponite® clays produced by ”BYK® Additives & Instrument” as per
Datasheet provided by ”BYK® Additives & Instrument".

I-EL I-FN LOG |-RD I-XL21
Na,O 2.8 2.2 2.8 2.8
chemical € . MgO 275 21.7 27.5 27.5 LB
emical ~Composition “g;n " 595 62.4 59.5 59.5 535
Weight (%) ; ST g
Li,O 0.8 2.5 0.8 0.8 oS S
Z o ¢
F 0 4.2 0 0 g g
Loss on ignition Weight (%) 8.2 7.0 8.2 8.2
Platelet size (nm) 44 140 83 40 60
CEC (meq/100 g) 75 129 60 55 107

XRF was performed to determine a better understanding and confirmation of the

elements present in the clay. Elemental composition for the Laponite® and Cloisite®

samples determined using XRF is shown in Figure 3.2 and Table 3.3. Silicon and
magnesium are present in major quantities in the Laponite® clays as expected since

silica is the main component in the two tetrahedral sheets that comprise the clay

layers, and magnesium is the main component in the octahedral sheet. Aluminium
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is present in major quantities in the Cna+ as it contains aluminium octahedral layers.
[15] Unfortunately elements such as F and Li cannot be detected using XRF as
described earlier in Chapter 2; the lack of such details makes it harder to relate the

elemental composition to the CEC for different clays.

70 4
W LEL
60 mLFN
LOG
50 mLRD
- mX21
%‘*4[} ] B CNa+
=
oD
30 A
=
20
10
0
Na,O MgO AlLO, SIi0, Fe,0;

Figure 3.2 Comparison of the elemental composition of LEL, LFN, LOG, LRD, LXL21, and CNa+ as per
XRF analysis.

Lei, Len, and Lxi2a have the highest concentration of Na,O (Table 3.3). Sodium ions
are held in the diffuse region on both sides of the dispersed clay platelets and may
be responsible for the formation of electrical double layers. The ionic strength

defines the structure of the clay suspension. [2]

The Li is substituted for Mg in the octahedral layer which results in a net negative
charge. This negative charge is compensated by exchangeable cations (sodium
cations) located in the interlayer region. The number of Na ions should reflect the
CEC, however, NaSQy is a by-product of the clay synthesis and not all of it is washed
away, the presence of the NaSOa4can help in controlling the rheological properties
of the clay dispersion. The sodium ions may also be associated with other anions

such as chlorine.
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Table 3.3 Chemical analysis of fractions of clay by XRF.

Chemical Le Len Lo Lro Lxi21 Cna+
Composition Weight (%) of clay

Na,O 4.9 3.9 2.5 2.7 4.2 3.0
MgO 21.7 24.1 28.9 18.8 16.3 1.6
Al,03 - - - - 3.1 25.9
SiO; 73.2 71.4 67.6 78.1 75.9 61.7
Cao 0.3 0.3 0.4 0.2 0.2 0.5
Fe,03 - - - - - 6.9

Ler, Log, and Lgp have similar Na content as reported by the manufacturer. The XRF
analysis agrees with the reported amounts for Log and Lrp but it shows that the Lg.
has considerably more Na (Figure 3.3); this may reflect the higher CEC for Lg.., but it

could also be accounted for by the sodium cations present in excess of the CEC.

The Lxi21 has a high CEC and therefore one might expect it to contain more Na when
compared to the Loc and Lgp, which is the case. While Ly is the exception in that, it
has the highest CEC but not the highest Na content; this may reflect it being an F-
based clay with F in the octahedral layer that contributes to the negative charge
within the layer (and hence the high CEC) and the high level of Li-ions could be the
compensating exchangeable cations (rather than the sodium ions). Figure 3.3 shows

the relationship between the NaO amount and the CEC values.

Len contains comparable amounts of the Li and Na as per data provided from BYK®,

however, the formula suggests that the Na is significantly higher in content than Li.

Lxi21 is different when compared to the other Laponite® clays as it contains Al in its
chemical composition as per the XRF analysis results. Presumably, this resides in the
mostly magnesium octahedral sheets and enables the clay to achieve a relatively
higher CEC. The Lxw1 is still predominantly hectorite-like clay with some

montmorillonite-like characteristics.

Lxi21 elemental analysis shows the presence of Al,0s, which makes it the only
Laponite® that contains Al,03 and may explain its CEC value when compared to its
particle size and other Laponites®. The Lxi21 is an experimental grade with very

limited info available on research or provided by «“yK® Additives & Instrument”.

91



u ® XRF Data
LEL B Manufacturer Data
|
4 LXL21 x
é LFN
o
=
3 - LRD LOG LEL m
l u u CMNa+
LRD ® LFN
LOG n
2 T T T T ]
40 60 80 100 120 140

CEC meg/100g

Figure 3.3 NayO (as per XRF and manufacturer) as a function of the CEC showing the relationship
between the Log and Lgp low CEC and their low Na,O content.

Figure 3.3 shows a comparison between the amounts of Na;O in different clay

grades as per the XRF analysis and the BYK® data provided. The data provided by
BYK® for the Le, Loc and Lgp have the same amount of Na;O. In both (the XRF

analysis and the BYK® data) LFN includes less amount of Na,O than other Laponite®

grades.

Certain clays can swell in an aqueous environment and form a gel-like structure. A
proportion of the cations in the clay balances the negative layer charge resulting
from isomorphous substitution (e.g. Li for Mg) spread across the external surfaces,
the cations are present in the interlayer space between the clay platelets and also
at layer edges (~ 20 %). The negatively charged sheets are held together by the
electrostatic forces between alternate layers of bridging cations (for the clays in this
section Na* and some Li). Swelling is the disjoining of the clay layers until they reach
their equilibrium separation. The degree of expansion of the layers (Figure 3.4)
depends on the cations located in the interlayer region. For example, if the
interlayer cations are monovalent and strongly hydrated (Na*, Li*), then the

interplatelet repulsion is strong, and the degree of platelet separation is larger. The

interlayer spacing may increase abruptly with water content. [2]
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Figure 3.4 Schematic of expanding clay basal spacing as water enters the interlayer region. Modified
from [2].

3.3  TGA Characterisation of Clays

The thermal stability of the clay samples was studied by thermogravimetric
analysis, weight loss was monitored as a function of temperature between 20 °C
and 900 °C (20 °C min!) under a 40 ml min™* N, purge. [12] Different decomposition
steps were observed including dehydration and dehydroxylation. Samples were
tested as received from the manufacturer without further purification or pre-

drying.

100 -

WGT %
o)
o

85 -

BO ! ! ! ! ! I ! ! 1

0 100 200 300 400 500 600 700 800 9S00
T°C
Figure 3.5 TGA curves of LEL, LFN, LOG, LRD, LXL21, and CNa+ showing the main weight loss stages in
the temperature range 20 — 900 °C. samples were tested as received from the manufacturer with no
further purification.
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Table 3.4 TGA thermograms analysis showing the three main weight loss stages Laponite® and
Cloisite®.

Stage 1: 25 - 200 °C Stage 2: 200 - 600 °C Stage 3: 600 - 900 °C Total
Weight loss %

Lee 10.30 2.78 2.82 15.90
Len 10.91 1.49 0.71 13.12
Lo 7.28 1.86 3.85 12.99
Lro 8.72 2.82 3.28 14.82
Lx121 10.16 1.77 1.76 13.69
Cna+ 6.75 1.89 3.49 12.13

Typical thermogravimetric (TG) curves for all clay samples are illustrated in Figure
3.5. Three different decomposition stages can be observed for most of the clays
except the Ley and the Lxi21. The first decomposition stage occurred between 25 -
200 °C and can be attributed to free water evaporation from the edges of the clay
platelets, the interlayer and between platelets stacks. The biggest weight losses in
this stage were observed in the Lg, Len, and Lx2a (10.3, 10.9 and 10.2 %,
respectively), whereas the lowest were Log and Cna+ With 7.3 and 6.8 % respectively
(Table 3.4). These amounts reflect the hydrophilic nature. [2][16] The second
decomposition stage was observed between 200 - 600 °C. During this stage a
gradual, non-significant weight loss was observed mainly due to the
dehydroxylation of interlayers, it could also include the loss of very strongly held
water molecules at the lower temperature. The last decomposition stage can be
ascribed to dehydroxylation of the layers (600 - 900 °C), the main loss event
happens at around 700 °C in which all clays showed major mass loss except for Len
and Lx21, these clays are fluorine-containing clays, which explains their different

behaviour when compared to all other clays. [11][17][18][19]

The relationship between the CEC and the weight loss can be seen in Figure 3.6,
there was no clear relationship between the total weight loss and the CEC values of
the different clay. However, it can be noticed that the clays with higher CEC values
show lower total weight loss. The relationship not being clear can be caused by a lot
of different reasons, the first reason is that the behaviour of the weight loss of
these clays depends on other factors not only the CEC, surface area of clay platelets
also plays a role in it as can also be seen in Figure 3.7, the platelet size show a

better relationship for the decrease of weight loss with the increase of the size of
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the platelets except for the Lg. and Len providing more evidence that the weight loss
is a complicated property that depends on many factors at one time. The elemental
analysis of different clays has a role also as seen in Figure 3.5 where fluorine-

containing clays (Len and Lxi21) show only two stages of weight loss.
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Figure 3.6 WGT% total weight loss as a function of the CEC for the TGA test for different clays
showing no clear relationship between the CEC values and the weight loss. However, it can be noted
from the plot that clays with higher CEC have less weight loss on the right side of the plot (Cna+, Lxi21
and LFN).
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Figure 3.7 WGT% total weight loss as a function of the platelet size for the TGA test for different
clays showing the relationship between the platelet size and the weight loss.
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3.4  FTIR Spectroscopy Analysis of Clays

It is important to understand the infrared spectra of clays as a reference in its initial
unintercalated and undispersed state in order to determine interactions with
polymers once they are dispersed in them. Layered silicates are a complicated
subject for IR analysis. The Si-O stretching vibration gives rise to strong absorption
bands in the range 1100 - 1000 cm™. Some of these bands correspond to Si-O-Si
bonds at the surface of the clay layers and have their transition moment in the
plane of the layer and are referred to as “in-plane” (Figure 3.8). Others correspond
to the Si-O bands pointing towards aluminium or magnesium ions at the centre of
the layer; with their transition moment perpendicular to the layer and are referred
to as “out-of-plane” (Figure 3.8). The type of clay, elemental composition platelet
size, and structure can affect the FTIR spectrum. It was reported that four
overlapping bands (three in-plane at 1120, 1048, 1025 cm™ and one out-of-plane at
1080 cm™?) are strongly influenced by layer separator due to intercalation of various

molecules. [6][20][21][22]

In-plane Si-O bonds

dNa
* To)
& Si

JOH
P Mg, Li
d0

& Si
N N e 90
Interlayer region dPNa

99 o JI ‘

Figure 3.8 Schematic of a smectite clay layer. In-plane (Si-O) bonds absorb infrared at a different
frequency than the out-of-plane (Si-O) bonds. [23] Modified from [24].

Out-of-plane
Si-O bonds

Figure 3.9 shows the infrared spectra of the Laponite® and Cloisite® powders in the

region 3800 cm™ to 700 cm™. All spectra of Laponite® grades show very similar FTIR
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characteristics and exhibit broad bands around 3200 - 3700 cm™, this range of
frequencies is assigned to the stretching of the surface hydroxyl groups (3625 cm™
for Si-OH and Al-OH) and sorbed water (3440 cm™ for -OH). The bands at around
1637 cm™ are due to interlayer water O-H bending vibration. [12] The broad bands
around 850 - 1100 cm™ observed in all spectra of Laponite® grades are due to the

four overlapping (three in-plane and one out-of-plane) Si-O vibration. [9][25]

CNa+
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LXL21
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Figure 3.9 FTIR spectra of different grades of LEL, LFN, LOG, LRD, LXL21, and CNa+ showing a strong
peak at around 1000 cm™ attributed to Si-O.
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The spectrum of Cloisite® Na+ is characterised by similar stretching and bending
bands of both -OH and Si-O but also contains stretching bands due to Al-O. The Si-O
stretching band is observed at 990 cm™ as well as AlI-OH bending at 915 cm™.

[11][9] The fact that the Si-O region for Cna+ appears more complex than the

Laponite® grades is due to more impurities and the presence of the Al in its

structure.

3.5  Rheological Characterisation and
Properties of Clay Dispersions

The dispersion quality and stability of clay in water are crucial for reproducible
synthesis of the final properties of nanocomposite properties. [26] The lamellar clay
crystal structure swells in water into detached plate-like nanosheets. The exfoliated
nanosheets have a thickness of 1 nm and diameters that vary over a large range
from tens up to hundreds of nanometres according to the clay type (25 - 150 nm for
synthetic hectorite and 300 - 1000 nm for natural montmorillonite). [27] Figure 3.10
depicts the gradual exfoliating progress of clay to a homogeneous suspension in
water. [28] Since clay platelets have high aspect ratios and negative surface
charges, they can form stable aqueous dispersions with house-of-cards like
structures when the clay concentration (Ccay) is sufficiently high. The extent of clay

dispersion affects the viscosity of the dispersion. [29][30]
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Figure 3.10 Schematic of the clay crystal structure and the exfoliation states of clay nanosheets in
water to form the house-of-cards structure and the reverse of the process as the suspension dries.
Modified from [29][30].

A series of aqueous clay dispersions of Le, Len, Los, Lrp, Lxizi, and Cna+ were

prepared by adding the appropriate amount of clay to deionised water at different
concentrations (clay = 0.5, 1.0, 2.0, 5.0, and 10.0 weight% (wt.%)). For 0.5 wt.%; 0.5
g Laponite® was added to 99.5 g deionised water to form 0.5 g/100 g. [16] The
dispersions were sealed from the atmosphere and stirred continuously with a high-
speed magnetic stirrer for 24 hours at room temperature. [31][32] Due to their high
purity and small crystallite size; Lei, Lro, and Lxi21 form clear transparent dispersions
at low concentration (clay < 2 wt.%) while Log, Len and Cna+ form opaque dispersions
at the same concentration (Figure 3.11). At 2.0 wt.%, clays with particle size > 80
nm suspensions are opaque. [33] To achieve fully dispersed state clay can require
many hours or days depending on many factors (platelet size, agitation,

concentration, etc.). [34][35]
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Figure 3.11 Clay dispersions at (from left) 0.5, 1.0, and 2.0 wt.% for a) LEL, b) LFN, c) LOG, d) LRD, e)
LXL21, and f) CNa+.
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The properties of the aqueous clay dispersions at different clay content have been
studied using rheological measurement protocols. [26][29] The rheological
behaviour of clay suspension can be used to identify any relationships between
different clay grades and their concentrations under certain types of loads. Using
parallel plate geometry, ~ 1.95 x103 mm? of each aqueous clay dispersion was
dispensed on the lower stationary plate of the plate-plate geometry and the mobile
upper plate was lowered to a gap height of 1 mm (Figure 3.12). Different testing

sequences were then applied and a fresh sample was used for every test. [36]

1<

‘R=25mm

/ \T =l*mm
!

Figure 3.12 A schematic showing the dimensions on the geometry of the parallel plate used, the
sample size is HTR? ~ 1.95 x 1073 mm?3 .

3.5.1 Clay Suspension Viscosity Behaviour
A shear-thinning behaviour is generally observed in the viscosity curves for the clay
suspensions (Figure 3.13). The viscosity and shear thinning behaviours are
enhanced as the clay concentration increases. Low clay concentration suspensions
0.5 wt.% generally show low viscosity and Newtonian-type properties. The low
concentration suspensions (clay £ 2 wt.%) behaviour is rather complex as the
increase in viscosity value after y = 100 s is due to turbulence in the flow, not a
shear thickening behaviour. The viscosity values at low shear rates (< 10 s!) were

lower than the sensitivity limits of the instrument so are not shown.

A clear shear thinning behaviour is observed over the whole range of shear rate for

the 5.0 wt.% and 10.0 wt.% clay suspensions with a clear decrease in viscosity as a
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function of shear rate (Figure 3.14). [13] Generally, the highest viscosity values are
associated with the smallest platelet size clays at clay concentrations of 5 and 10
wt.%, however, at < 2 wt.% the opposite trend is observed where smaller platelet
clays show lower viscosities, this may be as a results of clays behaving different at
certain concentration where clays facilitate the dispersion flow to a certain

concentration and it makes it harder for it to flow beyond that point.
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Figure 3.13 Viscosity curves (log-log scale) for clay suspensions at different clay wt.% dispersions
showing shear thinning.
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Figure 3.14 Viscosity curves (semi-log scale) for 5.0 and 10.0 wt.% clay dispersions showing a clear
shear thinning behaviour.

The viscosity values for the higher clay concentration (Table 3.5 and Figure 3.15)
demonstrate the relationship between particle size and viscosity, the smaller the
particle size the higher the viscosity values. Lei, Lrp, and Lxi21 have larger viscosity

values when compared to Log, Len, and Cas.

Table 3.5 Viscosity values at specific shear rates or clay dispersion at different clay content.

PafffiC/e n (Pa.s) for 1% n (Pa.s) for 2% n (Pa.s) for 5% n (Pa.s) for 10%

mm | 10T 10°st | 10s?  10°s? | 10s?  10°s? | 10s?  10°s?
LeL 44 0.008 0.007 0.020  0.006 15.30 0.21 114 0.15
Len 140 0.046 0.006 0437  0.009 06.04 0.05 036 0.19
Los 83 0.002 0.005 0276  0.010 09.01 0.08 051 0.38
Lro 40 0.001 0.004 0.083  0.015 25.50 0.22 125 1.10
Lx21 | 60 0.001 0.004 0131 0014 16.40 0.14 139 0.90
Cnat | 100 0.002 0.003 0.005  0.004 01.82 0.07 076 0.82
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Figure 3.15 Viscosity value at for 5 and 10 wt.% clay dispersions at different shear rates as a function
of platelet size.

3.5.2 Clay suspensions Yield Stress

The high viscosity values at a low shear rate effectively produce anti-settling
properties which are a key for many applications in different fields like in drilling
fluids production. [37] The stability of a clay suspension comes from the mutual
repulsion between the intersecting electrical double layers interacting on approach.
[38] The double-layer is made of the negatively charged surface and a positively
charged edge. As they are oppositely charged the concentration of the counter-ions
near the particle surface is high. With the distance increased from the surface the
concentration of the counter-ions decreases as they tend to diffuse away to the

bulk solution where the concentration is lower. [39][40][41] If the clay
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concentration is high enough, gel structures build up slowly with time, as the
particles orient themselves towards positions of minimum free energy (Figure 3.10).

[2] This property is the reason why structured fluids do not often flow until they
reach a certain stress level known as “yield stress or Tyeis”. When below the yield

point the material behaviour is elastic, when stress builds to reach above the yield
point the material structure breaks and the material starts to flow. [42] Classically,
flow curves are used to measure the yield, as the shear stress increases in steps or
via a ramp the shear stress value is taken as the yield point. At which the measuring

device is still detecting no sign of motion, this is the last measuring point at which

the rotational speed is still displayed as W = 0.0 rpm or shear stress Y =0.0 1/s on a
flow curve. The yield point value occurs as an intersection on the T-axis when

plotted on a linear scale. If presented on a logarithmic scale, the yield point is the T

value at the lowest measured shear rate (Figure 3.16 a). [43] The shear ramp can
also be used where vyield stress is at the viscosity maximum, which is readily

measurable for most structured fluids (Figure 3.16 b).[42]

[ i
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Figure 3.16 Yield stress values as observed on a) Flow curve (log-log scale) b) Viscosity curve (semi-
log). Modified from [43].

Flow curves for different clay grades at different clay concentration shows that the

yield stress increases as a function of clay concentration (Figure 3.17). At low clay
concentration dispersion, the Tyeg is significantly lower than the Tyeq for

suspensions with high clay concentration. In the high clay concentration
suspensions; the edge-to-face bonds are operative (i.e. a house-of-cards structure),

and the gel structures build up as the particles orient themselves towards positions
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of minimum free energy, thus the structure break occurs at higher yield stress for

the clay concentration. [31]
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Figure 3.17 Flow curves for LEL, LFN, LOG, LRD, LXL21, and CNa+ dispersions at different clay
concentration (0.5, 1.0, 2.0, 5.0, 10.0 wt.%) show the yield stress increases with increasing the clay
concentration.

Clay dispersion yield stress depends mainly on the clay platelet size and the CEC of
the type of clay used. Figure 3.18 shows a comparison between different clays of

different platelet sizes and yield stress.

Generally, more clay in the dispersion increases the yield stress which is observed

clearly from the graphs for the 2 wt%, 5 wt%, and 10 wt% as there is more platelet-
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platelet interaction which requires more force to overcome the interaction. The 0.5
wt.% and 1 wt.% clay samples show similar weak values representing little platelet-

platelet interaction.

The plots show different behavior for low and high clay concentrations. Yield stress
value increases with larger platelets for clay dispersion with clay concentrations < 2
wt.% for all clays except Cnas, however, for clay dispersions with Ceay 2 5 wt.% the
relationship between platelet size and yield stress is opposite as the yield value

decreases with larger platelet size.
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Figure 3.18 Yield stress vs platelet size for (left) low clay concentration dispersions (< 2 wt.%) and
(right) high clay concentration (= 5 wt.%).

On the other hand, the relationship between the yield stress and the clay CEC is not
different as shown by Figure 3.19. The comparison shows that as the clay CEC
increases the yield stress is not following a certain decreasing trend. Table 3.6
shows the value of yield stress for all types of clays for dispersion of different clay

concentrations.
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Figure 3.19 Yield stress vs CEC for (left) low clay concentrations dispersions (clay concentrations < 2
wt.%) and (right) high clay concentrations dispersions (clay concentrations > 5 wt.%).

Table 3.6 Yield stress value (Pa) for different clays dispersions at different clay concentrations.

clay concentration

Platelet cEC 05wt% 1wt% 2wt%  S5wt%  10wt.%
size (hnm) (meq/100 g) -
Yield stress Pa
Le 044 075 0.002 0.008 0.026 175 933
Len 140 129 0.002 0.502 3.620 064 353
Lo 083 060 0.022 0.011 2.180 098 567
Lro 040 055 0.005 0.008 0.137 241 1250
Lxt21 060 107 0.008 0.004 0.219 166 1350
Cha+ 100 090 0.006 0.004 0.020 12.4 503
3.6 Summary

This chapter described the characterisation of the physical and chemical properties
of clays that will be used as crosslinking agents later in this work in the synthesis of
a series of clay-polymer nanocomposite materials. The clays used were synthetic
grades of hectorite and natural bentonite with good dispersion properties for gel

creation.

The clays were all shown to be broadly similar in nature from the XRD and FTIR
spectroscopic analysis, as anticipated. All clays have dgo1 and digo in the ranges 26 (5
-7 °)and (19.2 — 19.6 °) respectively. The doo1 (the interlayer spacing) have a bigger
range as a result of the different structures and modifications made on each type.
the smaller the platelet size clays had a weak reflection at dgo1 for the Lg, Lrp and a

smaller dooz spacing (4.86, 5.86 A respectively) whereas clays with large platelet size
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like Len, Loc and Cna+ had a sharp and clear reflection for the doo1 and a spacing of
6.54, 7.02, and 6.94 A, respectively. However, the XRF data show some elemental
differences between the clays as shown in Table 3.3, although some question marks
on the validity of the XRF data should be raised due to some elements that are 'XRF'
silent in certain samples, As there may be issues with not being able to detect Li
and F, but with their small quantities a little effect on the quantitative ability of XRF
method is anticipated. Even if there was an effect the ratios of elements are still
expected to correlate. As this cannot be seen perhaps the validity of the
manufacturer’s numbers can be questioned as the manufacturer’s numbers could
be reporting the concentration of the elements added to make the clay and do not
account for elements that are washed away during the process. It could also be
accounted for by batch variability. We cannot be sure with certainty and further
experiments would be required. We can only look at the general trends for the

purposes of this research.

These differences can be used to explain the different behaviours of the clay
dispersions have and the clay's ability to form crosslinking points as the charge on
the surface is related to the number of ions available as indicated by Figure 3.3 and

Table 3.3.

The TGA data shows that the platelet size plays an important role in the thermal
properties. Clays with smaller platelet size like L. and Lrp show the total weight loss
of 15.90 % for Ler and 14.82 % Lrp, whereas clays with large platelet size like Ley and
Cna+ had less weight loss of 13.12 % and 12.13 % respectively. Log and Cna+ had a
higher onset temperature than all other clays, this behaviour still needs more
investigation, but it may be related to the range of the platelets size or the ratio
between the clay platelet size and the CEC. A higher CEC and more exchangeable
cations could result in a more polar environment and thus they may be able to
attract more water. However, if the CEC is high then the clay layers are going to be
more tightly held together which will prevent more water molecules entering the
interlayer. Smaller platelets would mean more surface edges relative to the bulk of

the clay, these broken edges are likely to be more polar and will attract more water.

109



Different exchangeable cations with different polarisability could attract more

water. If Li or Na or Ca are present these will affect the amounts of water present.

The FTIR spectroscopy analysis shows that the clays are chemically very similar, as
expected, with a high-intensity Si-O band at the range of 990 — 1000 cm™, the Cna+
has different fingerprint in that region due to its different chemical structure, as
mentioned earlier, with Al included in it and more impurities in that grade. As clays
are used are as a crosslinking agent in the clay-polymer nanocomposites, the
position of the Si-O bands could be informative when understanding clay-polymer

interactions.

The Rheological properties for different clays dispersions at different clay
concentrations show the effect of clay content on the rheological and mechanical
properties. For low clay concentration dispersions (< 5 wt.%) the larger the
particles, the higher the viscosity and vyield stress, while for higher clay
concentration dispersions (> 5 wt.%) the larger the clay particle size, the lower the
viscosity and vyield stress (Figure 3.13 and Figure 3.14). Dispersions with high clay
content show a clear shear thinning behaviour as clay platelets facilitate the clay
suspension flow, as the force affecting the hydrogel increases the clay platelets gets
in line with the flow direction, this leads to an improvement, as the platelets help to
direct the flow making it easier to flow in the right direction and to avoid
turbulence. The clay platelet size also plays a role in the rheological behaviour of
the clay dispersions; larger clay-platelets dispersions (Len, Log, and Cna+) show a
lower viscosity range when compared to other smaller clay-platelets dispersions
(Le, Lro, and Lxi21) as shown in Figure 3.14. The effect of clay platelet size can also
be observed on the vyield stress values as shown in Figure 3.15; the larger clay-

platelets dispersions have lower yield stresses.
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Chapter 4 Clay-PolyAcrylamide

Nanocomposites/Hydrogels Characterisation

Polyacrylamides are a class of polymers commonly used in a variety of industries,
over the last fifty years. There has been an increasing interest in acrylamide
devoted research. Acrylamide (CH,=CH-CO-NH) is a highly reactive organic
substance, that easily dissolves in water and polar solvents such as methanol or
ethanol. Acrylamide’s high reactivity is due to the double bond and amide group
within its structure. Acrylamide is polymerised under the influence of temperature

and ultraviolet (UV) radiation with the presence of a suitable initiator. [1]

Polyacrylamide hydrogels are important in a variety of applications, such as
superabsorbent materials, support for cell culture, and artificial muscles. However,
the hydrogel structure and mechanical properties need to be engineered to meet

the required specification of any particular application. [2]

Clay-polymer nanocomposites formed by adding polymer to a modified clay
dispersion, are known for their enhanced mechanical properties. [3] Clay-polymer
nanocomposite materials are of interest due to a wide range of novel physical
properties. In these composites, the layered clay material is often exfoliated in the
polymer matrix, and hence the improvement in physical properties as more

polymeric chains can get to crosslink. [4]

The addition of nanosized clay with large surface area to acrylamide type polymers
dramatically improve its mechanical and barrier properties which is a useful
property for several medical applications particularly applications that require
stronger support to certain areas when needed as the case with clay-pNIPAM-based
hydrogels that show an increase in the tensile modulus to around 500 kPa
compared to a tensile modulus of around 240 kPa for conventional chemically

crosslinked composites, [5] and fracture energy up to 3300 times that of
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conventional gels. A good example is to make stronger materials to provide greater

support to degraded discs in the spine. [6][7]

In this chapter, two different acrylamide based polymers (pNIPAM and pDMAC) and
six different types of clay were used to synthesis a range of clay-polymer products
at 1% clay loading. pNIPAM composites were also studied at 2% clay loading with
each clay, to determine the influence of clay loading on various properties. These
include processability, compatibility for rheology testing without damaging the kit,
reasonable testing time and the ability to grind the material without contamination.
[8] In this chapter, we investigated pNIPAM and pDMAc homopolymer gels as well
as clay-pNIPAM and clay-pDMAc nanocomposites at different clay-to-polymer

ratios.

4.1  Clay-pNIPAM Characterisation and
Rheological Properties

Clay-polymer nanocomposite hydrogels with high water content and soft nature
have an important role in biomedical research fields. These include stimuli-
responsive polymer hydrogels (polymers that sharply respond to small changes in
physical or chemical conditions with large property changes also referred to as
“environmentally-sensitive” or “smart” polymers). [9] As a type of functional soft
material with the ability to change in volume in response to external environmental
changes, poly(N-isopropylacrylamide) (pNIPAM) and its corresponding hydrogels

have been intensively studied.

It is an attractive polymer that exhibits a clear phase transition within a specific
temperature range, this is known as a lower critical solution temperature (LCST)
and this property can be used to form smart gels for various applications [10][11]
such as tissue engineering, enzyme immobilization, and drug-delivery systems
which are usually in an aqueous environment. [12] pNIPAM exhibits a fast coil-to-

globule transition around its LCST 32 °C in aqueous media (Figure 4.1) and can be
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produced in the form of covalent-free crosslinked hydrogels using clay platelets as

crosslinkers. [13]

Heating

—-

Figure 4.1 Schematic of the conformational change of poly (NIPAM) from a coil to a collapsed
globule at LCST. Red balls correspond to NIPAM units and blue balls to water molecules. [14]

Below the LCST, pNIPAM chains adopt expanded random-coil conformations, which
are hydrated and flexible in the water. Above the LCST, pNIPAM chains collapse to a
globular tightly-packed confirmation and are dehydrated. The stimuli-responsive
properties of pNIPAM enhance its potential to be used for the above-mentioned
applications. In pNIPAM hydrogels, it was reported that many properties such as
volume (i.e. swelling ratio) [15], optical transparency, and mechanical properties
[16] change significantly because of the hydrophilic/hydrophobic transition at the
LCST alongside it being crosslinked. [17]

4.1.1 Clay-pNIPAM Nanocomposites

The empirical observations of the synthesis of pNIPAM based clay-polymer
composites were based on (a) ascertaining the physical state of the synthesis
products immediately after synthesis, whilst still at moderately high T (~ 70 °C) and
(b) determining the changes upon cooling to room T, i.e. below the reported LCST
(~ 32 °C). The influence that changing the nature of the clay crosslinker on these

observations was reported.

In order to create a 'benchmark' material, pNIPAM was synthesised using the same
synthetic route but without any crosslinking agent. The pNIPAM homopolymer is a

soft white gel at a temperature above LCST and solidifies as temperature decreases
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to room temperature. The gel is easily poured out of a glass vial and is injectable

using a syringe if its temperature is above the LCST.

Adding Lg. to the polymer to create the 1Lg-pNIPAM nanocomposite changed some
of its properties, for example, the composite is a free-flowing soft gel above the
LCST, and however, after solidification below the LCST, the composite still has the

ability to self-heal from damage.

The addition of different Laponite® grades prior to synthesis resulted in a different
set of properties to the final synthesis products. In general, the products 1lxi2i-
pNIPAM, 1Lg-pNIPAM and 1Lrp-pNIPAM had a lower apparent viscosity at higher
temperatures than at lower temperatures and reduced in opacity as the T was
reduced. Increasing the crosslink density increased the apparent viscosity but did

not change the overall phenomena observed.

On the other hand, 1Lin-pNIPAM and 1Loc-pNIPAM formed hard rubbery materials

upon polymerisation and only the viscosity seemed to change upon cooling.

1Cna+-pNIPAM nanocomposite was different from the final product having what can
be described as a soft scrambled egg-like consistency with evidence of phase at the

bottom of the vial above and below the LCST.

Table 4.1 summarises with pictures the observations of clay-pNIPAM composites as
it was synthesised after polymerisation at a temperature above pNIPAM LCST and

after solidification at a temperature below the LCST.
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Table 4.1 General properties of (1 % clay)-pNIPAM and (2 % clay)-pNIPAM at different temperatures above and below the LCST

pNIPAM 1La-pNIPAM 2Le-pNIPAM 1Ln-pNIPAM 1Los-pNIPAM 1Lzo-pNIPAM 2Lro-pNIPAM 1Lxi21-pNIPAM 2Lx21-pNIPAM 1Cnas-pNIPAM
White soft gel, Yellowish soft gel
White, soft gel, White, hard White soft gel easier to flow “scrambled egg-
White, soft White hard White very soft White soft
White, soft gel flows when elastic single flows when than 2Le- like”. Almost 15%
flowing gel single block gel flowing gel flowing gel
shaken block gel shaken pNIPAM and clear water on
b 2LRD-pNIPAM the bottom
8
&
3
B
[
Qo
£
[
[
Cloudy yellowish, Yellowish hard Yellowish hard
Cloudy, hard gel Clear hard gel Clear hard gel Clear hard gel Clear hard gel Clear hard gel Clear hard gel
hard gel gel gel
-
£
]
£
)
<)
o«
&
=]
B
[
Qo
£
(]
=
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4.1.2 XRD Characterisation of Clay-pNIPAM

Nanocomposites

Whenever a polymer is associated with dispersed nanoclay, the clay interlayer
spacing changes depending on different factors; such as the extent of diffusion of
polymer chains within the interlayer, clay-to-polymer ratio, preparation method,

the clay platelet size, and CEC. [18][19]

The interlayer spacing of different clay-pNIAPM nanocomposites was investigated
by XRD after drying to remove water. The results are listed in Table 4.2. The as-
prepared (2 % clay)-polymer nanocomposite contains 90 wt.% water and 2 wt.% of
clay, but when dried to remove water, the clay content in the (2 % clay)-polymer
nanocomposite is 20 wt.% based on the assumption that all water was lost during
the drying process. [20] However, the TGA results analysis (Section 4.1.3) show that
according to the drying protocol used in this study (Section 2.1.1.1) the clay content
for the (2 % clay)-polymer nanocomposite is less than 20 wt.% as all nanocomposite
show some weight loss of free water (= 5 - 10 wt% relative to the clay and polymer

content) up to 150 °C.

The correlations between XRD and nanocomposite morphology are demonstrated
in Figure 4.2. The XRD trace of clay displays an intense d001 peak, and for a
conventional composite of non-intercalated or non-exfoliated clay in the polymer

matrix, the resulting XRD trace is similar to that of the original clay particles.[21]

Ghaemi et al. [22] showed with XRD that clay in a polymer matrix can lead to two
types of morphologies. In the intercalated morphology, the results are a
displacement of the doo1 reflection towards lower angles as the interlayer basal
spacing of the clay sheets has increased by intercalation of the polymer. In an
intercalated nanocomposite XRD trace, the digo and di1o reflections of clay exist. In
the exfoliated morphology the XRD result is the absence of a doo1 diffraction
reflection, which indicates that the sheets of the clay are delaminated and well

spread among the polymer chains. [23][24] Despite the XRD results as explanations
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and interpretations, XRD results cannot tell for sure if clay particles are exfoliated or
not and Transmission Electronic Microscopy (TEM) is still required to provide
evidence about what state the clay dispersions are, however the terms used in this
work are mention for introducing the differences between the different samples

based on literature available.

Clay

Interclated

Intensity

Exfoliated

Exfoliated
Nanocomposite

20 °

Figure 4.2 The correlations between XRD and nanocomposite morphology.

XRD traces of Lg, pNIPAM and dried 2Lg-pNIPAM are presented in Figure 4.3. The
1Le-pNIPAM composite sample was too hard to be ground using the same method
used with all other samples (pestle and mortar), so a mechanical mill was used to
grind it, but the results were not as hoped for, the form of the material was as small
lumps and grey colour, and the mill was slightly dented. Data is not shown because
it was suspected the different form would provide a different orientation of the
sample in the XRD sample holder and affect the reflection shape and position. The
XRD trace of 2Lg-pNIPAM composite looks similar to that of pNIPAM. [25] The
presence of pNIPAM chains between the clay platelets can be deduced by
comparing the reflection positions in the XRD trace of the pure Lg. with those in the
XRD trace of the nanocomposite. The increasing baseline in the XRD trace of the
2Lg-pNIPAM at 20 < 5 ° is likely to indicate exfoliation or a very disordered clay (due
to a scattering effect), however, because the reflection at around 286 = 7.2 ° in the

trace of 2Lg-pNIPAM could either be due to the clay or the pNIPAM there is
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uncertainty in this description. For all the pNIPAM composites discussed herein the
presence of the pNIPAM reflection at around 20 = 4 to 12 ° makes the
characterisation of the clay dispersion very difficult. Given the trends in the other
polymer composites discussed below, it is believed the reflection at around 26 =7.2
°(d=12.3 A) and 26 = 20.2 ° (d = 4.4 A) in the 2Le-pNIPAM nanocomposite trace
are due to those at 7.4 ° and 20.2 ° in the pNIPAM, and the shift to a lower angle for
the digo is a result of mixing the pNIPAM with the clay (Let) and a change in

crystallinity.

The reflection at 26 = 35.6° (d = 2.52 A) in the 2Le-pNIPAM nanocomposite trace
did not show a significant shift to a higher or lower value compared to that of the
clay (Ler) as anticipated; this reflection corresponds to the di10 (26 =35.6 ° (d = 2.5
R)) of the clay and indicates the presence of the clay in the 2Lg-pNIPAM
nanocomposite. The reflection at 20 = 19.4 ° in the clay should also be present in
the nanocomposite to indicate the presence of the clay, but this overlaps with that

of the pNIPAM reflections. [6][8]

XRD traces for 1Loc-pNIPAM (Figure 4.5), 1Lgpo-pNIPAM and 2Lgp-pNIPAM (Figure
4.6), and 1Cna+-pNIPAM (Figure 4.8) nanocomposites follow similar trends as
described earlier for the 2L -pNIPAM nanocomposites. However, some differences

can be observed and are covered individually.
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Figure 4.3 XRD traces for powder LEL, dried 2LEL-pNIPAM nanocomposite, and pNIPAM
homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains. All samples
are ground powders and offset for clearance.

Len has the biggest platelet size when compared to the other Laponite® grades. The
XRD trace for Ly is shown in Figure 4.4. A strong reflection at 26 = 6.6 ° (d = 13.39
A) (Table 4.2) in the Ly corresponds to the spacing between clay layers (doo1). The
dried 1Len-pNIPAM nanocomposite sample shows a reflection at around 26 = 6.6 °;
again, because this could overlap with the 26 = 7.4 ° of the pNIPAM it is difficult to
characterise the clay dispersion. If the intensity ratio of the pNIPAM reflections at
20 =7.4 ° and 20.2 ° is compared to that of the 1Lin-pNIPAM nanocomposite then
the increase at 20 = 7.4 ° in the latter, and the fact the reflection is in the same
position as the clay could indicate no intercalation has occurred (i.e. a

microcomposite is formed). The reflection at 26 = 35.2 ° in the 1Ln-pNIPAM does
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provide evidence that Ly is present even though those for the Ly at 20 = 19.4 ° and

28.6 ° are difficult to discern.

1Lx21-pNIPAM and 2Lxi2:-pNIPAM (Figure 4.7) nanocomposites have similar XRD
traces to the 1Lgn-pNIPAM nanocomposites. However, some differences can be

observed and are mentioned individually.
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Figure 4.4 XRD traces for powder LFN, dried 1LFN-pNIPAM nanocomposite, and pNIPAM
homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains. All samples
are ground powders and offset for clearance.

XRD traces of powder Los, pNIPAM homopolymer and dried 1Log-pNIPAM are
presented in Figure 4.5. The observations in these traces are very similar to those
for the Le. samples, the increasing baseline at 20 < 5 ° may suggest an exfoliated or
very disordered clay dispersion. Again, it is difficult to ascertain the clay dispersion

due to the overlapping pNIPAM reflection at 20 = 7.4 °.
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Figure 4.5 XRD traces for powder LOG, dried 1LOG-pNIPAM nanocomposite, and pNIPAM
homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains. All samples
are ground powders and offset for clearance.

The Lgp-pNIPAM nanocomposites at two different clay-to-polymer ratios have
similar trends (Figure 4.6) as for the 2Lg-pNIPAM. The increasing baseline in the
XRD traces of the Lg-pNIPAM nanocomposites at 26 < 5 ° is likely to indicate
exfoliation or a very disordered clay, however, because the reflection at 26 =7.4 °
of pNIPAM overlaps that of the doo: of LRD, it is not possible to state that

intercalated or non-intercalated clay is present.
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Figure 4.6 XRD traces for powder LRD, dried 1LRD-pNIPAM and 2LRD-pNIPAM nanocomposite, and
pNIPAM homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains. All
samples are ground powders and offset for clearance.

Figure 4.7 shows the XRD traces of the powder Lxi21 and its corresponding pNIPAM
nanocomposites at two different clay-to-polymer ratios. Again, the increasing
baseline towards lower angles indicates an exfoliated structure, the potentially
overlapping reflection from the pNIPAM does not rule out that intercalation has

occurred. [26]
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Figure 4.7 XRD traces for powder LXL21, dried 1LXL21-pNIPAM and 2LXL21-pNIPAM nanocomposite,

and pNIPAM homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains.
All samples are ground powders and offset for clearance.

In Figure 4.8, the 1Cna+-pNIPAM shows similar behaviour to the 2Lg-pNIPAM were
the XRD trace is dominated by the pNIPAM within the composite; there is an
increasing baseline towards lower angles and thus the traces could indicate that
exfoliated or very disordered clay dispersion is obtained. Moreover, it is interesting
to note that in the Cna+ trace the doo1-spacing is much higher than the digo and di10-
reflections; if a non-intercalated microcomposite was formed then the dooi-

reflection of the clay would significantly enhance the intensity of the reflection at
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20 = 7.2 ° in the trace of the composite, which is it does not. This is supported by
the presence of the sharper reflection at 20 = 19.8 ° in the 1Cna+-pNIPAM strongly
indicating the detection of clay in the composite. Thus, overall this supports
exfoliated or very disordered clay dispersion. These observations could be applied,
to some extent, to the composites containing Laponite® clays, but due to their

relatively lower intensity doo1 reflections, no enhancements are observed.
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Figure 4.8 XRD traces for powder CNa+, dried 1CNa+-pNIPAM nanocomposite, and pNIPAM
homopolymer showing the effect of clay platelets as they crosslink the pNIPAM chains. All samples
are ground powders and offset for clearance.
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Table 4.2 26 and d-spacing for clay-pNIPAM nanocomposites.

Sample doox d100 di10

20 d(A) 20 d(A) 20 d(A)
pNIPAM 7.4 12.0 20.2 4.4 - -
Lee 5.8 15.3 19.4 4.6 35.6 2.5
2L -pNIAPM 7.2 12.3 20.2 4.4 35.6 2.5
Len 6.6 13.3 19.4 4.6 34.9 2.6
1Len-pNIAPM 6.7 13.3 19.4 4.6 35.2 2.5
Loc 7.1 12.4 19.1 4.6 34.7 2.6
1Loc-pNIAPM 7.4 11.9 20.0 4.4 34.7 2.6
Lro 6.5 13.6 194 4.6 34.6 2.6
1Lro-pNIAPM 7.4 12.0 20.3 4.4 34.7 2.6
2Lro-pNIAPM 7.3 12.2 20.1 4.4 34.7 2.6
Lxi21 6.4 13.8 19.3 4.6 34.7 2.6
1lxi21-pNIAPM 7.1 12.4 19.9 4.5 34.7 2.6
2Lxi21-pNIAPM 5.9 14.9 19.8 4.5 34.7 2.6
Cha+ 7.0 12.6 19.5 4.6 34.7 2.6
1Cna+-pNIAPM 7.2 12.2 19.8 4.5 34.8 2.6

The XRD results for the clay-pNIPAM suggest that the addition of all clays to NIPAM
apart from Ley results in a change in structure for such that when dried the polymer

chains reside between the clay platelets. [27][28]

4.1.3 TGA Characterisation of Clay-pNIPAM

Nanocomposites

Thermal stability plays an important role in determining both technological
applications and processing conditions of polymeric nanocomposites. Thermal
decomposition behaviour of polymeric materials, as well as polymer-based

nanocomposites, is usually studied by TGA techniques. [19]

Thermal stability of pNIPAM and the influence of different clay types and clay-to-
polymer ratios on the weight loss was studied by TGA in a temperature range of 25
— 900 °C with the heating rate set at 20 °C/min under a nitrogen purge. [29] The
sample preparation process for TGA testing required drying the clay-polymer
hydrogels by placing the samples in an oven at 80 °C for 3 days in a Petri dish. The
nomenclature of the composition of the nanocomposite is based on its wet state,
i.e. the (1 % clay)-polymer contains 1 wt.% clay, 9 wt.% polymer and 90 wt.% water.

For TGA the samples were dried and so the (1 % clay)-pNIPAM composition is 10
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wt.% clay to 90 wt.% polymer of the total sample weight (20 wt.% clay to 80 wt.%
polymer of the total sample weight for the (2 % clay)-pNIPAM). The drying process
used in this work involved no humidity control, however, at 80 °C humidity, this is
not going to be a major factor as most weakly bonded water in the samples will be
removed. The actual weight loss values at low temperatures (< 150°C) due to
differences in water content may, therefore, can be different from one sample to
another and thus may introduce an element of error for the wt.% value. However,
the general behaviour of the materials as a function of temperature was still valid.
After drying most of the samples were ground using a pestle and mortar; the 1Lg-
pNIAPM samples were too flexible to be ground so a sharp knife was used to cut
the sample into small pieces to fit into the TGA crucibles, this may be the reason for
the 1Le-pNIAPM composite showing more weight loss during “Stage 1” (Figure 4.9)
however, sufficient drying time was allowed to remove weakly bound water. The
likelihood is that the sample is more hygroscopic and holds on to water more, the
held water will act as a plasticiser and thus the reason why the sample was more

flexible.

TGA weight loss curves of the dried pNIPAM homopolymer and (1 % clay)-pNIPAM
nanocomposites as a function of temperature are shown in Figure 4.9. Three main
weight loss stages were observed in the TGA curves which correspond to
evaporation of water and the structural decomposition of the polymers. The first
weight loss stage takes place between 25 — 175 °C, and this is due to the
evaporation of any remaining water after three days drying at 80 °C; the second
stage at 175 — 450 °C predominantly involves polymer degradation. The third stage
at 450 - 650 °C is more complex and includes the majority of the dehydroxylation
and further degradation of polymer residues to yield carbon and hydrocarbons. [19]
After approximately 650 °C the inorganic residues (i.e., Al, and Si) remain and the
thermograms become flat. Also since the analysis was performed under nitrogen

some organic carbonaceous char may remain. [28]

The thermal analysis results of pNIPAM and its clay nanocomposites are

summarized in Table 4.3. The characteristic parameters selected are the main three
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weight loss stages temperature range and the degradation temperature (onset

temperature at which the highest rate of weight loss started “Stage 2”). [20]

Figure 4.9 and Table 4.3 show that the onset temperature of the clay-pNIPAM
nanocomposites is lower than that of the pNIPAM homopolymer. [30] (1 % clay)-
pNIPAM nanocomposites have good thermal stability up to 175 °C when compared
to the pNIPAM homopolymer where weight loss is correlated to water evaporation.
The highest weight loss in “Stage 1” of 8.62 % occurs for 1Lg-pNIPAM. The onset
temperature appeared in the range of 325 — 370 °C for both homopolymer and
clay-polymer nanocomposite. The maximum weight loss in “Stage 2” was observed
for 1Lxi21-pNIPAM of 76.64 %. During “Stage 3” 1Cna+-pNIPAM had the maximum
weight loss of 14.61 %. [31]

The weight loss measurements in Table 4.3 show that most nanocomposites lost
more weight during “Stage 1” than the pNIPAM homopolymer except 1lxizi-
pNIPAM. The weight loss in this region represents the hygroscopic nature of the
samples and thus the introduction of clay mostly results in a more hygroscopic
sample, whereas with Lx. clay it becomes less hygroscopic. For “Stage 2” the %
weight loss decreased when compared to the pNIPAM homopolymer because less
polymer is present. The decrease in onset temperature suggests that the presence
of clay may facilitate the degradation of the clay-polymer nanocomposites, in other
words, (1 % clay)-pNIPAM nanocomposite has a weaker onset thermal stability than
the pNIPAM homopolymer but the total weight loss in the nanocomposites is
significantly less which can be related to the presence of clay platelets and less

polymeric components. [29]
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Figure 4.9 TGA thermograms of pNIPAM homopolymer and (1 % clay)-pNIPAM nanocomposites.
Indicating the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475 °C), and stage 3
(475 -700 °C).

Figure 4.10 shows the TGA weight loss curves for pNIPAM compared to 2Lg-
pNIPAM, 2Lgp-pNIPAM and 2Lxi21-pNIPAM. The behaviour was the same as for the
(1 % clay)-pNIPAM with three stages of weight loss and a polymer degradation
onset temperature lower than of the pNIPAM homopolymer but with less total

weight loss as the (2 % clay)-pNIPAM has more clay.

The results show the clay-to-polymer ratio incorporated in the nanocomposites did
influence the onset temperature of the polymer degradation during stage 2 for the

nanocomposites (Table 4.3) as more clay lowered the onset temperature.

At the end of “Stage 2” where most of the weight loss happens, 2Lx21-pNIPAM still
loses more weight than the 2Lg-pNIPAM and 2Lgp-pNIPAM showing this clay does
not reduce as much of the initial amount of polymer degradation (i.e. between 175-

450 °C) and thus suggesting the slowing down of the degradation process.
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Figure 4.10 TGA thermograms of pNIPAM homopolymer, 2LEL-pNIPAM, 2LRD-pNIPAM and 2LXL21-
pNIPAM nanocomposites. Indicating the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2
(175 —-475 °C), and stage 3 (475 — 600 °C).

Figure 4.11 shows a comparison between the same clay-pNIPAM nanocomposites
at two different clay-to-polymer ratios. The Lgp different clay-to-polymer ratio
shows a difference in the thermal stability of the Lrp-pNIPAM composites as the
onset temperature dropped down from 344 °C for the 1Lgrp-pNIPAM to 329 °C for
the 2Lrp-pNIPAM (Figure 4.11 (b)). The weight loss rate (stage 2) was also different
as the 1Lgpo-pNIPAM had a higher weight loss rate than the 2Lgp-pNIPAM.

Figure 4.11 (c) shows the 1Lx21-pNIPAM and 2Lxi21-pNIPAM weight loss curves. A
drop in the onset temperature for the 2Lx.21-pNIPAM to 333 °C (the lowest onset
temperature in all the clay-pNIPAM nanocomposite group) from 348 °C for the

1|_x|_21-pN IPAM.
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Table 4.3 TGA of pNIPAM homopolymer (1 % clay)-pNIPAM and (2 % clay)-pNIPAM nanocomposites,
showing weight loss at each stage and onset temperature (n=3).

Stagel: 25-175°C  Stage2: 175-450°C  Stage3:450-650°C  Total  Onset

Sample weight Temp.
weight loss % loss % °C
pNIPAM 6.99 83.41 9.04 99.44 370
1Le-pNIAPM 8.62 69.32 14.54 92.48 347
2L -pNIPAM 3.37 59.47 20.63 83.47 341
1Len-pNIAPM 6.79 71.80 13.09 91.68 344
1Loc-pNIAPM 6.03 72.12 13.56 91.71 343
1Lgo-pNIPAM 6.30 67.96 14.22 88.48 344
2Lgo-pNIPAM 3.27 57.52 20.68 81.47 329
1Lxi21-pNIPAM 5.28 76.64 12.74 94.66 348
2Lxi21-pNIPAM 3.60 59.38 19.70 82.68 333
1Cnas+-pNIPAM 5.26 72.67 14.61 92.54 340

The onset temperature was calculated using the extrapolated onset temperature
that denotes the temperature at which the weight loss begins. The extrapolated
onset temperature is a reproducible temperature calculation and was calculated for
three samples of each composite (Figure 4.12). [32] To validate the data in this
study, three test were done for each sample to provide quantitative values for
repeatability and detection limit, for both the weight loss and onset temperatures.
[33] The data did not vary over a huge range of values and strange or unusual

trends or values were observed.

o2 Onset ¥ = 99,530 %
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Figure 4.12 Extrapolated onset temperature
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4.1.4 SEM Morphology Observation of Clay-pNIPAM

Nanocomposites

Composites morphology is an important feature and describes the internal
structure and void distribution within the matrix. It helps to provide an
understanding of the physical and mechanical properties of the composite
structure. The morphology of the clay-polymer nanocomposites can be observed to

change by SEM with different clay types and clay-to-polymer ratios.

The morphology observed in Figure 4.13 shows the SEM image of homopolymer
pNIPAM at 50 um magnification bar. The pNIPAM sample preparation was similar
to all other clay-pNIPAM nanocomposites. The general observation within the
homopolymer pNIPAM was a solid material with low number of voids on the
surface. Porosity was not observed, and the sample was a one piece, dense, solid

block while all clay-pNIPAM samples were in a foamy structure.

%240 b 5 50 pm
Figure 4.13 SEM images of homopolymer pNIPAM on scale bar 50 um showing microstructure

The morphology discrepancies due to different clays observed in Figure 4.14 show
the SEM images of (1 % clay)-pNIPAM nanocomposites at 100 um magnification
bar. The general observation within the (1 % clay)-pNIPAM nanocomposites is an
interconnected porous microstructure, with different pore distributions. Porosity is
clear for most of the (1 % clay)-pNIAPM except for 1Cna+-pNIPAM nanocomposites

(Figure 4.14 f) which does not show an interconnected clear porosity, it shows a
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smooth mountain and valley-like textured surface. [19][34] The structures below
show the impact that different clays have on the structure, however, these
structures are mostly a result of the sample preparation method mentioned in the
experimental section. These structures may not be a true representative of the real
structure of the hydrogel's wet status since the samples have been flash-frozen
with liquid nitrogen and the water removed by freeze-drying, however, they still
provide comparable data. This approach is common in the literature as collecting

SEM images of wet samples is not possible. [35][36]
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Figure 4.14 SEM images of (1 % clay)-pNIPAM nanocomposite on scale bar 100 um showing
microstructure and pore size differences as a result of the effect of the clay type used. a) 1LEL-
pNIPAM b) 1LFN-pNIPAM c) 1LOG-pNIPAM d) 1LRD-pNIPAM e) 1LXL21-pNIPAM f) 1CNa+-pNIPAM.

The 1Le-pNIPAM composite SEM images (Figure 4.14 b and Figure 4.15 a) show a
rough surface and a uniformly distributed porous microstructure, it has thin and
solid well-defined walls. The pore size has an average of 16.2 um, which is

considered large when compared to other (1 % clay)-pNIPAM nanocomposites. The
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1Lrp-pNIPAM nanocomposite (Figure 4.15 d) has a similar morphology yet with a

slightly wider average pore size of ~22.3 um.

The SEM images of 1Len-pNIPAM (Figure 4.14 b and Figure 4.15 b) show a flake-like
structure with layered texture and smooth surface when compared to 1Lg-pNIPAM.
Pore size varied as it was not easy to distinguish between pores and gaps between
layers. The 1Lin-pNIPAM composite also has a higher density structure with fewer
gaps within the composite when compared to the 1Lg-pNIPAM composite images.

[27]

1Loc-pNIAPM composite SEM images (Figure 4.14 c and Figure 4.15 c) show a
porous structure, but with a different morphology. Thicker walls are present, within
these are a lot of smaller pores, this nanocomposite was the only composite with
an “internal bone” like structure. The pore size average is 17.0 um, and the internal

bone-like structure which formed the walls averaged a thickness around 9.1 pum.

The 1Lxi21-pNIPAM nanocomposite (Figure 4.14 e and Figure 4.15 e), has a
significantly smaller pore size (average of 6.4 um) with a reticular structure. Pores
are uniformly distributed and there is a higher porosity than 1Le-pNIPAM, 1log-
pNIPAM and 1Lgp-pNIPAM which can be related to the high CEC and the

crosslinking ability of Lxi21.

The SEM images of 1Cna+-pNIPAM composite (Figure 4.14 f and Figure 4.15 f) show
a solid “mountain-valley” morphology. [19] No pores through the thickness of the
composite were noted, Figure 4.16 show more detailed images at a higher

magnification of 30 um.
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Figure 4.15 SEM images of (1 % clay)-pNIPAM nanocomposite on scale bar 50 um showing more

detailed microstructure and pore size differences as a result of the effect of the clay type used. a)

1LEL-pNIPAM b) 1LFN

pNIPAM.

-pNIPAM ¢) 1LOG-pNIPAM d) 1LRD-pNIPAM e) 1LXL21-pNIPAM f) 1CNa+-
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30 pm——

Figure 4.16 SEM images of 1CNa+-pNIPAM nanocomposite on scale bar 30 um showing more
detailed microstructure and no pores through the nanocomposite.

The porous microstructures of Lg.-pNIPAM nanocomposites with different clay-to-
polymer ratios are shown in Figure 4.17. It is observed that more clay results in
smaller pore size. When the clay content was increased to 2 wt.%, the pore sizes
decreased to 4.9 um, in comparison with an average of 16.2 um for 1 wt.% clay.
[37]. With (2 % clay)-polymer nanocomposites there are opportunities for more
crosslinking points, and this may explain the reduction in pore size. With high clay
contents, more crosslinks are made leading to the formation of micro-network

structures resulting in a stronger and tougher material. [38][39][40][41]

{

—50 pm—

Figure 4.17 SEM images of LEL-pNIPAM nanocomposite on scale bar 50 um. a) 1LEL-pNIPAM b) 2LEL-
pNIPAM showing the effect of increasing clay content on the pore size and the microstructure.

Unfortunately, a comparison between the 1Lrp-pNIPAM and the 2Lrp-pNIPAM

composites was not possible as it was impossible to create clear SEM images of the
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2Lro-pNIPAM. The samples were instantly damaged by the electron beam despite
numerous attempts to capture images using a range of samples and electron beam

intensities used to create the image.

Figure 4.18 shows the SEM images of Lx21-PNIPAM composites at two different
clay-to-polymer ratios. The 2Lxi21-pNIPAM had a structure with an average pore size
of around 6.3 um. It can also be seen that the 2Lx21-pNIPAM had a more uniform
structure and pore size with a lower standard deviation (Table 4.4), it was smoother
with more crosslinks in the structure. The morphology of the surface changed to a
well-structured wall formation when clay content was increased from the
morphology of a sponge-like structure with the 1lx2:-pNIPAM. The higher clay
content accelerates the crosslinking action, which resulted in more polymer chains

to be linked and shorter polymer chains in a uniform structure. [42]

"
M

—50 ym—

Figure 4.18 SEM images of LXL21-pNIPAM nanocomposite on scale bar 50 um. a) 1LXL21-pNIPAM b)
2LXL21-pNIPAM showing the effect of increasing clay content on the pore size and the
microstructure.

Table 4.4 Clay-pNIPAM pore size as an average of (n=25) different random measures across each
SEM image and standard deviation

Sample Pore size (um) SD
1L -pNIPAM 16.2 5.5
2Lg -pNIPAM 02.9 0.9
1Len-pNIPAM 05.0 2.5
1Loc-pNIPAM 17.0 4.2
1lgp-pNIPAM 22.3 4.5
1Lxi21-pNIPAM 06.4 1.4
2Lx121-pNIPAM 06.3 1.2
1Cnas-pNIPAM 06.7 1.2
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Figure 4.19 (1 % clay)-pNIPAM pore size as measured from the SEM images as a function of a) Clay

platelet size, b) Clay CEC.

4.1.5 FTIR Spectra Analysis of Clay-pNIPAM

Nanocomposites

FTIR spectroscopy is a useful method to study the interactions between the

polymer chains and clay particles. [16] To help with the interpretation of clay-

pNIPAM nanocomposites spectra, the FTIR spectra of NIPAM monomer and dried

homopolymer pNIPAM were recorded at room temperature and are shown in

Figure 4.20. The spectra are dominated by the C-H stretching region between 3000

- 2800 cm™ and the CH bending/deformation region 1450 -1300 cm™. [43] The C-H
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stretching has three bands at around 2980 cm™, 2935 cm™, and 2875 cm™. The C-H
deformation region has bands at approximately 1460 cm™, 1393 cm™ and 1372 cm-
!, An important band due to C=C stretching at 1620 cm™ is no longer present upon
polymerisation as double bonds are lost during polymerisation. However,
broadband appears upon polymerisation around 1638 cm, which is due to the
stretching of the amide carbonyl group. The pNIPAM spectrum shows the main
characteristic bands of the polymerised NIPAM at 1536 cm™ (C-N stretching), 1643
cm (C=0 stretching). [17][44]

Ci’” mc—N
isopropyl
I
S O
g PNIPAM CH2, CH3 U
2
2
¥l C=C
<
NIPAM
‘300 3000 1500 1000
14 Wavenumbers (cm-1)

Figure 4.20 FTIR spectra of monomer NIPAM and pNIPAM homopolymer showing the main
characteristic bands of pNIPAM. Offset for clearance.

Figure 4.21 shows the main details of the FTIR spectra of LEL, pNIPAM, 1Lg-pNIPAM
and 2Lg-pNIPAM nanocomposites to monitor any changes in the polymer bands

and the effect of crosslinker density (clay-to-polymer ratio) on the nanocomposite.
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The spectrum of Lg in powder form in Figure 4.21 shows a typical Si-O band for
layered silicate at 946 cm™. A general shift toward higher frequencies for Si-O

modes in nanocomposite is observed when compared to neat clay. [18]

1Le-pNIPAM and 2Lg -pNIPAM spectra (Figure 4.21) show absorption bands at 3430
cm™ and 3432 cm, respectively, which are mainly the -OH vibration bands, these
bands did not show any significant shift for both composites when compared to the
pNIPAM homopolymer -OH band at (3432 cm™) these bands are related to sorbed
water (Table 4.5). The bands at around 2970 cm™, 2920 cm™ and 1459 cm™
correspond to the C-H vibration. The C=0 band was clear at 1633 cm™ and 1637 cm’
Lin the spectra of 1Lg-pNIPAM for the 2Le-pNIPAM composites respectively, with
no significant shift when compared to the 1635 cm™ in the spectrum of pNIPAM.
However, this band has a higher intensity in the spectrum of 1Lg-pNIPAM
composite as a result of the higher pNIPAM content it contains, compared to the

2Le-pNIPAM composite.

The C-N bending band at 1536 cm™ in the spectrum of pNIPAM did not show any
shift in the spectra of both 1Lg-pNIPAM and 2Lg-pNIPAM nanocomposites. [16]
The observation of the absorption bands of the crosslinked pNIPAM
nanocomposites and their similarity to those of the pNIPAM homopolymer is and
the Si-O presence reasonable indication that the clay platelets were mixed with the

pNIPAM chains. [42]

The Si-O bands at 996 cm™ and 990 cm™ in the spectra of 1Le-pNIPAM and 2Lg-
pNIPAM composites, respectively, shifted slightly to a higher frequency from the
946 cm in the spectrum of Lg.. As the clay is dispersed another Si-O band can also
be observed at 1074 cm™ and 1072 cm™ in the spectra of 1Lg.-pNIPAM and the 2Lg-
pNIPAM respectively, corresponding to the Si-O “out-of-plane” band. The
observation of the Si-O “out-of-plane” band in the spectra of nanocomposites is an
indication of well dispersed clay, [18] this supports the results observed in the XRD
traces of the 2Lg-pNIPAM composites were an increasing baseline for angle < 5 °

was considered as a dispersion indication. The intensities of the bands in the Si-O
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stretching increase with increasing clay content as observed in the spectrum of 2Lg -
pNIPAM (clay-to-polymer ratio 2:8). And vice versa, the C=0 and N-H bands have

higher intensities in the spectrum of 1Lg-pNIPAM with more polymer content. [18]
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Figure 4.21 FTIR spectra of LEL, pNIPAM homopolymer, 1LEL-pNIPAM and 2LEL-pNIPAM composites
showing regions of interest and offset for clearance.

=

Most of the clay-pNIPAM nanocomposites show similar FTIR spectra. However,
some differences still can be observed as different clays have different properties

and will be discussed below.
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The spectra of the 1Lin-pNIPAM and its related components are presented in Figure
4.22. The Si-O at 950 cm™ in Ly spectra shows a shift to higher frequencies 995 cm™?
in the spectrum of 1Len-pNIPAM composite. The Si-O “out-of-plane” in the
spectrum of 1Ln-pNIPAM shows a greater shift (to 1105cm™) when compared to
the Si-O “out-of-plane” of Le-pNIPAM composite, this may be a result of a wider
separation between clay platelets or as a result of the nature of the clay platelets,
i.e. the chemistry, the larger platelet size or the higher CEC of the Lev when
compared to the Lg. and other clays. [16][45]. With the XRD data, it was less clear if
the Lei-pNIPAM composite contained well dispersed clay due to a not very strong
increasing baseline towards lower angles, however, this FTIR data supports good

clay dispersion, at least intercalated, if partly exfoliated.
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Figure 4.22 FTIR spectra of LFN, pNIPAM homopolymer, 1LFN-pNIPAM composites showing regions
of interest and offset for clearance.

Figure 4.23 (a) shows spectra of Log, pNIPAM homopolymer and 1Log-pNIPAM. The
1Loc-pNIPAM composite shows a very similar FTIR spectrum to that of the 1Lg-
pNIPAM composite (Table 4.5). Both Lgp-pNIPAM nanocomposites with two
different clay-to-polymer ratios also have spectra Figure 4.23 (b) similar to that of
the 1Lg-pNIPAM, however, the Si-O “out-of-plane” bands have a lower
wavenumber for the 1Lrp-pNIPAM and 2Lrp-pNIPAM (1068 cm™ and 1067 cm™,
respectively) when compared to similar bands form the 1Lg-pNIPAM, which may be
related to the Lrp smaller platelet size and lower CEC than Lg.. Table 4.5 provides

details about bands position for all clay-pNIPAM nanocomposites.

150



Q
Si-O
o

T
T o Q
O —_—
3
@ c
Q
c ? NH 8
5 S 5
= (@] b
2 L 8 2LRD-pNIPAMT
8 2 < O
< 1
1LOG-pNIPAM ﬂ M
I
o T
1LRD-pNIPAM O
T T
e 3
pNIPAM oNIPAM
3500 3000 1500 1000 3500 3000 1500 1000
Wavenumbers (cm-1)

Wavenumbers (cm-1)
Figure 4.23 FTIR spectra of a) LOG, pNIPAM homopolymer, 1LOG-pNIPAM composites, b) LRD, pNIPAM homopolymer, 1LRD-pNIPAM and 2LRD-pNIPAM nanocomposites

showing regions of interest and offset for clearance.
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Figure 4.24 (a) shows the FTIR spectra of the Lxi21, pNIPAM homopolymer and the
corresponding nanocomposites at two different clay-to-polymer ratios. The Si-O
band (in-plane mode) in the spectrum of the Lx.21 can be observed at 942 cm™. [27]
Respective, out-of-plane and in-plane Si-O bands are observed in the Lx21-pNIPAM
nanocomposites at 1084 cm™?, 996 cm™ in the spectrum of the 1lxi21-pNIPAM
composite and 1079 cm™, 990 cm™? in the spectrum of the 2Lx21-pNIPAM
composite. As earlier mentioned, the observation of clear out-of-plane Si-O bands is

an indication for a well dispersed Lxi21 in both Lx21-pNIPAM nanocomposites.[45]

Figure 4.24 (b) shows the change of bands for pNIPAM when crosslinked with Cnas.
The Si-O in-plane band of Cna- is positioned at 980 cm™ and when in the presence of
pNIPAM, this shifts to 1043 cm™. The out-of-plane Si-O band also appears at 1070
cml; these two observations indicate that the Cna+ is well dispersed in the 1Cna+-
polymer. [45]

Table 4.5 FTIR bands positions for pNIPAM, (1 % clay)-pNIPAM, 2LEL-pNIPAM, 2LRD-pNIPAM and
2LXL21-pNIPAM composites

-OH Si-0
-out-of-plane -in-plane

pNIPAM 3432 = =

Le 3408 - 946
1Lg-pNIPAM 3430 1074 996
2Lg -pNIPAM 3432 1072 990
Len 3408 - 949
1Len-pNIPAM 3431 1105 993
Lo 3407 - 940
1Loc-pNIPAM 3431 1075 995
Lro 3405 - 945
1Lrp-pNIPAM 3431 1068 1001
2Lgp-pNIPAM 3431 1067 996
Lxi21 3417 - 942
1lxi2:-pNIPAM 3433 1084 996
2Lx121-pNIPAM 3436 1079 990
Cna+ 3418 - 980
1Cna+-pNIPAM 3432 1070 1043
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4.1.6 Rheological Analysis and Properties of Clay-
pNIPAM Hydrogels

Since rheology is sensitive, quick, requires small sample sizes and reveals
differences (e.g. degree of crosslinking, structural homogeneity/heterogeneity) it is
considered one of the most appropriate methods to characterise the mechanical
properties of polymeric hydrogels. The rheological properties of hydrogels
composed of different materials have been discussed in detail in several fields of
research. [46][47] Materials with a uniform phase (solution, or pure substance) are
referred to as simple fluids. If a material contains more than one phase (gas
particles in foam, solid particles in liquid) it is considered to be a structured fluid as

its rheological behaviour is dominated by the interactions of its components. [48]

There are several rheological techniques to characterise polymeric materials like
small-amplitude oscillatory shear, frequency sweeps within the linear-viscoelastic
range (LVE which can give information about the degree of crosslinking) and
temperature sweeps useful polymers that have an upper and lower critical solution

in which temperatures can form one or two phases can be formed. [49]

To be able to perform tests for viscoelastic materials with results that are not
influenced by deformation occurring during an experiment, a check for the linear-
viscoelastic region needs to be done. This can be done by performing a strain sweep
(from 0.1 to 100% strain). Under the specified thermal conditions, a new sample
was placed on the rheometer plates. Samples were given the time to rest as
determined by a preceding time sweep test performed before the strain sweep, the
frequency at which the strain sweep was chosen arbitrarily for the first test.
Another time sweep was repeated with 15 % strain to check for equilibrium under

the same condition.
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Figure 4.25 Strain sweep. The LVE limit was determined with respect to strain. G’ was determined
from 0.1 % to 100 % strain for 1LEL-pNIPAM.

The results of the strain sweep for the 1Lg-pNIPAM are shown as an example in
Figure 4.25, the measurement was performed for fully formed hydrogel at 20 °C.
The curve shows a linear behaviour (constant values as strain increases) of G’ and
G” up to 10 % strain, therefore, a strain of 1 % was selected for subsequent sweeps.

[49]

Homopolymer pNIPAM was not as easy to analyse, since as the test was started the
sample slipped away from between the rheometer plates, however, it was clear
that the pNIPAM homopolymer showed a lower viscosity in the test tubes
compared to the pNIPAM clay samples. Other homopolymers were too hard (i.e.
non-compressible) to be tested as was the case with homopolymers pHEMA and
pHPMA since with these samples the upper plate was not able to reach the testing
position to start the test. This made it hard to find the required parameters (time,
strain, frequency) to run further tests on the homopolymers, as a result no
homopolymers were tested further and only clay-polymer hydrogels were taken for
further tests. The main point to look for in the rheological analysis section was to

figure out the effect of different clay types/grades on the properties of hydrogels.
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4.1.6.1 Temperature Effect on Clay-pNIPAM Hydrogels

4.1.6.1.1 Temperature Effect on Viscosity (Rotational

Temperature Sweep)

A clay-polymer hydrogel is a flexible three-dimensional network structure. For the
stimuli-responsive polymers, a change in the value of the mechanical properties can
be observed with a simple viscosity check over a range of temperature to find out if
the crosslinker presence will affect the LCST for NIPAM. An initial thermal
equilibrium was essential for the clay-pNIPAM hydrogels, so the experimental setup
started with an interval of five minutes with no forces applied at 40 °C to reach
thermal equilibrium. Figure 4.26, when cooled the viscosity (n) values of (1 % clay)-
pNIPAM hydrogel, increased to significantly higher values at ~ 32 °C. This
behaviour is also clear in 1Lg-pNIPAM, 1Lgp-pNIPAM, 1ix21-pNIPAM, and 1Cnas-
pNIPAM hydrogels; as these composites are soft, flowing materials when at
temperatures higher than the LCST. The 1lLos-pNIPAM composite is a soft non-
flowing material at temperatures > LCST and they became stiffer as the

temperature decreases.
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Figure 4.26 Viscosity (Pa.s) as a function of temperature (decreasing from 40 °C to 20 °C) for (1 %
clay)-pNIPAM composites at a shear rate of 10 s* and cooling rate of 1 °C.minL.
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Figure 4.27 shows that there was no clear trend of the clay platelet size and CEC on

the viscosity of the (1 % clay)-pNIPAM hydrogels.
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Figure 4.27 The effect of clay platelet size and CEC on the viscosity of (1 % clay)-pNIPAM hydrogels at
temperatures above and below the pNIPAM LCST.
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These measurements on 1Lin-pNIPAM hydrogel samples were not possible because
the sample was ejected from the plates and torn to pieces. Figure 4.28 shows the
samples after being pushed out from between the plates. Lin has the largest
platelet size between the different clays used in this study, the 1Lin-pNIPAM was
more rubbery than other composites after solidification, which may be a result of
the large clay platelet size. Other rheological tests were performed under
oscillatory mode and more details about the 1Lin-pNIPAM hydrogel are mentioned

later in this chapter.

en— APAN
™ Fun

-31.?4‘1

‘ |

Figure 4.28 1LFN-pNIPAM samples, samples pushed out from between the rheometer’s parallel
plates and inconsistent tests.
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4.1.6.1.2 Temperature Effect on the Loss (G’) and Storage
(G") Moduli of the Clay-pNIPAM Hydrogel

The rheological change of the clay-pNIPAM hydrogel systems over decreasing
temperature was also investigated by monitoring the evolution of the storage
modulus G’ and loss modulus G”. Both moduli increased and all systems progressed
through three stages (Figure 4.29), a slow change in values between 40 -32 °C
followed by a significant change between 32 — 30 °C, and finally a slow non-
significant change between 30 — 20 °C. Based on visual observations it was expected
that the clay-pNIPAM hydrogels would change from liquid to gel, however, in all the
three stages G” < G/, stating they are soft gels that change to a harder gel after
passing through the LCST. After the LCST stage, the moduli gradually increase with
the temperature decrease resulting in bigger differences between G’ and G” values.
At this stage, the gels become stiffer as polymer chains change from globule to coil

and crosslinking density gradually increases. [50]

The 1Len-pNIAPM, 1Loc-pNIPAM and 1Cna+-pNIPAM hydrogels (Figure 4.29) show a
different behaviour as they pass through the LCST, this observation still needs
further investigation. These three clays have bigger platelet sizes than others and
this behaviour may be a result of the way big platelets interact with the pNIPAM

chains as they change to coil form.
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Figure 4.29 Evolution of storage modulus G’ and loss modulus G” during solidification of the (1 %
clay)-pNIPAM hydrogel.

Figure 4.30 shows the relationship between the storage modulus and either the
clay platelet size (top) or the clay CEC (bottom) at temperatures above (40 °C) and
below (20 °C) the LCST for the (1 % clay)-pNIPAM hydrogels. Both parameters have
a significant effect on the viscoelastic properties on the hydrogels, clays with larger
platelets develop hydrogels with higher G’ modules. The case is not the same with
the effect of the CEC on the clay-pNIPAM hydrogels as the trend is not as clear, the
clay platelet size influence on the viscoelastic properties is clearer as a linear
relationship for the (1 % clay)-pNIPAM hydrogels at 20 °C and as a clear increase in

the values at 40 ° C.
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Figure 4.30 The relationship between G’ and (top) clay platelet size and (bottom) clay CEC.

The (2 % clay)-pNIPAM hydrogels show similar behaviour with a significant

difference in values before passing through the LCST for both moduli (Figure 4.31).
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After passing through the LCST the G’ and G” values (Table 4.6) were similar to
other values for Le.-pNIPAM, Lro-pNIPAM and Lxi2:-pNIPAM hydrogels.

These results show that before passing through the LCST, the clay-to-polymer ratio
has a great effect on the clay-polymer hydrogel rheological and mechanical
properties depending on the amount of clay in the mixture, at this point the
pNIPAM chains are still in globule conformation and it is not having a significant
effect on the surroundings. After passing through the LCST the pNIPAM change to a
coils conformation and has a greater effect on the mechanical properties of the
hydrogel. This can be of a great benefit for certain application where composites

need to be of a specific strength at below and above certain temperatures.

The plots in Figure 4.31 show the plots for three types of clays as a crosslinking
agent (Le, Lro and Lxwi21). The 1Le-pNIPAM, 1Lgp-pNIPAM and 1lxi21-pNIPAM
hydrogel have a lower range of storage modulus in both plots in Figure 4.30 and
different behaviour in Figure 4.29. Lg, Lrp and Lxi21 have a smaller range platelet
size than other clays and as the relationship between the CEC and the storage
modulus was not as clear, the platelet size was the only factor left affecting the

rheological properties at a temperature above the pNIPAM LCST.
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Figure 4.31 Evolution of storage modulus G’ and loss modulus G” through passing the LCST of the

1(LEL, LRD, LXL21)-pNIPAM and 2(LEL, LRD, LXL21)-pNIPAM hydrogels.
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Figure 4.32 shows a comparison between the effect of different clay-to-polymer
ratios on the storage moduli at different above (40 °C) and below (20 °C) the LCST.
The figure also shows the relationship between the G’ and the clay properties clay

particle size (top) and clay CEC (bottom).

At temperature above the LCST, the effect of the clay-to-polymer ratio is clear;
(Table 4.6) the G’ values are significantly different between the (1 %clay)-pNIPAM
and the (2 % clay)-pNIPAM hydrogels, whereas when the temperature is below the
LCST the effect of the clay-to-polymer ratio is not as significant. This behaviour
depends on which part of the hydrogel has a bigger effect on the rheological
properties at different temperatures. When the temperature is above the LCST, the
polymer chains are in a globule configuration and there are fewer interactions with
one another or with the clay platelets and the clay dispersion properties have a
greater effect on the overall hydrogel properties. As the temperature drops and the
pNIPAM chains start to change to a coil configuration, it has more of an effect on

the properties of the clay-pNIPAM hydrogels.
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Figure 4.32 The effect of different clay-to-polymer ratios on the G’ at temperatures above and below
the pNIPAM LCST. The relationship between the G’ and the clay properties (top) clay particle size
and (bottom) clay CEC.
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Table 4.6 storage (G’) and loss (G”) moduli (Pa) at temperatures above (40 °C) and below (20 °C) the
LCST.

At 40 °C At 20°C
Samples G' Mean G'SD G" Mean G"SD G' Mean G'SD G" Mean G"SD
1Lg -pNIPAM 0.10 0.02 0.03 0.03 2181 11 126 0.86
2L -pNIPAM 236 13 35 0.23 4296 922 277 60
1Lin-pNIPAM 23354 7372 15550 5070 36877 10664 5811 1654
1Log-pNIPAM 2419 153 829 40 18106 1279 951 71
1Lgp-pNIPAM 0.07 0.01 0.03 0.01 1468 74 78 4.00
2Lgp-pNIPAM 188 10 22 0.76 3570 115 203 7.17
1Lxi2:-pNIPAM 51 2.60 11 1.10 2960 26. 243 3.41
2Lx121-pNIPAM 355 24 39 3.24 2822 621 314 5.43
1Cna+-pNIPAM 18987 405017 8105 2377 27590 6707 2776 867

4.1.6.2 Critical Yield Stress of Clay-pNIPAM Hydrogels

Materials with a yield point (yield stress or yield value) begin to flow as the external
forces acting on it become larger than the internal structural forces. Below the yield
point, the material behaves like a solid. The classic method to determine the yield
point is with a controlled shear stress experiment (it is the stress value at the onset
of flow). When increasing the shear stress with time the shear stress value is taken
when the measuring device is still detecting no sign of motion. This is the last

measuring point at which the rotational speed n = 0 (or as y = 0). When presented

on a logarithmic scale, the yield point is the t-value at the lowest measured shear

rate.[51]

Figure 4.33 shows the flow curves of Lg-pNIPAM, Lrp-pNIPAM, and Lxi21-pNIPAM
hydrogels at two different clay-to-polymer ratios and two different temperatures
(40 °C and 20 °C). At 40 °C (above LCST) the (2 % clay)-pNIPAM shows the largest
yield stress values, while after passing through the LCST at 20 °C (below LCST) the
values for clays and clay concentrations are close to each other (Table 4.7). These
results support the previous temperature oscillatory experiment showing that when
the temperature is above the LCST the clay plays a big role in the properties of the
clay-pNIPAM nanocomposite, but as the temperature decreases below the LCST
and the polymer chains take a globule formation, it is the polymer within the

hydrogel that has a bigger effect on the properties of the composite.
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The 1Lx21-pNIPAM hydrogel shows larger yield stress at 40 °C than the 1Lg-pNIPAM
and the 1Lrp-pNIPAM hydrogels which can be attributed to the larger platelet size
and higher CEC. When at a different clay-to-polymer ratio, the 2Lx21-pNIPAM

hydrogel also has a higher yield stress value.
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Figure 4.33 Yield stress values at temperatures a) Above LCST (40 °C) showing with the difference in
value between the (1 % clay)-pNIPAM and the (2 % clay)-pNIPAM hydrogel. b) Below LCST (20 °C)
showing how close the yield stress values after passing through the LCST.
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Table 4.7 Average critical yield stress values and standard deviation (n=3) for LEL-pNIPAM, LRD-
pNIPAM, and LXL21-pNIPAM hydrogels at two different clay-to-polymer ratios at temperatures
above (40 °C) and below (20 °C) pNIPAM LCST.

samples At 40 °C At 20 °C
T Mean TSD T Mean TSD

1Le-pNIPAM 0.00030 0.00021 0.25699 0.05406
2L -pNIPAM 0.00339 0.00135 0.32759 0.02189
1Lrp-pNIPAM 0.00054 0.00010 0.15835 0.01417
2Lgp-pNIPAM 0.01677 0.00101 0.34967 0.00797
1Lxi21-pNIPAM 0.00060 0.00055 0.21607 0.02101
2Lxi2:-pNIPAM 0.02039 0.00115 0.30988 0.03348

4.1.6.3 Storage (G’) and Loss (G”) Moduli Behaviour

4.1.6.3.1 Amplitude Sweep (Function of Strain)

The viscoelastic properties of the material are independent of strain up to a critical
strain level, beyond this level the material behaviour is non-linear, and G’
decreases. An amplitude (strain) sweep enables the observation of the viscoelastic
behaviour by measuring the storage and loss moduli (G’, G”). It will establish the
limit of the material’s linearity at which the structure stops being intact (i.e. gel-like
G’ > G”) and the material network structure becomes disrupted (i.e. more liquid-like

and G’ < G"). [48][52]

Figure 4.34 shows a strain sweep for 1Lg-pNIPAM, 2Lg-pNIPAM, 1Lgrp-pNIPAM,
2Lrp-pNIPAM, 1lxi21pNIPAM, and 2Lxi21-pNIPAM hydrogels at temperatures above
(40 °C) and below (20 °C) the pNIPAM LCST. The strain range 0.01 — 100 % shows
the LVE for all nanocomposites but only shows the crossover points for 1Lg-
pPNIPAM, 1Lrp-pNIPAM and 2Lg-pNIPAM at 20 °C and 2Lx21-pNIPAM at 40 °C. (Table

4.8) shows the mean values and standard deviation for G’ and G” from three runs.

Figure 4.34 (a, ¢, and e) show that G’ and G” meet at almost 100 % strain. However,
the value (as by the plots) are very close, this shows that the nanocomposites are
strain (amplitude) dependent, which helps to design and engineer the composites

for certain final applications.
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Figure 4.34 (b, d, f) shows more extended LVE (Linear ViscoElastic region) at 20 °C
(Table 4.8) when compared to the same hydrogels at 40 °C where the polymer
within the hydrogels dominates their mechanical properties; as the hydrogels reach
the LVE limit they lose their elasticity quickly and their structures are destroyed.

The G” values at 20 °C show an increase at smaller strain values than for those at 40

°C.
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Figure 4.34 Evolution of storage modulus G’ and loss modulus G” as a function of strain from 0.01 -
100 % showing the LVE range and transition point. (gel-like to liquid-like) at temperatures above and
below pNIPAM LCST for a) 1LEL-pNIPAM and 2LEL-pNIPAM at 40 °C, b) 1LEL-pNIPAM and 2LEL-
pNIPAM at 20 °C, c) 1LRD-pNIPAM and 2LRD-pNIPAM at 40 °C, d) 1LRD-pNIPAM and 2LRD-pNIPAM
at 20 °C, e) 1LXL21-pNIPAM and 2LXL21-pNIPAM at 40 °C, f) 1LXL21-pNIPAM and 2LXL21-pNIPAM at
20°C.
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The LVE range (Table 4.8) and the critical strain y. (if found) varies with changing
temperature as expected. At 20 °C, the hydrogel is stiffer; the storage modulus has

a greater effect on the hydrogel properties.

The LVE values show a clear relationship between the clay type and the clay-to-
polymer ratio of the mechanical property of the hydrogels, the (2 % clay)-pNIPAM
have larger LVE ranges than the (1 % clay)-pNIPAM hydrogels. In this case and as
shown by the plots in Figure 4.35 (a, c), at a temperature above the LCST (40 °C)
where the clay within the hydrogel has a bigger effect on the mechanical
properties. At temperatures below the LCST (20 °C) the hydrogels with less clay give
larger LVE ranges as the polymer part of the hydrogel has a bigger effect on the

hydrogel properties with more polymer-to-polymer interaction.

The mechanical properties change as the clay changes because of the effect of the
clay platelet size and their CEC, the relationship between these two parameters and
any property is complex as it depends on both parameters at the same time and
depends on the ratio between them. The larger the clay particle size the larger the
LVE range and at the same time the higher the clay CEC the larger the LVE range.
For example, Lxi21-pNIPAM hydrogels constantly show the largest LVE ranges
(Figure 4.35, Table 4.8) and those have significantly larger platelet size and higher

CEC when compared to Lg. and Lgp.
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Figure 4.35 LVE range limit (y %) to clay platelet size and CEC for 1LEL-pNIPAM, 2LEL-pNIPAM, 1LRD-
pNIPAM, 2LRD-pNIPAM, 1LXL21-pNIPAM, and 2LXL21-pNIPAM at 40 °C (a, c¢) and 20 °C (b, d).

Table 4.8 Average crossover points (Y, G’ value) and LVE range limits from (n=3) for 1LEL-pNIPAM,
2LEL-pNIPAM, 1LRD-pNIPAM, 2LRD-pNIPAM, 1LXL21-pNIPAM, and 2LXL21-pNIPAM hydrogels at 40
°Cand 20 °C.

At 40 °C At 20 °C

Samples Crossover point LVE Crossover point LVE

y % y SD G'Pa G'SD (Y %) y % y SD G'Pa G'SD (Vv %)
1Le-pNIPAM 79.56 - 0.72 - 1.01 - - - - 37.80
2Lg -pNIPAM - - - - 5.38 76.50 0.66 1197.2 62.93 25.50
1Lro-pNIPAM 91.48 - 1.48 - 1.01 - - - - 35.50
2Lgp-pNIPAM - - - - 3.30 - - - - 23.80
1Lx21-pNIPAM - - - - 3.75 - - - - 40.10
2Lx12:-pNIPAM 76.62 19.80 35.07 9.896 8.52 - - - - 27.90

4.1.6.3.2 Frequency Sweeps (Function of Frequency)

The frequency response of the clay-pNIPAM hydrogels to oscillatory shear stress
was conducted to find an appropriate value of frequency to employ in further
rheological experiments (time, strain, temperature sweeps) that defines the
equilibrium strength and gelation parameters of such nanocomposites. But mainly
the test was conducted to understand the behaviour of the nanocomposite under
different frequencies. The applied stress amplitude was chosen in the linear
viscoelastic region. For each test run a new clay-polymer nanocomposite solution
was placed on the preheated rheometer plate (40 °C) and the appropriate amount
of time elapsed for the samples to reach thermal equilibrium. A guard moisture

trap was used to prevent evaporation.
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The Frequency sweeps from 0.01 - 100 Hz were conducted at the LVE strain
amplitude of 1 %. The variations of the viscoelastic moduli G' and G" with the
frequency are measured for the clay-pNIPAM hydrogels with different clay types
and at different clay-to-polymer ratios. [49][53]

Figure 4.36 shows the storage modulus (G') and loss modulus (G") values for 1Lg-
PNIPAM, 2Lg-pNIPAM, 1Lrp-pNIPAM, 2Lrp-pNIPAM, 1lxi21-pNIPAM, and 2Lxi21-
pNIPAM hydrogels at two different temperatures, above (40 °C) and below (20 °C),
the pNIPAM LCST. For 1Lg-pNIPAM and 1Lrp-pNIPAM at 40° C (Figure 4.36 (3, c, €))
not all frequencies were measured since sample slippage was experienced above 10

Hz.

At 40 °C, the (2 % clay)-pNIPAM hydrogels show the LVE limits and the crossover
point for the G’ and G” (Figure 4.36 (a, c, e)). Table 4.9 shows the value of the
frequency (Hz) and the viscoelastic modulus (Pa), the LVE limits vary with different
grades of clay, and as it was with the strain sweep results, the 2Lx21-pNIPAM shows

a larger LVE range.

At 20 °C, the clay-polymer nanocomposites look independent from frequency as G’
value was almost constant throughout the frequency range, the LVE limits
calculated by the analysis tool represent the change of the modulus (G’) value over
a certain number of measure point which explains the low-frequency values in the
LVE column in Table 4.9. For the 1Lg-pNIPAM and the 1Lgp-pNIPAM, there was no

detectable change in the curve over the frequency range of the test.
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Figure 4.36 Evolution of storage modulus G’ and loss modulus G” as a function of frequency from
0.01 - 100 Hz showing the LVE range and transition point (gel-like to liquid-like) at temperatures
above and below pNIPAM LCST for a) 1LEL-pNIPAM and 2LEL-pNIPAM at 40 °C, b) 1LEL-pNIPAM and
2LEL-pNIPAM at 20 °C, c) 1LRD-pNIPAM and 2LRD-pNIPAM at 40 °C, d) 1LRD-pNIPAM and 2LRD-
pNIPAM at 20 °C, e) 1LXL21-pNIPAM and 2LXL21-pNIPAM at 40 °C, f) 1LXL21-pNIPAM and 2LXL21-

pNIPAM at 20 °C.

Table 4.9 Average crossover points (f, G’ value) and LVE range limits from (n=3) for 1LEL-pNIPAM,
2LEL-pNIPAM, 1LRD-pNIPAM, 2LRD-pNIPAM, 1LXL21-pNIPAM, and 2LXL21-pNIPAM hydrogels at 40

°C and 20 °C.
At 40 °C At 20 °C

Samples Crossover point

FHz £sD G Pa D) LVE () Hz | LVE (f) Hz
1L -pNIPAM 2.470 4.695 0.904 1.115 0.047 -
2L -pNIPAM 43.643 10.785 52.604 1.087 0.053 0.148
1Lgp-pNIPAM 0.613 5.735 1.301 2.206 0.021 -
2Lgo-pNIPAM 66.348 23.373 238.500 141.134 0.057 0.155
1Lx21-pNIPAM - - - - 0.055 4.440
2Lx121-pNIPAM 63.256 13.736 210.620 13.301 0.063 2.790
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4.2  Clay-pDMAc Characterisation and
Rheological Properties

Dimethylacrylamide (DMAc) is one of the most water-soluble, hydrophilic and
biocompatible polymers. DMAc-based polymers have attracted increasing interest
because of their suitability for several applications [54] and hydrogel-forming
property [55] in biomedical fields such as drug-delivery hydrogels and medical
diagnostics. Up on polymerisation, pDMACc is soluble in water as well as in various
organic solvents allowing a better understanding of the polymer properties. pDMAc
is stable against temperature changes and does not exhibit a stimuli-response to

temperatures in the range of 0 - 80 °C. [11][56]

4.2.1 Clay-pDMAc Nanocomposites

The (1 % clay)-pDMACc hydrogels are easy to handle and process (Table 4.10), they
can be described as highly viscous, free-flowing, elastic, and tacky gels; some were
easier to flow than others and some were less tacky than others. The 1Lg-pDMAC
hydrogel was a homogeneous and opaque gel. The 1Loc-pDMAC, 1Lrp-pDMAC and
1Lxi21-pDMACc hydrogels have similar observational properties to the 1Lg-pDMAC.
However, the 1Lin-pDMAC is a white coloured, less viscous hydrogel than the 1Lg-

pDMAC, and the 1Cna+-pDMAC is an off-white hydrogel.

The (2 % clay)-pDMAc were more elastic gels and do not flow without externally
applied shear. Samples were dried at room temperature as film in PTFE
(Polytetrafluoroethylene) boats to study their behaviour (Table 4.11). The drying
process was performed over five days at room temperature, resulting in composites

with a clay content of ~10 % and ~20 % by weight.
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Table 4.10 General observational properties of (1 % clay

-pDMAC hydrogels upon pouring and poking with a small lab spatula.

1LE|_- pDMAc 1|.m- pDMAc 1|-OG' pDMAc 1|-RD' pDMAc 1|.x|_z1- pDMAc 1CNa+- pDMAc
Opaque, tacky, highly | White, tacky, highly | Opaque, tacky, highly | Opaque, tacky, highly | Opaque, tacky, highly | Off-white, tacky, highly
elastic, highly viscous, | viscous, and free-flowing | elastic, highly viscous, | elastic, highly viscous, | elastic, highly viscous, | elastic, highly viscous,

gel. Not as homogeneous
as the 1Lg-pDMAc and
has some trapped air in it.

and free-flowing gel

and free-flowing gel.

and free-flowing gel.

and free-flowing gel.

and free-flowing gel.
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Table 4.11 pictures of clay-pDMAc nanocomposites after drying in PTFE boats for five days and a summary of observed properties.

1LE|_-pDMAC

1LFN-pDMAc

1L0G-pDMAc

1LRD-pDMAc

1|.x|_z1-pDMAC

1Cnas-pDMAC

Need to apply force (spatula) to
take out of glass vial, does not
take the shape of the container
(PTFE boat) by gravity, and
spread around with a spatula.
Trapped air can be seen in the
sample. Still elastic after drying.

A free-flowing gel takes the
shape of the container (PTFE
boat) by gravity. Trapped air can
be seen in the sample. Still
elastic after drying.

Need to apply force (spatula) to
take out of glass vial, does not
take the shape of the container
(PTFE boat) by gravity, and
spread around with a spatula.
Trapped air can be seen in the
sample. Still elastic after drying.

Need to apply force (spatula) to
take out of glass vial, does not
take the shape of the container
(PTFE boat) by gravity, and
spread around with a spatula.
Trapped air can be seen in the
sample. Still elastic after drying.

A free-flowing gel takes the
shape of the container (PTFE
boat) by gravity. Trapped air can
be seen in the samples. Still
elastic after drying.

A free-flowing gel takes the
shape of the container (PTFE
boat) by gravity. Trapped air can
be seen in the samples. Still
elastic after drying.

ZLEL-pDMAc

ZLFN-pDMAc

ZLQG-pDMAC

ZLRD-pDMAc

2|.x|_z1-pDMAC

2Cna+-pDMAC

Need to apply force (spatula) to
take out of glass vial, does not
take the shape of the container
(PTFE boat) by gravity or by
spreading with a spatula. The
sample contracts to a lump.
Trapped air can be seen in the
sample. Still elastic after drying,
less elastic than the 1Lei-pDMAC.

A free-flowing gel takes the
shape of the container (PTFE
boat) by gravity. Trapped air can
be seen in the sample. Still
elastic after drying, less elastic
than the 1Lwn-pDMAC.

Need to apply force (spatula) to
take out of glass vial, does not
take the shape of the container
by gravity or by spreading with a
spatula, the sample contrate to
a lump. Trapped air can be seen
in the sample. Still elastic after
drying, less elastic than the 1Los-
pDMAC.

Need to apply force (with a
spatula) to take out of glass vial,
does not take the shape of the
container (PTFE boat) by gravity
or by spreading with a spatula,
the sample contracts to a lump.
Trapped air can be seen in the
sample. Still elastic after drying,
less elastic than the 1lgo-
pDMAc.

A free-flowing gel (honey-like
consistency) takes the shape of
the container (PTFE boat) by
gravity. Trapped air can be seen
in the sample. Still elastic after
drying, less elastic than the
1Lxi21-pDMAcC.

A free-flowing gel takes the
shape of the container (PTFE
boat) by gravity. Trapped air can
be seen in the sample. Still
elastic after drying, less elastic
than the 1Cna+-pDMAC.
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4.2.2 XRD Characterisation of Clay-pDMACc

Nanocomposites

The pDMAc homopolymer samples synthesised herein were too elastic to grind or
section due to trapped air for appropriate XRD analysis. Figure 4.37 shows the XRD
trace of pDMAc obtained from the literature [48] were powder samples were
mounted on a sample holder and scanned with a step size of 26 = 0.02 ° between
20 =5 °and 50 °. The absence of reflections in the XRD trace of pDMAc show that it

is predominantly non-crystalline. [57]

intensity

— . . T T
5 10 15 2|0 2|5 3|0 3|5 40
20°

Figure 4.37 XRD trace of pDMAc from [58].

The same issue was presented when trying to characterise the 1Lg-pDMAC, 2Lg-
pDMAc and 1Lx21-pDMAc composites samples and no XRD traces were produced
from them since they were too elastic to grind and the pieces that could be cut to
size contained a lot of air bubbles trapped in the composite, that is why Figure 4.38
(a) is not presented. However, its slot was left empty to allow consistency in
labelling and ease of comparison between clay diffraction traces from different

polymers.

Figure 4.38 (b) shows the XRD traces of 1Lin-pDMAc and 2Lgn-pDMAC
nanocomposites. Towards low angles (< 5°) the XRD traces of Len-pDMAC
composites show an increasing baseline, which indicates that the clay platelets are
very well dispersed, if not exfoliated. [25] The reflection at around 26 = 10.9 ° (d =

8.1 A) in the traces of the composites corresponds to the polymer as no reflection
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in this area can be attributed to clay. The reflection at 26 = 21.0 ° also is attributed
to the polymer. The XRD trace obtained from the literature (Figure 4.34) of the
pDMACc is different to those in the composites, which may be an influence of the
clay on its morphology, however, broad reflections are observed in both. A
comparison between the 1Lin-pDMAC and 2Len-pDMAC composites show that the
intensities for the reflections around 26 = 10.7 ° are less for the 2Len-pDMAC

composite as it contains less pDMAc. [34]

At 20 = 21.9 ° (d = 4.1 A) the XRD trace of the 1Lin-pDMAcC composite show a
reflection mostly corresponds to the pDMAc within the composite, this is the
clearest reflection in the composite XRD traces of both Len-pDMAC nanocomposites.
It also of higher intensity in the XRD trace of the 1Lin-pDMAC composite as a result
of more pDMACc being contained in the 1Lin-pDMAC. It is not possible to observe
the Ly diffraction reflection at 26 = 19.4 ° (d = 4.6 A) because of the high intensity
of the polymer reflection in this area. However, the reflection in the XRD trace Len
at 20 = 34.9 ° (d = 2.6 A) was observed in the XRD traces of 1Lin-pDMAC and 2Len-
pDMACc [6][8] providing evidence of clay in them (the reflection at 26 = 34.8 ° (d
=2.6 A) corresponds to the di10 in Len). Evidence for the presence of clay in the
composite is important because an absence of a reflection in the region where clay
reflections are anticipated (as is the case here) can be due to very poor mixing of
the clay and no clay being present in the sampling area of the XRD experiment.
Moreover, the absence of a reflection in the clay area (i.e. lower than 20 = 6 °) in
these composites further provide strong evidence that the clay is very well
dispersed, if not exfoliated. Note that for the pNIPAM samples, a clear distinction

was not possible due to the overlapping polymer reflection.

Other clay-pDMAc nanocomposites have similar traces, some differences were also
observed as a function of the clay type used. Figure 4.38 (c) shows the XRD traces
for the Los, 1llLos-pNIPAM, and 2Log-pNIPAM. The XRD traces of these
nanocomposites do not show a lot of clay corresponding details as they are mainly
dominated by the pDMACc reflections. The XRD trace of 2Log-pDMAc does show a

reflection at 20 = 8.9 ° (d = 10.0 A), which may be a result of collapsed clay (i.e.
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dehydrated clay), but its position is believed to be at a too-high angle; it could also
possibly be due to a change in the morphology of the polymer. Despite this
uncertainty, the absence of any strong clay reflections and the increasing baseline

towards lower angles strongly suggest the clay is very well dispersed.

Figure 4.38 (d) compares the XRD traces for Lrp to dried 1Lgp-pDMAc and 2Lgp-
pDMAc. The XRD trace of 1Lrp-pDMAC shows a reflections at 26 = 7.2 ° (d = 12.3 A)
which could be mainly due to the polymer, however this reflection could also be
related to the clay reflection overlapped by the polymer at that region and 20 =
20.4 ° (d = 4.4 A) corresponding to the polymer within the composite. Both
reflections can be observed in the 2Lzp-pDMAC trace with lower intensities and a
slight shift to a lower angle 26 = 8.6 ° (d = 10.3 A) and 26 = 21.7 ° (d = 4.1 A). [8] The
presence of the decreasing baseline suggests that clay in both nanocomposites was
exfoliated. However the overlapping of the region at around 26 = 7 ° also suggest
that the clay did not really exfoliate and that the nanocomposite is a

microstructure. [22][23][24]

The XRD trace of the 2Lxi21-pDMACc is presented in Figure 4.36 (e) along with the
Lxi21 trace. The decreasing baseline at 20 > 5 6 suggests that clay in both
nanocomposites was exfoliated. [24][23] The reflections at 26 = 8.6 ° (d = 10.3 A)
and 26 = 20.8 ° (d = 4.3 A) correspond to the polymer within the composite and the
reflection at 20 = 34.5 ° (d = 2.6 A) correspond to the clay. [26][59]

The XRD traces of Cna+ and 1Cna+-pDMAC (Figure 4.38 (f)) show similar behaviour to
the XRD trace of 1Lin-pDMAC nanocomposite. As towards 20 < 5 ° the XRD trace
shows an increasing baseline, which indicates that the clay platelets are very well
dispersed, if not exfoliated. [60] However, a sharp reflection was observed at 20 =
19.8 ° (d = 4.5 A) which correspond to the crystalline structure within a clay platelet.

Table 4.12 summaries the reflection positions for all clay-pDMAc composites.
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Figure 4.38 XRD traces for clay and dried clay-pDMAc nanocomposites showing the effect of
different clay types on the clay-pDMAc composites. a) LEL-pDMAc XRD could not be obtained, its
spot left empty to allow consistency in labelling and ease of comparison between clay diffraction
traces from different polymers b) LFN, 1LFN-pDMAc and 2LFN-pDMAc c) LOG, 1LOG-pDMAc and
2LOG-pDMAC d) LRD, 1LRD-pDMAC, and 2LRD-pDMAc. 1LRD-pDMAC reflection at 26 =7.2 ° (d =12.3
A) from the polymer, however, this could also be due to the clay reflection overlapped by the
polymer at that region and 26 = 20.4 ° (d = 4.4 A). Both reflections can be observed in the 2LRD-
pDMAC trace with a slight shift to a lower angle 26 = 8.6 ° (d = 10.3 A) and 26 = 21.7 ° (d = 4.1 A).
[6] The decreasing baseline suggests clay was exfoliated in both composites. However, the
overlapping of the region 26 = 7 ° also suggest that the clay did not really exfoliate but it is a

microstructure. e) LXL21 and 2LXL21-pDMAc f) CNa+ and 1CNa+-pDMAc. All samples are ground
powders and offset for clearance.
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Table 4.12 Interplanar distances and 26 of powder clay types and its corresponding clay-pDMAc
nanocomposites samples obtained from XRD data.

sample doo1 i di00 i di10 i

20° d(A) 20° d(A) 20° d (A)
Len 6.6 133 19.4 4.6 34.9 2.6
1Ln-pDMAC 10.9 8.1 219 4.1 34.8 2.6
2Lin-pDMAC 10.4 8.5 21.2 4.3 34.8 2.6
Log 7.1 12.4 19.1 4.6 34.6 2.6
1Loc-pDMAC 105 8.4 218 4.1 345 26
2Log-pDMAC 8.9 10.0 21.2 4.2 345 2.6
Lro 6.5 13.6 19.4 4.6 34.6 2.6
1Lep-pDMAC 7.2 12.3 204 44 345 26
2Lap-pDMAC 8.6 10.3 217 4.1 346 26
Lyzs 6.4 13.8 19.3 46 347 26
2Lx121-pDMAC 8.6 10.3 20.8 4.3 34,5 2.6
Crae 7.0 12.6 19.5 46 347 26
1Cna+-pDMAC 9.5 9.3 21.5 4.1 34.9 2.6

19.8 4.5

In summary, there is a lack of any clay doo1reflection in the traces of clay-pDMAc
composites and the increasing baseline towards angles less than 5 ° indicate the

clay is very well dispersed in the composite matrix. [27][28][58]

4.2.3 TGA Characterisation of Clay-pDMAc

Nanocomposites

Samples were analysed using the methods outlined in Section 2.1.3. TGA curves
showing the weight loss of the dried pDMAc homopolymer and (1 % clay)-pDMAc
nanocomposites as a function of temperature are shown in Figure 4.39. Three main
weight loss stages were observed which correspond to evaporation of free water

and the structural decomposition of the polymers.

“Stage 1” of weight loss takes place between 25 — 175 °C, which is due to
evaporation of the free water. The (1 % clay)-pDMAc nanocomposites have more
weight loss up to 170 °C when compared to the pDMAc homopolymer where
weight loss is mainly due to water evaporation, max weight loss in “Stage 1” was

correlated to 1Lrn-pDMAC composite (6.51 %).

“Stage 2” of weight loss takes place between 175 — 475 °C, this stage involves

mainly polymer degradation and some dehydroxylation. “Stage 2” also includes the
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polymer degradation onset temperature of the nanocomposites, Figure 4.39 shows
clearly that the onset of the polymer degradation temperature decreases for the
clay-pDMAc nanocomposites when compared to the pDMAc homopolymer.
[30][20] The maximum weight loss in “Stage 2” within the polymer clay
nanocomposites was observed for 1Lx21-pDMAc composite with 71.72 %. At “Stage
2” the clay-pDMAc composites weight loss decreased more when compared to the
weight loss of the pDMAc homopolymer due to the addition of clay to the

nanocomposite. [29]

The pDMAC curve shows an error between “Stage 2” and “Stage 3”, this due to a
small glitch in the sample data collection, however, it does not significantly

contribute to the overall profile of the curve.

“Stage 3” of weight loss takes place between 475 - 800 °C, which includes further
degradation of polymer residues to yield carbon and hydrocarbons. [19] At “Stage

3” 1Lei-pDMACc had the maximum mass loss of 19.48 %. [31]

After approximately 800 °C mainly the inorganic residues remain with the potential

for some carbonaceous char and the curves become flat. [28]

The thermal analysis results of pDMAc and its corresponding clay nanocomposites
are summarized in Table 4.13. The characteristic parameters selected were the
main three weight loss stages and the degradation temperature (onset
temperature). The data show that some composites lose more weight than others

depending on the properties of the clay used as a crosslinking agent.
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Figure 4.39 TGA thermograms of pDMAc and (1 % clay)-pDMAc nanocomposites. Indicating the main
three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475 °C), and Stage 3 (475 — 800 °C).

Figure 4.40 shows the TGA weight loss curves of pDMAc compared to 2Lgi-pDMAC,
2Len-pDMAC, 2Log-pDMAC, 2Lrp-pDMAC, 2Lxi21-pDMAC and 2Cna+-pDMAC. The (2 %
clay)-pDMAc behaviour is similar to the (1 % clay)-pDMAc; three stages of weight
loss and onset temperatures lower than that of the pDMAc homopolymer but with
less total weight loss as the (2 % clay)-pDMAc have more clay. By looking at the end
of “Stage 2” where most of the weight loss happens, 2Lei-pDMACc loses more weight
than other nanocomposites. [61] The decrease of polymer onset degradation
temperatures during” Stage 2” suggests that the presence of clay facilitate the

degradation of the clay-pDMAc nanocomposites.

The 2Le-pDMAC had the highest degradation onset temperature (412 °C) during
“Stage 2”, and also happened to lose more weight (67.84 %) during stage 2 than all
other (2 % clay)-pDMAc nanocomposites (51 % - 67 %). This shows that Lg. had the
least effect on the polymer degradation mechanism as it did not activate the early
degradation of the polymer and produced the least amount of carbonaceous char
up to 450 °C. The other 2% composites had very similar onset degradation
temperatures in this region suggesting a similar effect on polymer degradation

activation. The 2Lgp-pDMACc had a significantly lower weight loss than all other
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composites and shows the enhanced ability of this clay to produce carbonaceous

char.
Stage 1 Stage 3
100 7 @ ————
o — JLEL-pDMAC
90 7 — JLFN-pDMAC
80 A 2LOG-pDMAC
70 - —— 2LRD-pDMAC
60 - —— 21%L21-pDMAC
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Figure 4.40 TGA thermograms of pDMAc and (2 % clay)-pDMAc nanocomposites. Indicating the
three main stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475 °C), and Stage 3 (475 —
800 °C).

Figure 4.41 shows comparisons between the same clay-pDMAc nanocomposites at
two different clay-to-polymer ratios. With the higher amounts of clay in the 2Lg-
pDMAC, 2Los-pDMAC and nanocomposites higher onset temperatures in “Stage 2”
region are observed when compared to their corresponding (1 % clay)-pDMAc
composites (Figure 4.41 a and c). On the other hand, the 2Lin-pDMAC, 2Lrp-pDMAC,
2Lx21-pDMACc and 2Cna:-pDMAcC nanocomposites have lower onset temperatures
when compared to their (1 % clay)-pDMAc nanocomposites (Figure 4.41 b, ¢, e and
f). The reason for this behaviour is currently uncertain but does correlate to the clay
platelet size as the second set of (2 % clay)-pDMAc nanocomposites have a higher
range of clay platelet size. The remaining weight % of the composite at 900 °C is the

clay within the composite and the carbonaceous char.
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Figure 4.41 TGA thermograms of pDMAc compared to a) 1LEL-pDMAc and 2LEL-pDMAc, b) 1LFN-
pDMACc and 2LFN-pDMAC, c) 1LOG-pDMAc and 2LOG-pDMAc, d) 1LRD-pDMAc and 2LRD-pDMACc, e)
1LXL21-pDMACc and 2LXL21-pDMAc, f) 1CNa+-pDMAc and 2CNa+-pDMAc composites. Indicating the
main three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475 °C), and stage 3 (475 — 800
°C).

The differences in the thermal behaviour of clay-pDMAc nanocomposites, when
compared to the pDMAc homopolymer, was due to the presence of the clay within
the composites. The thermal stability presented by the onset temperature of the
pDMACc degradation was compromised with the presence of clay. [19] The effect of
the clay was also observed throughout “Stage 2” as the weight loss was less for the

clay-pDMAc composites.
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Table 4.13 TGA of pDMAc homopolymer and its (1 % clay)-pDMAc and (2 % clay)-pDMAc
composites, showing weight loss % at each stage, total weight loss % and onset temperature.

Stagel: 25-200°C  Stage2:175-450 °C  Stage3: 450-800 °C Total Onset

Samples Weight loss % weight Te:np.
loss % C

1Lg-pDMAC 5.70 64.40 19.48 89.57 350
2Le-pDMAC 2.46 67.84 12.38 82.69 412
1Ln-pDMAC 6.51 67.65 17.01 91.17 362
2Len-pDMAC 6.58 53.50 22.65 82.73 351
1Loc-pDMAC 5.75 65.32 20.19 91.27 363
2Loc-pDMAC 3.02 61.77 17.34 82.13 351
1Lro-pDMAC 5.59 66.88 18.17 90.64 358
2Lro-pDMAC 3.22 51.76 24.33 79.32 335
1Lxi21-pDMAC 6.07 71.72 13.26 91.05 354
2Lx121-pDMAC 3.55 58.54 19.94 82.03 338
1Cyas-pDMAC 5.66 69.06 17.27 91.99 352
2Cnar-pDMAC 3.11 58.02 21.76 82.90 331
pDMACc 2.31 87.74 9.83 99.88 393

The TGA analysis for the pNIPAM, pDMAc, clay-pNIPAM and clay-pDMAc
nanocomposites appears to have similar stages of weight loss starting at
approximately 20 °C and ending at 800 °C, which corresponds to the evaporation of
physically adsorbed water from solvents and moisture [61][29] followed by the
structural decomposition of the polymers. [62] However, the pDMAc homopolymer
and clay-pDMAc have higher thermal stability than that of pNIPAM and clay-

pNIAPM as an influence on the pDMACc increased thermal stability.[18]

The nanocomposites TGA curves show less weight loss during “Stage 2” for both
pNIPAM and pDMAc upon the addition of clay. The best thermal stability can be
attributed to the Lgp corresponding nanocomposites, preventing out-diffusion of
the volatile decomposition products and the creation of more carbonaceous char.
Lro has the smallest particle size which would theoretically lead to a faster diffusion
mechanism than those with larger platelet sized clays; other factors must therefore
also be considered such as how the clay platelets are spatially arranged and their

surface chemistry. [63]
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4.2.4 SEM morphology observation of clay-pDMACc

nanocomposite

The SEM images of nanocomposites at 100 um in Figure 4.42 shows a general
overview of the similarities and differences between the six different (1 % clay)-
pDMACc composites. The images show porous micro-scaled structures. The porosity
is clear for all (1 % clay)-pDMAc, even for the 1Cna+ -pDMAc nanocomposite, which
did not show a clear interconnected porous structure when used a Cna+ was used as

a crosslinker for 1Cna+-pNIPAM nanocomposite earlier in this chapter. [19][34]
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Figure 4.42 SEM images of 1clay-pDMAc nanocomposite on scale bar 100 um showing
microstructure and pore size differences as a result of the effect of clay grade used. a) 1LEL-pDMACc,
b) 1LFN-pDMAC, c) 1LOG-pDMAc, d) 1LRD-pDMAC, e) 1LXL21-pDMAc, f) 1CNa+-pDMAc.
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The 1Lg-pDMAC composite SEM images (Figure 4.42 a, Figure 4.43 a) show a wide
porous, high-density microstructure, with thin well-defined walls. The pore size was
on average 38.7 um which is considered large when compared to other (1 % clay)-
pDMAc nanocomposites. 1Log-pDMACc (Figure 4.42 c, Figure 4.43 c) and 1Lrp-pDMAC

(Figure 4.42 d, Figure 4.43 d) have similar structures, however, the pore sizes were
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different (average of 40.7 um and 40.9 um, respectively) as the Log and Lgp have
different properties when compared to the Lg.. The average pore size and standard

deviations are shown in Table 4.14.

The 1Ln-pDMAcC composite (Figure 4.42 b, Figure 4.43 b) show flake-like
interconnected layered structure and smoother morphology than the 1Lg-pDMAc.

Pore size was on average 7.2 um and is the smallest in the (1 % clay)-pDMAc group.

The 1lx21-pDMAc nanocomposite (Figure 4.42 e, Figure 4.43 e) show a different
morphology and a significantly smaller pore size (average 14.1 um) when compared
to the 1Lei-pDMAC, 1Loc-pDMAC and 1Lrp-pDMAcg, it also has higher porosity, which
can be related to its high CEC and its effect on the crosslinking ability of Lx.2i.
(Figure 4.42 f, Figure 4.43 f) show that the porous morphology of 1Cna+-pDMAC

composite is similar to the 1Lx21-pDMAc with an average pore size of 16.6 um.
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Figure 4.43 SEM images of (1 % clay)-pDMAc nanocomposite on scale bar 50 um showing more
detailed microstructure and pore size differences as a result of the effect of clay type used. a) 1LEL-
pDMAC, b) 1LFN-pDMAC, ¢) 1LOG-pDMAc, d) 1LRD-pDMAC, e) 1LXL21-pDMAc, f)1CNa+-pDMAc.

From the SEM images of the (2 % clay)-pDMAc composites, (Figure 4.44) it is clear
that with the increase of the clay content the composites morphologies became
more compact with a less porous structure. The morphological differences are
mostly because of more crosslinking agent interacting with less pDMAc chains in

the composites at different clay-to-polymer ratios. [31][34]
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Figure 4.44 SEM images of (2 % clay)-pDMAc nanocomposite on scale bar 50 um showing more
detailed microstructure and pore size differences as a result of the effect of clay type. a) 2LEL-
pDMAC, b) 2LFN-pDMAC, ¢) 2LOG-pDMAc, d) 2LRD-pDMAC, ) 2LXL21-pDMAc, f) 2CNa+-pDMAc.

Figure 4.45 shows a comparison between the SEM images of 1Lg-pDMAC and 2Lg -
pDMAc nanocomposites. The 2Lg-pDMAc nanocomposite has higher pore density,
the sizes of the pores averaged around 18.4 um with smaller variation in pore size

when compared to the 1Lg-pDMAc which show clearly the effect of the clay-to
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polymer ratio on the pore sizes and the morphology of the Lgi-pDMAcC composites.

[64]

)

Figure 4.45 SEM images of LEL-pDMAc nanocomposite on scale bar 50 um. a) 1LEL-pDMAc, b) 2LEL-
pDMACc showing the effect of the clay-to-polymer ratio on the pore size and the microstructure.

The 2Ln-pDMAC had a relatively smoother lower pore density when compared to
the 1Lrn-pDMAC (Figure 4.46) with more defined layers and less flack-like pieces.
The structure, in general, is more compact than the 1Lin-pDMAC. Pore size averaged
around 6.0 um which is smaller than pores in the 1Lin-pDMAC (7.2 um). The 2Len-

pDMACc shows a more uniform distribution of layers within the composite. [64]

Figure 4.46 SEM images of LFN-pDMAc nanocomposite on scale bar 50 um. a) 1LFN-pDMAc, b) 2LFN-
pDMACc showing the effect of the clay-to-polymer ratio on the pore size and the microstructure.

The 1Los-pDMAc composite (Figure 4.47 a) showed a uniform and porous structure
with an average pore size of 40.7 um. However, as the clay-to-polymer ratio was

different in the 2Log-pDMAc (Figure 4.47 b) a solid rough surface with uneven
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distribution of spaces between walls/layers was created. As a result, there were no

clear well-constructed pores to measure and compare. [64]

Figure 4.47 SEM images of LOG-pDMAc nanocomposite on scale bar 50 um. a) 1LOG-pDMAc, b)
2LOG-pDMACc showing the effect of the clay-to-polymer ratio on the pore size and the
microstructure.

The SEM images of 1Lgp-pDMACc and 2Lrp-pDMAC samples are shown in Figure 4.48
(a and b respectively). The structure of 2Lgp-pDMAC is porous with pore size
averaged around 24.7 um and has more flack-like texture when compared to the

lLRD—pDMAc.

Figure 4.48 SEM irmages of RD-pDMAc nanocomposite on scale bar 50 um. a) 1LRD-pDMAc, b)
2LRD-pDMACc showing the effect of the clay-to-polymer ratio on the pore size and the
microstructure.

The SEM images of the Lx21-pDMAc samples at different clay-to-polymer ratio are
shown in Figure 4.49. The differences can be observed as the 2Lx21-pDMAc had a
relatively smoother less porous structure than the 1lx2i-pDMAc with a more

defined layer like structure. Pore size averaged around 22.6 um.
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Figure 4.49 SEM images of LXL21-pDMAc nanocomposite on scale bar 50 um. a) 1LXL21-pDMAc, b)
2L XL21-pDMAc showing the effect of the clay-to-polymer ratio on the pore size and the
microstructure.

The morphology and characterization of Cna:-pDMAcC samples at different clay-to-
polymer ratio are shown in Figure 4.50. The 2Cna+-pDMAC structure is still uniform,
with lower pore density (Figure 4.50 b) than 1Cna+-pDMAc. The pore size for the
2Cna+-pDMAC averaged around 10.6 um while the average was 16.6 um for the
1Cna+-pDMAC. The incorporation of more clay made the composite more uniform

+

and more porous as the sodium hydration in Cna* causes massive aggregated
morphology. [65][66] This means that the 2Cna+-pDMAcC may be able to provide

better mechanical properties compared to 1Cna:-pDMAC.

—50 pm— A —50 pm—
Figure 4.50 SEM images of CNa+-pDMAc nanocomposite on scale bar 50 um. a) 1CNa+-pDMAc, b)
2CNa+-pDMAc showing the effect of the clay-to-polymer ratio on the pore size and the

microstructure.

With higher clay content the clay-polymer nanocomposites are more compact due

to more crosslinking agent available. However, looking at the morphology of the
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resulting composites it appears that the interaction between the crosslinking agent
(clay) and the chain (polymer) depends also on the properties of the clay. The clay
effect on the clay-polymer interaction is a complex one depending on both clay

particle size and the ECE at the same time.

Table 4.14 Average pore size and standard deviation of (n=25) for clay-pDMAc nanocomposites.

Pore size (um) SD
1Lg-pDMAC 38.7 6.3
2L -pDMAC 18.4 3.0
1Len-pDMAC 7.2 2.6
2Ln-pDMAC 6.0 1.4
1Loc-pDMAC 40.7 6.2
2Loc-pDMAC 28.3 12.0
1Lrp-pDMAC 40.9 8.2
2Lrp-pDMAC 28.7 7.7
1|.x|_21-pDMAC 14.1 4.0
2|.x|_21-pDMAC 22.6 5.2
1Cna:-pDMAC 16.6 5.0
2Cna+-pDMAC 10.6 1.8

Figure 4.51 shows that the smaller platelet size clays have bigger pore size
composites showing the dependency on platelet size except for the Lxi21 (Figure
4.51 a). Depending on the CEC; (Figure 4.51 b) shows that the higher the ECE the
smaller the particle size for all clays including the Lxi21. The CEC has a bigger effect

but still the effect is complex between both properties.

Figure 4.51 also shows that the (1 % clay)-pDMAc composite can be divided into
two groups following the same trend as (1 % clay)-pDMAc (Figure 4.19) which

suggest that the pore size depends to a certain limit on the clay platelet size.
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Figure 4.51 a) Platelet size (nm) against pore size (um) and b) CEC (meqg/100g) against pore size (um)
for clay-pDMACc at two clay-to-polymer ratios.

4.2.5 FTIR Spectra Analysis of Clay-pDMAc Nanocomposites
The FTIR spectra of DMAc monomer and dried pDMAc homopolymer at room
temperature are shown in Figure 4.52. The DMAc spectrum shows the C=C band at

1615 cm™® which is no longer observed upon polymerisation in pDMAc. A band was

found upon DMAc polymerisation around 1620 cm™ (carbonyl group stretching).
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pDMACc spectrum shows the main characteristic bands of the pDMAc at 1459, 1435,
and 1400 cm? (C-H bending), 1500 cm™ (C-N stretching), 1620 cm™® (C=0
stretching), and 2925, 2855 cm™ (C-H stretching). [17][44][67]
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Figure 4.52 FTIR spectra of DMAc monomer and pDMAc homopolymer showing the main
characteristic bands. Offset for clearance.

FTIR spectra of the clay, homopolymer pDMAc, and their corresponding dried (1 %
clay)-pDMAc and (2 % clay)-pDMAc nanocomposites are presented in Figure 4.53,
Figure 4.54 and Figure 4.55. Table 4.15 also provides details about the exact
positions of the main bands in each spectrum. The FTIR spectra of the clay-pDMAc

nanocomposites exhibit characteristics of both clay and pDMAc.

The FTIR spectra of Lg. (Figure 4.53 (a)) show the typical band for the layered silicate
(Si-O) bands featured between 1100 cm™ and 1000 cm™. As the clay platelets are
dispersed in the 1Lg-pDMAc nanocomposites the Si-O overlapping spectral features
bands can be visualized, which correspond to in-plane and out-of-plane Si-O. The
band at 990 cm™ features the in-plane Si-O and the band at ~1058 cm feature the

out-of-plane Si-O which gets resolved when the clay is dispersed. A general shift
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toward higher frequencies for Si-O bonds in the nanocomposite is observed when
comparing the neat clay spectrum to the clay-pDMAc nanocomposite spectrum.
[18] The band intensity in the Si-O stretching region increase with increasing clay
content as observed from the spectrum of the 2Lg-pDMACc (clay-to-polymer ratio
2:8) and 1Lgi-pDMAC (clay-to-polymer ratio 1:9). Vice versa the C=0 and N-H bands
increase in relative intensity in 1Lg-pNIPAM with increasing polymer

content.[18][45]

The 1Le-pDMAc nanocomposites showed absorption band around 1500 cm™
corresponding to the C-N in the acrylamide group, the C-N band did not show any
significant changes in the Le.-pDMAc composites. The bands at 2930, 2870, 2830
cm for and 1460, 1435, 1400 cm™ correspond to the C-H within the polymer,
which also did not show any significant changes. The characteristic C=0 stretching
vibration bands exist in DMAc are observed to shift to a slightly higher wavenumber
for the 2Lg-pDMAC bands at 1618 cm™ and a slightly lower wavenumber for 1lg-
pDMACc at 1613 cm™ for the form 1615 cm™ for the pDMAc homopolymer. [55][56]

Most of the clay-pDMAc nanocomposites follow the same trend and behave in a
very similar manner when different clay types are used as a crosslinker with the
pDMACc chains, however, some differences still exist as the clay types have different
properties. FTIR spectra of L, pDMAc, 1Len-pDMAcC and  2Len-pDMAC
nanocomposites (Figure 4.53 (b)) show absorption bands of the Si-O at 994, 1093
cm and 990, 1089 cm™ for the 1Lin-pDMAC and the 2Len-pDMAC respectively.
With a general shift to higher frequencies indicating that clay is dispersed in the

clay-polymer matrix. [45]

FTIR spectra of Los, pDMAc, 1log-pDMAc and 2Los-pDMAcC nanocomposites are
shown in Figure 4.54 (c), the Si-O related bands are positioned at 1072, 992 cm!
and 1062, 988 cm™ for 1llos-pDMAc and 2Los-pDMACc respectively, these bands
positions have shifted to a higher wavenumber from the Lo Si-O 940 cm™. The FTIR
spectra for Lrp, pPDMAC, 1Lrp-pDMACc and 2Lrp-pDMAC nanocomposites (Figure 4.54

(d)) show the same behaviour as beforementioned Le-pDMAc nanocomposites.

198



Table 4.15 provides details about the Si-O band positions for all Lsp-pDMAC

composite.

Figure 4.55 shows the FTIR spectra for Lxi21, pDMAc, 1lx21-pDMAc and 2Lxi21-
pDMACc nanocomposites (Figure 4.55 (e)). A different behaviour was observed on
the Lxiz1-pDMACc nanocomposites at both clay-to-polymer ratios, three different
related Si-O bands are present at 1088, 1058, 991 cm™ and 1076, 1055, 989 cm™ for
1Lxi21-pDMAc and 2Lxi21-pDMACc, respectively. This behaviour was not observed
with other Lxi-polymer nanocomposites which highlight a different sort of
interaction between the Lxi21 and pDMAc. The Lxi21-pDMACc hydrogels are easier to
handle and less sticky when compared to other composites with clays that have a

platelet size in the same range (e.g. Le-pDMACc and Lrp-pDMACc hydrogels).

The FTIR spectra of Cna:, pPDMAC, 1Cna:-pDMAC and 2Cna:-pDMAC nanocomposites
are presented in Figure 4.55 (f). The Si-O bands in the spectra of Cna+-pDMAC
nanocomposite show different behaviour related to the Cna+ and different Si-O
band positions at 1076, 1045 cm™ and 1080, 1031 cm™ for 1Cnas+-pDMAc and 2Cpas-

pDMAC, respectively.

Table 4.15 FTIR peaks for clays, pDMACc, (1 % clay)-pDMAc, and (2 % clay)-pDMAc.

Sample -OH Si-0

pDMACc 3477 - - -
Lev 3408 - - 946
1Lg- pPDMAC 3456 - 1058 990
2L - pPDMAC 3489 - 1073 986
Len 3408 - - 949
1Len- pPDMAC 3454 - 1056 994
2Ln-pDMAC 3462 - 1058 990
Log 3407 - - 940
1Loc-pDMAC 3455 - 1072 992
2Loc-pDMAC 3470 - 1062 988
Lro 3405 - - 945
1Lgro- pPDMAC 3453 - 1059 998
2Lgp- pPDMAC 3464 - 1058 993
Lxi21 3417 - - 942
1lx21- pPDMAC 3439 1088 1058 991
2Lx121- PDMAC 3465 1076 1055 989
Cna+ 3418 - - 912
1Cna+- pPDMAC 3457 - 1076 1045
2Cna+-pDMAC 3470 - 1080 1031
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Figure 4.53 FTIR spectra of a) LEL, pDMAc, 1LEL-pDMAc and 2LEL-pDMAc composites. b) LFN, pDMAc, 1LFN-pNIPAM and 2LFN-pDMAc composites, indicating major bands

positions and offset for clearance.
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4.2.6 Rheological Analysis and Properties of Clay-
pDMAc Hydrogels

Generally, DMAc hydrogels exhibited better mechanical properties when compared
to the NIPAM hydrogels. [68] DMAc and its corresponding clay-pDMAc hydrogels
are not temperatures sensitive materials and no temperature-related rheology

experiments were performed on them. [17]

4.2.6.1 Critical Yield Test of Clay-pDMAc Hydrogels

Figure 4.56 shows the flow curves for (1 % clay)-pDMAc and (2 % clay)-pDMAc
hydrogels. The (1 % clay)-pDMAc hydrogels (Figure 4.56 a) have yield stress in the
range 0.0037 —0.0143 Pa (Table 4.16). The (2 % clay)-pDMAc hydrogels (Figure 4.56
b) have higher yield stress vales as expected, the more clay in the hydrogel the

larger the yield stress values.

(1 % clay)-pDMACc hydrogels yield values change as different clays are used in the
hydrogels. The composites can be divided into two groups, the first one includes
the 1Lei-pDMACc, 1Lgp-pDMAC and the 1lLog-pDMAC, and the other group includes
the 1Lsn-pDMAC, 1lxi21-pDMAC and the 1Cna+-pDMAC. The yield values show that
1Lrp-pDMAC has the largest value (0.0143 Pa) followed by 1Lg-pDMACc (0.0118 Pa),
1Log-pDMAC (0.0103 Pa) and the other group have closer yield stress values to one
another (Table 4.16).

The same trend can be observed for the (2 % clay)-pDMAc hydrogels according to
the clay used. The 2Lzp-pDMACc has the largest value followed by 2Lg-pDMAC, 2Loc-
pDMAc hydrogels and then the 2Lin-pDMAC,2Lxi21-pDMAC and the 1Cna+-pDMAC

hydrogels.
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Figure 4.56 Yield stress values on flow curves for clay-pDMAc a) (1 % clay)-pDMAc. b) (2 % clay)-
pDMAC.
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Figure 4.57 shows the yield stress as a function of the clay platelet size (Figure 4.57
a) and the clay CEC (Figure 4.57 b). Both characteristics influence the yield stress of
the clay-pDMAc hydrogels, however, the effect of the CEC values is clearer on the
yield stress, the smaller the CEC the higher the yield stress when looking at the (1 %
clay)-pDMAc and the (2 % clay)-pDMAc hydrogels. However, the trend can be

observed in both plots suggesting that both properties affect the yield stress.
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Figure 4.57 The relationship between yield stress and clay properties for clay-pDMAc hydrogel a)
Yield stress to clay particle size. b) Yield stress to clay CEC.
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Table 4.16 Average yield stress and standard deviation of (n=3) for (1 % clay)-pDMAc and (2 % clay)-
pDMACc hydrogels.

Properties of crosslinker (clay)

Sample T (Pa) ©SD Particle size (nm) CEC (meq/100g)
1Le-pDMAC 0.0118 0.0011 044 075
2Lg -pDMAC 0.0890 0.0012 044 075
1Len-pDMAC 0.0037 0.0005 140 129
2LnpDMAC 0.0368 0.0160 140 129
1Loc-pDMAC 0.0103 0.0048 083 060
2Loc-pDMAC 0.0514 0.0069 083 060
1Lgp-pDMAC 0.0143 0.0024 040 055
2Lrp-pDMAC 0.1304 0.0156 040 055
1Lxi21-pDMAC 0.0041 0.0003 060 107
2Lx121-pDMAC 0.0232 0.0005 060 107
1Cnas-pDMAC 0.0041 0.0047 500 090
2Cna+-pDMAC 0.0241 0.0047 500 090

4.2.6.2 Storage (G’) and Loss (G”) Moduli Behaviour for
Clay-pDMAc Hydrogels

4.2.6.2.1 Amplitude Sweep (Function of Strain)

In pDMACc-based hydrogels containing enough water, the pDMAc chains behave as
flexible polymer chains. Therefore, pDMAc hydrogels are expected to be soft
materials with rubber-like elasticity and reversible deformation. An extended LVE
region (Figure 4.58) was observed for clay-pDMAc hydrogel as some showed a y. >
15 %. Table 4.17 shows that a few of the clay-pDMAc hydrogels have a crossover

point from a gel-like to a liquid-like material even at a high strain of 100 %. [8]

The 1lx21-pDMACc and the 1Cna+-pDMAC hydrogels show a different behaviour from
all other composites, as they are a liquid-like material, over the whole strain range
with close moduli values which was not observed before with these two clays or

with any other clay or hydrogel.
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Figure 4.58 Evolution of storage G’ and loss G” moduli as a function of strain from 0.01 - 100 % strain
showing the LVE range and transition point (gel-like to liquid-like) for; 1LEL-pDMAc and 2LEL-pDMAC,
1LFN-pDMAc and 2LFN-pDMAc, 1LOG-pDMAc and 2LOG-pDMAc, 1LRD-pDMAc and 2LRD-pDMAc,
1LXL21-pDMACc and 2LXL21-pDMAc, 1CNa+-pDMAc and 2CNa+-pDMAc.

Figure 4.59 shows the LVE limits of clay-pDMAc hydrogels as a function of the clay
properties, (1 % clay)-pDMAc and (2 % clay)-pDMAc hydrogels show a clear
relationship where the LVE limit decrease as the clay platelet size increases except

for the 1Los-pDMACc hydrogel, whilst the effect of the CEC is not as clear as the

effect of the particle size.
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Figure 4.59 The relationship between strain at the LVE and clay properties for clay-pDMAc hydrogels
a) Strain to clay platelet size. b) Strain to clay CEC.
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Table 4.17 Average strain value at the LVE limit and standard deviation of (n=3) for (1 % clay)-pDMAc
and (2 % clay)-pDMACc hydrogels.

Crossover Point

Sample LVE (v %)
vy Mean (%) y SD G' Mean (Pa) G'SD
1Le-pDMAC - - - - 14.6781
2L -pDMAC - - - - 9.9923
1Len-pDMAC 36.5830 1.5335 25.5550 0.5409 4.6422
2Len-pDMAC 58.6700 4.0420 58.2510 31.3461 0.6910
1Loc-pDMAC - - - - 14.6779
2Lo6-pDMAC - - - - 4.6318
1Lrp-pDMAC - - - - 14.6788
2Lro-pDMAC - - - - 9.9670
1Lx21-pDMAC - - - - 10.0008
2Lx12:-pDMAC - - - - 6.8137
1Cna+-pDMAC - - - - 4.6420
2Cnas-pDMAC - - - - 2.1549

4.2.6.2.2 Frequency Sweep (Function of Frequency)

The frequency sweeps for the clay-pDMAc hydrogels in the frequency range 0.01 to
100 Hz were conducted within the LVE at a strain of 1 %. The variations of the
viscoelastic moduli G' and G" with the frequency are measured for the clay-pDMAc

with different clay types and at different clay-to-polymer ratios. [49]

Figure 4.60 show the storage (G') and loss (G") modulus for (1 % clay)-pDMAc and
(2 % clay)-pDMAc. The (1 % clay)-pDMAc hydrogels show crossover points at higher
frequencies as expected for the hydrogels that show a frequency-independent
behaviour at a strain of 1%. The (2 % clay)-pDMAc show higher moduli value when

compared to the (1 % clay)-pDMAc as expected.

The 1lxi21-pDMACc and 2Lxi21-pDMACc hydrogels show a liquid-like behaver as it did
with the strain sweeps and the 1Cna.+-pDMAc show very close values for the
viscoelastic moduli. This behaviour still needs more experimenting with different

strain values.
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Figure 4.60 Evolution of storage G’ and loss G” moduli as a function of Frequency from 0.001 - 100
Hz transition point (gel-like to liquid-like) for; 1LEL-pDMAc and 2LEL-pDMAc, 1LFN-pDMAc and 2LFN-
pDMAc, 1LOG-pDMAc and 2LOG-pDMAc, 1LRD-pDMAc and 2LRD-pDMAc, 1LXL21-pDMAc and

2LXL21-pDMACc, 1CNa+-pDMAc and 2CNa+-pDMAc.

Table 4.18 Average crossover points (f, G’ value) from (n=3) for LEL-pDMAc, LFN-pDMAc, LOG-
pDMACc LRD-pDMAC, LXL21-pDMACc, and CNa+-pNIPAM hydrogels at twodiffrent clay-to-polymer
ratios.

Crossover point

Samples Fhz fsp G Pa G'sD
1Lg-pDMAC 0.01 0.00 20.37 20.37
ZLEL-pDMAc - - - -

1Len-pDMAC 2.72 0.50 47.88 47.88
2Lin-pDMAC 89.05 6.46 729.68 729.68
1Loc-pDMAC 58.59 10.39 234.98 234.98
2Lo6-pDMAC 78.19 7.07 325.15 325.15
1Lrpo-pDMAC 50.00 4.12 210.44 210.44
ZLRD-pDMAC - - - -

1lx21-pDMAC 36.12 11.09 149.49 149.49
2Lxi21-pDMAC 0.13 2.64 74.89 74.89
1Cna+-pDMAC 0.52 0.02 20.46 20.46
2Cna+-pDMAC 84.60 10.83 510.78 18.82
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Figure 4.61 shows the crossover point (when happening) in the frequency sweeps
of the clay-pDMAc hydrogels with relation to the clay platelet size and CEC. The
plots do not show any correlation between the frequency and the clay properties
when looking at the (1 % clay)-pDMAc or the (2 % clay)-pDMAc samples. Comparing
the two clay-to-polymer ratios, where data was available, did not show a clear
trend also as it can be seen the (2 % clay)-pDMAc does not have a higher crossover
value and vice-versa. These results show that clay-pDMAc hydrogels properties are
influenced by the properties of the pDMAc withing the hydrogels in a greater

manner that they are influenced by the properties of clay used.
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Figure 4.61 The relationship between the frequency at the crossover point and clay properties for
clay-pDMACc hydrogels a) Frequency to clay platelet size. b) Frequency to clay CEC.
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4.3 Summary

The main objective of this chapter was to determine the effect of different clay
types on the rheological properties of acrylamide-based nanocomposites. Several
rheological experimental methods were assessed for each formulation in order to
control the overall conditions of the different tests such that the data is directly

comparable. Several replicates of each test were done to assess repeatability.

For the pNIPAM-based nanocomposites the data is presented in Section 4.1. The
characterisation techniques used (XRD and FTIR) show evidence about the
dispersion of the clay platelets in the composite structure and the interaction
between the clay platelets and the polymeric chains. The XRD shows an increasing
baseline for 20 < 5 ° which supports very well dispersed clay (if not exfoliated) in
the nanocomposite’s matrix. Most of the nanocomposites did not show any clay
crystallinity reflection as their XRD traces were dominated by the pNIPAM within
the composite. Table 4.2 shows that the (1 % clay)-pNIPAM doo1 actually
corresponds to the pNIPAM, however, some (2 % clay)-pNIPAM did show a shift to
lower 26 as a result of adding the clay to the polymer, however it was not easy to
distinguish the changes in the clay reflections due to the overlapping between the
clay and pNIPAM at 20 around 7 ° but the clay is believed to be well dispersed (this
is supported by the FTIR data). Information about the presence of the clay can be
obtained from looking at the position and shape of the di10 peak, which can show

that clay was present in all the samples and was detectable by the XRD technique.

The different clays effect on the composites can be observed in the SEM images.
Adding any clay to the pNIPAM drastically changes the ability to make porous
structures. Most composites show a clear interconnected porous network (Figure
4.14) except for the 1Cna+-pNIPAM and this reflects it being a different clay type;
the platelet size, chemical composition and purity will also have an effect. The Log-
pNIPAM has a different morphology from all other composites as shown in Figure
4.15 with thicker walls and “internal bone” like structure. Table 4.4 shows the

average pore size and standard deviation for all clay-pNIPAM nanocomposites and
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Figure 4.19 helps to understand the effect of the clay type and its properties on the
pore size on the nanocomposite. The clays CEC shows a clear effect on the pore size
(clays with higher CEC values results in smaller pore size nanocomposites), this is
possibility related to the ability of clay platelets to create crosslinking points

through the cation exchange sites on the clay.

The main spectroscopic changes observed for FTIR spectra shown for all pNIPAM-
based composites are changes in intensity and band position associated with the
water and Si-O of the clay when comparing the neat clay and the pNIPAM
homopolymer to the clay-pNIPAM composites (Table 4.5). The shifts in the Si-O
stretching bands show that the clay platelets have moved apart from one another
as a result of the polymeric chains being inserted between the layers. This
observation supports the XRD observations indicating that the clay particles are
very well dispersed. All these observations can be associated directly to the

crosslinking action of the clay platelets.

Figure 4.30 shows the effect of clay platelet size on the storage modulus for (1 %
clay)-pNIPAM at two different temperatures, the analysis shows that below the
LCST of pNIPAM the G’ values are closer to each other as a result of a bigger
influence from the pNIPAM chains, which have taken the globule formation at such
temperature and are having a greater effect on the physical and mechanical
properties of the hydrogels. However the effect of clay platelet size can still be
observed as larger clay-platelet hydrogels show higher G’ values with Len-pNIPAM
and Cna+-pNIPAM showing values up to 20 times higher than 1Lg-pNIPAM and Lgp-
pNIPAM even at 20 °C. Note that the y-axis is a logarithmic scale and so these
differences are significant. Figure 4.32 shows the effect of clay-to-polymer ratio on
the elasticity of the clay-pNIPAM hydrogels, with more clay content and less
polymer 2L -pNIPAM, 2Lgp-pNIPAM, and 2Lx21-PNIPAM show higher G’ values than
their corresponding (1 % clay)-pNIPAM at 40 °C, the 2Lg-pNIPAM, 2Lgpo-pNIPAM
showed a greater differences by order of magnitude. The case is the same at 20 °C
except for the Lx21-pNIPAM hydrogels which shows no difference and may be a

result of the Lxi21 larger platelet size. Clay-pNIPAM nanocomposites with higher G’
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values based on clay type or clay-to-polymer ratio are expected to show higher

yield stress values, Table 4.7 shows the effect of clay-to-polymer ratio on the yield
stress of the pNIPAM based hydrogels as clearly observed when comparing the Tyieiq

for the (2 % clay)-pNIPAM and (1 % clay)-pNIPAM hydrogels. With more clay
presented in the hydrogel, more crosslinking points are created and as a result

higher yield points.

Figure 4.35 and Table 4.8 show the effect of the clay-to-polymer ratios and clay
properties on the LVE limits of the clay-pNIPAM hydrogels. The LXL;i-pNIPAM
hydrogels show a larger LVE as a result of the Lxi21 larger platelet size and higher
CEC when compared to the Le. and Lgp. The amplitude sweeps also show the
different behaviour of these hydrogels based on temperature and the effect of
changing the polymer chains conformation from coil-to-globule. The polymer part
of the hydrogel dominates the properties of the material at temperatures higher
than the LCST, whilst the effect of clay content is observed while at temperatures
lower than the LCST — here the differences in the yield stress values are much
smaller as a result of the polymer chains conformation changing from coil-to-
globule Figure 4.1. This change leads to polymer chains getting more entangled

with each other increasing the yield stress value of the hydrogel.

The pDMAc-based composites in Section 4.2 have similar XRD and FTIR results to
one another and they show clearer evidence of dispersion to the pNIPAM-based
nanocomposites (Figure 4.38 and Table 4.12) and most of the nanocomposites
provided evidence for being very well dispersed unlike the pNIPAM-based
nanocomposite where it was uncertain because of the reflections overlap. The
pDMAc-based composites FTIR spectra showed shifts to higher wavenumber for the
Si-O stretching band in a trend that was similar to the pNIPAM-based
nanocomposites supporting the XRD evidence of very well dispersed clay. The SEM
images (Figure 4.43 and Figure 4.44) and analysis results (Table 4.14) show the
morphological differences as a result of different clay types and clay-to-polymer
ratios on the pDMAc-based composites. An interconnected network structure can

be seen for all composites and a clear layered effect can be observed for the (2 %
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clay)-pDMAc especially for the Ley and Lxi21 corresponding nanocomposites. As
earlier mentioned, the pore size correlates with the crosslinking ability of different
clays. Figure 4.51 (b) shows the effect of the CEC on the pore size and how pore size
is smaller with higher CEC. They can also be divided into two groups based on the
CEC value and clay-to-polymer ratio; the low CEC value clays (Le, Lo, Log) have
much bigger differences (and are consistently higher) in pore sizes than high CEC
value clays (Len, Lxi21, Cnat) When decreasing the clay loading. These conclusions
however, this still require more investigation as there could be other factors
affecting the morphology, the pore size and pore size distribution of the clay-

polymer nanocomposites.

The rheological analysis of the pDMAc-based composites presents a more complete
understanding of the effect of different clay-to-polymer ratios as these were the
only group in which all composites were synthesised using two different clay-to-
polymer ratios. Figure 4.57 and Table 4.16 show that higher clay content in the
hydrogel results in a higher Tyieis value, this is a result of more clay in the clay-
polymer hydrogel dispersion and more crosslinking points between the clay
platelets and polymer chains restricting the movement of it. The effect of the clay
platelet size and CEC does not show a clear, consistent trend related to all of the
clays, however, for the (1 % clay)-pDMAc hydrogels a lower Tyieid is observed when
separating the clays to two different groups based on CEC (first group with Lei, Lrp,
Lo and the second group with Len, Lxi21, Cna+). These results show how complicated
the relationships are between the clay and the polymer and that both clay
properties (platelet size and CEC) have an effect at the same time. The influence of
clay-to-polymer ratio and the clay platelet size on LVE limits can also be observed
(Figure 4.59 and Table 4.17). The (1 % clay)-pDMAc hydrogels have higher LVE limit
as the pDMACc flexible chains are less restricted by a fewer number of crosslinkers
than that in the (2 % clay)-pDMACc hydrogels. A decrease in the LVE limit with larger
platelet size (when separating the clays in to two different groups (first group with
Lei, Lro, Lo and the second group with Len, Lxi21, Cna+) is also noted for the clay-

pDMACc nanocomposites at both clay-to-polymer ratios .
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Table 4.7 and Table 4.16 show the vyield stress values for all clay-pNIPAM and clay-
pDMACc hydrogels. Comparing the values for the hydrogels which contain the same
clay type puts in perspective the differences between pNIPAM and pDMAc when
used. The pNIPAM-based hydrogels require a much higher yield stress when the
temperature is below LCST than the pDMAc-based hydrogels, this means that the
pNIPAM-based hydrogels requires more force to move and that they have a
stronger structure that can be of advantage or avoided when required for certain

applications.

The clay-pNIPAM hydrogels show clear LVE ranges for the amplitude sweeps as
shown in Figure 4.34, the pNIPAM containing hydrogels also showed a clear
relationship between the clay platelet size and CEC and the LVE limits, the LVE limit
increases with larger platelet size and higher CEC values weather the hydrogel
temperature in higher or lower than the LCST as shown in Figure 4.35. The clay-
pDMAc hydrogels also show an LVE range for the amplitude sweeps but the
relationship between the clay platelet size and CEC was not as clear as no trends
were observed with the clay platelet size or the CEC values when compared to the

clay-pNIPAM hydrogels.
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Chapter 5 Clay-PolyMethacrylate
Nanocomposites/Hydrogels Characterisation

In this chapter, methacrylate-based nanocomposites with a nano-silicate (Laponite®

and Cloisite®) as crosslinking agents were investigated. [1][2] The addition of large
surface area nanosized clay fillers to a polymer has the potential to improve its

water uptake ability and its mechanical and rheological properties. [3]

The crosslinker content is the main factor in the synthesis of clay-polymer
nanocomposites in this study. Increasing/decreasing the clay-to-polymer ratio
controls the crosslinking density, i.e. the number of crosslinking sites between
polymer chains and clay platelets. This affects major properties in the clay-polymer
composite of which an important one is water content as it is easy for water to
penetrate with a loose crosslinked network. Increasing the clay-to-polymer ratio
increases the number of crosslinking sites, this produces a composite with more
hydrophobic nature. This can also be used to control the swelling properties of the
nanocomposite; as increasing the density of crosslinked sites promotes a
hydrophobic nature in the clay-polymer nanocomposite [4] by decreasing and
restricting the mobility of water molecules in the nanocomposite network [5] which
hinders the water uptake and slows the nanocomposite swelling rate. [6] By
controlling the concentration of the crosslinking agent, the morphology and the
crosslinking density can be regulated, and the optimum water content for specific
applications (from delicate contact lenses to industrial drilling fluids) can be
achieved.[7] Controlling the crosslinking density can also be used to control the
stiffness and robustness of the structure. By controlling how the polymeric chains
are crosslinked they can be designed to adapt and withstand external stress and to
retain their mechanical performance over time with certain water content for
longer (e.g. robust composites are required for biodegradable scaffolds for tissue

regeneration). [6]
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In this chapter, pHEMA, pHPMA, and pGMAc homopolymer as well as (clay-
pHEMA), (clay-pHPMA) and (clay-pGMAc) nanocomposites at different clay-to-
polymer ratios were investigated, this was performed through a series of tests
which will help to understand the behaviour of clay-polymer nanocomposites as a
function of the clay-to-polymer ratio. The tests described earlier (Chapter 2) will
identify; how well the clay is integrated into the polymer matrix, the water content
and its relationship to the crosslinking agent, any changes in the polymer backbone,
and the effect of all these on the mechanical properties of the final clay-polymer
nanocomposite. The aim was to be able to tune these properties based on this

characterisation. [8]

HEMA, HPMA, and GMAc were polymerized in the presence of the required amount
of initiator, a fixed amount of water and various amounts of clay. Clay was first
dispersed in the water for 24 hours, monomers were added, and the solution was
stirred for one hour. Then, the samples were left to polymerise in an oven at 80 °C
overnight. [9] The samples were then ground to a fine powder before XRD, TGA,
FTIR measurement. [10] A selection of formulations of the (2 % clay)-polymer
nanocomposites were studied depending on specific factors (observed after making
the (1 % clay)-polymer nanocomposites) like processability, ease of handling on the

rheometer, and ease to fine grind without contamination.

5.1 Clay-pHEMA Characterisation and
Rheological Properties

2-hydroxyethyl methacrylate (HEMA) is a synthetic hydrophilic monomer which
when polymerised has high mechanical strength used to prepare polymeric (i.e.,
pHEMA) hydrogels. Due to the biocompatible nature of pHEMA, and its similar
properties to those of living tissues, it has been applied widely for drug delivery,
implants, dental restorative materials [11] and as a major component in
commercially important contact lenses. [12][13][14] The polymerisation of HEMA is
based on the combination of methacrylate groups within its structure. It contains

hydroxyl groups (-OH) that provide hydrophilicity and enables hydrogen bonding
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with water molecules thus increasing the water uptake in the polymer matrix.

[2][15]

5.1.1 Clay-pHEMA Nanocomposites

Table 5.1 shows images of the clay-pHEMA nanocomposites. The effect of different
clays and clay-to-polymer ratios is visually observable. The pHEMA homopolymer is
an elastic rubbery single block, water was observed to squeeze out of the sample
when handling it out of the glass vial, but it did not readily re-sorb the water back
afterwards. Adding Le to the composite (1Lei-pHEMA) changes some of the
properties, the composite became softer, more elastic and some expelled water
was present at the top of the sample vessel. This suggests that the existence of clay
in the nanocomposite and the crosslinking that happens makes it harder for water
to remain within the composite structure. The observations of 1Lg-pHEMA are

shared with 1Loc-pHEMA and 1Lrp-pHEMA.

The 1Lgn-pHEMA sample was a more elastic white block than the pHEMA
homopolymer but less elastic than the 1Lg-pHEMA, water was present around the
sample in the reaction vessel, but it was less than observed for 1Lg-pHEMA, 1Log-
pHEMA and 1Lgp-pHEMA, water was squeezed from the sample as it was pulled out

from the glass vial after the reaction.

The final product from the 1lLx21-pHEMA synthesis was a free-flowing suspension
with no evidence of heterogeneity. The composite was easily handled with a
syringe. A higher amount of crosslinker Lxi21 (2Lxi21-pHEMA) was assessed to
determine if an elastic block could be achieved. However, the 2Lxi21-pHEMA had a

similar flowing property but higher viscosity than 1Lx21-pHEMA.

The 1Cnas+-pHEMA nanocomposite was a flaky material in turbid aqueous media, as
the sample was pulled out of the glass vial it easily disintegrated as it was soft and

weakly structured.
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Table 5.1 General observation of clay-pHEMA nanocomposites, samples were investigated by pouring and poking with a small lab spatula.

pHEMA 1L -pHEMA 1Lin-pHEMA 1Loc-pHEMA 1Lrp-pHEMA 1Lx21-pHEMA 2Lx12:-pHEMA 1Cpnas-pHEMA
A white block of . . . . A white block of A white soft A white soft . .
. . . A white block solid | A white block solid . . . . A white flaky solid
A white block of solid/elastic gel . solid/elastic gel smooth flowing gel | flowing gel. Less .
. . . gel with ~ 5% gel. ~ 20 % clear . o . soft gel with ~ 20
elastic solid gel with ~ 20 % clear with ~ 20 % clear with little water elastic than the
clear water on top | water on top % water
water on top water on top around the sample | 1lx2:-pHEMA

LLLLL
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5.1.2 XRD Characterisation of Clay-pHEMA
Nanocomposites

When a polymer is associated with dispersed nanoclay, the clay interlayer spacing
changes depending on how well dispersed the clay is. The interlayer spacing also
depends on how the polymer chains are associated with the clay platelets in the
matrix and this depends on how dispersed the clay is and on the CEC of each
particular clay. Taking this into consideration; clay dispersion plays an important
role in the final properties of the clay-polymer nanocomposites which in our study
depends mainly on the clay-to-polymer ratio. The clay-polymer nanocomposite
systems have a well preserved repeated unit which allows for the use of (XRD) to

determine the interlayer spacing after polymerisation. [3]

The XRD traces of pHEMA homopolymer, powder Lg, and Lg-pHEMA
nanocomposites are presented in Figure 5.1. The X-ray diffraction trace of Lg-
pHEMA dominantly corresponds to the pHEMA. The lack of evidence of sharp
and/or narrow reflections 26 = 5.8 ° in the Le.-pHEMA trace (due to dooi of Le) and
the increasing baseline at 20 < 5 ° suggest that the clay is well dispersed if not
exfoliated. [16] The Lg. does have a weak doo1 reflection, and so when dispersed in
polymer it would be more difficult to observe especially at a low concentration so
confirmation of exfoliated clay is also more difficult. [10] A well-dispersed clay
suspension and also in the presence of monomer would support the likelihood of

obtaining an exfoliated clay. [17]

The Le diffraction peak at around 26 = 19.4 ° (d = 4.75 A) was not observed in the
1Le-pHEMA XRD trace due to overlapping with the pHEMA reflection in that region.
For all the pHEMA composites in this section, the presence of the pHEMA reflection
at around 28 = 10 ° to 23 ° makes it difficult to observe the reflection at 26 = 19.4 °
and thus confirm the presence of clay in the XRD sampling area of the sample.
However, the reflection at around 26 = 34.2 ° (d = 6.22 A) observed in the XRD trace

of 1Le-pHEMA corresponds to the diffraction peak at 26 = 35.6 ° (d = 6.20 A) in L.
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confirming the presence of clay. Overall, the XRD diffraction of the 1Lg-pHEMA

shows indications for clay exfoliation [18][19] in the dried nanocomposite. [3][8]
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Figure 5.1 XRD profiles for powder Lg, dried pHEMA homopolymer, and dried 1Lg-pHEMA
nanocomposites showing the differences as the polymer chains intercalate in between clay platelets
as they disperse. All samples are ground powders.

The XRD traces for Ly, pPHEMA homopolymer, and 1Lin-pHEMA nanocomposite are
presented in Figure 5.2. Comparing the d-spacing values of Lin, and the pHEMA with
the d-spacing values from the XRD trace of the 1Lin-pHEMA nanocomposite shows
the interaction between the polymeric chains and the clay platelets. [3] The XRD
trace of the 1Len-pHEMA is dominated by the pHEMA profile. The diffraction
reflection doo1 for Len Which corresponds to a d-spacing of around 26 = 6.6 ° (d =
13.34 A) was observed in the 1Le-pHPMA nanocomposite with a slight shift to
lower angle around 20 = 6.1 ° (d = 14.49 A). This indicates a microstructure
composite. [16] The diffraction reflections in the XRD trace of 1Ln-pHEMA at 26 =
18.6 ° (d = 4.77 A) and 20 = 27.9 ° (d = 3.19 A) are attributed to the polymer within
the composite as a result of the pHEMA dominating and overlapping the L

reflections (26 = 17.8 ° (d = 4.95 A) and 26 = 29.7 ° (d = 3.01 A) in the pHEMA
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homopolymer). The clay presence in the composite may be the reason for the 20 =
18.6 ° shift (and slight broadening) in the trace of the 1Lgn-pHEMA (Table 5.2)
compared to pHEMA, which implies that the clay is being detected within the XRD
sampling area. [18][19]

The diffraction reflection at around 26 = 34.9 ° (d = 2.57 A) in the trace of 1L-
pHEMA composite does, however, it confirms the presence of clay within the
composite. Table 5.2 shows the peaks and the d-spacing related to each 20 for

easier comparison. This comparison shows the microstructure of 1Lin-pHEMA.
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Figure 5.2 XRD profiles for powder Lgy, dried pHEMA homopolymer, and dried 1lLg-pHEMA
nanocomposites showing the differences as the polymer chains intercalate in between clay platelets
as they disperse. All samples are ground powders.

Figure 5.3 shows the XRD traces of the Log pure clay, pHEMA homopolymer, and
1Loc-pHEMA nanocomposites. A decreasing baseline at 26 < 5 ° in the 1Log-pHEMA
XRD trace suggests that the clay is well dispersed if not exfoliated. [16] Although
there is a clear reflection at the doo1 in the trace of the Log; there is a lack of
diffraction reflection around 26 = 7.1 ° (d = 12.45 A) in the XRD trace of the 1Loc-
pHEMA supporting well dispersed, if not exfoliated clay. [20] The reflection around

20 = 18.9 ° (d = 4.73 A) is mainly attributed to the polymer within the composite
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with a shift to a higher angle (26 = 17.8 ° (d = 4.95 A)) as the reflection of the clay
and the reflection on the polymer have overlapped in the same region. The broad
diffraction peak at around (26 = 28.9 ° (d = 4.95 A) is also attributed to the pHEMA
polymer within the composite. The weak peak at around 20 = 34.2 ° (d = 2.62 A) in
the 1loc-pHEMA trace is attributed to a structural spacing diio in the clay.
[16][18][19]

I
"
y t-'|#i h
H. ﬁ'-JH
AlPL'II"JJ'I' Hh ﬁ-'“l]p m "
1 b M 1LOG-pHEMA
! o ey, o
I Hi'ﬂ" "lhlh"‘lh"“'l'.
Py i"r
7]
S| M) it ’M'HMDHEMA
= Wi
LOG
0 10 20 30 40

26°
Figure 5.3 XRD profiles for powder Log, dried pHEMA homopolymer, and dried 1lLos-pHEMA
nanocomposites showing the differences as the polymer chains intercalate in between clay platelets
as they disperse. All samples are ground powders.

Figure 5.4 shows the XRD profiles for pure Lgp, dried pHEMA homopolymer and Lgp-
pHEMA nanocomposite. A decreasing baseline at 26 < 5 ° was observed [16] and
the XRD reflection related to the doos1 in the trace of Lgp 20 = 6.5 ° (d = 13.60 A) was
not observed in the XRD trace of Lgp-pHEMA, these observations can be indications

of clay being well dispersed, probably mostly exfoliated in the nanocomposite.

The reflections at around 26 = 18.4 ° (d = 4.82 A) and 26 = 28.9 ° (d = 3.09 A) are

attributed to the pHEMA within the nanocomposite. However, the reflection at
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around 26 = 34.8 ° (d = 2.58 A) is an indication of the clay presence as it
corresponds to the Lgp structural diio (Table 5.2). [8] As was the case with 1Log-
pHEMA, the decreasing baseline and the absence of the doo: diffraction reflection of
Lro at around 20 = 6.5 ° in the XRD trace of 1lLgrp-pHEMA suggest a very well

dispersed if not exfoliated composite structure. [18][19]
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Figure 5.4 XRD profiles for powder Lgp, dried pHEMA homopolymer, and dried 1Lgp-pHEMA
nanocomposites showing the differences as the polymer chains intercalate in between clay platelets
as they disperse. All samples are ground powders.

Figure 5.5 shows the XRD traces of powder Lxi21, dried pHEMA homopolymer, and
dried 1lxi21-pHEMA and 2Lx21-pHEMA nanocomposites. Both nanocomposites
showed a decreasing baseline at 20 < 5 ° and neither of the Lxui-pHEMA
nanocomposites showed any reflections corresponding to the doo1 in the trace of
Lx21 at around 20 = 6.4 ° (d = 13.81 A), these observations provide evidence for
disordered and well dispersed if not exfoliated Lxi21 platelets in the composite.

[16][18][19][21]
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The 1lx21-pHEMA reflection at around 20 = 18.0 ° and 2Lx.21-pHEMA at around 26 =
19.3 ° are mostly due to the polymer within the composite. However, the 2Lxi21-
pHEMA shows a larger shift towards higher 20 than the 1lx.2:-pHEMA as the clay
content in 2Lx21-pHEMA is twice as much as in the 1Lx21-pHEMA. This shows that
the amount of clay in the nanocomposite affects the XRD profile and that the Lxi21

peak at that region was overlapped by the pHEMA in the 1Lx21-pHEMA.

At around 26 = 34.7 ° (d = 2.58 A) both Lx21-pHEMA composites show a reflection
corresponding to the clay (Lxi21 diio structural spacing) within the composite
structure, but the 2Lxi21-pHEMA shows a higher intensity reflection than 1lxii-
pHEMA which is attributed to more clay content in the 2Lxpi1-pHEMA
nanocomposite, this same reflection also provides evidence about the presence of

clay platelets in the composite. [22]
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Figure 5.5 XRD profiles for powder Lx;1, dried pHEMA homopolymer, dried 1Lx2:-pHEMA, and dried
2Lx21-pHEMA nanocomposites showing the differences as the polymer chains intercalate in between
clay platelets as they disperse. All samples are ground powders.
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Figure 5.6 shows the XRD traces of pure powder Cya+, dried pHEMA homopolymer,
and dried 1Cna+-pHEMA nanocomposite. The XRD trace of 1Cna:-pHEMA showed no
evidence of reflections at around 206 = 7.0 °, however; there is a reflection at 20 =

7 ° (d = 23.9 A) which indicates a shift of the doo1 for the Cna+ indicating the clay
has become intercalated. The reflection at 20 = 8.1 ° relates to the doo1 of the clay.
The sharp reflection at around (26 = 19.4 °) in the 1Cna+-pHEMA is due to the clay
and confirms its presence is an indication to that at around 206 = 34.6 °. The broad
reflections at 26 = 18 ° and 29.6 ° are attributed to the polymer component of the

clay-polymer nanocomposite.
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Figure 5.6 XRD profiles for powder CNa+, dried pHEMA homopolymer and dried 1CNa+-pHEMA
nanocomposites showing the differences as the polymer chains intercalate in between clay platelets
as they disperse. All samples are ground powders.

XRD characterisation of the clay-pHEMA nanocomposites showed that the
composites are dominated by the pHEMA trace as amorphous structures with a lack
for any strong reflections that might indicate otherwise. Some evidence of the clay
presence within the composite structure was seen within the XRD traces of

different clay-pHEMA nanocomposites. [20][23] This potentially suggests that the
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clay platelets were exfoliated for most of the nanocomposite except for the Len-
PHEMA as the composite was microstructured and the Cna: platelets were
intercalated. [1]

Table 5.2 Interplanar distances and 26 of different clay (powder) and its corresponding clay-pHEMA
nanocomposites samples obtained from XRD data

Sample doo1 di00 di10

20 d (A) 20 d (A) 20 d (A)
LEL 5.8 15.24 19.4 4.57 34.5 2.60
1LEL-pHEMA - - 18.9 4.69 34.2 2.62
LFN 6.6 13.39 19.3 4.60 34.6 2.59
1LFN-pHEMA 6.1 14.49 18.6 4.77 34.9 2.57
LOG 7.1 12.45 19.1 4.65 34.6 2.59
1LOG-pHEMA - - 18.7 4.73 34.2 2.62
LRD 6.5 13.60 19.4 4.57 34.6 2.59
1LRD-pHEMA 7.1 12.45 18.4 4.82 34.8 2.58
LXL21 6.4 13.81 19.3 4.60 34.7 2.58
1LXL21-pHEMA - - 18.0 4.93 34.9 2.57
2LXL21-pHEMA - - 19.3 4.61 349 2.57
CNa+ 7.0 12.63 19.5 4.55 34.7 2.58
1CNa+-pHEMA 8.1 10.6 19.4 4.57 34.6 2.59

3.7 23.9 - - - -

5.1.3 TGA Characterisation of Clay-pHEMA
Nanocomposites

Thermal stability/behaviour of polymeric materials plays an important role in
determining applications and processing conditions of polymeric nanocomposites.
TGA is one technique used to characterise the thermal properties of polymeric

materials where weight loss is monitored as a function of temperature. [12][24][25]

Figure 5.7 displays the thermal decomposition of the dried clay-pHEMA
nanocomposite samples determined via TGA. Samples were heated from 25 °C to
900 °C at a constant rate of 20 °C/min. The weight loss associated with water
evaporation starts as the temperature starts to increase. The weight loss associated
with the thermal decomposition of the long pHEMA chains starts at 222 °C.[26]
When the temperature exceeds 450 °C, pHEMA is considered to be completely

thermally degraded with weight loss of 99.9 %.
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TGA curves of (1 % clay)-pHEMA, Figure 5.7 shows the weight loss in three main
stages. In “Stage 1” (temperature range 25 — 175 °C) weight loss can be attributed
to the evaporation of free water. In “Stage 2”, the thermal decomposition onset of
the clay-pHEMA nanocomposites shifts toward higher temperature range than that
of pHEMA homopolymer (222 °C) by an average of 24 °C, and this the first sign of
the enhancement of thermal stability of the clay-pHEMA nanocomposites. [20][22]
Weight loss in “Stage 2” ends at around 400 - 475 °C and accounts for the biggest
portion of the weight loss (up to 90 % for some nanocomposites). This is attributed
to the decomposition and degradation of p(HEMA). [25][27] A different slope on
the TGA curves represents “Stage 3” the final weight loss stage which is due to
further degradation of polymer residues in the temperature range 475 - 600 °C and
a total weight loss of 5 % on average. [12] After approximately 650 °C mainly the
inorganic residues (i.e., Al,03, MgO, and SiO;) and carbonaceous char remain and

there is no further weight loss. [20]

Stage 1 Stage 2 Stage 3
100 -
—— 1LEL-pHEM A
90 -
—— 1LFN-pHEMA
80 1 1L0G-pHEMA
70 — 1IRD-pHEMA
EEED g —— 1LXL21-pHEMA
550 - —— 1CNa+-pHEM A
=
40 - pHEMA
30 -
20 -
10 - = —
o T T T T T T T T 1
0 100 200 300 400 500 800 700 800 200

T*C
Figure 5.7 TGA thermograms of pHEMA homopolymer and 1clay-pHEMA nanocomposites. Indicating
the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475 °C), and stage 3 (475 — 700
°C).
pHEMA thermal stability is modified when crosslinked by clay platelets. The onset

temperature increased from 222 °C to ~246 °C on average for all the Laponite®-

pHEMA composites, where it did not change as much for the Cna+-pHEMA
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nanocomposites, however, its weight loss rate was different from all other
composites “Stage 2” shows that the 1Lg-pHEMA and 1lgp-pHEMA degrade in

almost an identical behaviour.

The weight loss behaviour can relate to the clay particle size, but that is not the
only affecting factor, the clay CEC may also affect the thermal behaviour of the
composites. Table 5.3 summarises the weight loss and degradation stages.

Table 5.3 TGA data of pHEMA homopolymer and its (1 % clay) and (2 % clay) nanocomposites,
showing weight loss % at each stage and onset temperature.

Stagel: 25-175°C  Stage2: 175-475°C  Stage3: 475-600 °C Total Onset
Samples Weight loss % weight Temp.
loss % °C

1LEL-pHEMA 3.05 83.79 4.68 91.52 252
1LFN-pHEMA 2.79 84.26 4.34 91.39 251
1LOG-pHEMA 2.27 82.31 7.33 91.91 249
1LRD-pHEMA 2.04 83.22 6.15 91.41 242
1LXL21-pHEMA 2.36 84.17 4.42 90.95 244
2LXL21-pHEMA 131 73.77 6.74 81.82 241
1CNa+-pHEMA 1.87 83.92 455 90.34 226
pHEMA 3.06 94.98 1.86 99.9 222

Figure 5.8 shows the TGA curves for 1Lxi21-pHEMA, 2Lxi21-pHEMA, and pHEMA. The
onset temperatures were not significantly different as the clay-to-polymer ratio
changed. However, the onset temperature at which 1lxi21-pHEMA and 2Lxi2i-
pHEMA nanocomposites degrade increased by 22 °C and 19 °C, respectively when

compared to the pHEMA homopolymer.

The 2Lx21-pHEMA degradation (“Stage 2”, Figure 5.8) ends at a lower temperature
(403 °C) than the 1Lx21-pHEMA (448 °C) perhaps due to the lower polymer content
within it. The total weight loss for the 1lxw21-pHEMA (90.95 %) was almost 10 %
more than the total weight loss for the 2Lx2:-pHEMA (81.82 %). These percentages
can be related to the amount of clay and polymer associated in each composite.
After “Stage 2” carbonaceous char still present. On dry bases; the 1Lx21-pHEMA has
a 1:9 clay-to-polymer ratio and the weight loss curve of the pHEMA shows a weight
loss of 99.9 %, this keeps only about 10% of the initial weight after decomposition
which is on dry bases in 10 % of the 1Lx21-pHEMA composite, and the same applies

for the 2Lx21-pHEMA which on dry bases has 2:8 clay-polymer ratio.
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The clay-to-polymer ratio does not play a major role in enhancing the clay-pHEMA
composite thermal stability as the onset temperature values are not significantly
different and the weight loss rates through “Stage 2” are almost identical for both

composites. [28]

100 - _Stagej____ Stage 2 s. Stage 3

\ ! 1LXL21-pHEMA

90 -+ 1 l"n, '
' ' —-— 2LXL21-pHEM A

20 - . |}
' pHEMA
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Figure 5.8 TGA thermograms of pHEMA homopolymer, 1LXL21-pHEMA, and 2LXL21-pHEMA
nanocomposites. Indicating the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 475
°C), and stage 3 (475 — 700 °C).

The presence of clay platelets and carbonaceous char may also make it harder for
the degraded polymers (as volatile gases) to exit from the nanocomposite
structure. Figure 5.9 shows the pathways, which volatile decomposition products
must pass through from A to B in homopolymer and the clay-polymer
nanocomposite. The total distance significantly increases with the presence of the
clay platelets. This makes it harder for volatile decomposition products to travel
across the clay-polymer nanocomposite structure, which results in more polymeric
chains kept in the clay-polymer matrix at lower temperature and enhances the
thermal stability of the clay-pHEMA composites when compared to the neat

pHEMA. [29][24]

242



» >
s *p

* *
B B

a b

Figure 5.9 Models for the pathways of volatile decomposition products in a) Homopolymer and b)
Clay-polymer nanocomposites. Modified from [30].

5.1.4 SEM Morphology Observation of Clay-pHEMA
Nanocomposite

The clay-polymer nanocomposites were flash-frozen after the crosslinking process.
The free water transforms into ice. This quenching process in liquid nitrogen and
water solidification leads to a tubular polymer structure with channel pores. [31] As
water solidification in the clay-polymer structure takes place the ice acts as a
porogen. This process is called ice-templating, the polymer chains are rejected by
the growing ice as the polymer solubility is lower in ice than in liquid water. As
water leaves the system during freeze-drying a continuous polymer network is
formed that takes the shape of the frozen water forming ice voids. [32] In this
study, these voids are referred to as pores. [33] The size of these pores is related to
the wettability of the clay-polymer nanocomposite; the more hydrophobicity the

larger the pores. [34]

The influence of different clays on the structure of the nanocomposite is discussed

in this section. Figure 5.10 shows SEM images of the fractured surface morphology
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of the (1 % clay)-pHEMA nanocomposites. The poor quality images from some

samples were unavoidable due to charging effects.

The images show similarities and differences between the different composites.
The materials possess irregular rough surfaces [26] with a uniform and porous
structure which may be a result of the homogeneity of the clay dispersion and clay-
monomer mixtures before polymerisation. [25] It can be seen from the images that
the nanocomposites have interconnected porous microstructures. This could
dramatically facilitate the migration in and out of the nanocomposites or containing

water or other materials. [17] [35]

Lei, Log, and Lrp with pHEMA (Figure 5.10 a, ¢, and d) create similar morphologies,
with thin and solid walls. Porosity is similar to a uniform pore distribution, pore size
averaged around 5.7 um for 1Lg-pHEMA, 5.6 pum for 1Log-pHEMA, and 4.8 um for
1Lrp-pHEMA. Table 5.4 shows the pore size average over 25 pores measured and

the standard deviation values for all clay-pHEMA nanocomposites.

The 1Lxi21-pHEMA (Figure 5.10 e) has a smaller pore size (average 4.1 um) when
compared to 1lg-pHEMA, 1llLog-pHEMA, and 1Lgp-pHEMA. The Lxi21 has a higher

CEC value than Lg, Log, and Lrp which allows more crosslinking points.

The SEM image of 1Lin-pHEMA (Figure 5.10 b) shows a regular “mountain valley”
layered structure with a smoother surface morphology than other clay grades; the
pore size averaged 4 um. 1Cna+-pHEMA (Figure 5.10 f) does show a porous layered
structure with pore size average of 6.7 um, Cna+ has a big particle size which makes
it harder to form agglomerations as polymer chains have more area to interact with

the clay platelets.
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Figure 5.10 SEM images of (1% clay)-pHEMA nanocomposites showing microstructure and pore size
differences as a result of the effect of clay grade used. a) 1LEL-pHEMA b) 1LFN-pHEMA c) 1LOG-
pHEMA d) 1LRD-pHEMA e) 1LXL21-pHEMA f) 1CNa+-pHEMA.

Figure 5.11 shows the SEM images of Lxi21-pHEMA with different clay-to-polymer
ratios. The 1lx21-pHEMA composite has a denser micro-network structure with
smaller pore size than the 2Lx21-pHEMA (4.3 and 6.7 um, respectively). The 2Lxi21-
pHEMA composite with a higher clay-to-polymer ratio creates more crosslink

junctions with shorter polymeric chains, the result is a less dense microporous
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structure with larger pore size. The 2Lx21-pHEMA composite has a rougher surface
morphology. The higher the clay content the more space clay platelets occupy and
the faster the crosslinking, which results in shorter the polymeric chains. With more
clay platelets more connections to polymer chains are created, which should show
relatively higher mechanical strength and robustness. [36] Given these
observations, the pore size and density can be controlled by controlling crosslinker
dosage relative to polymer concentration, and by controlling the clay type used as a

crosslinker. [17]

—50 pm— / ;
Figure 5.11 SEM images of LXL21-pHEMA nanocomposites. a) 1LXL21-pHEMA b) 2LXL21-pHEMA
showing the effect of increasing clay content on the pore size and the microstructure.

Table 5.4 Average pore size and standard deviation of (n=25) for clay-pHEMA nanocomposites.

Pore size (um) SD
1Lg-pHEMA 5.7 2.1
1Ln-pHEMA 4.0 0.9
1Los-pHEMA 5.6 0.9
1Lgo-pHEMA 4.8 1.0
1Lx21-pHEMA 4.3 0.9
2Lx21-pHEMA 6.7 1.8
1Cnas-pHEMA 6.7 1.2

Figure 5.12 shows the relationship between the clay properties (particle size and
CEC) and the average pore size determined by SEM. The CEC effect on the pore size

is clearer to observe the higher the value the smaller the pore size.
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Figure 5.12 (1 % clay)-pHEMA composites pores size as a function of a) Clay particle size b) Clay CEC.

5.1.5 FTIR Spectroscopic Analysis of Clay-pHEMA
Nanocomposites

To examine the nature of the interactions between the different clay types and the
pHEMA in clay-pHEMA nanocomposites, FTIR spectra for the clay, pHEMA
homopolymer, (1 % clay)-pHEMA, and (2 % clay)-pHEMA for selected clays were
obtained to show any changes to the homopolymer FTIR fingerprint and whether

there is any interaction between the polymer chain in the clay-polymer matrix. [37]
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Figure 5.13 shows FTIR spectra in the spectral range (4000 - 400 cm™) for the
monomer HEMA and the dried pHEMA homopolymer at room temperature. [10]
Upon polymerisation, the stretching band due to C=C at ~1636 cm™ in the HEMA
monomer spectrum is no longer present. [37] The -OH stretching band of HEMA at
3425 cm™ also shifts to a lower wavenumber in pHEMA (3391 cm™). The C=0 band
at 1715 cm?® of HEMA shifts to a higher wavenumber (1718 cm™) upon

polymerisation

The C-H stretching region has three bands at around (2985, 2947, and 2884) cm™.
The C-H deformation region has bands at approximately 1460 cm™ and 1450 cm™
and 1388 cm™. Table 5.5 summarises the main band's positions for both HEMA

monomer and pHEMA homopolymer.
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Figure 5.13 FTIR spectra of HEMA and pHEMA homopolymer showing the main characteristic bands
in the range 3800 - 900 cm™™.

Table 5.5 FTIR bands positions for HEMA monomer and pHEMA homopolymer.

-OH C-H C=0 Cc=C C-H
HEMA 3425 | 2957 2930 2886 | 1715 | 1636 | 1453 1378 1076
pHEMA 3391 | 2985 2947 2884 | 1718 - 1450 1388 1071
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Figure 5.14 (a) shows some of the major details of the FTIR spectra for 1Lg-pHEMA
nanocomposite compared to Lgg and pHEMA homopolymer. The 1lLg-pHEMA
spectrum also contains information on both of its components. The 3100 - 3700
cm™t in the -OH stretching region for the band of the 1Lg-pHEMA shifts to a lower
wavenumber when compared to the -OH band for the pHEMA (3384 and 3391 cm™,
respectively) providing evidence of the association of hydrogen bonds with the
addition of the nanoclay. [38] The C=0 stretching band did not show any significant
shifts from 1718 cm™ in pHEMA and 1717 cm™ in 1Lg.-pHEMA.

As the clay platelets are dispersed and the polymer chains find their way into the
clay galleries, Si-O bands shift and show overlapping features at ~1120 cm™, ~1000
cm? (in-plane Si-0) and ~1080 cm* (out-of-plane Si-O). A significant variation in the
Si-O stretching region of the 1Lg-pHEMA in comparison with the spectra of Lg. can
be observed. In the 1Lg-pHEMA nanocomposites, well-separated Si-O peaks can be
observed, which correspond to the in-plane (995 cm™) and out-of-plane Si-O (1070
cm™) modes. The out-of-plane Si-O mode at 1070 cm™ is not clearly observed since
it overlaps a band of the polymer at the same position. However, its presence is
judged (as was the case with the acrylamides) because of an increase at this
position relative to the polymer band at 1150 cm™. The Si-O peaks in the 1Lg-
pHEMA composite are quite strong and a general shift toward higher wavenumber
of the Si-O modes when compared with the Lg indicates evidence for clay

exfoliation. [39]

The clay-to-polymer ratio in the dried 1Lg-pHEMA nanocomposite is 1:9. The band
related to Si-O in the 1Lg-pHEMA is positioned at 995 cm?, which has shifted to a
higher wavenumber from 946 cm™ in the Lg. This change suggests that the Si-O
bond has been involved in the interaction between the polymer chains and the clay
platelets. Table 5.6 show band positions for Lg, pHEMA and 1lLg-pHEMA

composite.
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Figure 5.14 FTIR spectra for a) 1LEL-pHEMA, b) 1LFN-pHEMA, c) 1LOG-pHEMA, d) 1LRD-pHEMA, €)
1LXL21-pHEMA, f) 1CNa+-pHEMA nanocomposites compared to the clay and homopolymer pGMAc.
Samples are dried powder. Offset for clearance.
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Figure 5.14 (b to f) shows a comparison between pHEMA, different clay types and
the corresponding (1 % clay)-pHEMA and (2 % clay)-pHEMA. In general, most of the
(1 % clay-pHEMA) composites FTIR spectra show a similar trend to the 1Lg-pHEMA
with the -OH band shifting to a lower wavenumber and the Si-O band shifting to a
higher wavenumber and showing more details. Table 5.6 provides more details
about bands positions for all clay-pHEMA nanocomposites with clay Si-O positions

and the pHEMA homopolymer to support Figure 5.14 and for ease of comparison.

Figure 5.14 (e) shows spectra for Lx21-pHEMA and different clay-to-polymer ratios
in comparison with Lx21 and pHEMA. The 2Lx21-pHEMA shows a similar trend,
however; the Si-O shows a smaller shift to 990 cm™ when compared to the 1Lxi2:-
pHEMA (1000 cm?). The 2Lx21-pHEMA also shows a higher intensity band at 1070
cm™ which may be evidence that the band at that wavenumber is the Si-O out-of-

plane.

The 1Cna+-pHEMA spectrum (Figure 5.14 (f)) shows a different behaviour as both
the Si-O bands have similar intensities, the Cna+ is the only clay that had two
different Si-O related bands and as the clay platelets are involved in the 1Cnas+-

pHEMA both shift to a higher wavenumber.

Table 5.6 FTIR bands positions for clays, pHEMA, (1 % clay)-pHEMA, and 2LXL21-pHEMA.

-OH Si-0

pHEMA 3391 1071 -

Le 3408 - 946
1Le-pHEMA 3384 1070 995
Len 3408 - 949
1Len-pHEMA 3383 1071 998
Lo 3407 - 940
1Loc-pHEMA 3384 1070 995
Lrp 3405 - 945
1Lgp-pHEMA 3384 1066 1000
Lxi21 3417 - 942
1|.x|_21-pHEMA 3387 1070 1000
2Lx21-pHEMA 3389 1070 990
Cha+ 3418 981 912
1Cna+-pHEMA 3382 1067 1020
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5.1.6 Rheological Analysis and Properties of Clay-
pHEMA Nanocomposites

To make sure the test parameters were appropriate; an LVE check was required for
a fully formed nanocomposite. A 1Lg-pHEMA sample was placed on the rheometer.
Time to reach equilibrium was determined by a time sweep as a first step. A strain
sweep from 0.1 % to 100 % strain was then conducted at room temperature under
arbitrarily chosen frequency for the fully polymerized nanocomposite sample. A
strain of 1 % was selected for subsequent sweeps. [40] The results of the strain

sweeps for 1Lg-pHEMA are shown in Figure 5.15.
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Figure 5.15 Strain sweep. The LVE limit was determined with respect to strain. G’ was determined
from 0.1 to 100 % strain for 1LEL-pHEMA.

5.1.6.1 Yield Stress for Clay-pHEMA Nanocomposites

The flow curves in Figure 5.16 show the yield stress values of the 1Lx21-pHEMA and
2Lxi21-pHEMA nanocomposite. The increased elasticity caused by higher clay-to
polymer ratio leads to higher yield stress, the 2Lx21-pHEMA has a higher resistance
to flow (Table 5.7) due to more crosslinks between the clay platelets and the

polymeric chains. The physical nature of the crosslinking between the clay and the
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polymer chain give the composite more elasticity as there is no chemical bond
present. This support the results from the SEM images which show that the 1Lxi2i-
pHEMA has a denser structure than the 2Lxi21-pHEMA due to more polymer and

less crosslink point in the composite.
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Figure 5.16 Flow curve showing yield stress for 1LXL21-pHEMA and 2LXL21-pHEMA nanocomposite.

Table 5.7 t,ieiq (Pa.) as an average for n=3 and SD for the 1Lx2:-pHEMA and 2Ly ;1-pHEMA.

Sample Tyield SD
1Lx2:-pHEMA 0.0880 0.0024
2Lxi2:-pHEMA 0.3313 0.0184

5.1.6.2 Storage (G’) and Loss (G”) Moduli Behaviour for
Clay-pHEMA Nanocomposite

5.1.6.2.1 Amplitude Sweep (Function of Strain)

Figure 5.17 shows the behaviour G’ and G” moduli as a function of strain for 1Lx.21-
pHEMA and 2Lx21-pHEMA, both composite show an elastic behaviour (linear) to a
certain strain limit where G’ decrease indicating the LVE. Table 5.8 show the LVE
limits for both composites, the 2Lx21-pHEMA has a larger LVE region compared to
the 1lxi21-pHEMA as a result of its higher elastic properties which support the

findings from the yield stress test earlier.
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As the composites reach the limits of the LVE range the G’ and G” moduli values
change at a faster rate to the limit they crossover. The yield value at the crossover
point is called the critical strain (yc) and the nanocomposite starts to change from
gel-like material to a liquid-like material as G” become higher in value than G’. This
may happen as the crosslink point break and the polymer within the composite can
move more freely. A thixotropy test may be ideal to provide more evidence to this

assumption but due to time limitation, it was not done as a part of this experiment.
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Figure 5.17 Evolution of storage modulus G’ and loss modulus G” as a function of strain from 0.01 %
- 100 % for 1LXL21-pHEMA and 2LXL21-pHEMA nanocomposite. Transition point (solid-like to fluid-
like) points.

Table 5.8 strain values and G’ as an average of (n=3) for LVE region limits (strain % and G’ Pa.) and
Crossover transition point (solid-like to fluid-like) strain values.

LVE Crossover Point
Strain % G’ Pa. Strain % SD
1lx21-pHEMA 1.0003 1081 14.34 1.21
2Lx21-pHEMA 1.4699 3406 17.66 0.67

5.1.6.2.2 Frequency Sweep (Function of Frequency)

The Frequency sweeps from 0.01 to 100 Hz were conducted at a strain of 1 % at
room temperature for Lx21-pHEMA at two different clay-to-polymer ratios. Both

composites show no significant variation of the moduli values over the frequency
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range (Figure 5.18). The composites show a frequency-independent behaviour at a
strain of 1 %. The 2Lxi21-pHEMA composite shows higher modulus value when

compared to the 1Lx21-pHEMA as expected.
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Figure 5.18 Evolution of storage modulus G’ and loss modulus G” as a function of frequency from
0.01 - 100 Hz for 1LXL21-pHEMA and 2LXL21-pHEMA nanocomposite.

5.2  Clay-pHPMA Characterisation and
Rheological Properties

Hydroxypropyl methacrylate (HPMA) is a monomer with excellent chemical and
biological stability. When polymerised; pHPMA becomes a water-immiscible

polymer with great shrinkage and water resistance properties. [27][41][42]

5.2.1 C(Clay-pHPMA Nanocomposites

Table 5.9 shows photographs of the clay-pHPMA nanocomposites. The effect of
different clays and clay-to-polymer ratios is observable upon testing the composites
with a spatula for general observation and differences between the samples. The
pHPMA homopolymer was an elastic rubbery block. The 1Lg-pHPMA is a softer and
more elastic composite when compared with the pHPMA homopolymer. There is

also agueous media on top of the sample which may be caused by the existence of
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clay in the composite acting as a crosslinker bringing the polymer chains closer to
one another affecting the size of the clay-polymer nanocomposite, which leads to a
decrease in the amount of water the composite can hold. The 1Lg-pHPMA shares

these observations with the 1Losc-pHPMA and the 1Lgp-pHPMA.

The 1Len-pHPMA is a more elastic white block composite than the pHPMA
homopolymer but less elastic than the 1Lg-pHPMA, 1Log-pHPMA and 1Lgrp-pHPMA.
There is evidence of agueous media surrounding the sample forming a layer in the
reaction vessel. The 1Lx21-pHPMA is a liquid suspension and the product was easily
handled with a syringe. As with pHPMA, 2Lxi21-pHPMA was prepared to establish
which has higher viscoelastic properties. The 1Cna+-pHPMA nanocomposite was a
soft flaky material in water, as the sample was pulled out of the glass vial it

disintegrated as it was soft and weakly structured.
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Table 5.9 General observation of clay-pHPMA nanocomposites, samples were investigated by pouring/pulling and poking with a small lab spatula at room temperature.

pHPMA

1Lg-pHPMA

1Ln-pHPMA

1Los-pHPMA

1Lgo-pHPMA

1|.x|_21-pH PMA

ZLXLz]_-pH PMA

1Cnas-pHPMA

A white block of
elastic solid gel

A white block of
elastic solid gel
with cloudy ~ 25
% cloudy water on
top

A white block of
elastic solid gel
with cracks. ~ 15
% cloudy water on
top

A white block of
elastic solid gel
with cracks. ~ 15
% cloudy water on
top

A white block of
elastic solid gel
with ~ 25 %
cloudy water on
top

A white block of
soft elastic free-
flowing gel with ~
5 % clear water on
top

A white soft
flowing gel. Less
elastic than the
1lx21-pHEMA

A white block of
soft elastic gel
with cracks

LLLLL
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5.2.2 XRD Characterisation of Clay-pHPMA
Nanocomposites

The XRD traces of powder Lg, pHPMA, homopolymer, and Lg-pHEMA
nanocomposites are presented in Figure 5.19 (a). The X-ray reflections

predominantly corresponded to the pHPMA homopolymer. [10]

At low angle (26 < 5 °) the 1Lg-pHPMA XRD reflection shows an increasing baseline
toward low angle and no reflection was observed around that angle that can be
related to the 20 = 5.8 ° (d = 15.24 A) in the XRD reflection of the Lg, which suggests
clay well dispersion if not exfoliation in the composite. The diffraction reflections at
around 20 = 7.7 ° (d = 11.48 A) correspond to the polymer within the composite
(PHPMA at 20 = 7.6 ° (d = 11.63 A)). [16][18][19]

At 20 = 17.8 ° (d = 4.99 A) the XRD trace of the 1Le-pHPMA shows a reflection
which corresponds to the 20 = 17.7 ° (d = 5.01 A) pHPMA, this is the clearest
reflection in the composite XRD. The Lg diffraction reflection at 26 = 19.4 ° (d = 4.57
A) was not observed due to being overlapped by the wide pHPMA reflection (28 in
the range of 10° — 25° ), the case was the same for Lg diffraction reflection 26 =
27.5° (d = 3.24 A) and the pHPMA diffraction reflection 26 = 29.8 ° (d = 3.00 A). The
diffraction reflection at around 26 = 34.9 ° (d = 2.57 A) in the XRD trace of the 1Lg-
pHPMA correspond to the diio in the XRD trace of the neat Lgrat 206 = 34.5° (d =

2.60 A), this diffraction shows the presence of Lg in the nanocomposite matrix.

Most of the other clay-pHPMA XRD traces show similar behaviours to 1Lg-pHPMA.
However, some differences can easily be observed. Figure 5.19 (b) shows the XRD
traces of 1Lin-pHPMA and its components individually. The diffraction reflection at
20 =6.6° (d = 13.35 A°®) in the trace of the 1Lin-pHPMA correspond to the very clear
sharp reflection of doo1 in the XRD trace of Ly 20 = 6.6° (d = 13.39 A°). This
observation provides evidence that the 1Lin-pHPMA is a microstructure

nanocomposite. [18]
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The 1lLog-pHPMA and 1Lgp-pHPMA nanocomposite XRD reflections Figure 5.19 (c
and d) show similar behaviour to that of 1Lg-pHPMA showing the same evidence of
clay well dispersed if not exfoliated. [16][18][19] Table 5.10 provides the positions
for the clay-pHPMA reflections as well as for the clay types and pHPMA

homopolymer.

The 1lxi21-pHPMA and 2Lxi21-pHPMA nanocomposite Figure 5.19 (e) show the
effect of different clay-to-polymer ratios as different intensities and shifts of the
diffraction reflection. The diffraction reflection at 20 = 6.6° (d = 13.35 A°®) in the
trace of the 1Lx2:-pHPMA and 2Lx2:-pHPMA correspond to the reflection of doo1in
the XRD trace of Lin 260 = 6.4° (d = 13.81 A°®), these results suggest that both Lxi21-
pHPMA are microstructure nanocomposite. The reflection at 20 = 17.4 ° (d = 5.10 A)
in the XRD trace of the 1Lxi21-pHPMA has a higher intensity and is also closer to the
angle of the reflection on the pHPMA XRD trace (26 = 17.7 ° (d = 5.01 A)), whereas
for the 2Lx21-pHPMA corresponding reflection was at (26 = 18.3 ° (d = 4.84 A)) with
a shift to a higher angle towards the dig of the clay (Table 5.10) as a result of more
clay in it. The diffraction reflection related to the clay di10 intensity has also higher

intensity in the 2Lx21-pHPMA.

Figure 5.19 (f) shows the XRD trace of 1Cna+-pHPMA nanocomposite, the decreasing
baseline at angle > 5 6 shows evidence about the clay exfoliation in the
nanocomposite. [16][18][19] No evidence of the pHPMA was observed in the
nanocomposite trace. The reflection 26 = 8.3 ° (d = 10.70 A®) is possibly due to the
clay and represents a portion of collapsed clay, i.e. clay with no water or polymer
present within the interlayer. The diffraction reflections at 26 = 19.5 ° (d = 4.56 A)
and 20 = 34.7 ° (d = 2.58 A) are indications of the clay presence in the composite as
they match the Cna+ d1oo and di10 positions (Table 5.10). These results need further

experimentation to be understood from a structural point.
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Figure 5.19 XRD traces for clays, pHPMA and its nanocomposite showing differences in the XRD
traces. Intensities are irrelevant in value to the clay’s traces. By clay the plots are a) LEL, b) LFN, c)
LOG, d) LRD, e) LXL21, f) CNa+. All samples are ground powders and offset for clearance.
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The diffraction reflections in the XRD trace of the clay-pHPMA indicates that clay in
the dried nanocomposite was well dispersed as it mainly corresponds to the
pHPMA. However, the composite still provides evidence about the clay
incorporation in the composite structure. [3][8]

Table 5.10 Interplanar distances and 26 of different clay (powder) and its corresponding clay-pHPMA
nanocomposites samples obtained from XRD data.

Sample d001 o d10() § d11() §
20 d (A) 20 d (A) 20 d (A)
pHPMA 7.6 11.63 17.7 5.01 - -
LEL 5.8 15.24 19.4 4.57 345 2.60
1LEL-pHPMA 7.7 11.48 17.8 4.99 34.9 2.57
LFN 6.6 13.39 19.3 4.60 34.6 2.59
1LFN-pHPMA 6.6 13.35 17.7 5.02 35.1 2.56
LOG 7.1 1245 19.1 4.65 34.6 2.59
1LOG-pHPMA 7.2 12.31 175 5.06 345 2.60
LRD 6.5 13.60 19.4 4.57 34.6 2.59
1LRD-pHPMA 7.5 11.85 17.1 5.18 34.7 2.58
LXL21 6.4 13.81 19.3 4.60 34.7 2.58
1LXL21-pHPMA 6.6 13.43 17.4 5.10 34.9 2.57
2LXL21-pHPMA 6.6 13.35 18.3 4.84 34.7 2.59
CNa+ 7.0 12.63 19.5 4.55 34.7 2.58
1CNa+-pHPMA 8.3 10.60 19.5 4.56 34.7 2.58

5.2.3 TGA characterisation of Clay-pHPMA
Nanocomposites

Figure 5.20 shows the TGA weight loss curves of pHPMA homopolymer and (1 %
clay)-pHPMA nanocomposites. All (1 % clay)-pHPMA composites exhibited similar
thermal behaviour with three stages of weight loss. The weight loss occurring in
“Stage 1” (below 175 °C) was ascribed to the loss of free water in the samples.
[27][43] The largest amount of weight loss occurs in the “Stage 2” between 220 -
460 °C [44][45] which is attributed to the decomposition of p(HPMA) organic
skeleton and dehydroxylation. [46] As the temperatures go higher than 450 °C, the
decomposition is due to further degradation of polymer residues with weight loss

of 5 % on average. [12]

The thermal stability of pHPMA was modified when crosslinked with clay platelets.

The pHPMA homopolymer onset temperature increased from 229 °C to ~243 °C on
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average for the (1 % clay)-pHPMA composites. Table 5.11 shows the onset
temperature for the clay-pHPMA. The 1Lin-pHPMA has the lowest onset
temperature of 230 °C which is still higher than the onset temperature of the

pHPMA homopolymer.

The Loe-pHPMA and 1Lg-pHPMA composite had close onset temperatures of 240 °C
and 241 °C respectively, however, the weight loss rates for both composites
through “Stage 2” were different. 1Lgp-pHPMA, 1lxi2:1-pHPMA had close onset
temperatures (250 °C and 253 °C respectively) and had a similar weight loss

behaviour to 1L -pHPMA.

The Log and Cna+ corresponding pHPMA nanocomposites showed different weight
loss behaviour through “Stage 2” when compared to other clay-pHPMA
nanocomposites; this may be related to the clay grade as Lo and Cna+ had different

behaviours compared to the other clays when tested with TGA.

Stage 1 Stage 2 Stage 3
100 7 ————
—— 1LEL-pHPMA
20 - —— 1LFN-pHPMA
B8O 1LOG-pHPMA
70 —— 1LRD-pHPMA
o 60 —— 1IXL21-pHPMA
l_
—— 1CNa+-pHPMA
2 50 - .
pHPM A
40
30
20
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0 : : : . : . . . .
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T*C
Figure 5.20 TGA thermograms of pHPMA homopolymer and 1clay-pHEMA nanocomposites
indicating the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 460 °C), and stage 3
(460 — 600 °C).

Figure 5.21 shows a comparison between 1Lxi21-pHPMA and 2Lxi21-pHPMA. The

onset temperature did not significantly change as the clay-to-polymer ratio
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increased from 1Lx21-pHPMA to 2Lxi2:-pHPMA nanocomposites (253 °C and 254 °C

respectively).

As the 2Lx21-pHPMA contains a smaller proportion of polymer; “Stage 2” ends at a
lower temperature than 1lxi21-pHPMA. Knowing that the pHPMA total weight loss
came up to 99.86 %, at the end of the weight loss process the total weight loss for
1Lx21-pHPMA (91.68 %) and 2Lxi21-pHPMA (82.03 %) are as anticipated and are

relative to the clay amounts in the dry base of both composites.

The clay-to-polymer ratio did not play a major role in enhancing the clay-pHPMA
composite thermal stability as the onset temperature values were not significantly
different and the weight loss rates through “Stage 2” were almost identical for both

composites. [28]
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Figure 5.21 TGA thermograms of pHPMA homopolymer, 1LXL21-pHPMA, and 2LXL21-pHPMA
nanocomposites indicating the three stages of weight loss. Stage 1 (25 — 175 °C), Stage 2 (175 — 460
°C), and stage 3 (475 — 600 °C).

Clay-pHPMA nanocomposites have good thermal stability up to 230 °C. Polymer
degradation started at about 230 - 250 °C. The weight loss attributed to the
degradation of polymeric chains had different behaviour according to different

clays in the composite structure with the Log-pHPMA and Cna+-pHPMA having
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different behaviours mostly related to the clays in them. Table 5.11 summarises the

weight loss and degradation stages.

Table 5.11 Summary of TGA data of pHPMA homopolymer and its (1 % clay) and (2 % clay)
nanocomposites, showing weight loss at each stage, total weight loss and onset temperature.

Stagel: 25-175°C  Stage2:175-460 °C  Stage3: 460-600 °C Total Onset

Weight loss % weight Temp.
loss % °C
pHPMA 1.99 96.62 1.25 99.86 229
1LEL-pHPMA 2.21 83.60 5.93 91.74 241
1LFN-pHPMA 1.98 86.51 3.32 91.81 230
1LOG-pHPMA 1.66 83.51 6.76 91.93 240
1LRD-pHPMA 1.68 83.58 6.51 91.77 250
1LXL21-pHPMA 1.59 86.03 4.06 91.68 253
2LXL21-pHPMA 1.51 75.96 4.56 82.03 254
1CNa+-pHPMA 1.24 86.32 4.34 91.90 245

5.2.4 SEM Morphology Observation of Clay-pHPMA
Nanocomposites

Figure 5.22 shows an SEM examination of clay crosslinked pHPMA composites with
porous networks and interconnected pores. Some clay-pHPMA nanocomposites
images were not clear due to charging in the SEM chamber. [47] Table 5.12 shows
the values for average pore size and the standard deviation for each clay-pHPMA

composite over twenty five measured pores.

1Le-pHPMA composite (Figure 5.22 a) created a high-density structure without a
uniform pore distribution, pore size varied greatly and averaged around 5.9 um.
Table 5.12 shows standard deviation values next to average pore size. The structure
has defined walls separating the pores. 1Lzp-pHPMA show similar morphology to
the 1Le-pHPMA with higher pore density and smaller pore size with much less

variation in size (3.7 um, 0.7 SD).

The SEM image of 1Lin-pHPMA composite (Figure 5.22 b) created a low pore
density structure with sharp “mountain-valley” morphology that appears to have a
rougher surface than 1Lg-pHPMA and 1Lgp-pHPMA, pore size averaged around 5.2
pum. The 1lLen-pHPMA image showed a layered effect “diagonally through the
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image” which may be as a result of the Ley larger particle size between all other

Laponite® clays.

1Loc-pHPMA composite (Figure 5.22 c) structure was a high-density structure with a
low-density pore distribution and pore average of 3.4 um. The 1llx1-pHPMA
(Figure 5.22 e) exhibit a rough-textured morphology with a non-uniform, small high-
density pore distribution (average 3.6 um). 1Cna:-pHEMA composite image (Figure
5.22 f) was not clear. The surface was rough-textured, non-uniform with a broad

pore distribution (averaged around 4.5 um) over a from 2.1 - 9.6 um.

265



—50 pm—

—50 pm—

Figure 5.22 SEM images of (1% clay)-pHPMA nanocomposite showing microstructure and pore size
differences as a result of clay types used. a) 1LEL-pHPMA b) 1LFN-pHPMA c) 1LOG-pHPMA d) 1LRD-
pHPMA e) 1LXL21-pHPMA f) 1CNa+-pHPMA.

To observe the effect of different clay-to-polymer ratios on the morphology of clay-
pHPMA, SEM images for 1lxi2:1-pHPMA and 2Lxi21-pHPMA nanocomposites were

obtained as shown in Figure 5.23.
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The 1lx21-pHPMA nanocomposite (Figure 5.23 a) showed a non-uniform rough
texture with a variety of pore size averaged around 3.6 um (Table 5.12). On the
other hand, the 2Lxi21-pHPMA nanocomposites (Figure 5.23 b), showed more

uniform and wider pore distribution.

Increasing the clay content in the nanocomposites created more crosslink points
and maybe a reason for tighter polymer chains resulting in a more uniform
distribution of polymer between clay platelets. Which may explain the 2Lxi2:-
pHPMA composite more uniform structure and porosity which was more evenly
distributed and with a pore size around 5.6 um. This varied less than the pore size

of the 1LXL21-pHPAM composite. [36]

—50 pm—
Figure 5.23 SEM images of LXL21-pHPMA nanocomposite on scale bar 50 um. a) 1LXL21-pHPMA b)
2LXL21-pHPMA showing the effect of increasing clay content on the pore size and the
microstructure.

Table 5.12 Average pore size and standard deviation of (n=25) for clay-pHPMA.

Sample Pore size (um) SD
1LEL-pHPMA 5.9 2.1
1LFN-pHPMA 5.2 2.7
1LOG-pHPMA 3.4 1.5
1LRD-pHPMA 3.7 0.7
1LXL21-pHPMA 3.6 1.7
2LXL21-pHPMA 5.6 1.1
1CNa+-pHPMA 4.5 2.1
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Figure 5.24 (1 % clay)-pHPMA composites pores size as a function of a) Clay particle size b) Clay CEC

5.2.5 FTIR Spectra Analysis of Clay-pHPMA
Nanocomposites

FTIR spectra of HPMA monomer and dried pHPMA homopolymer at room
temperature in Figure 5.25 support the successful polymerisation of pHPMA as the
C=C band at 1636 cm™ in the HPMA spectrum is no longer presented in the pHPMA
spectrum. The characteristic OH stretching band at 3452 cm™® in the HEMA
spectrum has shifted to a lower wavenumber upon polymerisation (pHPMA, 3396

cm). The band C=0 stretching at 1716 cm™ did not show a significant shift when
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HPMA was polymerised (Table 5.13), neither did the C-H stretching bands between
3000 — 2880 cm™ and 1460 — 1400 cm™. [41] Table 5.13 summarises the main

band's positions for both HPMA monomer and pHPMA homopolymer.

C=0
C-O(H)

Absorbance

I

NN \NU

M . J
3500 3000 1560 | | | 1000
Wavenumbers (cm-1)

Figure 5.25 FTIR spectra of HPMA and pHPMA homopolymer showing the main characteristic peaks
of pHPMA in the range 900 - 4000 cm™.

Table 5.13 FTIR peaks value for HPMA the monomer and pHPMA homopolymer.

-OH CHs c=0 C-H cC | co(H)
HPMA 3425 | 2978 2931 2889 | 1715 | 1453 1404 | 1166 | 1053
pHPMA 3396 | 2977 2938 2888 | 1717 | 1451 1386 | 1141 | 1053

FTIR spectra of the clay, homopolymer pHPMA, and their corresponding dried (1 %
clay)-pHPMA and (2 % clay)-pHPMA nanocomposites are presented in Figure 5.26.
FTIR spectra of the (1 % clay)-pHPMA nanocomposites exhibit characteristics of
both clay and pHPMA which confirm the presence of both the clay and the pHPMA

in the composite structure. [26]

Figure 5.26 (a) shows the details of interest for dried 1Lg-pHPMA nanocomposite
compared to Lg. and dried pHPMA homopolymer. From 3100 - 3700 cm™ in the -OH

stretching region the -OH band shifts to a higher wavenumber (3403 cm™) in the
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1Le-pHPMA composite spectrum when compared to the pHPMA homopolymer
(3403 cm?), this provides evidence of the association of hydrogen bonds as the
polymer chain is crosslinked by the nanoclay platelets. [38] The C=0 stretching band
does not show any significant shift when comparing the 1Lg-pHPMA crosslinked to
the homopolymer pHPAM (1718 cm™ for 1Lg-pHPMA to 1717 cm™ for pHPMA),

implying that the C=0 is not involved in the interactions.

The Si-O band in the 1Lg-pHPMA composite spectrum is the one positioned at 990
cmL; this band has shifted from a lower wavenumber (946 cm™) in the Lg. This shift
may be due to the involvement of the Si-O in the crosslinking process between the
clay platelets and the pHPMA chains. However as the clay platelets are separated,
another Si-O band becomes more dominant in the composite spectrum at 1054 cm"
1, this may be the Si-O out-of-plane band, and it overlaps with the C-O from the
polymer within the composite. Table 5.14 show bands positions for Lg,, pHPMA and

1Le-pHPMA composite.

Most of the (1 % clay)-pHPMA nanocomposites follow the same trend and behave
in a very similar manner when different clay types crosslink the pHPMA chains,

however, some difference still exists as the clay types have different properties.

Figure 5.26 (e) shows the 1lxi2:1-pHPMA and 2Lxi2:-pHPMA nanocomposites
compared to Lxi21 and pHPMA homopolymer. Both composites show bands at 1054
cm (Si-O out-of-plane) and it has a higher intensity in the 2Lx21-pHPMA which

provide more evidence that this band is related to the clay within the composite.

Figure 5.26 (f) shows the dried 1Cna+-pHPMA nanocomposite compared to Cna+ and
pHPMA homopolymer. The Cna+ show two Si-O bands (Table 5.14), as the Cna+
crosslinks the pHPMA chains the Si-O band shifts to a higher wavenumber to 994
cm™ and sharp bands to be observed at around 1055 cm™ which provides more

evidence that the band at around 1055 cm™is both polymer and clay.
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Figure 5.26 FTIR spectra of clay, pHPMA homopolymer, and their corresponding nanocomposite (a)
1LEL, b) 1LFN, c) 1LOG, d) 1LRD, e) 1LXL21, f) 1CNa+), indicating major bands positions and offset for

clearance. All samples are dried powder.
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Table 5.14 FTIR peaks for pHPMA, (1 % clay)-pHPMA, and 2LXL21-pHPMA.

Sample -OH Si-0

pHPMA 3396 - -
Le 3408 - 946
1Lg-pHPMA 3403 1054 990
Len 3408 - 949
1Lin-pHPMA 3403 1054 990
Lo 3407 - 940
1Loc-pHPMA 3403 - 990
Lrp 3405 - 945
1Lgp-pHPMA 3393 1056 992
Lx|_21 3417 - 942
1lyx2:-pHPMA 3392 1054 990
2Lxi21-pHPMA 3410 1054 988
Cna+ 3418 981 912
1Cnas-pHPMA 3392 1046 994

5.2.6 Rheological Analysis and Properties of Clay-
pHPMA Nanocomposites

5.2.6.1 Yield Stress for Clay-pHPMA Nanocomposites

The flow curves in Figure 5.27 shows the yield stress of the 1lLxi21-pHPMA and
2Lx21-pHPMA nanocomposites. As expected, the higher the clay-to-polymer ratio in

the nanocomposite the larger the yield stress values (Table 5.15).

3
10
Pa
2
10 ]
.
10 ]
T
0
10 ]
1LXL21-pHPMA
4 —&— 2LXL21-pHPM
10 7, R 0 R s
10 10 .10 10 % 10
Straln 'Y — - Anton Paar GmbH

Figure 5.27 Flow curves show yield stress for 1LXL21-pHPMA and 2LXL21-pHPMA nanocomposites.
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Table 5.15 Tyield (Pa.) as an average from n=3 and SD for the 1LXL21-pHPMA and 2LXL21-pHPMA.

Sample Tyield SD
1lxi21-pHEMA 0.222 0.022
2Lxi21-pHEMA 0.442 0.071

The increased elasticity caused by the presence of more crosslinks between the clay
platelets and the polymeric chains leads to higher yield stress and higher resistance
to flow. This was observed in the SEM images, for the 2Lx21-pHPMA nanocomposite
which had a more uniform structure with more pore distribution and less density

structure when compared to the 1Lx21-pHPMA.

5.2.6.2 Storage (G’) and Loss (G”) Moduli Behaviour for
Clay-pHPMA Nanocomposites

5.2.6.2.1 Amplitude sweep (Function of Strain)

Figure 5.28 shows the behaviour G’ and G” on a strain sweep for 1Lx21-pHPMA and
2Lxi21-pHPMA. Both composites show an elastic behaviour to a certain limit
whereupon the G’ values (2885 Pa, 4144 Pa for 1Lxi21-pHPAM and 2Lx21-pHPMA,
respectively) start to changes. The change in G’ towards lower values indicated the

limit of the LVE region where the change for such is irreversible.

Table 5.16 shows the crossover value for the two different clay-to-polymer ratios,
the change of value to where the G’ and G” crossover show the effect of the clay on
the composite on the critical strain (yc). The yc is where the nanocomposite starts to
change from a gel-like material to a liquid-like material as G” become larger in value

than G'.
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Figure 5.28 Evolution of storage modulus G’ and loss modulus G” as a function of strain from 0.01 %
- 100 % for 1LXL21-pHPMA and 2LXL21-pHPMA nanocomposite. Transition point (gel-like to fluid-
like) points.

Table 5.16 LVE region limits (strain % and G’ Pa.). Crossover transition point strain values for 1LXL21-
pHPMA and 2LXL21-pHPMA nanocomposite as an average of (n=3).

samole LVE Crossover Point

P Strain % G’ Pa. Strain % sD
1Lx21-pHPMA 0.68 2885.11 7.556 1.301
2Lx21-pHPMA 1.00 4144.58 9.393 2.496

5.2.6.2.2 Frequency Sweep (Function of Frequency)

Figure 5.29 shows the behaviour of G’ and G” as a function of frequency for 1Lxi21-
pHPMA and 2Lx21-pHPMA. The 2Lxi21-pHPMA nanocomposites have higher elastic
properties until a certain limit (f = 10 Hz, G’ = 5825 Pa.) when compared to 1lx21-
pHPMA nanocomposite as expected before. The figure also shows that both

composites are frequency dependant from as low as 0.01 Hz.

The 1lx21-pHPMA composites; the change in G” increases at a much higher rate
with increasing frequency while G’ show a constant change rate until it reaches the
critical value and the material transforms to a liquid-like composite (Table 5.17).
This may be due to a smaller number of crosslink points getting broken when

compared to the 2Lx21-pHPMA.
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Table 5.17 (n=3) G’ Pa and frequency Hz at the crossover transition point for 1LXL21-pHPMA
nanocomposite.

Crossover Point
G'Pa Frequency Hz SD

Sample

1lx21-pHPMA 7093.47 26.36 4.90

Following the 2Lxi21-pHPMA composite moduli curves shows a slower change rate
for the G” when compared the 1lx21-pHPMA G”. However, the behaviour of the
viscoelastic moduli of the 2Lx21-pHPAM still shows that the values of the moduli are
getting closer to one another and a crossover point is to be expected at frequency

larger than 100 Hz.
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Figure 5.29 Evolution of storage modulus G’ and loss modulus G” as a function of frequency from
0.01 Hz — 100 Hz for 1LXL21-pHPMA and 2LXL21-pHPMA nanocomposite. Transition point (solid-like
to fluid-like) points.

5.3 Clay-pGMAc Characterisation and
Rheological Properties

Glycidyl methacrylate (GMACc) is a reactive monomer with an epoxide ring which
offers it an opportunity to enter a wide range of chemical reactions. (GMAc) can be
polymerised and copolymerised by free radical polymerisation where initiators

attack the methacrylic double bonds. [48] It is a low-cost monomer as it is used to

275



produce epoxy-functional methacrylic resins which are industrially employed as

coatings and adhesives. [49]

5.3.1 Clay-pGMAc Nanocomposite

Table 5.18 shows general observation on the pGMAc and (1 % clay)-pGMAc
nanocomposite after polymerisation. The pGMAc homopolymer separated from the
water after two days of polymerisation and the material sediments on the bottom
of the vial. The composites were in general heterogeneous with two different
components in the glass vial after polymerisation: a soft, white, and heterogeneous
gel part filling most of the volume, and a white hard bead-like part at the bottom of
the vial. The bead-like part was only analysed by FTIR to find out what it contains.

The gel part was analysed further with TGA and XRD.
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Table 5.18 General observation on pGMAc and 1clay-pGMAc nanocomposites, samples were investigated by pouring and poking with a small lab spatula.

pGMACc

1|.E|_-pGMAC

1LpN-pG MAc

1Log-pG MAc

1LRD-pG MAc

1|.x|_21-pGMAC

1Cnar-pGMAC

(Top) ~ 90% of the
total volume, white
soft heterogeneous
polymer. 2 days after
polymerisation ~
10% of the total
volume at the
bottom and clear
water on top.

(Top) ~ 80% of the
total volume, very
soft gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 20% of
the total volume,
white hard bead-like
composite.

(Top) ~ 85% of the
total volume, soft
gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 25% of
the total volume,
white hard bead-like
composite.

(Top) ~ 80% of the
total volume, very
soft gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 20% of
the total volume,
white hard bead-like
composite smaller in
size than the 1Lg -
pGMAc and 1Lgn-
pGMAcC.

(Top) ~ 80% of the
total volume, very
soft gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 20% of
the total volume,
white hard bead-like
composite.

(Top) ~ 70% of the
total volume, soft
gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 30% of
the total volume,
white hard bead-like
composite. with
some having
dimensions of 5x4
mm

(Top) ~ 70% of the
total volume, yellow
soft gel, observed
heterogeneous
composite as poured
of the glass vial.
(Bottom) ~ 30% of
the total volume,
white hard bead-like
composite.
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5.3.2 XRD Characterisation of Clay-pGMAc
Nanocomposites

GMAc is a functional monomer used to prepare homogeneous and heterogeneous
polymer networks. [50] It is a monomer that is not easy to control the
polymerisation process for, as it is a relevant epoxy-functional monomer. Figure
5.30 shows the XRD traces for the two different products after the polymerisation
process of GMAc. The reflections for both products are almost the same showing
amorphous polymer traces. Since both products XRD reflection has almost the
same behaviour, the pGMAc will be used as a reference to compare the clay-
pGMAc composites. The pGMACc also will be investigated further using TGA, SEM,

FTIR and rheological tests.

Z —pGMAC
g pPGMAC Precipitation
=1
ﬂi.iq.w \
hast
0 10 20 30 40

20°
Figure 5.30 XRD profiles for powder pGMAc homopolymer and pGMAc precipitations showing the
differences in the XRD traces. pGMAc homopolymer samples are ground powders, pGMAc
precipitations samples were too hard to ground.

The XRD traces of Le,, pPGMACc, and 1Lg-pGMAcC nanocomposites are presented in
Figure 5.31 (a). The XRD trace of 1Lg-pGMACc is dominated by the pGMAc within the
composite. Evidence of Lg. within the composite can also be observed. A decreasing
baseline is observed at a low angle (26 < 5 °) and the lack of any diffractions in the
region 20 between 5.5° - 6° corresponding to the doo1 spacing in the powder Lg. in
the XRD trace for the 1Lg-pGMAc composite suggests clay is well dispersed if not
exfoliated in the composite structure. [16][18][19]. The reflection at 26 = 18.3° (d =

4.86 A) in the XRD trace of 1Le-pGMAC is a result of the presence of pGMAc within
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the composite, however, another small sharp reflection can be observed at 26 =

19.4 ° (d = 4.58 A) which may be due to the dioo spacing in the Lg..

No reflections were observed in the XRD trace 1L -pGMAc composite at around 20
= 27 °, this position is related to the pGMAc reflection at 26 = 29.8 ° (d = 3.00 A). It
is also related to the dogs spacing in the Le. at 26 = 27.5° (d = 3.24 A). Towards the
right-side end of the XRD trace of the 1Lg-pGMAc composite, a reflection at 26 =
35.0 ° (d = 2.57 A) can be observed corresponding to the d110 spacing in the Lg, this

reflection provides evidence about the clay presence in the 1Lg-pGMAC structure.

Figure 5.31 shows the XRD traces of seven different clay-pGMAc nanocomposites in
comparison with their components (clay type and pGMACc). Most of the composites
follow the same trend as the pGMAc is crosslinked with different clay types,
however, some differences are still to be mentioned. Figure 5.31 (b) shows the XRD
traces of 1Len-pGMAC composite. A diffraction reflection is observed at 26 = 6.6 ° (d
= 13.35 A) corresponding to the doo: in the Len. The presence of this reflection

suggests that the 1Lin-pGMAC is @ microstructure nanocomposite. [19]

The 1lLog-pGMAc and 1lrp-pGMAc nanocomposites (Figure 5.31 (c and d)) have
similar behaviours to that of 1Lg-pGMAc. Table 5.18 shows the position of the

reflection for different clay-pGMAc nanocomposites.

In Figure 5.31 (e) both composites with different Lx.21-to-polymer ratio show similar
behaviours. The XRD trace of 2Lxi21-pGMAC has a reflection at 26 = 6.3 ° (d = 13.81
A) with position closer to the doo1 of the Lxi21 than the 1lxi21-pGMAC as a result of
more clay contained in the 2Lx21-pGMAc composite. The XRD observations of the

Lxi21-pGMAC suggests that both nanocomposites are microstructure composites.

Figure 5.31 (f) shows the XRD trace of 1Cna+-pGMAC nanocomposite. A decreasing
baseline is observed at a low angle (< 5 °) in the XRD trace for the 1Cna+-pGMAC
composite which suggests clay exfoliation in the composite structure. [16][18][19]
The diffraction reflections at 26 = 19.5 ° (d = 4.56 A) is an indication of the clay

presence in the composite as they match the Cna+ d1oo and (Table 5.19).
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Figure 5.31 XRD profiles for powder clay, pGMAc homopolymer and its related nanocomposite
showing the differences in the XRD traces as the polymer chains intercalate in between clay platelets

as they disperse; by clay a) LEL, b) LFN, c) LOG, d) LRD, e) LXL21, f) CNa+. All samples are ground
powders. Offset for clearance.
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The fact that the doo1 spacing is not observed or observed but as a weak reflection
indicates that pGMAc chains penetrate through the interlayer spacing of the nano-
clay. Which means that clay platelets in pGMAc nanocomposite can be well
dispersed or can form a microstructure nanocomposites as was the case for the Len-
pGMACc and the Lxi21-pGMAc. [1][2][51]

Table 5.19 Interplanar distances and 20 of different clay (powder) and its corresponding clay-pGMAc
nanocomposites samples obtained from XRD data.

Sample d001 . d100 . d110 .
20 d (A) 20 d (A) 20 d (A)
pGMAC - - 18.1 4.89 - -
Let 5.8 15.24 19.4 4.57 35.6 2.52
1Le-pGMAC - - 183 4.86 35.0 2.57
- - 19.4 4.58 - -
Len 6.6 13.39 193 4.60 34.6 2.59
1Lev-pGMAC 6.6 13.35 18.3 4.86 34.9 2.57
Los 7.1 1245 19.1 4.65 34.6 2.59
1Loc-pGMAC - - 18.0 4.94 34.8 2.58
- - 193 4.60 - -
Lro 6.5 13.60 19.4 4.57 34.6 2.59
1Lro-pGMAC - - 18.2 4.87 34.7 2.58
- - 19.5 4.56 - -
Lx21 6.4 13.81 19.3 4.60 34.7 2.58
1Lx21-pGMAC 5.8 15.29 183 4.85 34.5 2.60
- - 195 4.56 - -
2Ly21-PGMAC 6.3 14.03 17.3 5.11 34.4 2.61
- - 19.1 4.64 - -
Char 7.0 12.63 195 4.55 34.7 2.58
1Cyar-pGMAC - - 195 4.54 34.9 2.57
- - 18.4 4.82 - -

5.3.3 TGA Characterisation of Clay-pGMACc
Nanocomposite

Figure 5.32 presents the thermal decomposition TGA curves for pGMAc
homopolymer and (1 % clay)-pGMAc nanocomposites. Three different weight loss
stages are observed throughout all the clay-pGMAc nanocomposites over the
temperature range 25 - 900 °C (Table 5.20). [22] “Stage 1” corresponds to weight
loss due to free water evaporation. At “Stage 2” the samples lost 50 - 85 % of the
total weight loss in the temperature range of 250-500 °C, due to the degradation of

pGMAC, the big variation in the wt% is mainly due to pGMAc-based nanocomposite
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being not homogenous. [26] “Stage 2” also includes the weight loss attributed to
the degradation of the epoxied group between 170 - 220 °C in pGMAc. [27] At
temperatures higher 500 °C “Stage 3” the clay-pGMAc nanocomposites still showed
the weight loss of about 5 -17 % which is mainly due to further degradation of
polymer residues and dehydroxylation. The difference of the total weight loss at the
end of “Stage 2” between pGMAc-based nanocomposite and all previously
mentioned nanocomposites can be related to the polymer being precipitated out

and thus more clay in the sample.

The thermal stability for pGMAc and clay-pGMAc nanocomposites is in a higher
range (275 °C - 286 °C) than that of pHEMA and pHPMA nanocomposites. Clay-
pGMAc nanocomposites have less total weight loss as clay-pGMAc composites
which is a result of its heterogeneous nature as its polymerisation cannot be easily

controlled due to the presence of the epoxide functional group.

pGMACc thermal stability is modified as it is crosslinked by the clay platelets. The
onset temperature increased from ~238 °C for the homopolymer to ~280 °C for the
clay-pGMAc nanocomposites. The 1Lin-pGMAc composite is the fastest to start
degrading with an onset temperature of 272 °C, it also lost less weight than other
composites through “Stage 1” which suggest that it holds less water than all other

clay-pGMAc nanocomposites.

1Le-pGMAC and 1Lrp-pGMAC composites had close onset temperature (278 °C and
275 °C, respectively), similar weight loss curves, and very close weight loss values.
Whereas, Log-pGMACc and 1Cna+-pGMAC have the same onset temperature at 286
°C. The Log and Cna:+ corresponding nanocomposites showed the slowest weight loss
rates in “Stage 2”; this observation was also the same for their pHPAM
corresponding nanocomposite which suggests it is related to the clay types as Log

and Cna+ were the most thermally stable clays.
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Figure 5.32 TGA thermograms of pGMAc homopolymer and 1clay-pGMAc nanocomposites.
Indicating the three stages of weight loss. Stage 1 (25 - 175 °C), Stage 2 (175 - 450 °C), and stage 3

(460 - 800 °C).

Figure 5.33 shows the TGA weight loss curves for Lx21-pGMAc with two different

clay-to-polymer ratios. The onset temperature was not significantly different (285

°C for 1lxi21-pGMAC, 284 °C for 2Lxi21-pGMACc) (Table 5.20) which does not show a

strong thermal difference between both nanocomposites at these clay contents.

Both composite also had a similar weight loss rate through “Stage 2”. As clay-

pGMAc composites were heterogeneous, it was not possible to relate the total

weight loss in 1Lx21-pGMACc and 2Lxi21-pGMACc to the clay-to-polymer ratios.
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Figure 5.33 TGA thermograms of pGMac homopolymer, 1LXL21-pGMac, and 2LXL21-pGMac
nanocomposites. Indicating the three stages of weight loss. Stage 1 (25 - 175 °C), Stage 2 (175 - 450
°C), and stage 3 (450 - 800 °C).

283



Table 5.20 TGA data of pGMAc homopolymer and its (1 % clay) and (2 % clay) nanocomposites,
showing weight loss at each stage and onset temperature.
Stagel: 25-175 °C Stage2: 175-450 °C  Stage3: 450-800 °C Total Onset

Sample Weight loss % weight  Temp.

loss % °c
1LEL-pGMACc 1.30 66.03 12.35 79.68 278
1LFN-pGMACc 0.84 84.61 5.39 90.84 272
1LOG-pGMACc 1.28 59.9 17.58 78.76 286
1LRD-pGMACc 1.41 66.39 10.65 78.45 275
1LXL21-pGMACc 1.51 63.55 11.46 76.52 285
2LXL21-pGMAc 1.96 49.05 11.06 62.07 284
1CNa+-pGMAc 1.27 61.07 15.33 77.67 286
pPGMACc 0.29 93.92 4.76 98.97 238

5.3.4 SEM Morphology Observation of Clay-pGMAc
Nanocomposites

Figure 5.34 shows SEM images of clay crosslinked pGMAc composites at 50 um. The
images show porous interconnected micro-scaled structure networks, with

different morphologies and different pore distribution. [47][52]

1Lei-pGMAcC nanocomposite (Figure 5.34 a) shows a uniform pore distribution
structure, pore size averaged around 17.7 um with a large variety in size (standard
deviation = 7.5) (Table 5.21). The composite has thin well-defined walls separating
the pores. The 1Lgp-pGMACc composite (Figure 5.34 d) has a similar morphology with

a smaller pore size of 7.2 um

The SEM image of 1Lin-pGMAc composite (Figure 5.34 b) show a layered structure
with a high pore density through individual layers. The surface is smoother when
compared to the 1lLg-pGMAc composite surface. Pores found in layers averaged
around 10.8 um (Table 5.22). The 1lLxi21-pGMAc composite (Figure 5.34 e) shows a
layered surface similar to the 1Len-pGMAC with a pore size and lower pore density

through layers.

1Loc-pGMACc composite (Figure 5.34 c) showed a high-density and thick-walled
structure with a low pore distribution and smaller size pores when compared to
than 1Lg-pGMAC. Pore size averaged around 4.1 um with a standard deviation of

2.3 (Table 5.21). 1Cna+-pGMAC composite (Figure 5.34 f) shows similar morphology
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to that of the 1Loc-pGMAcC composite with pore size averaged at 4.7 um (Table

5.21)

— 50 ym — 2=

> - : —50 ym—
Figure 5.34 SEM images of (1 % clay)-pGMAc nanocomposite showing microstructure and pore size
differences as a result of the effect of clay grade used. a) 1LEL-pGMAc b) 1LFN-pGMAc c) 1LOG-
pGMAc d) 1LRD-pGMACc e) 1LXL21-pGMAc f) 1CNa+-pGMAc.
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Table 5.21 Average pore size and SD of (n=25) for (1 % clay)-pGMAc nanocomposite (LEL, LOG, LRD,
CNa+).

Sample Pore size (um) SD
1Le-pGMAC 17.7 7.5
1Loc-pGMAC 4.1 2.3
1Lro-pGMAC 7.2 2.6
1Cnas-pGMAC 4.7 2.3

Figure 5.35 shows SEM images of the 1Lin-pGMAc composite form at different
profiles. The layers are stacked on top of each other in a uniform distribution, the
layers of the space are interconnected through a collection of pores in each layer.
The average distance separating the layers is around 4.2 with a variation from 2 —
13 um. Table 5.22 shows the average pore size and the average distance between

layers for Len-pGMACc and Lxi21-pGMAcC nanocomposites.

e 5 > . 5 : —50 pm—
Figure 5.35 SEM images of LFN-pGMAc nanocomposite on scale bar 50 um. a) A top view showing
the voids in the 1LFN-pGMACc thin layers. b) A cross-section showing the layers of LFN-pGMACc layers.

The 1lx21-pGMAc composite (Figure 5.36) also shows a layered effect with less
distinct layers than the 1Lin-pGMAcC composite, layered surfaces are also rougher
than the 1Ln-pGMAC. Distance between the layers is on average of 6.7 um (Table
5.22).
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—50 pm — ‘ —50 pm—
Figure 5.36 SEM images of 1LXL21-pGMAc from different angles showing its morphology from top
and cross-section views.

The effect of different clay-to-polymer ratios on the morphology of clay-pGMAc
was examined by comparing the SEM images of 1lLxi21-pGMAc and 2Lxi21-pGMACc
nanocomposites. Figure 5.37 shows the SEM image of Lxi21-pGMAc composites at

different magnifications for better recognition of the morphological differences.

The 1lx2:1-pGMACc (Figure 5.37 a and c) has an interconnected micro-scaled, smooth
layered morphology with irregular voids in the layers, the size of the voids averaged

around 4.1 um. The distance between the layers was on average 6.7 um.

By changing the clay-to-polymer ratio, the 2Lx21-pGMAc nanocomposites (Figure
5.37 b and d) showed a layered, smoother textured surface with lower pore
density, when compared to the 1lLxi21-pGMAc composite, [53] with an average of
around 6.0 um. The distance between the layers was on average 8.3 um showing

that the distance between layers (Table 5.22) is bigger. [36]
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Figure 5.37 SEM images of LXL21-pGMAc nanocomposite on scale bar 1 mm and 100 um. (a, c)
1LXL21-pGMAc (b, d) 2LXL21-pGMAc showing the effect of increasing clay content on the
morphology of the microstructure.

Table 5.22 (n=25) distance between layers in the clay-pGMAc nanocomposite with a layered-like
morphology and the size of the void in the layers.

samples Interlayer distance layers voids
distance (um) SD size (um) SD
1LFN-pGMAc 4.2 3.3 10.8 7.4
1LXL21-pGMACc 6.7 3.2 4.1 2.5
2LXL21-pGMACc 8.3 4.3 6.0 5.9

5.3.5 FTIR Spectra Analysis of Alay-pGMACc
Nanocomposites

Figure 5.38 shows the FTIR spectra for GMAc monomer, pGMAc homopolymer, and
the pGMAC hard precipitated material. The intensity of the C=C band at (1636 cm?)
is less in both polymerisation products spectra than it is in the intensity in the
GMAc monomer, this suggests that most of the monomer was polymerised. The
pPGMAC precipitation is also a fully polymerised material as observed by the same

C=C band. [54]

288



In the pGMAC spectrum, the characteristic band at 3418 cm™ correspond to the -
OH, the C-H stretching vibration bands are observed at 2998, 2944, and 2888 cm!
while the bands at 1451 and 1386 cm™ corresponds to the C-H bend vibration. The
peak at 1721 cm™ corresponds to the C=0 stretching which did not show a
significant shift (1715 cm™ in the GMAc spectrum). The bands at 1255, 907, 843,
and 760 cm™ correspond to the epoxide group. [55] Table 5.23 shows the positions

of bands for GMAc, pGMAc homopolymer, and pGMACc precipitation.

Cc=0

pGMACc precipitates r/\/L }

Absarbance

GMAc e J

3500 3000 1500 1000
Wavenumbers (cm-1)
Figure 5.38 FTIR spectra of monomer GMAc and pGMAc homopolymer showing the main

characteristic bands of pGMAc.

Table 5.23 FTIR peaks value for GMAc monomer, pGMAc homopolymer, and pGMAc precipitation.

Sample -OH C-H C=0 | C=C C-H Epoxide

GMAc - 2985 2958 2930 | 1715 | 1637 | 1453 1436 | 1294 907 842 761
pGMACc 3418 | 2977 2944 - 1721 | 1635 | 1451 1386 | 1255 905 843 784
PGMAC precipitation 2998 2987 2940 | 1722 | 1636 | 1448 1388 | 1255 905 842 757

FTIR spectra of the clay, homopolymer pGMAc, and the corresponding (1 % clay)-
pGMACc and (2 % clay)-pGMAc nanocomposites are presented in Figure 5.39. FTIR
spectra of the (1 % clay)-pGMAc nanocomposites exhibit evidence of containing

both the clay and pGMACc in its structure.
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Figure 5.39 (a) shows the details of interest in the FTIR spectrum for 1Lg-pGMAC
nanocomposite compared to Lee and pGMAc homopolymer. The -OH stretching
band shifted to lower wavenumber (3408 cm™) for the 1lLg-pGMAc composite
when compared to the pGMAc homopolymer (2418 cm™) which is not a significant
shift to provide evidence of the association of hydrogen bonds with the addition of
the nanoclay. [38] The C=0 stretch band also did not shift significantly (1721 cm™ in
PGMACc) (1722 cm™ in the 1Lg-pHPMA). [27] The Si-O band in the Lg at (946 cm™)
shifted to a higher position upon crosslinking the pGMAc with the Lg, the 1lg-
pGMAc composite Si-O band was observed at 984 cm™. The 1Lg-pGMAc band at
1060 cm? is likely to be contributed to by the Si-O (out-of-plane) related band as it
has a higher intensity after crosslinking than the 1055 cm™ in the pGMAc spectrum
(relative to the pGMAc band at 1255 cm™). Most of the (1 % clay)-pGMAc
nanocomposites have the same trend when examined with FTIR. However, there

are some differences observed.

The 1Len-pGMAC nanocomposite in Figure 5.39 (b) shows a clear C=0 band at 1722
cm, this can be explained by the homogeneity of the composites as it had the least
amount of precipitation after polymerisation and was the most homogeneous when
compared to the other (1 % clay)-pGMAc composites. 1Los, pPGMAc and 1Lgp-
pGMAc composites Figure 5.39 (c and d) show similar results and shifts as the 1Lg-
pGMAc. Figure 5.39 (e) shows the 1Lx21-pGMACc and 2Lxi21-pGMACc nanocomposites
compared to Lxi21 and pGMAc homopolymer. The 1Lx21-pGMAc C=0 stretch band
shifted to around 1720 cm™ and has a lower intensity than the 2Lx21-pGMAc as a
result of more clay and less pGMACc in the composite, however, it did not show any
significant difference in position when compared to the 1Lx2:1-pGMACc (Table 5.24).
The Si-O related bands have a lower wavenumber in the 2Lx21-pGMAc composite

(977 and 1057 cm'?) than the Si-O bands for the 1Lx21-pGMAc (982 and 1072 cm™).

Figure 5.39 (f) shows the 1Cna:-pGMAC nanocomposite. The Si-O band in the 1Cnas-
PGMACc is 995 cm™* which has shifted to a higher wavenumber from 981 cm™ in the

CNa+.
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Figure 5.39 FTIR spectra of a) 1LEL-pGMAc, b) 1LFN-pGMAc, c) 1LOG-pGMAc, d) 1LRD-pGMACc, €)
1LXL21-pGMAc, f) 1CNa+-pGMAc nanocomposites compared to the clay and pGMAc. Offsite for

clearance. All samples are dried powder.
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Table 5.24 FTIR bands positions for clays, pGMAc, 1clay-pGMAc, and 2LXL21-pGMAc.

-OH c=C Si-0
pGMAC 3418 1636 - -

Le - - - 946
1Ls-pGMAC 3408 1637 1060 984
Len - - - 949
1Lv-pGMAC 3501 1636 1072 981
Loc - - - 940
1Loc-pGMAC 3399 1636 1062 983
Lro - - - 945
1Lro-pGMAC 3396 1636 1060 989
(P - - - 942
1Lx21-PGMAC 3418 1637 1072 982
2Lx21-PGMAC 3440 1636 1057 976
Crat - - - 912
1Cnas-PGMAC 3411 1637 1024 995

5.3.6 Rheological Analysis and Properties of Clay-
pGMAc Nanocomposites

5.3.6.1 Yield stress for clay-pGMAc nanocomposites

The flow curves in Figure 5.40 show the yield stress (Tstress) points for the (1 % clay)-

pGMAc nanocomposite. Values for Tsress for the clay-pGMAc nanocomposites are
presented in Table 5.25. 1Lg-pGMAc and Lrp-pGMACc nanocomposites have higher
yield stress values than other composites in the pGMACc related composites, this
may be a result of the small particle size of the Lg. and Lrgp when compared to other

clays.
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Figure 5.40 (n=3) Flow curve showing yield stress for 1clay-pGMAc. The first point on Y-axis is where
the stress is high enough for the material to start flowing.

The smaller the clay platelets used to crosslink the pGMACc for a nanocomposite the
larger the yield stress values when plotting the Tyicils as a function to the clay particle
size (Table 5.25 and Figure 5.41). The clay effect on the yield stress value may not
be observed directly from these values as the clay-pGMAc composites were

heterogeneous in general. The 1Cna+-pGMAC with the largest particle size had the
highest Tyiela value despite its particle size (550 nm), this may be related to the fact

that 1Cnas-pGMAC squeezed more water when setup for testing on the rheometer

than other hydrogels from this group.
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Figure 5.41 Yield stress for (1 % clay)-pGMAc nanocomposites as a function of a) Clay particle size, b)
Clay CEC.

The flow curves in Figure 5.42 show the yield stress value points for 1Lx21-pGMACc
and 2Lxi21- pGMAc. As expected, the higher the clay-to-polymer ratio in the
nanocomposite the larger the Tyieq values. The effect of the number of the

crosslinking point is clear as per the values in Table 5.25.
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Figure 5.42 (n=3) Flow curve showing vyield stress for 1LXL21-pGMAc and 2LXL21-pGMAc
nanocomposite.
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Table 5.25 (n=3) Tyieid (Pa.), SD and the corresponding clay particle size and CEC values for the (1 %
clay)-pGMAc and 2LXL21-pGMAc.

Sample Yield point
Tyield sD

1Le-pGMAC 0.0379 0.0044
1Len-pGMAC 0.0052 0.0012
1Loc-pGMAC 0.0204 0.0025
1Lro-pGMAC 0.0264 0.0018
1lxi21-pGMAC 0.0103 0.0006
2Lx21-pGMAC 0.0966 0.0038
1Cna+-pGMAC 0.0534 0.0069

5.3.6.2 Storage (G’) and Loss (G”) Moduli Behaviour for

Clay-pGMAc Nanocomposites

5.3.6.2.1 Amplitude Sweep (Function of Strain)

Figure 5.43 shows the storage (G’) and loss (G”) moduli behaviour over a strain
sweep for (1 % clay)-pGMAc. The critical strain (Y¢) value changes according to the
clay used as a crosslinking agent. As with the yield stress values; composites which

were crosslinked with small particle size clays (Lei, Lro) have higher y. value where

larger particle size clays had lower Y. value (Table 5.26). This behaviour did not
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apply with 1Lx21-pGMAC, this might be because this particular clay has a high CEC

value compared to its particle size.
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Figure 5.43 (n=3) Evolution of storage modulus G’ and loss modulus G” as a function of strain at a
constant frequency from 0.01 % - 100 % strain; showing the LVE range and transition crossover point
(gel-like to fluid-like) for (1 % clay)-pGMAc.

Clay-pGMAc composites with small particle size clays also showed a larger LVE
range than other composites, these composites have higher elastic properties. This
may be due to better distribution of clay platelets in the structure and more

crosslink points as a result.
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Table 5.26 average LVE region limits (strain % and G’ Pa.) of (n=3). Crossover transition point (gel-like
to liquid-like) strain values and moduli value for 1clay-pGMAc and 2LXL21-pGMAc nanocomposite.

LVE Crossover point
Samples Strain % G'Pa Critical Strain ' Pa
Strain % SD
1Lg-pGMAC 16.90 399.00 74.75 28.65 80.31
1Ln-pGMAC 04.19 51.80 16.29 00.94 12.21
1Loc-pGMAC 07.10 190.00 61.86 21.20 44.28
1Lrp-pGMAC 11.50 259.00 71.92 18.25 55.37
1lxi21-pGMAC 07.67 120.00 24.68 10.75 34.98
2Lx121-pGMAC 03.72 931.00 35.72 5.49 146.73
1Cna-pGMAC 04.14 516.00 37.29 23.18 121.52

Figure 5.44 shows a strain sweep for 1lxi21-pGMAc and 2Lxi21-pGMAc. Changing

clay-to-polymer ratio increased the Y. from 24.68 % to 35.72 %. More clay in the

composite also increased the LVE range. The clay-to-polymer ratio had a large

effect on the rheological properties via more crosslink points between the pGMAc

chains and the clay platelets, giving the composite more elasticity and the ability to

withstand higher strains. Related values are shown in Table 5.26 which shows the

parameters for the crossover points and the for the LVE range.

3
10

0
10

-2
10

1LXL21-pGMACc
T 2LXL21-pGMAC

i

-1
10

0

Strain 710
Figure 5.44 (n=3) Evolution of storage modulus (G’) and loss modulus (G”) as a function of strain
sweep from 0.01 % - 100 % strain showing the LVE range and transition point (gel-like to liquid-like)
for 1LXL21-pGMACc and 2LXL21-pGMAc nanocomposite.
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5.3.6.2.2 Frequency Sweep (Function of Frequency)

Figure 5.45 shows the G’ and G” behaviour as a function of frequency from 0.01 -
100 Hz for (1 % clay)-pGMAc nanocomposites. Gel-Like material behaviour is
observed for all composites up to high frequency (Table 5.27). The crossover
transition points show when the samples transform to a liquid-like material and
they are all at high-frequency values. 1Cna:-pGMAC (92.71 Hz, 529.00 Pa) had the
highest crossover point followed by 1Log-pGMAc (91.55 Hz, 370.59 Pa), then 1Llg-
pGMAc and 1lxi21-pGMAc had close values, whereas the 1Lin-pGMAc had the

lowest crossover point at (39.00 Hz, 26.39 Pa).
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Figure 5.45 (n=3) Evolution of storage modulus G’ and loss modulus G” as a function of frequency
from 0.01 - 100 Hz showing the transition point (solid-like to fluid-like) for (1 % clay)-pGMAc.
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Table 5.27 (n=3) G’ Pa and frequency Hz at the crossover transition point (gel-like to liquid-like) for
(1 % clay)-pGMACc nanocomposite.

Crossover point

Sample Critical frequency G'Pa
Frequency Hz SD
1Lg-pGMAC 86.62 02.01 165.29
1Len-pGMAC 39.00 09.58 026.39
1Loc-pGMAC 91.55 19.78 370.59
1Lrp-pGMAC 62.71 01.98 066.96
1Lxi21-pGMAC 87.15 16.73 169.18
1Cna:-pGMAC 92.71 20.60 529.00

Figure 5.46 shows the G’ and G” moduli behaviour over a frequency sweeps for
1lxi21-pGMAc and 2Lx21-pGMAc composites. The higher clay-to-polymer ratio
nanocomposites have higher elastic properties. No change of behaviour was
observed for the 2Lx21-pGMAC up to 100 Hz, while as mentioned earlier the 1Lxi21-
pGMACc had a crossover point to a liquid-like material at around (987.15 Hz, 169.18
Pa) which can be related to the more homogeneous and more crosslinked 2Lx.21-

pPGMAC as a result of more clay and less polymer in the composite.
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Figure 5.46 (n=3) Evolution of storage modulus (G’) and loss modulus (G”) as a function of frequency
from 0.01 Hz — 100 Hz showing the crossover transition point (gel-like to liquid-like) for 1LXL21-
pGMACc and 2LXL21-pGMAc nanocomposite.
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54 Summary

Chapter 5 studied the influence of clay type on the morphological and mechanical

properties of clay crosslinked pHEMA, pHPMA and pGMAc nanocomposites.

The characterisation techniques used (XRD and FTIR) show evidence of clay
platelets dispersion in the composite structure and the interaction between the
clay platelets and the polymeric chains. The XRD shows an increasing baseline for
20 < 5 ° which supports very well dispersed clay in the nanocomposite’s matrix,
however, the Linv and Lxi21 and Cnas based nanocomposite showed evidence of
forming intercalated or microstructure nanocomposites in some cases as
mentioned earlier, which may be due to their higher CEC, but this still need further

analysis.

The main spectroscopic changes observed for FTIR spectra shown for the
nanocomposites are changes in intensity and band position associated with the
water and Si-O of the clay when comparing the neat clay and the homopolymers to
the clay-polymer composites (Table 5.6, Table 5.14, and Table 5.24). The Si-O
stretching band shifts show that the clay platelets have separated because of
inserting the polymeric chains between the layers. This observation supports the
XRD observations indicating that the clay particles are either well dispersed or
intercalated or microstructured. All these observations can be associated directly to

the crosslinking action of the clay platelets.

As polymers were crosslinked with clay, they exhibited less total weight loss
compared to the homopolymers as can be seen throughout “stage 2” of all
nanocomposites mentioned earlier in this chapter. The TGA analysis showed that
the onset temperature made a significant improvement for the clay-pHEMA and
clay-pHPMA nanocomposites when compared to the homopolymers (Figure 5.7 and
Figure 5.20), the pHEMA-based nanocomposites showed an average increase of the
onset temperature of 24 °C (Table 5.2) and the pHPMA showed an increase of 14 °C
(Table 5.11) on average. The clay-to-polymer ratios did not show a significant effect

on the onset temperature or the total weight loss as discussed earlier, as when
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calculated on dry-basis the remaining mass is mainly the clay, however, the weight
loss behaviour between 300 — 400 °C was slower with the presence of clay and the
decomposition occurs at significantly higher temperatures than for the pHEMA and
pHPMA homopolymers. No trends relating to the clay platelet size or CEC were
observed. The Cna+-based pHEMA and pHPMA nanocomposites require higher
temperature for decomposition, this behaviour can relate to its different structure

but still require more investigation.

pHEMA and pHPMA based composites exhibit interesting rheological properties
with high yield stress region related to its hydrophobicity as a result of less water
held in the hydrogel matrix. Most of the water involved in the synthesis process is
squeezed out of the hydrogels as soon as they are placed between the rheometer
parallel plates, and hard solid rubbery like materials are remaining to test, these
hydrogels were mainly not capable of being tested and only the Lx21-pHEMA and

1Lx21-pHPMA hydrogels were used for rheological analysis. Figure 5.16 and Figure

5.17 show the effect of the Lxi21-to-PHEMA ratio effect on the Tyield and LVE limits,

the higher the Lxi21 content higher the Tyieid and LVE limits, the case is the same for
the Lxi21-pHPMA hydrogels as shown in Figure 5.27 and Figure 5.28. These results
show an opposite trend to the effect of a clay-to-pDMAc ratio where the more clay
the lower the LVE limits, which is a result of the polymers different nature. With
pHEMA and pHPMA based hydrogels, the crosslinking point adds flexibility and
increases the elasticity of the material were with pDMAc-based hydrogels the

crosslinking points restrict the movement and flexibility of the polymeric chains.

The incorporation of clay in pGMAc (Section 5.3) affects the properties of the
pGMACc and the resulting composite has different behaviour, pGMAc homopolymer
tends not to form a 3D network. The pGMAc-related composites were
heterogeneous as shown by the different TGA weight loss curves (Figure 5.32) and
the synthesis of them would need to be optimised and required more investigation

to get to a homogeneous nanocomposite/hydrogel with no precipitation of pGMAc
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or clay platelets, as the XRD analysis and FTIR spectroscopy (Figure 5.30 and Figure

5.38) showed that the precipitations were mainly a pPGMAc homopolymer.

The clay-pGMAc nanocomposite SEM images show a porous interconnected
structure, a comparison between the effect of different clay types and the clay-to-
polymer ratio showed there was no trend to follow and the morphology of the 1Lgn-
PGMAC, 1lx21-pGMACc, and 2Lx21-pGMAc was different from the other composite
with clear layered morphology (Figure 5.35 and Figure 5.36).

No clear trend was observed between the clay type and the Tyeid for the clay-
pPGMAc nanocomposites as shown by Figure 5.41, and the case was the same for
the LVE limits, this may be a result of the heterogeneous nature of the clay-pGMAc
nanocomposites which require further investigations. However, the effect of clay-
to-polymer ratio was similar to the clay-pHEMA and clay-pHPMA behaviour as

indicated in Figure 5.42 and Figure 5.43.
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Chapter 6 Comparison Between Different
Polymer-based nanocomposites/Hydrogels

with Lxi21 as a Crosslinking Agent

6.1  XRD Analysis of Lxi21-Polymer
Nanocomposites

Most of the XRD traces described in Chapters 3 - 5 were predominated by the
polymer within the composites. Some Lx2i-polymer nanocomposites show clay
dispersion as a decreasing baseline at angles between 2 and 5 °26 providing
evidence for clay exfoliation, were other Lxi2i-polymer provides evidence for
intercalation and microstructures. However, all the XRD traces provide evidence of

Lxi21 within the composite.

Figure 6.1 (a) shows the XRD traces of Lxw1 and Lxizi-Acrylamide based
nanocomposites, the Lx21-pNIPAM was an intercalated nanocomposite while the
Lxi21-pDMACc results suggest an exfoliated nanocomposite (if not then very well
dispersed). These differences are polymer related, as the conditions and synthesis
steps were similar for both Acrylamides. Figure 6.1 (b) shows the XRD traces for
Lxi21-Methacrylate based nanocomposites and it shows a similar observation as
mentioned earlier for the Lxi21-Acrylamide, where Lxi21-pHEMA nanocomposites
show an exfoliated structure, and the Lx2:-pHPMA and Lx21-pGMAc show evidence
for microstructure nanocomposites. Table 6.1 summaries the XRD results for all

Lxi21 nanocomposites.

The LXL21-based nanocomposites XRD results show that the polymer type
can affect how clay is dispersed in the nanocomposite and it is not just a
clay property-related phenomena. However, these results require further

chemical and structural analysis in the future.
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Table 6.1 26 and d-spacing for LXL21-polymer nanocomposites.

Sample d001 . d1()0 . d110 .
20 d (A) 20 d (A) 20 d ()
Lxi21 6.2 14.2 194 4.6 34.7 2.6
pNIPAM 7.4 12.0 20.2 4.4 - -
1Lxi21-pNIPAM 7.1 12.4 19.9 4.5 34.7 2.6
2Lx21-pNIPAM 5.9 15.0 19.8 4.5 34.7 2.6
pDMAC - - - - - -
2Lx21-pDMAC 8.6 10.3 20.8 4.3 34.5 2.6
pHEMA - - 17.9 5.0 - -
1|.x|_21-pHEMA - - 18.0 4.9 349 2.6
2|.x|_21-pHEMA - - 19.3 4.6 349 2.6
pHPMA 7.6 11.6 17.7 5.0 - -
1lxi2:-pHPMA 6.6 13.4 17.4 5.1 34.7 2.6
2Lxi21-pHPMA 6.6 13.4 19.5 4.6 34.7 2.6
pGMACc - - 18.1 4.89 - -
1Lxi21-pGMAC 5.8 15.2 18.3 4.8 34.4 2.6
- - 19.1 4.6 - -
2Lx121-pGMACc 6.3 14.0 17.3 5.1 34.4 2.6
- - 19.1 4.6 - -

6.2 SEM Imaging Analysis of Lxi21-Polymer
Nanocomposites

Comparing the SEM images of clay-polymer composites that were crosslinked with
the same clay (Lxi21) at same clay-to-polymer ratio showed its effect on the polymer

composite morphology and pore size.

The pNIPAM-based composite pore sizes did not show any dependency on the clay-
to-polymer ratio (Figure 6.2, Table 6.2). Pore size was on average 6.4 um for the
1Lx21-pNIPAM and 6.3 um for the 2Lxi21-pNIPAM nanocomposites. However, the
pDMAc-based composites showed a larger pore size average and a bigger variety.
Both acrylamide-based polymer composites showed a clear layered effect at higher
clay content which was related to the presence of clay in the structure (Figure 6.3,

Figure 6.4 (top row)).

The methacrylate-based composites showed similar average pore sizes to each
other relative to their clay loading, the clay-to-polymer ratio effect was also
observed to increase the average pore size in methacrylate-based nanocomposites.
The Lxi21-pGMAc nanocomposites showed a large variety of pore sizes as a result of

its heterogeneous nature.
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The 2Lx21-(methacrylate-based) nanocomposites showed surfaces with similar pore
size and distribution when compared to 1ixi-(methacrylate-based) ones. This
suggests the higher clay content helped to form a clearer layered structure (2Lxi21-

pGMAC) (Figure 6.3, Figure 6.4 (bottom row)).

30 (1% LXL21)-polymer
B (2% XL21}-polymer
25 -
21XL21-pDMAC
E 20 |
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pNIPAM pDMAC pHEMA pHPMA pGMAC
Figure 6.2 LXL21-polymer average pore size and standard deviation as measured from (n = 25) as
measured from the SEM images.

Table 6.2 LXL21-polymer pore size as an average and standard deviation of (n=25) at two clay-to-
polymer ratios from SEM images.

Sample Pore size (um) SD
1lx2:-pNIPAM 6.4 1.4
2Lx12:-pNIPAM 6.3 1.2
1Lx21-pDMAC 14.1 4.0
2Lx121-pDMAC 22.6 5.2
1lx21-pHEMA 4.3 0.9
2Lx2:-pHEMA 6.7 1.8
1lx2:-pHPMA 3.6 1.7
2Lx2:-pHPMA 5.6 1.1
1Lx21-pGMAC 4.1 2.5
2Lx21-pGMAC 6.0 5.9

The SEM images and the pore size analysis showed that the average pore size and
the morphology of the clay-polymer composites depended on the polymer used,
however, the clay had an influence on the morphology as observed by the layered

effect on the 2Lxi21-polymer composites.
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Figure 6.3 SEM images of 1LXL21-polymer nanocomposites on scale bar 50 um showing microstructure and pore size differences as a result of the effect of the polymer
type used. top) 1LXL21-(acrylamide-based), bottom) 1LXL21-(methacrylate-based).
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Figure 6.4 SEM images of 2LXL2-ponmer nanocomposites on scale bar 50 pm showing microstructure and pore size diferences as a result of the effect of the polymer
type used. top) 2LXL21-(acrylamide-based), bottom) 2LXL21-(methacrylate-based)
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6.3  Rheological Analysis and Properties of
Lxi21-Polymer Hydrogels

6.3.1 Yield Stress of Lxi.21-Polymer Hydrogels

Figure 6.5 shows the vyield stress of the Lxiz1-polymer hydrogels at two different
clay-to-polymer ratios, this comparison showed the differences based on the type

of polymer used in the hydrogel.

Acrylamide-based hydrogels showed dependency on the clay-to-polymer ratio; the
1Lxi21-(acrylamide-based) hydrogels yield stress values were significantly lower
(0.0006 for the 1Lxi21-pNIPAM and 0.0041 for the 1Lx21-pDMAc) when compared to
the yield stress of the 2Lxi21-(acrylamide-based) hydrogels (0.0402 for the 2Lxw2i-
pNIPAM and 0.0232 for the 2Lx21-pDMAC). These results showed that the pDMAc-
based hydrogels were stiffer than the pNIPAM-based hydrogels (at 1% clay
content), however, the clay content had a great effect on the rheological properties
of the acrylamide-based hydrogels as with increasing the clay content there was a

smaller difference in the yield stress values.

Methacrylate-based hydrogels showed similar behaviour of dependency on the
polymer used and the clay-to-polymer ratio. The pHPMA-based hydrogels showed
higher yield stress than the pHEMA-based hydrogels as illustrated in Figure 6.5 and
Table 6.3. The pGMAc-based hydrogels showed similar behaviour with a different

value range because of the heterogeneous nature of pPGMAc-based hydrogels

The increased elasticity caused by the presence of more crosslinks between the clay
platelets and the polymeric chains led to higher yield stress and higher resistance to

flow.

The methacrylate-based hydrogels showed a higher yield stress range when
compared to the acrylamide-based hydrogels, which was a result of the nature of
the polymer used. This observation is related to the fact the pHEMA and pHPMA

homopolymers are harder gels than the acrylamide-based homopolymers.
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Figure 6.5 Yield stress of LXL21-polymer hydrogels at two clay-to-polymer ratios showing the effect
of different polymers used to synthesis the hydrogels (from left) pNIPAM, pDMAc, PHEMA, pHPMA,
and pGMAc.

Table 6.3 Average yield stress of (n = 3) for LXL21-polymer hydrogels at 40 °C at two different clay-
to-polymer ratios.

Sample Tyield

1% Lxwas 0.0044
1lyx2:-pNIPAM 0.0006
2Lx121-pNIPAM 0.0204
1lx2:-pDMAC 0.0041
2Lx2:-pDMAC 0.0232
1Lx21-pHEMA 0.0880
2Lx21-pHEMA 0.3313
1lx21-pHPMA 0.2217
2Lx12;-pHPMA 0.4417
1Lx21-pGMAC 0.0103
2Lx2:-pGMAC 0.0966

6.3.2 LVE Region of LXL21-Polymer Hydrogels

As the methacrylate-based hydrogels were harder as gels and had a higher
resistance to flow, their elasticities are expected to be on a lower range than the

acrylamide-based hydrogels as was the case for the pHEMA and pHPMA based
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hydrogels. Figure 6.6 shows the differences in the LVE limits for the different Lxi2:-

polymer hydrogels at two different clay-to-polymer ratios.

The effect of clay-to-polymer ratio was not the same when comparing the
acrylamide-based hydrogels to each other, this may be a result of the highly elastic
nature of the pDMAC; as the 1Lx21-pDMAc contains more pDMAc than the 2Lxi21-
pDMACc it showed a larger LVE limit (10 % strain), with more clay in the hydrogels as
the case with the 2Lx21-pDMAc more crosslinking points are created limiting the
movement of the elastic pDMAc chains (pHEMA and pHPMA)-based hydrogels
showed a similar trend; where the elasticity of the hydrogels increased with

increasing clay content.

Table 6.4 shows the average LVE limits for all Lx.21-polymer hydrogels.

10 -+ ]
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g2 - 1L:-:L21.-pGMAc
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7 [
X 6
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w 5 -
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| |
3 .
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Figure 6.6 LVE limits of LXL21-polymer hydrogels at two clay-to-polymer ratios showing the effect of
different polymers used to synthesis the hydrogels (from left) pNIPAM, pDMAc, PHEMA, pHPMA,
and pGMAc.
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Table 6.4 Average LVE limits of (n = 3) for LXL21-polymer hydrogels at 40 °C at two different clay-to-
polymer ratios.

Sample LVE limit y (%)
1Lxi2:-pNIPAM 3.75
2Lx21-pNIPAM 8.52
1Lxi2:-pDMAC 10.00
2|.x|_21-pDMAC 6.81
1Lxi2:-pHEMA 1.00
2|.x|_21-pHEMA 1.47
1|.x|_21-pHPMA 0.68
2|.x|_21-pHPMA 1.00
1|.x|_21-pGMAC 7.67
2|.x|_21-pGMAC 3.72

6.4 Summary

The properties of the composite are related to the polymer used to synthesize them
and it has a greater influence on the final composite property than the nature of
the clay used as a crosslinking agent. The acrylamide-based composites/hydrogels
create soft, free-flowing or easily handled, hydrophilic, highly elastic gels as
opposed to the methacrylate-based polymers which create hard, hydrophobic gels
with low elasticity. However, the clay-to-polymer ratio effect still can be observed

within the rheological analysis.

The XRD shows that the polymer can affect the way the clay disperses in the
nanocomposite. Even in the same group of polymer, the Lx.21 behaved differently as
it was intercalated with the pNIPAM-based nanocomposite and it was well-
dispersed with the pDMAc-based nanocomposites. The case was the same as the

methacrylate-based nanocomposite.

The rheological differences between the Lxi21-based hydrogels are easily observed
looking at the yield stress and the LVE region values, these differences also can be
mainly related to the polymer within the hydrogel, however, the nature of clay

dispersion have an effect that requires more analysis to be specified.

321



/

Conclusions and
Further work



Chapter 7 Conclusions and Further Work

The principal aim of this thesis was to explore the effect of different clay types
(Laponite® and Cloisite®) and concentrations as crosslinking agents on different
polymers in clay-polymer nanocomposites. This work was performed to better
understand how the properties of clays change the final characteristics and
mechanical properties of the synthesised clay-polymer nanocomposite. Such clay-
polymer composites are attractive materials in different industries such as the
medical and biological fields as they show excellent potential as drug delivery
systems and cell scaffolds. The difficulty of crosslinked composites lies in the
processing of these materials, making them unsuited to certain clinical applications,
the result of this work has shown how clay’s different properties affect the
mechanical stability of the nanocomposites when used as crosslinkers for different

polymers.

Chapter 3 detailed the chemical properties of the different clays investigated using
different elemental, and characterisation (e.g. spectroscopic) methods, which
helped to better understand their differences. For example, fluorine-containing
clays showed different thermal behaviour when compared to other clays when
studied using the TGA as they showed two stages of weight loss instead of three
stages as with the other clay grades. The XRD data showed information about the
structure and dispersion of the clay within the polymer, however, the smaller
platelets sized clays did make the description more difficult since they showed only
weak reflections at small angles (< 7°20). Later, in Chapter 3, the viscosities and
yield stresses from rheological tests of clays dispersed at five different wt.% and
rheological tests were determined and related to the clay’s platelet sizes and CEC
values of each clay (see below). The comparison between different clay suspensions
was the first step on how clay properties can affect the clay-polymer composite
properties and how to compare them, it also helps to relate or eliminate any
complications of clay suspensions like high clay contents which make testing or

mixing hard. Understanding clay suspensions wt.% also helps to find an entrance to
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what the effective concentration is which might help to design the properties of

clay-polymer hydrogels, for example, keeping the hydrogel easy to inject.

The XRD analysis showed that clays were broadly similar in nature. All clays have
doo1 and digo in the ranges 20 (5 -7 °) and (19.2 — 19.6 °), respectively. The smaller
platelet size clays, Le. and Lsp had a weak reflection at dgo:r and a smaller doo:
spacing (4.86 A and 5.86 A, respectively) whereas clays with large platelet size like
Len, Lo and Cna+ had a sharp and clear reflection for the doo1 and spacings of 6.54,
7.02, and 6.94 A, respectively. The XRF analysis nature of not being able to detect
some elements made it hard to confirm all the elemental differences. The XRF data
showed some elemental differences between the clays when comparing the same
concentrations as provided by the manufacturer. Clays with smaller platelet size
like Ler and Lgp showed total weight losses of 15.9 % for L and 14.8 % for Lrp on the
TGA plots, whereas clays with large platelet size like Ley and Cna+ had less weight
loss of 13.1 % and 12.1 %, respectively. Log and Cna+ had a higher dehydroxylation
onset temperature than all other clays, and for understanding the reasons for this

behaviour more investigation is needed.

The rheological tests for different clay dispersions showed the effects of different
clays on their rheological and mechanical properties. Low clay concentration
dispersions (< 5 wt.%) showed higher viscosities and yield stresses for the larger
platelet clays, whereas with higher clay concentrations (> 5 wt.%), the larger
platelet clays showed lower viscosity and vyield stresses (Figure 3.11 and Figure
3.12). A shear thinning behaviour was observed as a result of clay platelets, as the
force affecting the hydrogel increases the clay platelets gets in line with the flow
direction, this leads to improvement as the platelets help to direct the flow making
it easier to flow in the right direction and to avoid turbulence. The clay platelet size
also plays a role in the rheological behaviour of the clay dispersions; larger clay-
platelets size dispersions (Len, Los, and Cna+) show a lower viscosity values when
compared to other smaller clay-platelets size dispersions (Le,, Lro, and Lxi21) as

shown in Figure 3.12.
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The structural, thermal, morphological, and chemical properties of clay-
(acrylamide-based) nanocomposites were studied using SEM imaging, TGA, XRD
and FTIR spectroscopy in Chapter 4. The data represent the effect clays cause as
crosslinkers in pNIPAM and pDMAc. This chapter also highlighted the rheological
properties of pNIPAM-based hydrogels as they pass through their LCST, it also
showed a comparison between the properties of these hydrogels at temperatures
above and below LCST. Moreover, the effect of different clay properties and clay-
to-polymer ratios on the properties of these nanocomposite hydrogels were

studied.

The effect of clays on the composites were observed in the SEM images. Most
composites showed a clear interconnected porous network as demonstrated in
Figure 4.13. The Loc-pNIPAM had a different morphology from all other composites
that is related to the nature of pNIPAM with a clear porous interconnected
structure as shown in Figure 4.12. Table 4.4 shows the average pore size and
standard deviation for all clay-pNIPAM nanocomposites and Figure 4.16 helps to
understand the effect of the clay type and its properties on the pore size on the
nanocomposite. The clay CEC showed a clear effect on the pore size, with higher
CEC values resulting in smaller pore sized nanocomposites, this is believed to be
related to the ability of clay platelets to create more crosslinking points in the
matrix (i.e. via the exchangeable cations). The main infrared spectroscopic
differences observed for pNIPAM-based composites were those in intensity and
band position associated with water and Si-O when compared to the neat clay and
the pNIPAM homopolymer (Table 4.5). These can be associated directly to the
redistribution of water molecules within the presence of clay, and to the separation

of the clay layers by the polymer.

The rheological analysis showed that below the LCST of pNIPAM the G’ values of the
pNIPAM composites are closer to each other as a result of the bigger effect of the
pNIPAM chains at such temperature, however the effect of the clay platelet size can
still be observed as larger clay-platelet hydrogels showed higher G’ values with Lgy-

pNIPAM and Cna+-pNIPAM showing values up to 20 times higher than 1Lg-pNIPAM
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and Lgp-pNIPAM even at 20 °C. Figure 4.29 shows the effect of clay-to-polymer ratio
on the elasticity of the clay-pNIPAM hydrogels, with more clay content (and less
polymer) 2Le-pNIPAM, 2Lrp-pNIPAM, and 2Lx21-PNIPAM showed higher G’ values
than their corresponding (1 % clay)-pNIPAM at 40 °C. The case was the same at 20
°C except for the Lxi21-pNIPAM hydrogels which may be a result of the Lxi21 larger
platelet size. Clay-pNIPAM nanocomposites with higher G’ values based on clay
type or clay-to-polymer ratio are expected to show higher yield stress values. Table
4.7 clearly shows this effect with the pNIPAM based hydrogels when comparing the
Tyield for the (2 % clay)-pNIPAM and (1 % clay)-pNIPAM hydrogels (0.0003 Pa for
1Le-pNIPAM to 0.0034 Pa for 2Lg-pNIPAM, 0.0005 Pa for 1Lrp-pNIPAM to 0.0168
Pa for 2Lrp-pNIPAM, and 0.0006 Pa for 1lxi21-pNIPAM to 0.0204 Pa for 2Lxii-
pNIPAM at 40 °C). The effect of clay-to-polymer ratios and clay properties on the
LVE limits of the clay-pNIPAM hydrogels are shown in Figure 4.32 and Table 4.8,
Lxi21-pNIPAM showed larger LVE as a result of the Lxi21 larger platelet size and
higher CEC when compared to the Lg. and Lgp. The amplitude sweeps also showed
the different behaviour of these hydrogels based on temperature and the effect of

changing the polymer chains conformation from coil-to-globule.

These results can be compared to those of Haraguchi et al. who developed clay-
pNIPAM nanocomposites composed of a water-swellable inorganic clay [1] using a
preparation technique similar to that used herein. [2][3][4] The novelty in this work
is the incorporation of six different clay grades to compare the effect of clay
properties on the final composite/hydrogel which was not found in literature as

most of the researchers investigated only Lrp and Lxic.

Chapter 4 also presents characterisation of the clay-pDMAc nanocomposites and
highlights the effect of different clays and clay-to-polymer ratios on their properties
as well as the differences between the pNIPAM-based and pDMAc-based
nanocomposites. The pDMAc homopolymer and some clay-pDMAc nanocomposites
were not easy to analyse as a result of their elastic nature even after drying. The
pDMAc-based composites have similar XRD and FTIR results, their FTIR spectra

showed shifts in their Si-O stretching bands to higher wavenumbers in a trend that
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was similar to the pNIPAM-based nanocomposites. The Lx21-pDMAC
nanocomposite was the exception which showed three different Si-O bands (rather
than two), this behaviour was only observed with this composite and highlights a
different interaction mechanism related to Lxi21 and pDMAc only. The SEM images
(Figure 4.40 and Figure 4.41) and pore size analysis results (Table 4.14) showed
morphological differences; an interconnected network structure was seen for all
composites and a clear layered structure was observed for the (2 % clay)-pDMAc
composite and especially for those containing Ley and Lxi21. Figure 4.48 (b) shows
the pore size is smaller with higher CEC, and that they can be divided into two

distinct groups based on their CEC value.

Rheological analysis was performed for all clays at both clay-to-polymer ratios for

pDMAc-based composites. The higher clay content in the hydrogel resulted in a
higher Tyield values (Figure 4.54 and Table 4.16), which is a result of more clay in the

clay-polymer hydrogel dispersions creating more crosslinking points between the

clay platelets and polymer chains, and thus restricting the movement of polymer

chains. Generally, the (1 % clay)-pDMAc hydrogels showed a lower Tyielq With larger

platelet size, and the (1 % clay)-pDMAc hydrogels also showed a trend of lower Tyeiq
for clay with higher CEC. The LVE limits are influenced by clay-to-polymer ratio and
the clay platelet size, effects can be observed with higher LVE limit for the (1 %
clay)-pDMAc hydrogels where pDMAc flexible chains are less restricted by a fewer
number of crosslinkers than for the (2 % clay)-pDMAc hydrogels. A clear decrease in
the LVE limit with larger platelet size for the clay-pDMAc nanocomposites at both

clay-to-polymer ratios was also noted as shown in Figure 4.56 and Table 4.17.

In previous research by Barker [5] DMAc was used as a copolymer in
pNIPAM/DMAC hydrogels as a means to raise the LCST (relative to that of pNIPAM).
LCST was found to depend on the amount of the hydrophilic comonomer (DMACc)
present in the system; it resulted in expanded and flexible globules above the LCST
of each particular system. [5][6] This study used pDMAc as a single polymer and

investigated the effect of different clays on the pDMAc-based composite/hydrogel.
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Studying the rheological properties of such hydrogels was also introduced in this

study as a new way of understanding the behaviour of such materials.

Characterisation of various methacrylate-based nanocomposite formulations is
presented in Chapter 5. The same techniques mentioned earlier were used to
assess the differences caused by the clay on the clay-polymer nanocomposites and
hydrogels. Rheology tests revealed that the viscoelasticity of the hydrogels changes
by varying the quantity of the crosslinking agent beside the effect of the

crosslinking agent (clay) properties on it.

The incorporation of clay into pGMAc (Section 5.3) affects the properties of the
pGMACc, since pGMAc homopolymer tends not to form a 3D network, with the
incorporation of clay dispersed platelets a 3D structure of the composite is formed
by crosslinking the pGMAc chains. Homogenous samples were not present as
portions were observed to precipitate. The XRD analysis and FTIR spectroscopy
(Figure 5.30 and Figure 38) showed that the precipitations that were formed mainly
consisted of pGMAc homopolymer with no clay presence. The clay-pGMAc
nanocomposites were porous interconnected structures as shown by the SEM
images, a comparison between the effect of different clay types and the clay-to-
polymer ratio showed no trend to follow and the morphology of the 1Ln-pGMAC,
1Lx121-pGMAC, and 2Lx21-pGMAc was different from the other composite with clear
layered morphology (Figure 5.35 and Figure 5.36). The Tyiels and the LVE limits for
the clay-pGMAc nanocomposites showed no clear relation between the yield values
and the clay properties (Figure 5.41), , this may be a result of the heterogeneous

nature of the clay-pGMAc nanocomposites which require further investigations.

Attempts to assess the rheology of pHEMA-based and pHPMA-based hydrogels at
different clay-to-polymer ratios were unsuccessful. The low elasticity and
hydrophobic nature (water leaves the materials with the smallest load applied)
made it difficult to use the rheology setup available and keep the tests comparable.
The TGA analysis showed that the onset degradation temperature improved for the

clay-pHEMA and clay-pHPMA nanocomposites when compared to the
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homopolymers (Figure 5.7 and Figure 5.20), the pHEMA-based nanocomposites
showed an increase of 24 °C (Table 5.2) on average and the pHPMA showed an
increase of 14 °C (Table 5.11) on average. However, the clay-to-polymer ratios did
not show an effect on the onset degradation temperature or on the total polymer
weight loss. The weight loss rate between 300 — 400 °C was slower with the
presence of clay. No trends were observed that can relate to the clay platelet size

or CEC.

pHEMA and pHPMA based composites exhibit interesting yield stress values and
low viscoelastic regions related to its hydrophobicity. Most of the water involved in
the synthesis process is squeezed out of the hydrogels as soon as they are placed
between the rheometer parallel plates, these hydrogels were mainly not capable of

being tested except for the 1Lx21-pHEMA and 1Lxi21-pHPMA hydrogels. Figure 5.16

and Figure 5.17 show the effect of the Lxwi-to-pHEMA ratio on the Tyeld and LVE

limits; the higher the Lxi21 content the higher the Tyiels and LVE limits, as is the case
for the Lxi21-pHPMA hydrogels as shown in Figure 5.27 and Figure 5.28. These
results show an opposite trend to the effect of a clay-to-pDMAc ratio where the
more clay the lower the LVE limits. This is a result of the polymers different nature,
with pHEMA and pHPMA based hydrogels, the crosslinking points add flexibility and
increases the elasticity of the material were with pDMAc-based hydrogels the

crosslinking points restrict the movement and flexibility of the polymeric chains.

Dimitris S. Achilias et al. examined the polymerisation of pHEMA with several
relative amounts of nano-clay in order to investigate the effect of the crosslinker
density on the polymerisation of HEMA. [7]. pHPMA was used generally as a
copolymer to control different properties of pNIPAM/HPMA and pDMAc/HPMA
such as temperature sensitivity and hydrogel optical transparency. [8][9] This study
introduced HEMA and HPMA individually as single polymers to study the effect of
different clays on the clay-pHEMA and clay-pHPMA composites/hydrogels.

The effect of the clay type and content was the main concern in this study, the

polymers used were classified into two categories based on their chemical structure
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(acrylamide and methacrylate). A comparison between all the different polymers
used was shown in Chapter 6. All nanocomposites were crosslinked using Lxi21, all
Lx.21-polymer nanocomposites were easier to handle than other clay-polymer

nanocomposites especially compared with pHEMA and pHPMA.

The polymers used in this thesis are mostly biocompatible. The porous 3D nature of
the clay-polymer hydrogels synthesised offers the potential for different medical
applications and cell viability studies. These initial tests and comparisons provided
more details about the ability to engineer the mechanical properties of the clay-
polymer hydrogels, which offer a lot of potential for different medical applications
like cartilage applications, injectable treatment of synthetic joints, bone fracture
treatment (microcrack filling), skin and wound management, and drug delivery

vehicles.

7.1 Further Work

e Clay suspensions have been observed to remain in a gel phase for periods of
times exceeding months at room temperature. A clearer understanding of
the properties of these suspensions for extended periods of times would be
achieved by the examination of the physical properties after extended

timeframes.

e More detailed studies about the effect of clay loading on the rheological
properties of clay suspensions over a wider range of clay loading. More
defined elemental analysis would also be beneficial to better understand
the differences in clay behaviour and the relationship between the clay

elemental content and its CEC.

e Clay suspension viscosity and yield stress are affected by the salt content of
the clay. Conductivity measurement can provide a better view about the
extent of salt present and factors that affect the clay suspension properties

and as a result the clay-polymer hydrogel properties.
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The pGMAc-based nanocomposites/hydrogels show a heterogeneous
nature. This behaviour requires more investigation and analysis to

understand the cause and how to overcome such phenomena.

Swelling-deswelling experiments to measure the effect of water content on
the nanocomposites. This would help to understand whether the materials

are losing free or bonded water.

Rheological data to be generated for all clay-polymer ranges to cover more

detailed experiments including:

1. Time dependency creep recovery test and thixotropy loop test to
know if all hydrogels are self-healing or not and whether the polymer
chains or the crosslinks that get damaged on certain loading and how

long it takes to rebuild its structure if needed

2. VYield stress and viscosity measurement for hydrogels that contain

different water ratios and clay-to polymer ratios.

3. Detailed test about the behaviour of the storage and loss moduli and

the factors that affect the transition point.

Low angle XRD and Transmission electron microscopy (TEM) can be
performed for a better image about the clay dispersion in the clay-polymer

nanocomposites.

A selection of comonomers can be incorporated into the clay-pNIPAM
system, and an examined of these systems for swelling-deswelling
capacities, rheological and mechanical properties. The addition of a
comonomer to a pNIPAM-based system can control it LCST; adding a
hydrophilic comonomer raises the pNIPAM LCST while adding a hydrophobic
commoner reduces the pNIPAM LCST.
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