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Abstract. The global fabrication of conventional plastics has increased attributes to the prodigious applications. The
product developed in the present work is a vitreous alternative to the traditional, non-biodegradable, crude-based plastics,
which degrades axiomatically. It compensates for the exceedingly depleting oil reserves and truncates the plastic waste.
This research emphasizes the evolution of sustainable active food packaging film to proliferate the shelf life of a product
and to retain the nutritional content. Here, copper nanoparticles are reinforced into the biohybrid film made up of using
polyvinyl alcohol, polyethylene glycol and citric acid for an active copper releasing packaging system, which improves
the barrier property of the film. Scanning electron microscopy micrographs of the copper nanoparticles and the reinforced
films delineate the uniform distribution of the nanoparticles in the hybrid matrix. Biodegradation test examined the
16.69% for 1 phr copper-loaded film, which is high in contrary to others. The mechanical properties and heat stability of
the biocomposite film meliorated significantly by the inclusion of 1% Cu nanoparticles. The water solubility of the
nano-film ranges from 3.64 to 100%, depending upon the extent of crosslinking. The resultant hybrid film is versatile and
can be utilized both as cured and uncured forms. The aforementioned properties make it pertinent for drug-delivery
applications too.
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Introduction

The perpetual demand for polymers prompts the accumulation of plastic wastes in landfills, which has an
exorbitant environmental impact. Plastics have become
an integral part of food packaging. The increased stipulation of plastics led to the diminution of fossil fuels.
Besides, recycling and disposal of plastics for reuse and
energy recovery remains a profound challenge in India.
To eradicate this issue, the research fraternity has created
a quest to utilize biodegradable plastic packaging materials. The maneuver of biodegradable ingredients will
help to curb the plight of environmental pollution and
contamination, which will lead to non-toxic material.
Natural biopolymers like cellulose, starch, etc. are lowcost materials but they exhibit poor mechanical, thermal
and barrier characteristics in comparison to the conventional one. Therefore, nanomaterials have been employed
to exploit applications of biodegradable materials.
Biopolymers functionalized with copper nanoparticles are
of intriguing interest due to its utilization in antiseptics,
medical items, coatings, textiles, etc. [1]. Copper
nanoparticles were incorporated for an efficient active

packaging system to make the packaged food better for
digestion. Nevertheless, copper is essential for living
beings. The appropriate functioning of metabolic processes and organs are governed by copper in the human
body. A copper nutrient is also responsible for the
maintenance, growth and development of connective
tissue, bone, heart, brain and other organs of the body.
Polyvinyl alcohol (PVA) is a synthetic choice that can
be used as a material to replace cellulose to provide high
strength and film formability [2]. PVA being a food-safe
and water-soluble alternative to the traditionally used
synthetic plastics is becoming a key ingredient.
Crosslinking of PVA is one such modification that
enhances dimensional stability, mechanical properties,
solubility and other important properties. Being a synthetic biodegradable polymer, its rate of degradation
depends inversely upon the extent and the degree of
crosslinking, which can be evaluated and varied at different concentrations [3]. The addition of plasticizer, i.e.,
polyethylene glycol (PEG) is an important aspect to bring
flexibility in the film. Plasticizer reduces the cohesion
among the film network by enervating the intermolecular
forces of interactions betwixt the adjacent polymeric
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chains. Plasticizer modifies the mechanical characteristics, reduces the hardness, deformation tension, viscosity,
density and also increases the flexibility in the polymer
chain as well as resistance towards fracture. If the film is
too brittle, a small amount of PEG introduced into the
system can make it soft and flexible. PEG as a plasticizer
may enhance the vapour permeability as it is hydrophilic
and acts as a modifier [4,5]. On the other hand, citric acid
(tribasic acid) acts as a crosslinking and chelating agent,
which facilitates the non-aggregated formation of powders that are spherically shaped [6,7]. It has been found
as an intermediate in the citric acid cycle, which acts as a
preservative [8].
Namazi and Adeli [9] reported the fabrication of citric acid
and PEG for drug delivery applications, in which in-vitro study
of biocompatible dendrimers and controlled release of drugs
was investigated. Xing and co-workers [8] examined the
starch/PVA/CA blend for antimicrobial packaging applications, they have mentioned that the prepared film has a vigorous antibacterial effect and have a tensile strength of 46.45
MPa. Tien and Sakurai [10] worked on to study hierarchical
structures of PEG/PLA blend but its limitation is that PLA has
poor durability, lower thermal stability and high in cost. Reddy
and Yang [11] investigated the crosslinking of citric acid with
starch, which could improve the thermal stability and
mechanical properties but decreases the dissolution of the film
in formic acid and water. Researchers have also evaluated the
impact of citric acid on starch-based edible biofilms for
improving barrier and mechanical properties, but the major
drawback was its brittle nature and poor handling [12]. The
major concern of this innovation is to make a biodegradable
material (substitute to the conventional packaging materials),
which significantly contributes to the benefit of mankind.
The motivation behind this endeavour is to fabricate a
packaging material that can be utilized for edible and nonedible, agricultural as well as horticultural goods. Keeping
this vista into consideration, biodegradable packaging
material has been developed using PVA, PEG and citric
acid in equal amounts. Due to prevailing packaging applications, a material must possess adequate mechanical
properties like strength, stiffness, elongation, impact resistance, etc. For edible applications, the constituents must be
approved by the Food and Drug Administration. For its
utilization in agriculture and horticulture, it has to be porous
i.e., must have a controlled rate of permeation towards gases
and water. Most of the constituents used in this packaging
material are biodegradable and have a moderate rate of
decomposition. The ingredients used are water-soluble and
hence water is being used here as a solvent. Due to this, the
product is also assumed to be biocompatible as well as
water soluble. These properties may help the material to
expand its application into the medical fields (tissue
implants and medical devices). The incorporation of the
copper nanoparticles will surely make the film beneficial for
gut activity, improves the mechanical properties as well as
the optical properties.
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2.
2.1

Experimental
Materials

Poly(vinyl alcohol) (hot), which is fully hydrolysed, anhydrous copper sulphate, starch and citric acid were procured
from CDH, India. Polyethylene glycol-400 and all other
chemicals were purchased from commercially available
vendors, Delhi, India.
2.1a Fabrication of copper nanoparticles: The Cu
nanoparticles were fabricated using a chemical reduction
process by employing copper (II) sulphate pentahydrate as
precursor salt with starch (used as a capping agent). The
synthesis process was initiated by the incorporation of 0.1 M
copper (II) sulphate pentahydrate solution into 120 ml of
starch (1.2%) solution with vigorous magnetic stirring for 30
min. Afterward, under continuous stirring 50 ml of 0.2 M of
the ascorbic acid solution is poured into the synthesized
solution. Subsequently, 30 ml of 1 M sodium hydroxide
solution was gradually added into the prepared solution with
heating and constant stirring at 80°C for 2 h. The colour of the
solution transformed from yellow to ocher. After the completion of the reaction, the solution was allowed to settle
overnight and the supernatant solution was then discarded
cautiously. By filtration, the precipitates were separated from
the solution followed by washing with deionized water and
ethanol for consecutively three times to take out excessive
starch bound with the nanoparticles. The obtained ocher
colour precipitate is dried at room temperature.
2.1b Preparation of active film: PVA, citric acid and
PEG-400 were weighed in 1:1:1 ratio. PVA was added in
water, which acts as a processing solvent to swell, and left
overnight without mobility. After swelling of PVA, it was
stirred at 1500 rpm and 90°C with the addition of the
required amount of water. The PVA solution was stirred
until completely dissolved. Then citric acid and PEG-400
were added and the solution was again stirred for 60 min.
The solution was then left immobilized (without mobility)
for 2–3 h to remove any dispersed air bubbles. The solution
was then poured into the Petri dish gradually so that no air
bubble gets trapped. The solution along with the Petri dish
was placed in the oven for drying at 105°C until it completely dried. Amount of copper nanoparticles in film is
0%–0.00 g, 1%–0.09 g, 2%–0.18 g and 3%–0.27 g.
2.1c Curing of films: When the structure of the film gets a
freeze, the film was then removed from the Petri dish and
cured at 160°C for 15 min using a hot air oven.

2.2

Characterization techniques

2.2a Scanning electron microscopy (SEM): The test was
carried out on SEM, Bruker Corporation, with a voltage of
20 kV. The image was zoomed in or out to the desired
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magnification and moved to another area of the sample,
with the help of X and Y knobs.
2.2b Thermogravimetric analysis: This test was conducted on apparatus Linseis TA Evaluation V2.3.1 using
nitrogen gas at 5 psi for combustion air and 50 psi for purge
air at 10°C min–1 of heating rate.
2.2c Differential scanning calorimetry (DSC) analysis: This was conducted on Stare€ software of Mettler
Toledo. A quantity of 2–6 mg of sample was taken using
nitrogen gas, held at 20 psi and the sample purge flow at
100 ml min–1.
2.2d Dynamic mechanical analysis (DMA): The analysis
measurements were carried out using SRF geometry with
sample dimensions of 40 9 12 9 0.22 mm on Anton Paar
MCR 102 rheometer with 2°C min–1 heating rate having a
temperature range 25–160°C with a frequency of 1 Hz,
normal force of –0.5 N.
2.2e Tensile test: This test was performed using tensile
testing machine provided by Trade Well Scientific Industries according to ASTM D 638. Specimen was prepared
according to ASTM D638 Type V Cross-head speed =
5 mm min–1 with the max load = 10 kg.
2.2f Biodegradation (by composting): The biodegradation
of resultant samples was kept in a compost pit for a 30-day
interval. The weight of the samples initially and after 30
days of composting was recorded and hence percentage
degradation is calculated.
2.2g Water vapour transmission rate test: The water
vapour transmission rate (WVTR) test was performed in
which the films were taken and the circular sample of
diameter equivalent to that of a glass Petri dish was cut from
each of the films. Calcium chloride (4 g) was placed in each
dish and the dishes were covered with their respective films.
Each of the dishes was sealed using wax so that air or
moisture has to penetrate the film to get absorbed by the
absorbent inside. The weight of the system is noted subsequently after each hour. The WVTR is reported in g in–2
24 h–1.
2.2h Water solubility test: The test has been performed
using three films, one uncured, one partially cured and one
completely cured are taken. A small piece from each of the
film is then cut out and placed into a beaker containing
water. The films were then stirred for 4 h at 100°C using a
magnetic stirrer. The sample was then dried at 105°C in an
oven followed by a desiccator. Finally, the sample was
weighed and solubility was reported.
2.2i Shore-A hardness test: Hardness test was conducted
on DAWN equipment, in which sample films were folded in
such a way that it attains a thickness of at least 6.5 mm. The
tip of the Shore-A hardness tester was pressed against the
sample film. The apparatus was held as it is for around 10 s
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(the tip pressed against the surface) and then the reading
was observed. The same procedure is followed at 2–3 more
positions on the film surface. The average is taken as the
final value of hardness.
2.2j Thickness measurement: The thickness measurement
of the film was measured using Digimatic Micrometer No.
293-82, MITUTOYO, having a least count of 1 micrometre
was provided by Absolute AOS Digimatic Company. The
film was placed between the two edges of the gauge and the
thickness was shown on the digital metre with a resolution
of 0.001 mm or 0.0000500 /0.001 mm, the flatness of 0.3 lm/
0.00001200 and parallelism of 2 lm/0.0000800 .
2.2k Printability: The printability was conducted to check
whether the film could be used as a packaging material, as
printability is one of the key features to give the required
information about the packed material. It is also used to
increase the aesthetic properties of the film. The first and
foremost point to perform the printability test is to clean the
surface and care must be taken that the surface is dry. A
permanent marker is used to make a mark on the film. The
mark made by a marker on the film is observed and the
quality is noted.

3.

Results and discussions

The SEM micrographs of the synthesized Cu particles
revealed the formation of nanoparticles with a diameter
between 50 and 80 nm. The particles are shiny black in
appearance. Micrographs of PVA:PEG:CA biocomposite is
uniform throughout as seen in figure 1. All three constituents
are compatible with each other. The broken structure in the
centre attributes to the folding of the film and not due to any
phase separation [13]. The micrographs of the nanocomposite
film cannot be obtained at higher magnification.
At higher magnification, the film starts to burn attributes
to the surface charging of the sample. The region marked
denotes the point at which the electron beam impinges upon
the sample surface in an SEM. A charge will accumulate on
the sample surface and below the surface while the primary
beam is scanning the sample. Charges can be buried below
the surface since the beam electrons penetrate deeply into
the sample. The charge accumulating on the surface of the
sample will yield a surface potential, which has a negative
effect on sample imaging. It is clear from the other
micrographs that nanoparticles are uniformly distributed in
the matrix.
The thermal behaviour of all the four films is almost
comparable to the base material and the composition is the
same for all displayed in figure 2. The weight reduction has
been observed in three stages [14]. The initial decomposition of film attributes to the water evaporation. 0% Cu
nanoparticles have the maximum residual mass i.e.,
15.0475% and sample A (0% Cu nanoparticles) has the least
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Figure 1. SEM micrographs of (a) Cu nanoparticles [32], (b) 0% Cu and (c) 1% Cu nanoparticles reinforced
PVA:PEG:CA resultant nanocomposite films.

Figure 2. TGA analysis of (A) 0% Cu nanoparticles, (B) 1% Cu
nanoparticles, (C) 2% Cu nanoparticles and (D) 3% Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.

residual mass. In the second degradation step, the weight
loss is due to the carbonization of polymers produced by the
esterification reaction. The drastic weight reduction is due

to the burning of carbon components in presence of air. The
third degradation step is due to the presence of the PVA
matrix. Here, complete degradation of the PVA backbone
takes place. As clearly seen that there is no major change in
the onset and end set values for decomposition even after
the inclusion of nanoparticles, except in sample A, where
the addition of nanoparticle increases the residual content
significantly. The increase in thermal stability is observed
due to the formation of the crosslinked structure with the
formation of hydroxyl groups [15]. This stipulated that the
thermal stability of the resultant product increases due to the
shift in decomposition temperature but high residual content
has been evaluated in the material, in which Cu nanoparticles are not present. The reduction in residual content
could also be affected by the interruption through the
physical and chemical environment and also the existence
of steric hindrance [16]. Besides, the low residual content is
attributed to the formation of high heat resistance imparted
by the Cu nanoparticles [17]. This is following the results
reported by Viratyaporn and Lehman [16], they mentioned
that enhanced thermal stability of nanocomposites attributes
to the radical trapping of polymeric chains or by steric
repulsion of motion of PVA chains [18]. Similar trends have
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Thermal weight reduction of Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.
Weight reduction (%)
Sample

A
B
C
D

0%
1%
2%
3%

Cu
Cu
Cu
Cu

nanoparticles
nanoparticles
nanoparticles
nanoparticles

Up to 100°C

100 to 300°C

350 to 500°C

Final residual

0.55
1.14
1.62
4.34

30.18
28.12
44.54
13.31

64.14
86.64
78.34
80.20

15.04
12.04
11.58
6.52

Figure 3. DSC thermogram analysis of (A) 0% Cu nanoparticles,
(B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles and (D) 3% Cu
nanoparticles reinforced PVA:PEG:CA resultant nanocomposite
films.

been examined in Cu/polyimide films [19,20]. They evinced
that this is due to the catalytic effect of Cu nanoparticles.
Besides, the nanoparticles contribute to the obstruction of
the escape of decomposition components constructively but
the unavoidable agglomeration of nanoparticles deteriorate
the residual content of the nanocomposites [21]. Table 1
illustrates the stepwise decomposition temperature and
residual masses of each of the samples.
DSC thermogram followed by endothermic transitions
has been examined and shown in figure 3. DSC has been
performed between 50 and 400°C temperature range and
hence all the transitions in this range have been reported in
table 2. Three major endothermic transitions of nanocomposite films have been perceived. The first transition
observed is due to the Tg (glass transition temperature),
which can be correlated with DMA results also. A slight
increment in Tg has been found owing to the increment of
Cu nanoparticles. This may be ascribed due to the
obstruction in segmental mobility of polymer chain interactions [22]. The secondary transition is the result of the
evaporation of volatile contents present in the material (low
molecular weight compounds). The melting point has been
increased on the inclusion of nanoparticles into the polymer

matrix contrary to pristine PVA, which is around 220°C.
The tertiary transition occurred between 370 and 450°C
may be regarded as the third transition peak of the polymer
matrix present. Due to the presence of two major components, the morphology and crystallization are difficult to
predict. The slope is distinctly endothermic before the
transition. The existence of weak transitions is due to the
presence of water in the sample. The transitions are
endothermic which are quite different from the melting
peak. The volatilization of water caused a shift in the
endothermic peak. In the case of broad peaks, the determination of onset temperature becomes difficult therefore, it
loses the physical meaning. Then, the peak temperature is
ascribed as the melting temperature of the material. The
addition of Cu nanoparticles improved the homogeneity,
dispersibility and interfacial properties of PVA/PEG
biohybrid.

3.1

Determination of Tg using DMA

Tg is the transition that takes place when the amorphous
region becomes mobile. It is an endothermic transition and
is accompanied by the loss of a great amount of energy. Due
to this, at this point the magnitudes of loss modulus and loss
tangents are maximum. Sample A exhibits glassy behaviour
till 110°C (figures 4 and 5), after this it starts transforming
into rubbery elastic behaviour [23,24]. It has high storage
modulus contrary to other samples which are elucidated in
table 3. This corresponds to the 3-dimensional network
formed by the reaction of carboxylic moieties of CA, which
enhances the modulus when Cu nanoparticles are induced.
It is quite pertinent that homogeneous dispersion of Cu
nanoparticles results in increased mechanical properties of
the film at a certain level. PEG has been introduced into the
hybrid owing to its high flexibility and lower modulus.
Moreover, the existence of two major components makes
the crystallization behaviour and morphology very arduous
to predict (figure 6).
The rubber elastic plateau is the characteristic property of
semi-crystalline material. Therefore, the neat polymer
matrix is neither ambiguously solid nor liquid [25]. The
tan d curve is following the values evaluated from the DSC
thermogram. The transition in Tg is taking place due to the
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Melting enthalpy, Tg values evaluated from integration analysis by DSC thermogram.
Sample

A
B
C
D

0%
1%
2%
3%

Cu
Cu
Cu
Cu

nanoparticles
nanoparticles
nanoparticles
nanoparticles

Transition I
(Tg, °C)

Transition II
(Tm)

Transition III

32
40
48
39

220.17°C
238.49°C
246.67°C
249.88°C

381.70°C
415.00°C
376.19°C
401.82°C

Figure 4. Storage modulus analysis of (A) 0% Cu nanoparticles, (B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles
and (D) 3% Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.

existence of Van der Waal forces of attraction and the
presence of Cu nanoparticles. The tan d curve elucidates the
ideal elastic behaviour i.e., tan d = 0. The lower Tg of
sample A is due to the physical crosslinks owing to the
partial crystallization of pristine PVA chain and simultaneously enhancement in free volume throughout the amorphous segment or haply attributes to the low hydrogen
bonding interactions in the amorphous domains. Besides,
PEG also prevents copper oxidation by preserving the
nanoparticles for an extended duration. On incorporation of
copper nanoparticles, molecular weight increases that leads
to decrement in chain-end concentration resulting in
decreasing free volume and increase in Tg. The amalgamation of PEG and PVA leads to the formation of a highly
crosslinked structure, which results in a decrease in the
segmental mobility of chains, as a result, Tg increases. The
existence of polar groups in CA and PEG results in an
increase in intermolecular forces of attraction, cohesion and
inter-chain interactions, which leads to higher Tg.
The tensile strength increases significantly on the introduction of even a very low loading of nanoparticles, but
decreases on further increase in the nanoparticle content.

Due to the fine particle size of the copper nanoparticles,
they get dispersed well into the polymer matrix and hence
provide additional strength to the film by forming an
interpenetrating network. However, on increasing the filler,
agglomeration might be taking place and hence decreasing
the tensile strength. The mechanical properties are summarized in table 4. Sample C has high elongation at break in
contrary to others. Such improvement is the result of the
flexibility provided by PEG [26]. The results stipulated that
the formation of the interpenetrating network is due to the
polymeric chain entanglements of the matrix. The minor
change in values of tensile strength is a result of the low
loading of Cu nanoparticles. 1% Cu nanoparticles loaded
PVA:PEG:CA uncured hybrid has the highest tensile
strength i.e., 0.8426 kg mm–3 and the lowest strength
observed is for cured 1% Cu nanoparticles i.e., 0.4312 kg
mm–3. The increased mechanical strength is due to the
development of nanocomposites, in which Cu nanoparticles
can also act as a plasticizer that helps in transferring the
load during testing, thereby making it flexible.
The results of the biodegradation study are summarized
in table 5. Biodegradation results are exactly according to
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Figure 5. Loss modulus of (A) 0% Cu nanoparticles, (B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles and (D) 3%
Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.

Table 3.

Storage modulus (G0 ) and loss modulus (G00 ) values evaluated from DMA analysis of PVA:PEG:CA hybrid.
Storage modulus
Max.

Sample
0%
1%
2%
3%

Cu
Cu
Cu
Cu

nanoparticles
nanoparticles
nanoparticles
nanoparticles

Loss modulus
Min.

Max.

Min.

G0

Temp. (°C)

G0

Temp. (°C)

G00

Temp. (°C)

G00

Temp. (°C)

281.09
285.01
295.66
301.03

32.11
43.49
57.2
39.12

18.14
203.81
116.51
108.39

115.1
133.06
122.47
131.24

49.33
146.13
8.11
21.6

32.13
39.9
48.01
38.28

0.431
2.88
0.88
1.56

136.92
147.55
146.98
146.93

the prediction made initially. The incorporation of PEG
results in an increased rate of biodegradation as well as a
water transmission rate. The decomposition of uncured
samples were relatively faster than that of the cured samples
because the intra-chain bonds, formed after curing are difficult to break. The percentage decomposition for a cured
sample is 8.56 to 16.69% compared to 12.04 to 20.99% as
in the uncured samples. The decomposition increases with
the introduction of nanoparticles and further decreases with
the increase in concentration. The intermolecular interactions and uniform distribution of Cu nanoparticles in
polymer hybrid decrease the polymeric chain mobility,
which results in a decrement in degradation rate on a high
concentration of nanoparticles. Inducing Cu nanoparticles
in biopolymers enhances the dispersed phases and viscosity,

which hampers the coalescence process and also refined the
size of dispersed phases.
Gas transmission and controlling water vapour rates are
key factors to attain shelf life, safety and food quality,
which are sensitive to moisture. WVTR is the standard
measurement in which polymeric films are compared to
resist moisture transmission for their ability. Lower values
elucidate better protection of moisture. Values mentioned at
the same temperature and humidity can be compared,
because transmission rates can be affected by both of these
essential parameters.
Over curing of the film can reduce the water solubility to
a great extent, but it makes the film brittle and hence unable
to be used as flexible packaging. This material can be used
for high strength structural applications. The value of
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WVTR decreased after incorporating the copper nanoparticle as the fine particles very efficiently fill up the voids in
the matrix and hence does not allow moisture to permeate
(table 6 and figure 7). To examine the WVTR test, the
following equation is used and expressed in g m–2 day [27].
WVP ¼ WVTR  x= ^ P

The prepared film is completely water soluble initially.
The water solubility of the film can be one of the most
desired properties of the film, but only to a certain extent. It
could be controlled by curing at a high temperature. The
desired amount of water solubility can be obtained by
curing the film at 160–170°C for a duration of 4 h, displayed in table 7.
Shore-A, like many other hardness testers, measures the
indentation depth in material experienced by the applied
force on the standardized presser foot. This depth is
dependent on the viscoelastic properties, materials’ hardness, the duration and the shape of the presser foot, of the
test. The standard analysis requires the application of force
consistently, without measuring the hardness (depth of the
indentation) and shock. Force is applied for the required
time and then read. The specifications of the material should
be a minimum of 6.4 mm (0.25 inches) thick. The resultant
hardness value depends on the depth of the indenter after it
has been applied for 15 s on the material. The Shore-A
hardness tester is employed to examine the hardness of
natural rubber, soft vulcanized rubber, nitriles, elastomers,
thermoplastics, flexible polyacrylics, wax, felt and leathers.
The resulting hardness lies between 20 and 90. The hardness depends upon two major factors: (a) composition of
nanoparticle—the incorporation of nanoparticles fills the
voids present in the matrix and hence reduces the chain
mobility. Thus, the hardness increases with an increase in
nanoparticle concentration but agglomeration can hamper
the process. (b) The extent of crosslinking—crosslinking
plays a major role in providing hardness and strength to a
material. Due to the crosslinking amidst chains, chain

ð1Þ

Here, ^P is a partial pressure difference, x the film
thickness.

Figure 6. Loss or damping factor curve of (A) 0% Cu
nanoparticles, (B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles
and (D) 3% Cu nanoparticles reinforced PVA:PEG:CA resultant
nanocomposite films.
Table 4.

Data evaluated from mechanical testing of developed nanocomposites.

Properties

0% Cu nanoparticles

1% Cu nanoparticles

2% Cu nanoparticles

3% Cu nanoparticles

0.4312
56.88

0.7442
187.55

0.5999
204.88

0.4802
166.66

0.5273
57.77

0.8426
122.66

0.8096
155.10

0.5080
170.21

Cured
Tensile strength (kg mm–3)
Elongation at break (%)
Uncured
Tensile strength (kg mm–3)
Elongation at break (%)

Table 5.

Evaluation of biodegradation test of Cu reinforced PVA:PEG:CA nanocomposites.

Sample code
Cured
Initial wt.
Final wt.
Wt. loss (%)
Uncured
Initial wt.
Final wt.
Wt. loss (%)

0% Cu nanoparticles

1% Cu nanoparticles

2% Cu nanoparticles

3% Cu nanoparticles

0.57
0.48
14.29

0.45
0.37
16.69

0.26
0.22
14.81

0.52
0.47
8.56

0.42
0.35
17.56

0.3
0.30
18.26

0.20
0.16
20.99

0.63
0.55
12.04
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Resistance against moisture transmission is displayed using the WVTR test.
Weight of system (g)

Composition ;
0% Cu nanoparticles
1% Cu nanoparticles

Table 7.

0h

1h

2h

3h

4h

5h

WVTR (g in–2 24 h–1)

22.31
21.11

22.72
21.42

23.01
21.66

23.15
21.76

23.30
21.84

23.38
21.90

40.99
30.00

Water solubility parameters of Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.

Sample
Uncured film
0% Cu nanoparticles
Over cured film

Initial wt. (g)

Final wt. (g)

Percentage recovered (%)

0.5525
0.4957
0.4559

0.0000
0.4050
0.4393

0.0000
81.70
96.36

Figure 7. Water permeability test of showing water permeability
of the (A) 0% Cu nanoparticles and (B) 1% Cu nanoparticles
developed PVA:PEG:CA nanocomposites.

folding and rotation are restricted, and hence the hardness
decreases (figure 8). But in this case, due to the poor
interfacial adhesion of the nanocomposites, hardness has
been decreased. The aggregation of Cu nanoparticles can
affect the hardness of the resultant product which is following the SEM analysis on increasing Cu loading [28].
When dispersed nanoparticles are accumulated into the polymer matrix, it becomes a large nanoparticle with a high radius,
this occurrence influences the entire interphase and results in
altering the behaviour of nanocomposites. The formation of
large nanoparticles creates a small interfacial area, which
deteriorates the advantage of reinforcing Cu nanoparticles into
matrix, i.e. why sample A has a high hardness in comparison
to other products. The variation in sample C is observed,
which can be attributed to the change in indentation depth in
the sample that produced artefacts in the results.

Figure 8. Hardness bar graph of (A) 0% Cu nanoparticles,
(B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles and (D) 3% Cu
nanoparticles reinforced PVA:PEG:CA resultant nanocomposite
film investigated using Shore-A hardness tester.

The thickness of the films can be varied to a great extent.
The dimensional thickness of the films is in between 0.174
and 3.251 mm. The thicker films need more time to form
and cure as compared to the thinner ones. Increasing the
curing temperature to reduce the curing time is not recommended to avoid the critical temperature, above which
decomposition might take place. The printability of the
films is virtuous tested by a black marker. The written
content is easily visible on the first three films (figure 9),
i.e., samples A, B and C but not much visible in the last film
because of the dark colour provided by the Verdigris. The
film without nanoparticles is transparent and has no colour
when uncured, but gets white on curing owing to the
ordering of the structure, i.e., crystallization taking place.
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Figure 9. Printability test of (A) 0% Cu nanoparticles, (B) 1% Cu nanoparticles, (C) 2% Cu nanoparticles and
(D) 3% Cu nanoparticles reinforced PVA:PEG:CA resultant nanocomposite films.

Sample, which has 1% Cu nanoparticles, is Prussian blue
when uncured, but turns pale green after curing [29]. Films
having 2 and 3% Cu nanoparticles are also green and the
intensity of the colour increases on curing. This pale green
colour also called copper green is due to the formation of
Verdigris [30], also called Patina. It is a product of
weathering of copper, and in this case by citric acid. The
copper reacts with citric acid and forms copper citrate and
other compounds. A mixture of these compounds is called
Verdigris. Besides, to obstruct the brittleness of films, the
films were dried at relatively low temperatures [31].

is very good and hence can be formed with a wide range of
thicknesses. The printability of all the samples is good as
the mark made by the marker is visible. The Cu nanoparticles react with citric acid to form Verdigris, which gives
the film its pale green colour. The uncured film is water
soluble and hence can be used to make scaffolds and
implants for tissue engineering. Further addition of
nanoparticle will lead to agglomeration and hence deteriorates the properties. The film can be used in multiple
applications, either in the packaging (food or non-food) or
medical devices and implants.
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Acknowledgements

Conclusion

Biodegradable packaging films have been paid escalation
and becoming voguish in research due to the nonbiodegradable nature of petroleum-based products, which
pose a great menace to environmental pollution and health
implications. The research has attempted to burgeon a
biodegradable packaging material that can be used as a
substitute for making flexible packaging solutions. The
incorporation of the optimum amount of copper nanoparticles provides superior properties to the films. The particle
size of the synthesized nanoparticles is in the range of
50–80 nm. The biodegradability of the film is very good,
which is about 17%, thus making it environmentally benign.
The Tg of the film is significantly low due to the high
concentration of plasticizers. The incorporation of copper
nanoparticles also increased heat stability and the residual
mass. Verdigris also acts as a barrier and prevents corroding
of the copper particles. The highest mechanical properties
are obtained at 1% nanoparticle loading. The mechanical
property including the hardness depends upon the copper
loading as well as the extent of curing. The hardness
decreased with the addition of Cu nanoparticles. The film
has optimum permeability, which makes it the choice to be
used for the packaging of agricultural and horticultural
products, i.e., material having an active post-harvest metabolism. The copper nanoparticles fill the voids and decrease
the WVTR of the film. The film formability of this material
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