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Abstract

Thin films of poly vinyl chloride (PVC)/multiwalled carbon nanotubes (MWCNT) and PVC/graphene (GN) nanocomposites were prepared by
mixing in the presence of different quantities of nanoparticles. Film casting was performed using tetrahydrofuran as a solvent. The as-prepared
PVC/MWCNT and PVC/GN nanocomposites were characterized by scanning electron microscopy, Raman spectroscopy, X-ray diffraction,
thermogravimetric analysis, differential scanning calorimetry, dynamic mechanical analysis, and diffused reflectance spectroscopy. Only the
PVC/GN nanocomposite films were evaluated further for detailed mechanical analysis because of the poor dispersion of MWCNTs in PVC. The
PVC/GN nanocomposite films were thermo-mechanically more stable than the PVC films. These nanocomposites have potential as a replacement
material for PVC and PVC/MWCNT owing to their better dispersion and high stability.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

The advances in the synthesis of nanomaterials have encour-
aged research towards their possible use in the fabrication of
nanocomposites [1,2]. Nanocomposites have attracted consider-
able attention because the physical properties of the host materials
can be enhanced easily by the incorporation of suitable nanoscale
materials. On the other hand, the selection of both an appropriate
nano-filler and host material is essential for fabricating a
nanocomposite towards a particular application.

Graphene (GN), a single layer of sp2-hybridized carbon atoms
in two dimensions, has attracted enormous attention in recent
years on account of its outstanding thermal, mechanical and
electrical properties [3–5]. Carbon nanotubes (CNTs), on the other
hand, also have many unique properties, such as low-weight, high
aspect ratio, and high electrical and thermal conductivity. Owing
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to their remarkable properties, both GN and CNTs have found
applications in various fields, such as nanoelectronic devices,
photovoltaic devices, transparent electrodes, sensors, super capa-
citors, and conducting composites, as well as in the automotive,
aeronautic and aerospace industries [6–14].
Poly vinyl chloride (PVC) is the most widely used polymer after

polyethylene and polypropylene. Moreover, it is inexpensive,
chemically stable, biocompatible, and sterilizable [15]. The low
thermal stability of PVC, however, has limited its application in
fields requiring working at high temperatures [16]. Polymer nano-
composites show substantial property enhancement at much lower
loadings than polymer composites with conventional micron-scale
fillers (such as glass or carbon fibers) [17]. Sajini et al. [18]
reported that GN-filled PVC nanocomposites have flexible con-
ductivity, high mechanical strength and thermal stability. CNTs
have also been used as a filler to improve the electrical and thermal
conductivity of PVC [19]. Fillers, such as clay [20], wood fibers
[21] and calcium carbonate [22] have also been used to improve
the thermal and mechanical performance of PVC.
Elsevier B.V. All rights reserved.
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Nanocomposites based on GN may have different physico-
chemical properties than those based on MWCNTs because of
the differences in the dispersion and aggregation behavior of
these nanomaterials in the PVC matrix. To the best of the
authors' knowledge, there are few reports on the interactions of
MWCNTs or GN with the PVC matrix, which would affect
their dispersion or agglomeration in PVC. Therefore, more
research is needed on the preparative conditions as well as the
physico-chemical difference of MWCNTs or GN composites
with PVC to produce uniform dispersions of these nanomater-
ials for a range of applications. This paper reports the prepara-
tion of PVC/MWCNT and PVC/GN nanocomposite thin films
from THF solutions produced using a mixing technique. The
surface morphology, thermal properties and mechanical proper-
ties in terms of aggregation were also investigated.
MWCNT aggregates

Dispersed
MWCNT

PVC/GN

PVC/MWCNT

Fig. 1. Digital photograph of PVC/GN-1% and PVC/MWCNT-1%.
2. Experimental

2.1. Materials

PVC (average molecular weight �1020) was purchased from
Yakuri pure chemicals, Japan and GN was obtained from Iljin
Nano Tech, Seoul, Korea (thickness �8 nm and mean length
�500 nm). MWCNTs (diameter �10–20 nm and average
length �20 μm with 95% purity) were purchased from Hanwha
Nanotech, Korea. Tetrahydrofuran (THF) was supplied by
Duksan pure chemicals, Korea, and used as received.

2.2. Preparation of PVC/MWCNT and PVC/GN
nanocomposites

Nanocomposites of PVC/MWCNT and PVC/GN were pre-
pared by mixing MWCNT or GN in a PVC matrix using THF as
the solvent. In a typical process, PVC was first dissolved in
50 mL of THF with continuous stirring until 24 h for complete
dissolution. The MWCNT or GN was mixed separately with the
above solution under continuous stirring and occasional shaking
in an ultrasonic bath for the appropriate dispersion of these
nanomaterials inside the THF solution of PVC. Subsequently, the
films of the PVC/MWCNT and PVC/GN nanocomposites were
prepared on the glass plates using a solvent casting technique.
The films were then peeled off from the glass plates after
evaporation of the solvent at room temperature. The prepared
films were labeled PVC, PVC/MWCNT-1% and PVC/GN-1%,
and PVC/GN-2% and PVC/GN-3%, as listed in Table S1.

2.3. Characterization

Structural analysis of the samples were carried out by X-ray
diffraction (XRD, PAN analytical, X'pert PRO-MPD) over the
range, 10–901 2θ, using Cu Kα radiation (λ¼0.15405 nm).
Raman spectroscopy (InVia Reflex UV Raman microscope,
Renishaw, UK) was performed to examine the type of interactions
between PVC and GN and between PVC and MWCNT in the
nanocomposite films. The surface morphology was examined by
scanning electron microscopy (SEM, Hitachi-4200). The optical
properties were determined by ultraviolet-visible-near infrared
(UV–vis–NIR, VARIAN, Cary 5000, USA) spectrophotometry.
Thermogravimetric analysis (TGA, SDT Q600, USA) was carried
out from 25 1C to 800 1C at a rate of 10 1C min�1 in a nitrogen
atmosphere. Mechanical analysis was performed using a
DMA Q800.

3. Result and discussion

3.1. Preparation of PVC, PVC/MWCNT and PVC/GN films

The PVC/MWCNT and PVC/GN nanocomposites were
prepared using mixing technique. The PVC/MWCNT films
were not smooth due to the aggregation of MWCNTs in
different regions of the films, as shown in Fig. 1.
In contrast, the PVC/GN films showed a uniform distribution

and good dispersion of GN in the PVC matrix. The basic
difference between CNTs and GN is their shape. CNTs are
cylindrical, whereas GN is sheet-like, which is responsible for
their different interactions in solvents. The main hindrance to the
widespread use of CNTs is their poor wettability [23–25] and
the tendency to rope up in the solvents [26]. CNTs are found in
the form of ropes or bundles, 10–25 nm in diameter and a few
micrometers in length, owing to their high van der wall forces.
The CNT ropes were entangled together in the solid state to
form highly dense and complex structures, making them
resistant to wetting [27–29]. The various areas of such films
are expected to respond differently when studied for mechanical
characterization due to the aggregation of MWCNTs in different
regions of the films. Only PVC and PVC/GN nanocomposite
films were tested by mechanical strength analysis due to the
poor dispersion of MWCNT in PVC.

3.2. Aggregation/dispersion behavior of MWCNT inside PVC/
MWCNT film

The PVC/MWCNT nanocomposites were prepared by
mixing MWCNTs in a PVC solution (made in THF), and thin
films of the PVC/MWCNT nanocomposites were prepared
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Fig. 2. Schematic diagram of the preparation of PVC/MWCNT nanocomposite
films showing aggregation.

Fig. 3. XRD patterns of PVC, PVC/MWCNT-1% and in the inset: PVC/GN-1%.
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using a solution casting technique. The PVC/MWCNT films
were not smooth, probably due to the aggregation of
MWCNTs in different regions of the films (Fig. 2), whereas
the PVC/GN nanocomposite films exhibited a smooth surface
morphology. The major obstacle to the widespread use of
MWCNTs with PVC is their poor wettability and tendency to
agglomerate in solvents; similar aggregation behavior has been
reported for CNT@Pani films [28]. MWCNTs are extremely
resistant to wetting because of the formation of entangled
ropes or bundles in the solid state, resulting in highly dense
and complex structures due to the high van der Waal forces.

The agglomeration behavior of MWCNTs can also be
described by the nucleation theory of solids in liquids. The
physico-chemical properties of PVC are affected by the
aggregation of MWCNTs in different areas of the PVC matrix.
The physics of aggregation depends on the MWCNT–MWCNT
and PVC–MWCNT interactions [30]. Two types of interactive
forces, such as adhesive (between PVC and MWCNT) and
cohesive (between MWCNT and MWCNT), affect the response
of nucleation between PVC and MWCNT. These forces give
rise to the very poor wetting of MWCNTs by the PVC matrix,
owing to their highly unbalanced nature. The MWCNTs on the
surface have more surface energy than those in the bulk because
the molecules on the surface experience different forces
compared to the molecules in the bulk. The aggregation of
MWCNT particles might be feasible due to the instability of
nanoparticles with a high surface free energy. The obvious site
for the aggregation of MWCNTs is the phase boundary,
possessing a lower surface energy and lower free energy barrier,
thereby promoting the nucleation process.

The rate of nucleation, which is the reason for the aggrega-
tion of MWCNTs into the PVC matrix, can be described
mathematically using the following model [31].

The rate of nucleation J is proportional to the probability
of forming solid nuclei with excess energy, ΔGn; which is
expressed as follows:

J ¼ J0 expð�ΔGn=kTÞ ð1Þ
Where k is Boltzmann's constant, the pre-exponential factor, J0,
depends on the density of the available nucleation sites.

In classical heterogeneous nucleation theory [32], the energy
barrier, ΔGn, is then given by the following equation:

ΔGn ¼ 16πγ3f ðθÞ=3ΔG2 ð2Þ
Eq. (1) relates to the rate of nucleation and surface energy of
the solid nuclei, and Eq. (2) relates the energy barrier and
surface energy of the molecule. Nucleation begins when this
energy barrier or threshold is achieved. At a lower threshold,
nucleation and aggregation would be easier. Therefore it can
be explained that possible way to decrease MWCNTs agglom-
erates is by increasing the surface area of these molecule. As
with the enhancement of the surface area, the barrier or
threshold also increases, consequently prohibiting the nuclea-
tion and stopping the aggregation.

3.3. X-ray diffraction (XRD)

Fig. 3 shows the XRD patterns of PVC, PVC/MWCNT and
PVC/GN nanocomposite films. In the case of PVC (Fig. 3),
a broad peak at 131 2θ was observed, which clearly indicates its
poor crystallinity. Peaks at 16.51 and 24.51 2θ were also observed.
The XRD pattern of the PVC/MWCNT film was similar to that of
the PVC film. One possible reason might be the presence of very
little or no MWCNTs in that particular area of observation. Several
studies have also reported missing peaks in the XRD patterns
of MWCNTs in their synthesis and provided some explanations
[33–36]. In case of the PVC/GN film, the increase in the intensity
of the peak at 16.51 2θ is indicative of increased crystalline regions
in PVC. The sharp peak at 26.731 2θ is similar to the typical XRD
peak of graphite (26.681 2θ), which is indicative of the presence of
GN in the PVC/GN nanocomposites [37]. This peak corresponds
to the d-spacing between the single GN layers (0.33 nm) [38].
These results suggest that GN induces more regular order in the
film and increases the crystallinity of the film due to the better
homogeneous dispersion of GN than MWCNTs in the PVC film.

3.4. Raman spectra

Raman spectroscopy is an effective tool for characterizing
the effects of interactions on the molecular structure of a
component present in a nanocomposite. The Raman spectra of
the MWCNT, GN, PVC/MWCNT-1%, and PVC/GN-1%
nanocomposites showed two characteristic bands, the D band
and G band (Fig. 4(a) and (b)). The D band is associated with a
disordered graphite structure and the G band is related to the
structural intensity of the sp2 –bonded carbon atom in a two-
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dimensional hexagonal lattice. The difference in the band
intensity ratio (ID/IG) of the pristine MWCNT, GN, and
nanocomposites is a good indicator of the relative degree of
Fig. 4. Raman spectra of (a) MWCNT, PVC/MWCNT-1% and (b) GN, PVC/
GN-1%.

Fig. 5. SEM images of (a) PVC/MWCNT-1% (1.5 μm), (b) PVC/MWCNT
defects in the MWCNT and GN. If both bands have similar
intensity, i.e. if ID/IGE1, it indicates a high level of structural
defects [39]. The intensity ratio between the D- and G-bands
(ID/IG) for pristine MWCNT and PVC/MWCNT-1% was
calculated to be 1.31 and 1.34, respectively. In the case of
GN and PVC/GN-1%, the intensity ratio was found to be 0.29
and 0.33, respectively. The increase in the ID/IG ratio of PVC/
MWCNT-1% compared to that of the MWCNTs was found to
be insignificant. Similarly, the increase in the ID/IG ratio of
PVC/GN-1% compared to that of GN was also insignificant,
suggesting that no defects were created in the GN lattice.

3.5. Scanning electron microscopy (SEM)

Fig. 5(a) and (b) shows SEM images of the PVC/MWCNT
and Fig. 5(c) and (d) shows SEM images of PVC/GN films.
The smooth morphology was observed in the case of the PVC/
GN nanocomposite film, which indicates the efficacy of this
route of preparation. SEM of the PVC/GN nanocomposite film
revealed that GN was distributed uniformly in the PVC matrix
and on the film surface. On the other hand, in the case of the
PVC/MWCNT nanocomposite film, the aggregation of
MWCNTs was observed in certain regions, indicating that
this technique is unsuitable for the preparation of PVC/
MWCNT nanocomposite films. This might be due to the poor
wettability of MWCNTs in solvents because of the high
surface free energy and the existence of inter-tube Vander
Waals forces, resulting in the bundling of nanotubes [23–26].
It was also observed that some areas of the PVC/MWCNT
nanocomposite film had no MWCNTs (Fig. 4(a) and (b)).
Therefore, the mixing method is unsuitable for the synthesis of
PVC/MWCNT nanocomposite film.
-1% (1 μm), (c) PVC/GN-1% (1.5 μm), and (d) PVC/GN-1% (1 μm).
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3.6. Thermogravimetric analysis (TGA)

The thermal stability of the polymer nanocomposites is an
important issue for use in practical applications. Fig. 6(a) shows
the TGA curve of the pure PVC, PVC/GN and PVC/MWCNT
nanocomposite films. All samples were heated from room
temperature 25 1C to 800 1C at 10 1C/min in a nitrogen atmo-
sphere. According to the temperature change, the physical state of
the nanocomposites undergoes changes from a glass transition to
a high-elastic and viscous-flow state stepwise [40]. Below
100 1C, the weight loss for the composites was attributed to the
evaporation of minute quantities of THF solvent and other
volatile impurities absorbed on the GN and MWCNTs. Both
pure PVC and the nanocomposites followed a two stage
degradation process. Two major weight losses were observed in
all cases. The first weight loss was observed in the range, 250–
360 1C, for pure PVC, corresponding to the loss of HCl [41].

From 360 to 420 1C, no weight loss was observed, indicat-
ing the stability of the nanocomposite films at this temperature.
Compared to pure PVC, the PVC/MWCNT nanocomposite
showed higher stability, probably due to the good interfacial
interactions between the embedded MWCNTs within PVC. In
contrast, PVC/GN showed lower stability because the GN
nano-flakes act as reinforcing particulate filler that attracts Cl.
Hence, the C–Cl bonds in PVC are weakened at this
temperature [42]. The second major weight loss was observed
Fig. 6. (a) TGA curves of PVC, PVC /GN-1% and PVC/MWCNT-1% nanocompos
GN-1% and PVC/MWCNT-1% nanocomposite films and (c) plot of ln(ln(1/Y)) vs.
PVC, PVC/GN-1% and PVC/MWCNT-1% nanocomposite films.
between 420 and 500 1C, which was much shorter than the
previous stage. Thermal degradation of the polyene backbone
occurred at this stage, resulting in the formation of volatile
aromatic compounds and a stable carbonaceous residue [43].
The derivative of TGA (Fig. 6(b)) of the nanocomposites

and PVC revealed that the temperature at maximum weight
loss for PVC, PVC/MWCNT and PVC/GNb was 275 1C,
280 1C and 292 1C, respectively.
The activation energy (Ea) for the thermal degradation of the

nanocomposite and pure PVC films during the major weight
loss step was evaluated using the well-known integral method
reported by Broido [44,45].

ln ln
1
Y

� �� �
¼ �Ea

RT
þC ð3Þ

Y ¼ WT�W1
W0�W1

ð4Þ

where Y is the fraction of the samples not yet decomposed, W0

and W1 are the initial and final weights, respectively, and WT

is the weight at the particular temperature. The plots of
ln (ln(1Y)) vs. 1000/T (K�1) (as shown in Fig. 6(c)) followed
a straight line, whose slope gave the activation energy for the
thermal degradation process. The estimated activation energies
of PVC, PVC/GN-1% and PVC/MWCNT-1% were 31, 40 and
32 kJ mol�1, respectively.
ite films, (b) Plot of the relative weight loss vs. temperature for the PVC, PVC/
1000/T (K�1) to estimate the activation energy for the thermal degradation of



Fig. 7. (a) UV–visible diffuse absorbance spectra of PVC, PVC/MWCNT-1%, and PVC/GN-1% nanocomposite films, (b) UV–visible diffuse reflectance spectra of
the PVC, PVC/MWCNT-1%, and PVC/GN-1% nanocomposite films and (c) direct band gap calculation for the PVC, PVC/MWCNT-1%, and PVC/GN-1%
nanocomposite films.
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3.7. Optical properties

The PVC, PVC/GN-1% and PVC/MWCNT-1% nanocom-
posite films showed strong absorption in the UV region (Fig. 7
(a)). PVC/MWCNT-1% showed enhanced absorption com-
pared to PVC, whereas PVC/GN-1% showed reduced absorp-
tion in the UV region compared to PVC. The absorbance of all
the nanocomposites was higher in the visible region, suggest-
ing that more photons can be used in photo-catalytic reactions.
The absorption spectra of the nanocomposites and PVC
showed two and three absorption peaks, respectively. Some
characteristic PVC absorption peaks were missing in the case
of the spectra of all the nanocomposites, suggesting that the
absorption of GN and MWCNT is dominant over PVC.
A similar dominance of the MWCNT spectra over TiO2 in the
case of TiO2/MWCNT nanocomposites has been reported [46].

To determine the band gap of the PVC, PVC/MWCNT-1%,
and PVC/GN-1% nanocomposite films, an approximate
relationship among the reflectance (R) (Fig. 7(b)), absorption
coefficient (α), and scattering coefficient (s), based on
Kubelka–Munk theory was adopted, assuming no transmission
within the nanomaterials because the films formed in this case
were in the micron range [47].

α¼ s

2
½1�R�2

R

� �
ð5Þ

In Eq. 5, both α and s are the functions of the energy of
incident radiation (hν). On the other hand, s is far less
wavelength dependent than α, and was assumed to be constant
at the onset of the absorption edge. The band gap of the PVC,
PVC/MWCNT-1% and PVC/GN-1% nanocomposite films
was determined from the absorption coefficient (α) using the
following relation [48]:

ðαhνÞ1x ¼ A hν�Eg

� � ð6Þ
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This equation summarizes the relationship for the parabolic
bands at the onset of the absorption edge, where hν is the
incident photon energy, A is a material constant, and x is an
exponent that depends on the type of transition. For a direct
allowed transition x¼1/2, for indirect allowed transition, x¼2
and for direct forbidden transition, x¼3/2. The band gap was
determined from a plot of ðαhνÞ1xvs. hν at approximately the
fundamental absorption region.

Fig. 7(c) shows the direct band gap calculation for the PVC,
PVC/MWCNT-1% and PVC/GN-1% nanocomposite films. The
direct allowed band gap of the PVC/MWCNT-1% nanocompo-
site films was lower than that of PVC (Table S2). The direct band
Fig. 8. (a) Storage modulus, (b) Tan δ curves of the PVC/GN films when deformed
(c) graph showing the glass transition temperature (Tg) and the loss factor (Tan δ) at
elastic region with different GN wt% in the PVC/GN nanocomposite films and (e
nanocomposite films.
gap of PVC was estimated to be 4.14 eV. Emad et al. [49] and
Bushra et al. [50] also reported a similar direct band gap for the
PVC thin films. The lower direct band gap of the PVC/MWCNT-
1% nanocomposite film was attributed to some modifications of
the size of the amorphous domains in PVC owing to the
incorporation of MWCNTs into the PVC matrix [51].

3.8. Mechanical analysis

Owing to the poor dispersion of MWCNTs in PVC, only
PVC/GN was studied for mechanical characterization. Dynamic
analysis was carried out at various temperatures to evaluate the
at a constant amplitude of 0.1% at a frequency of 5 Hz at various temperatures,
various weight fractions of GN in the PVC matrix (d), Young's modulus of the
) tensile strength and elongation (%) with different GN wt% in the PVC/GN
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thermal stability. Significant improvements in the storage
modulus were observed, as shown in Fig. 8a. In both the glassy
and rubbery regions, the storage moduli of the PVC/GN
composite films were higher than that of the pure PVC film.

The storage modulus of the PVC film at 30 1C was
1.6 GPa, whereas was 2.3 GPa for the 2 wt% PVC/GN film.
The material is in the glassy state when the temperature is
low, but it changed from a glassy to rubbery state with
increasing temperature. Fig. 8b shows a plot of the loss factor
(Tan δ) as a function of temperature. The peak of the loss
factor vs. temperature plot corresponds to the maximum
energy dissipation during the transition from a glassy to
rubbery state. The thermal stability of the PVC/GN nano-
composite films was enhanced significantly, as observed from
the glass transition peaks in the Tan δ curves, as shown in
Fig. 8b. The maxima of Tan δ occurs at a temperature where
energy loss due to the additional degrees of freedom takes
place, which is a measure of the Tg associated with the α-
relaxation of the polymeric material [42]. In addition, the
peaks were broadened greatly. The broadening of these peaks
along with the increase in Tg was indicative of a restriction in
segmental relaxation. It was observed that these peaks were
strongly affected by the fillers. Therefore, the nanocomposites
showed a higher glass transition temperature and thermal
stability than the pure PVC films.

Fig. 8c shows the Tg values and loss factor (Tan δ) at
various weight fractions of GN in the PVC matrix. The loss
factor first increased and then decreased significantly with
increasing GN content. Tan δ indicates the mobility and
movement of the molecular chain segments during the glass
transition. The movements of the molecular chain segments
were limited greatly and affected by the presence of GN layers,
resulting in smaller tan δ peaks in all the composites tested.
The Tg values increased constantly with increasing GN weight
fraction in the PVC matrix, which is indicative of a reinforcing
effect of GN in reducing the chain segmental mobility.

The incorporation of GN in the PVC matrix strengthened
the mechanical properties of PVC owing to its better
dispersion and strong interfacial adhesion. Young's modulus
increased with increasing GN weight percentage (wt%), as
shown in Fig. 8d. The enhancement in the modulus might be
due to the resistance to segmental movement of the polymer
chains offered by the presence of GN molecules within in
the PVC matrix. With a 3 wt% GN loading, Young's
modulus was 5430 MPa. Fig. 8e shows the tensile strength
and percentage elongation at break. The mean percentage
elongation increased from 4.59 for the PVC only film to
4.86 for a 2 wt% GN loading. On the other hand, a further
increase in the GN loading decreased the percentage
elongation before fracture. This can be attributed to the
interactions between GN and the PVC matrix, which hinder
movement of the PVC backbone [42].

The tensile strength first increased and then decreased with
increasing GN content. The mean tensile strength of the pure PVC
film was 130 MPa. The strength increased gradually to 136 MPa
for a 2 wt% GN loading and decreased to 132 MPa for a 3 wt%
GN loading.
4. Conclusions

PVC, PVC/MWCNT and PVC/GN nanocomposite films
were prepared by a simple efficient route, and characterized
using a range of instrumental techniques. The mixing techni-
que was found to be unsuitable for PVC/MWCNT film
preparation due to aggregation of MWCNTs in the different
regions of the film. The mechanical properties of PVC and
PVC/GN were examined. The PVC/GN nanocomposite films
showed greater thermo-mechanical stability than PVC. There-
fore, the PVC/GN nanocomposite films may have applications
in construction and piping owing to their fairly good mechan-
ical strength and thermal stability.
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