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Water-soluble polymers such as poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) and their nanocomposites with
graphene were prepared by using a solution mixing and casting technique. The effect of different PEG loadings was investigated
to determine the optimum blend ratio. The films were characterized using Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), and thermogravimetric analyzer (TGA) methods. Also, the mechanical properties
including tensile strength and elongation at break were measured using a universal tensile testing machine. FTIR results
confirmed the formation of the H-bond between PEG and PVA. DSC studies revealed that PEG has a significant plasticization
effect on PVA as seen by the drop in the glass transition temperature (Tg). The blend with 10wt% PEG loading was found to be
the optimum blend because of good compatibility as shown by FTIR and SEM results and improved thermal properties. PVA/
PEG (10%) nanocomposites were prepared using graphene as a nanofiller. It was found that the elongation at break increased by
62% from 147% for the PVA/PEG (10%) blend to 209% for the nanocomposite with graphene loading of 0.2 wt%. The
experimental values of tensile strength were compared using the predictive model of Nicolais and Narkis.

1. Introduction

Usage of polymeric thermoplastics has increased remarkably
over the past four decades. Applications include grocery,
merchandise, trash bags, food containers, caps and closures,
plastic fuel tanks, drink cups, home appliances, cooking uten-
sils, children’s toys, and construction materials, among
others. Water-soluble polymers such as PEG and PVA and
their blends have found many applications such as packaging
[1], cosmetics [2], and emulsifiers and adhesives [3], among
others. PVA and its composites have been extensively studied
by our group [1, 4–15]. With some modifications of the exist-
ing polymers, products with low cost and light weight may be
developed for awide rangeof applicationswithdesirable prop-
erties such as mechanical, thermal, and optical properties.

This makes them suitable as replacements for other tradi-
tional engineering materials such as metals. In recent years,
biodegradable polymeric materials have been found useful
for drug delivery, pharmaceuticals, paints, textiles, and tis-
sue engineering applications [7, 16]. They have many uses,
with many new applications involving blends of these poly-
mers with other polymers and other materials [17]. Differ-
ent physical and chemical treatment methods are available
to modify these materials and make them successful in dif-
ferent fields. Blending is a simple and effective method to
develop new materials with tailored properties. Recently,
nanocomposites with improved properties have been pre-
pared by mixing different polymers through the physical
blending method. This is now a promising trend in the sci-
ence of nanocomposites [18]. Studies on PVA/PEG blends
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have been an active area for research that has attracted great
commercial interest.

Studies have considered the potential to obtain materials
with improved properties for various applications. Abdel
Tawab et al. [19] studied the influence of the PEG content
on PVA and found that the PEG content up to 60% can pro-
vide the best compatibility of the PVA/PEG blend. Other
authors report PVA/PEG blends with a good film and
reported that blends with PEG content above 40% do not
form a cast film due to phase separation [19]. However, the
main disadvantage of hydrophilic polymers such as PVA
and PEG studied here is their weak mechanical properties
[20]. The nanomaterials at very low loading content revealed
improved properties for nanocomposite systems when incor-
porated into the polymermatrix [8, 21]. Nanofillers, especially
carbon nanomaterials, have led to remarkably improved
properties, at very low loading content, when incorporated
into the polymer matrix. In particular, polymer composites
of carbon nanotubes (CNT) and graphene have attracted a
wide range of applications in modern science and technol-
ogy. These fillers can provide unique properties to the poly-
mer matrices [22]. Graphene has been given special
attention due to its unique properties [23]. It is fabricated
from natural graphite and is cheaper compared to other
fillers such as CNT [24].

PVA can be effectively reinforced by using graphene
nanosheets [1]. El Sayed and Morsi [25] prepared PVA/
PEG nanocomposites based on a hematite (α-Fe2O3) nanofil-
ler and reported improvement in optical and dielectric prop-
erties of the prepared nanocomposites. They found that both
the refractive index and ac conductivity increased signifi-
cantly as a function of increasing the filler content [25]. It
was also reported that addition of α-Fe2O3 nanoparticles
improved the thermal stability of PVA [22]. Sengwa et al.
[18] used nanoclay and studied the effect of its addition on
PVA/polyethylene oxide (PEO) blend. PVA/PEG nanocom-
posites have also been prepared and studied using montmo-
rillonite (MMT) clay as nanofiller [20]. The hydrophilic
characteristic of MMT clay helps their dispersion into
water-soluble polymers such as PVA and PEG [20]. The
addition of MMT up to 4wt% improves the mechanical
properties of the PVA matrix [26].

To the best of our knowledge and survey of literature, the
study of the PVA/PEG nanocomposite based on graphene
has not been previously reported. Therefore, in this work,
the effect of PEG loadings on PVA/PEG blends is first studied
in an attempt to obtain cast films with good physical proper-
ties to be used for further investigation. Also, PVA/PEG
nanocomposites were prepared using graphene as a nanofil-
ler to investigate its influence on the mechanical properties
of the PVA/PEG blend.

2. Experimental

2.1. Materials. Polyethylene glycol (PEG) (powder, molecu-
lar weight = 4000 g/mol) and polyvinyl alcohol (PVA)
(degree of hydrolysis = 99%, molecular weight = 27,000 g/
mol) were supplied by Sigma-Aldrich Company, USA. Both
homopolymers were used for the preparation of PVA/PEG

blends and PVA/PEG nanocomposites as received from the
supplier without further purification. Graphene, trade name
GRAFEN®-iGP, of a purity of 96–99% and thickness of 50–
100 nanometers, was procured from Grafen Chemical Indus-
tries, Turkey.

2.2. Preparation of PVA/PEG Blends. The films for pure PVA
and PEG/PVA blends were prepared using the solution cast
method. After many experimental trials, acceptable films
with good transparency were only obtained for pure PVA
and PVA/PEG blends with PEG loadings at 5, 10, 15, and
20wt%, while loss of transparency and occurrence of phase
separation were observed for the prepared blends containing
PEG above this loading range. Films possessing acceptable
transparency (as seen by visual observation) were obtained
for the blends shown in Table 1, which have PEG loading
(<20wt%). The obtained films of these blends along with that
of pure PVA were characterized and investigated. However,
for other blends prepared as part of this experimental work,
PEG loadings included 30, 40, 50, 60, and 70wt%. These
films were very brittle due to the higher PEG content which
caused a phase separation between the two blended poly-
mers, PVA and PEG. For this reason, these polymer blends
were not considered to be suitable for characterization and
were discarded.

For the preparation of PEG/PVA blends, different
weighted amounts of PEG and PVA were separately dis-
solved in deionized water based on the formulations shown
in Table 1. A fixed amount of PVA (3 g) was used in all
PVA/PEG blends. PVA was used in the blends since PVA
gives good film with improved flexibility and mechanical sta-
bility [20]. Mixtures of the polymers were stirred at 400 rpm
and 80°C for 2 hr to ensure complete dissolution/mixing.
Then, the whole mixture was degassed in a vacuum oven
for 10min. The solution was then poured into a petri dish
and left to dry at room temperature for 6 days. Finally, the
obtained film was peeled off from the petri dish and pre-
served in a desiccator filled with silica gel to avoid moisture
uptake [1]. The obtained films for all samples were kept
and used for further characterization.

2.3. Preparation of PVA/PEG Nanocomposites. The same
procedure mentioned above for the preparation of the films
of PVA/PEG blends was followed for the preparation of
PVA/PEG nanocomposite films. PVA/PEG nanocomposites
were prepared based on the optimum blend ratio of PVA/
PEG found in the previous step and using graphene as a
nanofiller. Graphene at different loadings (0.1, 0.2, 0.3, 0.5,
and 1wt%) was separately mixed with water, and the aqueous
suspension was sonicated for 2min. Then, the solution was
mixed with that of the PVA/PEG blend and stirred for 2 h
at 80°C followed by a degassing step and casting similar to
the above procedure. The obtained films of PVA/PEG nano-
composites were kept in the same desiccator utilized for
PVA/PEG blends and used for further characterization.

2.4. Characterization

2.4.1. Thermal Properties. Differential scanning calorimetry
(DSC) and thermogravimetric (TG) studies of the obtained

2 International Journal of Polymer Science



films for pure PVA and PVA/PEG blends were carried out to
evaluate their thermal and degradation behavior. The ther-
mal properties such as heat of fusion or melting enthalpy
(ΔHfus or ΔHm), melting temperature (Tm), crystallization
temperature (Tc), and glass transition temperature (Tg) of
all obtained films were evaluated by the DSC method. The
DSC thermograms were obtained using DSC-Q1000, Univer-
sal V4.2E from TA Instruments. The DSC procedure
followed three steps: heating/cooling/heating. In the first
step, the films were heated from a temperature of −100 to
250°C at a heating rate of 10°C/min and held at this temper-
ature for 5min to eliminate the effects from the thermal his-
tory. Then, cooling was performed at a cooling rate of 10°C/
min followed by a final heating step at the same heating rate
of 10°C/min. The DSC experiments were carried out under
nitrogen atmosphere with the flow rate of nitrogen gas set
at 50mL/min. Integration of the DSC thermograms over
the plot range of 190–240°C allows determination of the
heats of fusion [2, 16]. The degree of crystallinity (Xc) was
calculated using the values of the measured heats of fusion
according to (1) [27]:

Xc % = ΔH fus/∅PVA
ΔHo

fus
× 100, 1

where ΔH fus is the heat of fusion of PVA measured from
DSC thermograms,∅PVA is the PVA fraction in the compos-
ites, and ΔHo

fus is the melting enthalpy of the totally crystal-
lized PVA that is assumed to be 142 J/g [28].

The thermal behavior and stability were also evaluated
for all obtained films using a thermogravimetric analyzer
(TGA, Perkin Elmer Pyris 6). All samples were heated from
35 up to 600°C at a heating rate of 10°C/min. From the
obtained TGA curves, the weight loss at different tempera-
tures and the thermal degradation temperatures were mea-
sured for all samples. The differential thermogravimetric
(DTG) thermograms were also developed by taking the
first-order derivative of the corresponding TGA curves.

2.4.2. Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
(Nicolet 6700 Spectrometer) was used for obtaining the
absorption spectra for the obtained films. All spectra were
obtained by averaging 32 scans at a resolution of 4 cm−1

and recorded in the wave numbers ranging from 4000 to
500 cm−1.

2.4.3. Mechanical Properties. The mechanical properties such
as tensile strength and percentage of elongation at break were
measured for the obtained films using a Universal Testing

Instrument (Instron 3366). The films were cut (dog-bone
shape with a gauge length of 25mm) and tested at a constant
cross-head speed of 10mm/min at room temperature of
25°C. The recorded value for the measured parameters
obtained from the stress-strain curves was taken as the aver-
age of at least three measurements to obtain reliable data.

The experimental data of the tensile strength were ana-
lyzed by comparing to some predicted models to understand
the formation of weak structure in the composite [29, 30].
The tensile strength of the composites was predicted using
the following empirical equation developed by Nicolais and
Narkis [31] as described in (2).

σc = σm 1 − V2/3
f , 2

where σc is the TS of the composite, σm is the TS of the poly-
mer matrix, and V f is the volume fraction of the filler. The
mass fraction of graphene was converted to volume fraction
using the value of graphene density 1.18 g/m3. The assump-
tions made for this model include the following: (1) there is
no adhesion between the filler particle and polymer matrix
with a coefficient value of 1.21 for V2/3

f , and (2) the particles
are spherical.

2.4.4. Morphological Analysis. The morphology of the frac-
ture surfaces of the films was examined by using a scanning
electronmicroscope (LAYRA3 TESCAN FE-SEM). The sam-
ples were cryofractured by immersing the films in liquid
nitrogen for 2min and coated with a thin layer of gold to ren-
der the surface conductive prior to taking scanning electron
micrograph images at an accelerating voltage of 5 kV.

3. Results and Discussion

3.1. Effect of PEG Loadings on PVA/PEG Blends. While PEG
is hydrophilic and gives a clear solution, it is known to be dif-
ficult to achieve a good cast film using PEG [19]. On the other
hand, PVA is known to form a good film when it is blended
with other polymers [7, 8, 10]. It was noticed that at higher
PEG loadings (above 20wt%), it was difficult to get accept-
able films that can be utilized for characterization. While
blending PEG with PVA in the presence of water using a
solution casting technique forms an H-bonded network to
achieve miscibility, it was found difficult to obtain cast films
due to phase separation [18, 32]. Abd Alla et al. [32] report
that the PVA/PEG blend has shown limited compatibility
in the range of 0–30wt% of PEG. It was also reported that
PVA/PEG blends containing 60, 70, and 80% PVA form
acceptable cast films with acceptable physical properties [19].

The miscibility is an important factor in the study of
polymer blends as the final properties of the blends are
directly related to the degree of their miscibilities [2]. Gener-
ally, miscible polymer blends show one phase while immisci-
ble blends show separated domains. Also, miscible polymeric
blends show a decrease in the Gibbs energy of mixing [33].
Phase separation was observed for PVA/PEG blends with
PEG content higher than 40%, while good films were
obtained at lower PEG content. Transparent films were
obtained for PVA/PEG blends containing PEG up to 30%,

Table 1: The formulations for the prepared PVA/PEG blends.

Sample code PEG content (wt%) PVA content (wt%)

Pure PVA 0 100

PVA/PEG (5%) 5 95

PVA/PEG (10%) 10 90

PVA/PEG (15%) 15 85

PVA/PEG (20%) 20 80
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which was attributed to the miscibility of both PEG and PVA
homopolymers. However, the miscibility decreased with
increasing PEG content above that limit. At higher PEG load-
ing (above 30%), incompatibility was observed in PVA/PEG
blends [32]. A similar finding was reported for poly(lactic
acid) (PLA)/PEG blend which showed brittle nature at higher
PEG content due to the lack of adhesion between the separate
phase [34]. In another study, a phase separation was found in
the PVA/starch blend at higher glycerol loading (glycerol was
used as a plasticizer) which caused inhomogeneity and crys-
tallinity drop [4]. This phenomenon was also observed in this
work for the blends with PEG loading above 20wt%, as
explained earlier.

3.1.1. FTIR Analysis. FTIR spectroscopy is one of the most
common techniques which provides useful information
regarding the interactions between their functional groups.
It is also considered a powerful method for studying the con-
formational changes in biopolymer systems [35]. The FTIR
spectra of pure PVA and its blends at various PEG loadings
in the wave number range of 4000–500 cm−1 are shown in
Figure 1(a). Both polymers have good solubility in water.
This is because of the formation of strong H-bonds between
the functional group of the polymers and water molecules
(hydrophilic property). It is clear from the spectra of all
PVA/PEG blends that extensive H-bonding exists in the
range 3000–3500 cm−1 due to stretching vibration of –OH
groups which results from strong H-bonds that form during
blending. For pure PVA, the spectra show a broad band cen-
tered at 3300 cm−1 associated with the stretching vibration of
hydroxyl groups (–OH) present in the PVA structure. Similar
results are reported by others [2, 32, 36]. Moreover, the FTIR
spectra for all blends displayed almost similar absorption
bands as pure PVA in the entire wavelength range, which
indicates that the main functional groups in PEG and PVA
are preserved [37]. However, there was a slight shift observed
for peak position and relative intensity of the stretching
vibration of the hydroxyl group (–OH) for all blends, which
is attributed to the H-bonding formation between PVA and
PEG at different PEG contents [38].

The characteristic absorption peaks of PVA/PEG blends
that were observed at wavelengths 1330, 1421, 1100, 3300,
and 851 cm−1 correspond respectively to C–O–C, C6H6, C–
C, –OH, and C–H [39]. A strong absorption peak was also
observed at 2900 cm−1 and linked to the stretching mode
of the CH2 group [36]. The absorption band at 1650 cm−1

was due to C=O stretching of the ester group formed in
the PVA polymer during its preparation process. At higher
PEG loadings above 10%, this peak disappeared due to the
presence of a high amount of PEG. The stretching vibrations
of C–C and C–O–C were observed at 1100 and 1330 cm−1 in
the spectra, and their intensity values were changed at differ-
ent PEG loadings. From Figure 1(b), the absorption band of
–OH groups observed in the range 3000–3500 cm−1 got
wider and with higher intensity in the spectra of the nano-
composites indicating occurrence of H-bond interactions
between the –OH groups present in the blend and the oxy-
gen groups of graphene [1, 9, 23]. However, there is a
decrease in the intensity of the –OH band in the spectra of

the nanocomposites with higher content of graphene. This
may be attributed to the agglomeration of graphene sheets
which causes a weakness in H-bond interactions.

3.1.2. Differential Scanning Calorimetry (DSC) Analysis. DSC
is a very useful technique used to investigate the thermal
properties of polymeric materials. The DSC thermograms
obtained for PVA and its blends at different PEG loadings
are shown in Figures 2(a) and 2(b). The thermal properties
obtained from these thermograms are summarized in
Table 2. PEG loading clearly has influence on the thermal
properties of PVA/PEG blends.

Upon addition of PEG to the blends, the melting temper-
atures for all PVA/PEG blends were not much changed as
compared to that of pure PVA, indicating that the Tm of
PVA was not affected by PEG. From the heating curves
shown in Figure 2(a), the measured melting enthalpy of the
pure PVA film was 51.35 J/g. Blending PEG with PVA
affected the crystallization behavior of PVA, and the crystal-
linity changed at different PEG loadings. A drop in crystallin-
ity was observed for almost all blends containing PEG. The
decrease in the crystallinity was attributed to the reduction
of PVA chain mobility and the formation of H-bonding
between PEG and PVA during the blending process, which
hindered the crystallization step. Similar findings are
reported, where a decrease in crystallinity was found for
PVA/PEG blends when PEG of 10wt% was used in the
blends [2].

The endothermic peaks observed in the low-temperature
region in the DSC heating curves of all PVA/PEG blends
shown in Figure 2(a) were possibly associated with the Tg

of the blends [40]. In another study, the melting of PEG
was assumed to be responsible for these peaks [37]. As can
be seen from Table 2, Tg decreased when adding PEG into
PEG/PVA blends. Similar results were reported by others
indicating the plasticization effect of PEG on PVA [41]. Li
et al. [3] reported that effective plasticization for PVA was
observed with PEG content <20wt% as indicated by DSC
results. Little difference in Tg values was observed for PVA/
PEG blends at all of the different PEG loadings [3]. The cool-
ing curves shown in Figure 2(b) for the PVA/PEG blend with
5 and 10wt% PEG show two main crystallization events
related to the crystallization temperatures of PEG and PVA.
Since the difference between the two temperature values is
high, it is reported that the crystallization of PEG had no
effect on the crystallization behavior of PVA [3]. It was also
noticed that the blends containing 15 and 20wt% of PEG
showed another smaller peak at around 25°C which could
be due to the presence of incompatibility in these blends con-
taining high PEG content [32].

3.1.3. Thermogravimetric Analysis (TGA). The integral
(TGA) and derivative (DTG) thermograms can provide use-
ful information regarding the thermal stability and the degra-
dation behavior of the polymeric materials [24]. The TGA
and DTG thermograms of the obtained films of the pure
PVA and PVA/PEG blends at different PEG loadings are
shown in Figure 3. The figure clearly shows the dependency
of the thermal behavior on PEG loading. It was observed that
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most of the blends showed better thermal stability compared
to the pure PVA resulting from the shift of the degradation
temperatures to higher values as shown in Figure 3.

Various steps can be seen in the TGA curves shown in
Figure 3(a) for PVA/PEG blends; for example, the first pro-
cess occurred up to around 90°C. The first one was related
to the loss of physisorbed water [38, 42]. The major degrada-
tion of pure PVA was observed in a temperature range of
243–387°C [6]. PEG has higher thermal stability than PVA,
and its thermal decomposition begins above 330°C [37, 38].

The products resulting from the thermal degradation of
PEG were reported to include aldehydes, ketones, and ethers.
On the other hand, the thermal decomposition products
from PVA have been found to be water, aldehydes, and
ketones up to a temperature of 240°C and above 240°C were
alkanes, alkenes, and aromatic or unsaturated hydrocarbons
[43, 44].

From the DTG curves shown in Figure 3(b), the maxi-
mum weight loss rates and the percent of residue at 550°C
for all samples were obtained and are provided in Table 3.
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Figure 1: FTIR spectra for (a) PVA and its blends at different PEG loadings and (b) PVA/PEG nanocomposites at different graphene
loadings.
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Figure 2: DSC thermograms for PVA and its blends at different PEG loadings: (a) heating curves and (b) cooling curves.
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For pure PVA, two peaks were observed at 280 and 440°C,
which is in agreement with other findings [3]. A gradual
increase in the peak width was observed with the increase
in PEG content which is attributed to the changes in the het-
erogeneity of the blend composition [5]. It was observed that
the weight loss rate decreased with the increase in PEG load-
ing with a maximum value of about 1.7wt%/°C (reached for
the PVA/PEG blend with 5% PEG content). The addition
of PEG to the blends formed H-bonds with PVA segments
causing the decrease in the weight loss rate [5]. It was also
noticed that the blend with 10% PEG showed the lowest res-
idue value compared to other blends. While the other two
blends loaded with PEG of 15 and 20% show lower loss rate
values, their obtained films tend to be brittle due to phase
separation and less compatibility resulting in weak mechani-
cal properties as discussed below.

3.1.4. Mechanical Analysis. Since the blending process is
expected to have an influence on the mechanical properties
of the blends, a mechanical test was carried out for the pure
PVA and its blends. However, it was not possible to perform
the mechanical test for the obtained film of the blend con-
taining 20wt% PEG due to its high brittleness which pre-
vented obtaining the required dog-bone shape of film for
testing. However, the obtained films for the pure PVA and
remaining blends at PEG loadings of 5, 10, and 15wt% were
successfully tested, and their mechanical properties including
the tensile strength and the elongation at break were obtained
from their corresponding tensile stress-strain curves as pro-
vided in Table 4.

The addition of PEG caused a drop in the tensile strength
as compared to that for pure PVA due to the brittle PEG
component. This is in agreement with other reported find-
ings [19, 32]. This drop can also be attributed to the plasticiz-
ing effect of PEG with the pure PVA matrix [43]. Also, the
tensile strength of PVA/PEG blends decreased with the
increase in PEG loading. On the contrary, the elongation at
break increased with the addition of PEG up to 10wt%
(PEG was used as a plasticizer to PVA). When PEG with
moderate molecular weight (MW = 2000 and 4000) was used
as a plasticizer for PLA/starch blend, the elongation at break
was increased for the blend [45].

PVA/PEG blends with 5 and 10wt% PEG loadings
showed better tensile strength and elongation-at-break
values compared to that at 15wt% PEG loading, which can

be attributed to the improvement of miscibility [19]. These
improved mechanical properties can make the PVA/PEG
blend a suitable candidate for industrial applications requir-
ing better bending and strength features [39]. For the blend
with 15wt% PEG, the obtained film was observed to be brit-
tle and showed phase separation due to the high content of
PEG. This resulted in a significant drop in its measured
mechanical properties including tensile strength and elonga-
tion at break.

3.2. Effect of Graphene Loadings on PVA/PEGNanocomposites.
Based on the results obtained and discussed for PVA/PEG
blends, it can be concluded that the PEG loading at 10wt%
gives the optimum PVA/PEG blend and this was used for
preparation of nanocomposites based on graphene for fur-
ther studies. For simplicity, the optimum blend and gra-
phene are abbreviated in the next sections as PVA/PEG
and G, respectively.

3.2.1. Mechanical Properties. The mechanical properties of
the blend and its nanocomposites at different graphene load-
ings were obtained from the mechanical test curves and are
provided in Table 5. It is expected that some of the mechan-
ical properties of the polymer blend can be improved by the
addition of graphene as a nanofiller owning to the dispersion
of the graphene nanoparticles having a large interfacial area
and high aspect ratio into the polymer matrix. The homoge-
nous dispersion of graphene in the polymer matrix is consid-
ered a crucial factor to improving the mechanical properties
of graphene-based polymer nanocomposites [23]. Table 5
shows the influence of graphene on the mechanical proper-
ties of the PVA/PEG blend. Incorporation of graphene espe-
cially at low loading levels caused a fall in the tensile strength
of the PVA/PEG nanocomposites. It is believed that the gra-
phene nanosheets disperse individually at low graphene load-
ing [1]. Also, it was observed that no significant difference in
tensile properties of the PVA/PEG nanocomposites loaded
with graphene up to 0.5wt%. On the contrary, the elongation
at break for the PEG/PVA nanocomposites was significantly
increased as compared to that of the unfilled polymer blend.
For example, the elongation at break increased by 62% from
147% for the blend to 209% for the nanocomposite with gra-
phene loading of 0.2wt%. Similar findings were reported,
where the elongation at break increased by 70% when
0.7wt% of reduced graphene oxide (RGO) was added to the
PVA matrix [46]. However, with further addition of gra-
phene above 0.3wt%, the elongation at break gradually
decreased which could be attributed to the increase in the
brittleness of the obtained nanocomposite films at higher
content of graphene.

Table 5 shows also the predicated tensile strength for
PVA/PEG nanocomposites at different graphene loadings
calculated by (2). A good agreement between the experimen-
tal and the predicated data was observed up to a graphene
loading of 0.5wt%. However, the increase in graphene load-
ing above this limit caused a deviation between predicated
tensile strength and its corresponding experimental data.
This indicates the presence of weak interactions between the
blend and graphene [47] as reported earlier in FTIR results.

Table 2: DSC data for PVA and PVA/PEG blends.

Sample code Tm (°C)a
ΔHm
(J/g)b

Tc
(°C)c

ΔHc
(J/g)d

Tg
(°C)e

Xc
(%)f

Pure PVA 211.78 51.35 198.12 84.74 83 36.16

PVA/PEG (5%) 214.43 55.21 197.81 80.88 53.85 38.88

PVA/PEG (10%) 214.79 45.29 198.52 73.94 54.39 31.89

PVA/PEG (15%) 210.15 31.98 195.67 63.16 51.34 22.52

PVA/PEG (20%) 214.21 42.23 198.07 68.22 54.47 29.74
aMelting temperature. bMelting enthalpy. cCrystallization temperature.
dEnthalpy of crystallization.eGlass transition temperature. fDegree of
crystallinity calculated by using (1).
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3.2.2. Scanning Electron Microscopic (SEM) Studies. The SEM
image of the PVA/PEG blend containing no graphene pre-
sented in Figure 4(a) shows a homogeneous phase with no
occurrence of phase separation indicating the excellent mis-
cibility of PVA and PEG at this blend ratio. There is definite
change in surface morphology with the incorporation of gra-
phene into the blend as shown in Figures 4(b) and 4(f),
resulting in an increase in the elongation at break for the
nanocomposites with graphene loading up to 0.2% compared
to the PVA/PEG blend reported previously in mechanical
property studies [1]. The obtained films were seen not brittle
and can be easily folded indicating higher flexibility and
hence higher elongation at break [48]. However, at higher
graphene loading, the elongation at break was decreased
due to the agglomeration of graphene sheets which was
clearly observed at a graphene loading of 1% as shown in
Figure 4(f).

4. Conclusions

PVA/PEG blends at different PEG loadings were prepared
using a solution casting method. A drop in Tg of the PVA/

PEG blends was observed as indicated by DSC studies that
revealed PEG has a significant plasticization effect on PVA.
Such effect was also noticed in FTIR results which showed
that the addition of PEG into the blend formed a hydrogen
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Figure 3: Thermograms for PVA and its blends at different PEG loadings: (a) TGA and (b) DTG.

Table 3: The maximum weight loss rates of PVA and its blends at
different PEG loadings.

Sample code
Maximum weight
loss rate (wt%/°C)

Residue at
550°C (%)

Pure PVA 1.46 5

PVA/PEG (5%) 1.7 6.96

PVA/PEG (10%) 0.98 3.88

PVA/PEG (15%) 0.76 7.6

PVA/PEG (20%) 0.82 5.7

Table 4: Mechanical properties of PVA and the blends at different
PEG loadings.

Sample code
Tensile

strength (MPa)
Elongation at
break (%)

Pure PVA 45.86 101.99

PVA/PEG (5%) 33.24 172.73

PVA/PEG (10%) 30.67 147.34

PVA/PEG (15%) 27.88 27.89

PVA/PEG (20%) nd nd

Note: nd: not determined.

Table 5: Mechanical properties of PVA/PEG blend and its
nanocomposites at different graphene loadings.

Sample code
Tensile
strength
(MPa)

Predicated
tensile
strength
(MPa)

Elongation
at break
(%)

PVA/PEG 30.67 30.67 147.34

PVA/PEG/G (0.1%) 24.68 25.62 190.82

PVA/PEG/G (0.2%) 22.12 22.97 209.8

PVA/PEG/G (0.3%) 23.3 20.58 201.6

PVA/PEG/G (0.5%) 23.20 16.31 179.32

PVA/PEG/G (1%) 28.68 8.15 163.24
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bonding between the two polymers. The optimum blend was
found at 10wt% PEG loading, owing to the good compatibil-
ity and the improved thermal degradation properties as indi-
cated by SEM and TGA, respectively. The incorporation of
0.2wt% graphene into the optimum blend increased its

elongation at break by 62%. However, not much improve-
ment in the mechanical properties was obtained at higher
loading of graphene above 0.3wt% due to the increase in
the brittleness of the obtained nanocomposite films and
agglomeration of graphene sheets.
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2 �휇mDet: BSE
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Figure 4: SEMmicrographs of PVA/PEG nanocomposites at graphene loadings of (a) 0%, (b) 0.1%, (c) 0.2%, (d) 0.3%, (e) 0.5%, and (f) 1.0%.
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