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ABSTRACT: Investigation of the potential use of nanofibers to reinforce composites has gained significance in many applications. In
this article, the nanofiber mats of poly(acrylic acid) (PAA) and styrene-butadiene—styrene (SBS) triblock copolymer with composites
structure were interweaved by double needle electrospinning process. The multiple nanofiber mats were added to conventional water-
swellable rubber (WSR). Improved mechanical and physical properties of WSR were obtained. 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 introduc-
ing 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. Interestingly, after immersion of the WSR + PAA/SBS nanofiber mats in water for 1 week,
there was only a slight decrease in their mechanical properties of less than 5% compared to the dry state. The mechanisms and effects
of the nanofiber mats in enhancing the mechanical and water swelling properties of WSR are also discussed. © 2016 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2016, 133, 44213.
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INTRODUCTION forming discontinuous phases, as well as poor interfacial properties
and nonhomogeneous dispersion, often leads to remarkably poor
mechanical properties, instability of water-swelling characteriza-
tion, and short-term water retention."””'>'® Therefore, to promote
mechanical properties, the miscibility of SAP and rubber needs to
be improved. The introduction of a compatibilizer is one of the
immediately effective methods to enhance the dispersion of two
immiscible components that can react with both hydrophobic rub-
ber matrix and hydrophilic SAPs.'* In our previous research, it was
shown that using (3-aminopropyl)-triethoxysilane as a compatibil-
izer had a marked impact on the physical properties of WSR com-
posites.'”” However, SAPs trapped within the rubber matrix

Water-swellable rubbers (WSRs) are consisted of rubber parts
with high resilience, elasticity, toughness, and stretch-ability and
water absorption parts with super water absorption ability."”* In
terms of their ability to absorb and retain water, these new
materials are generally used for sealing applications in construc-
tions, subways, and subsea tunnels, as well as aircraft apparatus.
They also can be used in the food, agricultural, and horticultur-
al industries, as well as medical usage such as sanitary products,
medicine and drug delivery systems.” WSRs are normally pre-
pared by multicomponent blending of a rubber matrix, super-

absorbent polymers ( SAPS). a'nd other hyd.rophlhc/hydroph(?blc remained isolated. In further experiments, we observed that poly(a-
fillers through physical mixing or chemical surface grafting.

. . . crylic acid) (PAA) nanofibers in WSR composites could produce
Chemical methods are less environmentally friendly, more . . 16
. . 2.8-11 feasible connections known as water channels between SAPs,
complicated and expensive than other methods.” . .
thereby transferring water between SAPs efficiently. Furthermore,
The poor mechanical property of WSRs after swelling is the major  the introduction of nanofibers/mats into WSR composites has led
problem that limits their applications. Aggregation of SAP particles  to significant improvement in the mechanical properties of WSR,

© 2016 Wiley Periodicals, Inc.
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Scheme 1. Steps of preparation of WSR enhanced with PAA/SBS nanofiber mats (a) the electrospinning machine with a setting of two needles;
(b) 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.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

depending on the type of nanofiber.'”*° For example, highly elastic
styrene-butadiene—styrene (SBS) nanofibers with high tensile
strength are known to be an effective choice for enhancement of the
mechanical properties of WSR.*'* It seems that the hydrophobic
properties of rubber matrix and SBS nanofibers lead to miscibility
of the constituents of appropriate composites and result in better
stress distribution.

In this article, the contributions of SBS and PAA nanofibers
produced by double needle electrospinning method to improve-
ment of the mechanical and swelling properties of WSR compo-
sites were investigated. The aim of this study was twofold: first,
to understand how the mechanical properties of WSR may be
changed by introducing different types of nanofiber (PAA, SBS,
and PAA/SBS) and, second, investigation of the role of the
nanofibers in the swelling properties of WSR composites.

EXPERIMENTAL

Materials

PAA particles (average M,, ~ 450,000 g/mol), PAA solution (aver-
age M, ~ 250,000 g/mol), ethylene glycol (EG) (anhydrous,
99.8%), sulfuric acid, dimethylformamide (DMF), tetrahydrofuran
(THF), and (3-aminopropyl)-triethoxysilane used as a compatibil-
izer were purchased from Sigma Aldrich, Australia. SBS triblock
copolymer was supplied by Yueyang Bailing Huaxing Chemicals
Co., Ltd. (Yueyang, China) (average M, ~ 300,000 g/mol), and
banana skin silicone rubber was purchased from Barnes Products
Pty Ltd. (Australia). All chemicals were used without purification.
All aqueous solutions were prepared using Milli-Q water at 25 °C.

Sample Preparation

The PAA solution was prepared according to previous wor!
Briefly, 0.96 g EG was added to 100 g 6 wt % PAA/ethanol solu-
tions as a crosslinking agent with the concentration of 16 wt %
relative to the PAA. A homogeneous solution was obtained by
gentle mechanical stirring at room temperature. Prior to elec-
trospinning, sulfuric acid (1 mol/L) was added to the PAA solu-
tion at a concentration of 50 pL/mL. For the SBS solution, 12 g
of SBS was dissolved in a mixed solution of 13.67 g DMF
and 41 g of THF with stirring. Solution electrospinning was
performed by fully automatic equipment (TLOl; NaBond

k 25,26
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Technologies, Shenzhen, China) consisting of a syringe-flat tip
needle and a high voltage supply. To obtain optimal nanofibers
without beads, the PAA and SBS solutions were electrospun
with two needles at the voltage of 15 kV, feeding rate of
1.5 mL/h on an aluminium foil covered cylindrical collector
with a 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 h for both solutions.

The PAA and SBS nanofibers obtained were used in the WSR
composites to strengthen their physical and mechanical proper-
ties. The composites were prepared through a solution impreg-
nation technique as shown in Scheme 1. In detail, 12.5 g PAA
was mixed with 2.0 g EG (cross-linking agent), 0.625 g sulfuric
acid (dehydration agent), and 0.0625 g (3-aminopropyl)-
triethoxysilane (compatibilizer) before being added to 20.0 g of
part A of the rubber. The final mixture was prepared by adding
20.0 g of part B of the rubber to the solution while stirring for
10 min before moulding. Prepared PAA, SBS, and PAA/SBS
nanofibers with thickness of 0.04 mm with different ratios cut
into 0.5 X 5 cm? strips were added to the final solution. The
ratio of PAA nanofibers was kept constant at 1 wt % in all com-
posites to investigate the role of SBS nanofibers within the com-
posites and the water-swellability of the composites, i.e., 1 wt %
PAA nanofiber and 2 wt % PAA/SBS nanofiber, respectively.
Following 24 h of curing at ambient temperature, WSR compo-
sites consisting of PAA, SBS, and PAA/SBS nanofiber
were obtained. For the control experiment, conventional WSR
composite was prepared under the same conditions.

Characterization

The surface morphology and distribution of the electrospun
PAA and SBS nanofibers in all composite samples before and
after swelling were characterized using scanning electron
microscopy (Inspect F50; FEI, Oregon, USA). Prior to using
SEM, a K575X sputter coater was used for deposition of a very
thin platinum film (~2 nm) on the surfaces of all samples. The
average diameter of nanofibers obtained from SEM was mea-
sured by the Image software, and the diameters of nanofibers
within the composite before and after swelling were compared
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Figure 1. SEM micrographs of (a) PAA nanofibers with average diameter of 0.65 pm (solid orange arrows), (b) SBS nanofibers with average diameter of
0.95 um (dashed blue arrows), (c) PAA/SBS nanofibers with some spiderweb-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). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

for further investigation. Surface wettability, surface tension, and
contact angle measurements of nanofibers and all composites
were carried out with a Sinterface machine. The mechanical
properties of nanofibers and composites, namely elongation at
breaking point, ultimate strength, and extensibility before and
after immersion in water were measured by an Instron materials
testing machine (Instron, USA). All reported mechanical results
represent average values from three samples with the same
dimensions. The force-stretch curves are reported due to the
large deformation occurring in the samples. The swelling behav-
iours of WSR composites were tested by measuring the initial
weight of the dry samples (11,) and subsequently after they had
been immersed in Milli-Q water (500 mL) at 25°C from 1 h to
several days. The swollen sample was then weighed at regular
intervals (). Before measurement of the weight of the swollen
samples, the excess surface water was removed by filter paper.
The swelling ratio was calculated using the following equation:
my — my

X100 (1)
My

To investigate the effect of PAA nanofibers within the WSR
matrix, a repeated swelling test was also performed. Each sam-
ple was dried at 70 °C until it achieved a constant weight. Then,
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the samples were again immersed in water at room temperature.
After a specified time, they were taken out and the excess mois-
ture on the surface was removed. The swelling ratio was calcu-
lated using the following equation:

MM 100 ()

)

where m, and m; are the weights of a sample before and after
the second water swelling, respectively. To ensure that ultrafine
PAA nanofibers remained in the composites after the swelling
experiment, all samples were dried, weighed, and compared
with their initial weight.

RESULTS AND DISCUSSION

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 1. The average diameter
of PAA and SBS is about 0.65 and 0.96 pum, respectively (Figure
la and b). The image of the PAA/SBS nanofiber mat (Figure
1c) indicates that an interlinked structure composed of SBS and
PAA nanofiber mats was prepared. The use of doubleneedle
electrospinning was effective for creating an entangled network
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Figure 2. 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.

consisting of two different types of fiber with sizes ranging from
submicron to nanometer. Arrangement of these fibers resulted in
the formation of a spiderweb-like structure’’ >’ that increased the
hydrophilicity and specific surface area while also affecting porosi-
ty.'® Figure 1d 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 pum 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.

Contact Angle of Nanofiber Mats

As was shown in Figure 2, the surface hydrophilicity of the SBS
nanofiber mat (Figure 2a) is very different from that of the
PAA/SBS nanofiber mat (Figure 2b). A significant decrease in
contact angle in the PAA/SBS nanofiber mat, from 117° in Fig-
ure 2a to 73° in Figure 2b 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 hydrophilicity of SBS nanofibers
may change the bulk properties while increasing the water
uptake capability of the WSR + PAA/SBS composite.

Mechanical Properties of Nanofiber Mats and Composites

Figure 3 shows the mechanical behaviors 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
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Figure 3. Force-stretch curves of PAA, SBS, and PAA/SBS nanofiber mats.
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Figure 4. Force-stretch curves of composites with PAA, SBS, and PAA/
SBS nanofibers (a) before and (b) after immersion in water.

mats. The mechanical contribution of super-elastic SBS nanofibers
to the brittle PAA nanofiber structure—shown in SEM images to be
like spiderweb 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 break-
ing force for SBS/PAA nanofiber mats, compared to the values
found for PAA nanofiber mats, respectively.

Figure 4 shows the force—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 com-
pared to the trends of the nanofibers alone. In Figure 4a, 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 con-
ventional 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 mark-
edly 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

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44213
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Table I. Mechanical Properties of PAA, SBS, and PAA/SBS Reinforced WSR Composites before and after Swelling

WSR + PAA nanofiber

WSR + SBS nanofiber WSR + PAA/SBS nanofiber

Before swelling

Elongation at break (mm) 20

Breaking force (N) 7.5
After swelling

Elongation at break (mm) 15

Breaking force (N) 58

60 40
85 15
44 37
30 13

display enhanced water-swellable ability, due to the hydrophobic
characteristic of SBS. For the WSR + PAA/SBS nanofiber compos-
ite, the breaking force was twice as high as that of WSR alone,
with a slight decrease in stretchability.

Figure 4b shows the mechanical properties of WSR with PAA,
SBS, and PAA/SBS nanofiber mats after immersion in water for 1
week. The swelling has an adverse effect on the mechanical prop-
erties of the WSR composites, as the elongation and force at
breaking point decrease for all samples in comparison to the dry
state. The mechanical properties of WSR + PAA nanofiber mats
and WSR + SBS nanofiber mats decrease by about 20-30% after
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Figure 5. Water absorption ability of composites in (a) first and (b) sec-
ond swellings to 650 h.
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swelling; however, the introduction of PAA/SBS nanofiber mats
into the WSR limits the decrease to less than 5%. Table I gives the
mechanical properties of the PAA, SBS, and PAA/SBS reinforced
WSR composites before and after swelling.

Swelling Ratio of Composites

The water absorption properties of samples for the first and sec-
ond swellings in water are shown in Figures 5 and 6. As can be
seen, the initial swelling ratio of all composites for both first
and second immersions in water is very high. In the latter stage,

8-
ia —=—WSR
74 —e— WSR+PAA nanofiber mats
] —— \WSR+PAA/SBS nanofiber mats
6 -
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Figure 6. Water absorption ability of composites at (a) first and (b) second
absorption periods for the first 6 h.
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Figure 7. SEM images showing the proposed mechanism of WSR contain-
ing PAA and SBS nanofiber mats after the swelling state (dashed blue
arrows point to SBS nanofibers). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

the increase in the swelling ratio as a function of time becomes
slower than that in the initial stage.’®*' However, the compo-
sites did not reach an equilibrium state after 650 h for both first
and second immersion in water, as shown in Figure 5.

The swelling properties of WSR improved with the incorpora-
tion of PAA and PAA/SBS nanofiber mats into the WSR (Figure
5a). The PAA constituent of PAA/SBS nanofiber mats played an
important role in absorbing water from the surface into the
bulk by introducing water channels in the WSR composite and
linking discontinuous PAA particles. This is consistent with our
previous results.'® As reported in Figure 5b, all samples exhibit
a lower swelling ratio in second swelling after 650 h; however,
the WSR + PAA/SBS nanofiber mats composite experiences a
higher swelling ratio (about 40%) in the initial stage of swelling
(first 6 h) than that in the second swelling stage in comparison
with that for the first swelling, as shown in Figure 6. The intro-
duction of SBS/PAA nanofiber mats into the WSR had a
marked effect on the second swelling at nanolevel by increasing
the hydrophilicity of the bulk and surface of the WSRs. The
conventional WSR showed the same trend and amount of swell-
ing ratio in both the first and second swelling tests, but with
the introduction of PAA/SBS nanofiber mats into the WSR, the
water absorption rate in the initial stage was enhanced, especial-
ly in the repeated swelling periods.

Mechanisms of Enhanced Swelling Ratio and

Mechanical Properties

The mechanical properties and swelling ratio of the WSR com-
posites were significantly enhanced by the introduction of PAA/
SBS nanofiber mats. Figure 7 depicts the proposed mechanism
of nanofibers within the rubber after immersion in water, which
was observed by SEM. The PAA and SBS nanofibers in the
PAA/SBS nanofiber mats entangled mechanically with each oth-
er to provide a spiderweb network within the matrix. These net-
works could act as the internal reinforcements to enhance the
mechanical properties of WSR (similar to the enhancement in
fibre-reinforced composites) even after the water absorption.
Meanwhile, during the early stage of swelling those networks
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could induce water into the rubber more quickly and make ran-
dom 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 le. As a result, excellent water swelling ability
and mechanical properties were achieved.

CONCLUSIONS

In this study, electrospun nanofibers of PAA, SBS, and PAA/SBS
were prepared by the electrospinning method. The resultant
nanofibers were introduced to enhance the mechanical proper-
ties and water swellability of conventional WSR. In SEM images
of PAA/SBS nanofiber mats, some spiderweb 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.
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