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Abstract

Due to their unique structure and properties, biocompatibility, adaptable surface chemistry, optical transparency, non-toxic,
biodegradability, and improved mechanical properties, cellulose nanocrystals (CNCs) are considered very promising for use
as reinforcement material in construction of high-performance nanocomposites. Many biodegradable polymers are used as a
matrix in the manufacture of these nanocomposites, among them polyvinyl alcohol (PVA). In the current study, the
nanocomposites films, PVA loaded by CNCs prepared from rice husk and PVA loaded by CNCs and copper nanoparticles
(Cu-NPs) were fabricated. The prepared nanocomposite films were characterized by scanning electron microscopy (SEM), X-
ray diffraction (XRD), thermogravimetric analysis (TGA&DTA), and mechanical properties. The prepared nanocomposites
films were evaluated for their antibacterial activity by disk diffusion technique against pathogenic bacteria. The results reveal
that PVA films loaded by CNCs and Cu-NPs have improved tensile strength as well as efficient antibacterial activity against

Gram-negative and Gram-positive strains and are promising to be used as packaging material.
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1. Introduction

Lignocellulosic biomass is widely considered one
of the best renewable resources on earth. In addition
to this, it is widespread across the globe, with large
quantities in numerous areas [l1]. In today's
agricultural industry, rice husk makes up one of the
largest waste products. Rice husks are the hard
coverings of rice grains, which are separated from the
grains during milling and agricultural biomass
production. Organic wastes make up to 20% of rice's
weight and comprise of cellulose (50%), lignin
(25%-30%), silica (15%-20%), and moisture (10%—
15%). Since it contains a high amount of cellulose
and can be chemically altered, it makes CNC
extraction possible [2]. CNCs are needle-like in shape
and smaller than 100 nm in length with high degrees
of crystallinity [3]. Besides their large surface area,

Fig.1. The mechanism of PVA
crosslinking to CNCs.

high mechanical strength, and high aspect ratio,
CNCs are hydrophilic, non-toxic, low bulk density,
biocompatible, and also biodegradable [4, 5].
Considering the high strength and stiffness of CNCs
produced from different natural sources, combined
with their low weight, biodegradability, and
environmental advantages, CNCs are emerging as a
new class of renewable nanomaterials [6-8].

CNCs have specific characteristics that make them
ideal  reinforcements for  high-performance
nanocomposites that exhibit sustainability. For paper
coating and textile sizing applications, PVA acts as a
matrix, mimicking the properties of natural polymers
[9, 10], and can be crosslinked with CNCs as shown
in figure 1 . This type of polymer is widely applied
for the production of films in various industrial
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applications because of its hydrophilic properties,
compatible chemical structure, flexibility, and high
oxygen and barrier properties [11, 12].

PVA is an example of a man-made polymer that is
made from an unrenewable and non-biodegradable
sources [13, 14]. Due to its remarkable chemical and
physical properties, including biocompatibility,
temperature stability, and non-toxicity, it can be
produced in large quantities, which allows it to be
used as a surface material in a wide range of fields
such as films [15, 16] and glue [17]. But given its
semi-crystalline structure [18], low strength, and low
thermal stability, it has been studied for various
applications as a matrix of nanocomposites, but is
often not used due to these disadvantages [19, 20].
Furthermore, CNC reinforcers also have the purpose
of acting as a nucleating agent, as well as enhancing
mechanical properties, such as tensile strength,
Young's modulus, and storage modulus [21]. A
promising alternative to antibiotics could be metallic
nanoparticles ~ (NPs)  exhibiting  antibacterial
properties.  Antibiotics ~ with more  specific
mechanisms of action often have an advantage over
those that affect different bacterial structures [22]. It
is still unknown how NPs exert their antibacterial
effects and the factors involved. Pure NPs can be
improved by adding biological  polymers
(polyacrylonitrile, pyrrolidone, PVA, starch, gelatine,
heparin, carboxymethylcellulose, and chitosan) and
their  stability can be increased [23-25].
Thermoplastic films used in packaging and/or the
medical industry can be incorporated with
nanomaterials, such as copper and silver, which act as
antimicrobial materials. Copper nanoparticles are
promising multifunctional antibacterial agents that
have high biological activity, a low cost, and are
ecologically safe [26]. Copper nanoparticles and
copper-containing materials have demonstrated
antibacterial properties in several studies [27].
Consequently, the development of antibacterial films
using PVA/CNCs/Cu-NPs composites and evaluation
of their antibacterial activity will result in the
manufacture of new antibacterial composites. The
aim of this study, embedding CNCs into PVA films,
to improve their mechanical properties as well as test
their antibacterial activity using Cu-NPs. The
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antibacterial properties, structure, and morphology of
the films were studied.

2. Experimental
2.1. Chemical compounds

The polymer PVA, a powder form (BDH
chemical Ltd England) with a molecular weight of
approximately 125,000 g/mol was used in the
preparation of neat PVA and PVA/CNCs/Cu-NPs
and PVA/CNCs films. We purchased copper (II)
sulfate pentahydrate and sodium hydroxide NaOH
from Sigma-Aldrich in India. No further purification
was required for any of the other reagents or solvents
used in this study.

2.2. Preparation of CNCs
The preparation of CNCs (Figure. 2) has been

largely in line with the method described previously
[28], utilizing hydrolysis with sulfuric acid to extract
alpha-cellulose from rice husk. Twenty grams of rice
husk pulp were combined with 200 ml of 64 weight
percent sulfuric acids preheated to 45°C. After 25
minutes at 45°C, the reaction was diluted to 10
percent of its original concentration to stop it. A
suspension was centrifuged for 15 minutes at 6,000
rpm followed by washing & centrifuging, again. The
solution was dialyzed for several days to neutralize
the remaining acid. Based on the gravimetric
analysis, the concentration was 1.3 weight percent.
Conduct metric titration was used to measure the
surface charge, which was 0.6 mmol/g.

S
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Rice straw

Fig. 2. Schematic of the stages of CNCs synthesis.

2.3. Synthesis of Cu-NPs

The Cu-NPs were synthesized by chemical
reduction process wusing copper (II) sulfate
pentahydrate as precursor salt and starch as capping
agent as described by [29], with slight modification
(Figure. 3). As part of the preparation procedure, 0.1
M copper (II) sulfate pentahydrate solution is added
to 120 mL of starch (1.2%) solution with vigorous
stirring for 30 minutes. After the synthesis solution
was stirred rapidly under continuous stirring for 50
mL, 0.2 M hydroxylamine hydrochloride solution
was added to it. After the solution was prepared, 30
ml of 1 M sodium hydroxide solution was slowly
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added while stirring constantly and heated at 80°C
for 2 hours.
As a result, the solution turned yellow. The solution

was removed from the heat once the reaction had
completed and allowed to settle overnight. To remove
any remaining bound nanoparticles from the
precipitates, they were washed three times with
deionized water and ethanol after being separated
from the solution by two successive centrifugation
steps (1000 rpm). They were dried at room
temperature after obtaining the yellow precipitates.
We stored nanoparticles for further analysis in glass
vials after drying.

Starch solution 22 ° e NoOH - "-\ 80°C for 2 h
Hydroxylamine
hydrochloride
CuS0,4 CuSO./ starch
<oliition b Cu (OH), Cu-NPs

Fig. 3. Schematic of the stages of Cu-NPs synthesis

2.4. Preparation of nanocomposite films
A solvent casting method was used to prepare

PVA, PVA/CNCs, and PVA/CNCs/Cu-NPs films
(Figure. 4). To prepare the PVA solution, it was
added to 90 ml of water at 80°C for 4 h with constant
stirring. PVA solution of 2g was poured into Teflon
molds or glass Petri dishes (10 cm in diameter) and
allowed to dry for 24 hours at room temperature.
Using an ultra turrax homogenizer, CNCs were
homogenized at 4000 rpm for 15 minutes before
being sonicated for 10 minutes at room temperature.
The procedure for producing PVA/CNCs films is the
same as that for pure PVA films. Several
nanocellulose loadings were used in the preparation
of PVA/CNCs films. In the meantime, CNC
suspensions (2.5, 5, 7.5, and 10% between PVA and
CNCs) were continuously stirred at 80°C for three
hours. Also by the same procedure, PVA films
containing 7.5 wt % CNCs and various levels of Cu-
NPs (1, 2, 4, and 8 wt % based on CNCs) were
prepared. A vacuum dryer was used to remove the
remaining solvent (chloroform) from all prepared
films after they had dried at room temperature for 24
h

2.5. Characterization of prepared nanocomposites

films
2.5.1.  Transmission electron microscopy (TEM)
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The morphology and particle size of the CNCs
and Cu-NPs were characterized using TEM (JEOL,
JEM-1230 electron microscope) at an operating
voltage of 76 kV.

Homogenize | Castingfilms —

PVA film
PVA PVA

3 + ~ Homogenize_ | Casting films
g e PVA/CNCs film
PVA CNCs PVA/CNCs

.+ + Homogenize l, - i Casting films —

PVA CNCs  Cu-NPs PVA/CNCs/Cu-NPs

PVA/CNCs/Cu-NPs film

Fig. 4. Schematic of the stages of PVA/CNCs/Cu-NPs film
synthesis.

2.5.2.  XRD analysis

The XRD patterns of the prepared films were
carried out on a Diano X-ray diffractometer using a
Cu (Kal/Ko2) radiation source energized at 45 kV
and a Philips X-ray diffractometer (PW 1930
generator, PW 1820 goniometer). The XRD patterns
were recorded in a diffraction angle range from 6 =
10° to 80°.
2.5.3.  Fourier transform infrared (FT-IR) spectral

analysis

FT-IR spectra of the prepared CNCs were
recorded in the range of 400-4000 cm—1 using
Shimadzu 8400S FT-IR Spectrophotometer.
2.5.4.  SEM analysis

The surface morphology of the prepared
nanocomposites films was analyzed using SEM,
(JSM 6360LV, JEOL/Noran). The microscope was
attached to a dispersive energy spectrometer. The
samples were coated with a thin layer of gold using a
fine coater (JEOL —JFC 1200 FINE COATER)
before the examination. The images were obtained
using an accelerating voltage of 10-15 kV.

2.5.5. TGA and DTA analysis
To measure the thermal stability and differential

thermal properties of the nanocomposites films, a
TGA (Shimadzu DTG-60), Japan, was used. At room
temperature, samples were heated to 800°C under an
oxygen atmosphere at a rate of 10°C/min.

2.5.5.  Mechanical properties



668 A. El-Gendy et.al.

The tensile test was performed with a Lloyd
Instrument (Lloyd Instruments, West Sussex, United
Kingdom) and a 100-N load cell. The crosshead
speed was set at 2 mm/min at 25°C during the
measurements.

2.6. Assay of antibacterial activity
The model bacteria used, Escherichia coli (ATCC

25922) (E. coli) and Pseudomonas aeruginosa
(ATCC 27853) (P. aeruginosa) as Gram-negative,
Bacillus subtilis (B. subtilis) and Staphylococcus
aureus (ATCC 25923) (S. aureus) as Gram-positive
bacteria were maintained on Luria—Bertani (LB) agar
medium at 4°C.The antibacterial activity of the
prepared nanocomposite films (PVA, PVA/CNCs
and PVA/CNCs/Cu-NPs) at different concentrations
was investigated by disk diffusion technique and the
film of PVA only were used as a control [30, 31].
Briefly, LB medium composed of (g/l): peptone 10,
yeast extract 5, sodium chloride 5 and agar 20 and
medium pH was adjusted to 7 and autoclaved at
121°C for 20 min [32]. The model bacteria were
cultured and spread (optical density at 600 nm
reached 0.2.) on agar plates. Over this inoculated
medium, the dry disks of nanocomposite films (Smm)
were placed and incubated for 24 h at 37°C. The
nanocomposites films were sterilized by ultraviolet
(UV) for 30 min [33]. The antibacterial activity of
films was photographed and determined by
measuring the diameter of the inhibition zone.
Triplicate experiments were done for each film and
the average values were recorded.

3. Results and discussion
3.1. Characterization of  the
nanocomposites films

Figure. 5 illustrates how CNCs are prepared. As

illustrated in Figure. 5(A), the width of CNCs
isolated from rice husk falls between 4 and 8 nm,
while the length was between 80 and 170 nm [34-36].
The XRD pattern of the CNCs revealed the
crystalline peaks at 2[] = 16 and 22 associated with
the cellulose I diffraction peaks. Figure. 5(B) shows
that these peaks correlate with reflection from the 110
and 200 planes of cellulose I, respectively. A
crystallinity index of about 82 % was calculated for
the CNCs [37]. According to FTIR evaluations of
CNCs, a wide peak at 3420 cm—1 corresponds to O-H
stretching vibration, peak at 2924 cm-1 pertains to

prepared
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O-H stretching and C-H stretching vibrations. On the
other hand, the peak at 1630 cm-1 is ascribed to
water molecules adsorbed on the surface of CNCs.
The peaks correspond to the stretching vibration of
C-O for glycosidic bonds and C-O of primary and
secondary hydroxyl groups, as well as an out-of-
plane deformational vibration for O-H groups as
shown in Figure. 5(C).

A TEM analysis showed that the synthesized Cu
particles are approximately spherical in shape and
their size ranges between 28-36 nm. The size and
shape of the synthesized Cu particles were
determined by TEM as shown in Figure. 6.

Fig. 6. TEM image of the prepared Cu-NPs.

To determine the surface morphology of prepared
nanocomposites films, the SEM was applied as
showed in Figure. 7, the surface roughness of the
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films was enhanced by loading them with CNCs and
Cu-NPs while the surface roughness of the films was
uniform for neat PVA films. A high density of Cu-
NPs is observed on the surface compared with the
images in Figure. 7(c) which may arise from the
aggregation of smaller size Cu-NPs, while Figure.
7(b) shows a low density of CNCs aggregation on the
surface of the PVA film, the CNCs and Cu-NPs
loaded with Cu showed very small amounts of Cu.
Crystallinity was analyzed for the films made from
nanocomposites.

XRD patterns of PVA, PVA/CNCs and
PVA/CNCs/Cu-NPs are illustrated in Figure. 8. It can
be observed from the XRD of pure PVA film that a
broad peak is detected in Figure 8a at about 2 8 angle
of 20.00° for PVA film without additions confirms
the semi-crystalline arrangement [38], and refer to
101 reflection planes. The source for this structure is
the interaction between the molecules inside the PVA
chains through H-bonding. Two broad peaks of
lower intensity at about 2 8 angles of 8 and 12 are
observed, these peaks indicate the presence of the
CNCs [34]. The individual nanoparticles of Cu
appear at 20 = 30, 37 are observed for XRD patterns
of PVA/CNCs/Cu-NPs films. The PVA film loaded
by 7.5% CNCs and 8% Cu-NPs has higher
crystallinity than that of either pure PVA film or
PVA/CNCs only. This may be attributed to the
physically binding effect of Cu-NPs that could make
alignment of the CNCs resulting in enhancement of
crystalline regions. XRD analysis of pure PVA,
PVA/CNCs and PVA/CNCs/Cu-NPs nanocomposites
films revealed the major change in the structure and
morphology of the nanocomposites by addition of
CNCs and Cu-NPs. In each case, there is a transition
to a more crystalline structure by the addition of
CNCs and CNCs/Cu-NPs as shown in SEM images.
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Fig. 7. SEM and EDX for neat PVA (a), PVA/CNCs (b), and
PVA/CNCs/Cu-NPs (c¢) nanocomposites films.

Table 1. Chemical compositions obtained from EDX
for PVA, PVA/CNCs, and PVA/CNCs/Cu-NPs
nanocomposites films

Sample Element Weight Atomic  Net  Error
% % Int. %
PVA CK 56.13 63.02 167.02 6.25

OK 43.87 36.98  85.88 11.42

CK 57.91 65.12 1532 6.37

AL OK  41.06 3466 6956 11.73
CK 4903 6095 112.08 825
PVN?\&CS/C“' OK 3876 3618 8517 11.27
CuK 1221 287 3059  8.56

PVA/CNCs/Cu-NPs

3

APVA/CNCs

% _PVA

10 20 30 40 50 60 70 80

2-Theta (*)

Fig. 8. XRD patterns of pure PVA, PVA/CNCs and
PVA/CNCs/Cu-NPs nanocomposites films.

In Figure. 9 and Figure. 9(a), all four
nanocomposite films showed four distinct weight loss
steps. Figure. 9 shows the TGA and DTA curves for
PVA, PVA/CNCs, and PVA/CNCs/Cu-NPs. In the
first step, the humidity would be removed (and
weakly physically adsorbed water would be reduced).
The second step at 210-250°C (decomposition of
CNCs- Cu-NPs nanocomposites. The third step
occurs between 230 and 330°C (decomposition of the
side chains in PVA), and the last step occurs between
330 and 500°C (decomposition of the main chains in
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PVA). In every film sample, a large amount of
weight loss was observed between 210°C to 500°C,
which corresponds to the maximum structural
degradation of PVA at the temperature corresponding
to the maximum weight loss and decomposition rate.
This is illustrated in Figure. 9(b), where we see that
the T max of PVA/CNCs/Cu-NPs nanocomposite
film has shifted up from 255 to 277 and 285°C, as
opposed to PVA and PVA/CNCs films. As a result of
the Cu-NPs embedded in the PVA matrix, the
PVA/Cu-NPs films exhibited a slight shift toward
high temperatures, indicating that the composite films
typically had higher thermal stability.

== PVAICNCS/Cur-NPs
== PVACNCs
"IVA

=== PVA/CNCS/Cu-NPs I H
= PVAICNCs
VA

s B8 B
S 8 4 R

Weight (96
z
Deriv Weight (26/°C)
-
Y

=
o R

20

 Tepesire() Tapc()
Fig. 9. Thermogravimetric analysis (a-TGA) and (b-DTA) of PVA
Film, PVA film loaded by 7.5 wt% CNCs , PVA film loaded by
7.5 wt% CNCs and Cu-NPs.

The data represented in Figure. 10 (a and b)
revealed that the PVA film reinforced with CNCs and
Cu-NPs is mechanically stronger and tougher than
the pure PVA film. This may be attributed to the
nanocrystalline character of the films and the better
interfacial adhesion between the PVA matrix and
fibers and their very high surface area in addition to
their homogeneous distribution in PVA films as well
as the presence of Cu-NPs embedded in the PVA
matrix. The decrease in tensile strength above 7.5%
CNC could be due to the potential aggregation of
CNCs. Tensile strength values were found to be
40.83, 45.68, 53.84, 61.84, and 54.5 MPa on varying
the amount of CNCs from zero to 2.5, 5.0, 7.5 and
10%, respectively. The addition of CNCs resulted in
a remarkable increase of its tensile strength up to
nanocrystals loading of 7.5%, above which a
decrease in tensile strength took place. The Tensile
strength values increased from 61.84 for PVA film
loaded by 7.5% CNCs to be 83.01, 102.85, 120.53
and 93.33 for PVA films loaded by 7.5% CNCs and
1, 2, 4 and 8% Cu-NPs, respectively in presence of
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by 7.5% CNCs. The mechanical testing shows that
the tensile strength increases with the increase in the
percentage of CNCs or Cu-NPs and the vice versa for
the Young's Modulus. As shown in Figure. 11 (a and
b), pure PVA films have Young's Modulus higher
than that of films loaded by CNCs or CNCs/Cu-NPs.
Young's Modulus is progressively reduced with an
increase of the CNCs or Cu-NPs content. This may
be attributed to the low elasticity of the films and
large deformations of the PVA matrix resulted from
the potential aggregation of either

Wu 1.
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Fig. 10. Tensile strength of PVA at different concentrations of
CNCs (a) and PVA/CNCs at different concentrations of Cu-NPs
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Fig. 11. Young’s Modulus of PVA at different concentrations of
CNCs (a) and PVA/CNCs at different concentrations of Cu-NPs
(b).
3.2. Antibacterial evaluation

In the food packaging film industry, antibacterial
activity is one of the most important parameters. In
the study, nanocomposites films with and without
Cu-NPs were evaluated at various concentrations for
their antibacterial effects against model bacteria.
According to the diameters of inhibition zones in
Figure. 12 and Table 2, both B subtilis and S aureus

o
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were found to possess higher antibacterial activities
as Gram-positive bacteria followed by P aeruginosa
and E coli as Gram-negative bacteria. In accordance
with other studies [39], the antibacterial activity of
the nanocomposites films increased as the
concentration of Cu-NPs increased. On the other
hand, E coli showed less antibacterial activity.
Furthermore, as shown in Figure. 12, although 10%
of the PVA and PVA/CNC films did not reveal
antibacterial activity when used in CNCs. It is still
unclear how Cu-NPs exert their antibacterial effect,
but their antimicrobial activity can be explained by
the electrostatic attraction between cell membranes
and Cu ions.

Due to the concentration of Cu ions, damage to the
cell membrane can occur. Free radicals formed from
the surface of the Cu-NPs cause damage to the
bacterial cells, in the same way as silver ions [40]. Cu
nanocomposite films have shown antibacterial
activity similar to Ag ions, which is attributed to the
release of ions and the formation of reactive oxygen
species [41, 42]. There are three most accepted and
reported  mechanisms by  which  metallic
nanostructures exert their biocidal activity, but none
is fully understood and accepted. (1) accumulation
and dissolution of NPs in the membrane of bacteria
alters membrane permeability, leading to the release
of lipopolysaccharides, membrane proteins, and
intracellular biomolecules and dissipation of the
proton motive force across the plasma membrane. (2)
generation of reactive oxygen species (ROSs) or/and
their corresponding ions from NPs, following which
cellular structures are damaged by oxidative stress;
and (3) uptake of metallic ions derived from NPs or
of NPs as a whole into cells, followed by depletion of
intracellular ATP production and disruption of DNA
replication [43].

4. Conclusion

In this work, nanocomposites films, PVA loaded
by CNCs prepared from rice husk and PVA loaded
by CNCs and copper nanoparticles (Cu-NPs)
fabricated by solution casting, were successfully
prepared. The physical properties of the films were
characterized by different techniques. The results
showed a noticeable improvement of in the
mechanical and thermal properties of the blend films.
Also, the results showed that PVA/CNCs/Cu-NPs
films have efficient antibacterial activity against

Egypt. J. Chem. 65, No. 4 (2022)

Gram-negative and Gram-positive strains and are
promising to be used as packaging material.

Fig. 12. Optical images of inhibition zones of PVA, PVA/CNCs
and PVA/CNCs/Cu-NPs nanocomposites films: B. subtilis (B), S.
aureus (S), E. coli (E) and P. aeruginosa (P). In all plates, (a)
PVA/CNPs, (b) PVA, while other samples are PVA/CNCs
incorporated with 1 to 8% of Cu-NPs.

Table 2. Diameter of inhibition zone of PVA/CNCs
nanocomposites films at different concentrations
from Cu-NPs.

Organism Diameters of inhibition zone
(mm)
Different concentrations of Cu-
NPs
1% 2% 4% 8%
E.coli 21 23 24 21
P.aeruginos 22 23 25 29
a
B. subtilis 25 26 29 33
S. aureus 23 24 26 30
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