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nanostructures via a water-based
system: transformation from powder to
electrospun nanofibers under hydrogen-bonding
induced viscosity, crystallinity and improved
mechanical property†

Sarekha Woranuch, Autchara Pangon, Kantapat Puagsuntia, Nakarin Subjalearndee
and Varol Intasanta*

Rice flour is a naturally abundant and renewable biodegradable and biocompatible material. Nevertheless,

fabrication of rice flour-based functional nanostructures has been challenging due to the difficulties in fine-

tuning solution parameters. The present work shows a successful synthesis of rice-flour based nanofibers

containing PVA by simply allowing rice flour and PVA to solubilize in alkaline conditions prior to

electrospinning. Rice flour/PVA blend nanofibers at the rice flour weight content of 25% led to an

optimal condition with reinforced hydrogen bonding between the two polymers. The interaction

induced good processability and fiber formation with well-defined morphology. In addition, rice flour

functioning as a nucleating agent promoted the crystallization of small PVA crystals resulting in an

improvement of tensile strength and Young's modulus with respect to PVA nanofibers. This is for the first

time showing not only the transformation of rice flour via a water-based system into mechanically

robust nanofibers, but also the role of rice flour in inducing crystalline phase in semi-crystalline polymers

in blends. The finding is important to bring in unprecedented practical applications for rice flour such as

disposable nanofilters, tissue engineering scaffolds, wound dressings, etc.
1. Introduction

Rice starch is a biopolymer obtained from rice our via an
alkaline steeping method.1 Starch represents a unique class of
polysaccharides due to its rich variety of amylose–amylopectin
combinations. While amylose is a linear chain and amorphous
part of starch granule, amylopectin constitutes a branched and
crystalline component. The interplay between these two key
components in a vast degree of amylose fraction lead to various
types of rice showing different physical structure and mechan-
ical performance.2,3 Starches have been of high demand due to
their non-toxicity, biodegradability, biocompatibility, and
ability to form lms, membranes, gels, and bers.4–6

Recently, nanobers have received much attention due to
their applications inmany areas such as high-performance lter
media, sensors, medicine and medical textile materials.7,8

Various methods have been developed to fabricate
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nanomaterials, e.g. drawing, phase separation, self-assembly,
template synthesis and electrospinning.9–12 Compared with
other techniques, electrospinning could be applicable for
a wide range of polymers, capable of controlling ber
morphology with potential for scaling up production.

Only a few works have investigated starch-based bers
prepared through electrospinning technology. Kong and Zie-
gler13 studied the preparation of pure corn starch bers by
electro-wet-spinning. The result showed that starch bers had
diameters in the order of microns and crystallinity of the bers
was increased aer spinning. However, this method involved
a multi-step process including organic solvent elimination.
Another related work studied the fabrication of glutinous rice
starch nanobers by electrospinning. The authors found that
glutinous rice starch nanobers exhibited high porosity, ake
multi-layers and high swelling power.14 In addition, some
previous studies indicated that pure starch material exhibited
poor processability and properties (e.g., weak mechanical
properties, poor long-term stability) as compared with synthetic
polymers. As a solution, our was oen blended with synthetic
biodegradable polymers such as polyvinyl alcohol (PVA), poly-
caprolactone (PCL) and polylactide (PLA).15–17

Among the biodegradable polymers, PVA has high interest
due to its processability, biocompatibility, nontoxicity and
This journal is © The Royal Society of Chemistry 2017
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solubility in water, which makes it similar to starch. PVA also
contains hydroxyl groups, identical to starch. However, the
properties of PVA are highly dependent on the degree of
hydrolysis (DH). It was reported that PVA with DH between 87
and 89 exhibited low mechanical stability,18 which could be
improved via blends e.g. combining PVA with starch to produce
high strength biocomposite lm.15 Therefore, the fabrication of
bio-based nanobers for future applications in disposable
nanoltrations and other environmentally friendly products is
an interesting alternative to preserve its functional properties.

The objective of the present research was to fabricate rice
starch-based functional nanobers by overcoming the difficul-
ties in ne-tuning solution parameters. Here, rice our was
selected to fabricate bio-based nanobers because it could be
simply obtained by physical grinding without any further
purication process. As electropsinning of water-based rice
our solution was difficult, PVA was introduced to facilitate
both solution stability and ber formation. The inuence of rice
our content on viscosity, morphology, chemical structure,
crystallinity, thermal characteristics andmechanical property of
rice our-based nanobers were investigated.

2. Materials and methods
2.1 Materials

Rice our (Amylose content of 22.67%) was supplied by Bureau
of Rice Research and Development, Thailand. Polyvinyl alcohol
(PVA, Mw � 205 000 g mol�1, Sigma-Aldrich) and sodium
hydroxide (NaOH, Sigma-Aldrich) were of analytical grade and
used as received. Deionized water was used in all experiments.

2.2 Preparation of rice our/PVA solution

PVA solution of 8% w/w was prepared with DI water at 95 �C
under magnetic stirring for 2 h. In another beaker, 8% w/w of
rice our solution was prepared with a solution of 0.2 mM of
sodium hydroxide. Then, the two solutions were mixed followed
by magnetic stirring at room temperature for 15 minutes at the
weight ratio of rice our solution to PVA solution of 0 : 100,
12.5 : 87.5, 25 : 75 and 37.5 : 62.5. As a result, the solid contents
of rice our in nanobers were varied for 0%, 12.5%, 25.0% and
37.5% w/w, respectively.

2.3 Fabrication of nanobers by electrospinning

Electrospinning was carried out using Nanospider technology
(Nanospider laboratory machine NS LAB 500S, Elmarco s.r.o).
The spinning solution (25 mL) was poured into the Nano-
spider's 50 mL semi cylindrical reservoir, equipped with wire
electrodes connected to a high-voltage supply. During the
process, the electrode was rotated at 8 rpm. The distance
between the rotating wire electrode and the ground electrode
was 18 cm. In this work, the applied voltage was set at 65 kV.

2.4 Characterization

Viscosity of the solutions was investigated using a DV-IIV cone
ultra programmable rheometer equipped with CPA-40Z cone
and plate geometry spindle at 25 �C (average of 10
This journal is © The Royal Society of Chemistry 2017
measurements; Brookeld Engineering Laboratories Inc., USA).
Morphological analyses were done using Scanning Electron
Microscopy (SEM) Hitachi E-1010 (Hitachi High-Technologies
Corp., Japan). A sample was xed on a specimen stub with
carbon adhesive tape and sputter-coated with a thin layer of
gold. Finally, SEM micrographs were collected at an acceler-
ating voltage of 20 kV and working distance of 5 mm. FTIR
spectra were obtained with a Nicolet 6700 (Thermo Scientic,
Inc., United States) using 128 scans at a resolution of 2 cm�1

over a wavenumber range of 500–4000 cm�1. X-ray diffraction
(XRD) patterns were recorded by a Bruker D8 Advance X-ray
diffractometer (Germany) over a 2q range from 5� to 60� with
a scan rate of 0.04� min�1. The degree of crystallinity of the
sample can be determined from XRD pattern. The degree of
crystallinity (Xc) was calculated from eqn (1):

Xc (%) ¼ (Ac/[Ac + Aa]) � 100 (1)

where Ac is the area under the peaks representing the total
crystalline region and Aa is the area under the peaks repre-
senting the total amorphous region.

The average crystallite size was calculated using the
following well-known Scherrer eqn (2):

Crystallite size (nm) ¼ kl/b cos q (2)

where k is Scherrer constant (0.89), l is wavelength of Cu Ka
radiation (0.154 nm), b is the peak width of the diffraction peak
prole at the half maximum height (FWHM) and q is the Bragg
angle.19

Thermogravimetric analysis (TGA) was performed using
a TGA/DSC 1 STARe (Mettler-Toledo, Switzerland) under
nitrogen atmosphere with a ow rate of 50 mL min�1. Each
sample (5 mg) was placed in a crucible and then heated from
30 �C to 600 �C at a heating rate of 10 �C min�1. Differential
scanning calorimetry (DSC) analysis was performed with
a Mettler-Toledo DSC 822e. A sample (5 mg each) was then
packed in a DSC aluminum pan with a closed lid having a 1
mm-diameter hole at the center. The rst heating scan was
carried out from �50 �C to 250 �C at a heating rate of 20 �C
min�1. The sample was then cooled to �50 �C at a cooling rate
of 20 �C min�1, held at �50 �C for 5 min, and reheated from
�50 �C to 250 �C at a heating rate of 20 �C min�1. A nitrogen
ow rate of 50 mL min�1 was preserved throughout the
experiment.
2.5 Tensile testing of nanobers

Mechanical properties of the samples were examined
according to ASTM D882 standard test method, using an
Instron Model 5566 testing machine (UK). A sample was cut
into a rectangular shape (5 cm � 1 cm) prior to testing. The
test was performed using a load cell of 1 kN, a crosshead
speed of 10 mm min�1 and a grip separation of 10 mm. Five
replicates were tested for each sample to obtain an average
value. The lm thickness was measured at ve positions on
the perimeter and at the center of the lm by a digital caliper
to obtain an average value.
RSC Adv., 2017, 7, 19960–19966 | 19961
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3. Results and discussion
3.1 Viscosity of electrospinning solution

Viscosity is an important factor for electrospinning as well as an
indicator for macromolecule entanglements in solution. Fig. 1
illustrates the viscosity of rice our solution, PVA solution and
rice our/PVA solutions at rice our contents of 12.5%w/w, 25%
w/w and 37.5% w/w. Blend solutions at the weight content of
rice our for 12.5% w/w and 25% w/w exhibited higher viscosity
(273–340 cP) than PVA solution. The augmentation of PVA
solution viscosity aer adding rice our might result from the
interaction and entanglement between the two polymers. The
decrease of viscosity when rice our content was increased to
37.5% w/w might be explained by reduced chain entanglement
among the polymer molecules due to phase separation between
excessive rice our solution and PVA solution.20
Fig. 2 SEM micrographs at 20 kV of different membranes: (a) rice
flour; (b) polyvinyl alcohol (PVA); and (c–e) rice flour/PVA membranes
at different contents of rice flour for (c) 12.5% w/w, (d) 25% w/w and (e)
37.5% w/w.
3.2 Morphology of rice our/PVA nanobers

The morphology of the obtained nanobers was observed by
a scanning electron microscopy (SEM), as shown in Fig. 2. It
could be seen that electrospinning of pure rice four solution
resulted in no bers (Fig. 2a). For PVA solution, the resulting
nanobers exhibited physical uniformity with the mean diam-
eter of 158 � 23 nm (Fig. 2b). Upon blending with PVA, the
blend nanobers at the weight content of rice our of 12.5% w/
w and 25% w/w also showed continuous and uniform nano-
bers with an average diameter of 156 � 31 nm and 151 �
36 nm, respectively (Fig. 2c and d). The result indicated that PVA
provided good spinnability which was consistent with
a previous investigation on PVA/starch blends reported by Liu
and He (2014).21 The improved quality was ascribed to the
augmentation of solution viscosity due to enhanced polymer
chain entanglement. However, rice our/PVA nanobers at even
higher weight content of rice our of 37.5% w/w gave non-
uniform bers with the mean diameter of 162 � 57 nm
(Fig. 2e). This result was related to the above relatively lower
viscosity (see Section 3.1.) possibly due to poor entanglement of
polymer chains. It could be inferred that spinnability of rice
Fig. 1 Viscosity of (A) rice flour solution (B) polyvinyl alcohol (PVA)
solution; and (c–e) rice flour/PVA solutions at different contents of rice
flour for (C) 12.5% w/w, (D) 25% w/w and (E) 37.5% w/w. The data is
reported as mean � SD, n ¼ 10. The small cap letters indicate signif-
icant difference at p < 0.05 (Duncan's new multiple range test).

19962 | RSC Adv., 2017, 7, 19960–19966
our-based nanobers might be limited at rice our content of
37.5% w/w owing to the low viscosity.
3.3 Molecular interaction

FITR spectroscopy was applied on the resulted nanobers to
investigate the chemical interactions between rice our and
PVA. In Fig. 3a, PVA nanobers show characteristic peaks at
3295 cm�1 (OH stretching), 2911 cm�1 (C–H stretching), 1728
cm�1 and 1713 cm�1 (C]O stretching of acetate group), 1438
cm�1 (CH2 symmetric bending), 1090 cm�1 (C–O stretching of
ether group) and 852 cm�1 (C–C bending).22 In Fig. 3b, rice our
possessed characteristic peaks at 3290 cm�1 (OH), 2920 cm�1

(C–H stretching), 1640 cm�1 (OH bonding of water), 1002 cm�1

and 998 cm�1 (C–O stretching).23,24 It was clearly observed that
rice our/PVA nanobers showed both characteristic peaks of
rice our and PVA, i.e. C–O stretching of glycosidic linkage at
1002 cm�1 and C–O stretching of ether group at 1090 cm�1. It
should be noted that the OH peak of rice our/PVA nanobers
was shied to a lower wavenumber in comparison with those of
the native our and PVA (Fig. 3c and d). These shis indicated
that new hydrogen bonds generated in the blends became
stronger than those of individual polymers.25,26 The hydrogen
bonds between PVA and rice our led to enhanced entangle-
ment of biopolymer matrix and consequently increased the
ber processability. However, OH peak of blend nanobers at
the weight content of rice our at 37.5% w/w did not change
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 FTIR spectra of: (a) polyvinyl alcohol (PVA) membrane; (b) rice
flour; and (c–e) rice flour/PVA membranes at different contents of rice
flour for (c) 12.5% w/w, (d) 25% w/w and (e) 37.5% w/w.

Fig. 4 X-ray diffractograms of (a) rice flour; (b) polyvinyl alcohol (PVA)
membrane; and (c–e) rice flour/PVA membranes at different contents
of rice flour for (c) 12.5% w/w, (d) 25% w/w and (e) 37.5% w/w.
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with respect to that in pure our due presumably to polymer
aggregation (see Fig. 2e).
Table 1 Degree of crystallinity and crystallite size of rice flour/PVA
blend nanofibers at different contents of rice flour

Solid content of rice
our in blend nanobers (% w/w)

Degree of
crystallinity (%)

Crystallite
size (nm)

0 35.16 5.40
12.5 36.64 4.56
25.0 37.82 4.29
37.5 33.84 5.82
3.4 Crystallinity

XRD technique was employed to analyze the amorphous/
crystalline characteristics of the blend nanobers in compar-
ison with that of neat substances, i.e. rice our and PVA nano-
bers. Rice our showed diffraction peaks at 15.2�, 17.6�, 18.3�

and 23.1�, corresponding to A-type crystal structure,27,28 and PVA
nanobers with a major peak at 19.6� (Fig. 4a and b).29 Fig. 4c–e
display XRD patterns of the blend nanobers with varying rice
our contents. Rice our/PVA blend nanobers exhibited
similar diffraction peaks at 19.6� which was attributed to crys-
talline domain of PVA. However, the diffraction peaks of starch
crystal were insignicant, implying destruction of starch
granule resulting in homogenous dispersion of rice our in the
blends. When increasing the amount of rice our used, a small
shoulder at 23� becomes prominent as observed in the blend
containing rice our for 37.5% w/w (Fig. 4e). This might be due
to reorganization of rice our to form imperfect crystal in the
bers aer blending and electrospinning. This result agreed
with the hypothesis that increased content of rice our induced
aggregation of individual polymer.

The degree of crystallinity and crystallite size of PVA were
35.16% and 5.40 nm, respectively. Compared with PVA nano-
bers, the blend nanobers at weight content of rice our of
12.5% w/w and 25% w/w showed higher crystallinity and
This journal is © The Royal Society of Chemistry 2017
smaller crystallite size in the range of 36.6–37.8% and 4.3–
4.6 nm (Table 1), respectively. This observation was possibly due
to starch molecules functioning as a nucleating agent and
promoting the crystallization of small PVA crystals. Consistent
with our study, Kang et al.30 reported that starch could offer
a fully biodegradable nucleating agent with no residues
remaining for the biobased and biodegradable polymers. In
contrast, crystallinity of the blend nanobers was decreased at
rice our's content of 37.5% w/w, while their crystallite size
increased. This might be explained by the aggregation of indi-
vidual polymer, which then decreased the nucleating sites for
the small PVA crystals.

3.5 Thermal properties

Thermal properties of rice our, PVA and rice our/PVA blend
nanobers were examined by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The temperature
for maximum rate of weight loss was determined as decompo-
sition temperature. This could be clearly discerned as a peak in
RSC Adv., 2017, 7, 19960–19966 | 19963
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the derivative thermal gravimetric (DTG) thermogram. Fig. 5
showed that the mass loss of rice our, PVA and rice our/PVA
blend nanobers progressed as a function of temperature. Rice
our clearly illustrated a two-step mass loss at the temperature
range of 47–134 �C and 284–320 �C, with maximum points at
90 �C and 300 �C, respectively (Fig. 5Aa and Ba). The former
degradation step was attributed to free water evaporation, while
the latter epitomized starch decomposition.31 PVA exhibited
three-step mass losses at temperature ranges of 53–135 �C (max.
at 94 �C), 276–398 �C (max. at 327 �C) and 414–469 �C (max at
447 �C) (Fig. 5Ab and Bb). They could be ascribed to evaporation
of latent moisture, degradation of side chain (O–H) and the
cleavage of C–C backbone of PVA, respectively.32 As expected,
rice our/PVA blend nanobers also possessed three-step mass
losses at temperature ranges of 81–93 �C, 305–310 �C and 431–
440 �C. The rst loss was due to the evaporation of native
moisture. The second loss could be from decomposition of
PVA's side chain and of glucose units from starch molecule due
mainly to broken intra- and intermolecular hydrogen bonds
between PVA and starch. The third one was due to degradation
of main chain of PVA (Fig. 5Ac–e and Bc–e).15 Interestingly, it
was noticed that the maximum mass loss temperature of rice
our tended to increase when PVA was added. Previously,
Othman et al.33 reported that the thermal decomposition of
PVA/starch blends shied slightly upward with respect to starch
owing to enhanced thermal stability induced by the molecular
interaction between PVA and starch.

Moreover, DSC was employed as a thermoanalytical tech-
nique to unveil glass transition temperature (Tg), melting
temperature (Tm) and melting enthalpy (DHm) of the polymers
and blends. Experimentally, the rst heating scan was carried
out from �50 �C to 250 �C, in order to completely erase the
Fig. 5 (A) TGA, (B) DTG thermograms of (a) rice flour; (b) polyvinyl
alcohol (PVA) membrane; and (c–e) rice flour/PVA membranes at
different contents of rice flour for (c) 12.5% w/w, (d) 25% w/w and (e)
37.5% w/w.

19964 | RSC Adv., 2017, 7, 19960–19966
materials' thermal history. Subsequently, the second heating
scan was performed as illustrated in Fig. 6. Rice our did not
show any endothermic peak because the starch melting
temperature was higher than its decomposition temperature
owing to numerous intermolecular hydrogen bonds among the
polymer chains.34 Consistent with a previous report, PVA
exhibited Tg and Tm at 72 �C and 181 �C (DHm ¼ 13.35 J g�1),
respectively.35 Rice our/PVA blend nanobers gave lower Tg
and Tm in the ranges of 65–71 �C and 168–169 �C, respectively,
which were similar to the results reported by Sin et al. (2010).36

However, DHm of blend nanobers at the weight content of rice
our of 12.5% w/w and 25% w/w was increased (13.38–16.41 J
g�1) with respect to that of pure PVA. This result was explained
by the interaction among the open chain hydroxyl groups of PVA
and starch via hydrogen bonding. Another reason could be the
nucleating ability of starch that initiated recrystallization of the
vinyl polymer. These two physical origins could synergistically
constitute towards higher energy of melting as observed previ-
ously in literature.37 Nevertheless, rice our/PVA blend nano-
bers prepared using rice our solution of 37.5% w/w possessed
lower DHm (8.75 J g�1) than PVA. Since the excess of rice our
might have obstructed the formation of small PVA crystals due
to the polymers' aggregation as described above (see Section
3.4.), the apparent reduction of DHm could be anticipated as the
effect from hydrogen bonding was weakened.
3.6 Mechanical properties

As demonstrated in Fig. 7, the tensile strength, modulus and
elongation at break of the nanobers could be determined from
stress–strain curve. PVA nanobers showed tensile strength,
modulus and elongation at break of 4.60 MPa, 10.44 MPa and
146.40%, respectively (Fig. 7B). Blend nanobers at the weight
content of rice our of 12.5%w/w and 25%w/w exhibited higher
Fig. 6 DSC thermograms (exo up) of (a) rice flour; (b) polyvinyl alcohol
(PVA) membrane; and (c–e) rice flour/PVA membranes at different
contents of rice flour for (c) 12.5%w/w, (d) 25%w/w and (e) 37.5%w/w.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (I) Tensile strength, (II) modulus and (III) elongation at break of
(B) polyvinyl alcohol (PVA) membrane; and (C–E) rice flour/PVA
membranes at different contents of rice flour for (C) 12.5% w/w, (D)
25% w/w and (E) 37.5% w/w. Data are reported as mean � SD, n ¼ 10.
Different superscript letters indicate a significant difference at p < 0.05
(Duncan's new multiple range test).
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tensile strength (4.87–5.67 MPa) and modulus (10.88–12.45
MPa), but lower elongation at break (140.03–121.36%) than
those of the PVA nanobers. The increase of tensile strength
and stiffness, as well as the reduction of extensibility of nano-
bers aer blending with rice our might result from the
formation of intermolecular bonds between PVA and starch (see
Section 3.3.).30 However, excess rice our content (37.5% w/w)
led to nanobrous blend with inferior mechanical properties
(tensile strength, modulus and elongation at break of 3.77 MPa,
8.86 MPa and 93.13%, respectively). This observation was
attributed to the formation of intra-molecular hydrogen bonds
rather than inter-molecular hydrogen bonds within the as-
mentioned phase-separated polymer domains. The distinctive
discontinuity of the nanobers (Fig. 2E) could be considered
consistent with this rationale. It could be inferred from the
above ndings that rice our/PVA nanobrous membranes
could potentially be used as an environmentally disposable and
mechanically robust nanolters.
4. Conclusions

Rice our/PVA blend nanobers were prepared by electro-
spinning technique. The contents of rice our in solution were
This journal is © The Royal Society of Chemistry 2017
systematically varied from 0–37.5%, to nd that 25% w/w was
an optimal condition where good processability, bers with
well-dened morphology and uniform diameter could be
successfully achieved. At such condition, (i) viscosity of the
blend became 0.40 fold compared to those of PVA and rice
our solutions, (ii) FTIR spectrum revealed the shi of –OH
peak to a lower wavenumber indicating hydrogen bonds
between polymer chains and (iii) XRD pattern unveiled an
increase in PVA crystallinity at 19.6� 2q. When the two poly-
mers were molecularly stabilized under the above mentioned
condition, heat absorption capacity (DHm) was increased as
the decomposition temperature decreased. Furthermore, the
increased tensile strength and Young's modulus as well as
reduced elongation were attributed to the intermolecular H-
bonding between PVA and rice our. These ndings sug-
gested that rice our/PVA blend nanobers could successfully
be transformed into biodegradable and mechanically robust
nanobers with potential in various applications such as
nanoltrations.
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24 M. G. Lomeĺı-Ramı́rez, A. J. Barrios-Guzmán, S. Garćıa-
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