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ABSTRACT: The purpose of this work was to improve
the properties of the starch/poly(vinyl alcohol) (PVA)
films with nano silicon dioxide (nano SiO,). Starch/
PVA/nano-SiO, biodegradable blend films were pre-
pared by a solution casting method. The characteristics
of the films were assessed by Fourier Transform infrared
spectroscopy (FTIR), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS). The
results obtained in this study indicated that the nano-
SiO, particles were dispersed evenly within the starch/
PVA coating and an intermolecular hydrogen bond and

a strong chemical bond C—O—Si were formed in the
nano-SiO, and starch/PVA. That the blending of starch,
PVA and nano-SiO, particles led to uniform starch/
PVA /nano-SiO, blend films with better mechanical prop-
erties. In addition, the nano-SiO, particles can improve
the water resistance and light transmission of the blend
films. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 113: 34-
40, 2009
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INTRODUCTION

The use of biodegradable polymers for packaging
offers an alternative and partial solution to the prob-
lem of accumulation of solid waste composed of
synthetic inert polymers."? Starch, as an abundant
and inexpensive raw material, has been applied in
the field of biomaterials.”* However, packaging
films (composed entirely of starch) lack the strength
and rigidity to withstand the stresses to which many
packaging materials are subjected.’

Nano-5i0O; is a kind of amorphous powder with a
tridimensional net molecular structure. It deviates
from a stable silicon-oxygen structure because of a
lack of oxygen on its surface. Its molecular formula
is S5i0,., with x ranging from 0.4 to 0.8. Because of
its small size, large specific surface area, high sur-
face energy, and unsaturated chemical bonds and
hydroxyl groups on the surface, Nano-SiO; is easy
to disperse among the macromolecular chains. Many
studies indicated that nanomaterials can improve
and enhance the performance of polymer materials
such as plastic and rubber,®” but a relevant study
on the starch polymers modified by nano-SiO, has
not been reported yet. Nano-SiO, can be used to
modify starch because of its properties of multihy-
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droxy and high surface activity. The interpenetrating
network structure of nano-5i0O,/starch hybrid mate-
rials are formed by combining the stiff structure of
nano-SiO, with the flexible structure of starch.

Poly(vinyl alcohol) (PVA) is a biodegradable syn-
thetic material which has the advantages of good
film forming, strong conglutination, and high ther-
mal stability. In recent years, PVA has widely used
in the materials industry.lo‘15 In this experiment, the
tensile strength and elongation at break of starch
film were further enhanced and improved by adding
the appropriate PVA. By studying the effect of nano-
SiO; on the structure and properties of starch film in
our laboratory, we were able to discover the mecha-
nism for improving the properties of a starch-based
biodegradable film using nano-SiO.

EXPERIMENTAL
Materials

Nano silicon dioxide (nano-Si0,), with a particle
size of 30 nm, was provided by the Nanometer Engi-
neering Center of the People’s Republic of China.
The corn starch (starch) was provided by Huanglong
Food Ltd. of Gongzhuling City (moisture content
11.7%, protein 0.23%, fat 0.075%, and ash content
0.08%). The polyvinyl alcohol (PVA) was produced
and provided by Chongqing Inorganic Chemical Re-
agent Factory (DP 1799 + 50, NaOH < 0.2%, acetic
acid remnant < 0.13%, volatilization content < 9.0%,
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and transmissivity > 90%). hexamethylene tetra-
mine, glycerine, Tweenum-80, liquid paraffin, and
other reagents were all analytical grade and were
used as received.

Sample preparation
Preparation of starch/PVA (SP) films

Six grams of starch and 4 g of PVA were poured
into a round bottom flask with 100 mL deionized
water and stirred with motor stirrer (JJ-1, Changz-
hou, China) at high-speed in a constant temperature
water bath at 95°C for 20 min (>1000 rpm). Next,
0.1 g of hexamethylene tetramine was added as a
crosslinker and stirring was continued for 40 min
(>1000 rpm), then, 1.5 g of glycerine as plasticizers,
0.6 g of tweenum-80 as surfactants, and 1.2 g of lig-
uid paraffin as mold release agents were mixed in
turn and the film-forming solutions were again con-
tinuously stirred for 10 min then cast onto a glass
plate [20 cm x 20 cm] placed on a leveled flat sur-
face. After the blends were allowed to dry at 95°C in
an oven (101A-2, Shanghai, China) for 1 h, the films
were then peeled off and reserved. The starch/PVA
films were coded as SP.

Preparation of starch/PVA /nano-5iO, (SPN) films

Six grams of starch with different nano-SiO, contents
(01g 02g 03g 04g and 0.5 g) were added into
a bowl and milled for 1 h. It was mixed uniformly,
and then the mixture and 4 g of PVA were poured
into a round bottom flask with 100 mL deionized
water, stirred for 5 min at high speed (>1000 rpm),
then dispersed for 10 min by ultrasound (intermit-
tent dispersion of pulsing on for 3 s and off for 2 s,
with the frequency of 20 kHz). Afterwards, the mix-
ture was stirred at high speed in a constant tempera-
ture water bath at 95°C for 20 min (>1000 rpm) and
0.1 g of hexamthylene tetramine was added. Stirring
was continued for another 40 min (>1000 rpm), then
1.5 g of glycerine, 0.6 g of tweenum-80, and 1.2 g of
liquid paraffin were mixed in turn while continu-
ously stirring for 10 min. The mixture was cast onto
a glass plate placed on a leveled flat surface. After
the blends were allowed to dry at 95°C in an oven for
1 h, the films were peeled off and reserved. The films
with different nano-SiO, contents were coded as
SPN1, SPN2, SPN3, SPN4, and SPN5 in turn.

Film thickness measurement

The thickness of films was determined using a mi-
crometer (Mitutoyo Corp., Code No. 543-551-1,
Model ID-F125, Japan) to the nearest 0.001 mm at 10
random positions around the film, and average val-
ues were used in calculations.

Physical and biodegradable properties test

The tensile strength and elongation at break of the
films were determined using the electron tensile tes-
ter CMT-6104 (Shenzhen Sans Test Machine Co.,
Ltd.,, China) according to the Chinese standard
method GB/T 4456-96 (Polyethylene Blown film for
packaging, 1996). The films were cut into 120 mm x
15 mm strips, with the gauge length (i.e., the dis-
tance between the two clamps) set at 80 mm, a ten-
sile rate (i.e., the rate of extending travel of the
clamp) of 250 mm/min, a return rate (i.e., the rate of
return travel of the clamp) of 200 mm/min, and a
breaking load of 200N.

The 80 mm %80 mm sheet film was weighed (W)
and immersed in 25°C water for 10 min. Then the
wet film with filter paper to remove surface mois-
ture and immediately weighed (W;). The water
absorption (Wa) were calculated using the following
equation:

Wa(%) = (W1 — Wo)/Wo x 100

The transmittance (T) of the prepared hybrid films
(~ 0.2 mm thickness) was measured by using a Shi-
madzu UV-160A spectrophotometer (Shimadzu, Kyoto,
Japan) in the wavelength range of 200-800 nm."®

The biodegradation rate of the film was according
to the methods specified in IDT ISO 14855 : 1999."7

Characterization

The powdered samples were blended with potas-
sium bromide and laminated, and the IR spectra
were recorded with a Nicolet (USA) Nexus 470 FTIR
spectrometer. The wave range, from 4000 cm ' to
400 cm ', was scanned 32 times for spectrum inte-
gration. The scanning resolution was 16 cm .

X-ray photoelectron spectroscopy (XPS) was con-
ducted using a Perkin-Elmer PHI 5600 ESCA sys-
tem. Setting the hydrocarbon peak maximum in the
Cys spectra to 284.6 eV referenced the binding
energy scales for the samples.

The surface and cross section of the blend films
were observed using a Philips XL-3 scanning elec-
tron microscope (SEM) with the accelerating voltage
of 30 kV. All specimens were coated with gold and
then observed at magnification 1000x.

RESULTS AND DISCUSSION
Physical properties
Mechanical properties

Because polymer materials may be subjected to vari-
ous kinds of stress in the process of usage, the deter-
mination of the mechanical properties involves not
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Figure 1 The dependence of tensile strength on the nano-
SiO, content of blend films.

only scientific but also technological and practical
aspects.'® The influence of the nano-SiO, content on
the tensile strength of the blend films is shown in
Figure 1. The tensile strength of the SP film was 9.03
MPa. When the nano-SiO, was added into the starch
and polyvinyl alcohol blend solution, the tensile
strength of the resulting blend film increased along
with an increase of nano-SiO, content and reached a
maximum point at about 3 wt % of the nano-5iO,
content (SPN3), thus achieving 15.33 MPa. When the
nano-SiO, content exceeded 3%, the tensile strength
of the blend film decreased along with an increase
of nano-5i0, content, but it was still higher than the
SP film. A possible explanation of the previous phe-
nomenon is that as nano-SiO, added to starch/PVA
mixture, the intermoleculer interfacial adhesion is
improved by the presence of intermolecular interac-
tions between nano-SiO, and starch or nano-SiO,
and polyvinyl alcohol in the blend films, which
helps to strengthen starch/PVA chains, then, the
tensile strength of the composites increased. How-
ever, when the nano-SiO, content is raised further,
the tensile strength of SPN decreases, probably
because the elastic collision of particle intensified,
aggregation and phase separation are generated in
composites, so a worse dispersion of the nanopar-
ticles forms in the starch/PVA composites.'’

The dependence of the elongation at break on the
nano-SiO, content of the blend films is shown in Fig-
ure 2. There is a slight decreasing trend with an
increasing content of nano-SiO,, which is perhaps
relative to the interfacial microstructure between the
matrix and fillers. Owing to the presence of hydro-
gen bonds and covalent bonds, starch/PVA chains
are easily connected to the surface of the adhered
starch/PVA around the silica nanoparticles. There-
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Figure 2 The dependence of the elongation at break on
the nano-SiO, content of blend films.

fore, the interpenetrating network structure was
formed to restrict the relative sliding between
starch/PVA and nano-SiO, molecular.

Water absorption

As one of the major drawbacks in the use of a
starch-based material is its water absorption tend-
ency, any improvement in water resistance is there-
fore highly important. The water absorption of the
SP and SPN films are shown in Figure 3. It can be
easily found that the water absorption of the blend
film decreased with an increase of nano-SiO, con-
tent. The water absorption of the SP film was
207.69% whereas the SPN3 had the lowest water
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Figure 3 The dependence of the water absorption on the
nano-SiO, content of blend films.
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Figure 4 Transmittance variation of the hybrid films with
different nano-SiO, content over a wavelength range of
200-800 nm. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

absorption at about 37.09%. When the nano-5iO,
content varied from 3 to 5%, the water absorption of
the SPN film increased, but it was still much lower
than that of SP film. The reason was because of the
network structure formed by combining nano-SiO,
with starch/PVA, which prevented the water mole-
cules from dissolving the SPN film and improved
the water resistance of the film. However, the water
absorption values of SPN films exhibited a slight
increasing with nano-SiO, content increased further,
what could be related to high surface energy and
plenty of free hydroxyl groups of nano-SiO,, and the
surface energy and free hydroxyl groups might be
beneficial to interact with water.

Transmittance

Figure 4 shows the transmittance of SPN films in the
wavelength range of 200-800 nm. As shown in the
inset (Fig. 4), the transmittance at 660 nm decreases
from 43% of SP films to 29% of SPN films with 2%
nano-SiO, content, and then gradually increases
from 29 to 59% of the SPN films with 5% nano-SiO,
content. It is because at low nano-SiO, content
(<3%), the nano-SiO, particles are blended into
starch/PVA chains to form an aggregation phase in
the hybrid matrix. This leads to an decrease in the
transparence of the hybrid film. At high nano-5iO,
content (>3%), the nano-SiO; particle is isolated as a
“dispersive” heterogeneous phase in the hybrid ma-
trix, which results in a serious light scattering. This
leads to a hazy thin film. SPN3 had the best optical
transparence among all of the blend films, indicating

100

o
=
1

~ 80+

= |
& &
1 1

50
40
30

—e— SPN3 film
—<—SP film

Biodegradability (wt.%

[ ]
=)
1

10 -

—— Fibre

L] L] L] Ll

0 20 40 60 80 100 120
Time (days)

Figure 5 Biodegradability of the SPN3 film. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com]

that SPN3 has the best miscibility among the blend
films.

Biodegradability

SPN3, presented the preferable properties in the
above experiment, was chosen to do the research,
fiber (poplar wood fiber) and SP film were used as
reference substances and to confirm the validity of
them. The biological decomposition rate of a starch-
based biodegradable film modified by nano-SiO, is
shown in Figure 5. From the figure, it can be
seen that the biodegradability of the starch-based
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Figure 6 The IR spectrum of nano-SiO, (A), starch (B),
PVA (C), and SPN3 film (D). [Color figure can be viewed
in the online issue, which is available at www.interscience.

wiley.com]
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Figure 7 SEM images of the surface and cross sections of blend films (a) surface of SPN1; (b) cross section of SPN1; (c)
surface of SPN3; (d) cross section of SPN3; (e) surface of SPN5; (f) cross section of SPN5.

biodegradable film was able to meet the demands of
the 1SO14855-1999; the addition of nano-SiO, had no
influence on the biodegradability of the film as a
whole. The biodegradation trend could be concluded

Journal of Applied Polymer Science DOI 10.1002/app

from the test data. In the beginning, at 4 days, there
was only a slow biodegradation rate at just 1.1%.
Later on, the biodegradation became obvious
and the rate reached 22.9% at 30 days. A slow
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biodegradation period appeared during 31-68 days
where the rate reached 38.8% at 68 days. However,
the biodegradation rate rose significantly during 69—
103 days where the rate became 62.4% at 103 days.
Afterwards, there was a slow degradation, therefore,
the SP and SPN3 exhibited the same biodegradation
rate. Thus, the biodegradation of the film was a
complicated process. In the early stage, because of
the compact and homogeneous interpenetrating net-
work structure of the film, the microbial had little
influence on it. Yet, as the interaction of the microor-
ganism and starch molecule increased, the biodegra-
dation was accelerated. When the starch was almost
fully degraded, the PVA was also further degraded
but its speed was slower than that of the starch mo-
lecular; but under the condition of fixed composi-
tion, the PVA will exhibit the same biodegradation
rate as starch at later stage. The weak biodegradabil-
ity of PVA could be partly caused by the chemical
structure of the PVA (unknown stereoregularity of
hydroxyl groups) or by the degree of polymerization
(comparably high molecular weight).

FTIR analysis

The IR spectra of nano-SiO, (A), starch (B), PVA (C),
and SPN3 films (D) are shown in Figure 6. The
strong and wide absorption band at 3447 cm ™' of
the nano-5iO; (A) samples indicated that there were
plenty of —OH on the surface of the nano-SiO,. The
absorptions near 1100 cm ™', 810 cm ™!, and 470 cm ™"
were attributed to the asymmetric stretching vibra-
tion, symmetric stretching vibration, and bending
vibration of Si-O-Si, respectively.

From the spectra of starch (B), the strong and
broad absorption peak at 3413 cm ™' was assigned to
the characteristic absorption peak of the stretching
vibration of —OH and the hydrogen bonds associa-
tion in —OH groups. The bands at 1168 cm™' and
1071 em ™" were attributed to the stretching vibration
of C—0O in C—O—H groups, and the band at 1026
cm™' was attributed to the stretching vibration of
C—0O in C—O—C groups. Meanwhile, the character-
istic absorptions of starch also appeared at 1463
cm ™!, 1408 ecm ™!, and 860 cm .

For pure PVA (C), as with almost all organic com-
pounds, an absorption band can be seen at 2911
cm™! due to the stretching vibrations of CH and
CH, groups. The bands attributed to the CH and
CH, deformation vibrations were present at the
1300-1500 cm™' range. Also very intensive, the
broad hydroxyl band occurs at 3000-3600 cm ™' and
an accompanying C—O stretching exists at 1000-
1260 cm ™.

In the IR spectrogram (D), the absorption peak of
—OH was at 3420 cm ™' for the blend films of nano-
SiO,/starch. The peak shifted to a lower wave-num-
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Figure 8 The spectra of SPN3 film deconvoluted into
multiple subpeaks of C1S contained in different functional
groups using the Gaussian-Lorentzian fit.

ber by 27 cm ™' compared with that of nano-SiO,,
The bands at 1159 cm ™' and 1089 cm ™' were attrib-
uted to the stretching vibration of C—O in C—O—H
groups, and the band at 1022 cm ™' was attributed to
the stretching vibration of C—O in C—0O—C groups
where all peaks shifted to a higher wave-number
than that of starch. This indicated that the intermo-
lecular hydrogen bonding of starch decreased with
the addition of nano-SiO, and that the hydrogen
bonding between nano-5iO, and starch was
enhanced by the heat energy and high speed
stirring.

Morphology of the films

Figure 7 shows the SEM images of the surfaces and
cross sections of the films SPN1, SPN3, and SPNb5.
As to the surface image of SPN1 (a), most of the sur-
face morphology had certain discontinuous zones
and there were some assemble particles in the ma-
trix. From the image of SPN3 (c), it was found that
the shape of the surface morphology changed from
this pattern to ordered, the surface morphology
exhibited much more homogeneous and smooth. As
to SPN5 (e), a homogeneous morphology was dis-
played and the assemble particles became small and
uniform. The cross section images of films also
showed that SPN3 had no obvious aggregations of
nanocrystals and microphase separation, which indi-
cated that good compatibility of the components and
nano-SiO, with content of 3%.

XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to
characterize the nano-SiO, and NSP films. The XPS
spectrograms are shown in Figure 8 and 9.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 The spectra of SPN3 film deconvoluted into
multiple subpeaks of O1S contained in different functional
groups using the Gaussian-Lorentzian fit.

Figures 8 and 9 illustrated the narrow scan regions
of Ci5 and Oy in SPN3 film, respectively. By peak
fitting, peaks could be seen at around 283.2 eV, 284.6
eV, and 286.5 eV for C;y5 in the SPN3 films (Fig. 8).
This suggested the existence of three different envi-
ronments. The peak at around 284.6 eV was attrib-
uted to the Cy4 in the C—C and C—H groups, the
peak at around 286.5 eV was due to the Cy5 in the
C—0O—H and C—0O—C groups, and the other peak at
around 283.2 eV was the Cy4 in the C—O—S5i group.
The results were in good agreement with the three
states of the C—C (or C—H), C—O—H (or C—0—C),
and C—0O—Si in the SPN3 film. An analysis of the
states of oxygen showed the peaks at around 531.76
eV, 533.27 eV, and 530.95 eV for O, (Fig. 9) in the
SPN3 films, thus suggesting the existence of three
different environments.” The peak at around 531.76
eV was attributed to the Oy in the C—O—H group,
the peak at around 533.27 eV was the O in the
C—0O—C group, and 530.95 eV was the Oy in the
C—0—Si group. By combining all the XPS analysis
results, the C—0O—Si bond was found to be formed
in nano-SiO,/starch/PVA hybrid materials.

CONCLUSIONS

In this work, the results of the experiment show that
the mechanical properties of the films are improved
by addition of nano-5iO,, the blend films appear the
best tensile strength with 15.33 MPa, and the lowest
water absorption with 37.09% at about 3 wt % of the
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nano-SiO, content, furthermore, the biodegradability
of the SPN3 film meets the demands of the ISO14855
: 1999. The FTIR and XPS analysis indicated that the
intermolecular hydrogen bond was formed in nano-
SiO; and starch/PVA, and the strong chemical bond
C—O—Si was also formed in nano-SiO,/starch/PVA
hybrid materials, The SEM analysis predicted that
there was good miscibility between nano-SiO, and
components in the blends when the nano-5iO, con-
tent was 3%. Meanwhile, the nano-SiO, and starch/
PVA blends also formed a network structure to pre-
vent the water molecular from dissolving the SPN
film, which greatly increased the water resistance
and mechanical properties of the film.
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