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A novel super-absorbent material was fabricated by electrospinning the natural polysaccharide pullulan
(PULL) with polyvinyl alcohol (PVA) and montmorillonite (MMT) clay to form nonwoven webs, which
were then heat treated. Transmission electron microscopy (TEM) micrographs, X-ray diffraction (XRD)
patterns, and Fourier transform infrared (FTIR) analysis of the novel super-absorbent nanofibers suggest
the coexistence of PULL, PVA, and MMT through the exfoliation of MMT layers in the super-absorbent
nanofiber composite. The heat-treated PULL/PVA/MMT webs loaded with 5 wt% MMT electrospun
nanofibers exhibited a water absorbency of 143.42gg! in distilled water and a water absorbency of
39.75gg ! in a 0.9 wt% NaCl solution. Under extremely dry conditions, the PULL/PVA/MMT webs exhib-
ited the ability to retain 43% distilled water and 38% saline water after being exposed to the atmosphere
for one week. The heat treatment improved the crystallinity of the electrospun PULL/PVA/MMT super-
absorbent webs and thus made the webs highly stable in aqueous environments. Overall, the addition
of MMT resulted in improved thermal stability and mechanical properties and increased the water
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absorbency of the PULL/PVA/MMT composite.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Super-absorbent polymers (SAPs) are functional polymeric
materials that have the ability to absorb and retain significant
amounts of water. These materials can retain such a significant
amount of water that the weight of the super-absorbent plus
retained water can reach several hundred times the weight of the
material, even under some externally applied pressure. SAPs have
application potential in many fields, including: agriculture, hygiene
products, waste-water treatment, drug-delivery, and coal dewa-
tering (Chu, 2006; Ende, 1995; Kamat & Malkani, 2003; Sadeghi &
Hosseinzadeh, 2008; Yi & Zhang, 2008).

A large number of materials have been used to prepare SAPs.
The most common types of materials are based on acrylic acid and
acryl amide compounds, both of which have poor biodegradability.
Approximately 90% of SAPs are used in disposable products, most
of which are eventually disposed of in landfills or are incinerated
(Kiatkamjornwong, 2002). This considerable accumulation of such
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a robust absorbent materials in the environment leads itself to a
significant environmental concern related to soil, water, and air
pollutions (Zhang, J., 2007; Zhang, Y., 2007; Zhang, 2006). More-
over, the applications of SAPs have been limited due to their low
absorption rates for concentrated electrolyte solutions, their lower
water-retention capacities, and their high production costs (Wang
& Liu, 2004). To address these issues, considerable attention has
been focused on naturally available resources, such as polysac-
charides and inorganic clay minerals (Li, 2007; Ray & Bousmina,
2005).These compounds have greater commercial and environ-
mental values, along with the advantages of having low production
costs, higher renewability, and better biodegradability when SAPs
are derived from polysaccharides (Pourjavadi & Mahdavinia, 2006;
Yoshimura, 2005).

Electrospinning is a very simple and effective approach for
producing nanofibers, and this approach has attracted significant
interest among academic and industrial scientists (Brenner, 2012).
In the electrospinning process, a polymer solution is subjected to
an electric field. When the electric field reaches a critical value at
which the repulsive electric force overcomes the surface tension
of the solution, a charged jet of the solution is ejected from the
tip of a capillary tube. Because the jet is charged, its trajectory can
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be controlled by another electric field. As the jet travels through
air, the solvent evaporates, leaving a charged polymer fiber that
lies randomly on a metal collecting screen. Nanofibers prepared
using this technique have been employed in various applications,
including filtration, protective clothing, absorbent processes, and
food preservation (Han, 2006; Islam, 2012; Qin & Wang, 2006; Su,
2012).

Pullulan is an extracellular microbial polysaccharide produced
by different strains of Aureobasidium (Lazaridou, 2003). Aside from
the advantages afforded by natural polysaccharides, pullulan has
attracted increasing interest in the biomaterial sciences because of
its superior level of water solubility, water-absorbing capability,
and its ability to form strong resilient films and fibers because of
its chemical structure (Deshpande, 1992; Iwamoto, 1991; Singh,
2008a,b). Films and fibers composed of pullulan are colorless,
tasteless, odorless, transparent, and flexible and have excellent
mechanical properties (Kristo, 2007; Yuen, 1974). These properties
make pullulan a candidate compound for producing nanofibers that
possess an excellent absorbent capacity.

Polyvinyl alcohol (PVA) is a semi-crystalline hydrophilic poly-
mer with good chemical and thermal stability. PVA is a highly
biocompatible and non-toxic polymer that can easily be processed
and that possesses high water solubility. PVA can form physical gels
in various types of solvents, which leads to the use of PVA in a wide
range of applications in the medical, cosmetic, food, pharmaceuti-
cal, and packaging industries (Duan, 2007; Hong, 2006; Lee, 2009;
Ren, 2006; Ristolainen, 2006; Shao, 2003; Zhang, J., 2007; Zhang,
Y.,2007). Due to its improved flexibility and toughness, PVA can be
used to improve the physical properties of a system through mix-
ing with other materials that have poor physical properties. PVA
with functional groups is useful in practical investigations of func-
tional polymers because of its easy preparation as a bulk material,
as films, and as fibers.

Montmorillonite (MMT) clay is a useful inorganic material, due
to its ability to induce remarkable improvements in the mechani-
cal, thermal, flame-retardant, barrier, and wettability properties of
polymeric composites when small amounts (1-10%) of MMT fillers
are added (Park, 2012).In general, the structures of polymer/clay
nanocomposites are classified according to the levels of interca-
lation and exfoliation of polymer chains into the clay galleries
(Alexander & Dubois, 2000; Mondal, 2013). Various parameters,
including the clay nature, organic modifier, polymer matrix, and
preparation method, have effects on the levels of intercalation and
exfoliation. Therefore, depending on the nature and properties of
the clay and polymer, as well as on the methodology for preparing
the nanocomposite, different composite structures can be obtained.

Composite nanomaterials have the ability to produce a syn-
ergetic combination of properties that cannot be obtained from
their individual components (Hayder, 2011). The overall goal of this
study was to develop super-absorbent composite materials using
PULL, PVA, and naturally occurring MMT clay via a cost-effective
and efficient electrospinning technique. This technique is much
more facile than the currently used polymerization method, in
which difficulties arise from the autoacceleration and separation of
solvents that are possibly environmentally unfriendly. In this study,
PULL/PVA/MMT composite nanofiber webs are prepared using the
electrospinning process for the first time for use as a SAP. To the
best of the authors’ knowledge, the super-absorbent material pre-
pared from the eco-friendly polymer blend (PULL/PVA) with MMT
provides higher water absorbency than any commercially available
biodegradable super absorbents. Both PULL and PVA are biocom-
patible polymers. Hence, the blended material composed of these
two types of polymers would be biocompatible (Tang, 2011). The
filler component of the super absorbent is MMT clay, which is a
natural product that does not exhibit any adverse environmental
effects.

2. Experimental
2.1. Materials

PVA with a number-average degree of polymerization of
1700 (M = 89,000-98,000, fully hydrolyzed, degree of saponifica-
tion=99.9%) was obtained from the DC Chemical Co., Seoul, Korea.
Food-grade preparation (PF-20 grade) pullulan (PULL) (greater
than 90% purity, M,y = 200,000 Da) was procured from Hayashibara
Biochemical Laboratories Inc. (Okayama, Japan). Montmorillonite
(MMT) (1-3 nm in width, 100-200 nm in length, and 1 nm in thick-
ness of each MMT layer) was purchased from Kunimine Industries
Co. Ltd., Japan. Double-distilled water (DDW) was used as the sol-
vent for preparing all solutions.

2.2. Preparation of solutions for electrospinning

MMT powder was dispersed in double-distilled water using
magnetic stirring at 300 rpm for 1h at room temperature. At 1h,
PVA was added to the solution, which was then heated at 80°C
and magnetically stirred at 300 rpm for 2 h; then, the solution was
cooled to room temperature. PULL powder was separately dis-
solved in double-distilled water using magnetic stirring for 2 h at
room temperature. PULL/PVA/MMT blend solutions were prepared
by mixing PVA/MMT and PULL solutions to a total solid concentra-
tion of 14 wt% with a 60/40 (PULL/PVA) mass ratio and various MMT
contents (1, 3, 5, and 10 wt% MMT). Pure PULL, PVA, and PULL/PVA
blend aqueous solutions of 14 wt% each one were prepared sepa-
rately for electrospinning. PULL/PVA blend with 60/40 blend ratio
at 14 wt% total polymer concentration is enable to provide the best
electrospun nanofiber (Islam, 2012). 5 wt% MMT content disperses
well in the polymer matrix to give the best development of new
property of the composite (Ji, 2009).

2.3. Electrospinning

During electrospinning, high-voltage electricity (model CPS-
60K02 VIT, Chungpa EMT Co., Ltd., Seoul, Korea) was applied to the
PULL/PVA/MMT solution in a syringe (10mL) via an alligator clip
attached to the syringe needle. The applied voltage was adjusted
to 15 kV. The solution was delivered to the blunt needle tip via a
syringe pump to control the solution flow rate. Fibers were col-
lected on electrically grounded aluminum foil placed at a 15cm
vertical distance below the needle tip. The same procedure was
followed to prepare the PULL, PVA, and PULL/PVA blend nanofiber
webs.

2.4. Heat treatment

The synthesis of the electrospun PULL/PVA/MMT nanofiber
webs was completed with a heat treatment. The prepared nanofiber
webs were placed in the empty space between the plates of a
hot press for 4min; however, the electrospun PULL/PVA/MMT
nanofiber webs were not in direct contact with the hot plates. The
plates were set at 150°C and were separated by 1cm. The heat-
treated PULL/PVA/MMT composite is shown in the Scheme 1. The
heat treatments for all of the other samples (pristine and blended)
were conducted using the same method described above.

2.5. Measurement of water absorbency

To determine the water absorption capacity, 0.50g samples of
the material were immersed in either distilled water or in a saline
solution (0.9% NaCl) for 12 min at room temperature to swell. The
swollen sample was removed from the solution, and excess water
was removed using a 100-mesh gauze. The weight of the swollen
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Scheme 1. A schematic representation of the heat-treated PULL/PVA/MMT com-
posite with an exfoliated clay layer.

sample was measured. The water absorbency (Q, gg~1) was calcu-
lated using the following equation (Zuohao, 2011):

Q = (M — My)/M,

where, M; and M; are the weights of the dry and swollen samples
(g), respectively.

2.6. Water retention measurement

The water retention of the nanofiber webs was expressed
using the weight remaining (WR) of the nanofiber mats. Briefly,
3g of dried nanofiber mat was immersed in water until the
swelling reached equilibrium, at which point a constant weight
was obtained. After surface water was removed using filter paper,
the samples were placed in a desiccator at 30°C. At different time
intervals (24 h), samples were removed, weighed, and then placed
back into the desiccator. The WR percentage was calculated as fol-
lows, where W, and W; correspond to the weights of the swollen
nanofiber mats before and after the period in the desiccator, respec-
tively (Lu, 2010):

WR(%) = Wy x 100/ W,.

2.7. Characterization

The morphologies of the electrospun nanofibers were analyzed
using a field emission scanning electron microscope (FE-SEM)
(model JSM-6380, JEOL, Germany). Coexistence of the constituents
of the composite materials was investigated using transmission
electron microscopy (TEM) (HITACHI, model H-7600, Japan) with
an accelerating voltage of 100kV, X-ray diffraction (X'Pert APD,
Philips, United Kingdom) patterns, and Fourier transform infrared
(FTIR) analysis (Bruker IFS 120HR, Germany). The thermal stabil-
ities of the nanofibers were studied using a TGA analyzer (model
Q-50; TA Instruments, USA). Tensile strength tests were performed
using a Zwick (Germany) Z005 material testing machine. Heat
treatment of the nanofiber mats was conducted using equipment
from Namyang Machinery MFG, Korea.

3. Results and discussion
3.1. Morphology of electrospun nanofibers

Morphology of electrospun nanofibers can be affected by elec-
trospinning instrument parameters including the electric voltage,

tip-to-collector distance, and by the solution parameters, such as
the polymer concentration, feed mass ratio, and surface tension
(Huang, 2004). Changing the polymer solution distinctly altered
the fiber morphology, as shown in Fig. 1. A Fixed applied volt-
age of 15kV and a tip-to-collector distance of 15 cm were used to
prepare electrospun nanofiber mats from 14% PULL (Fig. 1a), PVA
(Fig. 1b), and PULL/PVA (60/40) blend (Fig. 1c). It was found that the
PULL/PVA (60/40) blend with a 14% total polymer concentration
was ideal for obtaining more uniform nanofibers (Fig. 1c), which
can be seen from its SEM image.

Fig. 1(d-f) displays the morphologies of heat-treated PULL, PVA,
and PULL/PVA blend nanofibers, respectively. After heat treatment,
the PULL/PVA blend nanofibers became thinner and more uniform
(Fig. 1f) than the pure PULL or PVA fibers (Fig. 1d and e) because of
the favorable solution viscosity for electrspinning of the blend sys-
tem. Fig. 2a presents the FE-SEM image of electrospun nanofibers
composed of PULL, PVA, and MMT (5%). Some beads were observed
in the PULL/PVA/MMT blend due to the incorporation of MMT in
the PULL/PVA blend. Fig. 2(b-e) shows the heat-treated PULL/PVA
blend nanofibers with various MMT contents (1%, 3%, 5%, and 10%,
respectively). Significant morphological changes, such as bead for-
mation, were observed when MMT clay was introduced in the
polymer blend. Through careful examination of the FE-SEM images
in Fig. 2(b-e), it was evident that both the number and size of beads
increase as the amount of added MMT increases. It is likely that the
formation of beads is strongly influenced by the viscoelasticity of
the solution; beads and beaded fibers are less likely to be formed in
more viscous solutions (Fong, 1999). By increasing the MMT con-
centration, larger and more highly beaded nanofibers were formed,
suggesting that less favorable beaded nanofibers could be obtained
only at low MMT concentrations due to the higher viscosity of the
solution (Park, 2009). By comparing the Figs. 1 and 2, uniform fibers
are obtained from PULL/PVA blend (Fig. 1c), however, beads are
forming with increasing fiber diameter due to the addition of 5%
MMT (Fig. 2a). Diameter of the composite fiber are decreasing after
heat treatment because of the successful crosslinking of polymers
in the fibers (Fig. 2(b-e)) (Shen, 2014).

TEM observation of the heat-treated PULL/PVA/MMT composite
nanofiber revealed that the MMT clay was well distributed in the
nanofiber matrix (Fig. 2f). It is evident that each silicate platelet
forms a dark line in the nanofiber. The size of the dark line is
approximately 1-3nm in width and 100-200 nm in length, indi-
cating extremely good dispersion and exfoliation of MMT layers
within the nanofiber matrix and their orientation along the fiber
axis. This result clearly indicates the feasibility of electrospinning
the 2-D platelet structures and the potential for achieving proper
alignment of these clays along the fiber axis, which is critical for
the fabrication of nanocomposite fibers (Fong, 2002).

3.2. XRD analysis

Fig. 3A presents the XRD patterns of the PULL, PVA, PULL/PVA
blend (non-heat-treated and heat-treated), and PULL/PVA/MMT
composite (non-heat-treated and heat-treated) nanofiber webs.
A broad peak was observed near 19.4°, corresponding to a d-
spacing of 4.52A for pure PULL (Fig. 3A(a)) (Biliaderis, 1999).
Pure PVA shows a significant crystalline peak at approximately
19.3°, which is due to the occurrence of strong inter- and intra-
molecular hydrogen bonding (Fig. 3A(b)) (Park, 2010). With the
addition of PULL to PVA at a 60/40 mass ratio in the PULL/PVA
blend nanofibers, the intensity of the diffraction peak at approx-
imately 19.4° of pristine PULL decreases three-fold (Fig. 3A(c)). The
change in the intensity of the diffraction peak from pristine PULL
could likely be attributed to the hydrogen-bonding interaction
between PULL and PVA macromolecules in the PULL/PVA blend.
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Fig. 1. FE-SEM images of electrospun nanofibers of (a) PULL, (b) PVA, (c) PULL/PVA blend, (d) heat-treated PULL, (e) heat-treated PVA, and (f) heat-treated PULL/PVA blend
[total polymer concentration = 14%, Blend ratio (PULL/PVA)=60/40, applied voltage =15kV, and TCD =15 cm].

Hydrogen bonds between PULL and PVA were formed through
the hydroxyl groups of these two polymers. However, the peak
intensity of the heat-treated PULL/PVA blend nanofibers exhib-
ited a greater increase than that of the non-heat-treated PULL/PVA
blend nanofibers (Fig. 3A(d)). These results clearly illustrate that
the crystallinity of the PULL/PVA blend is increased after heat treat-
ment due to the crosslinking between the —OH groups of PULL and
PVA. It is ovserved that in a nanoclay/polymer composite, unex-
foliated or intercalated MMT often has a peak in the 3-9°(26)
range. For exfoliated nanocomposites, in contrast, single silicate
layers (1 nm thick) are homogeneously dispersed in the polymer
matrix and no distinct diffraction peak in the 3-9° (26) range is

detected (Barber, 2005; Zhu, 2007). For PULL/PVA/MMT nanofibers
with 5% MMT content, there was no diffraction peak in the 3-9°
(20) range (Fig. 3A(e)). This result suggests that MMT clays are
well dispersed in the PULL/PVA blend nanofibers and are predomi-
nantly exfoliated. The intensity of the peak at approximately 19.4°
for the heat-treated PULL/PVA/MMT blend nanofibers (Fig. 3A(f))
is greater than that of the non-heat-treated PULL/PVA/MMT blend
nenofibers, indicating higher crystallinity in the heat-treated com-
posite nanofiber webs. This higher crystallinity potentially arises
from the crosslinking between PULL and PVA, which occurs through
the loss of one molecule of water from the hydroxyl groups of PULL
and PVA.
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Fig. 2. FE-SEM images of (a) PULL/PVA/MMT nanofibers with a 5% MMT content and heat-treated PULL/PVA blend nanofibers with MMT contents of (b) 1%, (c) 3%, (d) 5%, and
(e) 10% and (f) TEM image of heat-treated PULL/PVA/MMT nanofibers with a 5% MMT content [total polymer concentration=14%, Blend ratio (PULL/PVA)=60/40, applied

voltage=15kV, and TCD=15cm].

3.3. FTIR data

FTIR spectra provides information about the structure of the
blend nanofiber mats in this study. In Fig. 3B, spectra of electro-
spun pristine PULL, PULL/PVA (no-heat-treated and heat-treated)
and PULL/PVA/MMT (no-heat-treated and heat-treated) blend
nanofiber webs at 500-4000 cm~! range are shown. Pristine PULL
nanofibers exhibit characteristics bands for their functional groups,
as shown in Fig. 3B(a). The spectra show strong peaks at 850cm™1,
which are attributable to the a-glucopiranoside units. The peaks at

frequencies of 755cm~! and 932 cm~! are attributed to the pres-
ence of a-(1,4) glucosidic and a-(1,6) glucosidic bonds, respectively
(Seo, 2004). The bands observed at 2850-3000 cm~! correspond to
the stretching vibrations of CH and CH; groups and bands attributed
to CH/CH, deformation vibrations are present at 1300-1500 cm™!
range. Furthermore, a very intense, broad hydroxyl band occurs
at 3000-3600cm~!, and accompanying C—O stretching exists at
1000-1260cm~1. With the addition of PVA, some of the absorp-
tion peaks of PULL become lower in intensity, and peaks at 1096
and 1447 cm~! are observed (Fig. 3B(b)). This result suggests that
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Fig. 3. (A) XRD patterns of electrospun nanofibers of (a) PULL, (b) PVA, (c) PULL/PVA blend, (d) PULL/PVA/MMT, and (e) heat-treated PULL/PVA/MMT and (B) FTIR spectra
of electrospun nanofibers of (a) PULL, (b) PVA, (c¢) PULL/PVA blend, (d) PULL/PVA/MMT, and (e) heat-treated PULL/PVA/MMT [total polymer concentration = 14%, Blend ratio

(PULL/PVA)=60/40, MMT concentration = 5%, applied voltage=15kV, and TCD =15 cm].

hydrogen bonds between the hydroxyl groups in PULL and PVA
could possibly play a role in the shifting of the peaks. Thus, the FTIR
spectra supports the interactions between PULL and PVA (Karim,
2011), suggested by the XRD data. The heat-treated PULL/PVA
blend nanofiber mats exhibit a characteristic peak at 1250cm™1,
indicating the formation of C—0 bonds through the loss of one
molecule of water from the two hydroxyl groups of PULL and PVA
(Fig. 3B(c)). The peaks observed at 1035 (Si—O stretching), 916
(Al—O stretching), 842 (Al—O stretching), and 519 (Si—O bend-
ing) cm~! confirm the presence of MMT in the PULL/PVA/MMT
composite (Fig. 3B(d)) (Yurudu, 2006). Similarly, the heat-treated
PULL/PVA/MMT nanofiber webs exhibit a peak at 1250 cm~!, indi-
cating the formation of a new type of bond due to the heat treatment
(Fig. 3B (e)). Overall, the FTIR spectra demonstrate the possible
interactions between the PULL/PVA blend and MMT clay (before
and after heat treatment), which is also supported by the XRD
data.

3.4. Thermal gravimetric analysis

The thermal stabilities of the heat-treated electrospun
PULL/PVA blend nanofiber mats were investigated using TGA in a
nitrogen (N;) atmosphere. Fig. 4A presents the TGA thermograms
at different decomposition temperatures of pure PULL, pure PVA,
and the PULL/PVA blend with a mass ratio of 60/40 of PULL to PVA
at different decomposition temperatures. Three weight loss peaks
are clearly observed in the TGA curve for pure PULL (Fig. 4A(a)).
The first peak at 25-95 °C is due to moisture vaporization, decom-
position, and some volatility characteristics of the polymers; the
second peak at 230-270°C is due to the thermal degradation of
PULL; and the third peak at 300-400°C is due to the formation of
byproducts of PULL during the TGA thermal degradation process.
The pristine PVA nanofiber mats exhibit higher thermal stability
than PULL upto a temperature of 380°C (Fig. 4A(b)). However, in
the higher temperature range (from 381°C to 600°C), the PULL
and PULL/PVA blend show greater thermal stability than PVA. The
higher thermal stability at the mid-point degradation temperature
of PULL could clearly be obtained with the addition of PVA to the
PVA/PULL blend nanofiber mats (Fig. 4A(c)). The PULL/PVA/MMT
nanofiber mats with 14% polymer and a 60/40 mass ratio of PULL to
PVA with various MMT contents possess different decomposition
temperatures (Fig. 4B). The thermal stability is clearly increased
with increasing MMT content in the range of 1-10% by weight. This
result may be attributed to the higher chain compactness of the

polymer blend due to the interaction between the PULL/PVA blend
and clay.

3.5. Tensile strength

Some of the fascination with the behavior of polymers comes
from the large changes in the physical properties and the
wide range of mechanical behaviors (Stepto, 1998). The tensile
strength of the heat-treated PULL/PVA blend nanofibers increased
with increasing weight percentage of PVA, as shown in Fig. 5a.
Fig. 5b shows the tensile strength of heat-treated PULL/PVA/MMT
nanofiber mats containing different contents of MMT. The tensile
strength of the PULL/PVA blend nanofibers increased with increas-
ing MMT content, indicating that MMT clay has a reinforcing effect
on the PULL/PVA blend fibers. A sharp increase in tensile strength
was observed with the addition of 5% by weight MMT, likely due
to the combinatory effect of molecular chain orientation and the
well-exfoliated MMT layer structure inside the nanofiber; there-
fore, the tensile strength of the electrospun nanofibers increased as
the clay concentration increased. However, any further increase in
clay concentration over 5% resulted in only a slight increase in ten-
sile strength. This may be due to the aggregation of MMT particles
in the polymer matrix at higher concentrations (over 5%) (Chang,
2003).

3.6. Water absorbency

The heat-treated PULL/PVA blend nanofiber mats absorbed
88.85gg~1 and 26.43 gg~! in distilled and in saline water, respec-
tively, due the presence of a greater number of hydrophilic-OH
groups (Fig. 6). Moreover, the crosslinking of polymer blends
after heat treatment may also contribute to the increased water
absorbancy of the composite material (Kibiri, 2003). The water
absorbency of the nanofiber webs increased with increasing MMT
content (Fig. 6a and b). A 5% MMT content resulted in a signifi-
cant increase in water absorbency in both distilled (143.42gg1)
and saline water (39.75gg~1). These values are even higher than
those of the super-absorbent based on wheat straw (absorbencies
of 133.76gg~1 in distilled water and 33.83gg~! in saline water)
(Zuohao, 2011). This result is likely due to the inclusion of MMT
in the polymer blend matrix (Fig. 6a and b). The nature of water
absorbency of MMT in the polymer matrix is therefore likely due to
the wettability and hydrophilicity of the MMT and polymer blend
(Park, 2012).
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Fig.4. (A) TGA data of heat-treated electrospun nanofibers of (a) PULL, (b) PVA, and (c) PULL/PVA blend and (B) TGA data of heat-treated PULL/PVA blend electrospun nanofibers
with different MMT contents of (a) 0%, (b) 1%, (c) 3%, (d) 5%, and (e) 10% [total polymer concentration = 14%, blend ratio (PULL/PVA) = 60/40, applied voltage = 15 kV, and TCD

=15cm].

3.7. Mechanism of water absorption

The water absorption mechanism for the electrospun
PULL/PVA/MMT composite super-absorbent is outlined in
Scheme 2. MMT platelets of the composite nanofibers con-
tain polar hydroxyl groups. The two other components of the
composite also have polar hydroxyl groups in the polymer chains.
The cross-links between the polymer chains are formed as ether
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groups through the reaction between the hydroxyl groups of
PVA and PULL. Hence, the nanofiber composed of PULL, PVA,
and MMT clay would be hydrophilic in nature. A hydrophilic
fiber provides the capacity to absorb liquid via fiber imbibitions,
thereby resulting in fiber swelling. It also attracts and holds liquid
external to the fiber and structure voids. In fact, water molecules
are drawn into the network structure of the polymers in the fibers
across a diffusion gradient. The polymer chains want to straighten
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Fig. 5. Tensile strengths of (a) heat-treated electrospun PULL/PVA blend nanofibers as a function of the PVA content and of (b) heat-treated electrospun PULL/PVA/MMT
nanofibers with a 40% PVA content as a function of the MMT content [total polymer concentration = 14%, applied voltage=15kV, and TCD =15 cm].
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Fig. 6. Effects of MMT contents on the water absorption capacities for heat-treated
electrospun PULL/PVA/MMT nanofibers for (a) distilled water and (b) saline water
[total polymer concentration =14%, blend ratio (PULL/PVA)=60/40, applied volt-
age=15kV, and TCD=15cm].

but cannot due to the cross-linking. Thus, the fibers expand as
water enters the network. The water is held tightly in the network
by hydrogen-bonding interactions between water and polymer
chains or MMT platelets.

3.8. Water retention study

The water retention behavior of the heat-treated PULL/PVA with
5 wt% MMT content blend nanofiber mats is shown in Fig. 7. In
general, the nanofiber webs showed better water retention abil-
ity, as they retained 43% and 38% of the distilled and saline water,
respectively, after exposure to air under arid conditions for 7 days.
However, percentages of water retention after 1 day were 85% and
89% for distilled and saline water, respectively. From a literature
review, after exposure to air under dry conditions for 6 days, pullu-
lan hydrogel can retain water approximately 30% water (Li, 2011),
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Scheme 2. A schematic representation of the water absorption mechanism for the
electrospun PULL/PVA/MMT composite super-absorbent.
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Fig. 7. Water retention of heat treated electrospun PULL/PVA/MMT nanofibers
for (a) distilled water and (b) saline water [total polymer concentration=14%,
blend ratio (PULL/PVA)=60/40, MMT content=>5%, applied voltage=15kV, and
TCD=15cm)].

which is less than that of heat-treated PULL/PVA/MMT composite
nanofibers. Presumably, the intense water-retentive nature of the
composite materials results from the hydrophilic characteristic of
each of the constituents.

4. Conclusion

A novel super-absorbent composite was prepared from PULL,
PVA, and MMT clay using the electrospinning technique followed
by a heat treatment. PVA content increases the thermal stabil-
ity in the mid-point temperature of the degradation as well as
mechanical strength of the polysaccharide, PULL. Incorporation of
MMT with PULL/PVA blend makes the PULL/PVA/MMT nanofiber
webs as superabsorbent. The water absorbencies of the prepared
heat-treated PULL/PVA/MMT composite nanofibers with different
MMT contents (0%, 1%, 3%, 5%, and 10%) were investigated. The
water absorbencies increased with increasing MMT content, and
the 5% MMT content resulted in a significant increase in the water
absorbency (143.42 gg~! in distilled water and 39.75gg~! in saline
water). Moreover, the prepared super-absorbent material has the
ability to retain 43% distilled water and 38% saline water after 7
days. These data demonstrate that this material possesses excellent
water retention behavior. In this report, we also investigate ther-
mal stabilities, and mechanical properties of the PULL/PVA/MMT
composite nanofiber webs. Significant improvements in all of these
properties of the composite nanofiber webs are observed with
increasing MMT content. The characteristic of SAPs can be utilized
in many different applications. The largest use of superabsorbent
polymers is in personal hygiene products. These consumer prod-
ucts include disposable infant diapers, children’s training pants,
adult incontinence articles, and feminine sanitary napkins. Because
PULL and PVA are biocompatible polymers, their blended system
would be a biocompatible material that is very environmentally
friendly. Montmorillonite clay is a natural layered silicate nanoma-
terial, which is a type of green eco-friendly natural product that
does not have any toxic environmental effects.
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