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Fluorinated silane functionalized superhydrophobic pullulan/poly(vinyl alcohol) (PULL/PVA) blend membrane with water con-
tact angle larger than 150◦ has been prepared by the electrospinning method. The morphology, thermal stability, and mechanical
property of the membranes are characterized using scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
ZWICK materials testing machine, respectively. Interactions between PULL and PVA and PULL/PVA blends with perfluorooctyl-
triethoxysilane (PFOTES) of the membranes are analyzed using differential scanning calorimetry (DSC) and Fourier transform in-
frared (FTIR). Contact angles and water drops on the surface of the membrane are measured by video microscopy. The study shows
that the addition of minor quantity of PVA with PULL results in improvement in thermal stability and mechanical property (tensile
strength) of the PULL membranes.

1. Introduction

The wettability of a solid surface is an interesting property
of a material and is described as the contact angle between
a liquid and a solid surface. When the contact angle between
water and a solid surface is larger than 150◦, this solid surface
is called a superhydrophobic surface [1]. Superhydrophobic
surfaces are widely found in nature. For example, the surface
of a lotus leaf is observed to be an array of nanoscale buds
[2]. Water drops on the surface of the leaf tend to slide down,
rendering its self-cleaning property. The surfaces which
mimic “lotus effect” have triggered extensive interests for
their potential applications involving water repellency, self-
cleaning, and antifouling properties [3–6]. Generally, the hy-
drophobicity of surfaces depends on both their chemi-
cal composition and surface geometrical structure [7]. In
terms of chemical composition, hydrophobicity can only be
increased by introducing a component with low surface
energy such as fluorinated methyl groups. However, this
method to increase hydrophobicity is limited.

The maximum contact angle that can be reached by coat-
ing fluorinated methyl groups onto a flat solid surface is
only 120◦, which can be hardly called superhydrophobic [8].
Therefore, a hierarchical structure is introduced into the
solid surface to achieve superhydrophobicity. A number of
methods have been used to make a hierarchical superhy-
drophobic surface including phase separation [9], electro-
chemical deposition [10], chemical vapor deposition [11],
crystallization control [12], photolithography [13], assembly
[14], sol-gel methods [15], solution-immersion methods
[16], and array of nanotubes/nanofibers [17, 18].

Electrospinning is a simple but versatile method to pro-
duce continuous fibers with diameters ranging from na-
nometer to submicron scale. Superhydrophobic surfaces can
be obtained through this process by controlling the surface
roughness under appropriate conditions [19, 20]. Superhy-
drophobic polystyrene nanofibers were electrospun by either
using various solvents [8] or adding room temperature
ionic liquid [21]. Cellulose triacetate fibrous mat [22]
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
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fibrous surfaces [23] are fabricated using electrospun fibers
followed with plasma treatment. Electrospun nanofibers
from the blending solution of fully hydrolyzed medium
molecular weight poly(vinyl alcohol) and high-molecular-
weight poly(vinyl alcohol) with montmorillonite were fab-
ricated [24].

Pullulan is a natural polymer with excellent biocompat-
ibility. The use of natural polymer has created tremendous
interest recently, for example, as proteins in biotechnological
materials and biomedical applications [25]. However, only
few reports are available in the literature regarding super-
hydrophobic PULL membrane prepared by electrospinning.
Pullulan’s solubility can be controlled or provided with reac-
tive groups by chemical derivatization. Due to its excellent
properties, pullulan is used as a low-calorie ingredient in
foods, gelling agent, coating and packaging material for
food and drugs, binder for fertilizers, and as an oxidation-
prevention agent for tablets. Other applications include
contact lenses manufacturing, biodegradable foil, plywood,
water solubility enhancer, and for enhancing oil recovery
[26–29].

Poly(vinyl alcohol) (PVA) is a semicrystalline hydrophilic
polymer with good chemical and thermal stability. It is a
highly biocompatible and nontoxic polymer and it can be
processed easily; it also has high water permeability. PVA can
form physical gels in various types of solvents which lead to
the use of PVA in a wide range of applications in medical,
cosmetic, food, pharmaceutical, and packaging industries
[30–36].

Polymer blending constitutes a very useful method for
the improvement or modification of the physicochemical
properties of polymeric materials. An important property of
a polymer blend is the miscibility of its components because
it affects the mechanical properties, the morphology, and the
permeability and degradation. Polymer blends are physical
mixtures of structurally different polymers or copolymers
that interact with secondary forces with no covalent bonding
[37], such as hydrogen bonding, dipole-dipole forces, and
charge-transfer complexes for homopolymer mixtures [38–
40].

In our previous report, we prepared fluorinated silane
functionalized pullulan superhydrophobic membrane using
electrospinning technique [41]. In this study, fluorinated
silane functionalized superhydrophobic PULL/PVA blend
membranes are made to enhance the thermal stability and
mechanical property (tensile strength) of PULL membranes
by applying the same technique.

2. Experimental

2.1. Materials. Pullulan is a food grade preparation (PF-20
grade) from Hayashibara Biochemical Laboratories Inc.
(Okayama, Japan), PVA with Pn = 1,700 (fully hydrolyzed,
degree of saponification = 99.9%) was obtained from DC
Chemical, Seoul, Republic of Korea and perfluorooctyltri-
ethoxysilane (PFOTES) is purchased from Aldrich Chemical
Company. Doubly distilled water is used as a solvent to pre-
pare all solutions.

2.2. Preparation of PULL/PVA/PFOTES Blend Solutions. The
PULL/PVA solutions (total polymer concentrations are 9 and
12 wt.%) with 80/20 mass ratio were prepared in doubly dis-
tilled water at 80◦C temperature under magnetic stirring for
2-3 h. The PULL/PVA/PFOTES blend solutions were pre-
pared by mixing of the PULL/PVA solutions with 1 wt.% of
PFOTES with gently stirred for further 24 h. The formed
solutions were then used for the preparation of membranes
using electrospinning technique.

2.3. Membrane Preparation by Electrospinning. During elec-
trospinning, each solution was continuously supplied using
a syringe pump with a speed of 0.04 mL/h through a 25G
needle producing a Taylor cone. A high power voltage
(15 kV) was supplied to the solution with a tip-to-collector
distance of 15 cm. Membranes were collected on electrically
grounded aluminum foil placed at a vertical distance to the
needle tip. Trace amount of PFOTES does not affect the
electrospinnability of PULL/PVA blend solution.

2.4. Characterization of Membranes. The water contact an-
gles of the membranes were measured using video mi-
croscopy. Using a microsyringe, 5 μL deionized water was
dropped perpendicularly to each surface of the membranes
placed on a horizontal glass sheet. Then, the images of water
drops on the surface of the membranes were observed using
Scalar Video Loupe (VL-11s) and analyzed using the Sigma
TV II program. Membranes were also characterized with
FTIR (IFS 120HR, Bruker) and DSC (model Q-10) from TA
instruments, USA. The morphology, thermal stability, and
mechanical property (tensile strength) of membranes were
observed with a field-emission scanning electron microscope
(JEOL, model JSM-6380) after gold coating, TGA technique
(model Q-50; TA Instruments, USA), and ZWICK Z005
(ZWICK materials testing machine, Germany), respectively.

3. Results and Discussion

3.1. DSC Data of Membranes. Figure 1 illustrates the DSC
thermograms of pure PULL, PVA, and electrospun
PULL/PVA blend membrane with 80/20 mass ratio at a total
polymer concentration of 9 wt.%. A relatively large and sharp
endothermic peak is observed at about 224◦C (Figure 1(a))
and is assigned to the melting temperature of pure PVA,
which has a number-average degree of polymerization of
1700, which agrees very well with reported data [42]. This
peak is shifted to 206.50◦C with the addition of 80 wt.%
PULL (Figure 1(b)), and this shifts the melting temperature
to lower value; this occurred because of the addition of
PULL whose melting temperature changes from 95 to 84◦C
(Figure 1(b)). This is because the majority of the chains
are in a noncrystalline state due to the rapid solidification
process of stretched chains during electrospinning. Pure
PULL shows a large thermogram peak of melting transition
(Tm) at 95◦C (Figure 1(c)).

The interactions between PULL/PVA blending and
PFOTES of membranes are investigated by DSC. Figure 2
shows the DSC thermogram of PULL/PVA/PFOTES blend
membrane with 1 wt.% of PFOTES contents and 80/20 mass



Journal of Nanomaterials 3

−4

−2

0

2

4

H
ea

t
fl

ow
(m

W
)

50 100 150 200 250

84◦C

95◦C 206.5◦C

224◦C

Temperature (◦C)

(a)

(b)

(c)

(a) PVA
(b) PULL/PVA
(c) PULL

Figure 1: DSC data of (a) PVA, (b) PULL/PVA blend membrane
using electrospinning method (Applied voltage = 15 kV, TCD=
15 cm, Blend ratio (PULL/PVA) = 80/20, and Total polymer con-
centration = 9 wt.%), and (c) PULL.
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Figure 2: DSC data of PULL/PVA blend membranes (a) without
PFOTES, and (b) with PFOTES using electrospinning method
(Applied voltage = 15 kV, TCD = 15 cm, Blend ratio (PULL/PVA)=
80/20, and Total polymer concentration = 9 wt.%).

ratio of those two polymers at a total polymer concentration
of 9 wt.%. Without PFOTES, PULL/PVA membrane shows
two thermogram peaks of melting transitions (Tm) at 84◦C,
and 206.50◦C (Figure 2(a)). These peaks are shifted to
88.5◦C and 208◦C with the addition of 1 wt.% PFOTES
(Figure 2(b)). The DSC thermograms for the membranes
show clearly the melting transitions of the PULL/PVA blend
membrane, in which there are significant effects of the
PFOTES content. The dramatic changes of Tm of the com-
posite membranes can be attributed by the introduction of
CF3 groups into heteroatom (O atom) containing hydropho-
bic carbon ring of PULL and hydrophobic carbon chain of
PVA.
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Figure 3: FTIR data of PULL/PVA blend membrane with various
weight ratios of (a) 100/0, (b) 80/20, and (c) 60/40 using electro-
spinning method (Applied voltage = 15 kV, TCD = 15 cm, and Total
polymer concentration = 9 wt.%).

3.2. FTIR Data of Membranes. FTIR spectra give information
about the structure of blend membranes studied. In Figure 3,
examples of spectra of pure PULL and PULL/PVA blend
membranes at 500–4000 cm−1 range are shown. Pure PULL
membrane exhibits identical bands as shown in Figure 3(a).
Strong absorption in 850 cm−1 is characteristic of the
a-glucopyranoside units. Absorption in 755 cm−1 indicates
the presence of α-(1,4) glucosidic bonds, and spectra in
932 cm−1 proves the presence of α-(1,6) glucosidic bonds.
Besides, in the areas for reference and evaluated samples the
frequencies are analogous [43]. Bands at 2850–3000 cm−1

are due to stretching vibrations of CH and CH2 groups
and bands attribute to CH/CH2 deformation vibrations are
present at 1300–1500 cm−1 range. Also very intensive, broad
hydroxyl band occurs at 3000–3600 cm−1 and accompanying
C–O stretching exists at 1000–1260 cm−1. With the addition
of PVA, some absorption peaks of PULL become lower
in intensity, whereas some absorption peaks at 1096 and
1447 cm−1 appear and the intensity of these peaks increases
with augmenting the concentration of PVA (Figures 3(b) and
3(c)). This suggests that hydrogen bonds between hydroxyl
groups in PULL and hydroxyl groups in PVA could possibly
play a role in the shift of the peaks. Thus, the FTIR spec-
troscopy supports the interactions between PULL and PVA,
which are suggested above. Moreover, the absorption peaks
which appeared at 1145 cm−1, 1235 cm−1, and 1430 cm−1

are attributed to the vibrations of CF2 and CF3 groups in
PFOTES and the absorption peaks at 700–800 cm−1 are due
to the vibration of Si–O groups in the silanes (Figure 4(b)).
Thus, the FTIR spectroscopy supplies also evidences of pos-
sible interactions between PULL/PVA blend and PFOTES,
which are suggested by DSC.

3.3. TGA Data of Membranes. Thermal stability of
PULL/PVA membranes is measured using TGA in nitrogen
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Figure 4: FTIR data of PULL/PVA blend membranes (a) without
PFOTES, and (b) with PFOTES using electrospinning method
(applied voltage= 15 kV, TCD= 15 cm, blend ratio (PULL/PVA)=
80/20, and total polymer concentration = 9 wt.%).

Table 1: Tensile strength of PULL/PVA blend membranes as a func-
tion of PVA contents using electrospinning method (applied voltage
= 15 kV, TCD = 15 cm, and total polymer concentration = 9 wt.%).

PVA content (wt.%) Tensile strength (MPa)

0 5.12 ± 0.25

5 5.27 ± 0.25

10 5.42 ± 0.25

15 5.54 ± 0.25

20 5.65 ± 0.25

atmosphere. Figure 5 shows TGA thermograms of different
decomposition temperature with PULL/PVA mass ratios
of 100/0, and 80/20. The below curve of the TGA data
(Figure 5(a)) represents the pure PULL membrane and the
upper curve (Figure 5(b)) is for 80/20 blend ratio of PULL/
PVA. Clearly, it can be seen that higher thermal stability of
the membranes could be with the addition of PVA in the
PULL/PVA blend system.

3.4. Tensile Strength. Some of the fascination with the behav-
ior of polymers comes from the large changes in the physical
properties and the wide range of mechanical behaviours [44].
The tensile strength of the PULL/PVA blend membranes
increases with augmenting the weight percentage of PVA, as
shown in Table 1.

3.5. Water Contact Angles of Membranes. Membranes pre-
pared by electrospinning method have much higher contact
angle because of the high surface area of the formed fibers
that ranges from nanometer to submicron scale. As shown
in Figure 6(a), nanofibers electrospun using total polymer
concentration 9 wt.% contain a large number of beads in
nanometer size (500–1000 nm), whereas less number of
beads containing nanofibers can be electrospun using total
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Figure 5: TGA data of PULL/PVA blend membrane with weight
ratios of (a) 100/0 and (b) 80/20 using electrospinning method
(applied voltage = 15 kV, TCD = 15 cm, and total polymer concen-
tration = 9 wt.%).

polymer concentration of 12 wt.%, and 9 wt.% and 12 wt.%
of total polymer concentrations coupled with PFOTES
applying the same parameters as shown in Figures 6(b), 6(c),
and 6(d), respectively. The obtained nanofibers are ranged
from 200 to 800 nm. The reason for different bead contents
in each concentration is that the Rayleigh forces, which
assist in bead formation, are able to overcome the viscous
forces to enable the formation of beads [45]. Moreover,
strong interaction between PULL/PVA blends and PFOTES
is attributed to the formation of less number of beads in
the fibers. The interaction between PULL/PVA blends and
PFOTES can be put forward as a cause to two factors.

First, the introduction of hydrophobic CF3 groups on the
heteroatom (O atom) containing hydrophobic carbon ring
of PULL and hydrophobic carbon chain of PVA and the
second factor is the interaction obtained from the formation
of hydrogen bonding between polar hydrogen of –OH group
of PULL and PVA with O of PFOTES. Although contact
angles of up to 147◦ (Figure 6(a)) and 142◦ (Figure 6(b)) can
be reached by directly electrospinning of 9 wt.% and 12 wt.%



Journal of Nanomaterials 5

5µm

147

(a)

5µm

142

(b)

5µm

155

(c)

5µm

152

(d)

Figure 6: SEM images of membranes prepared from PULL/PVA blend solutions of total polymer concentrations of (a) 9 wt.%, (b) 12 wt.%,
(c) 9 wt.% with PFOTES, (d) 12 wt.% with PFOTES using electrospinning method (applied voltage = 15 kV, TCD = 15 cm, blend ratio
(PULL/PVA) = 80/20).
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Figure 7: Variation of water contact angle with different compo-
sitions of PULL/PVA blend polymers of (1) 9 wt.% total polymer
concentration (TPC), (2) 12 wt.% total polymer concentration
(TPC), (3) 9 wt.% TPC with PFOTES, and (4) 12 wt.% TPC with
PFOTES (blend ratio, PULL/PVA = 80/20).

Table 2: Water contact angles of the prepared membranes.

Samples
PULL/PVA blend ratio

(by wt.%)
Water contact

angles

9 wt.% TPC 147 ± 0.25

12 wt.% TPC
80/20

142 ± 0.15

9 wt.% TPC/PFOTES 155 ± 1.0

12 wt.% TPC/PFOTES 152 ± 0.5

TPC: total polymer concentration.

of total polymer concentration solutions, respectively, the
membranes can not still be considered as superhydropho-
bic membranes. Therefore, 9 wt.% and 12 wt.% of total
polymer concentration solutions coupled with PFOTES are
used to successfully prepare superhydrophobic membranes
with high-contact angles of 155◦ (Figure 6(c)) and 152◦

(Figure 6(d)), respectively. Water contact angles of all sam-
ples taken in this experiment are shown in Figure 7 (data
are given in Table 2). Higher contact angle of 9 wt.% of total
polymer concentration than that of 12 wt.% total polymer
concentration can be explained on the basis of surface
roughness like lotus leaf [2] due to the more bead formation
in case of 9 wt.%.
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4. Conclusions

Superhydrophobic PULL/PVA membranes are prepared by
electrospinning from fluorinated silane functionalized
PULL/PVA blends. It is observed that both of 9 wt.% and
12 wt.% of total polymer concentration membranes can
only reach contact angles lower than 150◦ by electrospinning
of PULL/PVA blends without using PFOTES. Superhy-
drophobic membranes with contact angles of up to 155◦ and
152◦ can be achieved by electrospinning of 9 wt.% and
12 wt.% of total polymer concentration solutions coupled
with fluorinated silane, respectively. Moreover, thermal sta-
bility and mechanical property of the PULL membranes has
been enhanced with the introduction of PVA.
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