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SUMMARY

Water-swellable rubber (WSR) attracts special interest due to their unique properties that can
provide critical advantages for applications. They can stop water not only by means of elastic
sealing, high resilience and good tensile strength but also by means of swelling in water. These new
functional polymers can expand their volumes up to several hundred times the original by absorbing
surrounding water. The more water absorbed, the higher the expansion force. WSRs were used in
the Euro Tunnel under the straits of Dover and there are some examples in segment tunnel
construction for railways, subways and highways in Japan and recently in China.

The main problem of WSR is that hydrophilic super absorbent resin cannot disperse well in
hydrophobic rubber, so it can break off from rubber matrix easily which may cause weakening
abilities of water-swelling, mechanical properties, long-term water retention, and repeated usage.
These issues have spawned a flurry of research to devise longer lasting of superabsorbent polymers
(SAPs) in WSR, with higher water absorbency (about 3times) and particular emphasis on sealing
applications.

The incompatibility between rubber and SAPs can be mitigated by modifier. By using
compatibilizer and neutralizer the dispersion of hydrophilic phase into the hydrophobic continuous
phase is greatly improved confirmed by SEM, and therefore, migration of super water-absorbent
resin from the rubber matrix dramatically reduced.

Next step basically focused on enhancing mechanical properties of WSR by introducing either
hyperbranched (HB) polymer in poly acrylic acid (PAA) hydrogel or electrospun nanofibers.
Continuous nanofibers with dual nano-macro nature and ability to bridge scales are considered to
provide in situ water channels between SAPs and enhance the mechanical strength at the same time.
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The objective of this thesis was to fabricating novel WSR, manufacture of nanofibers and study the
behaviour of nanofiber reinforced WSR composites. It was shown that PAA, styrene-butadienestyrene (SBS), PAA/SBS and poly vinyl alcohol (PVA) nanofibers manufactured using single
and/or double needle electrospinning technique are excellent candidates for reinforcement purposes.
Based on results, WSR reinforced with PVA and SBS nanofibers possess significant improvements
in tensile strength, elongation at break and toughness of WSR composites.
Chapter 1 provides a general introduction of WSR composites. The classification, background of
study, problem statement, were discussed. The objectives and scopes of the study and significance
of the research were also introduced in Chapter 1.

Chapter 2 provides an overview of previous research on knowledge sharing and intranets in this
area. It introduces the framework for the case study that comprises the main focus of the research
described in this thesis. It is also the summary of the published work in a peer-reviewed journal.
Chapter 3 focuses on the initial investigations of using SAP into the Rubber. Neutralisation and
compatibilization effects on WSR is going to be discussed in this chapter.
Chapter 4 provides a detailed introduction towards the electrospinning of various superabsorbent
nanofibers mats. It presents an outlook about the problems and challenges in electrospun nanofiber
reinforced polymer composites. In next step, electrospun nanofiber mats were added into
conventional WSR and the properties of resultant composite alongside of mechanisms of those
fibers on WSR are also discussed.
Chapter 5 discusses the potential use of nanofibers of PAA and SBS to reinforce WSR composites.
The mechanisms and effects of these nanofiber mats in enhancing the mechanical and water
swelling properties of WSR are investigated here.
Chapter 6 relates to the reinforcement of PAA hydrogel by using HB polymer. The physical and
mechanical properties of the prepared hydrogels were investigated in this chapter.
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Chapter 7 shows the possibility of significant enhancement of WSR in both swelling ability and
mechanical strength by introducing PVA/SBS nanofiber.
Chapter 8 summarizes the thesis, discusses its findings and contributions, points out limitations of
the current work, and also outlines directions for future research.
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1. [OVERVIEW]

Nowadays water shortages are one of the problems which humans are faced due to the rapid
industrialisation and population expansion. Unfortunately, considerable amounts of water are lost
due to leakage. The rate and amount of leaks differ from one country or region to another.
According to data reported by Water Loss Task Force of the International Water Association, the
leakage rate is lowest at about 3% in Germany, but very high in the U. K. at over 20% and Australia
at 12%.

WSR is a new kind of functional rubber with water sealing and water-swelling properties,
which was developed in the 1980s and is currently used to prevent water leakage from pipe or block
connections in constructions. This project will develop a novel, easy-to-fabricate and convenient-touse WSR to improve its ability to prevent water leakage, with high capability and durability,
especially for construction joints and cracks.

1.1 Background of Study
Classical rubbers have been frequently used to prevent water leakage from pipes, block
connections and construction joints. However, they have inherent drawbacks in sealing precision.
WSRs are functional polymers that expand their volumes up to several hundred times the original
by absorbing surrounding water. WSRs possess not only the general properties of rubber, such as
high resilience and good tensile strength, but also water-swellable ability. This functionality
provides the materials with sealing or caulking applications. The more water absorbed, the higher
the expansion force. WSRs were used in the Euro Tunnel under the straits of Dover and there are
1

some examples in segment tunnel construction for railways, subways and highways in Japan and
recently in China. Most recently, they have been used to seal cracks occurring from the earthquake
in Fukushima No. 2 nuclear power plant in Japan.

1.2 Problem Statement
Currently WSRs used have some intrinsic disadvantages, which need to be improved to
advance their applications:
1. Incompatibility between hydrophilic SAP and hydrophobic rubber.
2. Uneven water absorption among SAPs and local stress concentration in rubber matrix.

1.3 Objectives of Study
The specific aims of this research are as follows:
•

To develop novel methods to fabricate WSR with high capacity of water uptake and
manipulate good connection between rubber and SAP particles for applications in sealing.

•

To develop novel methods of overcoming the migration of SAPs while controlling their
mechanical

•

To control the formation of nano-blocks and nano-channels by introducing electrospun
fibers in rubber matrix

•

To characterise water swelling mechanisms of the proposed smart water-leakage sealant.

2

1.4 Scope of the Study
In order to execute the objectives of this research, the activities below were performed:
I.

Sample preparation involved the following parts: (a) Processing of WSR by using
nanofiller reinforcement and (b) electrospinning of nanofiber-enabled water channels

II.

Characterisation of water swelling mechanisms: The capability, durability, aging
properties and uniformity of WSR will be characterised to understand the enhanced
water swelling mechanisms by FESEM.

III.

Mechanical tests: to evaluate the enhanced mechanical properties of WSR, tensile
strength, elongation at break, stiffness and hardness test were performed.

1.5 Significant of Research
The significant of this research is improving the performance of WSR using SAPs and
nanofibers which can enhance the mechanical properties of WSR, while nanofiber-enabled channels
in the rubber matrix allow water to diffuse between isolated hydrophilic SAP phases, achieving
high swelling ability for sealing applications. Therefore, the subsequent chapters in this thesis will
provide a detail description of the development of novel methods to overcome the limitations of
WSR.

3

2. [INTRODUCTION OF WSR COMPOSITE1]

This chapter presents a brief review of the recent progress on WSR in terms of their manufacturing
methods, synthesis, chemical, physical, and mechanical properties and indicates some challenging
problems. To keep the integrity of the knowledge, a brief introduction of WSR has been given
following by discussion of critical issues involved in principle fundamentals. A summary of the
researches on the physical and mechanical behaviour of different kinds of WSR are presented.
Finally, the critical issues and challenges are detailed, and suggestions for potential application have
been made based on the authors' knowledge and experience.

1. This work has been published in Journal of Applied Polymer Science: Nazila Dehbari and
Youhong Tang. "Water swellable rubber composites: An update review from preparation to
properties." Journal of Applied Polymer Science 132.46 (2015) DOI: 10.1002/app.42786.
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2.1 Overview
Polymer blend systems are new kinds of material that have come into wide use in recent
years. The relative ease of mixing, low cost of processing (compared to synthesizing) and novel
properties are the major advantages of developing combined polymer materials [1]. One of the most
industrially multicomponent blends is WSR. WSR is a kind of functional polymer composed of
elastomer with water-absorbent resins. It retains the properties of general rubbers such as high
elasticity, resilience and high toughness. Moreover, with the absorption of water its volume can
expand to more than 1.5 times the original [2]. The most common hydrophobic rubbers used as a
matrix in WSRs are natural rubber, chloroprene rubber, chlorohydrin rubber and silicon rubber
specially room temperature vulcanization silicone rubber (RTV Silicone) which is a type of silicone
rubber made from a two-component system (base plus curing agent, A+B) [3-9]. They are usually
mixed with various water-absorbent materials known as SAPs.

SAP is a kind of hydrophilic polymer (cross-linked hydrogel) having water-absorbing
capacity from 100 up to 2000 g/g, in which the absorbed water is scarcely removable even under
pressure, because the water molecules are held tightly in the network by hydrogen bonding. Using
SAP into rubber will help the water go through its three-dimensional network structures and retain
into the rubber structure which can force it to swell. Some of the common SAPs that are commonly
using by researchers are cross-linked forms of polyacrylate (acrylic acid and acrylamide), polyvinyl
alcohol, poly (ethylene oxide), starch-acrylate copolymer, carboxymethyl cellulose and many other
polymers [9-12]. The degree of swelling and swelling rate of SAPs basically depends on the type of
rubber, the conditions of the water are using for test such as pH, salinity, temperature, pressure and
time of immersing in a solution and also the design of the samples [13].
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The dependency of molecular weights and grafting frequencies on swelling behaviour of
graft copolymers was investigated by Fanta et al [14]. He showed by decreasing the number of
grafted chains of polyacrylonitrile (PAN) and increasing their average molecular weight, swelling
of starch granules will enhanced significantly. In a similar work, he reported that incorporation of
selected co-monomers such as vinylsulfonic acid, acrylic acid (AA), methyl acrylate (MA), methyl
methacrylate (MMA) and styrene has a great influence on water absorbency of the PAN-starch [15].
The first commercial SAP was produced in 1970 through alkaline hydrolysis of starch-gpolyacrylonitrile [2]. Because of their excellent characteristics, SAPs have stimulated considerable
interest in various fields. They were industrialized in the US and Japan in the early 1980s as
hygienic products and to reduce cost. They are now used in a broad range of applications in health,
such as controlled drug delivery, and in agricultural and horticultural applications such water
conservation in soil and soil conditioning [16-19].

Figure 2.1(a) illustrates a typical SAP in dry and water-swollen states. Absorption capacity
(ability of WSR to absorb/incorporate water), absorption rate (the rate of transferring mass/volume
at the interface between the water and composite) and the swollen gel strength are the three main
functional features of SAPs. In the swollen state, however, the mechanical properties of SAPs are
relatively weak. By manipulating the structure of hydrogels, such as by increasing the cross-linking
density, surface treatment of the SAP and incorporation of suitable polymers, the mechanical,
thermal and physical properties of SAPs can be improved [12, 20, 21].
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Figure 2.1 Schematic presentation of (a) SAP chains before and after swelling [12] and (b) sodium
polyacrylate networks [22]

One of the SAPs with most commercial applications is polyacrylate partially neutralized
with sodium hydroxide (NaOH). Sodium atoms in the centre of the molecule are bonded to carbon
chains of acrylate. When the polymer comes into contact with water, the concentration of water
outside the polymer is higher than that inside it, which draws the water molecules into the network
by osmotic pressure formed by the sodium neutralization of the polymer backbone. Due to the
cross-linkages between molecules, the polymer chains cannot straighten and, as a result, the
particles expand into the network, as shown in Figure 2.1(b) [22]. This expansion continues until
the concentration of water is equal within and outside the polymer.

2.2 How does WSR work?
WSR can swell in three dimensions and the swelling rate and capacity are proportional to
the contact surface area. Generally, the two main forces for the polymer swelling mechanism are the
driving force of the solvent into the polymer network and the resistance of the polymer network to
expansion. In a thermodynamically balanced state, these two forces should be equal [23]. For WSR,
SAP particles have an interaction with water molecules via hydrogen bonding, which is one of the
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main driving forces for chains absorbing the water molecules. The water is drawn into the rubber
network to be absorbed by SAPs, however, because of the crosslinks of the elastomer chains,
dispersion of the water is limited and the absorption ability of SAP also been confined, thus a
resistance to expansion develops. This energy disparity manifests itself in an effort to achieve an
energy balance by creating a diffusion gradient between the elastomer and the fluid around it,
resulting in equilibrium [13, 24]. Figure 2.2 shows the schematic drawing of water swelling
mechanism in WSRs. SAP particles inside the cross-linked chains of rubbers (red dots) accelerate
the water penetrating into the rubber chains and become bigger and bigger with time increasing.

Figure 2.2 Schematic illustration of swelling mechanism of WSR (a) SAP particles (red dots)
between cross-linked chains of rubbers, (b) water molecules penetrate to the chains, causing to
increase the volume of SAP, and (c) the network of WSR is extensively swollen

When SAP is introduced into a rubber matrix, the degree and rate of swelling of the rubber
increase. However, prolonged contact with water causes SAPs migrate from the rubber into the
water, so the swellability is ultimately lost, the strength is decreased and the water is polluted. This
migration may be caused by high interfacial tension between phases of immiscible polymer blends
that lead to coarse and unstable morphology of WSR, narrow interfaces and poor physical and
chemical interactions between the phase boundaries. The amount of SAP added into the rubber can

8

notably affect the strength of the final product. Thus, to prevent reducing the strength of the
product, more cross-linking is needed in the remaining elastomer, but on the other hand, a higher
cross-link density makes the WSR more rigid and it resists swelling. It is a very important,
therefore, to find the right balance between rubber and SAP such that the product has excellent
water-absorption property as well as desirable mechanical properties.

2.3 Applications and markets
WSRs have created a wide spectrum of applications which makes them effectively unique
for use in various forms by particular major industries. They can be utilized in oil field applications
as well as mining and civil engineering, for caulking, sealing of gaps in construction works, cold
joints and working joints in concrete, in sewer joints, against slurry walls and in sheet piling
especially with irregular wellbore shapes such as poor hole geometry and corroded casing, for
sealing downholes, preventing water leakage from pipe or block connections, preservation of
airtightness in machinery and apparatus, isolation of open and cased holes, in underground
installations such as culverts, subways and sub-sea tunnels, impounding reservoirs, metros and
retaining dams. One of the advantages of using WSR is that they are re-usable. As an example, for
sealing application, in cold seasons, they can absorb the humidity of environments and swell and fill
the gaps. However, in warm seasons, they can return to their original size and again swell in cold
weather for next time. The most commercialized elastomers currently used are natural rubber (NR),
natural butadiene rubber (NBR), ethylene propylene diene monomer rubber (EPDM), styrenebutadiene rubber (SBR) and Chloroprene Rubber (CR) [13, 25-29]. Many companies currently use
WSR simultaneously as both elastic sealing and water blocking such as Rigzone, Rongwei Rubber,
Hebei Kailong Guyite Rubber, Bekina Compounds, Zaoqiang Dacheng Rubber, Qinghe Xinao
Rubber Seal and Martins Rubber. In terms of global marketing, WSRs are currently used in all over
the world. However, the regions that have been making the most use of WSR are Africa, Asia
(Central and Southern and the Middle East), Europe and North and Latin America.
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Recently, Tendeka company, developed a specific strengthening component to reach a
significantly improvements of performance for WSR in saline solutions at low temperatures. By
optimisation of the conditions of swelling test, they successfully characterized WSR to isolate over
10,000 frac stages to date [30]. Similarly, the Halliburton Company currently uses elastomers that
can swell when exposed to hydrocarbon products, upon exposure to water or a hybrid of oil and
water in a single compound. Their products are made by bonding elastomer systems onto oilfield
tubulars, with metal end rings installed on each end of the rubber element. The end rings assist in
increasing the differential pressure capability and guide the packer when it is run into the hole, They
are also can be used for isolating the unwanted zones and resulted in a huge decrease in water cut
from 25% to 0.3% [31]. In heavy oil wells, WSR can be installed which use steam to heat the
reservoir, causing oil to flow. The high-temperature water swellable packer currently has an upper
operational limit of 575°F (302°C) [32]. The most common types of elastomers were using in this
field includes NBR, Hydrogenated Nitrile Butadiene Rubber (HNBR), NBR/polyvinyl chloride
(PVC), acrylic rubber, co-polymer fluorocarbon (FKM) and terpolymer FKM [33].

2.4 Synthesis and manufacturing process
The properties of WSR depend on two structural parameters: sufficient interfacial tension to
create a small phase for dispersing the ingredients uniformly, and strong interface adhesion to
assimilate stresses and strains without any disruption of the established morphology [34, 35]. These
criteria can be met in different applicable ways such as by increasing the interfacial area by
modifying one or two phases or changing the mixing parameters, to transfer applied stress
effectively between phases. Blending techniques have been used successfully for the past decades in
blend systems to form homogeneous WSRs. Based on the application of WSR, the cost of final
product and the environmental condition for using these kind of composites, the processing method
should be properly selected. For example, for natural rubber (NR) due to the need of high shear rate
to mix the ingredients, the most common process is using 2-roll mill. However, for RTV rubbers
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such as silicon rubbers, casting or using internal mixer is more preferable [2, 4]. Manufacturing
methods can be classified in two major groups, physical and chemical, as detailed in the following
and the brief information about advantages and disadvantages of each method are shown in Table
2.1.

2.4.1 Physical methods
Mechanical dispersion is one of the most common methods for preparing WSR [3]. For
example, internal mixing, Banbury, and two-roll milling are batch mixers. Mixing with an extruder
in continuous mixing is a common method for dispersing SAP (powder or resin) into the rubber. A
vulcanizing agent and a vulcanization accelerator are mixed during the mixing procedure and other
ingredients such as filler, plasticizer, antioxidant or colorants may be incorporated. As in the
conventional method, the mixture is then heated until it becomes fully vulcanized, after which it is
hot pressed by a compression moulding machine in different moulds, depending on its intended
application, to form WSR [5].

2.4.2 Chemical methods
Without the assistance of chemicals, physical methods cannot provide sufficient adhesion
between ingredients due to the marked differences in polarity between rubber and SAP. Therefore,
chemical blending techniques have been used to overcome this problem. Using chemical
modifications such as interpenetrating polymer network (IPN) technology, grafting, and
compatibilizer have been found effective for improving the properties of the final WSR.
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2.4.2.1 IPN technology
IPNs are defined as combinations of two or more networks form polymeric components,
with at least one of the polymers being polymerized and/or cross-linked immediately in the
presence of the other polymer(s). The networks interpenetrate each other without any chemical
bonds. In synthesizing IPNs, two methods of cross-linking are normally used: sequential and
simultaneous, as shown in Figure 2.3 [36]. In sequential cross-linking, an initial mixture consisting
of monomer, cross-linking agent and catalyst/initiator is polymerized to form a network, a second
combination of monomer and cross-linking agent is then added to that network. Causing the first
network to swell, the second network is polymerized within the first network and an IPN will be
formed. Reactive polymer chains with initiator or catalyst can also be used instead of monomers to
synthesize the networks.

In simultaneous IPN, the polymerizing of two networks is done in a single step. Different
monomers or different polymer chains with appropriate cross-linking agents are polymerized
together. The advantage of this process is that the two components are cross-linked by reactions and
will not interfere with one another [37], such as when a condensation reaction occurs polymerizing
one network while the other network is formed by a free radical reaction. Figure 2.4 shows a
schematic mechanism of IPNs. This new technology has become widespread, being used in a
variety of materials with different purposes such as sheet-moulding compounds (SMCs),
membranes, ion-exchange resins, sound damping, dental fillings, artificial joints, tough rubber and
plastic materials, and also WSR. It should be noted that IPN can still be considered an expensive
technology requiring professional experts and it highly evolves chemical wastes.
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Figure 2.3 Two synthetic methods for preparing interpenetrating polymer networks. A, sequential
IPNs, and B, simultaneous IPNs [36]

One of the practical ways to prepare a high performance nanocomposite is using
nanoparticles into polymer matrix by introducing simultaneous interpenetrating polymer network.
For example, simultaneous IPN is developed for polyimide matrix by using PI/POSS with lower
dielectric constant. Enhanced in glass transition temperatures and uniformly embedding of POSS
particles with sizes of approximately 50-60 nm of into polyimide matrices shown by SEM [39]. In
similar study, the graft-mode of simultaneous IPN method were used to obtain the controlled
domains on a nanometre scale between two phases [40]. This method is one of the potential ways to
fabricate WSRs with multi-functionalities introduced by nanoparticles. There are two structure for
IPN networks: open cell and closed cell. Open cell structure is softer and less dense with air pockets
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within the cell structure. Closed cell structure differs in that its cell structure is closed and packed
tightly together making it much denser and hard to the touch. Because it is so rigid, closed cell can
actually improve the structural stability. Based on application both methods can be used, however,
in case of durability (e. g. using WSR in harsh environments), closed cell is more preferable.

Figure 2.4 Schematic mechanism of interpenetrating polymer networks [38]

2.4.2.2 Compatibilizing and grafting
Most polymer blends are immiscible with each other and have inadequate properties for
most end uses. Suitable functional additives called compatibilizers have been employed to improve
the miscibility of polymers. Compatibilizers can be either block or graft copolymers which include
segments of similar structure or solubility parameters to the polymers being mixed (typically at 5-7
wt %). Compatibilizers are used for verification of polymers such as polymer blends, alloys, melts
and solutions [41]. The general principles of compatibilization are reduction the interfacial tension
between two polymers and finer dispersion to stabilize the morphology against high stresses during
the formation and to increase adhesion between the phases [42]. Recently, we report the
compatibilizer (aminopropyltriethoxysilane) and neutralizer (sodium hydroxide) effects on the
conventional poly (acrylic acid) (PAA)/ poly (dimethylsiloxane) water swellable rubbers and find
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that the water swelling ability and durability of the WSR increased by virtue of the synergistic
effects of compatibilizer and neutralizer [43].

Grafting is one of the prime techniques for polymer modification which combine a variety
of functional components in a single material. Chemical and radiation techniques are the most
applicable pathways for performing grafting reactions. Chemical routes are classified in three
groups: (1) Redox reaction in which by using redox reagents, radicals can be generated to form a
polymer and grafting reaction occurs, (2) Living radical formation, which avoids the chain
termination step either by increasing the rate of initiation without changing the rate of propagation
or by eliminating chain termination and transfer reactions. Therefore, polymer chains grow in a
constant rate with similar chain lengths which provides polymers capable to grow whenever an
additional monomer is supplied, (3) Enzymatic technique that expresses the graft reactions can be
featured with assistance of enzymes [44]. However, both compatibilizing and grafting methods are
not cost effective which limits their usage in large scale.

Table 2.1 advantages and disadvantages of physical and chemical methods
Method

Physical
methods

Chemical
methods

Advantages

Disadvantages

•

continuous mixing

•

Insufficient dispersion

•

Easy to process

•

Time consuming

•

Cost effective

•

Relatively Fast method

•

Expensive

•

Improving the miscibility of

•

Evolves chemical wastes

polymer blends
•

Feasible for various kinds of
Polymers

15

2.5. Properties of WSR composites
Depending on different factors, the properties of WSR can be changed. The properties most
often investigated for such materials are water swellability, water expansion rate, mechanical
properties (e.g. tensile and impact results), and morphological characterization of composites.

2.5.1 Effect of mechanical mixing
Processing techniques and mixing parameters can affect the swellability, phase morphology,
distribution and dispersion of SAP into rubber and influence the mechanical properties of the
resultant WSR composites. A comprehensive summary of processing methods for different kinds of
composites of WSRs which have been successfully produced is listed in Table 2.2. In mechanical
mixing, by varying the mixing time, speed and temperature, the properties of WSR composites can
be optimised. For instance, Zhang et al. reported that if the size of SAP grains is within the range of
74-840 mm the dispersion is not homogeneous. After the resultant WSR was immersed in water the
SAPs easily dropped out of the rubber matrix. They suggested that fine SAP powder below 20 mm
gave better dispersion [5]. This can be achieved by increasing the high shear rate during the mixing
process. Figure 2.5 illustrates the importance of choosing an appropriate mechanical method for the
dispersion of SAP into the rubber, with comparison images of samples prepared by (a) Brabender
and (b) two-roll mill.
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Figure 2.5 Micrographs of films of SAP/rubber in ratio 30/100 (a) dispersion from the mixing
chamber of a Brabender and (b) dispersion from a two-roll mill [46]
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Table 2.2 Summary of WSR composites with their corresponding manufacturing methods
Polymer

Other substance

Method

Ref

Chlorohydrin rubber

PVA-g-PBA (compatibilizer);

Grafting

5

(CHR)

Cross-linked polyacrylate (SAP)

CHR

PVA-g-PBA (compatibilizer) Polyethylene

Grafting

7

Grafting

8

Grafting

10

CSP; reactive clay; P(AA-co-BA)/CR

IPN

3

PAA

IPN

45

Internal

9

glycol (PEG) Precipitated silica (PSA)
CHR

Precipitated silica reinforcing filler Crosslinked

sodium

polyacrylate

(CSP);

Poly(ethylene oxide) (PEO)
CHR

PVA-g-PBA and cross-linked
polyacrylate (CPA)

Chlorobutadiene rubber
(CR)

Polydimethylsiloxane
(PDMS)
Natural rubber (NR)

Sodium polyacrylate

mixer
CR

CSP; PEO, PSA

Banbury

1

mixer
NR

PEO-b-PBA; CSP; PSA

Open mill

4

NR

PEO; Trimethylopropane trimethacrylate

Open mill

2

NR

SAP; carbon black (reinforcing

Open mill

27

Open mill

46

Solution

47

agent); TBBS (accelerator)
NR; Chlorobutyl

Polyacrylamide (PAM)

rubber; Ethylene propylene
diene (EPDM)
Styrene Butadiene Rubber

Cellulose Nanocrystals (CNC)

(SBR)
Styrene Butadiene Rubber

Casting
Cellulose Nanocrystals (CNC)

(SBR)

Compression
molding
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2.5.2 Effect of IPN networks
The morphology of immiscible polymer blends is usually unstable due to high interfacial
tension between the phases, which leads to poor physical and chemical interactions across the phase
boundaries. IPNs can control the phase morphology of immiscible polymer blends (like interfacial
agents) by sharing load between the components without transferring stress across the phase
boundaries [3]. This new technology has opened a wide range of variations in the preparation of
WSR which can customize the properties to the specific needs of many different applications. Yoo
et al. prepared PDMS interpenetrating networks of two different molecular weight PDMS, and the
swelling, mechanical property and toughness results proved that the load was effectively transferred
between the networks [48]. It has been proposed that selected combinations of two networks could
provide synergistic performance which could maximize useful properties and minimize unwanted
properties [49]. As an example, Jalili et al. proved that the addition of 20 wt% PAA to PDMS with
IPNs technology produced the dispersed phase as fine particles, resulting in synergistic effects in
the new composites. Their observations are explained with visible morphological changes in
scanning electron microscope (SEM) results, and with changes in swelling properties [45].

Figure 2.6 shows the variation of swelling with time for the IPNs with different PAA
concentrations. This plot exhibits two distinct slopes, with a higher slope at concentrations of PAA
greater than 25%. Abbasi et al. also observed that in the case of IPNs in the solid state, phase
inversion occurred at PAA concentrations of about 60 wt%, but in the swollen state, PAA acted
together with the absorbed water as a single phase [45].
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Figure 2.6 SEM micrographs obtained from cross-sections of (a) (magnification × 7000)
unmodified PDMS, and PDMS/PAA IPNs having a PAA contents of (b) (magnification × 7000) 20
wt%, (c) (magnification × 3000) 20 wt%, (d) (magnification × 7000) 30 wt%, (e) (magnification ×
7000) 40 wt%, (f) (magnification × 7000) 50 wt%, (g) (magnification × 7000) 60 wt% and (h)
swelling behaviour of PDMS/PAA IPNs [45]

The main disadvantage of IPN systems is that, sometimes the polymers interpenetrate to
such an extent and the swelling of SAPs from the rubber matrix will face some difficulties. In
addition due to the lack of an effective interface between non-covalent and covalent systems, IPN
method cannot be an effective method.
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2.5.3 Effect of fillers
Fillers are commonly used to reinforce composites by improving properties such as
hardness, tensile strength, tear resistance and abrasion resistance. Compared to other techniques
currently used to enhance the efficiency of WSR, the use of reinforcement fillers is one of the most
convenient ways to achieve this goal. In WSR, a common reinforcement filler is silica. It is highly
polar due to the existence of numerous silanol groups on its surface which can improve not only the
mechanical properties but also the water-absorbent properties of the WSR [8].

Zhang and co-workers found that when crosslinked polyacrylate (CPA) grains were
dispersed into chlorohydrin rubber (CHR), the SAP grains were isolated from others by a rubber
phase and could not give full play to the water-absorbing ability. However, with the addition of
poly(ethylene glycol) (PEG) into the system, some water-absorbing routes between water-absorbent
grains were built. In other words, the PEG created a bridge between SAPs to transfer the water
among them and make the composite swell. By increasing the PEG content, the number of waterabsorbing routes within rubber was increased and the water-absorption rate was also increased [7].

The amount of filler plays an important role in compatibilizing WSR [4-6]. For example,
Wang et al. found that the optimum range of precipitated silica to improve the water-absorbent properties of
WSR (here CR+CSP) is 10-50 phr. The more silica provides more number of elastically effective
entanglement points and higher the crosslinking density and the crosslinking restriction force, resulting in a
lower degree of swelling [1]. Therefore, with the appropriate amount, the water-absorption properties

and the mechanical properties of composites both increase, but if more compatibilizer is added,
those properties decrease due to a decrement in the size of the cross-linked networks, limiting the
expansion of WSR and its absorption of water and also affecting tensile properties such as
elongation at break and strength at break. Table 2.3 shows the use of different reinforcement fillers
as compatibilizers and the use of coupling agents for improving specific properties of samples.
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Table 2.3 Effect of different kinds of fillers on water swelling ratio and mechanical properties of
WSRs
WSR
CR + CSP
NR

Fillers

WS (%)

PEO 5–30 phr;
Precipitated silica 10–50 phr
PEO 10 phr;
trimethylopropane trimethacrylate:2 phr

550-700
800-500
200(14
days)

350
CR + CSP

NR + CSP

CHR + SAP

CHR + SAP

Reactive clay 30 phr;
30% wt P(AA-co-BA)

Ref
1

TS a=
11.1±0.2
EB a =642 ± 6
TS b =8.0 ±
0.1
EB b=702 ± 6
TS a=7.7

2

3

EB a= 1530
TS b =2.8
EB b=1730

PEO-b-PBA(0.36, 5phr)
precipitated silica
PEG (10–20 phr)
PVA-g-PBA 10 phr
PEG 40 phr
PSA 40 phr
PVA-g-PBA: 10 phr;
(PEG) 40 phr;
precipitated silica 40 phr

1200 (10
days)
568
_
_
_

4
_
5
_
7
_

474
545

CHR + SAP

Precipitated silica 15-50 phr;
(PEO) 10 phr

_

CHR +
cross-linked
CPA

PVA-g-PBA(%340.4 grafting ): 5 phr

5.5 (for 80
hrs)

Carbon black: 10 phr
ZnO: 3 phr
S: 0.5 phr
TBBS: 1 phr

500 (40 phr
SAP for 91
days )

Aminopropyltriethoxysilane: 0.036 g;

250 (40 phr
SAP for
1000 hrs)

NR + SAP

TS and EB

PDMS+SAP
sodium hydroxide: 5 g

TS a= 9.0
EB a =1070
TS b =0.55
EB b=350
TS a= 3.09
EB a =136.27
TS b =0.31
EB b=92.48
TS b ≈3.5
EB b≈580

TS a= 2.29
EB a = 171.5

8

10

27

43

TS b = 0.09
EB b= 66.3

Note: Tensile Strength (TS, MPa) and Elongation at break (EB, %) before (a) and after (b)
swelling
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2.5.4 Effect of grafting
Graft copolymerization can make the blend system more compatible by reducing the
interfacial tension between two phases and increasing the cohesive force between them. Zhang et al.
showed that the properties of polyvinyl alcohol (PVA) were greatly improved by grafting poly
(butyl acrylate) (PBA) with good elasticity due to its long soft side-chains and relatively low glasstransition temperature (-49 °C) onto PVA. At the same time, the branched chains were hydrophobic,
and were used as backbone. PBA can serve between hydrophobic rubber and hydrophilic PVA as an
amphiphilic graft copolymer [5]. As a result, the water-absorption and water swelling abilities are
enhanced. However, when a large amount of graft polymer is added into the mixture, the branched
chains of PBA agglomerate by themselves and form a thin layer of continuous paste which can
obstruct the passage of water molecules through the rubber to reach the SAPs [6]. Thus the amount
of grafted polymer should be optimised to ensure better properties. In a similar experiment, Zhang
et al. found that the incorporation of PVA-g-PBA into chlorohydrin rubber significantly enhanced
not only the water swelling behaviour but also the mechanical properties of WSR before and after
water swelling. The blend consisted of 5 phr PVA-g-PBA with a grafting percentage of 340.4%,
and the tensile strength increased from 1.87 to 3.09 MPa and 0.27 to 0.31 before and after water
swelling, respectively [10].

2.5.5 Other methods
For fabrication of WSR, some other methods which are not as common as above mentioned
techniques can be used. As an example, aqueous suspensions of absorbent polymer are mixed with
rubber to make a homogenous solution. The resulting mixtures are then cast into the glass mould
and placed into oven till solvent is completely evaporated. Furthermore, the resulting WSR films
can be compressed with optimized conditions to obtain non-shrinking, free-standing films for
investigating properties [47]. All the mentioned methods have their own advantages and
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disadvantages. Based on type of rubber, fillers, condition of experiment and the specified
applications, the proper technique should be picked.

2.6 Future of WSR
The main goal of processing WSR is to achieve a high swelling rate in every contact with
water without any drop-out from the rubber, with considerable mechanical strength. One of the
main disadvantages of common WSRs is that the costs involved in their processing for specific
applications are quite high. Complex technologies such as the use of IPNs to improve the properties
can increase the cost of the final product. Therefore, utilization of such technologies on a large scale
is not economical. Moreover, they are not generally reusable, and their disposal after use can impact
on the environment. Based on the research to date, one of the best ways to enhance the swelling
kinetics of WSR is the use of reinforcement fillers which prevent migration of SAP particles from
the rubber to the water phase.

As we have discussed, fillers can modify composite properties such as swelling behaviour,
strength, impact and solvent resistance. However, fillers with low aspect ratios cannot create a
major improvement from the properties of unfilled WSR. When the aspect ratio between the longest
and the shortest dimension of the filler is greater than a certain amount, the filler (known as fiber)
significantly affects the properties of the composite. Electrospinning enables the manufacture of
nanofibers in the form of sheet or membrane-type products with virtually any functional polymer,
using known and established formulations. Meanwhile, considering their length, fibers can act as
routes for the transfer of water between isolated SAP particles within the rubber matrix, increasing
the swellability of WSR. Moreover, with the provision of good bonding between fiber and polymer
components (both rubber and SAP), strength in the fiber direction is significantly increased. By

24

bonding to SAP particles, fibers also prevent the migration of SAP from the rubber, with the result
that better water swellability can be achieved.

Recently, we reported the improved water absorption property and stability of WSR
obtained by using electrospun multi-scaled hybrid fiber mats of crosslinked PAA as water channels,
as shown in Figure 2.7(a) which we are going to discuss about it in chapter 4. Electrospinning of
various superabsorbent fibers with hyperbranched polymer (HB) and/or graphene oxide (GO)
having nano- and submicro-diameter fiber sizes was performed. With hybrid fillers (HB and GO)
added into the PAA, spun fiber mats showed the increased water swelling ability due to the
presence of spider web-like multi-scale structures and enhanced specific surface areas. The spun
fiber mats were added into conventional WSR and the resultant rubber composites showed
enhanced water swelling ability. The electrospun fibers acted as internal multi-scale water channels
to bridge isolated PAA particles wrapped in hydrophobic rubber together and link the internal PAA
with the composite surface to enhance the short- and long-term water swelling ability of rubber
composites [50].

On the other hand, further potential for cost-effective seals using simple methods and
environmentally friendly processes can arise from innovations in manufacture, especially 3D
printing technology and electrospinning methods. Complex technologies such as the use of IPNs to
improve printing technology and electrospinning methods are now being used. One of the potential
ways to improve the characteristics and performance of WSR is electrospinning of rubber and SAP
at the same time, as shown in the probable schematic in Figures 2.7(b) and (c) with SAP and rubber
[51]. In this technique, different types of polymers are electrospinning either multilayering (Figure
2.7(b) or simultaneously together mixed (Figure 2.7(c)) to make a mixed fiber mesh. In
simultaneously mixing process, two different polymers are electrospun from different syringes at
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the same time on the same target collector. In the multilayering system, after the first polymer is
electrospun, the second polymer is sequentially electrospinning on the same collector to form a
hierarchically ordered structure of different kinds of polymer (here SAP/rubber).

The other promising technique is 3D printing (layer-by layer) rubber and SAP together,
inspired by ideas from Compton and Lewis [52] and Tumbleston et al. [53] regarding lightweight
cellular composites and continuous liquid interface production by 3D printing. In order to achieve
controlled composition, geometric shape, function, and complexity 3D printing method is much
effective rather than traditional manufacturing procedures. Moreover, in order to generate
composites (especially immiscible blends such as rubber and SAP) with controlled structure and
adequate physical properties, advanced fabrication techniques are being employed. Hybrid of 3D
printing and electrospinning is a good example of such a technique [54, 55]. This new method can
be further considered to simplify the fabrication of novel WSR composites with value-added
performance by incorporating of 3D printing with electrospinning process, as shown in Figure
2.7(d).
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Figure 2.7 Schematic drawings of (a) electrospinning SAP fibers/mats to rubber layers, (b) multilayering electrospinning of SAP and rubber, (c) co-electrospinning of SAP and rubber and (c)
hybrid 3D printing with electrospinning of rubber and SAP to form WSR composites

2.7 Conclusions
The use of WSR has been investigated in great depth by many researchers during recent
decades. The methods (physical and chemical) used for processing have a huge effect on the
properties of WSR. Indeed, modifications of this new kind of polymer constitute another direction
of development in this area, involving features such as reinforcement fillers, compatibilizers or
coupling agents, with the aim of imparting specific desirable properties. This approach to tailormade materials has been successfully applied to synthetic and natural rubbers. Interfacial interaction
promotes adhesion of hydrophobic rubber to hydrophilic substrate and, as a result, great increments
in water-absorption ratio have been observed relative to unmodified WSRs. We expect that, with
the introduction of hydrophilic fibers into the WSR as internal water channels as well as
reinforcement, greater absorption properties in combination with considerable mechanical strength
should be achieved. With the further development of electrospinning and 3D printing technologies,
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WSR composites with desirable properties can be fabricated in a cost-effective and environmentally
friendly manner.

In next chapter the first step of modification of WSR composite by using a compatibilizer,
and neutralising of PAA and their effects on swelling ratio and also mechanical properties will be
investigated.
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3. [NEUTRALIZATION AND COMPATIBILIZATION EFFECT ON WATER
SWELLABLE RUBBER 1]

The objective of this chapter is preparation novel WSR followed by the modification of rubber
matrix and PAA by using NaOH as a neutralizer and Silane coupling agent as a compatibilizer. The
characterization of WSR has been tested by infrared spectroscopic (FTIR) and scanning electron
microscopy (SEM) and physical and mechanical properties before and after swelling of all
composite have been tested and compared as well.

1. This work has been published in Journal of Materials Science: Nazila Dehbari, Jinchao Zhao,
Rengui Peng, and Youhong Tang. "Neutralisation and compatibilization effects on novel waterswellable rubber composites." Journal of Materials Science 50, no. 15 (2015): 5157-5164. DOI:
10.1007/s10853-015-9052-7
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3.1 Introduction
SAPs have been the subject of much research in recent decades [1]. Due to the presence of a
three-dimensional network, SAPs can absorb and retain a large amount of water increasing in
volume a hundred- or thousand-fold without dissolving in the water. SAPs are used in a variety of
applications such as medicine, sanitary goods, the food industry and agricultural and horticultural
applications [1–6]. Despite the capacity of SAPs to absorb large amounts of water, they do not have
enough gel strength for certain applications. On the other hand, rubber has inherently good
resilience, elasticity and stability but lacks water absorbency. Thus, by mixing SAP and rubber with
an optimised ratio, a new material has been introduced and is known as WSR. WSRs possess the
general properties of rubber, such as high elasticity, resilience and high toughness, but also they can
expand their volume up to 1.5 times the original when in contact with water [7]. Having both water
absorbency and stability, WSRs can be widely used in sealing industries [8].

Among the common elastomer matrixes used in the production of WSRs, such as natural
rubber, chloroprene rubber and chlorohydrin rubber, silicon rubbers, especially poly
(dimethylsiloxane) rubber (PDMS), have more advantages than other elastomers. Its low glass
transition temperature (-125°C), unique flexibility, very low mechanical loss factor, high gas
permeability, high compressibility, usability over a wide temperature range and essentially nontoxic nature [9–11] make PDMS suitable for many varied applications, such as the mechanical
interconnection layer between two silicon wafers, ion selective membranes, accelerometers and
sensor applications[12–15]. The water-absorbent resins include starch, cellulose, poly (ethylene
oxide), poly (acrylic acid) (PAA), poly (vinyl alcohol) and poly (acrylamide). Among these, PAA
displays excellent hydrophilicity with a higher degree of absorption and absorption rate than the
other water-absorbent resins [7, 16, 17]. Mechanical mixing and chemical grafting are two common
methods generally used to prepare WSRs [16]. However, studies [7, 17–19] have shown that SAPs
do not disperse well in rubber due to their different polarity, such that the SAP easily separates from
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the rubber network over a long-period contact with water. As a result, the swelling property, longterm water retention, repeatability and mechanical properties of the rubber are weakened, and no
satisfactory effect can be expected. The present chapter was conducted for the purpose of
overcoming the abovementioned problems. Here, WSR was prepared by the blending of PDMS as a
rubber matrix, PAA as a superabsorbent resin and sodium hydroxide (NaOH) as a neutraliser.
Besides, to improve the interactions between the ingredients, a silane coupling agent served as a
compatibilizer in the blend system. The effects of neutralization and compatibilization on various
properties of the WSR were investigated as well.

3.2 Experiments
3.2.1 Materials and preparation
PDMS was obtained from Sigma-Aldrich, Australia. The formulation consisted of two parts,
part A (a PDMS monomer) and part B (a hardener/curing agent), which were mixed together in a
ratio of 1/1. PAA solution (Sigma-Aldrich, Australia) was used as a SAP. NaOH (Sigma- Aldrich,
Australia) was used to neutralise PAA, and aminopropyltriethoxysilane was used as a silane
coupling agent (KH-550, Sigma-Aldrich, Australia). Different amounts of PAA, NaOH and part A
of PDMS in proper order were mixed together continuously until the mixture reached apparent
homogeneity. PDMS part B was then added to the mixture for curing. Next, the batch was laid up
on a dry and clean glass mould at room temperature for about 4 h. After curing, all WSR films were
cut into samples of 10 × 50 × 1 mm for mechanical testing. Figure 3.1 shows the preparation
procedures of the WSR composite samples. A similar process was used to produce WSR with
compatibilizer KH 550. It was first added to NaOH and PAA and mixed carefully, and the rest of
the experiment was repeated. Table 3.1 provides a summary of the composition of the WSR
composites used in this study.
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Figure 3.1 Schematic of processing WSR
3.3 Characterization
The functional groups of pure rubber (PDMS), pure PAA, modified PAAs and all WSR
composites were investigated by a Fourier transform infrared (FTIR) spectrometer (Perkin-Elmer,
USA). The number of scans was 32, with a resolution of 4 cm-1. The surface morphologies of the
various composites of WSR were inspected by scanning electron microscopy (SEM, Philips
CM200, Netherlands) at 200 kV. To retain the original morphology of the samples, they were
placed in liquid nitrogen for 0.5 h and then were broken down into two pieces and freeze dried
overnight. Finally, in order to improve electric conductivity before characterization, the crosssection areas of all samples were sputter coated with gold.
Table 3.1 Composition of prepared WSR composites
Sample

Composition

1

2.5 gr PAA+ 4 gr Rubber+0.5 gr NaOH

2

3 gr PAA+ 4 gr Rubber+0.5 gr NaOH

3

3.5 gr PAA+ 4 gr Rubber+0.5 gr NaOH

4

4 gr PAA+ 4 gr Rubber+0.5 gr NaOH

5

2.5 gr PAA+ 4 gr Rubber+0.7 gr NaOH

6

2.5 gr PAA+ 4 gr Rubber

7

2.5 gr PAA+ 4 gr Rubber +KH550

8

2.5 gr PAA+ 4 gr Rubber+0.5 gr NaOH+KH550
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Contact angle is a quantitative measure of the wetting of a solid by a liquid. It is defined
geometrically as the angle formed by a liquid at the three-phase boundary where a liquid, gas and
solid intersect. For comparison of the wettability of samples, a drop of deionised (DI) water was
dropped onto a plane solid surface of a WSR sample and an image was taken. The contact angles of
all composites were measured based on the images taken.

The vulcanized strips of WSR were cut into sheets measuring 40× 20 × 1 mm, each of
which was weighed accurately and then immersed into 80.0 g of DI water at room temperature from
1 h to several days. The samples were taken out at specified intervals. To remove excess water from
the surface, the samples were gently blotted with tissue paper before the weight of each swollen
sample was recorded. This process was repeated at several time intervals. The water swelling ratio
was calculated by the formula:
(W2 -W1)/W1*100
where W2 and W1 are the weights of the WSR after a certain immersion period and the initial dry
samples, respectively.

Next, each sample was dried at below 70 °C until it achieved a constant weight. Then the
dried sample was again soaked in DI water at room temperature. At a specified time, it was taken
out, the moisture on the surface was removed and weight of the sample was measured. The second
and third water swelling ratios by weight were calculated using the following formulas:
(W4 -W3)/W3*100
where W3 and W4 are the weights of a sample before and after the second water swelling,
respectively, and
(W5-W4)/W4*100
where W4 and W5 are the weights of a sample before and after the third water swelling,
respectively.
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The stress–strain behaviour of the samples was investigated using a tensile testing machine
(Instron, USA) with a crosshead speed of 50 mm.min-1 and an initial gauge length of 40 mm. The
tensile strength at break (TB) and elongation at break (EB) were then determined based on the
stress–strain curves, at least three samples being tested for each experiment.

3.4 Results and discussion
3.4.1 Molecular interactions in WSR
The functional groups of the WSR composites were investigated by FTIR, and the results
are shown in Figure 3.2, which shows that the FTIR spectra of most of the WSR composites were
similar to those of the PDMS rubber. It is observed that the main absorption peaks of PDMS are
related to its different functional groups of 1259 cm-1 (CH3 symmetric bending in Si–CH3), 1076
and 1018 cm-1 (Si– O–Si) and 798 cm-1 (CH3 rocking in Si–CH3) [20]. For the pure PAA, the peak
centered at 1713 cm-1 was assigned to asymmetric stretching vibrations of –COOH groups,
suggesting that most of the carboxylic acid groups were associated by intramolecular hydrogen
bonding [21]. With the addition of NaOH to PAA during the mixing process, an additional small
band at 1550 cm-1 was attributed to –C=O asymmetric stretching vibrations of –COO- groups,
indicating change in the molecular structure of the PAA chains in the rubber matrix [22]. It is
assumed that, with the neutralization of NaOH, –COOH groups were converted into –COO- Na+
and the broad peak of –C=O (from–COOH) at 1695 cm-1 disappeared. The FTIR spectrum of the
compatibilizer composite of PAA/PDMS with associated NaOH showed a weakened and narrowed
absorption band at 1259 cm-1 which is a characteristic of PDMS, and a new broad peak appeared at
1580 cm-1, which corresponds to the N–H bending vibration of amide groups formed between PAA
and compatibilizer. This change confirms the formation of intermolecular bonds between rubber
and SAP with incorporation of the compatibilizer.
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Figure 3.2 FTIR spectra of poly (acrylic acid), pure PDMS and their composites (refer to
Table 3.1 for explanation of sample numbers)

3.4.2 Water swelling behaviour
Figure 3.3 shows the effect of PAA and NaOH on the WSR composites during soaking.
With increasing soaking time, a slight increase in the swelling ratio of pure PAA in the rubber was
observed to be about 31.5 % (sample 6). This means that the water molecules could only enter to
WSR by means of diffusion and surface sorption and were prevented from being fully absorbed by
the PAA resin inside the rubber. However, with NaOH in the mixture, the absorption ratio for
WSRs (samples 1–5) changed significantly, indicating that water could penetrate the rubber and
transfer between SAPs. As the FTIR results showed (Figure 3.2), the carboxylic groups of PAA
interacted with the –OH group of NaOH. Therefore, partially neutralised PAA could disperse in the
rubber and the swelling ratio increased. The amount of SAP played an important role in the degree
of water absorption of the WSR composites [8].
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With the increase of PAA concentration in the rubber, the swelling ratio increased. By
adding 0.7 g of NaOH into PAA, the water swelling ratio increased compared with more PAA
content added (from 3.0 to 4.0 g). However, the rapidest water absorption and the highest water
swelling ratio of WSR occurred for the mass ratio of 2.5 g PAA and 0.5 g NaOH (sample 2). It may
be assumed that most of the H+ ions of the –COOH groups in the PAA were replaced by Na+ in
NaOH.
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Figure 3.3 Water swellability of WSR composites

Figure 3.4 shows the effect of using compatibilizer with and without NaOH on the water
swelling ratio of WSR. With the use of compatibilizer, the swelling rate accelerated twice. This can
be explained as follows: the compatibilizer has hydrophobic and hydrophilic parts. The –Si part is
compatible with PDMS and the –NH3 groups can react with PAA, which linking the PAA to the
PDMS. Thus, interfacial tension between the two phases decreased (confirmed by characterization
of the contact angles), and the cohesive force between them increased. As a result, the dispersion of
PAA resin in the PDMS was improved and the water absorption abilities were enhanced. It can also
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be seen from Figure 3.4 that, with the addition of NaOH and compatibilizer, the swelling rate
increased sharply. For example, the swelling rate in 1000 h for PAA/rubber (sample 6) was 31.5 %,
whereas for PAA/rubber with compatibilizer (sample 7) the swelling rate was 60.21 %. For
PAA/rubber with NaOH (sample 1), due to effective neutralization, a sharp growth in swelling rate
(246.65 %) was observed and finally, when both compatibilizer and NaOH (sample 8) in proper
portions were used, the increment in water swelling rate reached 503.8 %. These results show that
the combination of neutralisation of PAA and the compatibilization process had a synergetic effect
in the composite.
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Figure 3.4 Water swellability of WSR with and without compatibilizer and NaOH

To investigate the second and third water swelling properties (Q2 and Q3) of WSR, the
optimum WSR was chosen (sample 1: rubber with 2.5 g PAA and 0.5 g NaOH). This composite had
the highest water swelling ratio on the first immersion. As shown in Figure 3.5, the effect of PAA
on water swelling ability on the second immersion was similar to that on the first, indicating that a
large amount of PAA still remained in the rubber and could absorb water. However, compared with
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the first water swelling phenomenon, due to the loss of a small amount of PAA resin, the swelling

Q(%)

rate was marginally lower for each of the second and third immersions in water.
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Figure 3.5 Water swellability of WSR for first, second and third dry swellings for sample 1

3.4.3 Morphological study
Figure 3.6 shows the SEM morphology of the fractured surfaces of WSR with different
composition ratios of SAP and NaOH after 1000 h of soaking in water. In the micrographs, some
spheres can be clearly seen that correspond to the PAA particles. The higher the loading of PAA,
the more the agglomeration appeared in the surface after long immersion in water, as shown in
Figure 3.6 a–e. The interfacial tension between hydrophilic PAA with a polar nature and nonpolar
hydrophobic PDMS was high, and their adhesion was relatively low, indicating uneven distribution
of PAA within the rubber matrix [18]. Figure 3.6 e) reveals that, with the addition of more NaOH,
more PAA was neutralised and therefore less agglomeration was observed. The existence of some
voids and weak boundary layers is probably attributable to incomplete wettability or bonding
between the rubber matrix and the PAA, which may occur during the fabrication process.
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Figure 3.6 SEM micrographs of fractured surfaces of a–e samples 1–5 and f pure rubber after
immersion in water for 1000 h

Figure 3.7 shows SEM micrographs of WSR with various contents of compatibilizer and
NaOH. It can be seen that the compatibilizer is distributed evenly in the interface between PAA
and rubber and no agglomeration is observed. The presence of small cracks on the fractured
surface of samples indicates that, with the use of the compatibilizer, the rubber and PAA were
linked with the –NH3 groups attached to the PAA and the –Si part attached to the PDMS. With
that structure, the adhesion between the PAA and PDMS increased. These cracks could diffuse
the surface tension between matrix and PAA, and, as a result, the PAA did not readily separate
from the rubber matrix.
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Dry samples

swollen samples

Figure 3.7 SEM micrographs of fractured surfaces of sample 6 (SAP/rubber), 7 (SAP/ rubber/
compatibilizer) and 8 (SAP/rubber/ compatibilizer/NaOH) in a dry and b swelling states (after 1000
h of soaking in water)

3.4.4 Contact angle
Figure 3.8 shows images of a water droplet on the surface of PAA, rubber and their
composites after the first minute. As can be seen from the shape of the water droplet for pure PAA
(Figure 3.8 a), the water contact angle decreased significantly during the first second of contact with
water, as expected due to its high hydrophilicity. However, for the pure rubber (Figure 3.8 h), the
water contact angle is much big due to its high hydrophobicity. While for the rest of the composites,
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except sample 6 (PAA/rubber), the contact angles are similar, as shown in Figure 3.9. This means
that the surface tension remains constant for all samples (samples 1–5), if only composition ratio
changes. Without neutraliser, however (sample 6), the contact angle increased dramatically,
indicating that the neutralizer also had the ability to minimise the interfacial tension between PDMS
and PAA.

Figure 3.8 Optical images of water droplets on pure PAA, pure rubber and all composites

Figure 3.9 Effect of using PAA on contact angle of rubber with all composites
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3.4.5 Mechanical properties
The results of tensile measurements such as tensile strength at break (TB) and elongation at
break (EB) of rubber and all investigated composites before and after swelling in water are
summarized together in Table 3.2. With an increase in SAP content, the TB and EB of the rubber
each decreased due to an increase in flaws in the vulcanization of the rubber [8]. With an increase in
the PAA concentration, more flaws in the rubber could be found and TB showed greater reduction.
Moreover, rubber was replaced with a lower elastic material (PAA) that made WSR a brittle
network with interconnections of distinctive domains, and the elongation of the samples showed
considerable reduction. Increasing the duration of immersion caused a decreasing trend in EB and
TB, which is attributed to the swelled hydrophilic components of the WSR composites. In the
swollen samples, water served as a plasticiser and weakened the intermolecular forces between
rubber chains, thus, the higher the amount of swelling, the lower the mechanical strength [17].

The mechanical properties of samples modified with KH550 and NaOH before and after
water swelling. Incorporation of the compatibilizer increased both TB and EB. This is because,
using the compatibilizer, the interfacial tension between the rubber and PAA decreased and the
cohesive force between the two phases increased, reasoning that is supported by the SEM results
(Figure 3.7). With an increase in the immersion time, the mechanical properties of the modified
WSRs showed the same trend for the same reason as those in unmodified samples, that is, decreases
in the mechanical properties due to action of water as a plasticiser.
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Table 3.2 Tensile properties of WSR before and after immersion in water
Sample

Before immersing

100-h immersion

1000-h immersion

TB (MPa)

TB (MPa)

TB (MPa)

EB (%)

EB (%)

EB (%)

Rubber

17.9±0.33

197.8±32.0









1

1.31±0.42

125.9±25.0

1.05±0.18

126.3±25.4

0.46±0.30

112.3±31.0

2

1.11± 0.27

142.8±35.8

0.69±0.20

125.1±24.9

0.48±0.13

114.2±27.0

3

1.61± 0.50

147.7±43.8

1.07±0.26

141.2±30.0

0.25±0.16

103.6±46.0

4

1.14±0.18

144.7±23.5

0.64±0.19

119.1±31.0

0.50±0.19

109.2±23.0

6

6.62±0.07

191.7±18.0

4.42±0.37

161.4±27.0

2.22±0.97

157.42±31.0

7

2.12±0.35

166.6±21.9

1.98±0.39

162.0±30.5

1.61±0.36

166.0±22.0

8

2.29±0.27

171.5±32.6

0.46±0.24

107.0±29.2

0.09±0.42

66.3±27.0

3.5 Conclusions
PAA can react with PDMS by using of NaOH as a neutralizer of PAA and
aminopropyltriethoxysilane as a compatibilizer between PAA and PDMS. A suitable PAA loading
facilitated higher water absorbency but also caused a significant reduction in TB and EB. The use of
a compatibilizer was demonstrated to be an effective solution for mixing immiscible blends of PAA
and PDMS. Modified WSRs produced a markedly greater increase in water absorbency than found
in unmodified WSRs. The mechanical properties before and after water swelling were improved in
the modified samples. Morphological observation of the fracture surface of WSR before and after
water swelling indicated that in compatibilized WSR, the interfacial tension and cohesive force
between the rubber and the SAP decreased and increased, respectively. However, as we discussed
earlier, SAPs won’t disperse well in hydrophobic rubber even by using compatibilizer and
neutralizer, resulting to the poor interfaces to the rubber and therefore, the swelling ability is
ultimately lost. Next chapter represents a method to improve the water absorption properties and
stability of WSR by using electrospun multi-scaled hybrid fiber mats of crosslinked poly (acrylic
acid) (PAA) nanocomposite as water channels. The idea behind this is that the electrospun fibers
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acted as internal multi-scale water channels to bridge isolated PAA particles wrapped in
hydrophobic rubber together and link the internal PAAs with the composite surface to enhance the
short- and long-term water swelling ability of WSR. The effects and mechanisms of those fibers on
enhancing water swelling properties of WSR are discussed.
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4. [ELECTROSPUN MULTI-SCALE HYBRID NANOFIBER/NET WITH
ENHANCED WATER SWELLING ABILITY IN RUBBER COMPOSITES1]

In this chapter a study on electrospinning of various superabsorbent nanofibers of PAA with
hyperbranched polymer (HB) and/or graphene oxide (GO) is carried out. Electrospun mats with
hybrid fillers (HB and GO together) presence a spider web-like multi-scale structures that can
enhance specific surface areas between these two and improve the water swelling ability of the
nanofibers. These hybrid nanofiber mats of crosslinked poly (acrylic acid) (PAA) were then added
to WSR. The effects and mechanisms of nanofibers on enhancing water swelling properties of WSR
are discussed.

1. This work has been published in Materials & Design: Jinchao Zhao, Nazila Dehbari, Wei Han,
Leping Huang, and Youhong Tang. "Electrospun multi-scale hybrid nanofiber/net with enhanced
water swelling ability in rubber composites." Materials & Design 86:14-21 (2015). DOI:
10.1016/j.matdes.2015.07.105
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4.1 Introduction
WSR with high elasticity, resilience, high toughness, and also high water swelling ability are
widely used as sealing material [1, 2]. Synthesis of amphiphilic polymer is an important chemical
modification method for the grafting of hydrophilic chains onto hydrophobic rubber, such as
grafting co-polymerization of N, N-dimethylacrylamide onto natural rubber [3], grafting of
poly(ethy1ene oxide) onto chlorosulphonated polyethylene and poly(ethy1ene oxide) onto butyl
rubber [4, 5], but the chemical method is more complicated and more environmentally unfriendly
than the physical method. In the physical method, common hydrophobic rubbers such as
chloroprene rubber [6], chlorohydrin rubber [7], and natural rubber [8] have been mixed with
various water-absorbent materials such as crosslinked forms of polyacrylate [9], poly(vinyl alcohol)
[10], starch-acrylate copolymer [11] and some other fillers [2]. Water-absorbent materials known as
superabsorbent polymers (SAP), which are kinds of hydrogel with three-dimensional (3D) network
structures, possess a high degree of absorption and absorbing rate, as well as stability. However, as
we observed in chapter 3, hydrophilic super water-absorbent resin do not disperse well in
hydrophobic rubber, having very poor interfaces between them, so that the hydrophilic part can
easily break off from rubber networks [12]. Thus swelling ability is ultimately lost, strength is
remarkably decreased, and water is polluted as well. To overcome these problems, a silica coupling
agent was used as a compatibilizer in our previous work [13] to increase the interactions between
SAP and rubber. Improved swelling and mechanical properties were achieved. However, isolated
SAPs were trapped within the rubber and water could not efficiently transfer between SAP particles
in the rubber.

Previous studies [14, 15] have shown that by using even low nanofiber loadings in rubber
composites, mechanical properties such as Young’s modulus and tensile strength increased greatly.
Because of the hydrophilic nature of the fibers they could act as internal water channels in
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hydrophobic materials for superabsorbent nanocomposites and help to transfer water from the
surface of the rubber matrix to hydrophilic SAP particles as well as between encapsulated SAP
particles in the rubber matrix, enhancing the water swelling ability of WSR composites.

Electrospinning of ultrafine fibers ranging from submicron to nanometre size, with smaller
pores and higher surface area than regular fibers, can be used in an enormous variety of applications
[14, 16, 17]. In 2006, a two-dimensional (2D) spiderweb-like nanofiber/net (NFN) with ultrafine
fiber diameter less than 20 nm was prepared by electrospinning/netting (ESN) [18, 19]. It exhibited
extremely large specific surface area, high porosity, and large stacking density, providing optimal
candidates for applications as sensor materials [20], biomedical wound dressing [21], and other
significant applications [22, 23]. Ding et al. [18] were the first to find a procedure for generating
novel 2D nanowebs in 3D fibrous mats by optimization of various processing parameters during
electrospinning, but multi-scaled hybrid PAA NFN with enhanced properties has not yet been
reported.

The present study is the first to report improved water absorption property and stability of
WSR resulting from the use of electrospun multi-scaled hybrid NFN in 3D fibrous mats of
crosslinked PAA functioning as water channels. Electrospinning of various superabsorbent SAP
(PAA with hyper branched polymer and/or GO) 3D fibrous mats was performed. The effects and
mechanisms of those fibers in enhancing the water swelling properties of WSR are discussed. This
novel water channel system could be an effective method for enhancing the absorption property of
WSR as well as for developing the feasibility of using the electrospun fine fibers in sealing
material.
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4.2 Experiments
4.2.1 Materials and Preparation of PAA and PAA hybrid solutions
Poly (acrylic acid) (PAA, average Mw ~450 000 g∙mol−1), poly (acrylic acid) solution
(average Mw ~250 000 g∙mol−1, 35 wt. % in H2O), ethylene glycol (EG, anhydrous, 99.8%),
hyperbranched bis-MPA polyester-64-hydroxyl (HB), (3-Aminopropyl) triethoxysilane, sulfuric
acid and ethanol were purchased from Sigma Aldrich Australia. Banana skin silicone rubber was
provided by Barnes Products Pty Ltd, Australia. Graphene oxide (GO) was prepared by oxidizing
graphite powder following a modified Hummers method and exfoliation of GO suspensions under
bath ultrasonication [24-26]. All aqueous solutions were prepared using Milli-Q water (18.2
MΩ·cm at 25 oC).

The PAA-EG solution was prepared according to previous work [18, 27]. In detail, 0.96 g
EG was added to 100 g 6 wt% PAA/ethanol solutions as a crosslinking agent with concentration of
16 wt% relative to the PAA. After 24 h of mechanical mixing at ambient temperature, the PAA-EG
electrospun solution was obtained. For the PAA-EG+HB solution, 0.96 g EG as a crosslinking
agent with concentration of 16 wt% relative to the PAA and 0.9 g HB with concentration of 15 wt%
relative to the PAA were added to 100 g 6 wt% PAA/ethanol solution. After 24 h of mechanical
stirring at ambient temperature, the PAA-EG+HB electrospun solution was obtained. For the PAAEG+GO solution, 0.03 g GO was dispersed in 5.97 g ethanol by ultrasonication by a LABEC mrc
sonic-950wt at 950 w for 10 s. The prepared GO/ethanol solution was mixed with 6 g PAA and 88 g
ethanol with GO concentration of 0.5 wt% relative to the PAA. 0.96 g EG was added to the PAAGO solution as a crosslinking agent with concentration of 16 wt% relative to the PAA. The mixture
was ultrasonicated for 30 min, followed by 24 h of mechanical mixing at ambient temperature, and
the PAA-EG+GO electrospun solution was obtained.
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For the PAA-EG+HB+GO solution, 0.03 g GO was dispersed in 5.97 g ethanol by
ultrasonication by a LABEC mrc sonic-950wt at 950 w for 10 s. The prepared GO/ethanol solution
was mixed with 6 g PAA and 88 g ethanol with GO concentration of 0.5 wt% relative to the PAA.
0.96 g EG as a crosslinking agent with concentration of 16 wt% relative to the PAA and 0.9 g HB
with concentration of 15 wt% relative to the PAA were added to 100 g 6 wt% PAA/ethanol
solution. The mixture was ultrasonicated for 30 min, followed by 24 h of mechanical mixing at
ambient temperature, and the PAA-EG+HB+GO electrospun solution was obtained.

Once the electrospun solutions were obtained, sulfuric acid (1 mol∙L−1) was added to the
PAA and PAA hybrid solutions at a concentration of 50 μL∙mL−1 immediately before
electrospinning processing.

4.2.2 Preparation of PAA and PAA hybrid NFN mats
The homogeneous PAA and PAA hybrid solutions were electrospun using an
electrospinning machine (NaBond Technologies TL01, China). The parameters of the machine were
optimized to obtain the best fibers without beads. Taking the PAA-HB-GO solution as an example,
20 mL PAA-EG+HB+GO solution was loaded into a hypodermic syringe (50 mL). A syringe pump
was used to control the flow rate of 1.5 mL/h. The tip-to-collector distance and the applied voltage
between the needle and the collector were set at 10 cm and 15 kV respectively to obtain a steady
state condition. The x-axis moving speed of the needle and the drum speed were set at 3.5 mm/s and
200 rpm respectively to obtain a uniform fiber mat. An exhaust fan and a heater were used to
control the temperature of the chamber at 35 oC, ensuring that the ethanol in the PAA-EG+HB+GO
solution could volatilize at a proper speed. After settling, the PAA-EG+HB+GO solution was
electrospun onto a silicon oil sprayed on aluminium foil that covered the drum. After 3 h
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electrospinning process of the PAA-EG+HB+GO liquid, the freshly made PAA-EG+HB+GO NFN
mats were crosslinked via heat treatment in a vacuum oven at 130 oC and a reduced pressure of 25
in Hg (84.7 kPa) for 30 min, and then cooled to room temperature. Thus 0.04 mm PAAEG+HB+GO NFN mats were obtained. The preparation scheme of an electrospun PAAEG+HB+GO NFN mat is shown in Figure 4.1 as an example.

Figure 4.1 Preparation of electrospun PAA-HB-GO NFN mat

4.2.3 Preparation of PAA hybrid NFN mat enhanced WSR composites
The as-prepared PAA and PAA hybrid NFN mat was added to the PAA/rubber composite to
strengthen the properties of the WSR composites. The composites were prepared through a solution
impregnation technique as shown in Figure 4.2. In detail, 12.5 g PAA was mixed with 2 g EG as a
crosslinking agent, with 0.625 g l and 0.0625 g (3-Aminopropyl)triethoxysilane as compatibilizer.
Then 20 g banana rubber part A was added into the prepared mixture. After 15 min stirring, the
electrospun PAA or PAA hybrid NFN mat with 0.4 g and ~0.04 mm thickness was added, was cut
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into 0.5×5 cm2 strips. Then 20 g banana rubber part B was added and stirred for 10 min. The
mixture was poured into 10×10 cm2 plastic model boxes with 10 g in each. Following 24 h of
curing at ambient temperature, ~15 mm thickness PAA-EG+HB+GO NFN mat/PAA/rubber
composite samples were obtained. For the control experiment, PAA/rubber composite (conventional
WSR) was prepared under the same conditions.

Figure 4.2 Scheme of composites preparation with (a) PAA/rubber composite and (b) PAA-HB-GO
NFN mat/PAA/rubber composites

4.3 Characterizations
FTIR analysis of the hybrid fibers was performed using a PerkinElmer Spectrum 400
spectrometer equipped with an attenuated total reflectance (ATR, top plate type) accessory. Each
sample (~0.1 g, dry) was mounted onto the central crystal of the ATR plate, and air was used as a
background reference before each scan. FTIR spectra were then recorded using 64 scans from 4000
to 550 cm-1 with a resolution of 4 cm-1 in absorbance mode with background subtraction. Raman
spectroscopic analysis of the GO and PAA hybrid NFN mats were performed on an Alpha 300RS
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microscopy/spectroscopy instrument (Witec, Germany) using a 532 nm laser with a maximum
power of <60 mW. Single spectra were recorded at an acquisition time of 10 s.

The surface morphology and the microstructure of all samples were investigated using a
field-emission scanning electron microscope (FEI Inspect F50, US). Thermogravimetric analysis
(TGA) was carried out using Q600 Simultaneous DSC/TG (TA Instruments, US). GO samples were
heated from room temperature to 1000 oC at a rate of 20 oC∙min−1 in nitrogen. The composites were
heated from room temperature to 500 oC at a rate of 20 oC∙min−1 in nitrogen. The surface area and
pore volume were evaluated using nitrogen adsorption-desorption isotherms measured at 77 K on a
TriStar II 3020 Micrometrics apparatus. The Brunauer-Emmett-Teller (BET) specific surface area
was calculated using adsorption data at a relative pressure range of P/P0 = 0.05-0.25. Pore size
distribution was derived from the adsorption branch using the BJH method. The total pore volume
was estimated from the amount adsorbed at a relative pressure (P/P0) of 0.99.

Water absorbency was tested by drying the samples in an oven at 100 °C for 24 h and
weighed as m0, followed by immersing weighed samples in an excess of Milli-Q water (500 mL) at
25 oC for 1 h to reach the swelling equilibrium. The swollen samples was then weighed as m1 until
they were dripless. Subsequently the swollen samples were weighed as mn at regular intervals. The
absorbency was calculated as follows. Reported results represent the average values from five
samples.
(𝑚𝑚𝑛𝑛 − 𝑚𝑚0 )/𝑚𝑚0
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4.4 Results and discussion
The desire for ever-higher specific surface area and porosity has encouraged researchers to
improve electrospinning techniques [28]. In this work, the PAA and PAA hybrid NFN mats were
prepared for high water absorption. The SEM images of PAA-EG, PAA-EG+HB, PAA-EG+GO
and PAA-EG+HB+GO NFN mat are shown in Figure 4.3. The image of the PAA-EG NFN mat
(Figure 4.3(a)) shows an interlinked 1D ultrafine fibrous mat formed from 700-800 nm diameter
fibers with a small number of thinner fibers (< 100 nm) generated among the main fiber mat. With
the addition of HB, spiderweb-like nanowebs were formed between the main electrospun fibers.
Two types of fiber (nano and submicron sizes) arranged in a spiderweb-like structure were obtained
(Figure 4.3(b)). SEM images of the mats showed that this network consisted of thin nanofibers with
diameters of <100 nm and thick submicron fibers with diameters of about 700-800 nm, arranged in
a spiderweb-like structure. Pirjo et al. [29] proved that high viscosity solutions produced substructures composed of smaller fibers between larger smooth fibers, forming the continuous web.
As the profuse -OH groups in HB [30] could react with -COOH groups in the PAA during the
crosslinking process (as proved by FTIR), the formation of a 2D structure in the hybrid mat could
be attributed to the strong interfacial adhesion between HB and the PAA matrix which hinders the
activity of PAA chains and increases the viscosity of the electrospun solution. From the image of
the PAA-EG+GO NFN mat (Figure 4.3(c)), networks also form with the addition of GO. Pant et al.
[31] suggested that the presence of a well-dispersed nano-conductor can increase the number of ions
in the electrospinning solution.

A further increase of ions can initiate the splitting of sub-nanofibers from the main fibers
and solidification with nanoparticles in the form of a spiderweb-like structure during
electrospinning. With further addition of HB into the PAA-EG+GO system the viscosity is
increased, augmenting the splitting of sub-nanofibers from the main fibers in the form of a
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spiderweb-like structure during electrospinning (Figure 4.3(d)) [19, 31, 32]. We assume that the
spiderweb-like structure increases the absorptivity of the fibrous mat due to its net-linked structure
and ever-higher specific surface area and porosity.

Figure 4.3 SEM images of (a) PAA-EG, (b) PAA-EG+HB, (c) PAA-EG+GO and (d) PAAEG+HB+GO fibrous mats

The FTIR spectra of PAA, EG, HB, GO and PAA-EG, PAA-EG+HB, PAA-EG+GO and
PAA-EG+HB+GO hybrid NFN mats are shown in Figure 4.4. In the FTIR spectrum of PAA, the
peaks of O-H stretching of carboxylic group at 3200-3700 cm-1, -C=O stretching of carboxylic
group at 1705 cm-1, -COO− group at 1452 cm-1, C-O stretching intense doublet at 1259 cm-1 are
observed [33]. In the FTIR spectrum of EG, the peaks of O-H stretching of carboxylic group at
3200-3700 cm-1, -CH2- stretching at -2937 cm-1, 2873 cm-1, -C-O(H) stretching at 1000-1260 cm-1
are observed [34]. In the FTIR spectrum of HB, the peaks of O-H stretching at 3200-3700 cm-1, the
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peaks of C=O at 1733 cm-1 and 1459 cm-1 are associated with the symmetric COO- stretching and
H-bonded ester C=O groups, respectively [35]. The peaks of O-C stretching ester groups and C-O(OH) stretching hydroxyl are observed at 1035 and 1131 cm-1, respectively [35]. In the FTIR
spectrum of GO, the peaks of 2500-3400 and 1643 cm-1 are associated with the H-bonded stretching
in C=O groups and C=O stretching, respectively [36].

Figure 4.4 FTIR spectra of 1) PAA, 2) EG, 3) HB, 4) GO, 5) PAA-EG, 6) PAA-EG+HB, 7) PAAEG+GO and 8) PAA-EG-HB+GO

When the PAA is crosslinked with EG, the strong O-H stretching of the carboxylic group at
3200-3700 cm-1 changes to weak C=O stretching of ester at ~3450 cm-1. The peaks of C=O
stretching at ~1720 cm-1 and C-O-C stretching at 1159 cm-1 also indicate the formation of ester. No
significant difference is observed from the FTIR spectra of the PAA-EG, PAA-EG-HB, PAA-EGGO and PAA-EG-HB-GO samples. There is no obvious O-H stretching at 3200-3700 cm-1 in the
spectra of PAA-EG-HB and PAA-EG-HB-GO, due to the cross linkage of the -COOH group in the
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PAA with the profuse -OH groups in HB. In the PAA-EG-GO and PAA-EG-HB-GO samples, only
a small amount (~0.5 wt%) of GO powder was added in the PAA structure and the major peaks of
the GO overlap with those of the PAA-EG sample.

Raman spectra were used to prove the interactions between GO and PAA-EG matrix which
could not be determined by FTIR. The Raman spectra of GO, PAA-EG, PAA-EG+GO and PAAEG+HB+GO are shown in Figure 4.5. From the Raman spectrum of GO, the typical D and G peaks
around 1357 and 1609 cm-1 are derived from sp3 and sp2 carbon domains, respectively [37, 38]. No
obvious Raman scattering is observed in the PAA-EG fibrous mat. But the D and G bands shift to
higher frequencies for the PAA-EG+GO fibrous mat (1361 and 1617 cm-1 respectively) and PAAEG+HB+GO fibrous mat (1361 and 1621 cm-1 respectively). The D/G ratios of GO, PAA-EG+GO
and PAA-EG+HB+GO are 0.87, 1.21 and 1.19, respectively. As the blue-shifted (higher frequency)
G bands reflect the influence of defects, and the intensity ratio of the D and G bands expresses the
sp2/sp3 carbon ratio, a measure of the extent of disorder [39, 40], the blue-shift and the increase of
the intensity ratio of the D and G bands of the PAA-EG+GO and PAA-EG+HB+GO fibrous mats
can be attributed to the formation of covalent bonds between GO and PAA chains [37].
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Figure 4.5 Raman spectra graph of 1) GO, 2) PAA-EG, 3) PAA-EG+GO and 4) PAA-EG+HB+GO

The interactions among PAA-EG, HB and GO were also proved by TGA testing. From
Figure 4.6, two main weight loss regions are found in the PAA-EG and PAA-EG hybrid NFN mats.
The first weight loss region (~150-270 oC) is assigned to the decomposition of the ester bond
between PAA and EG. The significant weight loss in the second region (~270-500 oC) is assigned
to the decomposition of polymer backbone and hydroxyethyl groups [41]. The decomposition
temperatures increase in the order PAA-EG, PAA-EG+HB, PAA-EG+GO, and PAA-EG+HB+GO
hybrid NFN mats, with the same weight loss in each of two main regions. Thus it can be concluded
that the PAA-EG matrix with HB and GO incorporated has improved thermal stability. When HB is
added into the PAA-EG, the profused -OH groups in HB [30] can react with -COOH groups in the
PAA during the crosslinking process (as proved by FTIR), leading to strong interfacial adhesion
between HB and the PAA matrix. The thermal stability of PAA-EG+HB increases because of the
increased likelihood of formation of covalent bonding with the addition of HB. The addition of GO
also increases the decomposition temperature of the PAA-EG matrix due to the confinement effect
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of well-dispersed GO on the mobility of PAA-EG segmental chains [42]. The decomposition
temperature of the PAA-EG+HB+GO is even higher than that of the PAA-EG+HB and PAAEG+GO hybrid NFN mats due to the synergistic effects of GO and HB in the system [42].

Figure 4.6 TGA curves of 1) PAA-EG, 2) PAA-EG+HB, 3) PAA-EG+GO and 4) PAAEG+HB+GO fibrous mats

The specific surface area (SSA) shows a remarkable difference between the PAA and PAA
hybrid NFN mats. The SSAs were 7.03 m2∙g-1 for the PAA-EG and 40.98, 12.87, and 79.27 m2∙g-1
for the PAA-EG+HB, PAA-EG+GO, and PAA-EG+GO+HB, respectively (Table 4.1). This
contributes to the spiderweb-like nanowebs formed between the main electrospun fibers in PAAEG+HB, PAA-EG+GO, PAA-EG +GO+HB hybrid NFN mats (Figure 4.3(b and d)). The addition
of HB and GO is highly effective for inducing the splitting of sub-nanofibers from the main fibers,
which obviously increases the absorptiveness of the fibrous mats.
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Table 4.1 BET specific surface area of PAA and PAA hybrid NFN mats
Sample

PAA-EG

PAA-EG +HB

PAA-EG+GO

PAA-EG+GO+HB

7.03

40.98

12.87

79.27

Specific surface
area (m2∙g-1)

The water absorption properties of PAA-EG, PAA-EG+HB, PAA-EG+GO, and PAA
EG+HB+GO hybrid NFN mats were investigated by immersing the hybrid NFN mats in Milli-Q
water and the results are shown in Figure 4.7. The water absorption of all samples increased with
the increase of time, occurring rapidly at the beginning (0-6 h) (Figure 4.7(a)). The PAA-EG sample
shows a 59.1% increase from its initial weight. With the introduction of HB and GO, the water
absorption capacity of the PAA-EG+HB, PAA-EG+GO, and PAA-EG+HB+GO increased by
72.6%, 66.2%, and 76.6%, respectively, 1.23, 1.12, and 1.30 times higher than that of the PAA-EG
sample. After 24 h immersion, the water absorption of PAA-EG increases slowly, but there is still
obvious increase in the water absorption capacity of the PAA-EG hybrid fibrous mats with
incorporation of HB or GO. The water absorption of the PAA-EG fibrous mat is 121% higher than
its original weight after 48 h immersion. For the hybrid mats, the water absorption of PAA-EG+HB,
PAA-EG+GO, and PAA-EG+HB+GO reaches 158%, 199%, and 208%, 1.31, 1.64, and 1.72 times
higher than that of the PAA-EG sample.

The increased water absorption of the materials incorporating HB and/or GO may be due to
two main reasons. First, the spiderweb structure formed in the hybrid mat with the addition of HB
and GO (Figure 4.7(c)) has a high aspect ratio as proved by BET test (Table 4.1), which can greatly
increase absorption [43]. Second, the increased water absorption of the materials incorporating HB
or GO may be due to the good dispersion of functionalized hydrophilic particles (-OH groups in
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HB, -COOH, and -OH groups in GO) in the PAA structure acting as ‘water channels’ to enhance
water distribution in the hydrogel structure [37, 44].

Figure 4.7 (a) Water absorption properties of PAA-EG, PAA-EG+HB, PAA-EG+GO and PAAEG+HB+GO fibrous mats, (b) Water absorption properties of PAA-EG, PAA-EG+HB, PAAEG+GO and PAA-EG+HB+GO fibrous mats in 6 h, (c) SEM image of PAA-EG+HB+GO fibrous
mat

Application fields based on the use of electrospun fibers have steadily extended in recent
years, now including composite reinforcement, filtration, biomedical applications, protective
clothing, sensors, and so on [45-47]. From the high water absorption capacity of PAA-EG and its
hybrid fibrous mat, the water absorption ability of WSR is further improved by introducing this
fibrous mat as water channels. The current convenient physical mixing method for the preparation
of WSR entails the major problem of phase separation because of the distinction between
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hydrophobic rubber and hydrophilic SAP, such that the two phases in the blend system are not
compatible, the SAP cannot disperse well in rubber and it easily drops out of rubber networks [48,
49]. In this work, the PAA was in-situ crosslinked with EG during the rubber curing process, and
the silica coupling agent was used to improve the dispersion of PAA in the WSR. Multi-scale
hybrid fibrous mats were selected and added into the WSR to further enhance its water swelling
ability. The water absorption of five composites was investigated. As shown in Figure 4.8, the water
absorption of the five samples increased rapidly at the beginning. The conventional WSR (PAAEG) increased 2.96% in 24 h. With the addition of the fibrous mats, the water absorption of
WSR+PAA-EG,

WSR+PAA-EG+HB,

WSR+PAA-EG+GO,

and

WSR+PAA-EG+HB+GO

composites increased 3.31, 3.07, 3.23, and 3.11% respectively, which were higher than that of
original WSR.

The water absorption rates of the composites increased with incorporation of the fibrous
mats. After the 1000 h water immersion test, the water absorption of the five composites reached a
balance value. The conventional WSR and the WSR+PAA-EG+HB+GO composites were ~1.5
times larger than before absorbing water (Figure 4.8(c)). It has been proved that if WSR is
immersed in water, the hydrophilic component within it absorbs water and an expansion force is
exerted. The greater the amount of absorbed water, the higher the expansion forces. When the
expansion force reaches the balance value restriction of the elastomer, an equilibrium of swelling is
achieved [49].
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Figure 4.8 Water absorption ability of five composites in (a) 0-6 h and (b) 0-1800 h, and (c) photos
of the conventional WSR (1) before and (3) after absorbing water for 1000 h, and WSR+PAAEG+HB+GO (2) before and (4) after absorbing water for 1000 h

The water absorption of the original WSR increased 56.84% in 1800 h and the water
absorption of the WSR+PAA-EG, WSR+PAA-EG+HB, WSR+PAA-EG+GO, and WSR+PAAEG+HB+GO composites increased 60.65, 60.79, 62.21, and 65.04% respectively, being 3.81, 3.95,
5.37, and 8.2% higher than that of original WSR. The fibrous mats acting as water channels could
rapidly induce water into the rubber and improve the water absorption due to the high absorption
properties of the composites. Moreover, by bonding to SAP particles, the mats also prevented
migration of SAP from the rubber. As a result, better water swelling ability was achieved, as shown
in the schematics (Figure 4.9).
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Figure 4.9 Schematics of water channel in WSR containing electrospun NFN mat

4.5 Conclusions
Superabsorbent SAP fiber mats with hyperbranched polymer and/or graphene oxide having
multi-scaled structure fibers were electrospun. The mats with fibers of nano- and submicro-diameter
had enhanced water swelling abilities (swelling rate and swelling ratio). When hyperbranched
polymer and graphene oxide were added, the hybrid mats showed synergistic effects on water
swelling ability, due to the formation of spiderweb-like multi-scale structures and increased specific
surface areas. The electrospun fiber mats were added into conventional rubber by simple physical
mixing and the rubber composites showed considerable enhancement of water swelling ability,
mainly due to the water channels built by the multi-scaled fiber mats to link the isolated
superabsorbent particles together within the hydrophobic rubber matrix. The rubber composite
containing hybrid fillers (hyperbranched polymer and graphene oxide) showed the highest water
swelling ability (both short- and long-term) compared to the other rubber composites. The proposed
enhancement mechanisms are illustrated as well. In next stage, highly elastic styrene–butadiene–
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styrene (SBS) nanofibers with high tensile strength seems to be an effective choice to strengthen
mechanical properties of WSR due to its miscibility with rubber.
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5. [ENHANCING WATER SWELLING ABILITY AND MECHANICAL
PROPERTIES OF WATER SWELLABLE RUBBER BY PAA/SBS
NANOFIBER MATS1]

This chapter regards to the experimental work used to improve water swelling ability of WSR as
well as mechanical strength and extensibility. By using double needle electrospinning technique to
nanofiber mats of PAA, SBS and PAA/SBS have been prepared, characterized, tested and then
added to WSR. The mechanisms of the nanofiber mats in enhancing the mechanical and water
swelling properties of WSR are also discussed here.

1. This work has been published in Journal of Applied Polymer Science: Nazila Dehbari, Javad
Tavakoli, Jinchao Zhao, and Youhong Tang. "Enhancing water swelling ability and mechanical
properties of water‐swellable rubber by PAA/SBS nanofiber mats." Journal of Applied Polymer
Science 133, no. 47 (2016) DOI: 10.1002/app.44213.
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5.1 Introduction
WSRs are classified into rubber parts with high resilience, elasticity, toughness and stretchability and water absorption parts with super water absorption ability at the same time [1,2]. In
terms of their ability to absorb and retain water, these kind of new materials are generally used for
sealing applications as well as food and biomedical industries [3-7]. WSRs are normally prepared
by multicomponent blending of a rubber matrix, superabsorbent polymers (SAP) and other
hydrophilic/hydrophobic fillers through physical mixing, mechanical blending or chemical surface
grafting. Chemical methods are less environmental friendly, complicated and expensive in
comparison with other methods [2, 8-11].

Poor WSR’s mechanical property is the major problem that limits their application, while
affected diversely by swelling stability. With regard to the high hydrophilic polar characterization
of SAPs, which is in contrast with the hydrophobic nonpolar properties of the rubber, SAP
particles’ aggregation as well as poor interface property and nonhomogeneous dispersion, often lead
to remarkable poor mechanical properties, instability of water-swelling characterization and longterm water retention [1, 9, 12, 13]. Therefore, miscibility of SAP and rubber, with respect to
promote mechanical properties, needs to be improved.

Introducing a compatibilizer is one of the immediate effective methods to enhance
dispersion of two immiscible components that can react with both hydrophobic rubber matrix and
hydrophilic SAPs [14]. In our previous research it was shown that using (3-aminopropyl)triethoxysilane as a compatibilizer has a great impact on physical properties of WSR composites
[15]. However, trapped SAPs within the rubber matrix had remained isolated. In previous chapter,
with further experiments, we observed that poly (acrylic acid) (PAA) nanofibers in WSR
composites were able to produce feasible connections between SAPs known as water channel [16],
hence water had transferred between SAPs efficiently. Furthermore, introducing nanofibers/mats
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into WSR composites shows a significant improvement in mechanical properties of WSR that
depends on nanofibers types [17-20]. Among nanofibers, highly elastic poly (styrene-butadienestyrene) (SBS) nanofibers with high tensile strength are known to be a good choice for WSRs’
mechanical properties enhancement [21-24]. It seems that hydrophobic properties of rubber matrix
and SBS nanofibers leads to appropriate composite’s constituents miscibility and results in a better
stress distribution.

Herein, contribution of SBS and PAA nanofibers, produced by double needle
electrospinning method, on mechanical and swelling properties improvement of WSRs composites
was investigated. The aim of this chapter was two folds: firstly, to understand how WSRs’
mechanical properties may subjected to changes by introducing different types of nanofibers (PAA,
SBS and PAA/SBS). The second, an investigation into the role of those nanofibers on swelling
properties (first and second swelling) of WSR composites.

5.2 Experiments
5.2.1 Materials and Sample preparation
Poly acrylic acid particles (PAA, average Mw ~450 000 g∙mol−1), poly (acrylic acid)
solution (average Mw ~250 000 g∙mol−1), ethylene glycol (EG) (anhydrous, 99.8%), sulfuric acid,
dimethylformamide (DMF), tetrahydrofuran (THF), (3-Aminopropyl)-triethoxysilane used as a
compatibilizer were purchased from Sigma Aldrich. Styrene-butadiene-styrene triblock copolymer
(SBS) granules is supplied by ueyang Bailing Huaxing Chemicals Co., Ltd. (Yueyang, China)
(average Mw ~300,000 g/mol), and banana skin silicone rubber was purchased from Barnes
products Pty Ltd, Australia. All chemicals used without any purification. All aqueous solutions
were prepared using Milli-Q water at 25 oC.
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The PAA solution was prepared according to previous work [25, 26]. For the SBS solution,
12 g of SBS was dissolved in the mixed solution of 13.67 g DMF and 41 g of THF with stirring.
Solution electrospinning was performed by a fully automatic equipment (NaBond Technologies
TL01, China) consisting of a syringe-flat tip needle and a high voltage supply. In order to obtain the
best nanofibers without beads, PAA and SBS solutions were electrospun with two needles at the
voltage of 15 KV, feeding rate of 1.5 mLh-1 on the aluminium foil covered cylindrical collector with
tip-to-collector distance of 10 cm. The x-axis moving speed of the needle and the drum speed were
set at 3.5 mm/s and 200 rpm respectively. The whole electrospinning process lasted for about 2 hrs
for both solutions.

The obtained PAA and SBS nanofibers used in the WSR composite to strengthen its
physical and mechanical properties. The composites were prepared through a solution impregnation
technique as shown in Figure 5.1. In detail, 12.5 g PAA was mixed with 2 g EG (crosslinking
agent), with 0.625 g sulfuric acid (dehydration agent) and 0.0625 g (3-aminopropyl)-triethoxysilane
(compatibilizer) before addition to 20 g of rubber’s part A. final mixture was prepared by adding 20
g of rubber’s part B to solution while stirring for 10 min before moulding. Prepared PAA, SBS and
PAA/SBS nanofibers with thickness of 0.04 mm with different ratio cut into 0.5×5 cm2 strips were
added to the final solution. The ratio of PAA nanofibers were kept constant in all composites to
investigate the role of SBS nanofibers inside the composite (1% wt PAA nanofiber and 2% wt
PAA/SBS nanofiber, respectively). Following 24 hrs of curing at ambient temperature, WSR
composites consisting PAA, SBS and PAA/SBS nanofiber were obtained. For the control
experiment, conventional WSR composite was prepared under the same conditions.
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Figure 5.1 Steps of preparation of WSR enhanced with PAA/SBS nanofiber mats (a) the
electrospinning machine with two needles setting, (b) the SEM image of the PAA/SBS nanofibers,
(c) mixing of PAA/SBS nanofibers with WSR, and (d) the cured composite of WSR+PAA/SBS
nanofibers

5.2.2 Characterizations
The surface morphology and distribution of the electrospun PAA and SBS nanofibers and
all composite samples before and after swelling were characterized using scanning electron
microscopy (FEI Inspect F50, US). Prior of using SEM, the K575X sputter coater was used for
deposition of a very thin platinum film (~2 nm) on the surface of all samples. The average diameter
of nanofibers obtained from SEM was measured by an image J software and compared with
diameter of nanofibers inside the composite before and after swelling for further investigation. The
surface wettability, surface tension and contact angle measurements of nanofibers and all
composites were carried out with a Sinterface machine. The mechanical properties including,
elongation at breaking point, ultimate strength and extensibility of nanofibers and composites
before and after immersing in water were measured by Instron (USA). All reported mechanical
results represent average values from three samples with the same dimensions, the force-stretch
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curves are reported due to the large deformation occurred in the samples. Swelling behaviours of
WSR composites were tested by measuring the initial weight of the dry samples (m0) and
subsequently after they were immersed in Milli-Q water (500 mL) at 25 °C from 1 hr to several
days. The swollen sample was then weighed at regular intervals (m1). The reported results represent
the average values from three samples. Before measuring the weight of the swollen samples, the
excess surface water was removed by filter papers. The swelling ratio was calculated using the
following equation:
𝑚𝑚1 − 𝑚𝑚0
× 100
𝑚𝑚0
To investigate the effect of PAA nanofibers inside WSR matrix, repeating swelling test was
also performed. Each sample was dried at 70 °C until it achieved a constant weight. Then, they were
again immersed in water at room temperature. At a specified time, they were taken out and the
excess moisture on the surface was removed. The swelling ratio was calculated using the following
equation:
𝑚𝑚3 − 𝑚𝑚2
× 100
𝑚𝑚2
where, m2 and m3 were the weights of a sample before and after the second water swelling,
respectively. To make sure ultrafine PAA nanofibers remained into composites after swelling
experiment, all samples are dried, weighted, and compared with initial weight.

5.3 Results and discussion
5.3.1 Morphology
SEM images of PAA, SBS, and PAA/SBS nanofiber mats and WSR including PAA/SBS
nanofibers (WSR+PAA/SBS) before and after swelling are shown in Figure 5.2. The average
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diameter of PAA and SBS is about 0.65 and 0.96 µm, respectively (Figure 5.2 a and b). The image
of the PAA/SBS nanofiber mat (Figure 5.2 c) indicates that an interlinked structure composed of
SBS and PAA nanofiber mats was prepared. The use of double needle electrospinning was effective
for creating an entangled network consisting of two different types of fiber with sizes ranging from
submicron to nanometre. Arrangement of these fibers resulted in the formation of a spider web-like
structure [27–29] that increased the hydrophilicity and specific surface area while also affecting
porosity. Figure 5.2 d) shows a WSR composite with randomly distributed PAA/SBS nanofibers in
the dry state. After immersion in water, PAA nanofibers showed a slight increase in diameter (0.93
µm in average) and an increase in their tendency to take up water. Unsurprisingly, the size of SBS
nanofibers that were embedded in rubber matrix remained unchanged form that of SBS nanofibers
in the dry state.
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Figure 5.2 SEM micrographs of (a) PAA nanofibers with average diameter of 0.65 lm (solid orange
arrows), (b) SBS nanofibers with average diameter of 0.95 µm (dashed blue arrows), (c) PAA/SBS
nanofibers with some spider web-like structures (solid green arrows), and WSR+PAA/SBS
composites (d) before and (e) after swelling, the bold channels representing PAA nanofibers that
have absorbed water (solid orange arrows)

5.3.2 Contact angle of nanofiber mats
As was shown in Figure 5.3, the surface hydrophilicity of the SBS nanofiber mat (Figure 5.3
a) is very different from that of the PAA/SBS nanofiber mat (Figure 5.3 b). A significant decrease
in contact angle in the PAA/SBS nanofiber mat, from 117° in Figure 5.3 a) to 73° in Figure 5.3 b)
after a drop of water has been put on the surface for 30 s, indicates that the addition of PAA
nanofibers to SBS nanofibers increased surface hydrophilicity. Therefore, enhancement of the
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hydrophilicity of SBS nanofibers may change the bulk properties while increasing the water uptake
capability of the WSR+PAA/SBS composite.

Figure 5.3 Contact angle images of (a) SBS nanofiber mat and (b) PAA/SBS nanofiber mat 30 s
after a drop of water was put on the surface

5.3.3 Mechanical properties of nanofiber mats and composites
Figure 5.4 shows the mechanical behaviours of PAA, SBS, and PAA/SBS nanofibers in the
dry state. The average elongation as well as average force at the breaking point are significantly
enhanced in the PAA/SBS nanofiber mats in comparison with the PAA nanofiber mats. The
mechanical contribution of super-elastic SBS nanofibers to the brittle PAA nanofiber structureshown in SEM images to be like spider web networks with mechanical interlocking between two
types of nanofibers-resulted in a better distribution of stress across the mats. This led to 15 and 7
times greater stretchability and breaking force for SBS/PAA nanofiber mats, compared to the values
found for PAA nanofiber mats, respectively.
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Figure 5.4 Force-stretch curves of PAA, SBS and PAA/SBS nanofiber mats

Figure 5.5 shows the load–stretch curves of composites with PAA, SBS, and PAA/SBS
nanofiber mats before and after immersion in water for 1 week. A similar trend for WSR+PAA,
WSR/SBS and WSR+PAA/SBS nanofiber composites was observed when compared to the trends
of the nanofibers alone. In Figure 5.5 a), it can be seen that the breaking force of WSR with PAA
nanofibers at the specific elongation of 20 mm increases from 4.0 N (for the conventional WSR
composite) to 7.5 N. With the introduction of PAA nanofibers into WSR, however, the elongation
at break decreases from 50 to 20 mm. The addition of SBS nanofiber mats to the WSR composite
enhances the mechanical properties markedly from those in the dry state. Both force and elongation
to break for WSR+SBS composite reaches the maximum value, i.e., 35 N and 60 mm. However, the
WSR+SBS composite does not display enhanced water-swellable ability, due to the hydrophobic
characteristic of SBS. For the WSR+PAA/SBS nanofiber composite, the breaking force was twice
as high as that of WSR alone, with a slight decrease in stretchability.
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Figure 5.5 b) shows the mechanical properties of WSR with PAA, SBS and PAA/SBS
nanofiber mats after immersing in water for 1 week. As it is appeared swelling has adverse effect on
mechanical properties of WSR composites, as the elongation and force at breaking point decrease
for all samples with respect to the dry state. Mechanical properties of WSR+PAA nanofiber mats
and WSR+SBS nanofiber mats decrease by about 20% to 30% compared with that of WSR,
however, by introducing SBS/PAA nanofiber mats into WSR, it smooths such a decrease to less
than 5%.

Figure 5.5 Force-stretch curves of composites with PAA, SBS and PAA/SBS nanofibers before (a)
and (b) after immersing in water
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Mechanical properties of PAA, SBS and PAA/SBS reinforced WSR composites before and
after swelling are summarised in Table 5.1.
Table 5.1 Mechanical properties of PAA, SBS and PAA/SBS reinforced WSR composites
Sample

Elongation at break (mm)
Breaking force (N)
Elongation at break (mm)
Breaking force (N)

WSR+PAA WSR+SBS
nanofiber
nanofiber
Before swelling
20
60
7.5
35
After swelling
15
44
5.8
30

WSR+PAA/SBS
nanofiber
40
15
37
13

5.3.4 Swelling ratio of composites
The water absorption properties of samples for first and second swellings in water are shown
in Figures 5.6 and 5.7. As we can see, initial swelling ratio of all composites for both first and
second immersions in water was extremely high. In later stage, increasing of swelling ratio as a
function of time become slower than that of the initial stage [30-31]. However, they did not reach to
an equilibrium state after 650 hrs for both first and second immersing in water as shown in Figure
5.6.

The swelling properties of WSR improved with incorporation of PAA and PAA/SBS
nanofiber mats into WSR (Figure 5.6 a). PAA constituent of PAA/SBS nanofiber mats plays an
important role on absorbing water from the surface into the bulk by introducing water channels in
the WSR composite.

This is consistent with our previous results [16]. As it was reported in Figure 5.6 b), all
samples exhibit less swelling ratio in second swelling after 650 hrs, however, WSR+ PAA/SBS
nanofiber mats composite experiences greater swelling ratio (about 40% ) at initial stage of swelling
(first 6 hrs) for second swelling in comparison with that of the first swelling, as shown in Figure
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5.7. Introducing of SBS/PAA nanofiber mats into WSR have great effect on second swelling at
nano-level by increasing hydrophilicity of the bulk and surface of WSR. On the other hand, it is
most probable to assume that those nanofibers may randomly connect SAPs to each other that lead
to increasing swelling ratio in second swelling. The conventional WSR shows the same trend and
amount of swelling ratio in both first and second swelling tests, so by introducing PAA/SBS
nanofiber mats into WSR, water absorption rate in the initial stage has been enhanced especially in
the repeated swelling periods.
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Figure 5.6 Water swellability of composites in (a) first and (b) second swellings to 650 hrs
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Figure 5.7 Water swellability of composites at (a) 1st and (b) 2nd absorbing periods for the first 6 hrs

5.4 Mechanisms of enhanced swelling ratio and mechanical properties
The mechanical properties and swelling ratio of the WSR composites were significantly
enhanced by the introduction of PAA/SBS nanofiber mats. Figure 5.8 depicts the proposed
mechanism of nanofibers within the rubber after immersion in water, which was observed by SEM.
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The PAA and SBS nanofibers in the PAA/SBS nanofiber mats entangled mechanically with each
other to provide a spider web network within the matrix. These networks could act as the internal
reinforcements to enhance the mechanical properties of WSR (similar to the enhancement in fiberreinforced composites) even after the water absorption. Meanwhile, during the early stage of
swelling those networks could induce water into the rubber more quickly and make random
interconnections among discontinuous SAP particles. Therefore, the transfer of water from the
surface to the bulk of the composite and between isolated SAPs trapped by the rubber matrix could
occur more quickly than in conventional WSR, as shown in Figure 5.2 e. As a result, excellent
water swelling ability and mechanical properties were achieved.

Figure 5.8 SEM images show the proposed mechanism of WSR containing PAA and SBS nanofiber
mats after swelling (Dashed arrows with blue colour pointing SBS nanofibers)
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5.5 Conclusions
In this chapter, electrospun nanofibers of PAA, SBS, and PAA/SBS were prepared by the
electrospinning method. The resultant nanofibers were introduced to enhance the mechanical
properties and water swellability of conventional WSR. In SEM images of PAA/SBS nanofiber
mats, some spider web networks were observed with physical entanglements between nanofibers of
PAA and SBS. The PAA constituent of PAA/SBS nanofiber mats could enhance the water
absorption of the composite, while the mechanical properties of the WSR composite were improved
by SBS nanofiber mats. The proposed mechanism was illustrated. The other possible solutions to
enhance the mechanical properties of WSR, is first manipulating SAP structure (here PAA) by
adding reinforcement agent to the original recipe during fabrication. In next chapter, the whole idea
will be explained. The second idea is replacing PAA nanofiber with PVA nanofiber to enhance both
swelling ability and mechanical properties at the same time which will be discussed in chapter 7.
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6. [IN SITU POLYMERIZED HYPERBRANCHED POLYMER
REINFORCED POLY (ACRYLIC ACID) HYDROGELS1]

One of the treatments to enhance performance characteristics of the SAPs (especially in terms of
mechanical stability), is using reinforcement agent. In this chapter by in situ polymerization of
hyperbranched polymer with acrylic acid monomers, the physical and mechanical properties of
PAA hydrogel is evaluated. By the incorporation of HB into the PAA hydrogels, the mechanical
test results shows a significant enhancement, alongside with simultaneous increase of water uptake
capability.

1. This work has been published in Materials Chemistry Frontiers: Nazila Dehbari, Javad
Tavakoli, Simranjeet Singh Khatrao, Youhong Tang” In situ polymerized hyperbranched
polymer reinforced poly (acrylic acid) hydrogels”. Materials Chemistry Frontiers, 2017.
DOI:10.1039/C7QM00028F
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6.1 Introduction
As we discussed in Chapter 5, the potential use of poly (acrylic acid) (PAA) and styrene–
butadiene–styrene (SBS) triblock copolymer nanofibers to reinforce composites was investigated.
To overcome the low mechanical strength of PAA, there are several feasible ways. Here, we mainly
focused on reinforcing SAP hydrogel structures. Hydrogels are three-dimensional cross-linked,
water-swollen and hydrophilic polymer whose properties are highly dependent on environmental
conditions [1-3]. As an enviro-sensitive material, hydrogels have been widely used for industrial
and biomedical applications due to their unique structure and capabilities [4-6]. The properties of a
specific hydrogel are extremely important in selecting which materials are suitable for a given
application. The suitability of a hydrogel for a given application depends on the mechanical
properties that are affected by environmental conditions such as temperature, pH level and ionic
strength, both magnetic and electric field as well as the monomer type and crosslinking agents [79].

Among various types of hydrogels, poly acrylate polymers such as poly acrylic acid (PAA)
with distinctive absorptivity properties have most versatile structure to enhance their practical utility
in everyday life such as filtration, water remediation, diapers and hygiene products, cosmetics,
wound dressings, medical waste solidification and metal ion removal [10-14]. During extensive
studies that have been performed on evaluation of different properties of PAA hydrogels, such as
swelling [15], adhesion [16], diffusion [17], physico-chemical [18] and mechanical [19], it was
revealed that the most concerning issue about this type of hydrogels is their poor mechanical
properties [11, 20-22]. Poor mechanical properties of PAA hydrogels, which is extremely relates to
their subsequence to large swelling volume change, count as a great weakness in adopting for hightech applications and has limited their specific applications [23, 24]. Typically, PAA hydrogels
exhibit low young modulus (< 200 KPa), low fracture energy (, 20 Jm-2) and possess low tensile
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strength (< 0.2 MPa) [25, 26]. Therefore improving PAA hydrogels’ mechanical properties via
toughening methods by mixing different types of crosslinked polymer or introducing energydissipating mechanisms is highly focused [27-29]. Various methods of producing multi-functional
cross-linked hydrogel [30], nano-composite hydrogels [31], hybrid interpenetrating networks [32],
slip-link network [33] and homogenous hydrogel [34] that were introduced to toughen PAA
hydrogels have been shown to improve the mechanical properties. To the best of our knowledge,
toughening hydrogels using chemical methods may limit its biomedical application as unreacted
components diversely affect the biocompatibility [35, 36]. On the other hand although other
methods were reported to enhance mechanical properties of the hydrogels, some inherent
disadvantageous like weak-self recovery and poor fatigue resistance still existed [29]. Contribution
of hyper-branched polymers on hydrogels’ toughening -performed physically- leads to an
unconventional assemblies and complex structures with responsive properties [37, 38].

Recently hyper-branched polymers (HB), one of the most extensively used nanoparticles,
with the structure of highly branched tree-like dendritic material containing numerous –OH end
groups has been used for hydrogels’ mechanical properties [39-41]. In crosslinked hydrogel with
HB macromolecule, the polymeric chains are held together by directional discrete supramolecular
binding sites to enhance the mechanical properties of resultant composite [42, 43]. These evidences
suggesting a potential of using HB polymers as a reinforcement agent in PAA based hydrogels [44,
45].

The aim of this study is toughening of PAA hydrogel with combination of covalent and
physical crosslinking to improve the properties of hydrogels by introducing HB polymers without
sacrificing the swelling ratio of final product through an easy process, cost effective, with an
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environmental friendly method. The structural-property relation of hydrogels have been evaluated
and a possible mechanism has also been proposed.

6.2 Material preparation and characterisations
Acrylic acid monomer (AA), hyperbranched bis-MPA polyester-64-hydroxyl (HB),
ammonium persulfate (APS) as an initiator and N, N′-Methylenebis (acrylamide) (MBA) as a
crosslinking agent were purchased from Sigma Aldrich (Australia) and used in analytical grade
without any further purification. Sodium hydroxide (NaOH) was supplied from Chem-Supply
(Australia). All aqueous solutions were prepared using Milli-Q water at room temperature.

Synthesize of PAA-HB solution was followed by previous work [31]. Briefly, 3.7 g acrylic
acid was dispersed in 3.5 cm3 distilled water at 5 °C. A 0.45 g cm−3 NaOH solution was prepared
by dissolving 1.63 g sodium hydroxide powder in 3.62 g distilled water followed by cooling in an
ice-water bath for 10 min. NaOH solution was then added into the acrylic acid solution dropwise
with magnetic stirring at 5 °C for 20 min. Ultimately, 0.025 g MBA and 0.08 g APS powder were
added into the mixture following by shaking vigorously to ensure homogeneity by an IKA Vortex 3
shaker. The mixture was poured into a glass mould and placed in an oven at pre-set temperature of
60 °C for 10 min, while heating continued for next 20 min with the temperature increased from 60
to 80 °C at a rate of 1 °C min−1. After the overall heating duration of 30 min, prepared hydrogels
were cooled to the room temperature for 2 h, as remained at oven. The synthesized PAA samples
were peeled off from the mould and stored in sealed bags at 4 °C for testing. For the PAA-HB
sample, 3.5 cm3 distilled water was mixed with 0.6 g HB powder and 3.7 g acrylic acid was added
into the suspension which was then shaken vigorously by an IKA Vortex 3 shaker. The rest of the
procedure was the same as above.
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To investigate the possible interaction between the PAA and HB in the hybrid samples,
Fourier transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum 400 spectrometer equipped
with an attenuated total reﬂectance (ATR, top-plate type) was performed in terms of their functional
groups. Each sample was mounted in turn onto the central crystal of the ATR plate, and air was
used as a background reference before each scan. FTIR spectra were then recorded using 64 scans
from 4000 to 550 cm-1 with a resolution of 4 cm-1 in absorbance mode with background subtraction.

The thermal behaviour of the hydrogels was studied using differential scanning calorimeter
(DSC) (TA instruments, USA). Samples were heated in a sealed aluminium crucible with another
empty aluminium crucible as a reference, over the temperature range of -30 °C to 300 °C at a rate of
10 °C/ min in N2 atmosphere.

The surface morphology of the PAA and PAA-HB hydrogels was characterized using
scanning electron microscopy (SEM) (CamScan MX2500). Dried specimens were mounted on
aluminium stubs with double adhesive tape, then sputter coated with platinum at 2 nm thickness.
High voltage was set at 10 kV and the distance from the sample to the beam source was kept
constant for all tests performed. To investigate distribution of HB particles in PAA hydrogel, a
transmission electron microscope (TEM) (Philips CM200, the Netherlands) was employed. For
preparation of the TEM specimens, all the hydrogel samples were completely dried in a vacuum
oven overnight at 50 °C. Then, the samples were ultramicrotomed using glass knives on an ultra-cut
microtome (Leica Ultra cut-R ultra-microtome, Germany) to produce thin sections with a nominal
thickness of 100 nm.
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The swelling behaviour of the PAA and PAA-HB samples was tested by measuring the
initial weight of the dry samples and subsequently the weight after they had been immersed in
distilled water until equilibrium. Each test was repeated three times. Before measurement of the
weight of the swollen samples, excess surface water was removed by filter paper. The swelling ratio
was calculated using the equation:
𝑚𝑚𝑡𝑡 − 𝑚𝑚0
𝑚𝑚0

× 100

(1)

where m0 and mt are the weight of sample in the initial dry and the swollen state, respectively.

Also swelling kinetics of PAA and PAA-HB hydrogels were conducted in solutions of
different pH (2, 7 and 10), attuned by solving sodium hydroxide and hydrochloric acid in deionized
water. The dynamic swelling kinetics of both samples were explored by soaking and alternating
them between solutions of pH 10 and pH 2 every two hours, 3 times.

The mechanical properties of PAA and PAA-HB were measured for intact and notchinduced samples, using an Instron universal testing machine. All the samples were cut into a square
shape with the dimensions 3.0 mm×3.0 mm. Each sample’s thickness was measured as 2.00 ± 0.01
mm at five different points using a digital calliper. Notches with the depths of 3.0, 5.0, 8.0, 11.0 and
14.0 mm were introduced to the middle of the samples, using a laser cut machine. All samples
(intact and notch-induced) were secured by sandpaper and superglue at both ends and the initial
length of the samples was set at 5 mm. The tests were conducted at room temperature with strain
rate of 50 mm/min. All mechanical test results were the mean of at least five measurements. For
dynamic testing, a PAA-HB sample was loaded to a certain stretch of λ=4 and unloaded to zero
(first loading), after which the test was repeated at time intervals of 10 s, 10 min, 1 h and 24 h
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(second loading). Between the first and second loadings, all samples were wrapped in a
polyethylene bag and stored at 4 °C.

A univariate ANOVA with Bonferroni post-hoc was conducted (IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp.), having dependent variables of ultimate
strength, elongation at break and toughness and fixed factors of composition (PAA and PAA/HB)
using an alpha of 0.05.

6.3 Results and discussion
6.3.1 Molecular interactions within hydrogels
FTIR spectra of HB powder and hydrogels of PAA and PAA-HB are shown in Figure 6.1.
The observed peaks at 1728 cm-1 and 1440cm-1 are ascribed to H-bonded ester C=O groups and
COO- stretching of HB polymer, Figure 6.1a) [31]. The characteristic absorption peaks of C–O(–
OH) stretching hydroxyl and O–C stretching ester groups occur at 1041 cm-1 and 1121 cm-1,
respectively. For PAA hydrogel, peaks at 1680, 1551, and 1403 cm-1 are related to the –C=O
asymmetric stretching of –COOH and COO- groups, and COO symmetric stretching of –COOgroups are, respectively [46, 47]. The stretching of –CH2- (asymmetric and symmetric) and bending
of C–H were observed at 2939, 2855, and 1450 cm-1, indicating the existence of a PAA main chain
[48]. During the neutralization process of PAA by NaOH, –COOH groups of AA were partially
converted into –COO- Na, which was confirmed by the FTIR result (Figure 6.1b). In PAA-HB
sample (Figure 6.1c), with the addition of HB into the PAA structure, compared to the PAA curves,
new absorption peaks due to C–O(–OH) hydroxyl and O–C ester groups of HB occurred at 1041
and 1121 cm-1, attributing to the polymer binder [49]. These characteristic absorption peaks provide
evidence for the successful preparation of PAA-HB hydrogel.
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Figure 6.1 FTIR spectra of (a) HB powder, (b) PAA and (c) PAA-HB hydrogel

The molecular interaction of PAA and PAA-HB hydrogels was also investigated by DSC
measurements from -50 to 75 °C, as shown in Figure 6.2. From the DSC curve, it can be seen that
the addition of HB polymer into the PAA results in a reduction in the glass transition temperature
(Tg) from -0.63 to -7.43 °C. This phenomenon is attributed to the supramolecular structure of HB,
which can cause physical entanglement between PAA network structures and increase the
crystallinity of the final hydrogel as compared to those features in the PAA hydrogel. This result
confirmed that the contribution of HB can cause the formation of PAA-based hybrid materials, in
which mechanical and other properties could also be changed [4].
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Figure 6.2 DSC curves of PAA and PAA hybrid samples

6.3.2 Morphological understanding
To confirm the interactions between the HB polymer and the PAA, the morphologies of the
hydrogels were observed by SEM at different scales. The HB polymer binders were evenly
distributed into the PAA structure, as shown in Figure 6.3. The rough surface of the PAA-HB also
suggested good dispersion of the HB within the PAA. A change in surface morphology of the PAAHB samples, as compared to the smooth surface of a PAA sample, is consistent with FTIR results
that suggest the possibility of hyperbranched polymer contribution to the structural organization of
PAA molecules. Also TEM images suggest good dispersion of HB inside the PAA, as shown
below.
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Figure 6.3 SEM images of (a) and (b) PAA-HB surfaces and (c) and (d) PAA surfaces two different
magnifications of 80 µm and 200 µm

TEM images of PAA-HB samples are shown in Figure 6.4. The aggregated nanospheres in
the range of 10-200 nm in diameter are attributed to the HB polymer binders which are dispersed
well in the PAA matrix. Due to the numerous hydroxyl groups at the ends of the HB, the particles
tended to aggregate. Meanwhile, the hydrophilic character of these hydroxyl groups could help to
enhance the compatibility of HB with PAA during in situ polymerisation [31].
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Figure 6.4 TEM images of PAA-HB hydrogel

6.3.3 Water swelling behaviours
The swelling behaviours of PAA and PAA-HB hydrogels immersed in water at 25◦C are
shown in Figure 6.5. The addition of HB into the PAA solution caused increased water uptake by
the hydrogel. In the first 15 minutes, the water uptake of both hydrogels was extremely fast,
following by constant increments, finally reaching equilibrium within 150 min. In the PAA sample,
the swelling ratio (SR) at equilibrium stage was about 8.6 K% of its initial weight. With the
introduction of HB, however, this amount was increased to a higher value of 9.6 K%, which was
about 1.12 times higher than that of the PAA. This increase was attributed to the availability of a
large number of hydrophilic hydroxyl groups in the HB particles, which could bind to water and
increase the absorption capacity of the hydrogel. The slopes of SR versus immersion duration of
both PAA and PAA-HB samples showed similar trends. Once the time exceeded 150 min, the SR of
samples reached a plateau, indicating excellent water retention by the PAA and PAA-HB hydrogels.
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Figure 6.5 Swelling ratios of PAA and PAA-HB hydrogels immersed in water

6.3.4 Mechanical behaviours of hydrogels
The effects of adding HB to the PAA structure on the mechanical properties of the PAA-HB
hydrogel are shown in Figure 6.6. As shown, the ultimate tensile strength of the PAA-HB hydrogel
is improved by 130% (1.15±0.10 MPa) compared to the PAA hydrogel with ultimate strength of
approximately 0.50±0.04 MPa. Also, elongation at break is doubled, from 340±12% for PAA to
650±35% for PAA-HB. Thus, the fracture energy of the PAA-HB hydrogel, measured as 4483± 39
KJm-3, is approximately four times greater than that of the PAA hydrogel, which was 1020± 29
KJm-3.
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Figure 6.6 Mechanical properties of PAA and PAA-HB hydrogels

Stress-strain curves for the PAA-HB samples at different stretch ratios are presented in
Figure 6.7. The stretch ratio (λ) was defined as the ratio of final to initial length. As is evident, the
stress-strain relationship for all stretch ratios is linear for strain less than 50%. As λ increases, the
ultimate tensile stress and the corresponding strain both increase. Table 6.1 shows the change in
ultimate stress, Young’s modulus and toughness at different stretch ratios.

Table 6.1 Change in selected mechanical properties of PAA-HB at different stretch ratios
Mechanical

Stretch ratio (λ)

Unit

properties

1

3

5

6

8

Ultimate stress

MPa

0.13±0.21 0.25±0.18 0.26±0.27

0.27±0.15 0.37±0.14

Young’s modulus

MPa

2.21±0.18 2.55±0.12 2.55±0.08

2.55±0.16 2.55±0.21

Toughness

KJm-3

97±11

1094±69

459±32
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Figure 6.7 Stress-strain relationship for PAA-HB hydrogels at different stretch ratios

A comparison of the mechanical properties of PAA and PAA-HB at different notch depths
and the stretchability of PAA-HB samples with selected notches of 0 and 14 mm is presented in
Figure 6.8(a-d).
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Figure 6.8 Comparison of mechanical properties of PAA with PAA-HB hydrogel for different notch
depths. (a) Ultimate tensile strength, (b) elongation at break, (c) toughness and (d) stretchability

As shown, the unnotched samples display greater toughness, elongation at break and
ultimate strength than the notched samples. Also the PAA-HB samples have significantly enhanced
mechanical properties compared to the PAA samples. Surprisingly, the ultimate tensile strength for
the PAA-HB samples with notch depths of 3, 5 and 8 mm remains constant at approximately 0.10±
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0.02 MPa. A similar trend is found for the samples with 11 and 14 mm notches, as shown Figure
6.8 (a). Generally, the elongation of the unnotched PAA-HB samples is about twice that of the
intact PAA samples. The stretchability of the PAA-HB and PAA samples for different notch depths
is about 20% and 50% lower than that of the corresponding intact samples, respectively, and
remains constant for all notch depths, as shown in Figure 6.8 (b). Figure 6.8 (c) shows that both
intact and notched PAA-HB samples with different depths have significant improvement in fracture
toughness compared with the corresponding PAA samples. The PAA samples with notch depths
greater than 5 mm have negligible toughness. Figure 6.8 (d) shows the stretchability of the intact
sample (un-notched) versus the notched sample (14 mm) for both PAA and PAA-HB hydrogels.

Statistical analysis revealed that the overall effect of introducing different notches on the
selected mechanical properties of stiffness, elongation at break and ultimate strength of both PAA
and PAA-HB was significant (P< 0.01). Due to the marked decrease in those mechanical properties
of PAA after notch insertion, changes in notch depth showed no significant effect on the ultimate
strength (P=0.99), whereas in the PAA-HB samples, introducing a notch with depth greater than 11
mm resulted in a significant change in ultimate strength (p=0.004). Meanwhile, it was found that a
change in notch depth from 1 to 5 mm had a significant effect on the PAA samples’ elongation at
break (P=0.003), but not when the notch was greater than 5 mm (P=1.00). In contrast, the addition
of HB into the PAA structure improved the elongation at break property. It was shown that the
change was negligible for samples with notch depth difference less than 6 mm (P=0.593). For PAA
samples with notch depth greater than 2 mm, the change in fracture toughness was significant
(P=0.021). However, notches at least 6 mm or greater needed to be introduced to the PAA-HB
samples to significantly affect toughness (P=0.004).
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Figure 6.9 shows the results of dynamic tests that were performed on intact PAA-HB
samples. As shown, the hysteresis effect for the first loading to a stretch of λ=4 and the subsequent
unloading to zero is huge in comparison to that of samples with a second loading. The PAA-HB
hydrogels dissipated energy effectively and their hysteresis loop reduced for the second loading at
different time intervals after the first loading. It seems that the change in maximum stress at the
stretch ratio of 4 was negligible for all second tests for a given sample, indicating the effect of
hyperbranching on the mechanical properties of the PAA due to increasing physical interaction or
internal friction.
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Figure 6.9 Hysteresis effect of loading to a certain stretch (λ=4) and unloading to zero for first and
second loadings with different time intervals. All dynamic tests were performed at 50 mm.min-1
strain rate
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6.4 Proposed mechanism
Hydrogels of PAA and PAA-HB were successfully synthesized through a one-step, costeffective and environmentally friendly method. From the above investigations, the mechanism for
the PAA-HB network structure can be proposed. Figure 6.10 illustrates the structure of PAA
hydrogel including HB particles. Numerous -COOH groups of PAA result in the formation of
hydrogen bonding. These hydrogen bond formations increase in the presence of water. On the other
hand, HB experiences some physical entanglement in PAA networks due to its high molecular
weight and star shape. Meanwhile, –OH groups of HB can effectively connect with –COOH groups
of PAA, resulting in the formation of hydrogen bonding. After MBA and APS were added during in
situ polymerisation, PAA networks were constructed tightly around the HB molecules. Therefore,
PAA-HB hydrogels are expected to have higher mechanical properties compared to those of PAA
hydrogels.
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Figure 6.10 (a) Interpenetrating networks of PAA-HB, (b) schematic structure of a HB molecule,
and (c) schematic illustration of possible physical interaction and hydrogen bond formation
mechanism between PAA chains and HB molecules

To compare our study with other research studies relevant information is presented in Table
6.2, more details have to be noticed during the comparison as mechanical characterisation was
performed under different conditions. As it can be seen from the table, different toughening
agents/methods, i.e. graphene oxide, branched polymers, hyper-branched polymers, IPN, etc., may
improve some mechanical properties while their negative effects on other properties, such as
swelling ability need to be addressed.
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Table 6.2 Different PAA hydrogel toughening methods with mechanical and swelling properties
Method

UTS (MPa)

EAB (%)

SR (%)

T (MJ/m3)

Ref

0.07

115

300

0.5

[50]

0.06

78

8000

N/A

[31]

Dually cross-linked single network

1

2000

1800

13.5

[50]

micellar copolymerization of acrylic acid

1.7

800

500

N/A

[51]

incorporation of silica nanoparticle and

0.15

1200

250

N/A

[52]

PAA-chitosan IPN

6

10

70

N/A

[53]

PAA-PVA IPN

0.5

200

35

N/A

[54]

PAA-graphene oxide

0.03

300

100

N/A

[55]

0.2

450

12000

N/A

[31]

PAA-Guar gum membrane

40

60

N/A

N/A

[56]

PAA- cellulose nanocomposite

0.35

400

350

N/A

[57]

PAA- hyper-branched nanocomposite

1.25

650

10000

2.124

Our

PAA hydrogel

branched polymer

Study

6.5 Sensor application
To investigate the possibility of utilizing the toughened PAA-HB hydrogel as a pH-sensitive
sensor, its enviro-responsive and dynamic swelling properties were investigated here. Measuring
the swelling ratio as a function of time in solutions at different pH values of 2, 7 and 10 revealed
that the overall trend of swelling kinetic curves for PAA-HB samples are consistent with those
without HB. Below the pKa, both PAA and PAA-HB samples swelled significantly less than those
above the pKa (P = 0.041). However, the increase of the pH value resulted in a higher swelling ratio
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for PAA-HB samples compared to that of PAA samples (Figure 6.11a). As it is shown in Figure
6.11b, despite a negligible change in the equilibrium swelling ratio (ESR) for PAA and PAA-HB
samples at pH = 3, increasing the pH value from 7 to 10 resulted in 10% and 23% ESR increases for
PAAHB compared to those of PAA, respectively.

Figure 6.11 Effect of pH values on the (a) swelling kinetics and (b) equilibrium swelling ratio
(ESR) of PAA and PAA-HB samples
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Dynamic swelling behavior, with the pH value alternating between 2 and 10, was examined
to confirm the reversibility of the swelling process and the ability of the samples to maintain their
swelling capacity during cycling deformation. All cycles were performed in two hour intervals as
swelling kinetics showed that samples approximately approached their equilibrium state after two
hours. The ratio of samples’ swelling ratio at pH 10 and 2 (mentioned as SR10/SR2 and called the
reversibility factor (RF)) was calculated and compared for three cycles. As shown in Figure 6.12a,
comparing the 2nd and 3rd cycles to the 1st cycle, changes in RF for PAA-HB samples were
significantly lower than those of PAA samples (P = 0.046). It means that differences between the
swelling ratio at pH 10 and 2 were less for PAA-HB samples as compared to those of PAA samples.
Meanwhile, after performing 3 cycles of dynamic swelling, PAA-HB samples were more
structurally stable than PAA hydrogels. Deep cracks and dimensional instability were observed in
PAA samples after the alternative swelling/deswelling process. HB addition provides improved
mechanical properties to the hydrogel, enhances the pH sensitivity of PAA hydrogels and improves
the swelling properties with a positive impact on dimensional stability.
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Figure 6.12 (a) Change in the SR10/SR2 ratio during three cycles of dynamic swelling revealed
higher pH sensitivity of PAA-HB hydrogels compared to that of PAA samples. After 3 cycles, the
better dimensional stability of (b) PAA-HB samples compared to that of (c) PAA samples was in
general agreement with the enhanced mechanical properties from HB
6.6 Conclusions
To enhance the mechanical properties of PAA, hyperbranched polymers (HB) were
employed by in situ polymerization with AA monomers. A hydrogel network was formed with the
mechanical entanglement of HB into the PAA structure and a possible hydrogen bond between the
active group of HB and –COOH groups of PAA. TEM results showed that spherical HB particles
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were well dispersed in the PAA matrix, indicating the good compatibility of PAA with HB.
Significant improvements in mechanical properties were achieved when the capability of water
uptake was increased by approximately 20%. With the introduction of notches in the PAA and
PAA-HB samples, the effects on selected mechanical properties were significant, but notches at
least 6 mm or greater had to be introduced to significantly affect the toughness of the PAA-HB
samples. It is worth mentioning the possibility of their application in sensors, where the
simultaneous enviro-responsive and mechanical properties of hydrogels are important. Besides of
developing this novel method to enhance the PAA hydrogel, in next chapter an alternative method
would be substituting of PAA nanofibers with PVA with higher mechanical strength and high
elasticity with respect to its hydrophilicity nature.
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7. [IN SITU FORMED INTERNAL WATER CHANNELS IMPROVING
WATER SWELLING AND MECHANICAL PROPERTIES OF WSR
COMPOSITES1]

In order to strengthen the stability of nanofibers in WSR, nanofibers of PVA and SBS are employed
in conventional WSR in this chapter. With the replacement of PAA nanofiber with PVA nanofibers,
considerable improvement in elasticity, strength, and water-swelling behaviour was observed.
Furthermore, the secondary water-swelling behaviours of the WSR composite showed a remarkable
increase in swelling rate as well as in mechanical properties.

1. This work has been published in Journal of Applied Polymer Science: Nazila Dehbari, Javad
Tavakoli, Jinchao Zhao, Youhong Tang. "In situ formed internal water channels improving water
swelling and mechanical properties of water swellable rubber composites." Journal of Applied
Polymer Science 134, no. 9 (2017) DOI: 10.1002/app.44548.
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7.1 Introduction
In Chapter 3, practical solutions were employed to reduce the extraction of SAPs from the
rubber matrix of WSRs, such as using a compatibilizer to disperse SAPs well in the rubber phase
and neutralizer to enhance the swelling properties [1]. By increasing the swelling ability of WSR
the mechanical strength was decreased. To overcome this problem, nanofibers of various polymers
were employed. WSR with electrospun nanofibers is a multicomponent product offering swell
ability and elasticity similar to those of conventional WSR, while the electrospun nanofibers give
the strength properties by reinforcing the composite [2-7].

In next stage, the introduction of nanofibers of PAA and SBS could enhance the properties
of WSRs [8, 9]. The role of SBS nanofibers in swelling properties of WSR is negligible due to its
hydrophobicity nature, while it has a great impact on mechanical properties of WSR because of its
highly elasticity [10-13]. On the other hand, PAA nanofibers in WSR composites produced feasible
connections between SAPs resulting in improvement of swelling properties. However, because of
the low mechanical strength of PAA nanofibers, especially after water swelling, defects were
introduced into the resultant composite, causing the mechanical properties to diminish again after
swelling. To address this issue, we proposed two solutions: 1) reinforcing the PAA hydrogel
structure by adding HB polymer which was discussed in Chapter 6, and 2) replacing PAA nanofiber
with more feasible polymer with high mechanical strength to enhance the resultant WSR composite.
Among various polymers, Poly (vinyl alcohol) (PVA) is a semi-crystalline hydrophilic polymer
with high biocompatibility and no toxicity, and is usually used to improve materials that have poor
physical properties [14-17]. Due to its ease in preparation as a bulk material, films or nanofibers,
PVA has been considered for a wide range of applications. One of the main reasons for the
attractiveness of PVA nanofibers is their high water permeability without sacrificing flexibility and
toughness [18, 19]. Therefore, substituting PAA nanofibers by PVA nanofibers should be effective
in enhancing the mechanical properties of WSRs.
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In this chapter, WSRs with PVA and SBS nanofibers were investigated. The SBS nanofibers
enhanced extensibility and the PVA nanofibers could be in situ dissolved in water to create empty
water channels for transferring water between isolated SAPs particles without affecting mechanical
strength. The swelling kinetics, contact angle, and mechanical properties of WSR were investigated
as a function of PVA/SBS nanofibers with a proposed enhancement mechanism.

7.2 Experiments
7.2.1 Materials and methods
PVA solution (average Mw ~250,000 g∙mol−1), ethylene glycol (EG) (anhydrous, 99.8%),
sulfuric acid, mowiol (99.9% hydrolyzed), (3-aminopropyl)-triethoxysilane were obtained from
Sigma Aldrich and banana skin silicone rubber was obtained from Barnes products Pty Ltd,
Australia. SBS (average Mw ~300 000 g∙mol−1) was supplied by Yueyang Bailing Huaxing
Chemicals Co., Ltd, China. Milli-Q water was used as the solvent to prepare PVA solution. All
chemicals were used as received.

Separate homogenous solutions of SBS and PVA were prepared by gentle mechanical
stirring at room temperature overnight prior to electrospinning. Ultrafine SBS and PVA nanofibers
were prepared by an electrospinning method with optimized parameters of 1.5 mL/h flow rate, 200
rpm collector speed, 10 cm tip-to-collector distance and 15 KV of voltage for about 2 hrs. Then, the
resultant nanofibers were added and the resultant composites showed enhanced water swelling
ability. They were cut into 0.5×5 cm2 strips and added to WSR composite [8]. The amount of PVA
in WSR was 1%wt and kept constant (1%wt/1%wt, PVA/SBS) to the effect of SBS to be
investigated. Each mold was filled with an equal weight of 10 g of composite. To control the
experiment, WSRs without nanofibers were tested with the same condition. All the reported results
represent average values from at least three samples.
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7.2.2 Sample characterization
The water absorbency of WSR composites were determined by measuring the weight of
samples before (m0) and after immersing (m1) in water (Milli-Q, 500 mL) at ambient temperature
for 1 hr to several days at regular intervals. The excess surface water of the swollen samples was
removed by filter papers prior of measuring. The swelling ratio was calculated using the following
equation:
𝑚𝑚1 − 𝑚𝑚0
× 100
𝑚𝑚0

where m0 was the initial dry weight and m1 was the weight of swollen samples.

Repeated immersion was tested to investigate the effect of both SAPs and electrospun PVA
and SBS nanofibers within the matrix. Samples were dried at below 70 °C to reach a constant
weight. Then they were again immersed in water at room temperature. At a specified time, they
were taken out and the moisture on the surface was removed. The swelling ratio was calculated
using the following equation:
𝑚𝑚3 − 𝑚𝑚2
× 100
𝑚𝑚2

where, m2 and m3 were the weights of a sample before and after the second water swelling,
respectively.

Surface wettability and surface energy of samples were determined by measuring the contact
angle (Sinterface, Berlin, Germany) of WSR samples including PVA, SBS, and PVA/SBS
nanofibers, using a drop of deionized (DI) water onto a plane solid surface of the corresponding
composite. The contact angle measurement was performed at room temperature with about 50–60%
relative humidity and the volume of droplet was about 0.4 mL. The Mechanical properties of
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samples, including ultimate strength (Load), extensibility and stiffness, were measured by a
universal mechanical test machine (Instron, Melbourne, Australia) and compared. Tensile tests were
performed at strain rate of 5%/min at room temperature for WSR, WSR+PVA and WSR+PVA/SBS
samples until failure in both dry and wet conditions. Samples after first and second swelling were
taken out from the water after 350 h and gently blotted with tissue paper to remove excess water
from the surface. Rectangular samples in similar dimensions (5 mm×10 mm×2 mm, L×W×T) were
attached to the Instron gripper while were secured by sand paper and adhesive. All reported
mechanical results represent average values from at least three samples. Because the samples had
the same dimensions, the ultimate forces are reported here. The morphology of the electrospun PVA
and SBS nanofibers, average nanofiber diameter, and distribution of the electrospun PVA/SBS
nanofibers into composites was investigated using field-emission scanning electron microscopy
(SEM FEI Inspect F50, Oregon, US) on samples sputtered with platinum.

7.3 Results and discussion
7.3.1 Swelling behaviour
The swelling behaviour of the samples was characterized by measuring swelling ratio as a
function of time for the first and second swelling occasions and the results are presented in Figure
7.1. An increment of swelling ratio was observed in all samples with an increase in time. Unlike the
conventional WSR, WSR with nanofibers of PVA and SBS did not reach an equilibrium state after
350 h. With the introduction of PVA nanofibers to WSR, an enhancement of 100% was observed in
swelling properties, with the swelling ratio increasing from 14% to 31%. This increase may have
resulted from the fact that some parts of ultrafine PVA nanofibers could absorb water and in situ
dissolved into water to introduce empty water channels. These newly formed channels could make
random interconnections among isolated SAP particles to transfer water within the composite.
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In the samples of WSR+PVA/SBS, the increment of swelling ratio (20%) was less than that
of WSR/PVA nanofibers (31%), an outcome that was mainly related to the hydrophobic nature of
SBS nanofibers. In the WSR/PVA and WSR+PVA/SBS hybrid composites, the water uptake ability
was enhanced at the second swelling occasion in comparison with that found in the first swelling
occasion from 31% to 39% and 20% to 26%, respectively. This outcome indicated that, at the
measurement occasion for the second swelling behaviour, greater transport of water existed among
SAPs through water channels created by PVA nanofibers. The conventional WSR had decreased
swellability at the second swelling occasion, as similarly reported elsewhere [1, 8, 20]. Since there
is no strong interfacial adhesion between hydrophobic elastomer and hydrophilic SAPs, some of
SAPs migrate from the bulk into the surface. Therefore, swelling ratio of WSR was marginally
lower in second swelling due to the loss of a small amount of SAPs.

Figure 7.1 Effect of PVA and SBS nanofibers on 1st and 2nd occasion swelling properties of WSR
samples

137

The initial swelling behaviours of WSR, WSR/PVA nanofiber, and WSR+PVA/SBS
nanofiber composites for the first and second swelling measurement are compared in Figure 7.2.
Significant variation in the initial swelling ratio (in the first 2 h) among all samples can be seen. The
initial swelling ratio increased at the second swelling occasion in the WSR/PVA nanofiber and
WSR+PVA/SBS nanofiber samples, indicating the contribution of PVA and SBS nanofibers in the
WSR composite’s swelling properties at first stage of immersion. This indicated the possibility of in
situ formation of water channels by PVA nanofibers that could result in water transfer among SAP
particles. However, in the conventional WSR samples, the initial swelling ratio decreased at the
second swelling occasion.

Figure 7.2 Comparison of 1st and 2nd occasion swelling properties of WSR containing PVA and
PVA/SBS nanofibers

Table 7.1 presents the swelling rate changes among the samples in the first and second
immersion occasions. The rate of water penetration into the conventional WSR was almost constant
in the different swelling occasions, whereas changing the microstructures by the introduction of
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hydrophilic/hydrophobic nanofibers significantly affected the water swelling rate in the WSR
composites. For the first 2 h of the swelling process, the rate of swelling was almost linear in the
conventional WSR, however, the best fit to the swelling characteristic curve of the WSR/PVA
nanofiber and WSR+PVA/SBS nanofiber composites was a second degree polynomial. The rate of
swelling of the WSR/PVA nanofiber samples almost doubled in the second swelling occasion.
However, the initial rate of swelling was greater in the first swelling process in the WSR+PVA/SBS
composite. Comparison of the WSR+PVA/SBS nanofiber with the WSR samples showed that the
swelling rate was significantly greater in the WSR+PVA/ SBS nanofiber composite in both first and
second swelling occasions.

Table 7.1 Mean swelling rate for the WSR composites
Swelling
occasion

Composites
WSR

WSR/PVA

WSR+PVA/SBS nanofiber

nanofiber
1st

0.49

2.02

1.42

2nd

0.24

4.10

1.01

Changes in the swelling behaviour of hybrid composites in the short (2 h) and long (350 h)
term occurred as a result of alterations to the composites’ microstructure created by the PVA or
SBS nanofibers. Comparison of the WSR/PVA nanofiber and WSR+PVA/SBS nanofiber samples
indicated that, as the PVA nanofibers were water soluble, a small portion of them dissolved and in
situ formed water channels within the WSR, while the SBS nanofibers remained unchanged and
were mainly incorporated in the mechanical property enhancement. These findings are consistent
with the results obtained from mechanical testing and SEM analysis.
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7.3.2 Contact angle
The contact angle measurements of WSR composites with and without nanofibers are shown
in Table 7.2. With the addition of PVA nanofiber into the WSR, the wettability and surface energy
of the samples increased as expected, due to the increase in hydrophilicity of the samples. However,
the surface properties of the WSR+PVA/SBS nanofiber composites did not change greatly
compared with the WSR+PVA nanofiber composites, implying that, although SBS nanofibers
caused a reduction in the swelling ratio of the composites, they had only a minor effect on the
surface wettability of the composites.

Table 7.2 Comparison of contact angle and surface energy for different samples
Contact angle ( ̊ )

Surface energy (mN/m)

74

28.9

WSR/PVA nanofiber

54.73

41.9

WSR+PVA/SBS nanofiber

57.21

35.9

Sample
WSR

7.3.3 Morphological study
The effectiveness of nanofibers within the WSR depends on the concentration of nanofibers
used, the processing type, and the interface between phases. Figure 7.3 presents SEM images of
PVA nanofiber, WSR with PVA and PVA/SBS nanofiber, compared with the conventional WSR.
In Figure 7.3(a), PVA nanofiber created tiny empty water channels that could connect isolated SAP
particles within the rubber matrix. Some PVA nanofibers with the average diameter of 2 mm were
dissolved into water in situ to form these interconnections among isolated hydrophilic SAP
particles. The diameter of the observed micro-channels was comparable with that of the PVA
nanofiber, as shown in Figure 7.3(b). Change in structural organization of these water channels was
seen around the SAPs, as shown in Figure 7.3(a). As indicated in Figure 7.3(c), with combinations
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of SBS and PVA nanofibers through the rubber matrix after swelling, a spider web-like structure of
SBS nanofiber ranging from submicron (1 mm) to nano size (700-800 nm) developed. In the
conventional WSR (Figure 7.3(d)], no channels were observed after swelling. It is suggested that
PVA nanofiber were responsible for the transfer of water among isolated SAPs while the SBS
nanofibers held the SAPs within the matrix, preventing their migration from the bulk to the surface.

Figure 7.3 SEM micrographs of (a) WSR/PVA nanofiber, (b) PVA nanofibers, (c) WSR+PVA/SBS
nanofiber and (d) WSR after 350 h immersing in water

A schematic diagram of water channel formation across WSR+PVA/SBS nanofiber samples
is presented in Figure 7.4. By virtue of the distribution of interconnections created by the PVA
nanofiber, a consistent network between hydrophilic elements of the composite was formed. This
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appearance suggests the existence of specific intermolecular interaction between PVA nanofiber
and SAPs. These in situ formed water channels were responsible for water penetration into the
composites and improvement of the water absorption properties.

Figure 7.4 Schematic diagram of water channel formation in the WSR+PVA/SBS nanofiber
composite

Moreover, PVA/SBS nanofiber (in a mat form) could prevent the migration of SAP particles
from the rubber matrix by bonding them together with PVA nanofibers that were dissolved in the
water and SBS nanofibers linked the mat and WSR closely. As a result, in this case of studying all
investigated composites, introducing PVA/SBS nanofibers was found to enhance both swellability
and mechanical properties simultaneously.
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7.3.4 Mechanical behaviour
One of the prerequisites for good mechanical performance is achieving desirable
interactions of fiber-matrix in the composite. In the WSR combined with nanofibers, the ultimate
tensile strength (reported as load here) and stiffness increased. The results of measurements of the
mechanical properties of WSR without and with nanofibers of PVA and SBS with all investigated
composites are presented for the dry state and after the first and second swelling, and shown in
Table 7.3 and Figure 7.5. The improvements in ultimate load, stretchability, and stiffness of the
WSR+PVA/SBS nanofiber were significantly obvious from other samples.

Table 7.3 Selected mechanical properties for nanofibers and hybrid composites
samples

Extension (%)

Ultimate Load (N)

Stiffness (N.m-1)

Dry

WSR

1200±60

10.0±0.5

0.40±0.02

composites

WSR/PVA

600±30

22.0±1.1

1.20±0.06

WSR+PVA/SBS

600±45

16.0±1.2

0.50±0.02

Composites

WSR

800±40

5.0±0.3

0.20±0.01

after 1st

WSR/PVA

300±15

32.0±1.6

2.30±0.01

swelling

WSR+PVA/SBS

600±30

50.0±2.5

3.90±0.20

Composites

WSR

600±30

2.0±0.1

0.18±0.01

after 2nd

WSR/PVA

300±30

22.0±2.2

1.80±0.20

swelling

WSR+PVA/SBS

800±80

58.0±6.0

4.00±0.50

Compared with WSR, WSR/PVA nanofiber reached an ultimate load more than twice as
high (from 10 N to 22 N) in the dry state. After swelling, WSR/PVA nanofiber samples experienced
a decrease in extension from 600% to 300%, which could relate to ultrafine PVA nanofiber
dissolving in water and causing weak points to elongate more. In the WSR+PVA/SBS nanofiber
samples, an improvement in extension at breaking point (600–800%) was observed alongside a
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higher ultimate load (50–58 N) after the first and second swellings, respectively. The improvement
in the mechanical properties of the WSR+PVA/SBS nanofiber samples might be a consequence of
the impact of SBS nanofiber on stress distribution through the WSR composite [3].

In the second swelling, more water channels were formed by PVA nanofiber such that water
channels could act as plasticizer while increasing the composite’s extension ability.

Figure 7.5 Load-extension diagram for WSR, WSR/PVA nanofiber and WSR+PVA/SBS nanofiber
in dry state and after first and second swelling

As is well known, the mechanical properties of WSR have an inverse relationship with the
swelling behaviour. Penetrating water within the WSR could have caused phase separation between
hydrophilic rubber and hydrophobic SAPs. Moreover, migration of SAPs from the bulk could have
created some voids/holes within the WSR during the swelling process, reducing the mechanical

144

properties, as the related defects within the rubber structures created stress concentrations. Also,
poor mixing of the SAPs as well as differences in particle size had their own diverse impacts on the
strength of the WSR samples. This interpretation is compatible with the results of the measurements
of WSRs’ swelling.

7.4 Conclusions
The current chapter mainly focused on the influence of electrospun PVA and SBS
nanofibers on the water swellability and mechanical properties of the conventional WSR
composites. Swelling behaviours of the composites were enhanced by the addition of PVA
nanofiber. Due to their hydrophilic nature, they could in situ dissolve in water and form water
channels to transfer water among isolated SAPs in the WSR matrix. Morphological study of the
cross-sectional surfaces of samples confirmed the presence of these tiny micro water channels
distributed within the matrix. As an important finding, the significant contribution of both PVA and
SBS nanofiber led to enhancement in mechanical properties compared with those of the
conventional WSR.
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8. [CONCLUSIONS AND FUTURE DIRECTIONS]

The overriding purpose of this thesis was to determine the importance of WSR when viewed from
an industrial perspective. To accomplish that goal, it became necessary to study the possible
applications of WSR and compare the achieved WSR with commercial WSR. Determining what
parameters are necessary to measure in terms of specific application and how that ideal WSR is
connected with the field of technology assumed a high degree of importance during the literature
review conducted for this dissertation. This chapter demonstrates a brief discussion of current work,
conclusions and some of the directions for future research that stem from the project.
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8.1 Summary
The research undertaken using superabsorbent polymers (SAPs) within the rubber has
established a paradigm shift in materials science and engineering. This has opened new possibilities
of fabricating water-swellable rubber (WSR). The past few years of research, devoted to find some
practical ways to control the migration of SAPs from rubber and grow the swelling rate of WSR
composites, has resulted in significant advances in this field with the ability to exquisitely tailor the
mechanical, physical and chemical properties for targeted applications.

Fabrication of conventional WSR has greatly influenced by filling gaps in field of chemical
physics of polymers. The aim of the research herein was to overcome defects of conventional WSR
and develop new method(s) for fabricating WSR in a more benign way with this view that it will
facilitate transferring the technology to the market place. Although most of the conventional
methods for fabricating WSR are significant innovations in engineering and science field, the main
issues and limitations that are yet to be addressed are the generation of high levels of waste, energy
usage, the need for downstream processing, and also limited scope for scaling up the processes. The
use of compatibilizers and high-tech processing in many of those methods are pivotal for stabilising
the structures and reducing the migration of SAPs from WSR [1-5]. However, when addressing
potential for scalability of a process, these requirements raise concerns due to the high costs and the
difficulties of downstream processing. In the present study, we tried to address these issues at the
inception of the science.

To summarize the findings in this thesis, the use of electrospun nanofibers into the WSR has
resulted in significant advancement in both physical and mechanical properties. The research
provides an in-depth study on the use of SAPs and nanofibers within rubber.
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A number of significant advancements have been made herein, firstly in preventing the
migration of SAPs from WSR by neutralizing and compatibilizing of composites, as detailed in
Chapter 3. The addition of NaOH as the neutraliser and aminopropyltriethoxysilane as the
compatibilizer, water swelling ability and durability of conventional WSR increased. However,
when the compatibilizer and the neutraliser were added together, the water swelling ability and
durability of the WSR composites further increased by virtue of the synergistic effects due to the
increased interfacial cohesion between the PDMS and PAA [6].

In Chapter 4, another significant advance was investigated by utilizing electrospun multiscaled hybrid fiber mats into the WSR. The research focused on swelling properties by means of
fabricating WSR in presence of nanofiber mats. A remarkable finding of this chapter is formation of
internal multi-scale water channels and enhancement of specific surface areas between SAPs and
rubber. The electrospun nanofibers of PAA and PAA hybrid fillers with spider web-like structure
provide a bridge between isolated PAA particles which wrapped in hydrophobic rubber and link the
internal SAPs with the composite surface to enhance the short- and long-term water swelling ability
of WSR. The effects and mechanisms of those nanofibers on are also discussed [7].

Chapter 5 provides a detailed study on the use PAA/SBS nanofiber to improve both
mechanical and physical properties of WSR. Enhancement of the swellability of WSR+PAA/SBS
nanofiber mats was derived from the PAA constituent absorbing water from the surface into the
bulk and introducing random internal water channels between discontinuous superabsorbent
polymers. The role of SBS nanofibers in the composite of WSR+PAA/SBS nanofiber mats was
more related to the mechanical properties, where the breaking force of the composite increased to
twice that of the conventional WSR [8].
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Chapter 6 mainly focused on toughening of SAP hydrogels without sacrificing the swelling
ability. By adding high molecular weight hyperbranched polymers (HB) in PAA networks during in
situ polymerisation, formation of hydrogen bonding and physical entanglement can be increased.
The characterization results of PAA hydrogel showed well dispersion of spherical HB particles into
the PAA matrix, indicating the good compatibility of PAA with HB. The most significant
improvements were observed in mechanical properties where the toughness of PAA (with and
without notch) was extremely increased. As an example in high depth of notch (14 mm), PAA-HB
hydrogel shows 10.5 times higher toughness than pure PAA (from3 3 to 347kj/m3) [9].

The last outcome of this research is using nanofibers of PVA and SBS in WSR, as detailed
in Chapter 7. The main advantage of the nanofibers of PVA and SBS in conventional WSR relates
to considerable improvement in elasticity and strength without dropping in water swelling ability.
After immersion, PVA nanofibers dissolved within the composite to in situ form water channels to
connect isolated SAPs. Those water channels led to an increase in water uptake by the WSR
composite. Furthermore, the secondary water-swelling behaviours of the WSR composite showed a
remarkable increase in swelling rate as well as in mechanical properties. The addition of SBS
nanofibers had a marked impact on the mechanical properties of the WSR composite. Their roles
became more pronounced after water immersion. However, the results of this study can be used for
further optimization. Unique mechanical behaviour of PVA and SBS nanofibers, their networks,
and nanofiber-reinforced WSR composites analysed in this work for will be beneficial to a broad
variety of applications and can contribute to the development of the next generation structural WSR
nanocomposites [10].

8.2 Comparison of Commercial WSR with studied WSR
Classic WSRs can swell when they come into contact with water. It is a given fact, and
unless some error has been made in the design of the application, swelling is guaranteed to occur.
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Unlike conventional caulking materials, which remain inert and passive following application such
as pipe penetration, utility vaults, storage reservoirs and construction joints, the hydrophilic
properties of water stop adhesive such as Leakmaster is the most comparable products in market
that allow the cured material to swell upon subsequent contact with water. The specifications of
Leakmaster are presented in Figures 8.1 and 8.2 and Table 8.1.

Figure 8.1 An example of usage Leakmaster in pre-cast applications such as utility vaults and
storage reservoirs [11]

Figure 8.2 Swelling properties of Leakmaster after immersing in water [11]
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Table 8.1 Mechanical properties of Leakmaster [11]

8.2.1 Experiments
Using similar condition tests to what was achieved for the studied WSR in Chapter 7,
provided us information about physical and mechanical properties of the commercial WSR as
follows:

The mechanical behaviour of the samples was investigated using a tensile testing machine
(Instron, Australia) at strain rate of 5%/min at room temperature until failure. Samples after first
and second swelling were taken out from the water after 350 h and gently blotted with tissue paper
to remove excess water from the surface. Due to the same dimensions of samples, the ultimate
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forces are reported here. All reported mechanical results represent average values from at least three
samples.

The swelling properties of commercial WSR was determined by measuring the weight of
samples before (m0) and after immersion (m1) in water at ambient temperature for 1 h over several
days at regular intervals. The excess surface water of the swollen samples was removed by filter
papers prior to measuring. The swelling ratio was calculated using the equation:
𝑚𝑚1 − 𝑚𝑚0
× 100
𝑚𝑚0

where m0 was the initial dry weight and m1 was the weight of swollen samples.

For the repeated immersion test, samples were dried at below 70 °C to reach a constant
weight. Then they were again immersed in water at room temperature. After a specified time they
were taken out and the moisture on the surface was removed. The swelling ratio was calculated for
at least three samples.

8.2.2 Results and discussion
The results of tensile measurements for dry state and after the first and second swelling are
shown and compared with WSR+PVA/SBS nanofiber composites in Chapter 7 in Figure 8.3. By
immersing the commercial WSR into water after 350 hrs, the ultimate load decreased from 44 N to
35 N and 27 N in first and second immersing time, respectively (Figure 8.3 a). However, the
improvement in ultimate load for the WSR+PVA/SBS nanofiber is significant from 16 N to 50 N
and 58 N in dry state and after immersion for the first and second time, respectively.

The extension at breaking point for commercial WSR is also subjected to change from 24
mm to 18 mm and 15 mm. These results show the mechanical properties of commercial WSR can
be affected by immersing time due to the loss of swelling agent within the composite. In the
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WSR+PVA/SBS nanofiber samples, an improvement in extension at breaking point (30 mm to 40
mm) after second swelling was observe which may relates to the water channel formed by PVA
nanofibers that can act as plasticizer to enhance the extensibility of composite and considerable
strength of SBS nanofiber [10, 12-14].

Figure 8.3 Load-extension curves in dry state and after the first and second swelling for a)
Commercial WSR and b) WSR+PVA/SBS nanofiber composite
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The swelling behaviour of commercial WSR and WSR+PVA/SBS nanofiber after first and
second immersion in water are shown in Figure 8.4. As we can see, the swelling ratio in first hour
of immersion was quick and after a while, it reached to equilibrium of 58%. In second swelling,
same trend was observed with a small loss in swelling about 2% (Figure8.4 a).

Figure 8.4 Water swellability of a) Commercial WSR b) WSR+PVA/SBS nanofiber composite for
first and second swelling
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Unlike the commercial WSR, WSR with nanofibers of PVA and SBS did not reach an
equilibrium state after 350 h (Figure 8.4 b). By introducing PVA/SBS nanofiber in WSR, the
swelling ratio shows an increment of 20%, mainly related to ultrafine PVA nanofibers that could
absorb water and form in situ water channels. These channels could connect isolated SAP particles
to transfer water within the WSR composite. Interestingly, at the second swelling, swelling ability
was enhanced occasion from 20% to 26% in comparison with the first immersion in water, showing
greater transport of water among SAPs through water channels created by PVA nanofibers.

Figure 8.5 compares the images of WSRs in dry stage, after 3 months immersion and after 6
months of immersion. Commercial WSR (here Leakmaster) hasn’t change in dimensions. However,
WSR with nanofibers of PVA and SBS shows a huge change in size due to absorbing water over the
time.

Figure 8.5 Images of a) commercial WSR and b) studied WSR in dry and after 3 months and 6
months of immersion
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Thus, it is evident that novel WSR in this study shows great potential for the fabrication in
bigger scales rather than classic WSR. This method now allows for translating this novel material
towards affording novel hybrid composites.

8.3 Recommendations and Future Directions
Future work about WSR could be focused on (1) how to prepare WSR by utilizing PAA-HB
instead of pure PAA resin, (2) the effect of diameter and aspect ratio of nanofibers on the properties
of reinforced WSR composites, (3) the range of elasticity of WSR as it classified as elastomers, (4)
how to enhance the interaction between SAPs, nanofiber mats and rubber matrix, (5) how to prepare
strong hydrogel by using electrospun nanofibers as reinforcements for WSR composite and also (6)
the standardization of WSR which need to be addressed.

The advancement of using WSR thus far is still the 'tip of the iceberg'. While this project has
demonstrated the potential applications, many opportunities for extending the scope of this thesis
still remain. Our main concern herein was related to the utilizing WSR in sealing application such
as preventing water leakage from pipes and blocking connections in constructions such as subways
or subsea tunnels, preservation of airtightness in machinery, sealing of gaps in construction works,
cold joints and working joints in concrete, etc.

Potential applications of WSR in biomedical applications includes tissue engineering,
biosensors, materials controlling reversible cell attachment, smart microfluidics and so on. An
outstanding example of the potential of WSR, as previous researches show, is in drug delivery
system where a hydrophobic material combined with a swelling agent could retard drug release invivo and maintain the drug in the body for a longer time.
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Obviously, there will be set-backs on the way forward, but the scientific and translational
potential of novel WSRs makes us confident in predicting a bright future.
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