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a b s t r a c t

The PVP/amylose composite films with different amounts of graphene oxide (GO) were prepared by
means of a solution casting method. The solution of PVP/amylose/GO was exposed to ultrasonic irradi-
ation (10, 30, 50, and 70 W) and then prepared for casting. The crystallization behavior, thermal stability
and enzymatic degradation of PVP/amylose were investigated with differential scanning calorimetry
(DSC), X-Ray diffraction (XRD), scanning electron microscopy (SEM), and FTIR spectroscopy. XRD patterns
monitored that the addition of GO induced a layered structure to the PVP/amylose composite films. This
result indicated that GO nanosheets were uniformly dispersed into the composite network. The thermal
properties measured by DSC showed that the glass transition temperature (Tg) was shifted to a lower
temperature with the humidity percent increasing. DSC thermograms for PVP/amylose/GO showed an
endothermic reaction and reduction in peak temperature, revealing that GO increased the thermal
stability of PVP/amylose composite films. FTIR analysis suggests that PVP/amylose composites become
more resilient to enzymatic attacks as the content of GO reaches higher, being related to the reduction of
AmyloseeAmylose interactions in the presence of GO nanosheets. These results indicate that this
approach is an efficient method to improve the properties of PVP/amylose.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Amylose is the linear component of common starch and char-
acterized by its straight chains which are made up of a-(1 / 4)
bond glucose molecules and it has drawn much attention due to its
unique qualities, such as its film-forming ability and strength [1].
Pure amylose films, with good tensile strength and lowwater vapor
and oxygen permeability can be applied to seal materials, pack-
aging materials, and biomaterials. The mechanical properties of
starch based materials have been investigated by a number of re-
searchers and there have been studies on the crystallinity of high
amylose films [2,3]. In amylose solution, gelatin occurs by a short-
time scale phase separation in polymer-rich and polymer-
deficient regions by longer time scale crystallization in the
polymer-rich phase [4].

Thus, a big challenge in the supplying process of amylose/GO
nanocomposite is the dispersion of the GO nanoparticles into the
matrix material, because of the two phase behavior of amylose
: þ98 41133340191.
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solution. On the other hand, well separated nanoparticles can lead
to unique and new properties of the composite [5,6]. At present, a
number of methods are used for the dispersion of particle ag-
glomerates in a liquid, inwhich ball mill and ultrasonic are themost
common methods. Ultrasonic irradiation helps to make a homog-
enous network and reduce the phase separation of amylose solu-
tion that results in a coalescent forming of the films [7,8]. Another
role of sonication is the help to the dispersion of nanoparticles
agglomerates in the matrix. The applying of acoustic waves to the
polymer-nanoparticle emulsion, caused to the unstable cavitation
bubbles, growing in the ultrasonic filed [9]. The cycle of growing
and collapsing of these bubbles causes locally extreme condition as
a very high local pressure and temperature, called hot spot [10].
These hot spots are responsible for the dispersion of the particles in
the liquid. The shock waves from the implosive bubble collapse in
combination with micro-streaming generated by cavitation oscil-
lations lead to dispersion effects [11]. Yasmin et al. reported
dispersing expanded graphite in epoxy resin by sonication method
[12]. They found that an improvement in elastic properties of
nanocomposites occurred when the nanoparticles were dispersed
by ultrasonic treatment. This could be attributed to a good
dispersion of nanoparticles and good interfacial adhesion between
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the particles and epoxy matrix so that the mobility of polymer
chains is restricted under loading [13].

Graphene, a kind of two-dimensional nanofiller with a thickness
of one atomic layer, is a single layer of sp2-hybridized carbon atoms.
In recent years, much attention and interest have been given to
graphene because of its excellent mechanical, electronic and ther-
mal properties [14e17]. The ability of graphene to enhance the
properties of polymer composites has also been reported [18].
There are several ways to prepare graphene, including the use of
graphene oxide (GO) [19e22]. Since graphene oxide (GO) can be
synthesized on a large-scale, it is commonly used to prepare
reduced GO. GO can be uniformly dispersed in water and some
organic solvents, because its sheets contain various oxygen func-
tional groups, such as hydroxyls, epoxides, carbonyls and carboxyls.
These groups change the van der Waals interactions between the
layers of graphene and improve the solubility of GO [23]. The ex-
istence of oxygen functional groups also helps GO bond to some
natural polymer matrices which have led to the fabrication of
graphene-basedmaterials by solution casting; applications of these
graphene oxide biocomposites have been discussed [24e26]. GO
nanosheets added into polymer matrices can increase the tensile
strength and thermal stability of the matrices [27e29].

Despite of good tensile strength and high crystallinity of pure
amylose, aggravation of GO into an amylose matrix improved the
mechanical properties of the amylose/GO composite films this
could be related to electrostatic and hydrogen bonding interactions
between the hydroxyl groups of the amylose and oxygen functional
groups on the GO nanosheets. Use of ultrasonic wave as a ho-
mogenizer to supply a uniform state of well-dispersed network has
never been reported. A simple method of preparing GO/amylose
films via casting blends of GO into aqueous amylose solutions
pretreated by sonolysis is reported. The prepared films were char-
acterized by X-ray diffraction, Differential scanning calorimetry and
FTIR spectroscopy. The influence of ultrasonic power on the prop-
erties of PVP/amylose/GO nanocomposites was investigated. Also,
the amount of GO loading on the, enzymatic degradation and
moisture uptake of the PVP/amylose/GO films were studied.

2. Experimental

2.1. Materials

Amylose (C6H10O5)n purified from potato starch, with a purity of
99% was purchased from Gamay Industrial Technology Co. Ltd,
Shanghai-China. The purchased amylose sample was dissolved in
dry DMSO at the concentration of 1 mg/mL and centrifuged at
2000 � g for 3 min to remove any insoluble impurities. Subse-
quently, Ethanol was added to the supernatant to precipitate the
amylose, which was dried under high chromatography (SEC), using
monodisperse PEG (Mw ¼ 20,000 Da) as a calibration standard and
water as a mobile phase. SEC results revealed that the amylose has
an average molecular weight (Mw ¼ 48,600 Da) and polydispersity
of 3.78. Graphite was purchased from Aldrich. Other chemicals
were supplied from Merck. All chemicals were of analytical grade
and used as received. Doubly distilled water was prepared using a
laboratory distiller device.

2.2. Methods

2.2.1. Preparation of the amylose solutions
0.5 g of amylose was dispersed in 100 mL distilled water,

degassed and heated to 100 �C before stirring magnetically. The
mixture was stirred and heated at 90 ± 5 �C for 8 h to yield a
transparent solution and the cooled to the room temperature prior
to use.
2.2.2. Preparation of GO nanosheets
The process of GO preparation was developed by researchers

based on the Hummersmethod [30,31]. In brief, 1 g of pure graphite
was added to a flask containing 25 ml concentrated H2SO4 at 0 �C
(ice bath), followed by the addition of NaNO3 (0.5 g). Then, 3 g
KMnO4 was added gradually with stirring at a fixed temperature of
solution below 20 �C controlled by a thermometer for 2 h. Then, the
temperature increased to 35 �C and the solution was stirred for
30min and excess distilled water was added to the mixture and the
temperature was then increased to 90 �C and stirred for 1 h. Finally,
30% H2O2 was added until the color of the mixture changed to
brilliant yellow and there was no gas being produced. The product
was passed from the filter and then washed with HCl solution to
remove the metal ions and then washed distilled water to remove
any acid remained. The resulting filter cake was dried and again
dispersed into water. The final product was sonicated for 3 h by an
ultrasonic transducer (Dr. Hielscher Ultrasonic Processor UP200 H:
frequency of 24 kHz) at 20 �C at 60Wand a suspension of GO sheets
was obtained.
2.2.3. Preparation of the GO/amylose films
GO/amylose filmswith different amount of GO loadings (0.0, 0.2,

0.4, 0.6 and 0.8 wt %) was prepared. Within the preparing of GO/
amylose films ultrasonic treatment carried out as follows: at first
step the 2 g amylose was dispersed into 200 mL distilled water and
20wt% PVP was added into the solution and desired amount of GO
was subsequently added to the amylose suspension. Then, the ob-
tained suspensions were exposed at ultrasonic radiation in 10, 30,
50 and 70W power of sonication at the aqueous media for 30 h and
stirred and simultaneously, fixed temperature by means of a ther-
mostat at 30 �C. The homogenous solution was poured on a PVC
plate and dried at room temperature for 4 days to form a film. The
thickness of prepared PVP/amylose/GO films was approximately
50 mm.
2.2.4. Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of PVP/amylose/GO films after regular intervals

of exposure in a-amylase were recorded by Shimadzu RF50 FTIR
spectrophotometer using KBr pellets. The scanning range was
4000e500 cm�1. Samples of PVP/amylose films that were treated
with enzyme for 0, 1, 3, 5, 7, 14, 24 and 48 h were prepared for FTIR
analysis. Before the analysis, the films were dried under vacuum at
30 �C for 24 h to eliminate traces of moisture.
2.2.5. X-ray diffraction
X-ray diffraction analysis was performed with a Siemens XRD-

5000 diffractometer operated at 40 kV, 50 mA at 25 �C with a
graphite-filtered Cu Ka ¼ 1.54 Å target radiation. The relative in-
tensity was recorded in the scattering range (2q) of 0e40�.
2.2.6. Differential scanning calorimetry (DSC)
The glass transition temperature of the films was determined by

DSC thermograms. The samples were analyzed using Pyris 1 DSC
(Perkin Elmer, USA). The systemwas calibrated for temperature and
heat flux with indium (transition point: 156.6 �C, heat of
fusion ¼ 3.28 kJ mol�1). The samples (8e15 mg) were weighed in
aluminium pans and hermetically sealed and an empty pan was
used as the reference. Scans were carried out over the temperature
range of 0e140 �C at a heating rate of 10 �C min�1 under nitrogen
atmosphere. During each run the nitrogen flow rate was 24 cm3/
min. The Tg was determined at the onset of the endothermic shift in
heat flow and the end of the transition were determined and the
area under the curve was used as DH.
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2.2.7. Moisture content determination
The moisture contents of both the PVP/amylose films alone and

in the presence of GO nanosheets were determined by gravimetric
method. The measurements were performed in different environ-
ments that contained a saturated salt solution to give the desired
relative humidity (RH) (MgCl2: RH ¼ 33%; NaBr: RH ¼ 53%; KBr:
RH ¼ 81%). The initial weight of the dry films was determined after
being dried to a constant weight in a vacuum oven at 60 �C for 24 h.
The weighed samples were then placed in incubators at 25 �C at
different relative saturation humidity and they were weighed, at
some intervals until their weights became constant. Tests were
conducted in triplicates and average values are reported. The value
of moisture absorbability (Ma) was calculated as follows:

Ma% ¼
�
W �W0

W0

�
� 100

2.2.8. Scanning electron microscopy (SEM)
The morphology of the surface of the films was investigated

using a scanning electron microscope. The sample was coated with
pure Ag using a sputter coater (SCD500 sputter coater, Bal-Tec,
Switzerland). The laying down of Ag was carried out using the
evaporation of the metal under a high vacuum, to give a thickness
of around 100 Å. The samples were observed and photographed in
an environmental SEM (PhlipsXL-30) with an accelerating voltage
of 30 kV and working distance of 10 mm.

3. Results and discussion

3.1. Thermal properties of the PVP/amylose/GO films

The advantage of adding GO into PVP/amylose composite is the
improving of compatibility via an electrostatic interaction between
the abundant hydroxyl groups of amylose and oxygen functional
groups located on the GO nanosheets. Furthermore, the establish-
ment of hydrogen bonds could be improved the properties of these
composite films [32]. The presence of PVP in the composite matrix,
supplied an excellent film-forming ability and adhesive behavior
for the PVP/amylose/GO nanocomposite films. This may be related
to the conductive properties and the amorphous structure of PVP
that candidate it as an ideal polymer for contributing in composite
materials applications [33,34].

The first heating thermograms obtained during the melting of
PVP/amylose films with different moisture content are presented in
Fig.1. In moisture content range between 33% and 81% a clear single
endothermic relaxation peak is observed in each sample. As the
moisture content of the samples increased, thermograms peak
decreased from 85.5 to 54.3 �C. This variation shows the relation
between Tg values of PVP/amylose composites and water content.
Thiewes et al. demonstrated that a carbohydrateewater interaction
is the main source of this correlation and the increase of moisture
content shifted the enthalpy relaxation to a bimodal endothermic
transition at lower temperatures [35]. Recently, a two-phase
enthalpic relaxation for the transformed cassava starch (TCS) con-
taining 10.6% moisture was reported by Perez et al. [36]. They
discovered that the higher transition temperature is more depen-
dent on moisture content than the lower temperature one.

The corresponding thermograms of the PVP/amylose/GO con-
tained different amount of GO (0.2, 0.4, 0.6 and 0.8wt%) are also
shown in Fig. 2. As it has been shown, DSC thermograms of PVP/
amylose film and also films that consist of different amounts of GO
exhibited endothermic transition peaks. As usual, the low tem-
perature endothermic peak is attributed to the melting of the
crystalline lamella, while the high temperature peak ascribed to the
dissociation of the PVP/amylose composite or PVP/amylose/GO
nanocomposites. The melting temperature (Tm) rises with an in-
crease in the content of GO. The increasing in Tm seems to be related
to the lamella nature of GO nanosheets. The increase of GO content
in PVP/amylose/GO nanocomposite modified the thermal stability
of the films by raising the crystallinity of nanocomposite matrix. By
adding GO to the nanocomposite, the melting calorimetric peaks
are rather symmetrical than PVP/amylose composite and at the
highest load of GO this state is more considerable. This may relate
to the main crystallinity shape of GO nanosheets. The results are in
close agreement with earlier published results [37].

3.2. Weight loss and water uptake of the PVP/amylose/GO

The water absorption capacity of amylose is very considerable
because of the hydroxyl groups that located on its macromolecules.
The water uptake of PVP/amylose/GO nanocomposites at three
different RHs (33, 53 and 81%) was tested and the results are given
in Fig. 3. Regardless of the amount of RH, the water uptake ability of
the PVP/amylose/GO films decreases when the GO nanosheets
content increases due to the GO excellent water-barrier ability. By
adding GO, the amyloseeamylose macromolecule interactions may
decrease. This was consistent with the results of Y. He et al. [6]. In all
RH conditions, the addition of GO caused to decrease of the water
solubility of the nanocomposite films. Therefore, the water uptake
of the PVP/amylose/GO films is lower than that of the PVP/amylose
films. This was consistent with the results of Taghizadeh et al. [38].

The GO nanosheets act as a physical barrier against the diffusion
of the water molecules to the nanocomposite matrix and causes a
meandrous pathway and diminish the length of the free passage for
water absorption. This may be due to the GO ability to form
hydrogen bonds with amylose and these strong interactions reduce
the diffusion of water molecules in the composite. For each RH, by
ascending the load of GO, the composite films had the lowest
moisture absorbability. These results suggest that the addition of
GO improves the water resistance of the PVP/amylose composites.
The weight loss of PVP/amylose/GO films in the presence of two
different amounts of a-amylase (1 and 3 mg) and at two temper-
atures (25 and 37 �C) shown in Fig. 4. As seen by increasing the GO
content, the amount of weight loss is increased (in accordance with
water uptake properties).

On the other hand, Fig. 5 shows the extent of glucose over a 60 h
hydrolysis time for each substrate. The rate of glucose production
was calculated according to Table 1 by assuming a linear relation-
ship between the concentration of glucose and time for the first 7 h
of hydrolysis. Apparently, the GO has a stabilizing effect against the
enzymatic attack.

3.3. FT-IR spectroscopy

The FTIR spectra for PVP/amylose/GO films are shown in Fig. 6.
The chemical modifications, which occur during the enzymatic
degradation process, can be evaluated by comparing the FTIR
spectra of different conditions. Fig. 6 represents the spectra of the
final products of the PVP/amylose/GO nanocomposites in the
presence of different GO contents. The samples were immersed in
enzymatic solutions for a period of 60 h and then the dried samples
prepared for FTIR spectroscopy analysis. The broad band at the
range of 3233e3410 cm�1 is related to the eOH groups and is a
result of overlap at stretching of eOH groups settled on the both of
amylose and GO molecules. The bands at 1727 and 1622 cm�1, are
related to carboxyl and carbonyl groups, respectively. The charac-
teristic peak at 1014 cm�1 is ascribed to the CeOeC glycosidic bond
is reported in the literature to be 1150-1040 cm�1 [39].



Fig. 1. DSC thermograms for PVP/amylose composites at different relative humidity (RH).

Fig. 2. DSC thermograms for PVP/amylose/GO nanocomposites contained different GO loadings.
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The peak at 713 cm�1 is a characteristic band of the CeN
stretching associated with the stretch of CeN on the tertiary amide
structure of PVP. The peak at 2923 cm�1 is a characteristic band of
the CeH stretching associated with the ring methane hydrogen
atoms [40]. From Fig. 6 the effect of enzymatic hydrolysis on the
chemical structure of the nanocomposite is considerable. Intensity
decline of the band 1150-1040 cm�1 was observed in the sample
immersed in a-amylase solution, which indicates the cleavage of
the a-(1/4) glycosidic bonds of amylose. However, the increase of
GO content that act as a stabilizer, reduce the AmyloseeAmylose



Fig. 3. Water uptake of PVP/amylose/GO nanocomposites with different amounts of GO nanosheets at RH ¼ 33% (a), RH ¼ 53% (b) and RH ¼ 83% (c).
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interactions and decrease the hydrolysis of glycosidic bonds,
effectively. The increase of intensity on the 1014 cm�1 peak
confirmed the stabilization of PVP/amylose on the hydrolysis of the
CeOeC bond in the presence of GO nanosheets. Intensity reduction
of CeN band at 713 cm�1 proves that a-amylase could hydrolysis
the CeN bonds. This may be related to the vicinity of CeN bond to
the carbonyl group on the tertiary amide ring. The nocleophile
nature of C]O group could increase the length of CeN bond and



Fig. 4. Weight loss of PVP/amylose/GO nanocomposites in the presence of 1 and 3 mg a-amylase and at two different temperatures (25 and 37 �C) for (a) 0.2wt%, (b) 0.4wt%, (c)
0.6wt% and (d) 0.8wt% of GO loadings.

Fig. 5. Concentration of glucose produced for PVP/amylose/GO nanocomposite films in enzymatic degradation due to the action of a-amylase for different loadings of GO nano-
sheets for (a) 1 mg and (b) 3 mg a-amylase.
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Table 1
A summary of rates of glucose production due to the action 1 and 3 mg of a-amylase
from each substrates.

Substrate Rate (mg/ml h)

1 mg a-amylase 3 mg a-amylase

PVP/amylose 9.5 10.1
PVP/amylose/0.2 wt% GO 8.9 9.9
PVP/amylose/0.4 wt% GO 8.8 9.7
PVP/amylose/0.6 wt% GO 5.2 9.5
PVP/amylose/0.8 wt% GO 4.5 8.7
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reduce the bond strength. Recently, A.R.C. Duarte et al. investigated
on the lipase effect on the hydrolysis of poly-(ε-caprolactone)
blended with starch. They found that lipase could result in hydro-
lysis of CeO bond in the ester group of poly-(3-caprolactone) [41].
Fig. 7. XRD patterns of pure PVP/amylose without GO nanosheets, treated by different
power of ultrasound (a) 10, (b) 30 W, (c) 50 W and (d) 70 W.
3.4. X-ray diffraction

Fig. 7 shows X-ray diffractograms for PVP/amylose pure
composite films without any additives. This section of investi-
gation is different from other sections because of sonication us-
age in order to increase the homogeneity of composite matrix. All
of the films that used for X-ray analysis formed at RH ¼ 33% and
low air humidity. The films formed at low air humidity were
almost amorphous, while increased air humidity during film
formation resulted in a gradually increased B-type crystallinity
[42]. The XRD patterns of the mixture of amylose and PVP after
sonication from 10 to 70 W were mainly exhibited B-type XRD
pattern while the power of ultrasound was increased. The PVP/
amylose blend at the pure state and also the low power of son-
ication show the V-type crystalline shape (Fig. 7a and b). How-
ever, the PVP/amylose composite film sonicated by the power of
70 W exhibited a pure B-type XRD pattern, indicated by the
peaks at around 16 and 20�. This might be related to amylose
self-recrystallization phenomena that resulted in the high in-
tensity of ultrasonic field. The scission and recombination of
Fig. 6. FTIR spectra of PVP/amylose/GO in the presence of (a) 0.8, (b) 0.6
polymer chains would take place in the ultrasonic process and
this result in a change in crystalline state of polymeric materials
[43]. The strain-induced crystallization in the presence of me-
chanical force could be related to the modification of entropy of
activation. As a polymer is stretched, the chains align and the
overall entropy of the region decreases. The change in entropy
associated with crystallization decreases with respect to the
undeformed polymer, thus increasing the rate of crystallization.
At the point that crystallization begins, the crystallization rate
initially increases as more strain is applied [44].

Fig. 8 shows the XRD patterns for PVP/amylose composite with
different GO loadings. As shown in Fig. 6a, the pattern of pure
PVP/amylose has a broad peak at 21� and 27� that are related to
the main diffractions of this composite. By adding GO to the
, (c) 0.4 and (d) 0.2 wt% immersed in a-amylase solution after 24 h.



Fig. 8. XRD patterns for pure PVP/amylose composite (a) and for PVP/amylose/GO
nanocomposites with different GO loadings, (b) 0.2wt%, (c) 0.4wt%, (d) 0.6wt% and (e)
0.8wt%.

M.T. Taghizadeh, R. Abdollahi / Polymer Degradation and Stability 116 (2015) 53e6160
composite matrix, a peak at 11� that presents the retaining of a
layered structure in the presence of GO nanosheets (Fig. 6bed).
The intensity of GO peak increased for each 0.2% increase of GO
that may be attributed to the adsorption of amylose chain onto
the GO nanosheets through hydrogen bonds. This process may
lead to the slowing of recrystallization of amylose during the
drying process. Furthermore, the XRD patterns show a uniform
and exfoliated dispersion of GO nanosheets in the PVP/amylose
matrix.
Fig. 9. SEM micrographs of PVP/amylose composite in the zero point (a) and h
3.5. SEM observation of film section

Fig. 9aef shows a series of representative SEM images obtained
after the treatment of the PVP/amylose composite with a-amylase.
The first image (Fig. 9a) was obtained for PVP/amylose before the
addition of the enzyme, and is defined as the zero time point. The
image reflects the smooth and uniform surface of un-degraded
PVP/amylose. After incubation of the PVP/amylose films with the
enzyme for 12 min a porous structure is visible in the SEM image
(Fig. 9b). The image also reveals that enzymatic degradation result
in separation of amylose molecules form the polymer network [45].
Fig. 9cef were obtained after incubation with the enzyme for 24,
30, 48 and 60min, and reveals that most of the amylose chains have
been degraded, that reveals more porous structure. The images also
demonstrate that SEM can be used to follow events altering surface
properties, such as enzymatic hydrolysis [46].

4. Conclusions

In this study, the effect of GO nanosheets on PVP/amylose
composite has been investigated. The water absorption of com-
posite films in the presence of GO was modified and increase as
GO content increases and result in more water resistant network
of polymer composite. Also, GO act as a good filler and due to its
polar groups form hydrogen bonds with amylose that improved
the compatibility of PVP/amylose/GO nanocomposite. PVP addi-
tion helps to obtain a flexible and stronger polymeric matrix. The
FTIR results indicated that a-amylase activity decreased by
increasing the GO content and the scission of glycosidic bond
influenced by the amount of GO nanosheets. XRD results indicated
that in the case of PVP/amylose composite, crystallinity of the
ydrolyzed by a-amylase after (b) 12, (c) 24, (d) 30, (e) 48 and (f) 60 min.
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matrix was induced by mechanical effect such as sonication that
we used in this study. But in the presence of GO the XRD pattern
shows a recrystallization process in the amylose by dispersion of
GO nanosheets. The results of DSC show that the peaks move
toward lower temperatures as the moisture content of the sample
is increased. On the other hand, increase of GO content in PVP/
amylose/GO nanocomposite modified the thermal stability of the
films via an increase in crystallinity of nanocomposite matrix.
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