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Abstract: Biodegradable nanofilms from polyvinyl pyrro-
lidone (PVP), carboxymethyl cellulose (CMC), citric acid
(CA), glycerol (G), and zinc oxide nanoparticles (ZnO-NPs)
were prepared using different ZnO concentrations and
different electron beam irradiation doses, enabling cross-
linking formation. The prepared films were character-
ized by X-ray diffractometer, Fourier transform infrared
spectroscopy, thermogravimetric analyser, and trans-
mission electron microscopy. The swelling percentage
of PVP:CMC films was ordered in the sequence of com-
position ratio 1:2 > 1:1 > 2:1. Results showed decrease in
swelling capacity accompanied by increase in gelation
percentage of (PVP:CMC)/CA/G)/ZnO nanofilms as the
irradiation dose increased up to 20 kGy. The tensile
strength of (PVP:CMC) films increased by the incorpora-
tion of ZnO-NPs and increasing the irradiation dose. The
thermal stability of the prepared (PVP:CMC)/CA/G/ZnO
nanofilms was enhanced as the irradiation dosage increased.
The water vapour transmission rate of the irradiated films
was decreased. The biodegradability of the prepared nano-
films was monitored during 16 weeks and it exceeded 65%
weight loss from the original blank weight. Moreover, the
nanofilms exhibit antimicrobial activity against fungi,
Gram-negative, and Gram-positive bacteria. The broad
antimicrobial activity spectrum of the prepared nano-
films increased as the concentration of ZnO-NPs increased.
These results suggested that (PVP:CMC)/CA/G/Zn0O nano-
films can serve as biodegradable materials in various
applications characterized by antimicrobial activity.
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1 Introduction

Hundred million tons of synthetic plastic are discharged
annually directly into the environment without any strategy
of degradation [1]. Scientists worldwide have frequently
stated that if synthetic materials are not disposed accu-
rately, they will remain throughout the environment eco-
system [2]. According to Mostafa et al., the biodegradation
factors of synthetic plastic has to be considered; potential
problems can result from the dispersal of different synthetic
plastic pollutants throughout our environment. Recently,
the introduction of biodegradable plastics as an alternative
to synthetic and conventional plastics is in high demand,
due to their biocompatibility, biodegradability, and non-
toxic characteristics [3]. Biodegradable plastics can be bio-
degraded by microbial components which already exist in
our environment system. Biodegradable type is basically
designed using natural materials like proteins and polysac-
charides. Many natural biodegradable polymers were used
as poly-polyglycolic acid and polylactic acid [4]. Further-
more, the amount of synthetic plastic materials being used
determines their potential hazardous and their toxic char-
acter, which is considered a potential threat to our environ-
ment and also to the human life [5]. There are a few
methods for reducing these hazardous wastes from syn-
thetic plastic materials. Some synthetic materials can be
degraded in a short time, while others cannot be degraded
for a long time, reaching years. For example, biodegradable
bags have recently become a market demand. The proper-
ties of biodegradable bags are assumed to be similar to
conventional synthetic plastic bags [6]. Sometimes biode-
gradable materials can offer excellent physical properties
while being more environmentally eco-friendly.
Biodegradable materials can be prepared from agricul-
tural resources such as vegetable wastes and fruit wastes
[7]. Biodegradable plastics can be degraded through anae-
robic and aerobic microbial methods. Most researchers have
used starch and cellulose films for food safety packaging
applications as a proper alternative to the regular polyvinyl
alcohol (PVA), polyethylene, and polypropylene food packa-
ging films used due to their advanced environmentally

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/gps-2023-0011
mailto:Hassan.Alzain@Aramco.com

2 —— Hassan Alzain et al.

friendly properties [8-12]. Many other polysaccharides
have enhanced properties, such as gas barrier properties
and ease of handling, like chitosan and pectin. That
describes why the prepared films using these polymers
are stable and resistant to oils and fats, also they are
antifog, transparent, and flexible [13-15]. The global con-
sumption of biodegradable plastics based on natural
polymers has increased 500 times. As a result, massive
research is carried on the development of biodegradable
polymers to improve the food safety packaging industry
[16-18], biomedical applications [19-25], and vehicle industry
applications [26]. Generally, natural polymers and hiodegrad-
able materials are the future instead of conventional synthetic
materials [27-34].

Food packaging materials as a coating form or a
membrane form must protect food from contamination
through numerous factors which determine the efficiency
of packaging materials, such as, gas barrier, perme-
ability, and mechanical strength properties using oil,
water, oxygen, and antimicrobial activities. Other factors,
such as material costs, recyclability, and disposability,
also should be considered [14].

Food deterioration caused by food-borne pathogens
and microorganisms are major growing concerns of the
food industry. Therefore, a highly encouraging active
packaging innovation is antimicrobial packaging system
which incorporates antimicrobial agent into a polymer film
in order to inhibit bacterial growth, extend the product’s
shelf life, and enhance food safety [35]. Nanomaterials
have a huge impact in food packaging. Incorporation of
nano-scaled metal oxides such as zinc oxide (ZnO) within
polymeric matrix is of great interest. ZnO is considered as a
safe material by Food and Drug Administration (FDA,
USA) and has several advantages like low cost, lack of
colour, thermal, and chemical stability as well as high
antimicrobial activity [36]. ZnO nanoparticles (NPs) are
used in drug delivery systems, cosmetics, and food packa-
ging due to their excellent biocompatibility. Notably, they
are capable of reducing the oxygen flow inside the packa-
ging containers and act as a barrier against moisture to
maintain the food fresh for a prolonged period [37].

A significant number of reports in the literature accounts
for the synthesis of ZnO-NPs, with the possibility of tuning
their electrical and optical properties for different applica-
tions. Among these methods, sol-gel, inert gas condensation,
solvo-thermal, chemical precipitation, hydrothermal method,
pyrolysis, chemical vapor deposition, laser ablation, and
chemical reduction have been used for the production
of ZnO-NPs [38]. The biological synthesis of ZnO-NPs
through using enzymes, microorganisms, and plants and
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their extracts has been suggested as an eco-friendly method
for ZnO-NPs synthesis and serves as an alternative to the
chemical and physical methods. Various researchers stu-
died the biosynthesis of ZnO-NPs using fungal cultures,
date seed extract [39], Pithecellobium dulce peel extract
[40], Aegle marmelos leaves extract [41], Moringa oleifera
peel extract [42], and goat and sheep faecal matter [43].
Herein, we have used electron beam irradiation technique
for the synthesis of ZnO-NPs. Electron beam radiation repre-
sents a facile and clean strategy for the synthesis of nanos-
tructured materials without the need for reducing agents
and excessive purification steps. In addition, this tech-
nique is suitable for the mass production of nanocompo-
site materials.

The aim of this study is the development of biode-
gradable nanofilms using cellulose-based materials as a
biodegradable component which are more environmen-
tally eco-friendly as an alternative to conventional syn-
thetic plastic materials. The novelty of the current study
is the synthesis of ZnO-NPs using electron beam irradia-
tion technique as a clean tool for polymerization, and the
preparation of (polyvinyl pyrrolidone [PVP]:carboxymethyl
cellulose [CMC])/citric acid (CA)/glycerol (G)/ZnO nanofilms
as effective antimicrobial materials for biodegradable packa-
ging applications. Furthermore, the structural, thermal, and
surface morphologies of the ZnO-NPs, (PVP:CMC)/CA/G, as
well as (PVP:CMC)/CA/G/ZnO nanofilms are characterized.
The biodegradation and the antimicrobial activity of these
films were investigated by measuring the zone of inhibition
of Gram-negative bacteria (Escherichia coli and Pseudomonas
aeruginosa), Gram-positive bacteria (Bacillus subtilis and
Staphylococcus aureus), and fungus (Candida albicans).
To our knowledge, we believe that there is no available
data in the literature concerning the effect of different
doses of electron beam irradiation, different concentra-
tions of ZnO on mechanical, thermal, biodegradability,
and antimicrobial properties of the developed films.

2 Experimental

2.1 Materials

PVP (M,, 44 kDa) was purchased from Sigma-Aldrich (Germany),
glycerol 99.5% (M,, 92.09) was supplied from El-Gomhoria
Pharmaceutical Company, Egypt, and CA was purchased
from Loba Chemie PVT LTD, Mumbai, India. CMC was used
in this study in powder form, and it was purchased from
Loba Chemie PVT LTD, Mumbai, India.
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2.2 Irradiation technique

Electron beam (EB) irradiation was carried out in ambient
air at room temperature using 3 MeV electron energy (energy
instability: +2% maximum), beam current = 30 mA (current
instability: +2% maximum), and beam power = 90 KW EB
accelerator. All samples were irradiated using a current of
10 mA and an extraction window length of >90 cm; the scan
width was controllable from 60 cm up to the maximum
width of the scanner. Samples were exposed to irradiation
doses of about 2.5, 5, 10, 15, and 20 kGy.

The activation energy was evaluated from the ther-
mogravimetric analyser (TGA) curve based on the Anderson
and Freeman method [36], as shown in the following
equation:

logdw/dt E,
nlogw®  2.203RT

ey

where dw/dt is the rate of thermal decomposition reac-
tion (mg-min~"), we is the reactant mass (mg), R is the gas
constant (J-mol™K™), E, is the energy of activation
(J-mol™), and n is the order of the reaction. When
log(dw/dt) is plotted against 1/T, and the slope is equal
to E,/2.303R, the activation energy can be calculated.

2.3 Swelling percentage

The dried nanofilms of known weight (W,) were immersed
in deionized water for up to 72h at ambient temperature
and reweighed (W) after removing the excess water. The
swelling percentage was calculated as shown in the fol-
lowing equation:

S%:Ws—Wo
o}

x 100 2

2.4 Water vapour transmission rate (WVTR)

Water vapour permeates through a film at a certain tem-
perature and humidity conditions at a steady-state rate.
The WVTR was measured gravimetrically at 40°C according
to the European Pharmacopeia standard [1,2]. WVTR was
represented as the amount of water vapour able to pass
through a material, usually within 24 h. The samples were
cut into circular samples, each with a diameter of 5 cm, and
were placed on the tip, which were made of Teflon material,
of a glass bottle containing 50 mL of deionized water. The
initial weight was written as W;. After a while, the bottles
were dried in an oven at 40°C for 24 h. Then, the bottles
were taken out, and their weights were recorded as W,. The
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opened bottle served as a negative control. The percentage
of weight loss of the system reflects an index of WVTR. The
WVTR was calculated using Eq. 3 and the decrease in WVTR
percentage was calculated using Eq. 4 as follows:

w

WVTR (g-m?) = Wlf % 100 3)

where A (m?) is the area of film covering the tip of the
bottle.

The decrease in WVTR (%)
_ WVTRnegative control — WVTRtested sample (4)
WVTRnegative control

2.5 Soil burial biodegradation investigation

The biodegradation study was carried out via a soil burial
degradation process conducted at room temperature for
16 weeks. The tested film was the (PVP:CMC)/CA/G/Zn0O
nanofilm prepared at an irradiation dose of 20 kGy. Sample
with a size of 3 cm x 3 cm was placed in the burial soil at
7cm depth. The soil composition was moistened with
water on a daily basis to overcome water loss by evapora-
tion. Excess water is drained through a hole in the bottom
of the pot. The degradation assessment was performed
every 2 weeks by taking the sample carefully and washing
it with deionized water to remove the residual soil. An
oven at a constant 40°C was used to dry the sample until
a constant weight. The morphology of the sample after the
soil burial process was monitored using a handheld micro-
scope at 200x magnification. The samples’ weight loss
percentage was determined gravimetrically by recording
the weight differences between the samples before and
after the burial process. The weight loss percentage was
measured weekly during the 16 weeks, and the average
weight loss percentage was calculated as the mean of three
samples using the following equation:

Weight loss % = w (5)

t
where W; (g) is the original weight of the sample and W,
(g) is the weight of the sample at a different point in time
after exposure to soil.

2.6 Solubility test

Different solvents such as acetone, ammonia, orthopho-
sphoric acid, methanol, acetic acid, chloroform, sulphuric
acid, ethanol, and water were used for samples A, B, and C
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which were placed into a test tube previously, as
shown in Table 1. Then, the solubility of the samples
was determined.

2.7 Preparation of PVP/CMC/ZnO solutions
and ZnO-NPs

About 4 g of PVP:CMC mixture was dissolved in 100 mL
deionized water at a ratio of 2:1 (PVP:CMC solution). The
PVP/CMC solution was then slightly heated to 90°C and
continuously stirred using a magnetic stirrer for 8 h (until
the polymer solution became completely soluble). Zn
(CH5C00),-2H,0 (0.1 M) zinc acetate dihydrate was added
with a continuous stirring after the PVP:CMC solution
was left to cool at room temperature. Then the isolated
ZnO-NPs were extracted from PVP:CMC/ZnO solutions
irradiated at 5 kGy. Centrifugation at 15,000 rpm for 30 min

Table 1: Solubility test of the prepared films with different
(PVP:CMCQ) ratios in various solvent media

Blend
film
ratio

Solvent Insoluble Partially

soluble

Completely
soluble

Methanol 1:1 -

1:2 -

2:1 —
Acetic acid 11 -

1:2 -

2:1 —
Chloroform 1:1 -
1:2 —
2:1 —
1:1 —
1:2 -
2:1 -
1:1 -
1:2 —
2:1 —
1:1 —
1:2 -
2:1 -
Orthophosphoric  1:1 —
acid 1:2 -
2:1 —
1:1 —
1:2 —
2:1 -
Water 1:1 -

1:2 —

2:1 —

| o= <2 |
|

<
|

Acetone

Ammonia

Sulphuric acid

Ethanol

Rl =l = =< | =<
|
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was used for the irradiated solution. Then, the precipitated
7Zn0-NPs were washed with methanol, filtered, and then
placed in an oven at 90°C to be dried.

2.8 Preparation of blend films and nanofilms

PVP solution of 3 wt% was prepared by dissolving PVP in
deionized water at 70°C with continuous stirring until
complete dissolution. After that, PVP:CMC films were pre-
pared by mixing the CMC and PVP solutions with dif-
ferent composition ratios of PVP:CMC (V/V: 1/1, 1/2,
and 2/1) under continuous and constant stirring at 60°C
until the blend changed to a homogenous solution. Then,
0.5 wt% of CA was added to the PVP:CMC mixture, and
then 20% v/wt% of glycerol was added as a plasticizer.
Finally, the (PVP:CMC)/CA/G mixture solutions under-
went electron beam exposure at 2.5, 5, 10, 15, and 20 kGy
irradiation doses, and were then cast in Petri dishes and allowed
to dry under normal conditions. The (PVP:CMC)/CA/G film with
the PVP:CMC composition ratio of 2/1 was selected for the
preparation of (PVP:CMC)/CA/G/ZnO nanofilms. This
ratio was chosen for its potentially lower swelling value
than the other ratios, which makes it the best candidate
for the antibacterial and packaging applications. ZnO
nanofilms were prepared using the same steps as the fabri-
cation of blend films but using the following amounts of
ZnO-NPs: 0.4, 0.6, 0.8, 1, 1.2, and 1.4 wt/wt%. Each value of
Zn0 was added to a mixture solution of (PVP:CMC)/CA/G
and sonicated for 1h and then stirred for 1 h at 60°C. Then,
the (PVP:CMC)/CA/G/Zn0 mixture underwent electron beam
exposure at 2.5, 5, 10, 15, and 20 kGy irradiation doses, then
cast in a Petri dish and left to dry under an ambient atmo-
sphere to form the desired crosslinked film. The suggested
reaction mechanisms of formation for the blend film and
Zn0 nanocomposite films are presented in Figure 1.

2.9 Characterization

The prepared samples’ functional groups and chemical struc-
ture were determined using an FTIR-Vertex 70 spectrophot-
ometer (Bruker, Karlsruhe, Germany) over 400-4,000 cm!
spectral range. The crystalline properties of the prepared sam-
ples were examined using a fully computerized X-ray diffract-
ometer (XRD, Shimadzu type XD-DI), and the data were
recorded for a 26 angle range of 0-90°. An X-ray generator
was equipped with a scintillation counter at 40 kV voltage,
a filament current of 28 mA, and a scanning speed of
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Figure 1: A suggested reactions mechanisms of (PVP:CMC)/CA/G crosslinked film formation and (PVP:CMC)/CA/G/Zn0O nanofilm.

20 mm-min ', Mechanical strength testing was conducted
at ambient temperature using an Instron Machine (model
1195, England) of the prepared samples, including elongation
and tensile strength with a crosshead speed of 10 mm-min™
according to ASTM D-638 standards. The values of the elon-
gation and tensile strength at break are reported as the
average of five records. Thermal analysis of the films was
performed using TGA. The TGA heating rate was 20°C:min !
up to 600°C, and a flow rate of pure nitrogen of 30 mL-min !
was used. TGA instrument of (Shimadzu 24 simultaneous
DTA-TGA system of type DTG-60 H, Japan). Transmission
electron microscopy (TEM, model JEOL JEM-100CX, Japan)
adjusted at an acceleration voltage of 80 kV was used to
determine the morphology and particle size of ZnO-NPs.

2.10 Bacterial cell growth and viability
testing

Bacterial strains were collected from the Italian Hospital
in Cairo. For routine use, the cultures were maintained on
Luria-Bertani (LB) agar. Glycerol stock solutions were
prepared and kept at —20°C for long-term storage. In this
study, seven pathogenic microorganisms were selected,
including Gram-negative bacterial pathogens (E. coli and
P. aeruginosa), Gram-positive bacterial pathogens (B. sub-
tilis and S. aureus), and a fungus (C. albicans). For experi-
mental purposes, bacteria were grown aerobically in 50 mL
of LB broth statically at 38°C for 24 h. The overnight culture

of the bacterial suspension (10° CFU-mL™) was inoculated
by spreading on a PVA/PLUR solution containing different
fractions of ZnO-NPs. The inhibition zone and monitoring
the cell count as a result of the antibacterial properties of
the nanofilms were evaluated.

3 Results and discussion

3.1 Solvent solubility study

The solubility data shown in Table 1 show samples
treated with water and then chloroform, respectively,
and there is an obvious increase in the weight. In con-
trast, weights declined when samples were treated with
methanol, and the plastic property became inelastic. All
the prepared samples are convenient in biodegradable
polymer preparations; hence, they are totally or partially
soluble in the solvents used.

3.2 TEM investigation

TEM was utilized to characterize the morphology and internal
structure of the samples. Figure 2a—c displays the TEM
images of (PVP:CMC)/CA/G/ZnO nanofilms prepared at
irradiation doses from 2.5 to 20 kGy. From Figure 2a—c,
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Figure 2: TEM photomicrographs of (PVP:CMC)/CA/G/ZnO nanofilms at: (a) 2.5 kGy, (b) 10 kGy, (c) 20 kGy, and (d) the effect of dose on

ZnO-NP size.

all ZnO-NPs look like spheres with good distribution and
no aggregation. Moreover, the average nanoparticle size
for the prepared samples at 2.5, 10, and 20 kGy is 60 + 1,
25 + 8, and 9 + 2nm, respectively. Figure 2d shows the
effect of irradiation dose on the particle sizes. The particle
size of ZnO-NPs decreases as the irradiation dose increases
which could be attributed to intramolecular hydrogen
bonding between the hydroxyl group of CMC and hydrogen
as well as the carbonyl group of PVP as shown in Figure 1.
These findings are further supported by other investigators
who depicted that the irradiation of chitosan led to the

formation of chitosan NPs which decreased in its size with
the increase in irradiation dose [44].

3.3 FTIR spectrum

Figure 3a shows the spectrum characteristic peaks of the
(PVP:CMC)/CA/G film, which appeared around 1,406 cm™*
and refer to C-H bending and at 2,934 cm ™! corresponding
to C-H stretching. The peaks at 1,710 cm™" correspond to
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Figure 3: FTIR spectra of (a) (PVP:CMC)/CA/G film and
(b) (PVP:CMC)/CA/G-Zn0 nanofilm.

carbonyl groups and at 1,580 cm ™! refer to amide group (II)
[44]. The ether bridge appears at the peaks in the range of
1,013-1,316 cm ™. Moreover, a broad band of OH groups
appeared at 3,302 cm . Figure 3b shows the spectrum of the
(PVP:CMC)/CA/G/Zn0 nanofilm. The significant difference
between the (PVP:CMC)/CA/G/ZnO spectra and (PVP:CMC)/CA/G
films is the intensity of the peak corresponding to OH
groups, which decreased obviously in the presence of
ZnO-NPs.

3.4 Swelling study

Figure 4a and b represents the effect of the different irra-
diation doses on the swelling percentage and the relation-
ship between the swelling percentage and the irradiation
dose, respectively. It is seen from Figure 4a that the swel-
ling percentage increases by increasing the time of the
immersion process until equilibrium after 3.5 h. However,
Figure 4b shows the relationship between the swelling
percentage and the irradiation dose at equilibrium. Results
reported that the swelling percentage decreases as the
irradiation dose increases [45]. This is due to an increment
of the crosslinking density that limits the absorption of
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water molecules to diffuse among the networks [46]. Further,
this relationship is the second regression with a correlation
coefficient of R*> = 0.99. The correlation coefficient value
reflects the strong connection between the swelling percen-
tage and the irradiation dose.

The swelling character of PVP:CMC films at different
composition ratios (V/V) of 1/1, 1/2, and 2/1 is shown in
Figure 4c. It was found that the swelling percentage for
the PVP:CMC films was directly affected by the change in
the composition ratio in the sequence of 1/2 > 1/1 > 2/1. The
swelling percentage of PVP:CMC films at composition
ratios of 1/2, 1/1, and 2/1 was 406.3%, 231.2%, and 170.4%,
respectively, during the first 4 h of investigation, and the
equilibrium swelling percentage after 24h was 412.6%,
258.3%, and 173.8%, respectively. The highest increase
in swelling percentage of the prepared PVP:CMC film
with a composition ratio of 1/1 occurs due to the lower
hydrogen bonding formation. As a result, there are lower
adhesion forces between PVP and CMC that result in free
hydrophilic hydroxyl (OH) groups and carboxylic (COOH)
groups of CMC, which leads to a higher swelling percen-
tage due to the existence of internal network spaces. Also,
CMC contains the (COOH) group, which establishes an
electrostatic force that causes water molecules to diffuse
within the blend polymer matrix network. As a result, the
swelling percentage was enhanced. In contrast, the increase
of the PVP ratio led to a decline in the swelling behaviour,
which weakened the relaxation of the intramolecular chains
and increased the binding forces by increasing the hydrogen
bonding. As a result, less water was allowed to penetrate
the prepared film matrix network. Finally, the prepared
PVP:CMC film with a composition ratio of 2/1 shows a less
swelling percentage, and it was selected for the preparation
of (PVP:CMC)/CA/G/Zn0O nanofilms. As shown in Figure 4,
the swelling percentage for (PVP:CMC)/ZnO nanofilms
declined to 20.1% as a result of the increase in the electron
beam irradiation dosed and also due to the presence of
Zn0O-NPs, which are required for packaging purposes. In
addition, Figure 4d represents the relationship between the
PVP:CMC ratio and swelling percentage. The results repre-
sent the ratio of 2/1 for the PVP:CMC blend for the lowest
swelling percentage; thus, this value is the best-suited ratio
among all the ratios for food packaging applications.

3.5 Effect of different irradiation doses on
swelling behaviour

Figure 5 represents the effect of the irradiation dose on
the swelling percentage of (PVP:CMC)/CA/G/Zn0O nano-
films with a PVP:CMC composition ratio of 2/1 and 1 wt%
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Figure 4: (a) Effect of irradiation dose on swelling percentage, (b) relationship between swelling percentage and irradiation dose, (c) effect
of PVP:CMC ratio on swelling percentage, and (d) relationship between swelling percentage and PVP:CMC ratio.

of ZnO-NPs. The results show that the degree of swelling
percentage decreased with any increase of the irradia-
tion (from 2.5 to 20 kGy) due to the increase in the cross-
linking degree. The swelling percentage at equilibrium
for (PVP:CMC)/CA/G)/Zn0O nanofilms which irradiated
at 2.5, 5, 10, 15, and 20 kGy was found to be decreased,
respectively. This decrease in swelling character due to
the increase in the irradiation dose can be attributed to
the increase in the crosslinking of the PVP:CMC films
blended with ZnO. The increase in crosslinking not only
reduces the pores and spaces internally between the mole-
cules but also prevents the molecules from stretching and

opening their internal gaps wider, thus resulting in less
water being allowed to penetrate the prepared nanofilm
matrix.

3.6 Gelation percentage

Figure 6a shows the effect of different irradiation doses
on gelation percentage and Figure 6b shows the effect of
the (PVP:CMC)/CA/G ratio on gelation percentage, each
at 20 kGy. Generally, it is noticed from Figure 6a that by
increasing the irradiation dose, the gelation percentage
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Figure 5: Effect of irradiation dose on the swelling percentage of
(PVP:CMC)/CA/G/Zn0 nanofilms with a composition ratio of 2/1and
utilizing 1wt% of ZnO.

increases for three different composition blends. The ratio
of 1/2 for the (PVP:CMC)/CA/G blend demonstrates the
highest value of gelation percentage. In contrast, the
ratio of 2/1 for the (PVP:CMC)/CA/G blend demonstrates
the lowest value of gelation percentage because the gela-
tion formation of PVP has a much higher irradiation dose
than that of CMC [47,48]. All data in Figure 6a follow the
second regression, with correlation coefficient values
ranging between R? = 0.98 and 0.99. Thus, these values
of R? represent the direct relationship between the gela-
tion percentage and irradiation dose, and obviously, it
was intense.

Moreover, Figure 6b shows the relationship between
the (PVP:CMC)/CA/G composition blend and the gelation
percentage. The results represent that the presence of
PVP in the in situ polymerization mixture limits the value
of the gelation percentage. The feeding solution compo-
sition at 2/1 of PVP:CMC shows a gelation percentage of
less than 50%. In contrast, the feeding solution composi-
tions at 1/1 and 1/2 show that the values of gelation per-
centage are more than 60% and 100%, respectively.

— 9

Biodegradation of synthetic polymers

120

d

& 1:1PVP/ICMC
A 1:2PVPICMC
m  2:1PVP/ICMC

-
o
o

=]
o

40

Gelation (%)
3

20

0 5 10 15 20
Dose (kGy)
110

100
90
80
70
60

Gelation (%)

50
40

mnm 1/2 2/1

(PVP/CMC) ratio

Figure 6: (a) Effect of irradiation dose on the gelation percentage
and (b) effect of PVP:CMC ratio on gelation percentage at 20 kGy.

3.7 Mechanical properties

Mechanical characters are a vital property of the pre-
pared films being used in food packaging applications.
Figure 7a and b describes the effect of different irradia-
tion doses on the mechanical properties, elongation per-
centage, and tensile strength of PVP:CMC prepared film
with a composition ratio of 2/1. Figure 7a and b shows
that the higher PVP content in the prepared films results
in higher, softer, and more elastic mechanical proper-
ties. It is widely known that CMC is very brittle to form a
thin film, and PVP films dissolve easily in water [49,50].
The mechanical properties of the prepared PVP:CMC
films were improved by using electron beam irradiation
exposure. Figure 7a represents the effect of irradiation
doses on the tensile strength of the prepared PVP:CMC
film, which increased clearly as the irradiation dose was
increased up to 20 kGy. Also, Figure 7b shows the effect
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Figure 7: Effect of irradiation dose on the mechanical properties of (PVP:CMC)/CA/G composites: (a) tensile strength and (b) elongation
percentage. Effect of ZnO-NPs concentration on the mechanical properties of (PVP:CMC)/CA/G/Zn0 nanofilms: (c) tensile strength and

(d) elongation.

of electron beam irradiation dosage on the elongation at
break percentage of the prepared PVP:CMC film. It is
noticed that no changes were obtained at an irradiation
dose of 20 kGy. The interfacial bonds between PVP and
CMC were increased that form crosslinked structures
and increases the adhesion force between PVP and
CMC via electron beam irradiation doses [51].

On the other hand, the effect of ZnO-NP contents on
elongation percentage and tensile strength property at
the break for (PVP:CMC)/CA/G/Zn0O nanofilms irradiated
at 20 kGy is represented in Figure 7c and d. It was noticed
that as ZnO-NP contents increased up to 1 wt%, the tensile
strength property increased; then, the tensile strength
property decreased as the ZnO-NP contents increased up
to 1.4 wt%. Generally, adding ZnO-NPs into the PVP:CMC

polymer blend mixture increases the tensile strength of the
nanofilm, as represented in Figure 7c. This is due to the
interaction between the gel-formed networks and ZnO-NPs
with a high surface area, forming a strong interfacial adhe-
sion bond between them. The interfacial adhesion inter-
action between the intramolecular network and fillers
directly affect the mechanical properties of the prepared
nanofilms [52]. It was reported that no remarkable
change occurred in the elongation property at break
percentage with the incorporation of ZnO-NPs up to
1.0 wt%, as represented in Figure 7d. Therefore, the
existence of ZnO-NPs in the films’ composition remark-
ably enhance the mechanical properties of the prepared
(PVP:CMC)/CA/G/ZnO nanofilm. The optimum results of
elongation properties and tensile strength at the broken
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percentage of (PVP:CMC)/CA/G ZnO-NPs nanofilm were
found at 1 wt% of ZnO nanoparticle contents.

3.8 TGA investigation

Figure 8 represents the TGA thermographs of PVP:CMC
films and (PVP:CMC)/ZnO nanofilms which are irradiated
at 5 and 20 kGy and has been investigated within 25°C
and 600°C temperature range as a function of the weight
loss percentage. The weight loss percentage at different
temperature degrees, the decomposition stages at dif-
ferent temperature ranges and their temperature for max-
imum rate of decomposition (T.,) for each stage, and
the activation energies (Ea) (kJ-mol™) are reported in
Table 2. The thermal decomposition of the prepared

PVP:CMC blend film (Figure 8a) represented three main
weight loss stages.

Initial stage was in the range of 43-165°C with 3.5%
weight loss due to moisture vaporization. Second stage
occurred in range of 165-425°C (Tyax 287°C) with 75.5%
weight loss due to the decomposition of intermolecular
crosslinking of the PVP and CMC chains inside the
formed polymer. The third stage occurred at 425-595°C
and is due to the carbonization and the breakage of the
C-C backbone of the polymer chains, leaving 2.5% as a
residual substance.

The thermal decomposition of (PVP:CMC)/ZnO nano-
films, which were irradiated at 5 (Figure 8b) and 20 kGy
(Figure 8c) showed three decomposition stages. The first
stage of weight loss happened in the ranges of 44-165°C
and 45-167°C (Tpax 156°C), respectively, with a weight
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Table 2: Weight loss of samples A, B, and C at different temperatures

DE GRUYTER

Sample number Dose (kGy) Weight loss percentage at various temperatures Tmax E. (kJ-mol™?)
100°C 200°C 300°C 400°C 500°C 600°C

A 2.7 10.9 44.3 68.2 74.1 75.5 287 38.78

B 5 0.95 8.73 41.92 65.8 71 72.9 293 55.57

C 20 0.2 7.3 31.74 65.3 70.7 72.4 304 67.14

loss of 3%, caused by the loss of physically adsorbed
water and hydrogen-bonded water. The second stage
occurred in the ranges of 165-425°C (Tpax 293°C) and
165-425°C (Tmax 304°C), with a weight loss of 65.7%,
resulting from the decomposition of intermolecular cross-
linking of CMC and PVP chains inside the formed poly-
mers with a further decomposition of the backbone of the
formed polymers to carbon and hydrocarbon substances.
PVP and CMC contain many hydrophilic hydroxyl groups,
and the intermolecular and intramolecular hydroxyl groups
are attached easily and form hydrogen bonds. Breakage of
the C-C bond of the main backbone of the prepared hap-
pened in the third stage in the range of 425-598°C with 72%
weight loss and this is what scientists called as carboniza-
tion process [53]. At the end of the test, all contents of CMC
and PVP in nanofilms which were irradiated at 5 and 20 kGy
were digested, leaving 6.5% and 10.5% as a residue of the
Zn0O-NPs content.

The activation energies of (PVP:CMC)/CA/G and
(PVP:CMC)/CA/G/ZnO nanofilms which irradiated at
5 and 20 kGy were 38.78, 55.57, and 67.14 kJ-mol™},
respectively. The activation energies of the prepared
(PVP:CMC)/CA/G/Zn0 nanofilms were found to be higher
than that of the prepared (PVP:CMC)/CA/G films. The acti-
vation energy of the nanofilms increased as the irradiation
dose increased. Higher activation energy corresponds to
a tremendous amount of energy required to degrade the
higher molecular weight of polymeric chains. This is due
to high temperatures, and the formation of a stable com-
plex might be due to the presence of ZnO-NPs; hence,
more energy was needed to cleavage the complex. It
was noticed that the thermal stability of the prepared
(PVP:CMC)/CA/G/Zn0O nanofilms was better than that
of the prepared PVP:CMC blend films. The addition of
Zn0O-NPs has considerable effects on the thermal stabi-
lity of the nanofilms. This thermal stability enhancement
can be attributed to an improvement in the interfacial
adhesion bonds and compatibility between the ZnO-NPs
and PVP:CMC polymer matrix. Moreover, the thermal stabi-
lity of the prepared (PVP:CMC)/CA/G/ZnO nanofilms was
enhanced as the irradiation dosage increased. This is because
increasing the crosslinking percentage by irradiation dose

will limit the chains’ mobility between PVP:CMC and ZnO-
NPs network in the formation of the nanofilms, improving
the thermal stability at the higher dosage of 20 kGy.

3.9 Water vapour permeability

WVTR is an essential factor in film preparations for food
packaging materials and widely determines their ability
to maintain the quality of the products. The WVTR was
determined gravimetrically and expressed as the amount
of water vapour in grams that could pass through the
prepared material within 24 h. The WVTR values of the
prepared films are shown in Figure 9. The WVTR of
the prepared (PVP:CMC)/CA/G/Zn0O nanofilms was lower
with a remarkable difference when compared with the
prepared (PVP:CMC)/CA/G blend films in the presence
of negative control (uncoated or opened bottle). The addi-
tion of ZnO-NPs into (PVP:CMC)/CA/G films represented a
decrease in the WVTR values. This is due to the formation
of a denser polymer structure in the (PVP:CMC)/CA/G/ZnO
nanofilms compared to the unfilled films. Also, adding
ZnO-NPs to the prepared film could produce a more com-
plex network path, prolonging water vapour molecules’
transport [54]. When comparing the decrease in WVTR
percentage with the uncoated bottle (negative control),
the WVTR of the (PVP:CMC)/CA/G film showed approxi-
mately 37.3% lower value.

Meanwhile, the decreased WVTR of the prepared
(PVP:CMC)/CA/G/ZnO nanofilms irradiated at 5, 10, 15,
and 20 kGy was 62.4%, 67.2%, 75.6%, 81.2%, and 86.3%,
respectively. As the irradiation dose increased, the WVTR
percentage decreased due to increased crosslinking
between polymer chains and, therefore, less perme-
ability of water vapour molecules.

3.10 Biodegradation

The biodegradability of polymers is critical to their pos-
sible applications. Using biodegradable food packaging
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Figure 9: WVTR of the open bottle, (PVP:CMC)/CA/G film, and
(PVP:CMC)/CA/G/Zn0 nanofilms irradiated at 5, 10, 15, and 20 kGy,
respectively.

materials is considered an intelligent solution for solid
waste accumulation and environmental problems. The
biodegradability of the prepared (PVP:CMC)/CA/G/Zn0O
nanofilms was studied using the burial degradation pro-
cess by evaluating the weight loss percentage over time
for 16 weeks, as represented in Figure 10a. The weight
loss records are essential to check the biodegradation
character and the degradation rate of polymeric materials
during the soil burial process. The weight loss percentage
of the prepared nanofilms represented a recorded degra-
dation, and the degradation rate increased obviously in
the initial 10 weeks. After that, the biodegradation pro-
cess continued at a significant slower rate. After 16 weeks,
weight loss percentage of the tested sample was 61%.
In addition, both CMC and PVP are hydrophilic and par-
tially degraded products that would also contribute to the
weight loss of the prepared film. During CMC degradation,
the moisture content is the primary action of the degrada-
tion process. It involves water absorption, ester breakage
forming oligomers, solubilization of oligomer fractions,
and diffusion of soluble oligomers by bacteria [52]. It is
proposed that two stages of degradation take place in the
soil burial process: (1) the diffusion of water into the pre-
pared film matrix samples results in the swelling of the
film’s network and allows the growth of microorganisms
on the film’s threads and (2) enzymatic degradation and
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Figure 10: Biodegradability of (PVP:CMC)/CA/G/Zn0O nanofilm over
16 weeks.

other types of degradation cause weight loss and deteriora-
tion of the film samples. It was reported that the colour of
the prepared nanofilms changed from white to yellow
within the first 4 weeks of the burial process. After that,
the colour changed to reddish brown. These results match
with several other studies which reported the biodegrada-
tion of the prepared CMC composites [55,56]. The weight
loss of the biodegradable nanofilm and the time of biode-
gradation undergo the second regression relationship and
exhibit a correlation coefficient of R?> = 0.98. Hence, the
value of R? expresses the strong relationship between the
time of biodegradation and the weight loss value.

3.11 Antimicrobial activity

Metal NPs embedded biopolymers have been shown to
have effective antimicrobial activity due to their novel prop-
erty of surface area to the volume ratio, which enhances the
combination of many ligands on their surfaces. These nano-
composites exhibited effective antibacterial activity in many
studies. Substantial antibacterial activities of copper oxide
NPs and silver chloride NPs have been reported [57,58].
Authors of ref. [59] represented that copper oxide nano-
composites demonstrated great antifungal activity which
mediated through cell membrane disruption and mito-
chondrial damage. Additionally, ZnO-NPs have repre-
sented outstanding antimicrobial activities and have
been used in various applications for food protection
membranes [56]. This study incorporated ZnO-NPs into
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Table 3: Influence of different concentrations of ZnO-NPs in the matrix of (PVP:CMC)/CA/G films on the growth of different microbial strains

Strains Inhibition zone (mm)

0.4 wt% 0.6 wt% 0.8 wt% 1wt% 1.2 wt% 1.4 wt%
E. coli 5+0.1 6 +0.2 6 +0.1 10 + 0.4 14 + 0.2 18 + 0.2
B. subtilis 10 + 0.2 10 + 0.1 13+ 0.2 16 + 0.2 19 £ 0.1 20 + 0.1
C. albicans 20 £ 0.1 22 + 0.3 25+ 0.2 27 + 0.1 35+ 0.1 38 £ 0.1
P. aeruginosa 10 + 0.2 12 + 0.1 16 + 0.2 20 +£ 0.2 26 + 0.4 30 + 0.2
S. aureus 18 + 0.1 18 + 0.2 26 + 0.1 29 + 0.1 32+0.1 36 + 0.1

All values of data are mean + SD (n = 3).

the blank (PVP:CMC)/CA/G films to enhance their anti-
microbial activity. The prepared (PVP:CMC)/CA/G/Zn0 nano-
films were used as dual function materials for food packaging
with antimicrobial effects. This study reports the enhanced
activity of the biodegradable (PVP:CMC)/CA/G/ZnO nano-
films as antimicrobial against foodborme pathogens, espe-
cially E. coli [60]. This pathogen causes colon inflammation,
leading to diarrhoea and abdominal pain with blood in
stools. The effect of different concentrations of ZnO-NPs
(0.4, 0.6, 0.8, 1, 1.2, and 1.4 wt%) was determined by mea-
suring the inhibition zone against pathogenic Gram-negative
(E. coli and P. aeruginosa) strains, Gram-positive (B. subtilis
and S. aureus), and fungus (C. albicans).

Results in Table 3 show that antimicrobial activity
can be seen against all strains understudying all ZnO-NP
concentrations, with inhibition zone values from 5 to 35 mm
in diameter. The most vigorous activity was reported against
C. albicans (38 mm) and S. aureus (36 mm). The weakest
growth inhibition was against E. coli (18 mm).

4 Conclusion

Biodegradable films and nanofilms were prepared from
PVP, CMC, CA, glycerol, and ZnO-NPs. These nanofilms
were prepared at different concentrations of ZnO-NPs and
at various electron beam irradiation doses. Nanofilms
were characterized by TEM, FTIR, XRD, and TGA. The
swelling study was conducted at different concentrations
of ZnO-NPs and different compositions of PVP and CMC
in the in situ media copolymerization reaction, and the
activation energy of the prepared films was determined.
In addition, the WVTR was evaluated for polymer blend
films, ZnO nanofilms, and irradiated films at different
irradiation doses. The biodegradability of nanofilms was
investigated during 16 weeks. The biodegradability of films
exceeded 65% as weight loss from the original weight. Moreover,
(PVP:CMC)/CA/G/Zn0 nanofilms have an antimicrobial activity

against negative bacterial pathogens, Gram-positive, and fungi,
with a broad-spectrum. As the concentrations of ZnO-NPs
increased the antimicrobial activity increased. These results
suggest that (PVP:CMC)/CA/G/ZnO nanofilms are effective
antimicrobial materials for biodegradable food-packaging
applications.
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