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Abstract

Hydrogels are three-dimensional, hydrophilic polymeric networks that can absorb large
amounts of water because of the presence of hydrophilic groups, such as carboxylic acids,
hydroxyls, amides, sulfonic acids, and amines, attached to the polymer backbone. Due to
their useful properties, such as biocompatibility, permeability, surface properties, and
mechanical attributes, hydrogels can be used for different environmental and biomedical
applications. Recently, hydrogels prepared as interpenetrating polymer networks (IPNs)
have generated considerable interest because of their enhanced mechanical stability and
chemical responsiveness.

Full-interpenetrating polymer network (full-IPN) hydrogels based on poly(vinyl alcohol)
(PVA) as a base polymer with different monomers including 2-hydroxyethyl methacrylate
(HEMA), 4-hydroxybutyl acrylate (HBA), acrylic acid (AA), itaconic acid (IA), and methyl
methacrylate (MMA) were investigated. The preparation of PVA/PHEMA, PVA/P(HBA-co-
AA), and PVA/P(MMA-co-IA) as full-IPN hydrogels by free radical polymerization in the
presence of ethylene glycol dimethacrylate as crosslinker and azobisisobutyronitrile as an
initiator was achieved. The full-IPN hydrogels were prepared as a series with 10, 20 or
30 wt% glutaraldehyde as crosslinking agent for the PVA network, and with HBA to AA
ratios of 14:20, 20:14 & 27:7, and MMA to AA ratios of 10:24, 17:17 & 24:10 for the
hydrophobic network. The effect of amounts of GA, HBA and MMA on gel content,
chemical structure, swelling and water retention was studied. The results indicated that
full-IPN PVA/PHEMA gel with 10 wt% GA displayed good hydrogel properties and stability
for applications of solute delivery and recovery. A series of novel full-IPN hydrogels
incorporating Acorga P50 or Cu (ll)-Acorga P50 complex, or Aliquat 336 as carrier were
prepared and investigated as adsorbents for Cu (IlI) ions and naproxen from aqueous
solutions, respectively. Finally, the chemical structure, surface morphology and thermal
properties of the full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA)
hydrogels with and without carrier were investigated by FTIR and ToF-SIMS, SEM and TGA.
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Chapter 1: Literature review

1.1. General overview

Hydrogels are a special class of polymers that have been of great interest to
scientists in recent years due to their unique and versatile properties'2. Hydrogels exhibit
physical properties like those of living tissues due to their high-water content. They have
a rubbery and soft consistency, and exhibit a low interfacial tension with water® or
biological fluids’? #7. These physical properties make hydrogels useful for different
biomedical applications such as tissue engineering, wound dressing, artificial skin

applications, drug delivery systems, biosensors and hemostasis bandages® 4> 817,

Hydrogels are hydrophilic polymer networks that have the ability to hold large
amounts of water in spaces available in the network ® 1828, Hydrogels can absorb water
because of the presence of hydrophilic groups, such as carboxylic acid, hydroxyl, amide,
sulfonic acid, and amine groups?®, attached to the polymeric backbone, and osmotic
pressure and capillary effect 3034, Their resistance to dissolution in water and organic

solvents is due to cross-links among the network polymer chains?® 3.

The water content of a hydrogel can range from 10 - 1000%, or more, of its dry
weight. Dried hydrogels that do not contain water are referred to as xerogels. Cross-
linking density and number of hydrophilic groups of the polymer have a significant effect
on water content of a hydrogel. A polymer with significant hydrophilic groups will have a
better water-holding capacity. In contrast, a high extent of cross-linking involving
hydrophilic groups results in a consequent increase in hydrophobicity and reduced water
uptake3®. This also results in reduced elasticity of the polymer network3®, which could be
beneficial as a means to improve the mechanical properties of hydrogels used in tissue

engineering and skin substitutes’.

1.2. Classification of hydrogels

1.2.1. Classification based on source

Polymers regularly used for the synthesis of hydrogels for biomedical applications are

mostly from natural or synthetic origins, or a combination of both & 3" Hydrogels derived



from natural polymers (collagen, chitosan, gelatin and heparin) exhibit interesting

properties, such as biocompatibility, low toxicity® 3 38

, cell signaling, biodegradability, and
physicochemical properties. This indicates their usefulness for drug delivery applications.
However, they show some limitations, such as significant chemical degradation, poor

mechanical properties and possible immunogenicity® 3°.

Alternatively, hydrogels prepared from synthetic polymers, such as poly(vinyl
alcohol) (PVA), polyacrylamide (PAAm), poly(ethylene glycol) (PEG) and poly
(2-hydroxyethyl methacrylate) (PHEMA), have a defined microstructure, controllable

degradation, and good mechanical properties®, but lack useful biological moieties3°-4.

Natural and synthetic polymers each have their own advantages and
disadvantages. A combination of the benefits from both polymer types could be beneficial

in preparing hydrogels for biological and biomedical applications**.

1.2.2. Classification according to composition
Significant classes of hydrogels can be prepared by synthesis as follows.

(a) Homopolymeric hydrogels are prepared from a single hydrophilic monomer

that forms the basic structural unit of the polymer network? # 3% 37,42,

(b) Copolymeric hydrogels are formed from two or more monomers. One or more
of the monomers is hydrophilic and the resulting polymer has an alternating or random

block configuration along the polymer chains throughout the network? % 3% 37,42,

(c) A significant class of hydrogels are known as interpenetrating polymer
networks (IPNs) that contain a combination of two different polymers. One of them is
synthesised or crosslinked inside the other, without any covalent bonds linking the
separated different polymers® 37 4345 The interpenetrating polymers can only be
separated if chemical bonds of the polymer chains are broken. They are classified into two
categories: full-IPNs and semi-IPNs. A full-IPN contains two crosslinked networks, whereas
a semi-IPN contains a linear polymer that penetrates within a crosslinked network*é-4°,

Moreover, IPN hydrogels can be further classified into categories based on
preparation methods (Figure 1.1)*. A simultaneous IPN is obtained by mixing the
precursors of both networks; the two networks are prepared at the same time by

independent routes, including stepwise and chain polymerisation®.



A sequential IPN results from swelling of a single-network hydrogel in a mixed solution of
initiator, monomer, and activator, with or without a crosslinker. In the absence of a
crosslinker, a semi-IPN network results, whereas a full-IPN network is generated in the

presence of a crosslinker®®.

A semi-IPN hydrogel is formed by inserting a biopolymer or synthetic linear polymer into
a matrix. After that, the full-IPN gel can be obtained through selective crosslinking of the

linear polymer chains?®.

— M1
——C1 Polymerization by
- - M2 two nommnterfering routs

-®-C2

Figure 1.1. Methods to prepare simultaneous (a), sequential (b) and semi (c) full hydrogels.
Where M1 & M2 are monomers 1 & 2, respectively, and C1 & C2 are cross-linking reagents

1 & 2, respectively.

Depending on their structure, IPN hydrogels are classified as: (i) homo-IPNs are
exceptional cases in which independent networks with the same structure are formed
from two polymers; (ii) IPNs designed by two networks, preferably juxtaposed, with many
physical interactions and entanglements between them; or (iii) semi- or pseudo-IPNs
result when one component forms a linear rather than a network structure*®. Hydrogels

obtained as IPNs produce materials with relatively dense matrices, which have



controllable physical properties, stiffer and better mechanical attributes, and more

effective drug loading comparative to hydrogels of a single network?.

1.2.3. Classification based on cross-linking type

Hydrogels are classified into two main groups depending on the physical or
chemical nature of the cross-linking junctions® 3738, Physical networks have non-covalent
junctions from ionic or hydrophobic interactions, and hydrogen bonds, whereas
chemically cross-linked networks possess permanent junctions®’. Hydrogels containing a
combination of physical and chemical cross-linking offer unique “self-healing” properties

that have been explored for applications including tissue engineering>®

Examples of chemical hydrogels include PHEMA and poly(methyl methacrylate)
(PMA), whereas physical hydrogels include gelatin gels, poly(vinyl alcohol-glycine), and
agar-agar gels. When cross-linkers are added, the chemical and physical network
properties of the polymer are affected, such as changed elastic modulus, solubility, glass
transition temperature (Tg), and mechanical properties of strength and toughness®!. A
higher degree of cross-linking leads to reduced mesh size of the network, and decrease of

diffusion rate and increase of mechanical strength®2.

Mesh size (§) is used to describe the diffusional space available for the transfer of

particles or molecules throughout the matrix of a hydrogel®?. (Figure 1.2)

Cu\'a[m link

(chemical)

Entanglement
(ph)‘slc.’ll)
%

Hydrogel

Junction

(physiczl)

Figure 1.2. Structure of a physically and chemically cross-linked-hydrogel with defined

mesh size % %2,



1.2.4. Sensitivity of hydrogels toward environmental stimuli

Hydrogels can be engineered with manageable chemical or physical responses to
expand or shrink with variations in external environmental conditions. They can exhibit
significant volume changes in response to types of chemical and physical stimuli. The
chemical stimuli involve solvent composition, molecular species, ionic strength®3, and
pH>*>7, whereas the physical stimuli include pressure, light>8, temperature>>°, electric or

magnetic field®!, and sound*® 62 (Figure 1.3).
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Figure 1.3. Chemical and Physical stimuli (Modified from reference 1).

1.2.5. pH-sensitive hydrogels

Hydrogels show pH-dependent swelling in an aqueous solution of suitable pH and
ionic strength owing to the formation of ionic networks due to the presence and nature
of pendant polar groups that are readily ionized. The fixed charges that result along the

polymer chains generate electrostatic repulsive forces throughout the network. This



affects the free volume that is responsible for pH-dependent swelling or deswelling of the
hydrogel®3. These pH-sensitive hydrogels are further divided into anionic and cationic

hydrogels depending on the chemical nature of the polar groups.

Anionic hydrogels are defined as a swollen network with acidic pendant groups,
such as sulfonic acid and carboxylic acid, showing a sudden or gradual variation in dynamic
and equilibrium swelling behaviour as a consequence of altering the external pH. These
hydrogels undergo significant ionization when the pH of the surrounding environment
exceeds the pK; of any acidic functional groups. As the pH of the system is increased, the
extent of ionization also increases and this results in more fixed-charge sites, causing
enhanced electrostatic repulsion among the polymer chains. Consequently, this increases
the hydrophilicity of the polymer network and results in increased swelling. Examples of

some polymers that exhibit anionic pH-sensitivity are shown in Figure 1.4.

C|‘,H3 THZCH3 THZCHZCHZCHS
+CH2—CH | [ c CH ] | c CH ] [ c CH |
N A e
c=0 H (|:=o H T=o H T=O
<|)H OH OH OH
Poly (acrylic acid) Poly (methacrylic acid) Poly (ethylacrylic acid) Poly (butylcrylic acid)

Figure 1.4. Structure of some pH-sensitive polymers with acidic functional groups.

In contrast, cationic materials include polymer chains with basic pendant
functional groups, such as -NHy, that can be ionized in environments that have a pH lower
than the pKy. Thus, for cationic hydrogels the ionization increases at low pH, resulting in
significant electrostatic repulsion between polymer chains®®. The resulting hydrogel

becomes very hydrophilic and exhibits an increased swelling capacity? > 37-38 64,

The swelling behaviour of anionic and cationic hydrogels in response to external
pH stimuli is shown in Figure 1.5. There are examples of pH-sensitive polymers in the

literature®.



(a) anionic hydrogel (b) cationic hydrogel
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Figure 1.5. The pH-responsive swelling behaviour of (a) anionic and (b) cationic hydrogels
in acidic (H30") and basic (OH’) environments. Counter ions, such as ClI" or Na*, to maintain
charge balance are not shown in this simplistic representation. (Modified from

reference 64).

1.2.6. Temperature-sensitive hydrogels

Temperature-sensitive hydrogels are a focus of considerable attention in the
pharmaceutical sector because they can be made to swell or deswell by altering the
temperature of the surrounding fluid?. These hydrogels can be applied as biosensors, for

on-off drug release mechanisms, and as intelligent cell culture dishes’  37-64 6,

Temperature-sensitive (also referred to as thermosensitive) hydrogels are
categorised as negative or positive systems depending on the ability to swell or deswell
as the temperature is lowered or raised. These properties are described more fully in the

next two sections 1.2.6.1 & 1.2.6.2.

1.2.6.1. Negative temperature-sensitive hydrogels

A negative temperature-sensitive hydrogel has a low critical solution
temperature (LCST) and contracts or deswells after being heated to a temperature above
the LCST37—38, 62, 64'

The LCST can be affected by several factors, including changing the solvent
composition or mixing a small quantity of ionic copolymer in the hydrogels. The LCST of
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polymers containing a lot of hydrophobic groups, generally, moves to lower temperatures.
By varying the amount of hydrophobic to hydrophilic content of the hydrogel, the LCST
can be altered. The general structure of negative thermosensitive hydrogels is composed
of a hydrophobic part (-R-) and a hydrophilic segment (-CONH-)®’. Polymers and

copolymer with a LCST are indicated in Figure 1.6.

CH,—CH CH,—CH CHy—CH——CH,—CH
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HeC  CHy CHs  CHs HyC  CHy
Poly(N-isopropyl acrylamide). PEDAAm Poly(N-isopropyl acrylamide-co-acrylic acid)

Figure 1.6. Negative-sensitive temperature polymers and copolymers.

When the temperature is below the LCST, fluid and water interact with the
hydrophilic groups and form hydrogen bonds. Swelling and dissolution are enhanced as a
result of the hydrogen bonding. Whereas, at temperatures above the LCST, hydrophobic
interactions are stronger between hydrophobic groups. Consequently, hydrogen bonding
is weakened and the hydrogel shrinks due to inter-polymer chain associations®.

A good example of a negative temperature-sensitive hydrogel is poly(N-isopropyl
acrylamide) (PNIPAAm). Hitotsu et al. examined crosslinked PNIPAA hydrogels and
determined a LCST of 34.3 °C. An increased LCST was obtained by adding small amounts

of ionic copolymers3? 68,

1.2.6.2. Positive temperature-sensitive hydrogels

Conversely, a positive temperature-sensitive hydrogel possesses an upper critical
solution temperature (UCST). These hydrogels contract when cooled to temperatures
below the UCST because of significant hydrogen bonding within the network3> 37-38, 62,64,
At high temperatures, this structure dissociates because of the disruption to the hydrogen

bonding and results in maximum swelling of the hydrogel. Examples of copolymers that



indicate positive temperature behaviour are poly(acrylamide-co-butyl methacrylate)

(poly(AAm-co-BMA)) and poly(AA-co-AAm-co-BMA)®°.

Specific hydrogels produced as IPNs illustrate positive thermosensitivity, such as
shrinking at low temperatures and swelling at high temperatures. A positive temperature
effect on swelling is observed for IPNs of polyacrylamide (PAAm) and poly(acrylic acid)
(PAA) or poly(AAm-co-BMA) where increased amounts of BMA shifts the UCST to a higher
temperature. The swelling of these hydrogels is reversible and responds to stepwise
temperature alterations. This feature has been demonstrated by different rates of uptake

and release of ketoprofen (as a model drug) from a monolithic device®?.

1.2.6.3. Thermo-reversible hydrogels

Thermo-reversible hydrogels contain similar content and structure as positive
and negative sensitive hydrogels, however, they differ by the type of transition process.
In this class, the polymer chains are not covalently crosslinked, and the hydrogels undergo
a sol-gel phase transformation instead of a swelling-shrinking transition. For example, the
concentration of glucose in surrounding media can promote glucose responsive cross-
linking that affects the sol-gel phase transition and initiates reversible sol-gel behaviour.

Pluronic and tetronic polymers, referred to as pluronics and tetronics,
respectively, are common examples of hydrogels with thermo-reversible behaviour. A
pluronic is a linear block co-polymer containing hydrophilic and hydrophobic segments,
such as poly(ethylene oxide-co-propylene oxide) (PEO-PPO). Whereas, a tetronic polymer
has a X-shape structure containing four blocks of PEO-PPO linked through a central
ethylenediamine group, (PEO-PPO),NCH,CH,(PEO-PPO),. The structure of a pluronic and

tetronic are shown in Figure 1.7%°,
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Figure 1.7. Structure of pluronic and tetronic polymers.

1.2.7.  Synthesis of hydrogels

Hydrogels are routinely prepared by several methods to achieve chemical and

physical crosslinking as shown in Figure 1.8,

1.2.7.1. Physical cross-linking

Physical hydrogels have attracted increased interest because of their
comparatively easy production and added benefit of not needing to use a cross-linking

agent, making them appropriate for cell and sensitive molecules.

The residual agents influence the integrity of substances, such as proteins and
cells, to be entrapped and must be removed before application. They are reversible gels
because the networks are maintained by molecular entanglement or secondary forces

7071 or hydrophobic interaction, and van der Waals

involving hydrogen-bonding, ionic
forces3% 38 41,7273 Moreover, the physical gels can be dissolved by changes to certain

environmental conditions, such as pH, ionic strength of solution or temperature’®.
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1.2.7.2. Chemical cross-linking

Chemical cross-linking involves using cross-linking agents to connect two polymer
chains or the grafting of monomers to the backbone of a polymer. The cross-linking of
synthetic and natural polymers is achieved by reactions involving functional groups, such
as -COOH, -NH; and -OH, with cross-linking agents such as an aldehyde. For example, the
reaction of adipic acid dihydrazide with glutaraldehyde. In addition, the resulting polymers

are permanent gels because of the covalently- cross-linked networks3?% 38 41,72, 75,
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Figure 1.8. Crosslinking methods used to prepare hydrogels (Modified from reference 36).
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1.2.8. The theory of equilibrium swelling

The Flory-Rehner theory?* can be used to investigate the structure of non-polar
hydrogels. According to this thermodynamic theory, the two opposing processes of
thermodynamic force of mixing and retractive force of polymer chains determine the
extent of equilibrium swelling of a cross-linked polymer gel when immersed in a liquid.
Equilibrium swelling is reached when these processes are equalised. The Gibbs free
energy change (AGiotal) related with the process of solvent absorption by a hydrogel is

described by the following equation
AGtotal = AGelastic +AGmixing (1)

Where, AGelastic is due to the elastic retractive forces that develop inside the
hydrogel, and AGmixing is the impact from the spontaneous mixing of polymer chains with

fluid molecules. The compatibility of polymer with fluid molecules is indicated by AGmixing,

typically reported as the polymer-solvent interaction parameter (X1).

Equation 2 is derived by differentiation of equation 1 with respect to the moles

of solvent, while the temperature and pressure are held constant.
U1- 11,°= A,Uelastic+ A,Umixing (2)

In equation 2, Au indicates the compatibility of the penetrating solvent, ui1
represents the chemical potential of the solvent in the polymer gel, and ui° is the
chemical potential of the pure solvent. Equilibrium is achieved when there is zero
difference between the chemical potential of the solvent inside and outside the gel.
Consequently, a change to the overall chemical potential caused by mixing must be

counter-balanced by the elastic forces if equilibrium is to be maintained.

The theory of rubber elasticity can be applied to determine the chemical
potential change caused by the elastic retractive forces of polymer chains. When these
two contributions are combined, the expression below is useful to indicate the molecular
weight between two adjacent crosslinks of a neutral hydrogel in the absence of solvent,

Mec.

1 2 (E/Vl)[1n(1—v2_5)+v215+)(1v§’$]
il : 3)

3 V2,s
V3 — L
2,8 2

In equation 3, M,, is the molecular weight of similar polymer chains that are not
crosslinked, V; is the molar volume of water, v is the exact volume of the polymer, v, is
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the volume fraction of polymer in the swollen state, and (X1) is the polymer-solvent

interaction parameter.

The original Flory-Rehner theory was modified by Peppas and Merrill’® to give an
expression for polar hydrogels that are prepared in a water-solvent mixture. It accounts
for the change to chemical potential caused by the elastic forces within the hydrogel.
Equation 4 is used to predict the molecular weight of polymer chains between crosslinking

agents in a neutral hydrogel that has been prepared in an aqueous environment.

1 2 (v/vl)[ln(l_vz,s)"'vz,s"')(lvﬁ,s |
M. W, 1 (4)
M. My

v (U2,5)3_( Uz,s)
2r V2 r 2V r

Where, v,, represents the polymer volume fraction immediately after

crosslinking.

The presence of ionic groups in the hydrogel further complicates the theoretical
treatment of swelling. In addition to AGmixing and AGelastic in equation 1, the free energy
associated with the ionic nature (AGionic) of the polymer network also contributes to the

overall change in Gibbs free energy, resulting in equation 5.
AGtotal = AGelastic + AGmixing + AGionic (5)

The derivative of equation 5 with respect to the amount of solvent at constant
pressure and temperature now vyields equation 6, which is a similar expression to

equation 2 in terms of chemical potential.
H1- U1,0= AIlelastic"' A,umixing + A,Uionic (6)

Where Alionic in equation 6 represents the change in chemical potential caused

by the ionic nature of the hydrogel.

Expressions have been created to demonstrate the ionic contribution to the
chemical potential. These expressions reflect a significant contribution from the ionic
strength of the encompassing fluid environment and the ionic characteristic of the
solvent. Swelling derivative expressions for cationic and anionic hydrogels, respectively,

in the presence of solvent are indicated by Equations 7 and 8.

v, (v3 K \?
_1 (%) (—a> = [ln(l - UZ,S) + Uz,s + leg,s] +
a
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Where, K, and K, in expressions 7 & 8 are the dissociation constants for the base

and acid, respectively, and / is the ionic strength® 77,

1.2.9. Rubber elasticity theory

Hydrogels are similar to natural rubber because they have elastic properties
making them flexible under external pressure. They have the capacity to quickly regain

their original shape and size, especially when the deformation is less than 20%.

The original theory of rubber elasticity was improved by Flory and Treloar and
provides a profound explanation of the elastic behaviour of hydrogels. Nevertheless, the
theory is not applicable, specifically, to hydrogels that can only be made in the presence
of a solvent. Silliman’® made improvements to the original expressions, after which,
Merrill and Peppas’®> made further changes to provide an expression for applied stress (7)
and information about the structure of the hydrogels that are prepared in a solvent

environment.

Where, in equation 9, p is the density of the polymer, 7 is the stress applied to

the hydrogel, R represents the universal gas constant, M, is the polymer molecular weight

between polymer crosslinks, and T is the experimental temperature (K).

A tensile testing system is used to conduct experiments to provide information
and apply equation 9 to determine important information about the hydrogel structure

using the theory of rubber elasticity. This theory has been applied to analyse hydrogels
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with physical and chemical crosslinks, and also hydrogels with temporary crosslinks from

hydrogen-bonding?.

1.2.10. Dynamics of swelling

The swelling of hydrogels can be grouped into two mechanisms: diffusion-
controlled, commonly known as Fickian, and relaxation-controlled swelling, usually
referred to as non-Fickian. Diffusion-controlled swelling occurs when the diffusion rate of
water into the hydrogel network is greater than the relaxation of polymer chains. Peppas

and Colombo have mathematically analysed the dynamics of swelling® 8.

1.2.11.  Poly(vinyl alcohol) (PVA)

Poly(vinyl alcohol) (PVA) is a linear polymer and has a simple chemical structure

with pendant hydroxyl groups (Figure 1.9).

OH
poly(vinyl alcohol)

Figure 1.9. Chemical structure of PVA.

PVA cannot be directly prepared by the polymerisation of vinyl alcohol monomer
because it is unstable and cannot be isolated. Vinyl alcohols as monomers do not exist in
a stable form. An indirect method to prepare PVA involves, firstly, the polymerisation of
vinyl acetate to poly(vinyl acetate) (PVAc) and then hydrolysis of PVAc to PVA
(Figure 1.10)7°-8°,
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Figure 1.10. Synthetic routes for preparation of PVA.

PVA is always a copolymer with PVAc due to incomplete hydrolysis of the starting
material®!. In 1924, the first PVA solution was discovered by saponifying poly(vinyl ester)
with caustic soda solution®?,

Commercial PVA grades are available with high degrees of hydrolysis - above
98.5%. The crystallizability and solubility of PVA is affected by the extent of remaining
acetate groups as indicated by the degree of hydrolysis®!. PVA cannot be readily dissolved
in common organic solvents, such as methanol, ethanol, or chloroform; it is only soluble
in DMSO and water®. The polymerisation and degree of hydrolysis affects the solubility
of PVA in water; lower solubility results at an increased degree of hydrolysis. In addition,
the hydroxyl pendant groups on PVA chains can interact to form internal intra- or
intermolecular hydrogen bonding, which hinders its dissolution in water®*,

Based on the degree of hydrolysis, PVA is divided into two groups: partially
hydrolysed and fully hydrolysed (Figure 1.11)%. Partially hydrolysed PVA has weakened
internal hydrogen bonding interactions due to the presence of residual hydrophobic

acetate groups, leading to increased external hydrogen bonding and water solubility. PVA
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of this type can be dissolved in water at room temperature and is widely used in the food
industry®2. Nevertheless, the solubility of almost fully hydrolysed PVA in water needs a

temperature higher than 80 °C in order to overcome hydrogen bonding interactions®*.

OH OH O

C—

CH,

(A) (B)

Figure 1.11. Chemical structure of PVA: fully hydrolysed (A) and partially hydrolysed (B).

Free radical polymerisation is used to prepare PVA and subsequent hydrolysis
results in a wide distribution of molecular weight. This is considered a significant feature
of PVA because it influences its attributes, such as mechanical strength, diffusivity,
crystallizabillity, and adhesion®'. The effect of the degree of hydrolysis and molecular

weight on the properties of PVA is indicated in Figure 1.12 8,
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Figure 1.12. Characteristics of PVA84,

1.2.12.  Preparation and properties of poly(vinyl alcohol ) hydrogel

Some of the interesting features of PVA include that it is biocompatible®>-8°,

92—90’ and

hydrophilic®®, biodegradable®®, water-soluble, noncarcinogenic, nontoxic
inexpensive. It can serve as a gas barrier and has good chemical resistance®,
processability, transparency®® and good film-forming ability®>. PVA can also form
hydrogels using physical and chemical approaches to preparation. These unique features
play a critical role in the design of biomedical and pharmaceutical devices, such as wound

dressings®3, contact lenses, drug delivery devices, protein adsorption, artificial organs, and

antibacterial and skin treatment systems®®.

Hydrogels of PVA can be easily ionised in buffer solutions due to the presence of

hydroxyl groups. Factors such as pH and ionic strength weaken the hydrogen bonding and
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other molecular interactions in the PVA network, which has a dramatic effect on swelling

ability®’.

An aqueous solution of PVA can form a hydrogel with low mechanical properties
when the solution is exposed to long storage times at room temperature. However, this
does not result in a useful material for a broad range of applications because of the poor

mechanical properties; considered the most important of hydrogel properties®.

There have been numerous attempts to crosslink PVA using a freeze—thaw
method, whereby a semi-crystalline network results as the solution of PVA is exposed to
repeated cycles of freezing and thawing. The freeze—thaw method is preferred because it
avoids contamination from toxic crosslinking agents used to prepare physically crosslinked
hydrogels. The mechanical feature of physically crosslinked PVA can also be regulated by
the number of freeze—thaw cycles, and the concentration and molecular weight of PVA.
To meet some biomedical demands, PVA has been blended with other polymers to
develop a hydrogel for particular applications, including wound dressing, drug delivery
system, and tissue engineering. Examples of PVA compatible polymers include PVP,

poly(N-isopropylacrylamide), chitosan, carboxymethyl chitosan, and dextran®*.

Hydrogels can also be produced by cooling semi-diluted PVA solutions at a low
temperature. Pines et al. investigated the preparation of PVA hydrogels by both liquid—
liquid phase separation and crystallization of PVA chains®®, whereby crosslinking sites are
formed in the crystalline domains throughout the PVA network®. Consequently, PVA
hydrogels can be produced without using crosslinking agents to make biomedical,

96, 100

biocompatible, and nontoxic devices . revise

Several studies have investigated the features and conditions of cryostructuring

to prepare PVA cryogels!01-102

. Lozinsky et al. found that an increase in temperature from
295 K to 350-390 K significantly altered the mechanical properties of PVA gelsi®,
Desirable properties of high water content, good clarity, and excellent mechanical
characteristics resulted from cryostructuring to induce crystallization at low
temperatures!®. A further study prepared PVA hydrogels with higher water uptake, good
adhesion properties, and elasticity features below 0 °C. In addition, hydrogels were used
as a biomaterial for skin treatment systems by crystallization of domains in PVA at low
temperatures!®. A freeze—thaw cycle method was used to prepare semi-crystalline PVA

hydrogels with PAA and poly(ethylene glycol) for drug delivery applications'©6-107,
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In addition, hydrogels, including those prepared from PVA, can be physically
crosslinked by phase separation from theta-solutions or through crystallites that are
formed during annealing and dehydration, and freeze—thaw cycling'®®. Hydrogels of PVA
prepared by a repeated freezing and thawing approach indicate high water content and

elastic mechanical features!®.

Thermosensitive hydrogels composed of PVA and N-tertiary butyl acrylamide

(NTBA) were prepared using the free radical polymerisation method**.

Graft copolymerisation of NTBA on PVA was used to prepare a PVA-g-PNTBA
copolymer. Incorporation of NTBA on the surface of PVA was investigated using elemental
analysis, H-NMR and infrared spectroscopy. Factors including hydrophobic content,
annealing temperature, and temperature of the external medium had a great effect on
the swelling behaviour. Results obtained by XRD, DSC, and DMA indicated that there was
an increase in the crystallinity of the resulting copolymer as a function of annealing. A
permeability study used a variety of solutes, such as vitamin B12 theophylline, and
lysozyme. The results indicated that permeability of solutes was dependent on the

solution temperature, hydrophobicity of the membrane, and the solute size'*.

Chemically crosslinked PVA hydrogels can be prepared using difunctional
crosslinking agents, such as glutaraldehyde, acetaldehyde, formaldehyde, and other
monoaldehydes. These crosslinking agents are initiated by acetic acid, sulfuric acid, or
methanol, and result in formation of acetal rings and ether linkages between hydroxyl
groups of PVA and aldehyde groups of the crosslinker. Peppa et al. prepared crosslinked
PVA by electron beam irradiation methods in the presence of sodium borate and boric

acid as crosslinking agents?,

Hydrogels based on PVA and polyethylene glycol (PEG) were prepared using
glutaraldehyde as a crosslinker. The resulting hydrogels were used to investigate the
delivery of anti-inflammatory drugs, including ibuprofen. Solid inclusion complexes of
ibuprofen in B—cyclodextrin (B—CD) were prepared by microwave irradiation and inserted
in the hydrogel network to regulate the drug delivery. Hydrogels containing the inclusion
complexes indicated controlled release of the drug in comparison to hydrogels that
included free ibuprofen. Analysis of preliminary kinetics emphasised the important role
of B—CD that affected the rate of polymer relaxation, contributing to a slower rate of drug

release!!,
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1.2.13. Molecular imprinted polymers (MIPs)

Molecular imprinting is a technique that can generate selective recognition sites
throughout a synthetic material. Molecular imprinted polymers (MIPs) are crosslinked
polymers that include particular bending sites with a pre-determined selectivity for a
solute template®*. The process of molecular imprinting to prepare a MIP is indicated in

Scheme 1.1.

The template is inserted into the rigid matrix by interaction with functional
monomers to form complexes during polymerisation®. Monomer-template complexes
are formed by either weak non-covalent interactions (e.g. hydrogen and ionic bonding,
hydrophobic interactions) or covalent bonds. The first method is commonly used because
it offers simplicity of preparation. Template and monomer are mixed to form a complex
and polymerisation in a suitable solvent is initiated in the presence of a crosslinking
monomer. The template is removed from the polymerised matrix by, typically, liquid-

liquid extraction.

However, there are difficulties associated with this method, including the proper
selection of solvents and monomers. A low ratio of monomer-to-template leads to a low
number of bonding sites, whereas a polymeric matrix with too high a ratio of monomer-

to-template produces a material with non-specific recognition*2.
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Scheme 1.1. Synthetic routes for preparation of MIPs.

A three-dimensional imprinted structure, consistent with the size and shape of
the template molecule, is imposed throughout the polymer. Vacant recognition sites with
high affinity for the target molecule result from the removal of the solute template. The
selective recognition sites are able to respond to external environmental stimuli such as

113

solvent composition!'3, pH!4, temperature and electric field'*>.

Some useful advantages of MIPs compared to simple polymers used for
adsorption are resistance to pressure and higher temperatures, good mechanical
strength, low cost of preparation, physical toughness, and inertness to many organic
solvents, bases, acids, and metal ions. Due to their beneficial features, MIPs are useful for
a variety of applications, such as sensors, drug delivery systems, catalysis, solid phase

extraction (SPE), and liquid chromatography®* 1€,
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1.3. Research Aim

Hydrogels are materials that display many useful properties that make them ideal
candidates for solute extraction and delivery in aqueous environments. Compared to
hydrogels prepared by other techniques, such as copolymerization methods, hydrogels
prepared as interpenetrating polymer networks (IPNs) have generated much interest
because they offer enhanced thermal stability, chemical responsiveness, and structural
rigidity4”:133,

The preparation and investigation of physiochemical properties of a series of full-
IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), and full-IPN PVA/P(MMA-co-IA) hydrogels
is investigated. The use of extractants in an IPN could be a useful method to prepare a
novel generation of adsorbent hydrogels with enhanced properties, including capacity for
reuse and specific metal ion adsorption. Hydrogels as a system for delivery of drugs has
been investigated, however, extraction of organic solutes by hydrogels used as adsorbents

has yet to be reported.

The major aim of this research is to develop full-IPNs for the selective extraction
of copper ions and removal of naproxen from an aqueous environment. The series of full-
IPN hydrogels will be prepared incorporating Acorga P50 and Aliquat 336 as carriers for
copper and naproxen, respectively, and the hydrogel properties and extraction

performance will be evaluated.
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1.4. Thesis outline

The first chapter presents a literature review associated with a general overview
of hydrogels. The different methods to prepare hydrogels and their ability to respond to
some external stimuli that make them ideal useful materials for different application is

discussed.

Chapter 2 reports the preparation of hydrogels consisting of PVA with different
monomers, such as 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA), 4-
hydroxybutyl acrylate (HBA), methyl methacrylate (MMA), and itaconic acid (IA). Two
different crosslinking agents were used, ethylene glycol dimethacrylate (EGDMA) for
hydrophobic monomers and glutaraldehyde (GA) for PVA. The resulting hydrogels
designed as full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), and full-IPN PVA/P(MMA-
co-l1A) were prepared by a free radical polymerisation using AIBN as an initiator. In
particular, the effect of GA, HBA, and MMA amounts on the composition and properties,
such as swelling behaviour, and thermal and morphological properties, of the hydrogels
are investigated. The resulting hydrogels are characterised using Fourier transform
infrared (FTIR) spectroscopy, ToF-SIMS, scanning electron microscopy (SEM), and thermal

gravimetric analysis (TGA).

In chapter 3, the use of Acorga P50 as a copper carrier to prepare reagent
imprinted and complex imprinted full-IPN hydrogels is reported. The full-IPNs imprinted
with Acorga P50 or Cu (llI)-Acorga P50 complex were used in extraction investigations of
Cu (Il) from an aqueous feed solution of 50 mg/L at pH 2. Copper was removed from the
hydrogels using 2 M H,SOs. The physicochemical properties of the hydrogels were
characterised by FTIR, SEM, and TGA. The kinetics and extraction performance were
evaluated at different pH and initial Cu (Il) concentrations. The current study also
investigated the application of full-IPN hydrogels as artificial adsorbents for Cu (ll)

removal.

The objective of preparing novel-full-IPN hydrogels based on PVA containing
Aliquat 336 as a basic carrier for anions is reported in chapter 4. The hydrogels
(abbreviated as Aliquat 336-PVA/GA, Aliquat 336-full-IPN PVA/PHEMA, Aliquat 336-full-
IPN PVA/P(HBA-co-AA), and Aliquat 336-full-IPN PVA/P(MMA-co-IA)) were used as
adsorbents for the extraction of Naproxen as a model drug. Extraction and back-extraction

experiments were performed using a feed solution of 125 mg/L at pH 7 and a stripping
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solution of 1 M NaCl at pH9, respectively. Naproxen extraction kinetics using the
hydrogels was evaluated. The presence of Aliquat 336 in the hydrogel matrix was

investigated using FTIR, SEM, and TGA

The final chapter presents a brief conclusion about all investigations and
outcomes from this research, and reports on future work that builds on the already
established positive attributes of full-IPNs and promising results reported in this thesis.
Specifically, investigations using Acorga P50 and Aliquat loaded full-IPN hydrogels applied
to real environmental samples to assess the interference of other chemicals, such as iron
and zinc, on copper extraction, and other deprotonated organic and inorganic anions are

needed.
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Chapter 2: Preparation of full-IPN hydrogels

2.1. Introduction

Among the many significant hydrogels, poly(2-hydroxyethyl methacrylate)
(PHEMA) was first synthesized in 1960 by Whichterle and Lim. Subsequently, it was cross-
linked with ethylene glycol dimethacrylate (EGDMA) and used for the production of
contact lenses3% 51 63117 The most positive aspect of this novel biomaterial is its stability
under a broad range of temperatures and pH, and its high hydrophilicity and excellent
mechanical properties®’. In the following two decades, research on hydrogels
concentrated on producing chemically cross-linked networks of polymers for applications,
principally, in drug delivery and ophthalmic research®?. In addition, scientist have found
that hydrogels based on PHEMA can be employed for other applications, such as implants
for surgical reconstruction, artificial corneas, nasal cartilages, and surgery dressings to

control wound infections””.

Hydrogels containing methacrylic acid (MAA) and 2-hydroxyethyl methacrylate
(HEMA) (Figure 2.1) exhibit sharp sensitivity to external pH. The pH-dependent swelling
behaviour of poly(HEMA-co-MAA) hydrogels show extensive swelling in high pH media
due to ionisation of the pendant COOH groups. The extent of the equilibrium swelling
depends on the MAA composition and pH of the swelling medium. Alternatively, these
hydrogels are maintained in a neutral state if the media is kept below pH 3.5, because
poly(MAA) has a pK; of 5.5. Thus, under these conditions these hydrogels will be in a

comparatively shrunken state!!8,

H,C OH
O/\/

CHj

2-hydroxyethyl methacrylate (HEMA)

Figure 2.1. Chemical structure of 2-hydroxyethyl methacrylate (HEMA).
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However, the mechanical properties of hydrogels based on PHEMA are poorin a
swollen state’’ due to absorbed water which changes the distribution of and interaction
between polymer chains to that in dried gels**®. Hence, considerable effort has been made
to improve the strength of hydrogels by using different approaches, such as bulk
copolymerization, forming interpenetrating networks with natural biopolymers like
collagen, and grafting to a natural or synthetic polymer. Although these modified
compounds are more robust than pure compounds, their poor mechanical properties

remain a problem?”’.

In the most recent decade, research has tended to use other types of polymers
with unique properties to prepare hydrogels for advanced biomedical applications®. In
particular, poly(vinyl alcohol) (PVA) is frequently used as a synthetic polymer to produce
hydrogels for purposes of wound dressing?*®, drug delivery systems®*, artificial organs*?°,
and as an adsorbent for removal of heavy metal ions'?%. The widespread use of PVA is due
to its unique properties, such as good biocompatibility, excellent transparency, non-
toxicity, bioadhesive features, film-forming ability?*, and excellent hydrophilicity®® 29> 97,
122133 pyA crosslinked with formaldehyde was the first hydrogel, reported in 1949, for

use as a biomedical implant3°.

PVA in an aqueous solution can be easy cross-linked to form hydrogels by using
a range of techniques. The obtained hydrogels have desirable physicochemical features,
such as a high degree of swelling and an elastic nature. Nonetheless, PVA has some
drawbacks, including a resultant stiff membrane with insufficient elasticity, and lower
mechanical strength due to an increased hydrophilic nature®. Incorporating PVA with
HEMA into an interpenetrating polymer network (IPN) is a good way to increase the

swelling features of the hydrogel'34.

Acrylic acid (AA) (Figure 2.2) is a non-toxic, hydrophilic monomer that can
respond to changes produced by external stimuli such as pH%°. Poly(acrylic acid) (PAA)
has been largely utilized as a pH and electrical-sensitive material. Specifically, the pH-
responsive nature of PAA results from the presence of carboxylic acid groups along the

polymer chains®3®,
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Acrylic acid (AA)

Figure 2.2. Chemical structure of Acrylic acid (AA).

Hydrogels containing PVA and stimuli-responsive monomers, especially AA, have
attracted significant attention in polymer science for biomedical applications due to their
unique features, including non-toxicity, biocompatibility, and high hydrophilicity.
Hydrogels of PVA/AA were used as a drug delivery system for diclofenac, and indicated a
higher rate of release, due to the hydrophilic group (-COOH) of PAA, than a simple PVA

gel?®,

Hydrogels based on PAA and poly(acrylamide) (PAAm) (PAA/PAAm) exhibit
temperature responsive sensitivity because of hydrogen bonding between COOH and NH;
groups on neighbouring polymer chains. At temperatures below the upper critical solution
temperature (UCST), the polymer network collapses because of extensive hydrogen
bonding between the polar groups of each polymer. Conversely, at temperatures above
the UCST, the hydrogen bonds are disrupted and the swelling ability of the hydrogels is

increased?’.

Hydrogels containing many ionisable groups are defined as poly electrolytes and
can be classified into two categories, cationic or anionic. Their capability to undergo
changes in volume capacity as they respond to external stimuli, such as ionic strength, pH,
and temperature, is an important feature. Poly(acrylamide-maleic acid), poly(acrylamide-
co-itaconic acid), and poly(acrylamide-co-acrylic acid) are examples of polyelectrolyte

hydrogels.

Itaconic acid (IA) (Figure 2.3) is an ‘anionic’ monomer that has been widely
studied to enhance the biocompatibility, and pH-sensitive behaviour of PHEMA based
hydrogels*?. The two carboxylic groups on the side-chain of poly(itaconic acid) (PIA) have

different pK, (pKa1 3.85, pKa2 5.45) 137138 that influence the hydrophilic character of the
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[13% and significantly increase its ability to absorb water. When 5 wt% of PIA is

hydroge
incorporated with PHEMA, the equilibrium degree of swelling of the resulting P(HEMA/IA)
hydrogel in pH 7.4 buffer solution at 37 °C increases by more than 200%. Furthermore,
increasing the IA content resulted in improved swelling ability of the hydrogel because of
additional electrostatic repulsions of ionised acid groups in the gel**°. Other studies have

indicated a similar improvement in the swelling degree of poly(acrylamide) hydrogels

incorporating PIAL,

HO
CH, OH

Itaconic acid (IA)

Figure 2.3. Chemical structure of itaconic acid (IA).

A combination of PVA and PIA in one matrix seems like a reasonable proposition
to produce new materials with improved properties, including hydrophilicity, mechanical

ho1, 142

strengt , and pH-sensitive behaviour. Due to its unique attributes, such as high water

absorption ability, chemical resistance and film forming ability, biodegradability and non-
toxicity, PVA is a good candidate for extensive use to fabricate hydrogels®® 9% 95 97, 122-133
PVA-based hydrogels show high water absorption capability and good mechanical

Strength124—125, 143-144

A pH-sensitive hydrogel composed of PVA, chitosan, vinyl acetate, and IA has
been prepared using a freeze thaw method?®?. The hydrogels indicated a high degree of
swelling at low pH (1.4) because of ionisation of the primary amino groups (-NHs*) on the
surface of chitosan. The results from an x-ray diffraction (XRD) study showed a reduction
in crystallinity of hydrogel films because of the presence of chitosan. A morphological
study indicated that hydrogel pores were uniformly arranged with sizes from 20 - 100 um,

with larger pores at higher amounts of chitosan#>.
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Most pH-thermo-sensitive hydrogels obtained by conventional preparation
methods (e.g., copolymerisation) have some disadvantages, such as low rates of swelling
and deswelling. These drawbacks limit their use for some applications, such as drug
delivery systems, artificial organs, and separation science. There have been many
attempts to enhance the water activity of hydrogels, including inserting grafted chains
into the hydrogel matrices, employing high temperature preparation methods, and

forming macroporous structures'4e,

Recently, hydrogels prepared as interpenetrating polymer networks (IPNs) have
generated much interest because they offer enhanced mechanical stability, chemical
responsiveness, and structural rigidity compared to hydrogels prepared by other
techniques, such as copolymerization methods*® 47, IPNs are described as an entangled
combination of polymers in which one polymer is prepared or crosslinked inside the other,
without any covalent bonds between them. An IPN is classified as either a semi-IPN or full-
IPN depending on the preparation strategy. Hydrogels with dense matrices and tough

mechanical properties can be produced using IPN methods*® 147-148,

Semi-IPN hydrogels composed of PVA, acrylamide (AAm), and HEMA have been
prepared by a microwave irradiation technique. The preparation of semi-IPN PVA/P(AAm-
co-HEMA) involved a one-pot, two-step polymerisation method. A copolymer of P(AAm-
co-HEMA) was prepared in an agueous solution of PVA using ammonium persulfate (APS)
as an initiator, followed by addition of glutaraldehyde (GA) as a crosslinker to form the
semi-IPN. The outcomes revealed that the hydrogel obtained by the two-step
polymerisation technique had a lower swelling ratio compared to the hydrogel prepared
by the one-pot polymerization method. However, one-pot polymerisation was found to
be a more useful technique, in terms of shorter preparation time, for preparing semi-IPN

hydrogels 14°.

Full- and semi-IPN hydrogels composed of PVA, HEMA, and acrylic acid (AA) were
prepared and investigated. The full-IPN hydrogels had a higher crosslink density and
smaller mesh size compared to semi-IPN hydrogels, whereas dye adsorption and swelling

characteristics of semi-IPN hydrogels were higher than those of full-IPN hydrogels'?>.

Hydrogels produced as IPNs of PAA and poly(acrylamide-co-butyl methacrylate)
P(AAm-co-BMA) have used as a drug delivery system for ketoprofen. The IPN hydrogels
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exhibited a better swelling degree when observed at temperatures above their UCST,

leading to improved release of loaded ketoprofent*°,

Further studies have investigated IPN-hydrogels based on PVA and PAA.
Specifically, equilibrium swelling studies to determine mesh size, crosslinking density, and
average molecular weight were investigated. Swelling studies were performed in a series
of pH buffer solutions (3, 6, & 8) and indicted improved equilibrium swelling degree as the

pH increased from 3 to 61,

To prepare naturally derived, polymer-based hydrogels with specific properties,
including controlled drug delivery and high mechanical strength, semi-IPN hydrogels
composed of chemically crosslinked poly((vinyl alcohol)-graft-acrylic acid)/sodium
alginate) (PVA-g-AA)/SA) were prepared and investigated. The resulting semi-IPN

hydrogels exhibited optimum swelling, drug loading, and drug release at pH 7.4%%4,

Hydrogels have been prepared from PVA, AA, and HEMA using IPN methods. The
full-IPN and semi-IPN hydrogels were prepared via a free radical polymerization of HEMA
and AA, using azobisisobutyronitrile (AIBN) as initiator, crosslinked with EGDMA in a PVA
network. The full-IPN hydrogels exhibited higher crosslinking density and smaller mesh

size compared to semi-IPN hydrogels'?>.

Thermo and pH-sensitive semi-IPN PVA-based hydrogels were prepared with
N,N-diethylacrylamide (DEA) and IA by free radical polymerisation, resulting in an
interconnected porous structure. The resulting hydrogels showed a reduced equilibrium
degree of swelling due to the formation of crystals at increased amounts of PVA. A fast
deswelling rate was observed for semi-IPN PVA/P(DEA-co-IA) hydrogels because the linear
polymer chains act as channels to release water molecules as shrinking occurs.
Parameters such as pH, temperature, and PVA content had an effect on the oscillating

deswelling/swelling behaviour'?®.

A semi-IPN hydrogel containing poly(vinylpyrrolidone) (PVP), HEMA and IA was
prepared by free radical crosslinking copolymerisation. The resulting hydrogels indicated
pH-temperature sensitive behaviour, with a maximum degree of swelling observed at

pH 6 and 41 °C*>2,

However, due to weak mechanical strength, poor reswelling behaviour, and the
high water loss from PVA hydrogels, it is necessary to identify ways to enhance these

properties to satisfy the necessary requirements for effective hydrogels based on PVA®3,
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Recently, the use of IPNs for the preparation of hydrogels has garnered interest. These
polymer materials offer improved mechanical properties through better stability of the

internal®3 and overall network structure?® 134,

IPN-hydrogels prepared from PVA and PAA have been widely investigated®"
154155 However, the preparation of full-IPN hydrogels containing PVA, AA, 4-hydroxybutyl
acrylate (HBA), methyl methacrylate (MMA), IA, and HEMA have not yet been reported.

The main objective of the present work is to create novel pH-sensitive full-IPN
hydrogels by utilising the ionisable groups of PVA, HEMA, HBA, MMA, |A and AA. The
strategy is to prepare full-IPN hydrogels via insertion of a cross-linked copolymer of P(-
HBA-co-AA), P(MMA-co-IA) or PHEMA into PVA. Hydrogels will be prepared by free radical

polymerization using EGDMA as a crosslinking agent and AIBN as an initiator.

The first network of each full-IPN hydrogel will consist of PVA crosslinked with
GA to form PVA/GA. Due to its unique features, including hydrophilic characteristics and
film forming ability, PVA is used as the main polymer network to provide the resulting full-
IPN hydrogels with improved swelling properties and ability to form films. The second
network will utilise HEMA, HBA, MMA, AA and IA as hydrophobic, and hydrophilic
components. Full-IPN PVA/PHEMA will be prepared by polymerisation of HEMA within the
PVA network. Both HBA and MMA will be used as base monomers, to provide mechanical
strength to the full-IPN, and copolymerised with AA and IA, respectively, to prepare
P(HBA-co-AA) and P(MMA-co-IA).

The effect of amounts of GA, HBA and MMA on gel content, chemical structure,
swelling and water retention will be studied. The chemical nature of the series of full-IPN
hydrogels will be characterised by FTIR and ToF-SIMS. A pH-sensitivity study to probe
water adsorption will be performed in a series of pH buffer solutions (3.4, 6.2, 7.2, and
8.2) at 37 °C. Water retention ratio study will be investigated at 30 °C. Finally, the surface
morphology and thermal properties will be investigated by SEM and TGA, respectively, of
the series of full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA) hydrogels.
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2.2. Experimental

2.2.1. Materials

2-hydroxyethyl methacrylate (HEMA) (Aldrich), poly(vinyl alcohol) (PVA) (89 000-
98 000, 99+% hydrolysed) (Aldrich), ethylene glycol dimethylacrylate (EGDMA) (Aldrich),
glutaraldehyde (GA) (Aldrich), 4-hydroxybutyl acrylate (HBA), acrylic acid (AA), itaconic
acid (IA), and methyl methacrylate (MMA) were used as reactants for preparation of
hydrogels. HEMA, HBA, AA were purified using an activated alumina column and verified
by 'H-NMR. PVA, EGDMA and GA were used as received. 2,2’-Azobisisobutyronitrile
(AIBN) was purified by recrystallization from ethanol**®. Sodium dihydrogenphosphate
dihydrate (NaH2P04.2H,0) (Aldrich) and disodium hydrogenphosphate heptahydrate
(NazHPO4.7H,0) (Aldrich) were used as received. All other chemicals including dimethyl
sulfoxide (DMSQ), phosphoric acid (H3PO4) and sulfuric acid (H2S04) were reagent grade

and used as received. Deionised water was used to prepare all agueous solutions.

2.2.2. Preparation of full-IPN hydrogels

Full-IPN PVA/PHEMA hydrogels were prepared by free radical polymerization
using AIBN as initiator and EGDMA as a cross-linker. The procedure used to prepare the
hydrogels is briefly described as follows. First, a weighed amount of PVA was dissolved in
15 mL DMSO in a three-neck round bottom flask, a water condenser attached, and the
solution stirred using a magnetic stirrer bar. The solution was heated to 80 °C with
continuous stirring at 800 rpm until a transparent solution was obtained. The solution was
cooled to room temperature with continuous stirring at slow speed and dissolved oxygen
purged by nitrogen gas (solution A). Different amounts of GA (10, 20, 30, 40 wt%) and
0.1 mL of sulfuric acid were added to solution A and stirred for 10 minutes. Secondly,
solution B was prepared by addition of amounts of HEMA as monomer and EGDMA (0.1 g)
as cross-linker to a small amount of DMSO (5 mL). Solution B was added to solution A.
Finally, AIBN (0.1 g) as initiator was added to the mixed solution and stirred for 30 mins
while maintaining a nitrogen atmosphere. Then, the solution was carefully transferred to
glass reaction tubes (150 mm length, 16 mm i.d.), the tubes sealed under nitrogen, and
immersed in a water bath at 60 °C for 7 h to continue polymerization. At the end of the
polymerization, the tubes were carefully broken, and the gels cut into appropriate size
(1 mm thick and 5 mm in diameter) pieces. The preparation of full-IPN PVA/P(HBA-co-AA)
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and full-IPN PVA/P(MMA-co-IA) hydrogels was similar. The feed composition for each

component used to prepare the different hydrogels is shown in Table 2.1.

2.2.3. Determination of gel content

The gels were dried in an oven at 30 °C for 24 h and the weight noted as Wo. Next,
the gels were immersed in deionized water, and the water replaced everyday over a week
to wash and remove any unreacted initiator and monomers. Subsequently, the gels were

dried under vacuum at 30 °C to attain a xerogel of mass (W1).

The gel content, percent (Gel%) of the hydrogel was determined using the

following expression.
Gel% = [W1/Woq] x 100

Where W1 is the weight of dry gel after washing in deionised water and Wy is the

initial weight of dry gel*>”.

2.2.4. Buffer solutions

Phosphate buffer solutions of 0.1 M ionic strength were used to induce swelling
in the hydrogels. A solution of pH 3.4 was made from KH,PO4, and HsPO4, whereas pH 6.1,
7.2,and 8.2 solutions were prepared from NaH2P04.2H,0 and Na;HPO4.7H0. All solutions
were prepared using deionised water. The pH of the prepared buffer solutions was
measured using a pH meter (Seven Easy Model, China) calibrated with standard buffer

solutions.

2.2.5. Water uptake measurements

The xerogel discs were left to swell in deionised water at 37 °C for 24 h. At
different intervals, the swollen gels were removed and gently dried by resting on filter
paper. After achieving a constant weight, the samples were returned to the swelling
medium. The swelling measurements were continued until equilibrium swelling was
reached for each sample. The swelling measurements indicate the extent of water

absorption by the hydrogels.

Water uptake, percent (WU%) was calculated as follows:
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Water uptake (WU%) = [ Ws — Wo] / Wo X 100

Where Wo and Wsare the weights of dry and wet discs, respectively. All swelling

experiments using deionised water were performed in triplicate.

2.2.6. pH- sensitivity study

The pH-sensitivity behaviour of full-IPN hydrogels was studied in phosphate
buffer solution (PBS) at various pH values. The xerogel discs were left to swell in buffer
solutions of pH 3.2, 6.1, 7.2, or 8.2 with ionic strength of 0.1 M and at a temperature of
37°C. At different intervals, the swollen gels were removed and dried by resting on filter
paper. After drying to constant weight, the samples were returned to the buffer solution.
The swelling measurements were continued until equilibrium swelling was reached for

each sample®.

The equilibrium degree of swelling, percent (ge%) was evaluated using the

following expression:
ge% = [ Ws—Wo]/ Wo X 100

where Ws is weight of wet sample at equilibrium , and Wo is weight of dry
sample®®8, All swelling experiments in buffer solution at different pH were performed in

triplicate.

2.2.7. Water retention measurements

The dried full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), and full-IPN
PVA/P(MMA-co-IA) gels, as a function of GA, HBA to AA, and MMA to IA ratios,
respectively, were first soaked in water at room temperature until reaching an equilibrium
weight (Weq). The equilibrium swollen full-IPN gels were then transferred to an oven at
30°C. The gels were removed at predetermined times and the weight recorded;
measurement continued until an equilibrium weight (W:) of the dried gel was achieved

The water retention, percent (WR%) was expressed by the following equation.
(WR%) = Wt/Weq *100

Where, Weq is the weight of the equilibrium swollen hydrogel, and W; is the

weight of dry gel**.
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2.3. Instrumental Analysis

2.3.1. Infrared Spectroscopy

The FTIR spectra of resulting PVA/GA, and full-IPN hydrogels were obtained using
an Agilent Cary 600 series spectrometer. The dried gels were mixed with KBr prior to

recording the spectra over the range 600 - 4000 cm™ using a resolution of 4 cm™.

2.3.2. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

Analyses were conducted using a TOF-SIMS IV instrument manufactured by ION-
TOF GmbH (Minster, Germany). The hydrogel discs were loaded (fixed) on a substrate
plate using double-sided tape. A pulsed primary ion source (bismuth beam, 30 keV,
0.501 pA) was bombarded over a sample area of 100 x 100 um?. Mass spectra (positive
and negative polarity) were acquired for 100 s with an impact 9.41 x 10'? ions/cm? to
guarantee static states. An argon-cluster source was used as the sputter/etch tool with
20 KeV sputter ion energy; the argon beam current was 9.224 nA. Analyses of the spectra

of the full-IPN hydrogels were carried out using Surface Lab v5, IONTOF GmbH.

2.3.3.  Scanning electron microscopy (SEM)

The surface morphology of prepared gels was studied by SEM using a HITACHI
TM3030 Plus. The swollen hydrogels were dried using a freeze dryer (LABCONCO) at -80 °C
for 24 h. The freeze-dried xerogels were loaded on the surface of an aluminium SEM
specimen holder and sputter coated with gold for 2 minutes (Polaron sc7640 sputter
coating) under vacuum prior to observation®®, A magnification range of 100 - 10.000 was

used in this study.

2.3.4. Thermogravimetric Analysis (TGA)

The thermal properties of full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA) and
full-IPN PVA/P(MMA-co-AA) hydrogels were investigated by TGA (TGA/DSC 1 STAR®
System (METTLER TOLEDQO). Hydrogels with a mass of 8.5 mg under a purged nitrogen
atmosphere were analysed over the temperature range of 50 — 500 °C at a heating rate of

10 °C/min.
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2.4. Results and discussion

2.4.1. Preparation of full-IPN hydrogels

In a full-IPN hydrogel, both constituent polymers are cross-linked. In this study,
the first full-IPN hydrogel consisted of poly(vinyl alcohol) (PVA) and poly(2-hydroxyethyl
methacrylate (PHEMA). The full-IPN hydrogels were prepared by free radical
polymerisation of 2-hydroxyethyl methacrylate (HEMA), with ethylene glycol
dimethacrylate (EGDMA) in a matrix of poly(vinyl alcohol) (PVA) cross-linked with
glutaraldehyde (GA).

A robust thin hydrogel film cannot be prepared from only copolymerization of
HBA and AA, or MMA and IA because the resulting polymer lacks sufficient hydrophilic
properties. Instead, poly(HBA-co-AA) and poly(MMA-co-IA) must be formulated in a
polymer blend with a highly hydrophilic monomer or polymer, such as PVA, to have the

ability to form hydrogel films.

The second full-IPN PVA/P(HBA-co-AA), and third full-IPN PVA/P(MMA-co-IA)
hydrogels were prepared by free radical copolymerization of the acrylate monomers
(HBA, AA, MMA and IA) to prepare a hydrophobic polymer within a network of hydrophilic
PVA. The general synthetic route for preparation of the full-IPN PVA/PHEMA, PVA/P(HBA-
co-AA) and PVA/P(MMA-co-IA) hydrogels, respectively, is indicated in Scheme 2.1.

The full-IPN hydrogels were prepared in dimethyl sulfoxide (DMSO) at 60°C for
7 h for the first gel and 3 h for the second and third gels. DMSO is a good solvent for
poly(vinyl alcohol), cross-linkers, monomers, and initiator. Azobisisobutyronitrile (AIBN)
was used as the free-radical initiator for polymerisation in this study because it is known

to polymerise monomers cross-linked with EGDMA.

The cross-linking reaction of PVA with GA was done by adding 0.1 mL of 10%
H,SO4 as a catalyst. Due to the cross-linking process being adversely affected by the
presence of oxygen in solution, which scavenges the free radicals responsible for initiating
and propagating the polymerisation (as oxygen is a potent inhibitor?)'?>, the reaction
mixture was purged with N, gas before polymerisation. Compared to other crosslinking
regents, GA has lower cytotoxicity, and the resulting materials usually display good

mechanical features in addition to being non-thrombogenic and biocompatible®?,
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Scheme 2.1. Preparation of full-IPN hydrogels.

The full-IPN PVA/PHEMA hydrogel with a higher GA ratio (40 wt%) was revealed
as hard and transparent discs, whereas gels with low GA ratio produced transparent discs
with reduced hardness. The full-IPN PVA/(HBA-co-AA) and PVA/P(MMA-co-1A) hydrogels

indicated harder and more rigid films as the amount of HBA and MMA were increased.

The amount of each monomer and reagent used to prepare the hydrogels is given in

Table 2.1. The physical appearance of the prepared hydrogels after preparation, washing

39



with water, and drying is shown in Table 2.2. The high gel content of series 2 & 3 hydrogels

is indicated by the retained swollen state after drying to remove free water.
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Table 2.1. Composition (wt%) and gel content (%) of full-IPN hydrogels.

Hydrogel PVA GA HEMA HBA AA MMA 1A EGDMA Gel (%)
Series 1

PVA/PHEMA1 40 10 40 - - - - 10 45
PVA/PHEMA?2 40 20 30 - - - - 10 69
PVA/PHEMA3 40 30 20 - - - - 10 92
PVA/PHEMA4 40 40 10 - - - - 10 98
PVA/GA 60 40 - - - - - - 97
PHEMA - - 90 - - - - 10 96
Series 2

PVA/(4-HBA-co-AA)1 33 27 - 14 20 - - 6 96
PVA/(4-HBA-co-AA)2 33 27 - 20 14 - - 6 97
PVA/(4-HBA-co-AA)3 33 27 - 27 7 - - 6 98
PVA/PAA 36 29 - - 29 - - 6 98
PVA/P4-HBA 36 29 - 29 - - - 6 92
Series 3

PVA/P(MMA-co-1A)1 33 27 - - - 10 24 6 94
PVA/P(MMA-co-1A)2 33 27 - - - 17 17 6 96
PVA/P(MMA-co-1A)3 33 27 - - - 24 10 6 98
PVA/PMMA 36 29 - - - 29 - 6 98
PVA/PIA 36 29 - - - - 29 6 97
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Table 2.2. Images of the physical appearance of full-IPN PVA/PHEMA (series 1),
PVA/P(HBA-co-AA) (series 2), and PVA/P(MMA-co-lIA) (series 3) hydrogels after

preparation, washing with water, and after drying.

Hydrogel After preparation After washing After drying
Full-IPN
PVA/PHEMA
| (f €N
(series 1) ‘ . o
Full-IPN
ol
(series 2)

Full-IPN
co-1A) |
s d AhS

2.4.2. Gel content

A series (referred to as series 1) of full-IPN PVA/PHEMA hydrogels containing a
hydrophilic content of PHEMA crosslinked with EGDMA were prepared. The series 1
hydrogels varied the amount of GA used to crosslink PVA to examine changes to the
hydrophilic character. The gel content of the series 1 full-IPN PVA/PHEMA hydrogels as a
function of GA, PVA/GA hydrogel and PHEMA are reported in Table 2.1. The gel content
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increased substantially from 45 to 98% as the GA increased from 10 to 40 wt%,
respectively. This is consistent with decreased separation of PVA as the amount
crosslinking is increased. The effect of IPNs on gel content is emphasised by the regular
PVA/GA and PHEMA polymers that both have a similarly high gel content. In particular,
PVA/GA and IPN-PHEMA?2, both with 20 wt% GA, had very different gel content of 97 and
69%, respectively, indicating the significant effect of reduced gel content from the

interpenetrating polymer chains of PHEMA.

The gel content of all series 2 full-IPN hydrogels prepared from PVA, HBA and AA,
that is, PVA/P(HBA-co-AA) with various amounts of HAB and AA, full-IPN PVA/PAA, and
full-IPN PVA/PHBA, are indicated in Table 2.1. The PVA content in all hydrogels was kept
at 33 wt% to maintain the same hydrophilicity and enable a ready investigation of the
effect of varying the amounts of HBA and AA on the hydrophobic nature. A small increase
in gel content of the full-IPN PVA/P(HBA-co-AA) hydrogels was noted as the ratio of HBA-
to-AA increased. Also, AA made a more significant contribution to the gel content than
HBA as indicated by the data for the full-IPN PVA/PAA and PVA/PHBA polymers. This is
expected because AA is a smaller monomer than HBA and should be able to more readily
penetrate PVA during polymerisation resulting in a more compact and entangled polymer
network. PHBA is more regularly used as “backbone material” for secondary polymer

networks®2,

A similar series of experiments were performed to investigate the effect of
varying amounts of MMA and IA on gel content in series 3 full-IPN PVA/P(MMA-co-IA)
hydrogels. A small increase in gel content was noted as the amount of MMA relative to IA
increased in the hydrogel. However, neither MMA or IA had a significant outcome on gel
content because both full-IPN PVA/PMMA and full-IPN PVA/PIA, containing same
amounts of hydrophilic and hydrophobic components, had very similar gel content. This
is somewhat unexpected because the additional -CH,- and carboxylic group of IA would
seemingly confer a larger size than the methyl groups of MMA to the respective acrylate
monomers. However, the space-filling ability of the terminal methyl groups of MMA likely
compensate for the slightly longer sidechains of IA. Both monomers must have a similar
ability to penetrate PVA during polymerisation resulting in similar gel content of full-IPN

PVA/PMMA and full-IPN PVA/PIA.
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2.4.3. Characterisation by Infrared Spectroscopy
2.4.3.1. Full-IPN PVA/PHEMA hydrogels

Infrared spectroscopy was used to examine the chemical composition and nature
of bond formation in the gel materials. The FTIR spectra of full-IPN PVA/PHEMA hydrogel,
PVA/GA gel and PHEMA are presented in Figure 2.4. The broad bands between 3577 -

3202 cm* are linked to O-H stretching of hydroxyl groups in the crosslinked PVA hydrogel.

The FTIR spectra of PVA, cross-linked with GA gel, reveals an important band at
2755 cm* related to C—H stretching of aldehydes. The vibrational bands observed at 2940
and 2917 cm’?, refers to C—H stretching of CH,. The broad absorption peaks between 1094
—958 cm* are related to C-O-C and C-O groups, due to formation of acetal or semi-acetal

after crosslinking2°-139, 163,

Additionally, the FTIR spectrum of PHEMA indicates characteristic bands of the
carbonyl and methyl groups at 1723 and 2886 cm™, respectively. The bands observed at
1452, and 1391 cm™ have been attributed to the bending CH, and CH3; deformation, and
bending, C-O-H and bending CHs; deformation, respectively. The bands between 2948 and
2886 cm* are assigned to C-H stretching of methyl groups (-CHz) and methylene (-CH,) of
PHEMA in the gel64-166,

Characteristic ethylene peaks (C=C) at 1636 and 1637 cm™ for the HEMA
monomer and EGDMA crosslinker, respectively, are not observed in the copolymer. This
indicates high monomer conversion during polymerisation with negligible monomer
residues. All characteristic peaks of crosslinked PVA and PHEMA polymers were present
in the full-IPN hydrogel with a slight shift in wavenumber of characteristic bands at 3577
- 3202, 2940- 2917,2755, 1094-958, 1723, 1391 cm™ towards 3563 - 3248, 2944- 2865,
2745, 1139 - 1020, 1725, 1384 cm™, respectively. The presence of a peak at 1725 cm™ in
the full-IPN spectrum is attributed to nonconjugated aldehyde in the crosslinked PVA*%°.

From these results, the expected structure of the full-IPN hydrogels is indicated.
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Figure 2.4. FTIR spectra of full-IPN PVA/PHEMA, PVA/GA, PHEMA hydrogels, and HEMA

monomer.

2.4.3.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

In the case of the full-IPN PVA/PAA hydrogel (Figure 2.5), the absorption peaks
at 172548, 1434-1382, and 12367 cm?, are related to stretching and bending vibrations
of C=0, C-H, and O-H groups, respectively, and are characteristic of PAA. The peak due to
C=0 stretching of PAA has been reported at 1714 cm™ % and 1723 cm™ %, Similarly, for
the simple full-IPN PVA/PHBA hydrogel, peaks at 2944-2863, 1729, and 1218 -1165 cm™
indicate the stretching and bending vibrations of C—H, C=0, and C-O-C, respectively, of the

alkyl, carbonyl, and ester groups, respectively, that are characteristic of the -OOCH; group
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in PHBA. Another characteristic peak of PHBA at 1023 cm™ is assighed to C-O stretching

associated with the terminal hydroxyl group.

The spectra of the co-polymer hydrogels show the expected characteristic peaks,
although with a slight shift in frequency, to those observed in the full-IPN hydrogels,
PVA/PHBA and PVA/PAA. For instance, sighals at 1433-1382, 1728, and 1246 cm
corresponding to the O-H, C=0, C-H groups in PAA, and at 2940-2876, 1728, and 1164-
1124 cm, related to stretching vibrations of C-H, C=0, and C-O-C in PHBA, respectively.
The observation of the characteristic bands indicates that all the expected groups of PVA,

PHBA, and PAA have been incorporated in the full-IPN PVA/P(HBA-co-AA) hydrogel.
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Figure 2.5. FTIR spectra of PVA/GA (a), full-IPN PVA/PAA (b), full-IPN PVA/PHBA (c), and

full-IPN PVA/P(HBA-co-AA) (d) hydrogels.
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2.4.3.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

The FTIR spectra of full-IPN PVA hydrogels prepared with other components,
including PIA and PMMA are indicated in Figure 2.6. In the FTIR spectra of full-IPN
PVA/PMMA, characteristic absorption peaks of P(MMA) at 1730, 1458, and 1243 cm™ are
assigned to acrylate carbonyl group C=0 stretching, bending vibration of C-H of methyl
groups, and C-0 stretching, respectively. Additionally, peaks at 2943 cm™and 2986 cm™
are consistent with C-H stretching of CH, and -CHs, respectively. Other observed peaks at
991, 1062 and 874 cm™ are distinctive for PMMA%172_ For full-IPN PVA/IA, the peak at
1722 cm™ is a characteristic band of the ester carbonyl group of PIA'’3. Broad peaks
between 3145 — 3531 cm™ are attributed to intermolecular hydrogen bonding of the
hydroxy groups of IA. Other characteristic bands of PIA are observed at 1458 and
1426 cm™ and attributed to vibrational stretching associated with C-O-H and CH; groups,
respectively®3® 174, Assignment of infrared bands observed for full-IPN PVA/PMMA or
PVA/PIA are indicated in Table 2.3. All characteristic peaks of PMMA and PIA are present
in the spectrum of full-IPN PVA/P(MMA-co-IA), with only a slight shift in the frequency of
bands at 2943-2986, 991, 1243, 1458, and 1722 cm™ towards 2994, 2942, 999, 1247 1455,
and 1730 cm, respectively. All characteristic peaks of PVA, PMMA, and PIA are apparent
in the FTIR spectrum of the full-IPN PVA/P(MMA-co-IA) hydrogel, indicating successful

incorporation of all components in the polymer network.
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Table 2.3. Assignment of characteristic bands observed in FTIR spectra of full-IPN

PVA/PMMA and PVA/PIA hydrogels.

Band position (cm™) Band assignment

PVA/PMMA

1475 é (CH2) (scissoring)

1448 Oas (CH3) of C-CHs (umbrella)

1388 &sy (CH3) of C-CH3 (umbrella)

1187, 1147 Vas (C-O-C)

1062 Skeletal v (C-C)

991 O-CHjs rocking coupled with
v(C-0-C)

874 CH; rocking

748 Skeletal v (C-C)

PVA/PIA

3145 -3531 v O-H

1722 v C=0

1425 v C-O-H

1186 C-0

1458 CH>
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Figure 2.6. FTIR spectra of PVA/GA (a), full-IPN PVA/PMMA (b), full-IPN PVA/PIA (c), and

full-IPN PVA/P(MMA-co-1A) (d) hydrogels.
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2.4.4. Characterisation by ToF-SIMS
2.4.4.1. Full-IPN PVA/PHEMA hydrogels

The chemical composition of the resulting full-IPN PVA/PHEMA, PVA/P(HBA-co-
AA) and PVA/P(MMA-co-IA) hydrogels was analysed by ToF-SIMS. Routine analysis by
regular MS and H-NMR techniques was prevented by the inherent insolubility of the
hydrogels in organic solvents. The secondary ion spectra in both positive- and negative-
mode polarities were acquired from the surface of full-IPN PVA/PHEMA and typical
spectra are presented in Figure 2.7. The positive spectrum is dominated by secondary ion
clusters at m/z 41, 45, 69 & 71 that are characteristic of PHEMA; chemical formulae are
assigned in Table 2.4. The high relative intensity of signals at m/z 17, 25, 59, and 85
corresponding to OH’, CH, CHs30;, and Cs4HsO", respectively, were chosen as
characteristic cluster signals of PHEMA in the negative mode. Likely fragmentation
patterns of PHEMA and cross-linked PVA to indicate the observed signals are shown in

Figure 2.8.

Preliminary experiments indicated that observed signals of PVA/GA gel were
more intense when acquired in the negative mode than the positive spectrum. Assigned
signals of cross-linked PVA are presented in Table 2.4. The signals at m/z 183 and 239 were
selected as characteristic of clusters of PVA/GA. The current study only indicates ToF-SIMS

data of PVA/GA acquired in negative mode.

The results from the ToF-SIMS analysis of PVA crosslinked with GA and PHEMA
hydrogels is consistent with outcomes reported in the literature!’>'”7, the data for
PVA/GA hydrogel is reported in positive mode in previous studies. The current ToF-SIMS
results provide evidence to support FTIR analysis that PHEMA has been incorporated into

the network of cross-linked PVA.
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Table 2.4. Assignment of positive and negative secondary ion signals of full-IPN

PVA/PHEMA hydrogel.
lon structure (m/z)
Hydrogel Cation (obs) Cation Anion (obs) Anion
(lit)175177 (lit)7?
PVA/GA - - OH (17) No reference
- CH3 (27) found for
- C,H4O (44) negative data
C12H2104*(113)  Ci12H21047(113)  for the PVA/GA
CoH1403%(170) CsH14037(170) gel
C10H1503"(183)  C10H1503(183)
C12H1903" (211)  Ci2H1903 (211)
C12H19047(227)  C12H19047(227)
C12H21047(229)  C12H21047(229)
Ci13H19047(239)  Ci3H1904 (239)
C13H2205" (258)  Ci3H2,05 (258)
C18H2806" (340) CisH2806 (340)
PHEMA CHs* (15) - OH (17) -
CaoHa™ (28) - C2H (25) -
CoHs* (29) - CsHs (41) -
C3Hs*(39) C3Hs*(39) C2H30, (59) C2Hs0; (59)
C3H4* (40) CsHs* (41) C4Hs0(69) -
CsHs* (41) C,H30%*(43) C3H302 (71) -
C,H30*(43) C,Hs0* (45) CsHs0O(81) -
C2Hs0* (45) C4Hs0* (69) C4HsO" (85) C4Hs0(85)
CsHs* (53) CsHo02" (113)
C3H30* (55)
C3HsO* (57)
CsHs0* (69)
C3Hs;02* (71)
CsHsO* (81)
CsH;,0" (83)
CsH7* (91)
CsH702* (99)
CsHo02" (113)

Note: characteristic signals indicated in bold. Where obs is observed and lit is literature.
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Figure 2.7. Positive (blue) and negative (red) secondary ion spectra of full-IPN PVA/PHEMA hydrogel.
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2.4.4.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

Characteristic peaks of the secondary ions of PHBA in the positive acquisition mode

exhibited similar trends to those observed in the negative ion mode (Figure 2.9). Cations

with a higher relative intensity that are characteristic of PHBA are observed at m/z 27,

41,43, 55, 57, and 58, corresponding to CzHs*, C3Hs*, CsH7*, C4H7*, CsHs0%, and CsHeO",

respectively. Characteristic anion signals of PAA with a higher relative intensity are

observed at m/z 16, 17, 41, 59 and 71, and duly assigned to O, OH", C;HO", C;H303’, and

C3Hs30gy, respectively (Table 2.5). These assignments are consistent with previous reports

of ToF-SIMS secondary ion spectra of PAA’8, Characteristic secondary ion peaks of PHBA

and PAA are reported in Table 2.5. Likely fragmentation patterns to support the

assignment of characteristic signals of P(HBA-co-AA) are indicated in Figure 2.10.

Table 2.5. Assignment of secondary ion in positive and negative mode spectra of full-IPN

PVA/(P(HBA-co-AA) hydrogel.

Hydrogel lon (m/2)
Component Cation (obs) Anion (obs) Anion (lit)'7®
PHBA C2Hs3* (27) O (16) Not reported
CH30*(31) OH (17)
CsHs* (39) C2H3™ (27)
CsH4* (40) CsHs (41)
CsHs* (41) C2H30" (43)
C2H30* (43) C3H3O (55)
Cs4Hs™ (53) C3HsO (57)
CsH30* (55) C3HeO (58)
C3Hs0* (57) C4Hs0O (69)
C3HsO" (58) C3H302 (71)
C4HsO" (69) CsHsO (81)
C3H30," (71) C4HsO"(85)
CeH7* (79)
CsHsO* (81)
PAA C,HO* (41) 0 (16) 0 (16)
CHO,* (45) OH" (17) OH" (17)
C;HO (41) C,HO" (41)

C2H30; (59)
C3H;02 (71)

C2H30; (59)
C3H302 (71)

Characteristic signals indicated in bold. Where obs is observed and lit is

literature.
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Figure 2.9. Positive (blue) and negative (red) secondary ion spectra of full-IPN PVA/P(HBA-co-AA) hydrogel.
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Figure 2.10. Likely fragmentation patterns of P(HBA-co-AA) copolymer.
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2.4.4.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

ToF-SIMS was used to indicate the chemical structure of full-IPN PVA/P(MMA-co-
IA) hydrogels. The positive and negative polarity secondary ion spectra obtained from the
surface of the hydrogel of PVA, PIA and PMMA are indicated in Figure 2.11. Signals at
m/z 29, 39, and 43 were selected as characteristic secondary ion peaks of the polymer
backbone and pendant group of PMMA in the positive mode. However, in the negative
acquisition mode, anion signals of the polymer chain and pendant group of PMMA were
observed at m/z 25, 41, 43, 55, 69 and 141. The corresponding formula for each
characteristic peak is indicated in Table 2.6. The results from the positive and negative
mode spectra for PMMA agree with previous investigations'’>-1®, Diagnostic peaks of PIA
were chosen in the positive mode at m/z 41, 43, 45 & 57, and at m/z 17 (OH’) and m/z 43
(CsHs') n the negative mode spectra. Some likely fragmentation patterns associated with

observed anions of P(MMA-co-IA) are indicated in Figure 2.12.

The results from ToF-SIMS clearly provides evidence of P(MMA-co-lIA) and
PVA/GA and supports the previous FTIR analysis, indicating the successful formation of a

full-IPN PVA/P(MMA-co-I1A) hydrogel.
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Table 2.6. Assignment of secondary ion signals of full-IPN PVA/P(MMA-co-IA) hydrogel in

positive and negative secondary mode ToF-SIMS spectra.

Hydrogel lon (m/2)
Component Cation (obs) Cation (lit)'”®  Anion (obs) Anion (lit)!8°
PMMA CHs* (15) CHs* (15) CH- (13) CHs0 (31)
CoHs* (29) C2H30; (59) O (16) C,H30O (43)
CH30*(31) C2H (25) C3Hs30O" (55)
C3H3*(39) CHs0"(31) C3H30, (71)
CsHs* (40) C3Hs (41) CsH30; (141)
CsHs* (41) C,H30" (43) C4Hs0" (85)
C2H30*(43) C2HsO" (45)
C2HsO* (45) C3H30" (55)
Cs4Hs™ (53) C3HsO (57)
C3Hs0* (55) C2H302 (59)
CsHsO" (57) C4Hs0O" (69)
C2H30; (59) C3H302 (71)
C4HsO* (69) C4Hs0" (85)
C3H30," (71) CgH302 (141)
CsHs0*(81)
CeHo07" (113)
PIA CsHs*" (39) O (16)
C3H4™ (40) OH (17)
CsHs* (41) C,H (25)
C2H30* (43) CsHs (41)
C2Hs0* (45) C,H,0 (42)
CsH30" (55) C3HsO (57)
C3Hs0* (57) C2H.0, (58)
C4H40" (68) C4H40O (68)
C3H30," (71) C3H302 (71)
C4HsO* (85) CsHs0O(81)
C4HsO™ (85)

Note: characteristic signals indicated in bold. Where obs is observed and lit is literature.
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Figure 2.11. Positive (blue) and negative (red) secondary ion spectra of full-IPN PVA/P(MMA-co-IA) hydrogel.
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2.4.5. Effect of GA, HBA and MMA amounts on chemical structure of full-IPN

hydrogels.

2.4.5.1. Full-IPN PVA/PHEMA hydrogels

The chemical composition, that is choice of polymer components and extent of
crosslinking, can affect pore size, solute interaction and other physiochemical properties
of a hydrogel. The effect of different amounts of GA, HBA and MMA on the hydrophilic
and hydrophobic properties was studied by investigating the swelling ability and pH

sensitivity of the various full-IPN hydrogels.

Infrared spectroscopy was used to study the effect of GA at 10, 20, 30 & 40 wt%
as a crosslinker of PVA in full-IPN PVA/PHEMA hydrogels, and the spectra are shown in
Figure 2.13. Three groups of signals that exhibit significant stronger intensity as the

amount of GA is increased are observed, these are:
(i) characteristic aldehyde peaks at 2755 and 2938 cm™.
(ii) peak at 1725 cm™ at 40 wt% GA; indicative of carbonyl from unreacted GA®3°,

(iii) peaks between 1020 - 1139 cm™; indicative of formation of acetal ring and

ether linkage from cross-linking of GA to PVA.

Observation of free GA at 40 wt% indicates the upper limit of crosslinking has
been reached. Free GA is removed during washing of the hydrogel. The observed changes
in FTIR spectra, as the GA ratio is increased, also indicate a reduction in the relative
intensity of the broad signal at about 3300 cm™ due to hydroxyl groups of PVA. This
consistent with the loss of hydrogen bonding associated with hydroxyl groups that are
consumed as more ether linkages and acetal rings are formed during cross-linking. The
observations in the study agree with results in the literature!®. The relative reduced
intensity of the band at about 840 cm™ at high amounts of GA is a likely result of reduced
vibrations of crosslinked carbon chains of PVA in PVA/GA.
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Figure 2.13. FTIR spectra of full-IPN PVA/PHEMA hydrogels showing regions (i, ii & iii) of
change as a function of GA; 10 wt% (a), 20 wt% (b), 30 wt% (c), and 40 wt% (d).

2.4.5.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

Changes to the chemical composition of full-IPN PVA/P(HBA-co-AA) hydrogels by
varying the ratio of HBA-to-AA in the hydrophobic component of the polymer network

was investigated. Typical infrared spectra are shown in Figure 2.14.

A reduction in the relative intensity of the C=0 peak at 1729 cm™ is noted as the
wt% ratio of HBA-to-AA is increased from 14:20 to 27:7 This indicates more intensive
hydrogen bonding between carbonyl groups of PAA and hydroxyl groups in PHBA or PVA.
This assertion is supported by the change in shape of the broad peak indicative of
hydrogen bonding at 3100 — 3600 cm™. At 14 wt% HBA, the peak maxima in this region
occurs at 3280 cm™, and the peak shoulder at 3500 cm™ indicates the presence of an
underlying peak. However, at 27 wt% HBA, the contributions at these wavenumbers to

the overall peak shape are reversed. This region is now dominated by an intense peak
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with a maximum at 3457 cm™, and a peak shoulder at 3250 cm™, indicative of more free

hydroxyl groups not involved in hydrogen bonding within the network.
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Figure 2.14. FTIR spectra of full-IPN PVA/P(HBA-co-AA) hydrogels as a function of HBA to
AA wt% ratio: 14:20 (a), and 27:7 (b).

Moreover, with an increase in the amount of HBA in the full-IPN hydrogel, new
or a shift in peaks assigned to carbonyl groups is observed at 1682 cm™. Also, the C-H
stretching bands of PHBA at about 2944-2876 cm™ are shifted to 2940-2872 cm™, which
is related to more CH, groups of the copolymer. Additionally, the stretching band at
1099 cm™ is shifted to 1091 cm™ as the amount of HBA is increased, an indication of more

esterification between hydroxyl groups in PVA and carboxyl groups in PAA.
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2.4.5.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

The influence of changing the ratio of MMA-to-IA on the chemical nature of full-
IPN PVA/P(MMA-co-IA) hydrogels was investigated using infrared spectroscopy, and the

resulting spectra are shown in Figure 2.15.

A significant increase in intensity of the characteristic peaks due to C=0, C-H, and
C-0O groups of PMMA in the co-polymer is apparent, in particular the acrylate carbonyl
group C=0, as the amount of MMA is increased. This somewhat unusual because itaconic
acid contains two carbonyl groups, consequently, such a significant increase of the
carbonyl signal is unexpected. The unusual result reflects that carbonyl stretching of MMA
occurs at a slightly higher wavenumber of 1730 cm™ compared to 1710 cm™ for IA, and
that the absorption band of MMA is known to have higher intensity relative to IA, which
is overlapped at high amounts of MMA. Furthermore, at the increased ratio of MMA-to-
IA, there was a relative increase in intensity of the peak due to v(C-0) at 1247 cm™. Other
observations were associated with the intensity and location of peaks associated with
stretching and bending vibrations of C-H. A significant signal from v(C-H) at 2981 cm™ and
the appearance of a sharp peak due to 8(C-H) at 1455 cm™ is further evidence of increased
amounts of MMA in the copolymer configuration. The infrared evidence indicates that the
extent of hydrophobic aggregates in the hydrogel network can be successfully varied by

changes to the ratio of monomers used during preparation.

65



O C-HC-O

3000 2500 2000 1500 1000

3500

4000

Wavenumber (cm™)

Figure 2.15. FTIR spectra of full-IPN PVA/P(MMA-co-IA) hydrogels as a function of MMA-

to-1A wt% ratio 10:24 (a), and 24:10 (b).
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2.4.6. Water uptake measurements

2.4.6.1. Full-IPN PVA/PHEMA hydrogels

The full-IPN PVA/PHEMA hydrogels in this study indicate good water uptake

because PVA and PHEMA are hydrophilic polymers. The effect of glutaraldehyde ratio at

10, 20, 30, and 40 wt% on the swelling behaviour was studied while maintaining fixed

amounts of 40 & 10 wt% for PVA and EGDMA, respectively, and varying the amount of

HEMA in the hydrogels. The results from swelling measurements to indicate the water

absorption capabilities of full-IPN PVA/PHEMA hydrogels and comparison PVA/GA and

PHEMA gels are shown in Figure 2.16. The full-IPN hydrogels showed significant, but

different, swelling behaviour and reached equilibrium within 24 h.
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Figure 2.16. Water absorbing capabilities of full-IPN PVA/PHEMA hydrogels as a function

of GA, PVA/GA gel, and PHEMA.
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Moreover, the hydrogel containing 10 wt% GA exhibited a much higher water
absorption capacity compared to other compositions. Significantly, when the GA ratio was
increased from 10 to 20 wt%, the water uptake by the full-IPN hydrogel decreased
substantially from 464 to 237%. The hydrogel prepared with 30 wt% GA showed the
slowest rate and smallest amount of water absorption. Notably, the hydrogel containing
40 wt% of GA did not show any significant ability to absorb or retain water. This indicates
that most hydroxyl groups are consumed during the crosslinking reaction, consequently,
minimal hydrophilic sites are available to absorb water. The significant equilibrium
swelling of the full-IPN hydrogels after exposure to water at 37 °C compared to their dried

unswollen state is apparent in Figure 2.17.

Figure 2.17. Images of full-IPN hydrogels as a function of GA ratio, showing unswollen

state (lower) and equilibrium degree of swelling (upper) at 37 °C in water.

The difference in the water uptake ability of full-IPN hydrogels is attributed to
the extent of crosslinking density that results in smaller pores and less free volume in the
hydrogel network?!3® 81 Moreover, with increased amounts of GA in the gels, more
hydroxyl groups in PVA are consumed in the crosslinking reaction. When aldehyde groups
of GA react with hydroxyl groups of PVA, acetal rings and ether linkages are formed over
most of the outer surface of the hydrogel network, creating a hydrophobic protective
layer'8! that prevents water uptake (Figure 2.18). On the other hand, the water uptake by
PVA/GA gel was relatively high compared to PHEMA because of the larger amount of
pendant hydroxyl groups still present on the PVA compared to PHEMA backbone.
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From the above discussion, it can be inferred, that water absorption by full-IPN
hydrogels depends on several parameters, such as the crosslink density and presence of

hydrophilic groups within the gel network.

Acetal Ring Group and Ether linkage formation

Figure 2.18. Acetal ring group and ether linkage formed by GA crosslinking of PVAZ,

2.4.6.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

The water uptake of full-IPN PVA/P(HBA-co-AA) hydrogels as a function of HBA-
to-AA ratio was investigated and compared to related simple hydrogels. The water
absorption profiles are shown in Figure 2.19. Measurements of the water content of full-
IPN co-polymer hydrogels were performed in triplicate and reached an equilibrium degree
within 6 h. All full-IPN PVA/P(HBA-co-PAA) hydrogels exhibited similar water uptake
profiles, with the hydrogel containing the higher amount of AA indicating the best water
uptake because AA is more hydrophilic than HBA. The water absorption ability of the
hydrogel is related to the hydrophilic groups, such as carboxyl of AA, and hydroxyl of PVA
and HBA, that are available within the hydrogel structure. PAA is known to strongly
associate with water because of carboxyl groups on the shorter alkyl polymer chain'®. A
similar water uptake was observed for hydrogels containing 20 & 27 wt% HBA. Noticeably,
all the PVA/P(HBA-co-AA) hydrogels had significantly less water uptake than the full-IPN

PVA/PHBA and PVA/PAA gels. However, a direct comparison of water uptake ability is
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inadvisable because the simple hydrogels should have better water uptake ability because
they contain a higher 65:35 ratio of hydrophilic-to-hydrophobic components compared to
60:40 for the PVA/copolymer hydrogels.
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Figure 2.19. Water absorbing capabilities of full-IPN PVA/P(HBA-co-AA) as a function of
HBA-to-AA ratio, full-IPN PVA/PHBA, PVA/GA, and full-IPN PVA/PAA hydrogels in

deionised water at 37 °C.

An increased ratio of HBA-to-AA in the full-IPN resulted in decreased water
content within the hydrogel. This effect could be due to additional hydrogen bonding
between polymer components, specifically the hydroxyl groups of PVA or HBA, and
carboxyl groups of AA. The PVA/GA gel shows the best water uptake because it still

contains active polar sites after GA crosslinking, such as residual hydroxyl groups of PVA.

The similar water absorption of the full-IPN PVA/P(HBA-co-AA) hydrogels is

exemplified in images of the hydrogel discs as shown in Figure 2.20, which indicate no
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noticeable difference in the equilibrium degree of swelling at 37 °C despite changes to the

HBA-to-AA ratio.

Figure 2.20. Images of full-IPN PVA/P(HBA-co-AA) hydrogels as a function of HBA (wt%) in

dry (lower) and swollen (upper) states.

2.4.6.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

The ability of hydrogels to absorb water is an important feature for different
applications, especially as a system for drug delivery'®3. Water absorption of full-IPN
PVA/P(MMA-co-IA) hydrogels as a function of MMA-to-IA ratio was investigated. In
general, hydrogels with various amounts of MMA indicated similar water uptake profiles
with improved water content at low amounts of MMA, as indicated in Figure 2.21. The
better water uptake was due to the enhanced polar nature of the copolymer from the
carboxyl groups of IA. The two carboxyl groups in each repeating unit of IA is known to
enhance the ability to form hydrogen bonds with water!3°, Another reason for the better
water content was the increased osmotic pressure inside the hydrogel from the presence
of more IA that results in a high swelling degree'?°. The effect of PMMA and PIA on water
uptake is indicated by the results using simple full-IPN PVA/PMMA and PVA/PIA hydrogels

having the same ratio of components; the more hydrophilic PVA/PIA is 35% better.
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Figure 2.21. Water uptake profiles of full-IPN PVA/P(MMA-co-IA) as a function of MMA-
to-1A wt% ratio (10:24, 17:17, & 24:10), full-IPN PVA/PIA gel, and full-IPN PVA/PMMA gel,
PVA/GA gel.

All the hydrogels with different ratios of MMA reached an equilibrium swelling
degree by 6 h. However, the increase in the amount of MMA within full-IPN hydrogels was
accompanied by a relative decline in water absorption. The presence of hydrophobic
segments in the hydrogel network is responsible for reduced water content.
Consequently, the number of hydrophilic groups, such as COOH groups, was less along

the polymer chains of the full-IPN.

Based on the information provided above, water diffusion into full-IPN hydrogels
is affected by hydrophilic and hydrophobic characteristics of the polymer chains, and the
formation of a full-IPN structure. However, it is obvious from the images of the swollen
state of hydrogels with different ratios of MMA that there are big differences in the water

uptake ability of the hydrogel samples (Figure 2.22).

72



madhdhauE

.FWF Wl
S4BARA .. .

Figure 2.22. Images of full-IPN PVA/P(MMA-co-IA) hydrogels as a function of MMA

amount (wt%) in dry (lower) and swollen (upper) states.

2.4.7. pH-sensitivity
2.4.7.1. Full-IPN PVA/PHEMA hydrogels

The physiochemical properties of full-IPN hydrogels used for biological or
environmental applications is likely to be affected by the pH of the local environment. The
effect of pH sensitivity on full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-
IA) hydrogels prepared with different amounts of GA, HBA and AA, and MMA and IA,
respectively, was investigated by monitoring the swelling and water uptake. The
hydrogels were examined in a series of pH buffer agqueous solutions (3.4, 6.2, 7.2, & 8.2)
at 37 °C. The effect of ionisation at pH 6.2, 7.2 & 8.2, which is more than one unit above
the pK, of the pendant acidic functional groups, of the different polymers was used to
investigate water uptake and likely solute loading capacity of the hydrogels at or around
physiological pH. Conversely, similar hydrogel performance was investigated at pH 3.4 at
which the polymer functional groups are mostly unionized. Swelling profiles of full-IPN

PVA/PHEMA as a function of GA ratio are presented in Figure 2.23.
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Figure 2.23. Profiles of pH sensitivity for PVA/GA, PHEMA and full-IPN PVA/PHEMA
hydrogels with different amounts of GA (10, 20 & 30 wt%).

Noticeably, the equilibrium swelling degree of all full-IPN PVA/PHEMA hydrogels
decreased as the pH was raised. The extent of the decreased swelling was more significant
as the amount of GA was increased in the hydrogel. The combined effects of changing pH
and amounts of GA significantly affect the hydrogen bonding capacity of PVA within the
hydrogel. At higher pH and increased amounts of GA, the ability to form inter- and intra-
molecular hydrogen bonds among the hydroxyl groups of PVA (Figure 2.24) is reduced,
which effectively shrinks the 3D polymer network. In addition, hydrogen-bonding results
in the formation of a tight or compact structure that restricts significant movement of
polymer chains within the hydrogel network, which leads to a decrease in available free
volume and reduced ability to absorb water. Significantly, there was a slight increase in
the equilibrium swelling degree of full-IPN and PVA/GA hydrogels at pH 7.2. This result is

against the general downward trend across the range of pH. It is inferred that some
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residual acetate groups of PVA are ionized to -C-O-C(O)-CHs; at pH7 due to
dehydrogenation of the methylene group and subsequent resonance stabilisation to form
a vinyl group —[CH(OH)CH=C(O(CO")CH3)CH>]- within the polymer®3, Consequently, the
resultant charged polymer chains repel each other, leading to an expanded network space
with increased internal volume®®. The acetate groups are a result of incomplete
hydrolysis to hydroxyl groups during the alkaline hydrolysis of poly(vinyl acetate) to PVA.
The unexpected result at pH 7 is consistent with previous studies indicating increased pH-
sensitive behaviour of hydrogels incorporating PVA at high pH of the surrounding

medial®.

The amount of GA was shown to also affect the physical properties with reduced
swelling as the ratio of GA was increased in the hydrogels. A combination of both low pH
and amount of GA resulted in the best swelling and, by inference, water uptake. Under
these conditions, the hydrogel network becomes highly hydrophilic, enabling the ready
diffusion of water into the 3D hydrogel network. In previous studies, hydrogels composed
of PVA containing 3 mol% of non-hydrolysed acetate groups showed increased swelling

due to protonation of acetate groups at low pH*8>.

The equilibrium degree of swelling of PVA/GA hydrogel also showed a similar,
but not as significant, pH trend as full-IPN hydrogels. The swelling at pH 3.4 was about
20% more than at near neutral conditions of pH 6.2 or 7.2. A similar hydrogel has been
previously shown to have a high swelling ratio in water and acetic acid due to the presence
of more pendant aldehydic groups*®°. A previous study has reported that crosslinked PVA
hydrogel showed pH-sensitive behaviour at pH 6 that was related to increased ionic

strength that neutralised any negatively charged acetate groups'®3.

The current results indicate no significant difference of equilibrium swelling
degree of PHEMA at different pH. As such, this polymer is not pH-sensitive and does not

respond to local environmental stimuli!38 186,

The results clearly illustrate pH-sensitive behaviour of the PVA/GA hydrogel over
pH 3.4 —-8.2. This is in contrast to some literature that reports that hydrogels of PVA cross-
linked with GA are not pH sensitive, and that PVA exhibits an almost neutral response to
pH stimuli®® 187 However, according to another study, PVA with a 87-89% degree of

hydrolysis, composed of a copolymer of poly(vinyl alcohol-co-vinyl acetate), indicates pH-
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sensitive behaviour because of the residual acetate groups in the inner region of the

hydrogel network and can act as an amphiphilic system?3,

hydrogen bond

Figure 2.24. Formation of intermolecular hydrogen bonds between O-H groups of

adjacent PVA chains.

2.4.7.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

The various full-IPN hydrogels contain acidic functional groups that can be readily
deprotonated by changes in pH that could affect the water uptake or swelling ability. The
profiles of equilibrium swelling capacity in relation to pH of PVA/P(HBA-co-AA) hydrogels
with different amounts of HBA-to-AA are shown in Figure 2.25. The hydrogels reached an

equilibrium swelling degree within 3 h.

In general, the swelling capacity of all hydrogels was affected by pH. However,
the PVA/GA and full-IPN PVA/PHBA gels showed a decrease in swelling as the pH was
raised, whereas, full-IPN PVA/P(HBA-co-AA) and full-IPN PVA/AA gels exhibited increased
swelling as the pH was raised, reaching a maximum at pH 7.2. The co-polymer hydrogel
with the lowest HBA-to-AA ratio (14:20) had the highest equilibrium swelling capacity (qe),
indicating that AA has a more significant effect than HBA on the swelling capacity. The
sharp increase in volume as indicated by ge occurs at pH 7.2 which is higher than the pK;

of acrylic acid.
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Figure 2.25. pH sensitivity profiles of full-IPN PVA/P(HBA-co-AA) as a function of HBA-to-
IA ratio, full-IPN PVA/PHBA, full-IPN PVA/PAA, and PVA/GA hydrogels at 37 °C.

A significant decrease of ge was noted at pH 8.2 that is consistent with previous
studies. The reduced ge resulted from ion-pairing of COO~ with Na* from the buffer to
form -COONa under alkaline conditions. This increased the amount of mobile ion and
reduced the hydrogen bonding capacity, leading to decreased osmotic pressure within the

hydrogel188-189,

However, other previous swelling studies over pH 2 — 12 of semi-IPN PVA/PAA
hydrogels indicated pH-sensitive behaviour with the maximum swelling ratio observed at
pH 12123, Additionally, the pH response of full-IPN PVA/PAA with various amounts of GA
and EGDMA crosslinking reagents and different ionic strength of the swelling medium
resulted in increased ge as the pH was raised from 3 to 6°1. These studies indicate that
the type of polymer network and preparation methods have a significant effect on the

physiochemical properties of hydrogels.
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The differences in ge bought about by different HBA-to-AA ratios in the co-
polymer hydrogels is due to the pH-sensitivity of the carboxylate groups of AA with a pK,
of 4.5%. When the pH of the surrounding medium is 1 — 2 units above the pK,, the
carboxylate group is readily ionized, resulting in a significant increase in the extent of
swelling. This results from electrostatic repulsion between neighbouring ionized
carboxylate groups in P(HBA-co-AA) that causes expansion of the IPN and, consequently,
improved water absorption capacity. However, at pH 3.2, which is below the pK,, the
swelling capacity of the IPN is reduced due to formation of hydrogen bonding between

carboxylate groups of AA, and hydroxyl groups of PVA and HBA, respectively.

The results from this investigation using a full-IPN hydrogel containing P(HBA-co-
AA) as a hydrophobic component indicate that the swelling capacity is very dependent on
the composition of the IPN, presence and pK, of ionizable functional groups (COOH in

PAA), and pH of the solution or environment in which the hydrogel is used.

2.4.7.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

Sensitivity to pH alterations in the surrounding environment was investigated by
the equilibrium degree of swelling (ge) of full-IPN PVA/P(MMA-co-IA) as a function of
MMA-to-IA ratios, full-IPN PVA/PIA, full-IPN PVA/PMMA, and PVA/GA hydrogels and the

results are indicated in Figure 2.26.

78



250 A

2 I
2200 - :
() J. o
o 1
[oT]
S 150 A .
8o [ .
£ -
3 : - | T
2100 4 T T
E )
3 1 . o
S
£ 50 -
A
O T T T T T 1
3 4 5 6 7 8 9
pH

—@—full-IPN-10 MMA-24 |A wt% gel full-IPN-17 MMA-17 1A wt% gel
full-IPN-24 MMA-10 IA wt% gel full-IPN PVA/PIA gel
full-IPN PVA/PMMA gel 60 wt% PVA/40 wt% GA gel

Figure 2.26. pH sensitivity profiles of full-IPN PVA/P(MMA-co-IA) with various ratio of
MMA-to-IA, full-IPN PVA/PMMA, full-IPN PVA/PIA, and PVA/GA hydrogels.

As clearly shown in Figure 2.26, full-IPN PVA/P(MMA-co-IA) hydrogels are pH-
sensitive with the ge profiles of hydrogels with different MMA-to-IA ratio showing similar
trends. The ge was higher for all hydrogels at a pH above the pK, of both carboxylic groups
of IA (pKaz = 3.85, pKq2 = 5.45)”. At pH 6, significant carboxylate groups of IA are present
and as the pH is increased to 7 more carboxyl groups are converted to carboxylate,
resulting in a significant increase in g.*3® 83, Consequently, these hydrogels are more
hydrophilic. Additionally, the presence of carboxylate groups in the hydrogel network

leads to repulsive forces between neighbouring polymer chains.

However, when the pH of the surrounding medium was below the pKg of the
carboxyl groups of IA, the full-IPN hydrogels show a reduced swelling degree. This is
related to the extensive intramolecular hydrogen bonding between carboxyl groups of 1A

on neighbouring polymer chains!®® 10, |eading to the collapse of the free volume within
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the full-IPN hydrogels. Previous studies of semi-IPN hydrogels composed of PVP, HEMA,

and IA indicated a pH-sensitive behaviour with maximum ge at pH 6°2.

The present study has shown that full-IPN PVA/P(MMA-co-IA) hydrogels are
affected by pH and the carboxyl groups of IA have a significant effect on the equilibrium

swelling behaviour.

2.4.8. Water retention measurements
2.4.8.1. Full-IPN PVA/PHEMA hydrogels

The ability of hydrogels to retain water in different environments is an important
performance criterion for possible applications. The water retention of full-IPN
PVA/PHEMA hydrogels with different amounts of GA, after drying at 30 °C are presented
in Figure 2.27. The results are consistent with expectations that more water is lost from
hydrogels containing high amounts of absorbed water or, conversely, more water is

retained by hydrogels that absorb small amounts of water.

Forinstance, the 30 wt% GA hydrogel reached a water retention equilibrium ratio
of 36% after 125 mins, whereas only 90 mins was needed for the 10 wt% GA hydrogel to
reach an equilibrium value of 18%. The remarkable ability of the hydrogels to both absorb
and retain water is related to the extent of crosslinking in the polymer network. Significant
cross-linking hinders relaxation of polymer chains and mobility within the network,
resulting in significant hydrogen bonding of absorbed water within the polymer network.
Thus, even though highly cross-linked hydrogels do not absorb large amounts of water,
they do retain significant amounts of absorbed water. The PVA/GA gel showed similar
water retention to the 30 wt% GA hydrogel, indicating that a good proportion of absorbed
water is retained within the polymer network. Even though the PHEMA hydrogel indicates
high water retention (74%) this result must be considered in the context of the relatively

small amount (40%) absorbed compared to the other hydrogels.
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Figure 2.27. Water retention profiles of full-IPN PVA/PHEMA hydrogels as a function of
GA, PVA/GA gel, and PHEMA hydrogels.

2.4.8.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

As shown in Figure 2.28, the full-IPN PVA/P(HBA-co-AA) hydrogels with different
amounts of HBA have, in general, similar water retention profiles and capacity. The
hydrogels with 14 and 27 wt% HBA had the poorest water retention that was about 8%
less than the 20 wt% HBA hydrogel with 51% water retention capacity. The results indicate
that water retention, unlike water absorption, is not as dependent on the composition,
that is HBA-to-AA ratio, or the internal volume of the hydrogel. This is attributed to the
extensive hydrogen bonding that water molecules experience from all the polar groups
within the IPN after absorption. This effect is intensified in hydrogels with extensive
crosslinking that results in a compact structure with reduced pore size and restricted

movement of polymer chains within the IPN.
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Figure 2.28. Water retention ratio profiles full-IPN PVA/P(HBA-co-AA) hydrogels as
function of HBA ratios, full-IPN PVA/PHBA gel, full-IPN PVA/PAA gel, and PVA/GA gel.

2.4.8.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

The water retention rate of full-IPN PVA/(P(MMA-co-IA) hydrogels as a function
of MMA-to-IA ratio was compared to simple full-IPN PVA/PIA, full-IPN PVA/PMMA, and
PVA/GA hydrogels. Water retention rate profiles of full-IPN PVA/(P(MMA-co-1A) with 10,
17 and 24 wt% MMA are shown in Figure 2.29. Hydrogels with 24 wt% MMA indicated
high water retention of 73% compared to similar hydrogels with less MMA content. This
is attributed to the presence of hydrophobic and hydrophilic segments of the hydrogel**°.
The movement of water molecules into and from the inner regions of the hydrogel
network is restricted by significant hydrophobic interactions of pendant groups.
Consequently, hydrogen bonds between water molecules and with the hydrophilic
pendant groups within the IPN inhibit the loss of water. Water retention by PVA/GA was
poor (38%) compared to full-IPN PVA/PIA (47%) and other full-IPN hydrogels. The results
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indicate that hydrogels with a more non-polar nature and more compact structure due to
extensive cross-linking in the hydrophilic and hydrophobic components have a better

capacity to retain water.
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Figure 2.29. Water retention profiles of full-IPN PVA/P(MMA-co-IA) hydrogels with
different amounts of MMA and IA, full-IPN PVA/PMMA gel, full-IPN PVA/PIA gel, and
PVA/GA gel.

2.4.9. Effect of pH on chemical configuration of full-IPN hydrogels
2.49.1. Full-IPN PVA/P(HBA-co-AA) hydrogels

The effect of pH on the chemical configuration of full-IPN PVA/P(HBA-co-AA)
hydrogels containing either 14 or 27 wt% HBA was investigated by infrared spectroscopy
and the spectra are shown in Figure 2.30. The infrared stretching bands of COOH, OH, and
C-0O groups were affected by absorbed water at pH 3.4 and 7.2.
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Spectra of hydrogels with 14 wt % HBA and 20 wt % AA showed a significant shift
to 1556 cm™ of the stretching band assigned to COOH at pH 7.2, which is indicative of an
ionised carboxyl group®?!. A significant relative increase in the intensity of OH bands
between 3345 — 3354 cm™ was also observed. However, at pH 3.4, the hydrogel did not
show any significant changes in the shape or intensity of characteristic bands due to
association of hydrogen bonding between carboxylate groups of AA and hydroxyl groups

of PVA.

The change in configuration of full-IPN PVA/P(HBA-co-AA) hydrogel containing
14 wt% HBA and 20 wt% AA at different pH is due to the extent of ionisation of carboxyl
groups of the full-IPN. Acrylic acid has a pK, of 4.5. Significant negatively charged sites
exist along the polymer chains within the polymer network at pH 7.2. This results in
electrostatic repulsion between carboxylate groups on neighbouring chains. The
carboxylate groups also act as cation ion-exchange sites and electrostatically attract

cations, such as sodium ions from the buffer solution.

On the other hand, the spectra of full-IPN PVA/P(HBA-co-AA) containing 27 wt%
HBA and 7 wt% AA at pH 7.2 and 3.4 are mostly similar. The only significant difference is
the band at 1567 cm™ attributed to the symmetric and asymmetric stretching of
carboxylate. The intensity of this band slightly increased at pH 7.2 due to the ionisation of

carboxyl groups of PAA.
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Figure 2.30. FTIR spectra of full-IPN PVA/P(HBA-co-AA) hydrogels as a function of HBA-to-
AA ratio, 14:20 (a) 27:7 HBA (b), after reaching equilibrium at pH 3.4 (blue) and pH 7.2
(red).

2.4.9.2. Full-IPN PVA/P(MMA-co-IA) hydrogels

The pH of aqueous solutions has an effect on the chemical structure of hydrogels
and this influence was investigated for full-IPN PVA/P(MMA-co-IA) at pH 3.4 and 7.2 using
infrared spectroscopy. The spectra of hydrogels with wt% ratios of 10:24 and 24:10 of
MMA-to-IA after reaching equilibrium at pH 7.2 and 3.4 are shown in Figure 2.31. Carboxyl
groups of IA can respond to changes in pH of the surrounding media. Characteristic peaks
of IA in the full-IPN hydrogels were affected by variations of pH. The hydrogel with the
lower MMA-to-IA ratio, that is more IA, showed the presence of characteristic
antisymmetric stretching frequency of carboxylate ion (COO’) at 1562 cm'?, resulting from
the ionisation of COOH groups at pH 7.2. However, at pH 3.4, the COOH groups of PIA are
fully protonated, so the peak due to COO" is not observed. At the same time, no significant

changes were noted in the infrared spectra of hydrogels prepared with the higher ratio of
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MMA-to-IA at pH 3.4 and 7.2. due to the reduction of IA ratio on the surface of the

network.

The results indicate that the components of the hydrophobic co-polymer
network have a significant effect on the pH responsive behaviour of hydrogels. In this
instance, variations of the amount of MMA and |A had affected the chemical nature of the
hydrogel. Hydrophobic segments of the full-IPN hydrogel were not readily affected by pH
changes of the surrounding medium. The more polar and readily ionised IA had a more
significant effect than MMA on the pH response. A full-IPN PVA/P(MMA-co-IA) prepared
with 10 and 24 wt% of MMA and IA, respectively, gave good pH response. This hydrogel
could be useful for subsequent investigations for delivery or recovery of solutes involving

chemistry that can be controlled by pH.
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Figure 2.31. FTIR spectra of full-IPN PVA/P(MMA-co-lA) hydrogels as a function of MMA-

to-1A ratio (10:24 wt%) (a) and (24:10 wt%) (b) after absorption of water at pH 3.4 (blue)
and 7.2 (red) in the range of 4000-600 cm™®.
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2.4.10. Thermal properties
2.4.10.1. Full-IPN PVA/PHEMA hydrogels

The thermal stability of full-IPN hydrogels was investigated by TGA to get more
information about the stability at different temperatures for a range of potential
applications. The resultant thermograms of full-IPN PVA/PHEMA and PVA/GA hydrogels,

and PVA and PHEMA polymers over the range 50 — 500 °C are presented in Figure 2.32.

Three stages of similar thermal decomposition were noted for the full-IPN
PVA/PHEMA and PVA/GA hydrogels over the temperature range. The first stage of weight
loss between 50 — 240 °C is attributed to the vaporisation of residual water trapped in the
hydrogel network'#3. The second thermal decomposition was noticed from 250 — 350 °C
and is attributed to cleavage and decomposition, such as dehydration, of side chains or
pendant groups from the hydrogel*®'. A large weight-loss of (80%) occurred during the
third and final decomposition stage between 400 — 500 °C. This final weight loss is related
to the charring and decomposition, such as decarboxylation, of the backbone of the full-
IPN. By comparison, the full-IPN and PVA/GA hydrogels indicated much better thermal
stability than both PHEMA and PVA which underwent the onset of final decomposition at
about 270 °C. The presence of the acetal and ether linkages, resulting from crosslinking
between OH groups of PVA and aldehyde groups of GA, in PVA/GA are likely responsible
for the extra thermal stability. PVA showed thermal degradation in one stage with the
onset at 260 °C; consistent with earlier reports!**. Noticeably, the PVA/GA hydrogel
showed better thermal stability than the full-IPN hydrogel at higher temperatures of 300
—-500 °C.
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Figure 2.32. TGA curves of PVA (a), PHEMA (b), PVA/GA (c), and the full-IPN PVA/PHEMA1

(d) hydrogels.

The effect of GA cross-linking on the thermal properties of full-IPN hydrogels was
also investigated by TGA. Similar thermogram profiles were obtained for hydrogels
containing 10 or 20 wt% GA as shown in Figure 2.33. However, the hydrogel containing
20 wt% GA indicated better thermal stability over the complete temperature range with

both a higher initial onset and final decomposition temperatures*®..
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Figure 2.33. TGA curves of the full-IPN PVA/PHEMA hydrogels as a function of GA amount:
10 wt% (black), 20 wt% (red).

2.4.10.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

The initial weight loss from full-IPN PVA/P(HBA-co-AA) hydrogel was observed
between 50 — 350°C due to loss of absorbed water (Figure 2.34). Additionally, a
subsequent large weight loss was observed between 350 — 450 °C, which is attributed to
the decomposition and fragmentation of the full-IPN. By comparison, the thermogram of
full-IPN PVA/PAA indicated three decomposition regions: first stage (50 — 250 °C)
corresponding to removal of weakly bound water; second stage (250 — 350 °C) indicating
decomposition of pendant COOH groups of PAA; the third stage between 230 — 450 °C
with a maximum weight loss of approximately 80% is attributed to the decomposition and
charring of the IPN and polymer chains. The thermogram of PVA/GA had a similar profile
to full-IPN PVA/PAA but showed earlier onset of the final two decomposition stages,
indicating less thermal stability above 250 °C. Noticeably, the full-IPN PVA/PHBA hydrogel
exhibited no apparent region of thermal stability with an early onset and gradual

decomposition over the whole temperature range. The results indicate that thermal
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stability of PVA is improved by using GA as a crosslinking agent, or in combination with
PAA in full-IPN PVA/PAA or full-IPN PVA/P(HBA-co-AA) hydrogels. Formation of
intermolecular hydrogen bonds between COOH groups of PAA, and OH groups of PVA are
responsible for the improved thermal stability of full-IPN PVA/PAA and full-IPN
PVA/P(HBA-co-AA) hydrogels.
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Figure 2.34. TGA curves of PVA (a) and full-IPN PVA/PAA (b), PVA/GA (d) full-IPN
PVA/P(HBA-co-AA)1 (c), and full-IPN PVA/PHBA (e) hydrogels.

The effect of amounts of HBA, or more specifically the HBA-to-AA ratio, on the
thermal properties of full-IPN PVA/P(HBA-co-AA) was investigated by TGA. As shown in
Figure 2.35, no significant difference in thermal stability was observed. However, although
both hydrogels exhibit similar thermal stability at lower temperatures, somewhat better
thermal stability through the later decomposition stages at higher temperatures was

observed for the hydrogel incorporating the higher amount of HBA.
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Figure 2.35. TGA curves of full-IPN PVA/P(HBA-co-AA) hydrogels as a function of HBA

content: 14 wt% (blue), 27 wt% (red).

2.4.10.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

Full-IPN PVA/P(MMA-co-lA) hydrogels had three decomposition phases as shown
in Figure 2.36. The first decomposition was observed between 140 - 200°C and is
attributed to elimination of bound water trapped in the full-IPN gel. The second
decomposition step was noted from 230 — 350 °C, with 20% weight loss, that is indicative
of dehydration and decarboxylation from the pendant side chains of MMA and IA in the
hydrogel'®2. The maximum weight loss occurred at 450-480°C and is attributed to
degradation of the main skeleton of the full-IPN hydrogel. The full-IPN PVA/PMMA
hydrogel displayed similar thermal features to full-IPN PVA(P(MMA-co-IA). However, the
thermogram of full-IPN PVA/PIA indicated two decomposition stages at 100 - 380 °C and
450 - 480 °C. The results indicate that MMA confers better thermal stability than IA in
similar hydrogels. The somewhat better thermal stability of full-IPN PVA/P(MMA-co-IA)

and PVA/PMMA at high temperatures compared to other hydrogels is due to several
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factors, such as: crosslinking density, formation of full-IPN hydrogels, and the MMA

content. The better thermal stability of PIA at higher temperatures is known'®2.
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Figure 2.36. TGA curves of PVA (a), full-IPN PVA/PMMA (b), full-IPN PVA/P(MMA-co-1A)1
gel (c), full-IPN PVA/PIA gel (d), and PVA/GA gel (e).

The thermal stability of full-IPN PVA/P(MMA-co-lA) hydrogels with different
amounts of MMA and IA was investigated and the resultant thermograms are shown in
Figure 2.37. Similar weight loss profiles were noted, however, hydrogels with the lower
10 wt% amount of MMA had better thermal stability over the complete (50 - 500 °C)
temperature range. This is a somewhat surprising result because earlier investigations had

noted better thermal stability of PVA/PMMA compared to PVA/PIA hydrogels.

The better thermal stability of the full-IPN copolymer hydrogels at low amounts
of MMA is due to the IA component containing additional carboxyl groups. This results in
formation of more hydrogen bonds between OH groups of PVA and COOH groups of IA,

providing additional non-covalent crosslinking and thermal stability in the full-IPN. This
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result is consistent with known studies of PIA/PHEMA hydrogels that indicated improved

thermal stability as the amount of 1A increased from 0.2 to 0.35 mol%?*38.
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Figure 2.37. TGA curves of full-IPN PVA/P(MMA-co-IA) hydrogels as a function of MMA
amount: 10 wt% (black), 24 wt% (red).

2.4.11. Scanning electron microscopy (SEM)
2.4.11.1. Full-IPN PVA/PHEMA hydrogels

Scanning electron microscopy (SEM) was used to evaluate the surface
morphology and porosity of full-IPN PVA/PHEMA, PVA/P(HBA-co-AA), PVA/P(MMA-co-IA)
and PVA/GA hydrogels. The SEM micrographs of the surface of swollen freeze-dried
samples of PVA/GA and full-IPN PVA/PHEMA hydrogels at different magnifications are
shown in Figures 2.38 (a) & (b). The pore structures of the swollen interiors of PVA/GA
and full-IPN PVA/PHEMA hydrogels vary, depending on the hydrophilic nature of the
monomer, the chemical composition, and the degree of crosslinking. The swollen freeze-

dried sample of the full-IPN PVA/PHEMA hydrogel exhibited elliptical and mostly circular
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small pores. The distribution of pore size varies from very small (2 um) to quite large
(5 um) because of the inhomogeneous progress of the phase change reaction from liquid
to gel state during polymerisation (Figure 2.41 (b)). In addition, the surface of the full-IPN
gel was smooth and compact with thinner pore walls. However, crosslinked PVA/GA under
the same condition exhibited larger pore size and much thicker pore walls (7 um), and the
pore distribution was more homogeneous (Figure 2.41 (a)). The pore size in both gels is
controlled by the different extent of crosslinking within the polymer networks. In these
hydrogels, PVA/GA and full-IPN PVA/PHEMA contain one and two, respectively,
crosslinked networks. SEM was also used to examine the surface morphology of dried
PVA/GA and full-IPN PVA/PHEMA hydrogels. No porous structures are observed on the
surface of either hydrogel as shown in Figure 2.40. The surface of PVA/GA hydrogel shows
large wrinkles and some cracks, consistent with the partial collapse of the crosslinked PVA

network during the drying process'?4,

2.4.11.2. Full-IPN PVA/P(HBA-co-AA) hydrogels

As shown in Figures (2.39 (c)), the micrograph of the surface of freeze-dried full-
IPN PVA/(P(HBA-co-AA) gel revealed a smooth and homogeneous structure. Moreover,
the analysis of the surface displayed a porous structure with different distributions and
variety of pore sizes ranging from a small number of big channels to a large number of
smaller pores. However, the surface pore distribution (Figure 2.42 (c)) involved smaller

pores with thick walls.

Different porous structures, however, were observed in the full-IPN hydrogel,
which indicates more components are joined to form this network. Other possible causes
to take into consideration include crosslinking density and the hydrophilic properties of

hydrogels.

The results from the SEM investigation support the results from the water uptake
study that hydrophilic components, such as PVA, have the greatest effect on water uptake
and result in more pores throughout the hydrogel. For this reason, PVA/GA exhibited

better water uptake and more pore capacity compared to the series of full-IPN hydrogels.
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2.4.11.3. Full-IPN PVA/P(MMA-co-IA) hydrogels

SEM micrographs of the swollen freeze dried and dried samples of full-IPN PVA/
P(MMA-co-IA) hydrogels are shown in Figure 2.39 (d). The surface of the freeze-dried
hydrogel was revealed as rough and heterogenous with evidence of layers and low
porosity, although with range of pore sizes. However, no porous structure was observed

on the surface of the dried hydrogel.

The SEM investigation reveals that several factors can affect the morphological
features of hydrogels, including crosslinking density in the polymer network, choice of
monomers and composition of hydrogels, and the presence of hydrophobic aggregates
on the surface or inside the matrix as result of residual unreacted monomers. However,
these factors alone might not be responsible for the observed morphological features that
might be affected by the drying process used to prepare samples for SEM. The freeze

drying process is known to induce a honeycomb structure in hydrogels!®.
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Figure 2.38. SEM images of the surface of swollen freeze-dried samples of PVA/GA (a) and

full-IPN PVA/PHEMAL (b) hydrogels.
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Figure 2.39. A swollen freeze-dried sample (surface) of the full-IPN PVA/P(HBA-co-AA)1
hydrogel (c), PVA/P(MMA-co-1A)1 (d) hydrogels.
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Figure 2.40. SEM images of dried samples of PVA/GA (a), full-IPN PVA/PHEMAL (b),
PVA/P(HBA-co-AA)1 (c), and PVA/P(MMA-co-IA)1(d) hydrogels.
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zarah0027 x7.0k 10 pm zarah0076

Figure 2.41. SEM images of pore distribution on surfaces of PVA/GA (a) and full-IPN
PVA/PHEMA1 (b) hydrogels.

zarah0142 h x8.0k 10 pum ||zarah0167 m x4.0k 20 pm

Figure 2.42. SEM images of pore distribution on surfaces of full-IPN PVA/P(HBA-co-AA)
1(c) and PVA/P(MMA-co-IA)1 (d) hydrogels.
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2.5. Conclusion

Full-interpenetrating polymer network (full-IPN) hydrogels based on poly(vinyl
alcohol) (PVA) cross-linked with glutaraldehyde (GA) as the hydrophilic polymer
component with a series of hydrophobic polymers using different monomers, including
2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA), itaconic acid (IA) as a hydrophilic
monomer, 4-hydroxybutyl acrylate (HBA) and methyl methacrylate (MMA) as
hydrophobic monomers, were prepared and investigated. A free radical polymerization
reaction in the presence of ethylene glycol dimethacrylate (EGDMA) as crosslinker and

azobisisobutyronitrile (AIBN) as initiator was used to prepare the hydrophobic polymers.

The series of full-IPN hydrogels containing different hydrophobic polymers were
characterised by infrared spectroscopy and ToF-SIMS to indicate the composition of the
hydrogels after preparation. Evidence of the successful preparation of the IPN was
indicated by characteristic signals of the various polymer groups. Water absorption and
retention capacity were determined, and pH-sensitivity studies of equilibrium swelling

were performed in buffer solutions of pH 3.4, 6.2, 7.2 and 8.2 at 37 °C.

A series of full-IPN PVA/PHEMA hydrogels were prepared with 10, 20, 30, and
40 wt% GA as a crosslinking agent for the PVA network. Investigations revealed that the
hydrogel with 10 wt% GA had significantly better water uptake and retention, and

equilibrium swelling at pH 7.2.

The full-IPN PVA/P(HBA-co-AA) hydrogels were prepared with different wt%
ratios of HBA-to-AA (14:20, 20:14 & 27:7) to investigate the effect of changed chemical
character of the hydrophobic polymer on hydrogel properties. Increased amounts of HBA
resulted in reduced water uptake and retention. The hydrogel with 14 wt% HBA and

20 wt% AA displayed significantly better equilibrium swelling at pH 7.2.

Similar studies were conducted using full-IPN PVA/P(MMA-co-IA) hydrogels
prepared with 10:24, 17:17 and 24:10 wt% ratios of MMA-to-IA. The itaconic acid
component had a significantly beneficial effect on hydrogel properties. The hydrogel with
24 wit% IA had markedly better water uptake and equilibrium swelling at pH 7. However,
the best water retention was noted for the hydrogel containing the highest amount of
MMA. The movement and loss of water from the IPN is likely inhibited because of the high

hydrophobic content of pendant groups of MMA.
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Overall, the full-IPN PVA/PHEMA hydrogel with 10 wt% GA showed better water
absorption capacity compared to other hydrogels. Whereas, full-IPN PVA/P(MMA-co-IA)
with 24 wt% MMA and 10 wt% IA offered the best performance in terms of water
retention. The equilibrium degree of swelling of full-IPN PVA/PHEMA decreased with pH;
maximum ge was at pH 3.4 with a local maximum at pH 7.2. Whereas, full-IPN PVA/P(HBA-
co-AA) and PVA/P(MMA-co-IA) containing acidic functional groups showed increased ge
as the pH was raised, reaching a maximum at pH 7.2. The pH response is affected by
composition of the hydrogel network, the pH of the medium, and the pka of ionizable
groups of PAA and PIA. A summary of the gel content, water absorption, water retention

and equilibrium swelling properties of the hydrogels is presented in Table 2.7.

Table 2.7. Gel content (Gel%), water absorption (WU%), water retention (WR%), and

equilibrium swelling (ge) of full-IPN hydrogels. (Refer to Table 2.1 for composition of the

hydrogels)

Hydrogel Gel%» WU% WR% ge (pH)

34 6.2 7.2 8.2
Series 1
PVA/PHEMA1 45 464 18 416 336 335 155
PVA/PHEMA?2 69 237 23 256 180 188 118
PVA/PHEMA3 92 147 36 129 101 103 75
PVA/PHEMA4! 98
PVA/GA 97 180 38 200 184 185 130
PHEMA 96 44 74 36 38 38 39
Series 2
PVA/(HBA-co-AA)1 96 104 44 97 356 390 276
PVA/(HBA-co-AA)2 97 87 51 91 242 265 256
PVA/(HBA-co-AA)3 98 91 44 91 188 194 149
PVA/PAA 98 134 52 120 219 231 189
PVA/PHBA 92 136 52 107 74 61 54
Series 3
PVA/P(MMA-co-1A)1 94 129 52 108 148 174 128
PVA/P(MMA-co-1A)2 96 106 54 87 83 130 109
PVA/P(MMA-co-1A)3 98 77 73 67 75 80 80
PVA/PMMA 98 60 52 115 81 82 73
PVA/PIA 97 97 47 94 125 170 109
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Note *: WU%, WR%, and ge results for PVA/PHEMA4 with 40 wt% GA.

Thermal stability of the resulting hydrogels was investigated over temperatures
from 50 to 500 °C with the best thermal stability noted for full-IPN PVA/P(HBA-co-AA).
Formation of intermolecular hydrogen bonds between COOH groups of PAA and OH
groups of PVA are responsible for the improved thermal stability of full-IPN PVA/PAA and
full-IPN PVA/P(HBA-co-AA) hydrogels.

The surface morphology and pore size of the hydrogels were investigated by
SEM. The PVA/GA gel indicated a highly porous structure with a homogeneous surface,
whereas a less porous structure was observed for the full-IPN PVA/P(MMA-co-IA) gel. The
difference in distribution of pore size in PVA/GA and full-IPN hydrogels is determined by
the amount of cross-linking, the composition of the network, and the chemical nature of

the hydrophilic monomer.

The results from this investigation indicate that full-IPN PVA/PHEMA gel with low GA ratio
is a good candidate as a hydrogel that displays good hydrogel properties and stability for

applications of solute delivery and recovery.
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Chapter 3: Extraction of Cu (ll) using novel full-IPN hydrogels

and Acorga P50 as carrier.

3.1. Introduction

Water that is contaminated with heavy metal ions has become a worldwide
environmental problem that, even at low concentrations, has a significant effect on
humans and the environment!?!. Among these heavy metal ions, copper is a common
toxic contaminant in wastewater that can cause gastrointestinal disturbances in animals
even from a short time exposure to a high level of copper'®3. A guideline limit of 1.3 mg/L
for copper in drinking water has been set by the US Environmental Protection Agency

(EPA)™,

The release of copper ions into the environment takes place through various
routes, including landfills, fossil fuel combustion, phosphate fertilizer production, wood
production, copper industries (factories and mining), and natural sources'®>. To remove
copper and other heavy metal ions from water, numerous approaches have been
developed, such as membrane filtration, chemical precipitation, ion exchange,

adsorption, and reverse osmosis, etc?l, 121, 193,19

The use of adsorption methods has gained considerable attention because of low
cost, wide availability, high sorption capacity, and ease of handling 1°> **7, However, the
lack of efficient adsorbents is a disadvantage that limits their use for the removal of Cu (ll)
from water??!, In the recent decade, hydrogels with a three dimensional cross-linked
network have been used as adsorbents, for the removal of Cu (ll) ions, due to their ability
to control the diffusion process, respond to external stimulus such as pH, ionic strength,
high selectivity, high efficiency, and ease of operation'®®. The adsorption of heavy metals
ions occurs by chemical interactions with polar functional groups of the hydrogel, such as
-NH;, -OH, and -COOH. For instance, the adsorption abilities of hydrogel adsorbents has

been directly related to the extent of hydroxyl groups (-OH) in the material*?, 1%3,

Composite hydrogel beads were prepared from polyvinyl alcohol (PVA), chitosan
(CS), and graphene oxide (GO) (PVA/CS/GO) by an instantaneous gelation approach.
Different factors, including temperature, pH, adsorption and initial time, had an effect on

Cu () adsorption. Pseudo-second-order reaction kinetics and Freundlich isotherms were
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used to evaluate the adsorption process. The maximum adsorption ability of composite
(PVA/CS/GO) (162 mg/g) was higher compared to binary (PVA/CS) hydrogels.
Thermodynamic studies indicated that adsorption was an endothermic and spontaneous
process'?t. Efficient removal of Cu (Il) was characterised by using chitosan/PVA beads
functionalized with poly(ethylene glycol). A maximum effective adsorption of 99.99 % was

observed for an initial Cu (Il) concentration of 25 mg/L at 45 °C and pH 5'%°.

Other studies on Cu(ll) adsorption have indicated maximum adsorption

200 3nd 0.36 mmol/g?°! for hydrogels prepared from poly(acrylic

capacities of 0.64 mmol/g
acid-co-methacrylamide) poly(AA-co-MA), and polyvinyl pyrrolidone (PVP) and acrylic acid

(AA) (PVP/PAA), respectively.

A novel series of semi-IPN hydrogels composed of PVA, AA, and tourmaline (a
boron silicate mineral) were tested as adsorbents for Cu (Il) and Pb (ll) and achieved
maximum capacities of 2.98 mmol/g and 3.12 mmol/g, respectively’®’. Interpenetrating
polymer network (IPN) hydrogels composed of carboxymethyl cellulose and poly(acrylic

acid) have indicated a maximum adsorption capability of 250 mg/g™* for Cu (11)2°2.

Attempts to increase the hydrophilicity of the hydrogels resulted in a polymer
matrix with low mechanical strength, which is not a desirable feature if adsorbents are to
be reused for real-world applications for removal of Cu (ll). Poor mechanical properties
are the result of a highly swollen network. Hence, attention was paid to designing a robust
hydrogel by copolymerisation of oligo(ethylene glycol) methacrylate and 2-vinyl-4,6-
diamino-1,3,5-triazine that was cross-linked with N,N’-methylenebisacrylamide.
Although, the materials demonstrated good mechanical stability, a reduced adsorption

capacity of 1.1 mmol/g for Cu (ll) was noted?®,

The technique of molecular imprinting (MI) has attracted interest in several fields
due to the ease of preparation, low cost, high selectivity, and stability?®*. Wullff and
Sarhan were the first to reveal the use of Ml into organic polymers. The preparation of
polymeric materials with molecular recognition elements have been investigated for
potential applications involving sensing, catalysts and separating agents''2. The process
to prepare a Ml polymer involves using a template during polymerization. The subsequent
removal of the template from the polymer material results in cavities or molecular

channels with a high selectivity for the desired analyte?®>-2%, An ion-imprinted polymer

104



(IIP) is a specific type of molecularly imprinted membrane, having the same way of

preparation. The difference between them is the use of ‘ions’**,

The use of molecular imprinting (MI) within an IPN could be a useful method to
prepare a novel generation of adsorbent hydrogels with enhanced properties, including
good mechanical strength and specific metal ion adsorption capacity. Some preliminary
investigations have been reported. An IPN hydrogel imprinted with Cu (IlI) ions was
prepared from acrylamide (AAm) and triethylene glycol divinyl ether (DVE-3) in the
presence of ethylene glycol dimethacrylate (EGDMA) as a crosslinker were by UV-initiated
simultaneous free radical/cationic hybrid polymerisation. A decreased adsorption
capacity of the imprinted hydrogel was noted with a temperature increase from 303 K to
323 K, whereas improved adsorption occurred as the pH was increased from pH 2.5 to 5.
Thermogravimetric analysis showed high thermal stability of the hydrogels and further
analysis of thermodynamic parameters, such as the entropy (S), enthalpy (H) and Gibbs
free energy (G), indicated that adsorption of Cu (Il) was an exothermic and spontaneous
process. A surface morphology study by SEM revealed significant changes to the hydrogel

structure, involving a rougher surface with smaller pores, caused by copper adsorption??’.

Novel Cu (ll)-imprinted microgels, composed of attapulgite (a clay material of
magnesium aluminium phyllosilicate) as the support material, methacrylic acid (MAA) as

the functional monomer, and EGDMA as a crosslinker have demonstrated a high affinity

for Cu (ll) over Mg (Il) and Ca (ll). The adsorption data were matched by a Freundlich
isotherm model. At a pH above 4.5, the microgels were randomly spread throughout the
buffer solution, however, an increase in pH resulted in larger particles. Whereas, at a pH
below 4.5, the microgels were not well dispersed in the medium. The reusability of the
microgels were assessed based on 5 adsorption cycles with about 15% regeneration

loss208.

The main disadvantage associated with the ion-imprinted polymer method is the
incomplete removal of ions from the template, leading to reduced vacant cavities within
the membrane?®>. Thus, the use of extractants in crosslinked PVA and full-IPN hydrogels
could be a beneficial way to remove Cu (Il) from aqueous solutions that needs subsequent

investigation.

A metal ion extractant, commonly referred to as a carrier, are common reagents

of an acidic or chelating chemical nature used for copper extraction??® .The hydroxyoxime
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reagents are widely used copper carriers that are classified as aldoxime or ketoxime
depending on the side-chain attached, a hydrogen or short chain alkyl group, respectively,
to the oxime group. The carriers have a hydrophobic chemical nature because of an
attached long-chain alkyl group?*°. The chemical structure of hydroxyoxime reagents is

shown in Figure 3.1.

(A) (B)

CHq H

OH NOH OH NOH

Figure 3.1. Chemical structures of ketoximes (A) and aldoximes (B) where R is typically

CoH19 or C12H3s.

To improve the extraction performance for Cu (ll), the 5-nonylsalicylaldoxime
(Acorga P50) and Cu (II)-Acorga P50 complex were inserted as carriers into the crosslinked

PVA and full-IPN hydrogels.

The aim of this current investigation is to prepare a series of novel full-IPN
hydrogels and investigate the extraction performance for Cu (Il). The hydrogels are based
on PVA as a base hydrophilic polymer and the IPN contains hydrophobic, and hydrophilic
monomers prepared from functional monomers, including 2-hydroxyethyl methacrylate
(HEMA), 4-hydroxybutyl acrylate (HBA), Acrylic acid (AA), methyl methacrylate (MMA),
and itaconic acid (lA). Either Acorga P50 or Cu (ll)-Acorga P50 complex as carrier or Cu-
carrier molecular imprinted templates, respectively, will be included during free radical
polymerization to prepare the full-IPN. The chemical structure, microstructure, and the
thermal stability (weight loss) of the resulting hydrogels will be characterised by FTIR,
SEM, and TGA, respectively. Similar extraction and back-extraction conditions to those
commonly used for Cu will be used, namely a feed solution at pH 2, and a 2 M H,SO4
stripping solution. The effect of the type of carrier template on extraction of Cu (Il) ions
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will be carried out in 50 mg/L pH 2. Batch extraction experiments of Cu (Il) will be
investigated by studying the effect of Cu (ll) concentration and pH of the feed solution on
extraction performance. The extraction data will also be assessed to compare the
performance of hydrogels prepared with the different carrier molecular templates. The
results from this study are expected to provide more information on novel polymeric
adsorbents for Cu (ll) extraction to benefit metal recovery and environmental remediation

applications.
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3.2. Experimental

3.2.1. Materials

Poly(vinyl alcohol) (PVA) (89,000 98,000, 99+% hydrolysed) (Aldrich), and
ethylene glycol dimethyacrylate (EGDMA) (Aldrich) glutaraldehyde (GA) (Aldrich), itaconic
acid (IA) (Aldrich), methyl methacrylate (MMA) (Aldrich), 2-hydroxyethyl methacrylate
(HEMA) (Aldrich), 4-hydroxybutyl acrylate (HBA) (Aldrich), and acrylic acid (AA) (Aldrich)
were used as reactants to prepare the hydrogels. MMA was purified by washing with 0.5
% NaOH. HEMA, HBA, AA were purified by passing through an activated alumina column
chromatography and verified by *H-NMR. PVA, IA, EGDMA and GA were used as received.
2, 2’-Azobisisobutyronitrile  (AIBN) initiator was purified by recrystallization from
ethanol®*®. Dimethylsulfoxide (DMSO) was used as a solvent for polymerisation. Sulfuric

acid (H2S04) was used as catalyst. Acorga P50 (salicylaldoxime ) was used as an extractant.

Copper standard for AAS (1,000 mg/L in 2% nitric acid) supplied by Sigma-Aldrich.
Copper sulphate pentahydrate (CuSO..5H;0) (Merck) was used to prepare copper
solutions of different concentrations, including 25, 50, and 100 mg/L, adjusted to pH 2

with H2S0a4. All solutions were prepared using deionized water.

3.2.2. Preparation of a Cu (ll)-Acorga P50 complex

280 mL of Acorga P50 was placed in a beaker containing 40 mL of hexane. 100 mL
of 500 mg/L of Cu?* solution pH 2 was added to the beaker (this step is called liquid-liquid
extraction preparation). The solution was stirred for 15 minutes, until an organic layer
appeared. The organic layer (brown layer) was separated and washed three times with
deionised water. The brown phase was dried using MgS0s, then left to dry at room
temperature to evaporate excess hexane. Preparation of Cu (ll)-Acorga P50 complex is

indicated in Scheme 3.1.
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Scheme 3.1. Preparation of Cu (ll)-Acorga P50 complex carrier.

3.2.3. Preparation of Cu (llI)-Acorga P50-complex-imprinted-full-IPN hydrogels, and
Acorga P50-imprinted-full-IPN hydrogels.

A different series of full-IPN hydrogels with Acorga P50 and Cu (Il)-Acorga P50
complex as carriers were prepared and present as full-IPN poly(vinyl alcohol)/2-
hydroxyethyl methacrylate PVA/HEMA, full-IPN poly(vinyl alcohol) /poly(4-hydroxy butyl
acrylate-co-acrylic acid) PVA/P(HBA-co-AA), and full-IPN poly(vinyl alcohol/poly(methyl
methacrylate-co-itaconic acid) PVA/P(MMA-co-IA). The crosslinked PVA gel containing
carriers was prepared in one step, while the preparation of full-IPN hydrogels took two
steps. The synthesis of the crosslinked PVA gel with carriers was done as follows: PVA was
dissolved in 15 mL of DMSO in a three-neck round-bottom flask, a water condenser was
attached, and the solution stirred using a magnetic stirrer bar. The solution was heated at
80 °C with continuous stirring at 800 rpm until it became transparent. The solution was
cooled down to room temperature under a nitrogen gas cover to remove dissolved oxygen
and was continuously stirred at slow speed. A constant amount of glutaraldehyde (GA) as
the crosslinking agent and H,SO4 as catalyst were added to the PVA solution and stirred
for 10 minutes. For full-IPN hydrogels, including Acorga P50 and Cu (llI)-Acorga P50
complex, the first step was the same as the PVA gel preparation but with different amount
of PVA depending on the full-IPN hydrogels’ composition. In the second step, for
dissolution, various amounts of monomers (HEMA, HBA, AA, MMA, and IA), fixed amount
of the crosslinker of ethylene glycol dimethacrylate (EGDMA), and a small amount of
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DMSO were added to the PVA solution. As an initiator, AIBN was placed in the full-IPN
mixtures to start the polymerisation reaction. Acorga P50 and Cu (Il)-Acorga P50 complex
carriers were placed to the mixture of the PVA solution, and full-IPN solutions. The
mixtures were stirred for 20 minutes under N; inert. The solutions were transferred to
petri dishes and heated at 60 °C in an oven for 3 h. As the Cu (ll)-Acorga P50-complex-
imprinted-PVA/GA, full-IPN hydrogels were prepared, soft dark colour discs were
obtained. The resulting discs were immersed in deionised water and the water was
replaced each day for over one week to remove the unreacted monomers. The gel discs
were dried at room temperature for one day and then in a vacuum until a constant weight
was obtained. Similar non-imprinted PVA/GA and full-IPN hydrogels were prepared for
comparison. The feed composition used in the synthesis of PVA/GA and full-IPN hydrogels,
including Acorga P50 and Cu (I1)-Acorga P50 complex for imprinted hydrogels, is presented
in Table 3.1.

Table 3.1. Feed composition (wt%) used for hydrogel preparation.

Hydrogel PVA GA HEMA HBA AA MMA |IA EGDMA
Acorga P50- 50 30 - - - - - -
PVA/GA

Cu (I1)-Acorga P50- 50 30 - - - - - -
complex-PVA/GA

PVA/GA 60 40 - - - - - -
Acorga P50-full-IPN 40 30 5 5
PVA/PHEMA

Cu (ll)-Acorga P50- 40 30 5 5
complex-full-IPN

PVA/PHEMA

Full-IPN 40 30 20 10
PVA/PHEMA

Acorga P50-full-IPN 40 20 - 5 10 - - 5
PVA/P(HBA-co-AA)

Cu (ll)-Acorga P50- 40 20 - 5 10 - 5

complex-full-IPN
PVA/P(HBA-co-AA)

Full-IPN 40 20 - 10 20 - - 10
PVA/P(HBA-co-AA)
Acorga P50-full-IPN 40 20 - - - 5 10 5

PVA/P(MMA-co-IA)
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Cu (11)-P50- 40 20 - - - 5 10 5
complex-full-IPN

PVA/P(MMA-co-IA)

Full-IPN 40 20 10 20 10
PVA/P(MMA-co-IA)

AIBN =0.1 g, H,S04=0.1 mL, Acorga P50 = 20 wt %, Cu (ll)-Acorga P50 complex = 20 wt%,
and 20 mL DMSO.
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3.2.4. Stripping of Cu (ll) from Cu (llI)-Acorga P50-complex-imprinted PVA/GA, and
full-IPN hydrogels.

The Cu (l1)-Acorga P50-complex-imprinted PVA/GA and full-IPN hydrogel discs
were placed in a mesh to prevent physical damage and immersed in 100 mL of 2 M H,S04
solution at room temperature. The solution was stirred at the optimum rate of 400 rpm
for 10 days to ensure maximum release of copper. The resulting hydrogel discs were
washed with deionised water. The discs were left to dry at room temperature for one day
and then in a vacuum for another day. Finally, the discs were stored on filter paper in a
petri dish. To monitor the release of copper, samples were collected for preparation for

AAS measurements.

3.2.5. Water uptake measurements

The process of swelling study was explained in detail in chapter 2.

3.2.6.  Extraction and back-extraction of Cu (ll)

The extraction was carried out by immersing the hydrogel discs containing
reagent or complex in a container containing 100 mL of 50 mg/L copper solution and
stirred at the optimum rate of 400 rpm. The concentration of Cu (ll) in the solution was
monitored by removing 5 mL samples at regular time intervals and replacing each one
with 5 mL of fresh 50 mg/L, pH 2. The taken amount was diluted with 2% HNOs for AAS
analysis. The back-extraction profiles were structured by taking 5 mL of the stripping
solution (100 mg/L, 2 M H,S04) at regular time intervals. The samples were diluted with
2% HNOs for AAS measurement at 230 nm. The withdrawn sample volume was replaced
with fresh 2 M H,SOs4 to maintain a constant volume throughout the experiment.
Calibration was conducted prior to each batch of analysis using Cu (ll) standard solutions
(2, 4, 6, 8, and 10 mg/L). All extraction and back-extraction experiments were carried out
in triplicate. Hydrogel performance was evaluated by determining the extraction, back-

extraction, and recovery factors as defined by the following expressions.

Extraction (percent), Ex (%) is the amount of analyte (copper) removed from the

feed solution by the hydrogel according to the following equation:
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Cro—C
Ex (%) =-L2—LL y 100 (1)
Cf,o

Where, Cro and Css are the initial and final concentration of analyte in the feed

solution.

Back-extraction (percent), BEx (%) is the amount of analyte (copper) recovered
from the hydrogel by the stripping solution according to the following equation:

Csf

BEx (%) = Cro—-Cr/

x 100 (2)

Where, Csris the final concentration of analyte in the stripping solution.

Recovery Factor (percent), RF% is the amount of copper ions recovered after
extraction and back-extraction experiments using the same membrane. Where, Cso is the
initial copper concentration in the feed solution, and Csyis the final copper concentration

in the stripping solution.

RF (%) ==L
6)= = x 100 (3)

3.2.7. Effect of Cu (llI) concentration on extraction

The extraction of Cu (ll) at different feed concentrations (25, 50 and 100 mg/L at
pH 2) was carried out by using the same process described for the extraction and back-

extraction of Cu (Il) in section 3.2.6.

3.2.8. Effect of pH of feed solution on extraction of Cu (ll)

The extraction study of Cu (ll) from a feed solution of 50 mg/L at pH 2 or 5 was
done by the same method described for the extraction and back-extraction of Cu () in

section 3.2.6. The pH of the feed solution was adjusted with 2 M H,SOa,

3.2.9. Stability study

To test the long-term stability of the Acorga P50-Cu (II)-Acorga P50-complex-
imprinted PVA/GA, full-IPN hydrogels, the same hydrogel discs were dried and reused in
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repeat experiments. The feed solution (50 mg/L, pH 2) and stripping solution (2 M H2S04)

were replaced with fresh solutions for each experiment.

3.2.10. Kinetics

The rate kinetics for the extraction of copper ions using Acorga P50 and Cu (Il)-
Acorga P50 -imprinted PVA/GA and full-IPN hydrogels was best determined using the

equation for a first-order reaction.

Cro

In e =k xt (4)

Where Cso is the initial concentration in the feed phase (mg/L), Cs: is the copper
concentration in the feed phase at interval time, t is the extraction time (s), and k is the

rate constant. The rate constant was calculated from the slope of linear plots (as

C
confirmed by the correlation coefficient R?) of In f‘O/Cf , versus time (s).

The permeability coefficient (P) was calculated using the following expression:

|4
P=Z X k (5)

Where A is the exposed area of the gel disc (m?) and V is the volume of the feed

solution (m?3).
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3.3. Instrumental Analysis

3.3.1. Infrared Spectroscopy (FTIR)

The FTIR spectra of resulting Cu (ll)- Acorga P50-complex-imprint, Acorga P50
PVA/GA, and full-IPN hydrogels were characterised by attenuated total reflectance-
fourier transform infrared (ATR-FTIR) with a Zinc Selenide crystal using an Agilent Cary 600
series spectrometer. Spectra were recorded over 600 - 4000 cm™ with a resolution of

4 cm?.

3.3.2.  Scanning electron microscopy (SEM)

SEM was used to observe the specimen morphologies of prepared gels by using
HITACHI TM3030 Plus SEM. The swollen hydrogels were dried using a freeze dryer
(LABCONCO) at -80 °C for 24 h. The freeze—dried xerogels were loaded on the surface of
an aluminium SEM specimen holder and sputter coated with gold for 2 minutes (Polaron
sc7640 sputter coating) under vacuum prior to observation’. The magnification in this

study was range of 100 to 10,000.

3.3.3. Thermogravimetric Analysis (TGA)

The thermal properties of Acorga P50, Cu (ll)-Acorga P50-complex-imprinted
PVA/GA, full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA) full-IPN PVA/P(MMA-co-IA)
hydrogels were investigated by TGA (TGA/DSC 1 STAR® System (METTLER TOLEDO) over
50 -500 °C using nitrogen as purge gas, a heating rate of 10 °C/min and a sample mass of

8.5 mg.
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3.4. Results and discussion

3.4.1. Hydrogel preparation
3.4.1.1. Copper carrier complex

In order to prepare the Cu (IlI)-Acorga P50 complex carrier, Cu (Il) was reacted
with Acorga P50 to form a complex between copper ions and the oxime and hydroxyl
groups of the reagent. Thereafter, the resulting Cu (ll) complex carrier was used as a
template and inserted into the chemical matrix of crosslinked PVA, and free radical
polymerisation of the acrylate monomers was initiated with AIBN in the presence of
EGDMA as a crosslinker to prepare the full-IPNs. To prepare the hydrogels for adsorption
experiments, the Cu (Il) ions were released using 2 M H,HOa. The intention was to prepare
hydrogels with Cu (Il) bending sites having a particular orientation and appropriate
cavities resulting from molecular imprinting. The synthetic routes for the preparation of
the Cu (l1)-Acorga P50 complex-imprinted PVA/GA, and full-IPN hydrogels is indicated in
Scheme 3.2. The physical appearance of the hydrogel, including Cu (ll)-Acorga P50
complex after preparation, washing with water, and drying, and release of Cu (ll) is

illustrated in Table 3.2.

Table 3.2. Images of the physical appearance of hydrogel with complex after preparation,

washing with water, and drying, and after stripping of Cu (l1).

After preparation After washing with After drying After stripping of

water Cu (I
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L R+EGDMA H,S0, & 60°C
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complex carrier

Occupied binding site
with Cu?* contained
within a hydrogel

network
Vacant binding Removal of Cu?* Washing
site contained B +
within a hydrogel 2M H,S0, Drying
network

Scheme 3.2. Preparation of Cu (Il)- Acorga (50)- complex-imprinted-PVA/GA, and full-IPN

hydrogels.

3.5. Characterisation

3.5.1. FTIR analysis

The chemical structure of the reagent, and Cu (ll)-complex-imprinted hydrogels
was investigated using FTIR spectroscopy. The characteristic band at 1624 cm? is
attributed to the stretching vibration of C=N from the oxime group of Acorga P50 (as
shown in Figure 3.2) and was used to confirm the presence of reagent in the hydrogels.
Other characteristic peaks of Acorga P50 are at 2874 cm™ attributed to aliphatic C-H
groups, the C-O-H in-plane bend of the phenol group at 1390 cm™, and a weak peak at
1585 cm? due to C=C of the aromatic group. In the case of the Cu (l1)-Acorga P50 complex,
the broad band located at 3381 cm™ disappeared because the phenol groups are involved
in copper chelation and can no longer participate in substantial hydrogen bonding.
Moreover, all characteristic peaks of Acorga P50 appeared in the spectrum of Cu (ll)-
Acorga P50 complex, although with a slight shift in the wavenumber of bands, namely:
1610 cm™ (C=N), 2872 cm?! (C-H), 1377-1324 cm™ (C-O-H), 1580 cm™ (C=C). The
interpretation is consistent with previous results for similar reagents incorporated in

membranes?11-213,
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Figure 3.2. Spectra of Acorga P50 (top), and Cu (Il)-Acorga P50 complex (bottom).

The spectra of the reagent and complex imprinted PVA/GA and series of full-IPN
hydrogels are presented in Figures 3.3 and 3.4. The characteristic peaks of Acorga P50 are

indicated in all spectra. However, there was a significant reduction in the intensity of C=0
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groups of PHEMA, PAA, and PIA in the spectra of the Cu (II)-Acorga P50-complex imprinted

full-IPN hydrogels, suggesting there is a strong molecular interaction between complex

and hydrogels with the formation of covalent bonds. The results from FTIR analysis of

PVA/GA and full-IPN gels were explained in detail in chapter 2. The FTIR spectra of all

hydrogels, including reagent and complex loaded hydrogels, are included in the Appendix.

a PVA/GA gel

1624

2870
1378-1327

\2‘6:11 1541 WL

!\

Q[\J‘

1378-1324

Wavenumber (cm™)

4000 3500 3000 2500 2000 1500 1000
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/) 1714 \\V

\/

2853 1555

|

1379-1296

- \ﬂf hl
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4000 3500 3000 2500 2000 1500 1000
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Figure 3.3. FTIR spectra of PVA/GA (a), Acorga P50 (b), and Cu (II)-Acorga P50 complex

imprinted PVA/GA (c) hydrogels, full-IPN PVA/PHEMA (d), Acorga P50 (e), and Cu ()

Acorga P50-complex imprinted PVA/PHEMA (f) hydrogels.
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Figure 3.4. FTIR spectra of full-IPN PVA/P(HBA-co-AA) (g), Acorga P50 (h), and Cu (ll)-
Acorga P50-complex-imprinted-full-IPN PVA /P(HBA-co-AA) (i) hydrogels, full-IPN
PVA/P(MMA-co-IA) (j), Acorga P50) (k), and Cu (I1)-Acorga P50-complex-imprinted-full-IPN
PVA /P(MMA-co-IA) (1) hydrogels.

3.5.2. Water uptake measurements

The ability of the hydrogels to absorb water is an important factor to consider
when designing adsorbents to remove copper ions from aqueous solutions. The swelling
induced by water uptake is proposed to facilitate copper movement and adsorption in the
hydrogel. Swelling was investigated in deionised water at 37 °C and the results are shown
in Figure 3.5. This temperature was chosen because the preliminary results might prove
useful if the hydrogels are subsequently considered for biological applications. All samples
have a similar water uptake profile and reach an equilibrium swelling degree within 6 h.
The Cu (ll)-Acorga P50-complex-imprinted-PVA/GA and full-IPN hydrogels after

preparation indicated a higher water uptake compared to the hydrogels, including
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Acorga P50. The complex imprinted-full-IPN PVA/P(MMA-co-1A) hydrogel indicated the

largest uptake of water.

The swelling profiles indicate that the initial absorption of water was faster for
the complex imprinted-PVA/GA and full-IPN hydrogels. Difference in the water uptake
ability is attributed to the presence of hydrophilic functional groups, such as COOH groups
of PIA and PAA, OH groups of PVA and PHEMA, and Cu (Il) ions, which have a good affinity
for water. Additionally, the presence of free aldehyde groups of GA are known to
contribute to increased swelling of hydrogels in water'3°. Hydrogels imprinted with the
reagent had the lowest water uptake. This is attributed to the existence of hydrophobic
segments from molecular interactions of Acorga P50 units, which results in a reduced

hydrophilic environment in the hydrogel network.

121



200

180

160

140

120

100

80

Water uptake (%)

60

40

20

—@— Acorga P50-imprinted-full-IPN
PVA/PHEMA gel

=@~ Cu (ll)-Acorga P50-complex-
imprinted-full-IPN PVA/PHEMA

gel

Acorga P50-imprinted-PVA/GA
gel

Cu (I1)-Acorga complex-imprint-
P50-PVA/GA gel

—@— Acorga P50-imprinted-full-IPN
PVA/P(HBA-co-AA) gel

—@—Cu (Il)-Acorga P50-complex-
imprint-full-IPN PVA/P(HBA-co-
AA) gel

—@—Acorga P50-imprinted-full-IPN
PVA/P(MMA-co-I1A)) gel

—@—Cu (ll)-Acorga P50-complex-
imprint-full-IPN PVA/P(MMA-
co-1A)) gel

8

Figure 3.5. Water uptake of Acorga P50-PVA/GA, full-IPN PVA/PHEMA, PVA/P(HBA-co-

AA), PVA/P(MMA-co-IA) hydrogels, and Cu (Il)-Acorga P50 complex-imprinted-PVA/GA,
full-IPN PVA/PHEMA, PVA/P(HBA-co-AA), and PVA/P(MMA-co-I1A) hydrogels.
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3.5.3.  Effect of carrier type on extraction of Cu (ll)

Extraction experiments were performed to investigate notable differences in
performance of PVA/GA and full-IPN hydrogels prepared with different imprinted carrier
type, either Acorga P50 reagent of Cu-Acorga P50 complex. The transient concentration
profiles for the extraction and back-extraction of Cu (Il) from aqueous solutions are shown
in Figure 3.6. The errors bars of the extraction and back-extraction curves for the reagent
imprinted PVA/GA and complex-imprinted full-IPN PVA/PHEMA hydrogels are
considerably larger in comparison to the other hydrogels. This is a consequence of using
the same hydrogels in three repeat cycles of extraction and back-extraction. During the
first and second cycles, these particular hydrogels extract and retain a lot of copper.
However, in the third cycle, significantly less copper is extracted because of retained
copper. There is also some evidence of leaching of Acorga P50 from the hydrogels into the
receiving solution. Consequently, both these factors reduce the amount of available
carrier and contribute to the significantly reduced extraction and back-extraction

performance during cycle 3.

In general, the complex imprinted-PVA/GA and full-IPN indicated a higher
extraction efficiency (Table 3.3) for Cu (ll) than similar hydrogels prepared with reagent.
The full-IPN PVA/PHEMA complex based hydrogel indicated a similar extent but faster rate
of Cu (ll) extraction to that of the reagent imprinted PVA/GA hydrogel. The complex-
imprinted full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA) hydrogels all
extracted about 50 % of the available Cu (I) but took noticeably different times of 50, 120
and 150 hrs, respectively, to reach a steady-state equilibrium with the copper remaining
in the feed. Almost full recovery of extracted copper was achieved during back-extraction

for all hydrogels.

The reagent imprinted full-IPN PVA/PHEMA and PVA/P(HBA-co-AA) hydrogels
indicated the poorest extraction of all hydrogels tested due to loss of Acorga P50 during
the extraction and back-extraction processes. Presumably, the reagent could not form
sufficient or strong enough molecular interactions with the hydrophobic polymer

components when exposed to dynamic stirring during extraction and back-extraction.

The facilitated diffusion of Cu (Il) in Acorga P50 hydrogels occurs by formation of
a metal-carrier complex between Cu (ll) in the feed solution and the oxime as well as

phenol groups of Acorga P50 in the PVA/GA and full-IPN gels?'* (Figure 3.7).
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Copper is removed from the Cu-Acorga P50 imprinted hydrogels by ion exchange
with protons using 2 M H,S042!%. The conditioned hydrogels now contain imprinted vacant
cavities within the IPN where copper can be extracted by rebinding to the chelation sites
of the carrier that are exposed on the surface of the hydrogel (Figure 3.8). The back-
extraction of Cu (ll) reached equilibrium faster than the original extraction for all
hydrogels. This result is related to the hydrophilic character of Cu (1) and the hydrophobic
characteristics of the polymers in the hydrogels. Even though Cu(ll) is chelated by
Acorga P50, the reaction can be effectively reversed by a high acid concentration that
regenerates the neutral form of the reagent and releases Cu (ll) to its preferred aqueous
environment. The difference in the extraction performance for copper ions is attributed
to the size of the carrier template that creates different sized molecular imprinted cavities
and the chemical nature of the components used to prepare the hydrophobic polymers
within the IPN hydrogel. The insertion of Cu (ll)-Acorga P50 complex as a molecular
template within the IPN resulted in improved extraction performance for Cu (ll) compared

to similar hydrogels prepared using Acorga P50.
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Figure 3.6. Extraction and back-extraction of Cu (ll) using reagent and complex-imprinted
hydrogels, PVA/GA (a), full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), full-IPN
PVA/P(MMA-co-IA) (d). Conditions: feed, 50 mg/L Cu (ll) at pH 2; stripping, 2 M H2S04;

stirring rate, 400 rpm; at room temperature.
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3.5.4. Effect of pH on extraction of Cu (ll)

The pH of the feed solution is an important consideration because it affects the
extraction process of Cu (ll) from aqueous solutions. This effect was investigated at pH 2
and 5 using the full series of reagent and complex imprinted hydrogels; the results are
shown in Figures 3.10 - 3.13 and reported in Table 3.3. It is well-known that the solubility
of Cu (ll) can be affected by the pH of aqueous solutions. At a pH above 6, Cu (ll) ions can
precipitate as metal hydroxides and oxides'®3. The use of Acorga P50 for extraction of
Cu (Il) often uses a feed solution at pH 2. Therefore, the current extraction study for Cu (ll)

was performed using a feed concentration of 50 mg/L at pH 2 or 5.

Generally, the extraction performance by the reagent-imprinted PVA/GA and
full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), full-IPN PVA/P(MMA-co-IA) hydrogels
prepared with Acorga P50 for Cu (Il) was better at pH 5, with the best extraction (57%)
and recovery factor (51%) observed for full-IPN PVA/P(MMA-co-IA) (Fig. 3.13(g)). Full-IPN
PVA/PHEMA and full-IPN PVA/P(HBA-co-AA) hydrogels had a similar Cu (Il) recovery factor
(~34%) at pH 5.

Conversely, the extraction performance at changed pH was different for the
series of complex-imprinted compared to reagent-imprinted hydrogels. Similar extraction
efficiencies of 56% and 50% were observed for PVA/GA and full-IPN PVA/PHEMA,
respectively, at both pH 2 and 5. Whereas, full-IPN PVA/P(HBA-co-AA) had slightly better
extraction at pH 2 compared to pH 5 with extraction efficiencies of 50% and 44%,
respectively. The full-IPN PVA/P(MMA-co-IA) gels were the only member of the series to
display a markedly different extraction performance affected by pH, with extraction
efficiencies of 50% and 26% at pH 2 and 5, respectively. Although more Cu (ll) was
extracted at pH 2, a longer time was needed to reach equilibrium. In general, the time to
reach extraction equilibrium was faster at pH 5 for all hydrogels regardless of the final

extraction efficiency.

The effect of pH on the extraction of Cu using reagent-imprinted full-IPN
PVA/P(HBA-co-AA) and PVA/(P(MMA-co-IA) is due to the -COOH groups on the backbone
of polymers that are deprotonated at pH 5. The resulting -COO" groups lead to
electrostatic repulsion between neighbouring ionised groups. Consequently, the

carboxylate groups can form a complex with Cu (ll). The binding sites (COO’) in these
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hydrogels enhance Cu (Il) uptake?. In other words, complexation and electrostatic
reactions play a significant role in copper extraction into the hydrogels containing

Acorga P50.

Blank hydrogels without carrier (reagent or complex) were tested for copper
extraction. The copper extracted at pH 5 is attributed to ionisation of functional groups,
such as COOH groups of PIA (pKaz = 3.85 and pKa2 = 5.45)” and PAA (pKa 4.5)%, and hydroxyl
groups of PVA and PHEMA. This results in an increased number of negatively charged
coordination sites for Cu (Il) extraction'?!. The possible structure of the formation of
complex between copper ions and COO ions on the surface of blank hydrogels at pH 5 is

illustrated in Figure 3.9.

™Y Il

- "00C
oo CoO \Cu/ oo COOH COOH COOH
~ N
: COOH
m " \ it -
pH5

pH 2

Figure 3.9. Structure of coordination complex between Cu (ll) ions and carboxylate (COO")

ions on the full-IPN gel at pH 5, and hydrogen bonding interaction at pH 2.

However, the blank hydrogels did not yield any copper extraction at pH 2 because

of the formation of hydrogen bonds between COOH and OH groups.

It must be noted that a significant number of binding sites for Cu (Il) are available
due to the functional groups of the polymers within the hydrogel network. This could
explain the significant (average 15%) extraction of the blank hydrogels and better

extraction at pH 5.

Images of the physical appearance of the full series of reagent-imprinted, and
complex-imprinted hydrogels after extraction and back-extraction of copper at pH 2 and

pH 5 are shown in Table 3.4.
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The Cu-imprinted-semi-IPN (PVA/PAA) hydrogel indicated a better copper
adsorption in pH 5 due to the ionisation of COOH groups of PAA, leading to an increase in

the adsorption sites for binding copper ions.

The evidence from this investigation confirms that a change of pH of the feed
solution has a great effect on extraction performance. At pH 5, a better extraction
performance and faster time to reach to equilibrium was observed for the reagent-loaded
PVA/GA and full-IPN hydrogels compared to blank hydrogels and complex-loaded
hydrogels. Two factors contribute to this pH effect: complexation of copper and

electrostatic interactions between carrier and polar groups of the polymer chains.
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Figure 3.10. Extraction and back-extraction profiles of Cu (1) using reagent (a) and complex
(b) imprinted-PVA/GA hydrogels. Conditions: extraction from Cu (Il) 50 mg/L at pH 2 or
pH 5, stirring rate of 400 rpm, room temperature 25 (+1)°C. Back-extraction used 2 M

H2S0a4.
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Figure 3.11. Extraction and back-extraction profiles of Cu (ll) using reagent (c) and complex

(d) imprinted-full-IPN PVA/PHEMA hydrogels. Conditions as for Fig. 3.10.
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Figure 3.12. Extraction and back-extraction profiles of Cu (ll) using reagent (e) and

complex (f) imprinted-full-IPN PVA/P(HBA-co-AA) hydrogels. Conditions as for Fig. 3.10.
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Figure 3.13. Extraction and back-extraction profiles of Cu (1) using reagent (g) and complex

(h) imprinted-full-IPN PVA/P(MMA-co-IA) hydrogels. Conditions as for Fig. 3.10.
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Table 3.3. Extraction performance indicators (extraction, back-extraction and recovery
factor) for Cu (Il) at pH 2 & 5 using the full series of reagent-imprinted and complex-

imprinted hydrogels (where reagent is Acorga P50 and complex is Cu-Acorga P50).

Hydrogel Ex (%) BEx (%) RF (%) Eqtime pH
(hrs)
PVA/GA
complex 54 101 55 72 2
reagent 40 99 40 120 2
complex 64 88 56 72 5
reagent 48 89 43 48 5
blank 39 37 14 48 5
PVA/PHEMA
complex 25 99 49 48 2
reagent 13 78 10 72 2
complex 49 102 50 24 5
reagent 35 93 33 48 5
blank 22 47 10 24 5

PVA/P(HBA-co-AA)

complex 48 100 48 96 2
reagent 24 87 21 48 2
complex 45 91 41 24 5
reagent 35 99 35 48 5
blank 15 (112) 17 24 5
PVA/P(MMA-co-IA)

complex 50 100 50 144 2
reagent 37 99 37 72 2
complex 28 (108) 30 6 5
reagent 57 90 51 24 5
blank 16 (116) 18 24 5

Data in brackets indicates significant difference of results from one of three
replicate experiments.
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Table 3.4. Images showing the physical appearance of Acorga P50 (reagent) and Cu (lI)-

Acorga P50 (complex) imprinted PVA/GA and full-IPN hydrogels after extraction and back-

extraction of copper from an initial concentration of 50 mg/L at pH 2 & 5.
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3.5.5. Stability study

In order to assess stability and reusability, the full series of reagent-imprinted and
complex-imprinted hydrogels were reused in four consecutive cycles of extraction and
back-extraction of Cu (Il) involving the use of fresh feed and stripping solutions after each
cycle. As indicated in Figure 3.14 and Table 3.5, the extraction performance, as indicated
by permeability and recovery factor, showed a significant decrease after cycle 4 for
reagent-based hydrogels. This is likely caused by leaching of Acorga P50 from the
hydrogels into the stripping solution. This is possible because there are only weak non-
covalent molecular interactions between Acorga P50 and the polymer chains.

Consequently, it is easy for the carrier to be released from the IPN.

Compared to all other reagent-based and complex-based hydrogels, the full-IPN
PVA/PHEMA reagent-based hydrogel indicated the sharpest drop in extraction
performance after the fourth cycle. This could be related to residual copper ions from
previous cycles being retained in the gel that limits the number of available binding sites
for extraction of copper ions. The colour change of this hydrogel from pale amber after
cycle 1 to tan-brown after cycle 4 is evidence of remaining copper ions in the hydrogel
network. Effect of the number of cycles of extraction for Cu (Il) on permeability and
recovery factor using the Acorga P50-PVA/GA full-IPN hydrogels, and Cu (l1)-Acorga P50-
complex-imprinted PVA/GA-full-IPN hydrogels is demonstrated by comparing data from
cycles 1 &4 s shown in Table 3.5.

It can be summarised that the complex-imprinted hydrogels offered better long-
term performance as indicted by recovery factor after cycle 4 compared to similar
reagent-based hydrogels. The best permeability was demonstrated by reagent-based
PVA/P(HBA-co-AA) but, unfortunately, the initial recovery factor was low (44%) and
decreased by 50% after the fourth extraction cycle. Both reagent-imprinted and complex-
imprinted PVA/GA and full-IPN PVA/P(MMA-co-lA) hydrogels are indicated as offering
reasonable performance for some repeat use applications for copper extraction.
However, further investigations to improve stability for extended and repeated use

applications are needed.
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(e) Reagent-imprinted-full-IPN PVA/P(HBA-co-AA)
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(g) Reagent-imprinted-full-IPN PVA/P(MMA-co-IA)
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Figure 3.14. Comparison of first and fourth extraction and back-extraction cycles for Cu
() using reagent (a) and complex (b) imprinted PVA/GA hydrogels, reagent (c) and
complex (d) imprinted full-IPN PVA/PHEMA hydrogels, reagent (e) and complex (f)
imprinted full-IPN PVA/P(HBA-co-AA) hydrogels, reagent (g) and complex (h) imprinted-
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full IPN PVA/P(MMA-co-IA) hydrogels. Conditions: feed, 50 mg/L of copper, pH 2;

stripping, 2 M H,SOa.

Table 3.5. Effect of number of extraction cycles for Cu (ll) on permeability and recovery

factor using reagent-loaded and complex-loaded PVA/GA and full-IPN hydrogels.

Permeability

(x107, m?2s?)

Recovery factor (%)

Hydrogel
Cycle1 Cycle4 Change Cyclel Cycle4 Change

(%) (%)

PVA/GA

Reagent 16.7 54 -67 53 26 -51

Complex 32.4 15.2 -53 75 54 -28

PVA/PHEMA

Reagent 49.8 1.5 -97 70 9.2 -87

Complex 10.7 15.2 +42 66 37 -44

PVA/P(HBA-co-AA)

Reagent 171 104 -91 44 22 -50

Complex 1.11 1.23 +11 52 46 -12

PVA/P(MMA-co-1A)

Reagent 22.8 17.6 -22 64 36 -44

Complex 18.7 8.9 -53 69 49 -29
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3.5.6. Effect of Cu (llI) concentration

The effect of initial copper concentration on extraction of Cu (ll) was carried out
in a series of experiments using initial concentrations of 25, 50 and 100 mg/L at pH 2. The
extraction and back-extraction profiles of Cu (Il) using the full series of reagent-based and
complex-based hydrogels are indicated in Figure 3.15. In general, as the concentration of
feed solution increased from 25 to 100 mg/L, the permeability and recovery factor were
noted to decrease for all hydrogels (Table 3.6). However, the complex-imprinted full-IPN
PVA/P(HBA-co-AA) gel indicated the highest permeability when the concentration of feed
phase was 100 mg/L. The best permeabilities of 3.62 x 10® and 2.43 x 10°® m?2 s were
obtained using complex-based PVA/GA and full-IPN reagent-based PVA/P(MMA-co-IA),
respectively, at Cu (Il) 25 mg/L. This is explained by the decreased rate of formation of
Cu (I1)-Acorga complex at the feed/hydrogel interface at increased concentration of
Cu (I1). In addition, the decline in copper permeability as the initial copper concentration
increases is due to the limited number and restricted availability of vacant coordination

sites on the surface of hydrogels.

This investigation indicates that the permeability and recovery factor of Cu (ll)
using reagent-based and complex-based hydrogels are compromised from feed solutions

with concentrations below 100 mg/L.
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(g) Reagent-imprinted-full-IPN PVA/P(MMA-co-1A)
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Figure 3.15. Effect of initial copper concentration on extraction of Cu (ll) using the reagent
(a) and complex (b) imprinted PVA/GA hydrogels, reagent (c) and complex (d) imprinted
full-IPN PVA/PHEMA hydrogels, reagent (e) and complex (f) imprinted full-IPN PVA/P(HBA-
co-AA) hydrogels, reagent (g) and complex (h) imprinted full-IPN PVA/P(MMA-co-IA)

hydrogels.
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Table 3.6. Effect of initial concentration of Cu (Il) on permeability and recovery factor using

reagent-imprinted-PVA/GA, full-IPN PVA/PHEMA, PVA/P(HBA-co-AA), and PVA/P(MMA-

co-lA) hydrogels, complex-imprinted-PVA/GA, full-IPN PVA/PHEMA, PVA/P(HBA-co-AA),

and PVA/P(MMA-co-I1A) hydrogels.

Hydrogel Permeability (x 107, m? s?) Recovery factor (%)
Concentration (mg/L)

25 50 100 25 50 100
PVA/GA
Reagent 2.95 6.97 6.25 28 40 18
Complex 36.2 17.7 12.3 83 55 48
PVA/PHEMA
Reagent 11.1 1.44 3.75 34 10 10
Complex 12.5 12.9 8.10 49 49 47
PVA/P(HBA-co-AA)
Reagent 69.0 8.81 4.43 37 21 14
Complex 7.42 4.31 2.60 43 48 28
PVA/P(MMA-co-IA)
Reagent 24.3 21.5 18.2 54 36 34
Complex 11.2 6.46 11.4 72 50 57
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3.5.7. Kinetic study

To understand the kinetics of the extraction process for Cu (Il) using the full series
of reagent-based and complex-based hydrogels, pseudo-first order reactions conditions
were applied using equation 4 to interpret the experimental data. The rate constants (k)
were calculated from the slope of plots of In (Cs0/Cst) versus time (shown in Figures 3.16
- 3.19) and the results are summarised in Table 3.7. The kinetic plots at all concentrations
and for all hydrogels show good agreement with first-order kinetics as indicated by values

of the correlation coefficient.

Based on the kinetic investigation, two hydrogels were identified as having better
rates of extraction across the concentration range. Specifically, PVA/P(MMA-co-IA) and
PVA/GA were the best of the reagent-based and complex-based, respectively, hydrogels.
In particular, complex-based PVA/GA had the overall best rate of extraction at low
concentration (25 mg/L) and a similar rate to reagent-based PVA/P(MMA-co-IA) at higher
(50 & 100 mg/L) concentrations.

The kinetic investigation indicates that the extraction of copper by the reagent-
based and complex-based hydrogels follows a pseudo-first order equation for all

hydrogels except for complex-imprinted-full-IPN PVA/PHEMA.
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Figure 3.16. Kinetic plot for extraction of Cu (1) by reagent-imprinted-PVA/GA gel, and

complex-imprinted-PVA/GA gel.
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Figure 3.17. Kinetic plot for extraction of Cu (1) by reagent-imprinted-full-IPN PVA/PHEMA

gel, and complex-imprinted-full-IPN PVA/PHEMA gel.
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Figure 3.18. Kinetic plot for extraction of Cu (Il) by reagent-imprinted-full-IPN PVA/P(HBA-
co-AA) gel, and complex-imprinted-full-IPN PVA/P(HBA-co-AA) gel.
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Figure 3.19. Kinetic plot for extraction of Cu (ll) by reagent-imprinted-full-IPN
PVA/P(MMA-co-IA), and complex-imprinted-full-IPN PVA/P(MMA-co-IA) hydrogel.
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Table 3.7. Kinetic rate constant for the extraction of Cu (ll) from different feed

concentrations using reagent-based and complex-based PVA/GA and full-IPN hydrogels.

Hydrogel 25 mg/L 50 mg/L 100 mg/L
k (hY) R? k (h) R? k (h) R?
Acorga P50
PVA/GA 0.0102 0.9262 0.022 0.9175 0.0199 0.9896
PVA/PHEMA 0.0387 0.9497 0.005 0.9443 0.013 0.9229
PVA/P(HBA-co-AA) 0.0192 0.972 0.0245  0.9739 0.0123 0.9553
PVA/P(MMA-co-IA) 0.0649 0.9665 0.0573  0.9979 0.0484 0.9595
Cu (ll)-Acorga P50
PVA/GA 0.1639 0.9412 0.0804 0.9871 0.0466 0.9919
PVA/PHEMA 0.0397 0.9357 0.0582  0.9784 0.0257 0.7973
PVA/P(HBA-co-AA) 0.0329 0.9552 0.0201  0.9445 0.051 0.9691
PVA/P(MMA-co-IA)  0.0337 0.9866 0.0219 0.919 0.0342 0.9865
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3.5.8. Thermal properties

Thermal stability at different temperatures is an important criterion if hydrogels
are to be used for a range of applications including controlled drug release in biomedicine.
The series of reagent-based and complex-based hydrogels were investigated by TGA over
50 — 500 °C and the thermograms are presented in Figures 3.20 & 3.21. The hydrated
hydrogels were examined after preparation and after stripping of copper to ascertain if

the presence of copper affected the thermal stability

As indicated in Figure 3.20 and 3.21, the use of reagent and complex as carrier
templates in the hydrogel network had a great effect on the thermal properties of
crosslinked PVA/GA, and full-IPN hydrogels as a function of temperature. It is remarkable
that the thermograms of reagent-based and complex-based hydrogels had different
thermal behaviour after preparation and after stripping of copper ions. After preparation,
similar thermograms (b) involving a two-step degradation and weight loss were observed
for complex-imprinted PVA/GA and full-IPN hydrogels, with the later presenting better
thermal stability than the former. In terms of the TGA profiles of reagent-based hydrogels
(a), however, different decomposition stages of weight loss were observed, with two and

three stages for PVA/GA and full-IPN hydrogels, respectively.

After stripping of copper, the thermograms of complex-based and regent-based
hydrogels indicated four weight loss stages over the temperature range. In general,
reagent-based hydrogels showed a higher degradation rate than similar complex-based

hydrogels.

The first decomposition step was recorded between 50 — 150 °C for all hydrogels and is
attributed to the evaporation of entrapped water. As the temperature increased from 150
to 450 °C, two further thermal decomposition phases due to likely degradation of carrier
and side chains of polymers, including decarboxylation, within the hydrogel network. A
subsequent weight loss occurred above 450 °C that was related to the final decomposition
of any remaining crosslinking or IPN structure within the hydrogels and decomposition of
the polymers. The reagent-based hydrogels had slightly better thermal stability between
50 — 150°C) coinciding with temperatures for practical application. No significant
differences were noted at 50 -100 °C, indicating both carrier-type hydrogels offer good

thermal stability for biomedical applications.

156



The TGA investigation indicated that both reagent-based and complex-based hydrogels
before the removal of copper had good thermal stability at lower temperature, whereas
a reduced thermal stability over the same temperature range was observed for these
hydrogels after stripping of copper. However, at increased temperatures from 400 to
500 °C, the copper containing hydrogels had improved thermal stability compared to pre-
extraction hydrogels. The presence of copper within the hydrogel network increases the
heat capacity that confers thermal stability, requiring a higher temperature to degrade

the IPN of the hydrogels.
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Figure 3.20. TGA curves of reagent (a) and complex (b) imprinted PVA/GA gels after
preparation, reagent (c) and complex (d) imprinted PVA/GA gels after stripping of Cu (l1)
(upper); and, reagent (a) and complex (b) imprinted full-IPN PVA/PHEMA gels after
preparation, and reagent (c) and complex (d) imprinted full-IPN PVA/PHEMA gels after
stripping of Cu (ll) (lower).
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Figure 3.21. TGA curves of reagent-(a) and complex (b) imprinted full-IPN PVA/P(HBA-co-
AA) gels after preparation, reagent (c) and complex (d) imprinted full-IPN PVA/P(HBA-co-
AA) gel after stripping of Cu (ll) (upper); and, reagent (a) and complex (b) imprinted full-
IPN PVA/P(MMA-co-lA) gels after preparation, and reagent (c) and complex (d) imprinted
full-IPN PVA/P(MMA-co-IA) gels after stripping of Cu (II) (lower).
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3.5.9. Scanning electron microscopy (SEM)

The surface morphology and microstructure of hydrogels can affect the
extraction performance. To investigate these effects, the full series of hydrogels after
preparation, and after use in extraction and back-extraction experiments were examined

using SEM and the micrographs are shown in Figures 3.22-3.25.

Differences in the surface morphology of reagent-based and complex-based
hydrogels were apparent. For instance, the complex-based hydrogels after preparation,
have a distribution of surface pores and bubbles, as shown in Figure 3.22. These surface
features contain templated sites for copper recognition and extraction. However, the
same hydrogels after stripping of Cu (ll) (Figure 3.23) have a more uniform distribution of
surface pores of similar size. Also, no surface bubbles are now apparent, presumably these
surface features are disrupted as copper () is stripped from the hydrogel. The complex-
imprinted PVA/GA had a higher number of larger cavities compared with other hydrogels.
Whereas, a larger number of small cavities were observed on the surface of complex-
based PVA/P(HBA-co-AA) after stripping of copper. The variation in the distribution of
cavities of the various hydrogels, which is readily apparent in Figure 3.26, is attributed to
polymer composition and the presence of functional groups that have different
interactions with the reagent and complex. The larger number of surface pores increases
the surface area that enhances the mass transfer of copper resulting in improved
adsorption kinetics. A similar effect on extraction rate due to surface morphology has
been noted for a novel Cu (ll)-imprinted semi-IPN PVA/PAA hydrogel that had a rougher

surface after being used for extraction®’.

Noticeably, the SEM images of the reagent-based hydrogels after preparation
indicated a smooth, homogeneous surface with a larger pore size as indicated in
Figure 3.24. A consistent distribution of porous layers was observed across the surface of
reagent-based full-IPN PVA/PHEMA and PVA/P(HBA-co-AA) hydrogels. However, after
several uses in the extraction and back-extraction process, a less porous surface structure
was noted (Figure 3.25). The postulated reason for this was the loss of Acorga P50 content
from the hydrogel, resulting in a collapse of pores in the hydrated full-IPN. In other words,
less binding sites are available in the hydrogel as Acorga P50 partitions to the aqueous

phase. Approximate pore size and pore count from representative surface areas of the
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hydrogels are indicated in Table 3.8. The SEM observations support the results from the

extraction study (section 3.19).

The surface morphology features of full-IPN hydrogels is affected by the size of
carrier template used during preparation. Use of Cu (Il)-Acorga P50 complex as a template
during the polymerisation process to prepare PVA/GA and full-IPN hydrogels generated
more stable cavities as sites for enhanced extraction of copper compared to similar

Acorga P50 reagent hydrogels.

Table 3.8. Range of pore size and pore count from representative surface areas of
complex-imprinted-PVA/GA, and full-IPN hydrogels and reagent-imprinted PVA/GA, and

full-IPN hydrogels after stripping of Cu (Il).

Hydrogel Pore count Pore size
(approximate) (um, range)
Complex-imprinted-PVA/GA gel 80 6-8
Complex-imprinted-full-IPN PVA/PHEMA 160 2-6
Complex-imprinted-full-IPN PVA/(HBA-co-AA) 300 2-3
Complex-imprinted-full-IPN PVA/(MMA-co-IA) 170 2-5
Reagent-imprinted-PVA/GA gel 185 2-3
Reagent-imprinted-full-IPN PVA/PHEMA 140 3-4
Reagent-imprinted-full-IPN PVA/(HBA-co-AA) 100 4-8
Reagent-imprinted-full-IPN PVA/(MMA-co-IA) 90 1-2
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Figure 3.22. SEM images of complex-based hydrogels after preparation: PVA/GA (a), full-
IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA) (d).
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Figure 3.23. SEM images of complex-based hydrogels after stripping of Cu (Il): PVA/GA (a),
full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA)

(d).

163



N D102x2.0k  30um |[pL1118

D9.7 x2.0k 30 pum

N

30 pm || PL1051 N D102x20k  30um

PL1068 N D9.4 x2.0k

Figure 3.24. SEM images of reagent-based hydrogels after preparation: PVA/GA (a), full-
IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA) (d).
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Figure 3.25. SEM images of reagent-based hydrogels after stripping of Cu (l1); PVA/GA (a),
full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA)

(d).
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Figure 3.26. Distribution of pore size of complex-based hydrogels after stripping of Cu
(I1): PVA/GA (a), full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN
PVA/P(MMA-co-IA) (d).

166



3.6. Conclusion

A novel series of crosslinked PVA/GA and full-IPN hydrogels containing either
Cu (I)-Acorga P50 complex or Acorga P50 reagent as molecular templates for a copper

carrier were prepared and tested as adsorbents to extract Cu (llI) from aqueous solutions.

Full-IPN hydrogels were prepared using different monomers, including HEMA,
HBA, AA and IA, where used in a free radical polymerisation process to prepare a series of
full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA) hydrogels. Investigation
using FTIR indicated that Cu (llI)-Acorga P50-complex could be successfully used as a
molecular carrier imprint during preparation of the hydrogel and the Cu (Il) successfully
removed using 2 M H,S0a. The influence of type of carrier template on Cu (ll) extraction
performance was investigated and showed better extraction using complex-imprinted

hydrogels.

The effect of pH of the feed solution on the extraction of Cu (ll) was examined at
pH 2 and 5, with better extraction performance noted at pH 5 for the reagent-based
PVA/GA and full-IPN hydrogels. Some extraction of copper was noted at pH 5 for non-
carrier imprinted hydrogels due to the Cu (Il) interaction with the polar side chains of the
polymers; although, the extraction was substantially less than for similar carrier-imprinted

hydrogels.

As the initial Cu (I) concentration in solution increased from 25 to 100 mg/L, the
initial permeability values and extraction efficiency of copper decreased due to the limited
number of available extraction sites on the surface of the hydrogel. A kinetic investigation
at different concentrations showed the extraction process followed a first-order reaction
model. Further insights into the physical properties of the hydrogels were revealed by
SEM and TGA investigations. The presence of many surface pores, especially after
stripping of copper from the template, was revealed by SEM. The resulting increased
surface area was related to the observed enhanced extraction performance a result of
insertion of copper ions as template, which was confirmed by SEM. The thermal stability,
as revealed by TGA, at low temperatures was similar for both series of carrier-imprinted
hydrogels. However, mid-range and high-end temperature stability was better for
reagent-based and complex-based hydrogels, respectively. On the basis of these

investigations, complex-based cross-linked PVA/GA and reagent-based full-IPN
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PVA/P(MMA-co-IA) were identified as promising hydrogels for use as adsorbents for

copper extraction.
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Chapter 4: Extraction of naproxen from aqueous solutions using

novel Aliquat 336-full-IPN hydrogels.

4.1. Introduction

The production of hydrogel adsorbents and biosorbents has increased rapidly in
the last two decades. According to Ding et al., this has generated significant attention in
the treatment and purification of water from various pollutants?'®. The motive for this
interest results from the availability of various methods of preparing and modifying
hydrogels with regards to either chemical or physical binding through crosslinking,
grafting, blending, ion-imprinting methods and impregnation to enhance mechanical and
adsorption properties. Maleki et al. stated that immobilisation and functionalisation of
hydrogel sorbents can be done with some reactive groups, such as carboxyl, hydroxyl, and
amino, after proper treatment?'’. This helps to create 3D network structures, which are
effective in adsorption of inorganic and organic pollutants from water. These structures
also have a high capacity to swell and retain water?'®. Novel adsorbent hydrogels
composed of sodium alginate modified with amine derivative were prepared and used to
efficiently remove methyl blue from water?!®. An investigation was carried out on the
removal of methyl orange onto newly prepared hydrogel including TiO, and
polyacrylamide??. The preparation of 3D graphene hydrogels was done and they were
used to remove ofloxacin from aqueous solutions??!. The removal of tetracyclinae by
hydrogels based on double-metal/cross-linked alginate and graphene was investigated by
advanced Fenton reaction???. The removal of some antibiotics from aqueous solutions
was enhanced using triple-network nanocomposite hydrogels composed of sodium

alginate and carbon nanotubes-graphene oxide?23.

Naproxen (Figure 4.1) is a nonsteroidal anti-inflammatory drug used to reduce
fever, pain, and ongoing inflammation. It can be detected in water as result of waste from
households and hospitals. The concentration of naproxen in wastewater has been
reported from 0.37 - 1.70 pg/L to 23.21 pg/L in Australia??*. Additionally, naproxen can be

found in groundwater due to landfill leachate and manufacturing residues??>.
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The Pisum sativum pods biochar/ starch hydrogel N-PSPB/SHGL, which is a newly
designed nanosorbent hydrogels was successfully synthesised and used for removal of
Cr (V1) and naproxen drug (NAP). The maximum swelling capacity of N-PSPB/SHGL was
observed (500.0%) at room temperature. The stability of nanosorbent was assessed based
on 10 adsorption cycles with about regeneration by 0.1 mol/L HCI. N-PSPB/SHGL has
confirmed excellent capacity values as 309.82 and 420.13 mg g* for NAP drug and Cr(VI),

respectively??®,

Oxidized starch/CuO bionanocomposites were prepared and an investigation
done on its strengths as an antibacterial colon drug delivery system. FT-IR and XRD
techniques were used to verify the successful formation of the CuO-nanoparticles (CuO
NPs) within the oxidized starch hydrogel matrix. SEM image disclosed the development of
the white spherical spots that are associated with the formation of CuO NPs with a mean
diameter of 35—-40 nm within the hydrogel network. Results of the investigation to show
the swelling and NPX loading degree revealed that an increase in the concentration of
Cu2p from the 0 to 0.01 M increased the swelling, however, additional increase in this
concentration to 0.03 caused a decrease of the swelling. The highest value of naproxen

release for was observed for C2 coded bio-nanocomposite near to 70%%%’.

There are several criteria in choosing extractants in preparation of PIMs,
including their ability to form hydrogen bonding and participate in dipole-dipole
reactions??®. Consequently, the active functional groups of polymers in hydrogels are also

able to participate in dipole-dipole interactions.

Aliquat 336 (Figure 4.1) is a phase-transfer catalyst that is composed of a mixture
of quaternary ammonium chloride??® and that has been used widely as a basic carrier in
preparation of PIMs to accelerate the extraction of polar organic solutes, including

phenylalanine, phenols, and carboxylic acids®3°.

James et al. prepared the first PIMs that contained PVC and Aliquat 336—they
were used as ion-selective electrodes more than four decades ago®3!. For the extraction
and transport of organic compounds, there have been a few studies performed on PIMs

that were limited to carbohydrates?*.
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Figure 4.1. Chemical structure of Aliquat 336 and Naproxen.

The selective extraction of a particular organic from a mixture of similar
compounds by PIMs, which have a mostly hydrophobic character, is somewhat
problematic because the selective chemistry is not as specific compared to the extraction
of metal ions. The hydrophilic nature of hydrogels provides an environment that is useful
for absorption of organic compounds with a polar nature from aqueous solutions.
Hydrogels as a system for the delivery of drugs has been widely investigated, however,
extraction of organic solutes using hydrogels incorporating extractants has yet to be

reported.

The insertion of Aliquat 336 into a hydrogel network would be a useful way to
prepare a new generation of adsorbents to remove organic solutes from aqueous
solutions. The hydrogels obtained by the method of interpenetrating polymeric networks
is convenient for fabricating materials with improved mechanical stability. The use of
Aliquat 336 as a carrier and its immobilisation in a full-IPN matrix has not been

investigated.

The aim of this current work is to load Aliquat 336 as a basic carrier within a series
of full-IPN of hydrogels prepared from poly(vinyl alcohol) (PVA) as the base polymer and
using different monomers, such as 2-hydroxy ethyl methacrylate (HEMA), 4-hydroxybutyl

171



acrylate (HBA), acrylic acid (AA), methyl methacrylate (MMA), and itaconic acid (lA). The
chemical structure of Aliquat 336-functionalised PVA/GA full-IPN hydrogels will be
investigated by Fourier-transform infrared spectroscopy (FTIR). Aliquat 336 can likely be
trapped in a full-IPN matrix by participating in strong dipole-dipole interactions between
guaternary ammonium cations with hydroxyl groups of PVA and carboxyl groups of PIA.
Naproxen was selected as a model organic solute for the extraction study because it exists
as an anion at pH 7. Water uptake studies will be performed at 37°C to investigate the
effect of Aliquat 336 on the swelling behaviour of hydrogels. Extraction studies of
naproxen will use a feed solution of 125 mg/L at pH 7 and back-extraction performed using
1 M NaCl at pH 9. The kinetics of naproxen extraction through hydrogel samples will also
be investigated. The thermal and morphological properties of the Aliquat 336 PVA/GA full-
IPN hydrogels will be studied using thermogravimetric analysis (TGA) and scanning

electron microscopy (SEM).

172



4.2. Experimental

4.2.1. Materials

Poly(vinyl alcohol) (PVA) (99+% hydrolysed) (Aldrich), and Ethylene glycol
dimethyl acrylate (EGDMA) (Aldrich) Glutaraldehyde (GA) (Aldrich), Itaconic acid (IA)
(Aldrich), and, Methyl methacrylate (MMA) (Aldrich), 2-hydroxyethyl methacrylate
(HEMA). (Aldrich), 4-hydroxybutyl acrylate (HBA) (Aldrich), and Acrylic acid (AA) (Aldrich)
were used as reactants to prepare the hydrogels. MMA was purified by washing with 0.5%
NaOH. HEMA, HBA, AA were purified by passing through an activated alumina column
chromatography and verified by *H-NMR. PVA, IA, EGDMA and GA were used as received.
2, 2’-Azobisisobutyronitrile (AIBN) initiator was purified by recrystallization from
ethanol®*®. Dimethylsulfoxide (DMSOQ) was used as a solvent for polymerisation. Sulfuric
acid (H2S04) was used as catalyst. Naproxen was supplied from Whittlesea Pharmacy.
Sodium chloride (NaCl) (Aldrich) was used to prepare a stripping solution and the pH
adjusted with 1 M NaOH. Sodium dihydrogenphosphate dihydrate (NaH.P04.2H,0), and
Disodium hydrogenphosphate heptahydrate (Na;HPO4.7H,0) were used to prepare a

sodium phosphate buffer solution.

4.2.2. Preparation of Aliquat 336-full-IPN hydrogels

Aliquat 336-full-IPN hydrogels were prepared by using the same method used to
prepare full-IPN hydrogels, with Acorga P50 and Cu (1) Acorga P50 complex as carriers by

replacing these carriers with Aliquat 336.

The feed composition used for hydrogel preparations is reported in Table 4.1.
Images of the physical appearance of the Aliquat 336 containing PVA/GA and full-IPN
hydrogels are shown in Figure 4.2. The method to prepare Aliquat 336 PVA/GA and full-
IPN hydrogels is indicated in Scheme 4.1.
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Table 4.1. Feed composition used to prepare PVA/GA, and full-IPN hydrogels containing

Aliquat 336.
Hydrogel PVA (wt%) GA (wt%)
Aliquat 336 -PVA/GA 50 30
Aliquat 336- full-IPN PVA/PHEMA 40 30
Aliguat 336-full-IPN PVA/P(HBA-co-AA) 40 20
Aliguat 336-full-IPN PVA/P(MMA-co-I1A) 40 20

AIBN=0.1g, H,S04=0.1 mL, EGDMA= 0.5 wt %, HEMA =5 wt%, HBA =5 wt%, AA = 10 wt%,
MMA =5 wt%, IA = 10 wt %, Aliquat 336 = 20 wt%, and 20 mL DMSO.
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Figure 4.2. Images of the physical appearance of Aliquat 336-PVA/GA gel (a), full-IPN
PVA/PHEMA gel (b), full-IPN PVA/P(HBA-co-AA) gel (c), and full-IPN PVA/P(MMA-co-IA)

gel (d).

4.2.3. Water uptake measurements

The process for the swelling study was explained in detail in chapter 2.

4.2.4. Extraction and back-extraction study

To investigate the extraction of naproxen, Aliquat 336 PVA/GA, Aliquat 336-full-
IPN PVA/PHEMA, Aliquat 336-full-IPN PVA/(PHBA-co-AA), and Aliquat 336-full-IPN
PVA/P(MMA-co-IA) hydrogels were placed in 100 mL aqueous solution of naproxen
(125 mg/L, pH 7) and allowed to reach equilibrium for six days at room temperature. The
extraction profile of naproxen by full-IPN hydrogels was constructed by withdrawing
0.1 mL and diluting with pH 7 buffer at regular times; removed amount was replaced with

fresh naproxen solution. Samples were analysed by UV spectroscopy (Cary UV-Vis
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spectrophotometer). The equilibrium concentration of naproxen was determined from
the appropriate calibration graph obtained with the solutions of known concentrations of
naproxen. The back-extraction profile was determined by sampling 0.1 mL of the stripping
solution (100 mg/L, 1 M NaCl, pH 9) at regular time intervals. Samples were diluted with
pH 9.0 buffer for UV-Vis measurement at 230 nm. The withdrawn samples were replaced

by fresh NaCl solution.

4.3. Characterisation

4.3.1. Infrared Spectroscopy

The chemical structure of the PVA/GA, full-IPN PVA/PHEMA, full-IPN PVA /P(HBA-
co-AA), and full-IPN PVA/P(MMA-co-lA) hydrogels with Aliquat 336 was investigated by
FTIR spectroscopy. The instrument details and measurement process were explained in

detail in the previous section.

4.3.2. Scanning electron microscopy (SEM)

The process of using SEM to investigate the surface morphology was explained

in the chapter 2.

4.3.3. Thermogravimetric Analysis (TGA)

The process of using TGA to investigate the thermal properties was explained in

the chapter 2.

4.3.4. Extraction kinetics

The kinetic study was carried out in the same way as reported in chapter 3.

4.3.5. Proton Nuclear Magnetic Resonance (*H-NMR)

The effectiveness of the back-extraction process to remove naproxen from the

hydrogels was investigated by *H-NMR. The back-extraction solution containing naproxen
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was extracted with chloroform. The organic phase was separated and dried with a drying
agent. The resulting solid was dissolved in dimethyl sulfoxide-d6 and the *H-NMR
spectrum acquired. The extracted solid was confirmed as naproxen by comparison of the

acquired spectrum with that of a spectrum of pure naproxen.

NAPROXEN

0.34\

0.32

.

Figure 4.3. 1H-NMR spectrum of naproxen extracted after the back-extraction process.
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4.4. Results and discussion

4.4.1. Hydrogel preparation

Aliquat 336 can penetrate crosslinked PVA and full-IPN hydrogels by van Der
Waals interactions between hydrophobic alkyl chains of Aliquat with the hydrophobic
polymer chains, and ion- ion interactions between negatively charged carboxyl groups of
hydrophilic polymers and positively charged ammonium group of Aliquat. The method to

prepare hydrogels loaded with Aliquat 336 is presented in Scheme 4.1.
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Scheme 4.1. Preparation of Aliquat 336-PVA/GA, and full-IPN hydrogels.

4.4.2. Infrared analysis

The chemical structure of the PVA/GA and the series of full-IPN hydrogels with
Aliquat 336 were investigated by FTIR spectroscopy. As shown in Figures 4.4 and 4.5,
characteristic bands attributed to quaternary ammonium groups at 1,466 and 1,377 cm™,

and other peaks at 2,924 and 2,855 cm™ due to CH3 group were assigned by reference to
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a pure sample of Aliquat 336232, The assighment of Aliquat bands observed in the FTIR

spectra of hydrogels are reported in Table 4.2.

All characteristic peaks of Aliquat 336 are apparent in the PVA/GA and full-IPN
hydrogels, with little shift in wavenumbers, which confirmed that Aliquat 336 was
successfully incorporated into the hydrogels. For instance, bands assigned to v(C-H) from
methyl were observed at 2,924 and 2,855 cm™, and quaternary ammonium at 1,466 and
1,377 cm™. A strong intensity band due to v(O-H) from the water content of Aliquat is
observed at 3359 cm™. In the hydrogels, a significant band due to v(O-H) is now observed
at 3400 cm™, however, although the band is broader than for Aliquat it is not as broad as
similar bands in hydrogels without Aliquat. This is likely due to decreased amounts of free
water in the hydrogel that has been replaced with Aliquat. Another likely reason is the
strong ion-ion interactions between quaternary ammonium cations of Aliquat and
negatively charged carboxyl groups of the polymer. Other significant bands, such as
v(C=0) at 1726 cm™ of carboxylate groups, from the hydrophobic, and hydrophilic
polymer components confirm the successful preparation of the full series of Aliquat
containing hydrogels. A full interpretation of FTIR spectra of PVA/GA and the series of full-
IPN hydrogels (without Aliquat 336) is explained in Chapter 2. The FTIR spectra of all

hydrogels, including Aliquat 336 loaded hydrogels, are included in the Appendix.
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Figure 4.4. FTIR spectra of PVA/GA gel (a), Aliquat 336 (b), and Aliquat 336-PVA/GA gel
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Figure 4.5. FTIR spectra of full-IPN PVA/P(HBA-co-AA) gel (g), Aliquat 336 (h), and
Aliquat 336- full-IPN PVA/ P(HBA-co-AA) gel (i); full-IPN PVA/P(MMA-co-IA) gel (j), Aliquat
336 (k), and Aliquat 336- full-IPN PVA/P(MMA-co-IA) gel (l).
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Table 4.2. Assignment of bands observed in FTIR spectra of PVA/GA and full-IPN hydrogels

containing Aliquat 336.

oy . 1
Hydrogels (with Band position (cm™)

Aliquat) _CHs “NR:R2R3(CHs)
PVA/GA 2924-2855 1464-1378
PVA/PHEMA 2924-2854 1455-1384
PVA/P(HBA-co-AA)  2927-2857 1454-1385
PVA/P(MMA-co-IA)  2925-2956 1454-1383

4.4.3. Water uptake

Aliquat 336 has known hydrophilic characteristics due to the ionic liquid and
polar nature of the quaternary ammonium cation and chloride counter-anion, which
contribute to improved water uptake of the resulting hydrogels?®3. The effect of
Aliquat 336 as a basic carrier on water uptake of PVA/GA and the series of full-IPN
hydrogels was investigated in deionised water at 37°C. The water uptake profile of each

hydrogel is shown in Figure 4.6.

The results of water uptake measurements indicate that all hydrogels showed
significant swelling behaviour with full-IPN hydrogels having a similar capacity (200%),
reaching equilibrium within six h. However, PVA/GA required more time to reach
equilibrium because of the substantial water adsorption capacity (400%); double that of

full-IPN hydrogels.

The results indicate that the difference in water uptake is attributed to the
various polymer matrix components that confer different hydrophilic characteristics and
water uptake ability to the hydrogels. In PVA/GA, the more hydrophilic nature means a
greater affinity for water. The reduced water uptake of full-IPN hydrogels is related to

hydrophobicity of the network and the strong ion-ion interaction between the Aliquat 336
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cation and COO- during the polymerisation process, leading to reduced binding sites for
absorbing water, as well as smaller pore size. Water absorption by PVA/GA and full-IPN
hydrogels loaded with Aliquat 336 followed a similar trend to the carrier free hydrogels.
The water uptake by PVA/GA was relatively high compared to full-IPN PVA/P(HBA-co-AA)
and PVA/P(MMA-co-IA) because of more pendant hydroxyl groups still present on PVA
compared to the full-IPN backbone. However, the full-IPN PVA/PHEMA hydrogel with a

lower amount of GA indicated a similar water content to the PVA/GA gel with Aliquat 336.
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2 200 - PVA/PHEMA gel
Q
© - g Aliquat 336- full-IPN
= 150 A ” PVA/P(HBA-co-AA) gel
100 A Aliquat 336- full-IPN
PVA/P(MMA-co-IA) gel
50 A
0 A T T T 1
0 2 4 6 8
Time (h)

Figure 4.6. Water uptake by hydrogels containing Aliquat 336: PVA/GA and full-IPN
PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA).

4.4.4. Extraction of Naproxen

The effect of incorporating Aliquat 336 as an effective carrier in PVA/GA and full-
IPN hydrogels was studied during extraction and back-extraction experiments using

naproxen as a test solute. The transient extraction profiles for all hydrogels are shown in

Figure 4.8 and 4.9.
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Aliquat 336 needs to be incorporated into the hydrogel to facilitate the extraction
of naproxen through the formation of an ion-pair complex of Aliquat-naproxen. The pKa
of the carboxylic group of AA (4.5)%, IA (pKas1 = 3.85 and pKa, = 5.45)7, and naproxen is
4.2%3* Thus, in a pH 7 phosphate buffer solution, these carboxyl groups are ionised and

naproxen exists as an anion in the feed solution (Figure 4.7).

CH3

CH3
OH o
pH7
+ HO — yo¢ 0 + H;0*
HyC OO 0 ’ g O O
3 \O \O

Figure 4.7. lonization of COOH group to carboxylate ions of naproxen at pH 7 (PBS).

Preliminary extraction experiments of naproxen using hydrogels without Aliquat
were performed, but no extraction was noted. The lack of extraction was attributed to
ionisation of the carboxyl groups of PAA and PIA, and naproxen to COO™ at pH 7. Thus,
naproxen is electrostatically repelled by the ionized polymer groups within the hydrophilic

environment and, consequently, no extraction occurs.

Generally, PVA/GA indicated better extraction than the full-IPN hydrogels that all
had a similar extraction efficiency for naproxen (Table 4.3). The more hydrophobic nature
of full-IPN PVA/P(HBA-co-AA) contributed to the lower extraction efficiency. Conversely,
the better extraction of PVA/GA is attributed to the hydrophilic environment within and
on the surface that provides more carrier-naproxen interaction sites for effective

extraction.

The process of diffusion of naproxen in the hydrogels is initiated by formation of
an ion-pair complex between the carboxylate of deprotonated naproxen anion in the feed
and the quaternary ammonium cation of Aliquat on the hydrogel surface. Other factors
can affect the extraction of naproxen, including the carrier amount, charged sites of

polymers, and hydrophilic-hydrophobic nature of the hydrogel.

The back-extraction was significant less than the extraction ability for all
hydrogels (Table 4.3) with the best back-extraction noted for PVA/GA and full-IPN

PVA/PHEMA. The recovery of naproxen after a complete cycle of extraction and back-
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extraction is an important performance indicator. Expectedly, the combined better
extraction and back-extraction of PVA/GA delivered the best percent recovery of
naproxen. Similar performance was noted for PVA/PHEMA and PVA/P(MMA-co-IA) and

substantially less recovery of naproxen was noted using PVA/P(HBA-co-AA).

Naproxen loaded in the hydrogels is released by dissociation from and
replacement in the ion-pair with chloride from the stripping solution. The low back-
extraction performance is attributed to the strong ion-pair interaction between naproxen
and Aligquat 336. Consequently, this affects ion-exchange of the hydrophobic naproxen
anion with chloride, even at a reasonably high concentration, in the hydrophilic water
environment within the hydrogel. The process of extraction and back-extraction of

naproxen by Aliquat 336 hydrogels is shown in Scheme 4.2.

Permeability of naproxen using the full series of Aliquat 336 hydrogels is reported
in Table 4.3. The permeability results compliment the extraction results, indicating

PVA/GA as the best performing hydrogel.

Nanofiber mats made of PVA have been prepared by electrospinning and used as
carriers for transdermal delivery of non-steroidal anti-inflammatory drugs, including
naproxen (NAP), sodium salicylate (SS), diclofenac sodium (DS), and indomethacin (IND).
The drug delivery performance of nanofiber matts was evaluated by total immersion and
transdermal diffusion using pig skin and compared to PVA cast films. Results from the total
immersion method indicated the total amount of NAP, SS, DS, and IND released from the
nanofiber mats was 98, 97, 76 and 42%, respectively. Whereas, 76, 96, 38, and 30% of
NAP, SS, DS, and IND, respectively, was released from the PVA films?3>,
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Figure 4.8. Extraction and back-extraction profiles of naproxen using Aliquat loaded

hydrogels: PVA/GA (a), full-IPN PVA/PHEMA (b), Conditions: extraction, 125 mg/L

naproxen, pH 7; back-extraction, 1 M NaCl, pH 9.
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(c) Aliquat 336-full-IPN PVA/P(HBA-co-AA)
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Figure 4.9. Extraction and back-extraction profiles of naproxen using Aliquat loaded

hydrogels: full-IPN PVA/P(HBA-co-AA) (c), full-IPN PVA/P(MMA-co-IA) (d), Conditions as
for Fig. 4.8.
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Table 4.3. Permeability and extraction performance indicators for naproxen using

Aliguat 336-PVA/GA and Aliquat 336-full-IPN hydrogels.

Hydrogel Permeability Extraction Back- Recovery
(x107, m?s?) (%) Extraction (%)  Factor (%)

Aliquat 336-PVA/GA 23.4 93 59 55

Aliquat 336-full-IPN 1.59 85 58 50

PVA/PHEMA

Aliquat 336 -full-IPN 2.17 76 32 24

PVA/P(HBA-co-AA)

Aliquat 336 -full-IPN 2.77 83 55 46
PVA/P(MMA-co-IA)
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Scheme 4.2. Extraction and back-extraction process of naproxen using the Aliquat 336-

hydrogels matrix.

4.5. Characterisation of the hydrogels containing Aliquat loaded with

Naproxen
45.1. Infrared analysis

The presence of naproxen in the Aliquat336-PVA/GA and series of full-IPN
hydrogels after extraction, and back-extraction was investigated by FTIR spectroscopy and
the spectra are shown in Figures 4.10 and 4.11. The bands at 1,683, 1,631, and 1,591 cm™
in the spectrum of naproxen are attributed to the skeletal stretching vibration of the
aromatic ring?34. These bands shifted to lower wavenumber when naproxen was absorbed
by the hydrogels, indicating formation of an Aliquat-naproxen ion-pair. The C-H stretching
vibration of the polymer backbone is indicated by a band at 2,923 cm™ that decreased in
intensity for PVA/GA, PVA/PHEMA and PVA/P(MMA-co-lA) after back-extraction of
naproxen. This is evidence of chloride associated with the polymer backbone resulting

from the anion process to exchange naproxen with chloride in the stripping solution.
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However, in the spectrum of PVA/P(HBA-co-AA) after back-extraction, there is little
difference in the intensity of these bands, more naproxen remained in the hydrogel
network — this observation agrees with the result from the extraction study. The

presence of naproxen in the stripping solution was also confirmed by H-NMR.

PVA/GA gel

full-IPN PVA/PHEMA gel
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Figure 4.10. Infrared spectra of naproxen (a), Aliquat 336-PVA/GA gel after extraction of
naproxen (b), Aliquat 336 PVA/GA gel after back-extraction of naproxen (c); naproxen (d),
Aliguat 336 full-IPN PVA/PHEMA after extraction of naproxen (e), and Aliquat 336 full-IPN
PVA/PHEMA after back-extraction of naproxen.

191



full-IPN PVA/P(HBA-co-AA) gel full-IPN PVA/P(MMA-co-IA) gel
g j

1571

4000 3500 3000 2500 2000 1500 1000 2000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ™) Wavenumber (cm™)

Figure 4.11. Infrared spectra of naproxen (g), Aliquat 336 full-IPN PVA/P(HBA-co-AA) gel
after extraction of naproxen (h), Aliquat 336 full-IPN PVA/P(HBA-co-AA) gel after back-
extraction of naproxen (i); naproxen (j), Aliquat 336 full-IPN PVA/P(MMA-co-IA) after
extraction of naproxen (k), and Aliquat 336 full-IPN PVA/P(MMA-co-IA) after back-

extraction of naproxen (l).
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4.5.2. Extraction Kinetics

The kinetics of naproxen extraction using the full series of Aliquat impregnated
hydrogels was investigated to provide further information to identify the best
performance (Figures 4.12 & 4.13). The extraction data was shown to be a good fit by
regression values with a pseudo first-order rate equation. Rate constants (k) were
calculated from plots of In [nap]o/[nap]: versus time and are reported in Table 4.4. As
shown, full-IPN PVA/PHEMA had the best rate and along with PVA/GA these two

hydrogels had significantly better rates compared to the two other hydrogels.

The release kinetics from electrospun PVA mats and PVA cast films loaded with
20 wt% naproxen using a pig skin release method has been investigated. The results
indicated Fickian diffusion with rate constants (k) for drug release from mats and films of
0.021 and 0.023 s respectively?®. Compared to this study, the Aliquat-loaded

hydrogels indicated better rates of naproxen extraction.

Table 4.4. Kinetic parameter for the rate of extraction of naproxen using Aliquat 336

impregnated PVA/GA and full-IPN hydrogels.

Hydrogel k (h) R?

Aliquat 336-PVA/GA 0.267 0.9876
Aliquat 336-PVA/PHEMA 0.282 0.9966
Aliguat 336-PVA/P(HBA-co-AA) 0.179 0.9860
Aliquat 336-PVA/P(MMA-co-IA) 0.164 0.9793
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Figure 4.12. Kinetic plot for extraction of naproxen by Aliquat 336 PVA/GA gel (a), and
Aliguat 336 PVA/PHEMA gel (b). Conditions: extraction, 125 mg/L naproxen, pH 7; back-

extraction, 1 M NaCl, pH 9.
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Figure 4.13. Kinetic plot for extraction of naproxen by Aliquat 336 PVA/P(HBA-co-AA) gel
(c), and Aliquat 336 PVA/P(MMA-co-IA) gel (d).
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4.5.3. Thermal properties

A thermogravimetric analysis (TGA) was used to investigate the effect of
Aliquat 336 on the thermal properties of the full series of hydrogels. The thermograms of
hydrogels after preparation and after use in extraction, and back-extraction experiments
of naproxen are shown in Figures 4.14 and 4.15. In general, the thermograms of hydrogels
after back-extraction of naproxen show better thermal stability compared to the same

hydrogels after preparation.

The Aliquat impregnated hydrogels had substantially better thermal stability at
lower temperatures. This is clearly indicated by a significant 50 °C improvement to 300 °C
before significant weight loss associated with removal of bound water from the network.
In the presence of Aliquat, water is more strongly retained thorough additional hydrogen
bonding with the carrier, not just with polar regions of the polymers. This confers a more
rigid structure by displacing free water from the hydrogel network. The effect is most
obvious for PVA/GA and PVA/PHEMA. Two decomposition stages were clearly observed
in the series of Aliquat 336 hydrogels before adsorption of naproxen (after preparation)
—the first from 50 - 350°C, and the second between 350 - 500°C. Weight loss of Aliquat
at 233 °C is known from TGA investigations of PIMs composed of CTA, bis(2-ethylhexyl)
sebacate (BEHS) and Aliquat 336233,

Significantly, the naproxen released hydrogels experienced weight loss over
three stages of decomposition and had even better initial thermal stability. The first stage,
involving the loss of water, ranged from 50 - 200°C for PVA/GA and full-IPN PVA/PHEMA
and over a reduced range of 50 - 150°C for full-IPN PVA/P(HBA-co-AA) and PVA/P(MMA-
co-lA) hydrogels. The additional thermal stability is attributed to the larger Aliquat-
naproxen ion pair that displaces more free water and confers extra structural rigidity to
the network. The stage of second decomposition ranged from 200 - 350°C for PVA/GA,
and a slightly better upper temperature of 380°C for the full-IPN PVA/PHEMA. However,
an earlier onset of weight loss over the range 150 - 350°C was noted for full-IPN
PVA/P(HBA-co-AA) and PVA/P(MMA-co-IA) hydrogels. This second weight loss is
associated with the decomposition of Aliquat and naproxen within the network. The final
stage of weight loss occurred above 400 °C for all hydrogels and is associated with the

breakdown of the IPN and the decomposition of polymer chains.
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The incorporation of Aliquat within the IPN conferred additional thermal stability
to hydrogels as indicated by TGA investigations. This effect was particularly noticeable for
PVA/GA and full-IPN PVA/HEMA. The improved thermal stability extends the effective
operating temperature range and indicates likely enhanced reusability for applications
involving practical operating temperatures of 50 — 150 °C. Thermal stability was further
enhanced for hydrogels after back-extraction to release naproxen. Improved thermal
stability results from the structural rigidity imposed by carrier impregnation and solute

loading that displaces free water from within the IPN of the hydrogel.
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Figure 4.14. TGA profiles of Aliquat 336-PVA/GA (a) gel after preparation, Aliquat 336
PVA/GA (b) gel after back-extraction of naproxen, and Aliquat 336- full-IPN PVA/PHEMA
(a) gel after preparation, and Aliquat 336 full-IPN PVA/PHEMA (b) gel after back-extraction
of naproxen.
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Figure 4.15. TGA profiles of Aliquat 336-full-IPN PVA/P(HBA-co-AA) (a) gel after
preparation, Aliquat 336-full-IPN PVA/P(HBA-co-AA) gel after back-extraction of naproxen

(b), and Aliquat 336- full-IPN PVA/P(MMA-co-1A) (a) gel after preparation, and Aliquat 336-
full-IPN (PVA/P(MMA-co-IA) (b) gel after back-extraction of naproxen.
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4.5.4. Scanning electron microscopy (SEM)

The surface morphology of the Aliquat 336 impregnated full series of hydrogels
after preparation and after back-extraction of naproxen was investigated by SEM; the
resulting micrographs are shown in Figures 4.16 - 4.17. Previous investigations of similar
hydrogels without Aliquat using SEM were reported in Chapter 2. The results indicated
that hydrogels without Aliquat had a porous structure with the different size of pores
affected by the composition and types of monomers used, and the cross-linking between

polymers within the IPN.

The addition of Aliquat 336 into the hydrogels resulted in distinctly separated
layers on the surface, without the same obvious porous structure observed for similar
hydrogels without Aliquat. Noticeably, the hydrogel composition affected the packing of
layers with close packing apparent for PVA/GA. This indicates addition of Aliquat results
in the micropores being filled with carrier, creating smooth layers on the hydrogel surface.
This is consistent with the known effects of using Aliquat 336 as a component in PIMs
whereby Aliquat acts as a plasticiser between polymer chains, resulting in a homogenous
membrane. Investigations of the surface morphology of PIMs composed of PVC and
Aliquat 336 found that low amounts of Aliquat resulted in dense, thin, and nonporous
membranes?3¢, However, transparent and homogenous membranes with irregular pore
shapes were obtained when an increased amount of Aliquat up to 40% was used. Another
study illustrated that PIMs based on CTA and Aliquat 336 had a nonporous and uniform

structure?33.

The surface morphologies of all the hydrogels with Aliquat 336 were different
after back-extraction. The SEM images of surface PVA/GA, PVA/PHEMA, and PVA/P(MMA-
co-lA) after back-extraction indicate each hydrogel had a different cavity size, whereas no
cavities where readily apparent for PVA/P(HBA-co-AA). In the case of full-IPN
PVA/P[MMA-co-IA) gel, a uniform distribution of pores was observed. In addition, PVA/GA

has a smooth surface, whereas PVA/P(MMA-co-IA) has a rough and irregular surface.

Images of PVA/PHEMA reveal a porous hydrogel consisting of homogeneous
layers across the surface and many small pores after preparation, whereas a range of
mostly larger sized internal pores are revealed after back-extraction. Surface images of

PVA/P(HBA-co-AA) after back-extraction reveal a multi-layered structure. This could be a
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factor in the noted reduced extraction because the multi-layers act to impede the

adsorption and permeation of naproxen.

Surface  morphology studies of hydrogels of poly(2-hydroxyethyl
acrylate/itaconic acid) (P(HEA/IA)) has been reported. Before loading the hydrogels with
oxaprozin (OXA), the surface had a coral-like, wavy texture with microchannels. However,
after loading of OXA within the network, the surface was less wavy because the

microchannels were now filled with OXA°.

The difference in SEM results for the series of hydrogels with and without
naproxen in the current investigation is related to several factors, including hydrophilic
and hydrophobic features, composition of the IPN, and the strong ion-ion interactions
between the quaternary ammonium of Aliquat and negatively charged carboxyl groups of

the polymer.

In summary, the incorporation of Aliquat 336 as basic carrier of anions in the
matrix of PVA/GA and full-IPN hydrogels during preparation produces a surface with
distinctly separated layers, where the micropores are filled with carrier. The SEM images
of similar hydrogels after back-extraction to remove naproxen indicated varied surfaces
with different pore sizes. The PVA/GA, full-IPN PVA/PHEMA, and full-IPN PVA/P(MMA-co-
IA) hydrogels including carrier indicated a more porous structure with homogeneous
surface compared to full-IPN PVA/P(HBA-co-AA) gel. The SEM indication of relative pore
size supports the outcomes from extraction experiments of naproxen, which indicated
PVA/GA, full-IPN PVA/PHEMA and full-IPN PVA/P(MMA-co-IA) had the best extraction

performance.
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Figure 4.16. SEM images of surface of freeze-dried gel samples of Aliquat 336 PVA/GA (a),
full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA)

(d) after preparation.
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Figure 4.17. SEM images of surface of freeze-dried gel samples of Aliquat 336 PVA/GA (a),
full-IPN PVA/PHEMA (b), full-IPN PVA/P(HBA-co-AA) (c), and full-IPN PVA/P(MMA-co-IA)

(d) after back-extraction.
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4.6. Conclusion

In the present study, novel Aliquat 336 hydrogels were prepared from PVA,
2-hydroxyethyl methacrylate (HEMA), 4-hydroxybutyl acrylate (HBA), acrylic acid (AA),
methyl methacrylate (MMA), and itaconic acid (IA) by free radical copolymerisation.
Aliquat 336 as a basic carrier of anions was successfully incorporated in cross-linked
PVA/GA, full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), and full-IPN PVA/P(MMA-co-
IA) hydrogels. The ability of the carrier impregnated hydrogels to function as effective
adsorbents was investigated using naproxen as a test solute. All hydrogels effectively
extracted naproxen, with PVA/GA delivering the best performance as indicated by rate of
extraction and efficiency. The properties of Aliquat loaded hydrogels were compared to
similar non-loaded hydrogels. Thermal stability of the hydrogels over practical operating
temperatures was improved by the presence of entrapped Aliquat and extracted
naproxen. Surface morphology studies revealed that Aliquat hydrogels had smooth
surfaces with small pores and micro-channels filled with Aliquat 336. Improved thermal
stability and surface homogeneity was linked to Aliquat displacing water and promoting a
more regular structure throughout the polymer network. This preliminary study has
demonstrated the ability to incorporate Aliquat 336 as a suitable carrier for naproxen. This
work opens an avenue for further research to explore the use of carrier loaded hydrogels

as extractants for highly mobile organic anions in aqueous environments.
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Chapter 5: Summary and Future Work

5.1. Summary

Hydrogels are a special class of polymers with unique properties that make them
of interest to materials scientists. The ability to absorb large amounts of water make
hydrogels ideal candidates as useful biomaterials for different applications. However, the
high content of absorbed water results in a material with a low mechanical strength.
Despite this limitation, research has focused on preparing hydrogels with stimuli-
responsive characteristics. The preparation of hydrogels that are mechanically robust but
still exhibit rapid diffusion and a high response rate??’ is still a challenge. Hydrogels
prepared as interpenetrating polymer networks (IPNs) have better mechanical stability.
This approach was used to prepare a series of full-IPN hydrogels containing hydrophilic

and hydrophobic polymer components in this research project.

The first study involved the preparation of a number of full-IPN hydrogels based
on poly(vinyl alcohol) (PVA) crosslinked with glutaraldehyde (GA) and using a variety of
different monomers, including 2-hydroxyethyl methacrylate (HEMA), 4-hydroxybutyl
acrylate (HBA), acrylic acid (AA), methyl methacrylate (MMA) and itaconic acid (lA).
Hydrogels were prepared by free radical polymerization of the monomers in the presence
of ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent. The series of hydrogels
included full-IPN PVA/PHEMA, full-IPN PVA/P(HBA-co-AA), and full-IPN PVA/P(MMA-co-

IA). The chemical composition of the hydrogels was investigated by FTIR and ToF-SIMS.

The contribution to thermal stability and responsive characteristics of the
hydrogels from using crosslinked PVA was investigated with 10, 20 or 30 wt% of GA in full-
IPN PVA/PHEMA. Similarly, the effect of the hydrophobic component on hydrogel
properties was investigated by varying the ratio of HBA to AA (14:20, 20:14 & 27:7) in full-
IPN PVA/P(HBA-co-AA), and MMA to AA ratio (10:24, 17:17 & 24:10) in full-IPN
PVA/P(MMA-co-IA). Water uptake and retention, and pH-sensitive behavior of the
hydrogels was investigated. Significantly better water absorption was indicated for
PVA/PHEMA with 10 wt% GA compared to other full-IPN hydrogels. All hydrogels
indicated pH-sensitive behavior due to the polar nature of the pendant polar groups of

the polymers.
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Water retention studies at 30 °C of the series of full-IPN hydrogels with different
amounts of GA and MMA revealed the best water retention at 30 wt% GA and 24 wt%

MMA for PVA/PHEMA, and PVA/P(MMA-co-lA), respectively.

The thermal stability of the hydrogels was investigated by thermogravimetric
analysis (TGA) and revealed that PVA/P(HBA-co-AA) and full-IPN PVA/P(MMA-co-IA) were
more stable than PVA/GA, and PVA/PHEMA. Additionally, full-IPN PVA/PAA had good
thermal stability. The formation of intermolecular hydrogen bonds between COOH groups

of PAA and PIA, and OH groups of PVA is responsible for the improved thermal stability.

Surface morphology of the hydrogels was investigated by scanning electron
microscopy (SEM). A highly porous structure and dense homogeneous surface was
indicated for PVA/GA that indicates a high ability to retain large amounts of water. A
reduced porous nature with smaller pores, however, was revealed for the other
hydrogels, indicating that extensive crosslinking throughout the IPN components
significantly reduces porosity. Full-IPN hydrogels with high amounts of GA, HBA or MMA
had low porosity and smooth surfaces, and the appearance of robust and transparent

films.

The second study in this research involved an investigation of using full-IPNs as
specific adsorbents for copper using Acorga P50 as carrier. The novel adsorbents
incorporated Acorga P50 or Cu (Il)-Acorga P50 complex and were prepared by free radical
polymerization as a series of full-IPN PVA/PHEMA, PVA/P(HBA-co-AA) and PVA/P(MMA-
co-lA) hydrogels. The carrier and Cu (ll)-carrier complex were successfully retained within
the hydrogels after preparation as indicated by FTIR. Weak van der Waals interactions
between the carrier and hydrophobic regions in the hydrogel contribute to the stability of
the hydrogels. The robust nature of the hydrogels was exemplified by the use of 2 M H,SO4
to remove Cu (ll) ions from the hydrogels prepared with copper-carrier complex. The full-
IPN hydrogels were used as adsorbents to remove Cu (Il) from aqueous solutions and the

extraction capacity was compared to single network PVA/GA.

All hydrogels prepared with Cu (Il)-carrier complex had better extraction of Cu (ll)
compared to hydrogels prepared with carrier. The large complex acts as a template during
preparation that produces more free volume and open channels within the hydrogel
network, resulting in better diffusion of Cu (ll). The effects of pH and initial Cu (ll)

concentration on extraction performance was studied using carrier-based hydrogels.
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Maximum extraction efficiency occurred at pH 5 consistent with the pK, of the ionisable
groups. Extraction efficiency and permeability of Cu (IlI) decreased for all hydrogels when

the concentration of the feed increased from 25 to 100 mg/L.

Surface morphology studies of the hydrogels after stripping of copper suggest
the presence of a more open porous structure. This is consistent with the larger template
initially used during preparation. Good thermal stability of the hydrogels over 50 — 100 °C
was noted before extraction, however, after stripping of copper ion using the same
samples, better thermal stability was observed at higher temperatures due to the heat
capacity of copper. Analysis of the extraction data indicated good agreement with first-
order kinetics. Reusability of the carrier loaded PVA/GA and full-IPN hydrogels was
assessed over four consecutive extraction and back-extraction cycles. Results indicated
that complex-loaded hydrogels had better reuse performance and potential as adsorbents

to remove copper ions from aqueous environments.

The third study as part of this research examined the preparation and use of full-
IPN hydrogels prepared with Aliquat 336 as adsorbents for organics. Naproxen was
selected as a representative target solute because it is deprotonated at a pH that is useful
for physiological and environmental studies. Aliquat 336 is a basic carrier for anions and
can form an Aliquat-naproxen ion-pair complex. The successful loading of Aliquat 336 in
the hydrogels was indicated by FTIR. A better extraction rate and efficiency was achieved
by PVA/GA compared to full-IPN hydrogels. Modelling of the extraction data indicated a

good agreement with first-order kinetics.

All Aliquat loaded hydrogels showed a smooth surface with a minimum of small
pores before extraction, whereas after back-extraction a more porous structure was
observed on the surface of all hydrogels except PVA/P(HBA-co-AA). The low porosity is
consistent with the dual chemical nature of Aliquat, whereby it acts as a phase transfer
conduit between hydrophobic and hydrophilic domains in the hydrogel. The higher
porosity is consistent with the better results from extraction experiments. Improved
thermal stability was noted for all hydrogels after back-extraction of Naproxen due to the
Aliquat-naproxen ion-pair providing extra molecular connectivity between polymer

chains.

The results from this research demonstrate that the chemical nature of full-IPN

hydrogels can be utilized to load selective reagents during preparation to achieve good
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extraction with some selectivity of target solutes from aqueous environments. The full-
IPN hydrogels demonstrated good chemical and mechanical stability that might be useful
for extractions under more aggressive reaction conditions, such as prolonged
temperatures at 50 — 60 °C, to achieve better extraction performance compared to
crosslinked PVA/GA hydrogels. Despite the improved stability of full-IPN hydrogels, the
extraction performance, as indicated by permeability and recovery factor, was less than
crosslinked PVA/GA hydrogels. This investigation provides a stimulus to further
investigate the use of full-IPN hydrogels as useful adsorbents for other inorganic and
organic chemicals from aqueous environments for analytical measurements and

remediation purposes.

5.2. Future work

The results from the research reported in this thesis indicate that a reagent to
target specific solutes can be successfully incorporated in full-IPN hydrogels prepared
using a variety of different monomers. The hydrogels can be used as transparent and
robust films in extraction experiments with reuse capability demonstrated over four
extraction cycles. If the hydrogel materials are to be used as adsorbents for small- or large-
scale commercial applications, the robust nature of the material should be further

examined.

Young’s modulus and an ultimate tensile strength test can be used to assess the
mechanical properties of the materials®®® The preparation of fine powders by milling of
freeze-dried hydrogels can also be investigated as a means of increasing the surface area

and extraction performance.

The full-IPN hydrogels used for all experiments in this research were prepared
from PVA as the main hydrophilic polymer. Various other polymers, such as cellulose

triacetate (CTA), could be used to prepare full-IPN hydrogels for investigation.

The use of CTA could improve the mechanical features and water content of the
materials. CTA is used widely to prepare polymer inclusion membranes (PIMs) due to its
abilities to produce thin membranes with good mechanical strength and deliver effective

201

transport of small organic compounds and metal ions®°*. CTA is a polar polymer containing
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acetyl and hydroxy groups that can form intramolecular hydrogen bonds, resulting in a
crystalline structure. The presence of crystalline domains in CTA is responsible for
improved mechanical strength?3®. Physiochemical properties of hydrogels prepared from
PVA or CTA with similar hydrophobic monomers could be assessed to determine whether

CTA provides any beneficial advantages.

Further experiments using Acorga P50 loaded full-IPN hydrogels are needed
using real environmental samples to assess the interference of other chemicals, such as
iron and zinc, on copper extraction. The selectivity for other metals could be examined in
experiments at different pH. The positive results from using Acorga P50 is encouraging.
This indicates the possibility of loading other carriers for particular metals in similar full-
IPN hydrogels. The hydrophobic hydrogel content can be modified by varying the amount

and use of different monomers to achieve effective loading of different carriers.

The results reported using Aliquat 336 loaded full-IPN hydrogels were also
encouraging. However, the back-extraction efficiency of naproxen using 1 M NaCl from
the hydrogels is poor, being only 32 - 43%. Methods to improve the back-extraction need
to be considered, such as using 2 M NaCl to increase the concentration of chloride to
affect the extraction equilibrium to release deprotonated naproxen from the Aliquat-
naproxen ion pair. The use of an ion-pair reagent along with NaCl in the stripping solution
should also be investigated as a means to facilitate the back-extraction of naproxen.
Nevertheless, the promising preliminary results indicate that it would be worthwhile to
broaden the investigation of using Aliquat 336 loaded full-IPNs as adsorbents of other

deprotonated organic and inorganic anions.
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Figure A6. FTIR spectrum of full-IPN PVA/P(HBA-co-AA) gel.
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Figure A7. FTIR spectrum of full-IPN PVA/PIA gel.
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Figure A8. FTIR spectrum of full-IPN PVA/PMMA gel.
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Figure A9. FTIR spectrum of full-IPN PVA/P(MMA-co-IA) gel.
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Figure A13. FTIR spectrum of Aliquat 336-full-IPN PVA/P(MMA-co-IA) gel.
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Figure A14. FTIR spectrum of Cu (Il)-Acorga P50-complex-imprinted-PVA/GA gel.
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Figure A16. FTIR spectrum of Cu (IlI)-Acorga P50-complex-imprinted-full-IPN PVA/P(HBA-
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Figure A17. FTIR spectrum of Cu (Il)-Acorga P50-complex-imprinted-full-IPN
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Figure A18. FTIR spectrum of Acorga P50-imprinted-full-IPN PVA/PHEMA gel.
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