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Abstract
Herein, biopolymer nanocomposite films were prepared from the blend of two polymers, polyvinyl alcohol (PVA) and 
cashew gum (CG), incorporated with various concentrations of nanochitosan (nCS) via the green solution casting method. 
The effects of nCS on the structural, morphological, mechanical, thermal and electrical/dielectric characteristics of the PVA/
CG blend have been investigated and discussed. The major absorption peaks of PVA and CG were revealed by the Fourier 
transform infrared study, and their positions slightly changed with the insertion of nCS. X-ray diffraction results revealed 
that the crystallinity degree of the nanocomposite samples increased with increasing nCS content. The consistent distribution 
of chitosan nanofillers in the blend network was visible in the scanning electron microscopy images. Differential scanning 
calorimetry and thermogravimetric analysis showed that increasing the nanofiller loading into the PVA/CG increased the 
glass transition temperature and thermal stability. The electrical impedance measurements showed that the nanofiller loading 
increases the electrical conductivity and dielectric properties. The AC conductivity of PVA/CG/7wt% nCS was 1.46 times 
higher than the pure blend. The activation energy of electrical conductivity decreases as temperature increases, and the 
PVA/CG/7wt% nCS sample had the lowest activation energy of conduction (0.3495 eV). The semiconducting behaviour of 
the blend nanocomposites was explained by the skewed semi-circular arc observed in Nyquist plots. The tensile strength of 
5wt% nCS loaded blend was 43.2% higher than the pure PVA/CG blend. These results suggest that this blend nanocomposite 
films could be a candidate for capacitors and flexible energy storage devices.

Keywords  Polyvinyl alcohol · Cashew gum · Nanochitosan · Thermal properties · AC conductivity · Dielectric constant · 
Impedance · Tensile strength

Introduction

Polymer blends and nanocomposites constitute a novel class 
of functional materials with many astonishing features and 
thus, a wide range of applications [1–3]. Blending with dif-
ferent polymers can efficiently integrate the properties of 
distinct polymers. Improved compatibility between the con-
stituent polymers in a blend is a crucial issue to be addressed 
during blending, and studies on this topic have grown in 
significance in recent years [4, 5]. In polymer blends, the 
hydrogen bonding between the component polymers is cru-
cial for achieving a better balance of mechanical properties. 

Biopolymers, particularly polysaccharides and cellulose, 
contain a large number of polar groups in their main chains, 
and their blends are frequently found to be miscible. Moreo-
ver, the growing concerns about environmental safety, waste 
disposal, and the extinction of resources have also turned the 
focus of the scientific community towards biopolymers over 
petroleum-derived ones [6, 7].

Novel materials obeying the green chemistry rules have 
begun to conquer various fields of everyday life applica-
tions. Biopolymers have recently received a lot of attention 
for various electronic and electrochemical uses because of 
their superior processability, mechanical strength, flexibil-
ity, ability to coordinate with dopants or conducting ions, 
ease of availability and affordability. In addition to all these 
advantages, biodegradability is the most important fac-
tor in addressing the growing environmental issues. The 
structural and physicochemical properties can be easily tai-
lored by blending a couple of different polymers, where the 
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individual polymer properties are integrated via the effective 
interaction existing between them [8, 9]. Abdulwahid et al. 
[10] studied the structural, electrical and dielectric prop-
erties of a biopolymer blend electrolyte using CS and PS 
as hosts, doped with varying amounts of KSCN and found 
that samples incorporating 40 wt% of KSCN had the high-
est conductivity of 2.32 × 10−6 S cm−1 at room temperature. 
This study evaluates the effect of nanosized chitosan on the 
characteristics of a PVA/CG biopolymer blend.

Polyvinyl alcohol (PVA) is a well-known water-soluble 
polymer owing to the presence of multiple hydroxyl groups 
and thus being the source of hydrogen bonding. They have 
many applications in various fields due to their interesting 
properties such as water solubility, biocompatibility, 
biodegradability, high mechanical strength, film forming 
ability, high thermal and chemical stability [11, 12]. 
Textiles, paper, food packaging industry, etc. have utilized 
these advantages of PVA to a large extent [13, 14]. Cashew 
gum is a natural polysaccharide obtained as an exudate from 
the stem bark of the cashew tree (anacardium occidentale) 
which is profusely growing in tropical and subtropical 
regions. It is a water soluble complex heteropolysaccharide 
mainly composed of galactose, glucose, rhamnose, 
arabinose, glucuronic acids, etc. Furthermore, CG is a 
unique biopolymer due to its non-toxicity, biodegradability, 
biocompatibility, and wide availability [15, 16].

The urge to develop high-performance polymer-
based materials has brought about the idea of polymer 
nanocomposites, where the excellence of nanotechnology 
is effectively utilized in the polymer world. Polymer 
nanocomposites typically consist of nanofiller (nanosheets, 
nanoplates, nanorods, nanopowder, etc.) dispersed in 
a polymer matrix. The most intriguing aspect of these 
organic–inorganic hybrid materials is the fascinating features 
endowed when the nanoworld meets the macroworld [17, 
18]. It has been proven undoubtedly that the incorporation 
of very small amounts of nanoparticles into a polymer 
matrix can bring excellent electrical, dielectric, mechanical, 
thermal and optical properties. This is because of the high 
surface-to-volume ratio of nanofillers and their well-formed 
interfaces [19].

Chitosan (CS) is one of the most studied biopolymers and 
it is the deacetylation product of chitin, a major constituent 
of the shells of crustaceans such as crabs and shrimp [20]. 
Chemically, chitosan is a polymer with the monomer units 
β-1,4-D-glucosamine and N-acetyl-β-1,4-D-glucosamine. 
It is a linear cationic heteropolysaccharide characterized 
by its non-toxicity, biodegradability, and solubility in 
acidic media [21, 22]. Selim et al. [23] reported the dye 
adsorption and thermal stability of nanochitosan reinforced 
acrylic fiber. Cazon et al. [24] found that the addition of 
cellulose increases the mechanical properties of PVA/
chitosan nanocomposites. Srinivasa et  al. [25] studied 

the properties and sorption behaviour of PVA/chitosan 
films. The thermal, mechanical and electrical properties 
of nanochitosan incorporated polymethyl methacrylate-
based composites are evaluated by Shyli et al. [26]. From 
the literature, the PVA/CG/nCS nanocomposites have 
not previously been introduced, leaving room to prepare 
these blend nanocomposites for a plethora of uses. 
Thus, the present work aimed to develop PVA/CG/nCS 
nanocomposites with different fill levels of nCS using the 
solution casting procedure using water as the green solvent. 
The FTIR, XRD, SEM, and a universal testing machine are 
used to evaluate the structural, crystalline, morphological, 
and mechanical properties of the blend nanocomposite 
films. Besides, the AC conductivity, dielectric parameters, 
impedance and electric modulus spectra were also analysed 
at different temperatures.

Experimental

Materials

PVA was procured from Sigma Aldrich (Mw = 40,000, 
87–90% hydrolysed). CG was collected from the bark of 
cashew trees grown in the Calicut University ampus during 
the summer season. nCS (~ 50 nm) was obtained from Sigma 
Aldrich. Acetic acid (99.8% purity) and ethanol (95% purity) 
was obtained from Hi-media, India. All the chemicals used 
here are of analytical grade and further purification was 
not required. Water is used as a solvent throughout the 
experiments after its double distillation.

Extraction and Purification of Cashew Gum

The exudate gum collected from the bark of cashew trees 
was dissolved in the required amount of double distilled 
water. All the impurities were discarded via repeated 
filtration and pure cashew gum solution was then treated 
with 95% ethanol in a 1:3 (v/v) ratio to precipitate purified 
cashew gum. The precipitated CG was drained and washed 
twice with ethanol. It was then dried until a constant weight 
was attained and the purified CG was ground into a fine 
powder and stored in an airtight vial for further use.

Preparation of PVA/CG/ x wt% nCS Nanocomposite 
Films

PVA/CG (1:1)/x wt% blend nanocomposite films were pre-
pared by an easy and economical solution casting method. 
For this, 5 g of PVA was dissolved in 100 mL of water at 
90 °C and 5 g of CG was dissolved in 100 mL of water at 
room temperature. To the clear PVA solution, the CG solu-
tion was dropped slowly under magnetic stirring at room 
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temperature. To prepare nanocomposite films, a calculated 
weight percentage of (0, 3, 5,7 and 10 wt%) chitosan nano-
powder dispersed in a minimum amount of 2% acetic acid 
via ultrasonication was added to the PVA/CG blend solution 
after 4 h mixing. The resultant PVA/CG/nCS blend nano-
composite solution was stirred overnight at room tempera-
ture with subsequent ultrasonication. It was then carefully 
transferred to a clean petri dish, removing bubbles if any 
and kept for drying in a hot air oven. After 48 h, the dried 
films were peeled from the petri dish, weighed, and again 
dried until they retained a constant weight. These films were 
then stored in a desiccator before further analysis. Scheme 1 
shows a graphic illustration of the development of a biopoly-
mer blend nanocomposite.

Characterization

FT-IR measurements were performed with a JASCO 4100 
FT-IR spectrometer in the range of 400–4000 cm−1 with a 
resolution of 4 cm−1. The crystallographic arrangements of 
the prepared samples were analysed using X-ray diffractom-
eter (model X’pert 3 Powder) at a scanning rate of 2°/min. 
FE-SEM (field emission scanning electron microscopy; Carl 
Zeiss, VP500 model) was used to study the morphology of 
fabricated blend nanocomposites, images were taken at a 
magnification of 20 KX. Differential scanning calorimeter 
(model Netzsch DSC 204 F1 Heat flux DSC) analyses were 
performed to study the different thermal transitions associ-
ated with samples at a heating rate of 10 °C per min in a tem-
perature range of 30 to 300 °C in an inert atmosphere (N2). 
The thermal decomposition profile of polymer composites 
was carried out in a Hitachi STA7200 thermogravimetric 
analyser at a heating rate of 10 °C per min. The electrical 
conductivity and dielectric properties of blend nanocompos-
ite films (circular in shape, 0.3–0.5 mm thickness, 1.2 cm 
diameter) were tested using a Hioki impedance analyser 
(HIOKI 3570 model) at an applied potential of 1 V in the 
frequency range of 100 to 106 Hz at different temperatures 

(30–90 °C). The tensile strength and elongation at break of 
the biopolymer blend nanocomposite films were determined 
using an Instron instrument according to ASTM D-882. Film 
strips were stretched at a cross-head speed of 10 mm per 
min. A Shore A-type durometer was used to gauge the hard-
ness of the samples as per ASTM D-2240.

Results and Discussions

FTIR

FTIR is an efficient tool to confirm the interactions pre-
sent between the constituents of blend nanocomposites and 
the structural changes that have occurred to the PVA/CG 
blend after nCS inclusion. Figure 1 represents the FTIR 
spectra of nCS, PVA, CG, PVA/CG and nanocomposites. 

Scheme 1   Preparation of PVA/CG/nCS blend nanocomposites

Fig. 1   FTIR spectra of PVA, CG, PVA/CG, nanochitosan and its 
nanocomposites
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The characteristic vibration bands of each of them are tabu-
lated in Table 1. The OH stretching band of pure PVA and 
pure CG is indexed at 3390 cm−1 and 3409 cm−1 are shifted 
slightly to a higher wavenumber of 3424 cm−1 for pure PVA/
CG blend. This can be attributed to the hydrogen bonding 
between the polar groups of PVA and CG [27]. Addition-
ally, the IR spectrum of PVA/CG allocates CH stretching 
from sp3 carbon at 2934 cm−1 and the carbonyl group from 
the glucuronic acids of CG at  1649 cm−1. The C–O–C 
stretching vibration of the glycosidic bond of the pyranose 

ring is found at 1059 cm−1 [15, 28]. After the inclusion of 
nCS in the PVA/CG blend, these characteristic peaks are 
observed to shift slightly, indicating the interfacial interac-
tions between the nCS and PVA/CG blend. For 5 wt% and 10 
wt% nanocomposites, the OH stretching vibration is shifted 
to a lower frequency range of 3401 cm−1 and 3390 cm−1 
respectively. Other characteristic peaks of nCS are also 
found in the FTIR of nanocomposites and some peaks that 
are common to both blend and nCS appear with a slight shift 
in their peak position and small changes in broadness [29]. 

Table 1   Characteristic IR bands 
of PVA, CG, nCS, PVA/CG and 
its nanocomposites

Samples Peak position 
(cm−1)

Assignment of peak References

PVA 3390
1640

OH stretching
Deformation of OH of water

[27]

CG 3409
2886
1653
1416
1072

OH stretching
CH stretching
C=O stretching from glucuronic acid
CH2 scissoring
C–O–C stretching of pyranose ring

[27]

PVA/CG 3424
2934
1649
1059

OH stretching
CH stretching
C=O stretching from glucuronic acid
C–O–C stretching of pyranose ring

[27, 28]

nCS 3427
1637
1389

OH and NH stretching
Amide II stretching
Amide III stretching

[29]

PVA/CG/5 wt% nCS 3401
2945
1647
1397

OH and NH stretching
CH stretching
C=O stretching from glucuronic acid
Amide III stretching

PVA/CG/10 wt% nCS 3390
2940
1640
1394

OH and NH stretching
CH stretching
C=O stretching from glucuronic acid
Amide III stretching

Scheme 2   Plausible interac-
tions present in PVA/CG/nCS 
blend nanocomposite
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All these observations confirm the possibility of effective 
interactions between the components of the system. Plausi-
ble interactions present in the blend nanocomposite is shown 
in Scheme 2.

XRD

The XRD patterns of pure CG, pure PVA, nCS, PVA/CG 
blend and its nanocomposites is given in Fig. 2. Pure PVA 
film shows a semicrystalline reflection at 2θ = 19.7° with a 
shoulder at 22.9° and a small peak at 41.09° [30]. The amor-
phous nature of purified cashew gum powder is evident from 
the major diffraction peak at 2θ = 19.3° [31].

Blending of PVA and CG retains the broad diffraction 
peak at 19.49° and the hump at 40.62°. The XRD of nCS 
shows diffraction peaks at 19.93°, 29.43° and less intense 
peaks in the range of 35° to 49° [32]. Interestingly, diffrac-
tion patterns of blend nanocomposites show the major crys-
talline peaks of nCS along with the peak of PVA/CG with 
reduced broadness. Moreover, this peak is slightly shifted to 
a higher theta value in the nanocomposite. For example, the 
broad diffraction peak of PVA/CG at 2θ = 19.49° is shifted 
to 19.63° and 19.73° for 5 and 10 wt% samples, respectively 
[33]. The intensity of the peak corresponding to nCS in the 
nanocomposite increases with its concentration. Crystallin-
ity index, FWHM, d-spacing of major peaks of the indi-
vidual polymers, nCS, PVA/CG blend and 5, 10 wt% nCS 

loaded samples are given in Table 2 [34]. It is clear from the 
table that the addition of nanofiller to the blend caused some 
variation in d-space and crystallinity. All these observations 
suggest the uniform arrangement of the nanofiller as well 
as the interactions between the polymer chains of PVA/CG 
and nCS. These observations are consistent with the result 
from FTIR.

Fig. 2   XRD pattern of CG, PVA, PVA/CG, nCS, PVA/CG/5 and 10wt% nCS

Table 2   FWHM, d-space and crystallinity index of PVA, CG, nCS, 
PVA/CG blend and its nanocomposites

Samples 2 θ (degree) FWHM d- space (Å) Crystallinity 
index (%)

PVA 19.79
41.09

2.12
2.32

1.69
0.39

15.38

CG 19.30 4.99 3.45 12.76
PVA/CG 19.49

40.62
3.42
1.62

2.45
0.77

14.97

nCS 19.93
29.43

2.87
0.51

1.49
0.92

22.74

PVA/CG/5 wt% 
nCS

19.63
29.81
40.60

3.09
0.88
1.75

2.02
1.07
0.77

18.08

PVA/CG/10wt% 
nCS

19.73
29.76
40.94

2.37
0.65
2.37

1.81
1.04
0.77

19.44
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Fig. 3   SEM images of a CG b PVA c PVA/CG d PVA/CG/3 wt% nCS e PVA/CG/5wt% nCS f PVA/CG/7wt% nCS and g PVA/CG/10 wt% nCS
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SEM

Surface features of CG, PVA, pristine PVA/CG blend and 
its nanocomposites are monitored by SEM analysis and the 
micrographs are displayed in Fig. 3. Figure 3a shows the 
SEM image of purified CG powder with various particle 
sizes having rough surfaces. Virgin PVA film has a nearly 
uniform and smooth surface, as observed in Fig. 3b. A clean, 
smooth and homogeneous surface morphology of pristine 
PVA/CG blend without any cracks and pores indicates high 
compatibility between these two polymers. The polar-polar 
interactions between PVA and CG are responsible for the 
compatibility of this blend. Figure 3d–g shows that the 
smooth surface morphology of PVA/CG is progressively dis-
turbed as the nCS content increases. Small flakes are found 
in the 3 and 5 wt% nCS loaded blend, but structural integrity 
and uniformity are preserved to some degree. The uniform 
morphology observed at 7% loading suggests that the strong 
interaction between the fillers and the polymer blend results 
in a more compact structure. However, at higher loading 
(10 wt%) structural integrity is completely disrupted and the 
surface becomes rougher due to the aggregation of nanopar-
ticles [35, 36].

Thermal Properties

TGA​

The influence of nCS on the thermal stabilities of PVA/CG 
can be checked with TGA. The TGA thermograms of the 
PVA/CG given in Fig. 4A exhibit two-step degradation, 
while the PVA/CG/nCS films have three degradation steps. 
The DTG curves (Fig. 4B) show the maximum temperature 

for the decomposition of films. The decomposition step 
below 100 °C associated with a small weight loss is present 
in the thermogram of all the films indicating the removal 
of moisture absorbed on the surface of sample and other 
volatile impurities [37]. For a pristine blend, the major deg-
radation occurs in the range of 184–400 °C with a maximum 
weight loss rate (Tmax) at 283 °C. Almost 55% of the weight 
loss here is attributed to the polymer chain scission. On the 
other hand, the nanocomposites exhibited a second thermal 
degradation within the range of 160–260 °C. It is interest-
ing to note that the decomposition temperature increases 
with the addition of nCS. About 19% of the mass loss that 
occurred in this range can be attributed to the loss of bound 
water and acetic acid residue [38]. The Tmax obtained for 3, 
5, 7 and 10 wt% nCS loaded PVA/CG is observed at 212, 
216, 225, and 236 °C respectively. The last and major disin-
tegration is associated with almost 36% weight loss, starting 
around 283, 287, 293 and 303 °C with Tmax at 321, 326, 333 
and 338 °C for 3, 5, 7 and 10 wt% nCS loaded PVA/CG 
respectively. This weight loss constitutes the degradation of 
polymer chains of PVA and CG polysaccharides, decarbon-
ylation and evolution of CO2. The addition of nCS to PVA/
CG significantly increases the decomposition temperature, 
showing better thermal stability due to the strong interac-
tions between them [39]. The residual weight percentage of 
the pristine blend after final thermal disintegration is 6.5%. 
The inclusion of nCS increases the residual weight percent-
age from 6.5% to 9.3, 10.8, 12.05 and 12.9% for 3, 5, 7 and 
10 wt% nCS in the PVA/CG. These results also indicate the 
enhanced thermal stability of biopolymer blend nanocom-
posites compared to pure PVA/CG.

Fig. 4   A TGA and B DTG profiles of PVA/CG and nanocomposites
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DSC

The DSC profiles of pure PVA/CG and with different nCS 
loadings are analysed to understand the various thermal tran-
sitions associated with them. Figure 5 shows multiple endo-
therms, with the one at a lower temperature corresponding to 
the glass transition point (Tg). A single Tg is observed for the 
blend, which is attributable to the miscibility of constituent 
polymers in the blend. However, the Tg value of PVA/CG 
increased from 99 to 104 °C, 108 °C, 113 °C and 118 °C for 
3, 5, 7 and 10 wt% nCS inclusion, respectively. The change 
in Tg confirms the effective interfacial interaction through 
the polar groups of PVA/CG and chitosan. The increase in 
Tg with the addition of nCS indicates the rigidity of the pre-
pared biopolymer blend nanocomposites [40]. The broad 
endothermic dip at 273 °C is the melting temperature (Tm) 
of the pure PVA/CG blend. The Tm of the blend is increased 
to 278 and 283 °C for 5 and 10 wt% chitosan loaded films, 
respectively. The shift in Tg and Tm values further confirms 
the effective incorporation of nanochitosan into the PVA/
CG segments.

Electrical Measurements

AC Conductivity

The frequency dependent response of AC conductivity at 
room temperature and over a temperature range in polymer 
systems has been studied by many [41, 42]. AC conductivity 
can be measured by using the following relationship [42]:

where ε
0
 , εr , tan � and f are permittivity of free space 

(8.85 × 10–14 F/cm), permittivity of sample, loss tangent or 

(1)�ac = �
0
×�r × 2�f × tan�

dissipation factor and applied frequency, respectively [42]. 
Figure 6 demonstrates how the AC conductivity of the pre-
pared blend varies Fig. 6 shows how the AC conductivity 
of the prepared blend changes with applied frequency and 
nano-powder loading. It is obvious from the figure that there 
is a gradual increase in conductivity with the addition of 
nCS to the PVA/CG blend. As the incorporated nanopar-
ticles can effectively penetrate through the blend segments 
due to its small size, they reduce the cohesive interactions 
present in the polymer chain and make the matrix more flex-
ible, resulting in enhanced segmental motion. Ion mobility 
through such a network is more feasible and this will lead to 
increased conductivity with filler loading. The H+ ions are 
the major charge carriers in the system, and their number 
and mobility will rise after the addition of nCS to the pure 
blend [43]. It is important to note that dispersion, size and 
filler type play a major role in determining the conductiv-
ity rise. Though there is a progressive rise in conductivity 
up to 7 wt% nCS loading, a significant drop is observed 
beyond this owing to the nanoparticle agglomeration and 
uneven distribution in the polymer blend as evident from 
SEM [44]. It is interesting to note that there are two unique 
regions in the graph of all the studied films. A frequency-
independent low-frequency zone associated with the space 
charge polarization arises due to the long-time residence 
of charge carriers at the electrode-electrode interface and a 
high-frequency dispersion beyond 104 Hz, characterized by 
its sharp increase in conductivity with frequency and obey-
ing power law [33]. This increase in conductivity can be 
explained by hopping and Koop’s model. As the frequency 
rises, the charge carrier hops quickly from one transit site to 
another within the polymer network. According to Koop’s, 

Fig. 5   DSC curves of PVA/CG and its nanocomposites
Fig. 6   Variation of AC conductivity with respect to frequency of 
PVA/CG and nanocomposites
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relatively resistive grain boundaries form at low frequencies, 
causing small conductivity values [45].

The temperature-dependent variation of AC conductiv-
ity is portrayed in Fig. 7. Here we analyse the conductivity 
changes over a temperature range of 30 to 90 °C as a func-
tion of frequency for the pristine blend and its nanocompos-
ites. As expected, a positive variation of conductivity with 
temperature is obtained. It is a well-known fact that thermal 
energy causes the charge carriers to acquire high mobil-
ity and cross the energy barrier for electrical conduction. 
This eventually results in enhanced conductivity at higher 
temperatures, an important feature to be utilized in various 
device applications [44].

High frequency dispersion above 104 Hz is observed at all 
temperatures and where the system holds a universal power 
law [46],

where σac, ω and A are the frequency and temperature 
dependent AC conductivity, angular frequency (2πf) and 
temperature-dependent constant respectively. ‘s’ is an 
exponent, a dimensionless quantity that depends on both 

(2)�ac(�T) = A(T)�s

Fig. 7   Temperature-dependent variation of AC conductivity of blend and its nanocomposites

Table 3   Frequency exponent ‘s’ at various temperature for PVA/CG 
and its nanocomposites

Loading of nCS 
(wt%)

Frequency component ‘s’

30 °C 50 °C 70 °C 90 °C

0 0.4975 0.4284 0.3947 0.3284
3 0.4869 0.4332 0.3762 0.3653
5 0.4893 0.4695 0.4593 0.4042
7 0.4775 0.4250 0.4241 0.3383
10 0.4286 0.3834 0.3249 0.2561
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frequency and temperature having values in the range 
0 ≤ s ≤ 1 [46]. Values of ‘s’ obtained from the slope of the 
plot log σac vs log ω are listed in Table 3. For all the films 
‘s’ is fall in the range 0.25–0.5, non- zero values ‘s’ is an 
indication of the non-Debye nature of prepared biopolymer 
blend and nanocomposites. Moreover, the value of exponent 
s is found to drop with temperature rise, which implies the 
Correlated Barrier Hopping (CBH) model of electrical 
conduction persists in the system. According to the CBH 
model, electrical conduction in the system arises due to the 
hopping of charge carriers from one transit site to another 
over the potential barrier separating them [47].

Arrhenius Plots

Conductivity enhancement with temperature rise can be 
explicitly proved by the Arrhenius plots, where log σac is 
drawn against 1000/T. Figure 8 displays the Arrhenius plot 

for PVA/CG and its nanocomposites. The negative slope 
obtained here indicates that conductivity increases with 
increasing temperature. In addition, the slope is equivalent 
to activation energy (Ea) for electrical conduction and the 

Fig. 8   Arrhenius plots of PVA/CG and nCS loaded PVA/CG

Table 4   Ea of PVA/CG and its nanocomposites at various frequencies

Samples Activation energy for electrical 
conduction (eV)

102 Frequency (Hz) 
104

106

PVA/CG 1.6466 1.4807 1.1110
PVA/CG/3wt% nCS 1.0528 1.0110 0.8334
PVA/CG/5wt% nCS 0.8156 0.7592 0.6592
PVA/CG/7wt% nCS 0.7787 0.6095 0.3495
PVA/CG/10wt% nCS 0.8971 0.8009 0.5396
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values at a particular frequency for all the samples are given 
in Table 4.

At all frequencies, the minimum Ea for electrical 
conduction is obtained for 7 wt% nCS incorporated PVA/
CG, indicating its highest conductivity and it agrees with 
the forementioned results [48].

Dielectric Constant

The dielectric constant ( �′ ) describes the amount of charge 
that a material can hold. Evaluation of the dielectric constant 
is necessary to understand its use in storage applications. It 
can be calculated by the following relationship [49].

where Cp, d, A and ɛ0 are capacitance, the thickness of the 
film, the area of the cross-section of the film sample and 
permittivity of free space (8.85 × 10–14 F/cm) respectively 
[49].

The dielectric response of the prepared blend and its 
nanocomposites is studied as a function of frequency at room 
temperature and the results are depicted in Fig. 9. The �′ of 
all the films are high at low frequency whereas towards the 
high frequency region it rapidly drop and gradually achieve 
a frequency independent nature, as observed from the figure. 
The large value of dielectric constant is attributed to the 
dipolar and interfacial polarization at low frequency. This is 
due to the sufficient time available for the dipoles to orient 
in the applied field. On the other hand, the rapidly changing 
field at higher frequency does not provide enough time for 
dipole alignment and hence �′ decreases [50]. It is clear from 
the figure that the dielectric constant has a positive relation 

(3)�
� = Cpd∕A�0.

with nCS loading. This increase in �′ with an increase in 
nCS concentration up to 7 wt% and the decrease beyond 
that loading is noteworthy. Many dipoles are present in the 
biopolymer system, like the PVA/CG blend. After nCS load-
ing, the number of dipoles will again increase and the inter-
action between nCS and PVA/CG blend chain leads to the 
dipolar ordering of polar groups in it, which eventually leads 
to an increased dielectric constant. The optimum �′ value is 
shown by PVA/CG/7wt% nCS film. The low value obtained 
at 10 wt% nCS loading is owing to the agglomeration of 
nanoparticles in the PVA/CG blend matrix [49].

Figure 10 demonstrates the variation of dielectric con-
stant with temperature. In this temperature range (30–90 °C) 
of study, the dielectric constant is significantly increased as 
the temperature increases from 30 to 90 °C. With the rise in 
temperature, the dissociation and pre-dissociation of coupled 
charges in the system will result in an increment in the free 
charge carriers. Thus, at low frequencies, the charge remains 
at the interface, increasing the dielectric constant [51]

Electric Modulus Study

Electric modulus analysis is an effective tool to investigate 
the relaxation process in polymer composites and polymer 
nanocomposites. Modulus is a complex function expressed 
as given below [52].

The real part Mʹ is obtained from M� =
ε�

(ε
�
)
2
+(ε

��
)
2
  and the 

imaginary part is obtained from following equation

The change in real (M′) and imaginary (Mʹʹ) modulus 
with respect to the frequency at various temperatures for 
PVA/CG and 7wt% nCS loaded PVA/CG is drawn in Fig. 11.

At low frequencies, the real modulus M′ of the pristine 
blend and its nanocomposite is zero at all temperatures. This 
long tail end parallel to the X axis is transformed into a 
noticeable hike towards higher frequency. This confirms the 
high capacitance and significant electrode polarization at 
low frequencies and the elimination of electrode polarization 
at higher frequencies. As the temperature increases, the 
real modulus M′ is found to decrease gradually [52, 53]. 
Imaginary modulus ( M′′ ) spectra show both the pristine 
blend and nanocomposite tend to merge at zero M′′ at low 
frequencies and at temperatures. While a relaxation peak 
is observed towards high frequency and these well-defined 
peaks shift to the right with an increase in temperature, 
indicating a decline in relaxation time for conduction as 
per the equation�m = 1∕2�f m . This result is consistent with 

(4)M = M
�

+ jM��

M�� =
ε��

(ε
�
)
2
+ (ε

��
)
2

Fig. 9   Variation of dielectric constant of PVA/ CG/ nCS nanocom-
posites
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those obtained from temperature dependent conductivity 
studies, as the temperature rise will improve the segmental 
mobility of the polymeric chain, the transport of charge 
carriers through which is easy and hence the conductivity 
will be enhanced with the temperature [45].

Impedance Analysis

Impedance is the resistance that a conducting material offers 
to alternating current and impedance analysis has been an 
important method to evaluate the electrical properties of 
polymer nanocomposite. Impedance is a complex function 
Z*, it can be evaluated from the relation [54],

where, Z� = |Z|cos� and Z�� = |Z|sin�

(5)Z∗(�) = (Z� − iZ��)

The dependence of the real (Z′) and imaginary (Z″) 
part of impedance with frequency at temperatures rang-
ing from 30 to 90 °C for PVA/CG and PVA/CG/7wt% nCS 
is depicted in Fig. 12. The real impedance is higher at 
low temperatures and low frequencies. There is a signifi-
cant decrease in Z' with an increase in temperature and 
at higher frequency Z' tends to zero irrespective of tem-
perature. The relaxation process prevalent in the prepared 
biopolymer blend is evident from the single maximum 
appearing in the log frequency vs Z″ plot. As the tem-
perature increases, the height of maxima decreases and 
subsequently shifted to a higher frequency, indicating a 
reduction in relaxation time [54].

Fig. 10   Variation of dielectric constant with frequency and temperature
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Nyquist Plot

The Z′ vs Z″ plot of PVA/CG and nCS loaded PVA/CG at 
various temperatures is shown in Fig. 13. The Nyquist plots 
of all the films look similar, with a high frequency semicircle 
and a small spike at low frequency. The semi-circular region 
corresponds to the parallel combination of bulk resistance 
(Rb) and bulk capacitance. Rb is obtained from the intercept 
of a semicircle at the X-axis. DC conductivity (σdc) of the 
films can be determined using the relation given below [55].

where A and t are the surface area and thickness of the film. 
The computed Rb and σdc values for all the prepared films at 
room temperature are listed in Table 5, lowest Rb and highest 
σdc is found for 7 wt% nCS loaded blend nanocomposite. As 

(6)�dc =
1

Rb

×
t

A

per Nyquist plot, the equivalent circuit model to represent 
the electrical properties of prepared blend nanocomposite 
is drawn in Fig. 14. This circuit is composed of a parallel 
combination of resistor Rb and capacitor C1 in series with 
capacitor C2 [47, 55]. It is obvious from the figure that the 
radius of the semicircle decreased with an increase in tem-
perature. This implies a negative temperature coefficient 
of resistance, i.e., the conductivity has a direct correlation 
with temperature [56]. The small spike found in the low-
frequency range is attributed to the double-layer capacitor 
formed at the electrode-sample interface where the charge 
carriers accumulate and cannot tunnel through the interface. 
So, the charge carriers possess high impedance and low 
mobility, which results in decreased electrical conduction 
at low frequencies [47].

Fig. 11   Electric modulus spectra of PVA/CG and PVA/CG/7 wt% nCS
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Mechanical Properties

Investigation of the mechanical attributes of films is exclu-
sively important, as knowledge of the maximum stress 
that the film can withstand without breakage and elonga-
tion at fracture are crucial aspects in many applications. 
Tensile strength, elongation at break (EB) and hardness of 
the prepared PVA/CG blend and various contents of nCS 
incorporated PVA/CG blend nanocomposites are summa-
rized in a bar diagram shown in Fig. 15. Figure 16 presents 
the stress–strain curve of the prepared films. The tensile 
strength of pristine PVA/CG is 31.44 MPa, which increases 
with the addition of nCS. The PVA/CG bend 5 wt% sample 
exhibited the highest tensile value (45.02 MPa) among all 
the prepared films. This indicates not only the reinforcing 
effect of nCS but also the effective dispersion and effec-
tive interfacial adhesion between nCS and PVA/CG blend 

chain. The possibility of strong hydrogen bonding and elec-
trostatic interactions between the components of this ternary 
system is already confirmed by FTIR and XRD [57, 58]. It 
is interesting to note that there is a 43.2% increase in the 
TS while incorporating 5wt% nCS. A small drop in TS at 
higher loadings can be due to the high agglomeration rate 
of nanoparticles. The parameter EB suggests the stretching 
capability of films, it is found to be 195% for pure blend 
whereas nCS addition slightly reduces film elongation. This 
suggests the fragility of films upon nCS addition as it can 
act as a stress concentrator and promote premature wreck-
age. By adding 10 wt% nCS, the EB is decreased to 169%, 
which further confirms the reinforcing effect of nCS [59]. 
The effect of nCS on the mechanical performance of the 
prepared films is also evident, as it induces an appreciable 
increase in the hardness of the nanocomposite films [36, 60].

Fig. 12   Variation of Zʹ and Z″ with frequency at different temperature
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Conclusion

In summary, we have developed a completely bio-friendly 
blend nanocomposite films based on PVA and CG with 
various concentrations of nCS by the solution casting 

method using water as the green solvent. The formation of 
the blend and its nanocomposites were evident from FTIR 
and XRD results. Variation in d spacing and crystallinity 
index was a direct outcome of the efficient incorporation of 
nCS in PVA/CG matrix. SEM images have clearly shown 
the morphological changes after the addition of nCS. The 
smooth and homogeneous surface of PVA/CG gradually 

Fig. 13   Nyquist plot of PVA/CG and its nanocomposites at various temperatures

Table 5   Rb and σdc determined from Nyquist plot at room tempera-
ture

Samples Rb (kΩ) σdc (Scm−1)

PVA/CG 322 9.68944 × 10–8

PVA/CG/3wt% nCS 224 1.41638 × 10–7

PVA/CG/5wt% nCS 190.6 1.89822 × 10–7

PVA/CG/7wt% nCS 92.37 3.87269 × 10–7

PVA/CG/10wt% nCS 178.5 2.09546 × 10–7

Fig. 14   Circuit model used to represent the electrical properties of 
blend nanocomposite



4502	 Journal of Polymers and the Environment (2023) 31:4487–4505

1 3

turned rough with an increase in nCS content. The thermal 
properties of prepared polymer nanocomposites were also 
evaluated using TGA-DTG and DSC. The degradation 
temperature of the blend increases with the addition of 
nCS. The higher percentage of final char residue obtained 
for nanocomposites than for pure blend suggests their 
enhanced thermal stability. The increase in Tg and Tm 
upon nCS addition indicates the rigidity of the biopolymer 
blend with the addition of nanofiller. Investigation of 
electrical properties is mandatory to explore the use of 
these biofriendly materials in electronic applications. 
The AC conductivity and dielectric constant of prepared 
nanocomposite films were higher than those of the pure 
blend. Both AC conductivity and dielectric constant 
were highest for PVA/CG with 7 wt% nCS. The prepared 

films fit best with the Arrhenius equation and activation 
energy for conduction was deduced from Arrhenius plots. 
Electric modulus and impedance analysis of pure blend 
and 7 wt% nCS incorporated PVA/CG were analysed at 
various temperatures. Mechanical aspects of films need 
to be considered for their applications in various fields. 
The tensile strength and hardness of the nanocomposite 
films were observed to improve, whereas the elongation 
at break decreased. For electrical and electrochemical 
devices that work at high temperatures, thermal stability 
and mechanical strength of material is also a matter of 
concern. Here we have successfully tuned the thermal, 
mechanical, electrical and dielectric properties of PVA/
CG blend with a small amount of nCS. The prepared films 
can be used as components for various electronic device 
fabrications including sensors, transistors, dielectric layers, 
circuit boards, nanodielectrics, energy storage devices, 
actuators as they are easy to transform into desired shape, 
size and design. As the term sustainability has gained wide 
acceptance, the prepared biopolymer blend nanocomposite 
films are preferable to explore the field of next-generation 
‘green’ electronic devices.
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