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Abstract: In the present study, the effects of the two ratios of polyvinyl alcohol /Chitosan (1:1 and 3:1)
and nano-silicon dioxide (nano-SiO>) (0, 0.5, and 1%) on structural and physicochemical properties of
PVA/Chitosan/ nano-SiO; nanocomposite films were investigated. Our findings showed that the
treatments' water solubility (WS) in the presence of nano-SiO2 and higher PVA content was decreased,
and the lowest amount was in P3C1-1% (59%). The addition of silica nanoparticles decreased the water
vapor permeability (WVP) of films, and the lowest amount of WVP was for treatment with a ratio of
1:1 of PVA/chitosan and 1% nano-SiO; (P3C1-1%) which was 3.08x 10-10 g m s-1m-2 Pa. Tensile
strength (Ts) value was achieved 35.86 MPa in higher PVA content and 1% of nano-SiO; (P3C1-1%)
which was the highest. However, the light transmission value of all treatments did not differ greatly.
According to the FTIR results, the appropriate interaction between both polymers and nano-SiO, was
observed in the concentration of 1% nano-SiO, in P1C1. Eventually, significant improvement of
structural and physicochemical properties of the films could achieve in higher PVA content and
concentration of 1% of nano-SiO,. Based on these results, these nanocomposite films could be
considered suitable for the packaging sector and preserve food quality.
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1. Introduction

These days, one of the problems of the food packaging industry is using non-degradable
materials, which cause serious environmental pollution [1]. Recently, researchers have been
drawn to upgrading films based on biocompatible, biodegradable, and renewable biopolymers
[2]. It has been shown that edible coatings film-forming could delay solute transports, moisture
and aromas loss, and oxygen transport. However, they have defects such as poor thermal and
mechanical properties leading to their limited application [3]. Producing films by natural and
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synthetic polymers is an effective solution to achieve novel compounds. The composite films
formed by combining two or more polymers indicate enhanced mechanical and physical
properties compared to those films based on a single polymer. Additionally, a combination of
natural polymers with synthetic polymers might improve the cost-performance ratio of the
resulting films because synthetic polymers are cost-effective and more available [4].

To achieve better physical properties such as a high superior barrier to oxygen,
flexibility and tensile strength, adhesion, limited aroma release in films, PVA (Poly vinyl
alcohol) is one of the broad applied synthetic polymers [5]. Owing to these fantastic properties,
PVA films have also been utilized for biomedical applications. The formation of strong
hydrogen bonds in the system structure of PVA is due to the existence of numerous hydroxyl
functional groups in molecular chains [6].

One of the most plentiful natural polymers that have a linear polysaccharide structure
is chitosan. Chitosan is an N-deacetylate derivative of chitin and with high content of N-
acetylation [7]. Chitosan has recently been used extensively because of its industrial and
biomedical applications [8, 9]. Due to the presence of active amino and hydroxyl groups,
chitosan has excellent properties such as antimicrobial activity, biocompatible, film-forming
[10, 11]. However, chitosan is not exceptional for its minor mechanical properties and thus
limited applications, like other natural polymers. Therefore, many efforts have done to improve
its mechanical properties and realize its potential applications. Blending is one of the most
effective ways to provide a new and desirable composition for film-forming applications [12,
13]. Considering both polymers' usefulness and functional properties and reaching to the
specific intermolecular interactions between chitosan and PVA, blending of two polymers
could benefit the resulting composites, such as good mechanical properties. Nanomaterials
have been designed and used in a wide range and different areas, such as foods, medicine, and
cosmetics, and their ease of processing, low cost, and excellent chemical properties. Some
investigations have shown that nanomaterials could aid in improving the properties of the
polymers [14], such as incorporating the polymers with nanomaterials such as nano-ZnO, nano-
TiO2, and Nano-silica [15-17]. Among these nanoparticles, it is noticeable that the nano-silica
has been extensively investigated and applied in different industries, for instance, fluorophore
carrier, controlled release of drug molecules, antiseptic agents, and biosensor and could use in
order to improve the shelf life in the food industry [6, 18]. The existence of plenty of groups
of silanol in the nano-silica structure contributed to the formation of strong hydrogen bonding,
which results in a tighter interface between two polymers in a composite system. Obviously,
plenty of silanol groups exist in nano-silica, which may create a tighter interface with both
polymers and increase hydrogen bonding in a composite system [6]. Therefore, in this study,
we investigate the influence of the silica nanoparticles and their loading level on the properties
of PVA/chitosan blend films.

2. Materials and Methods
2.1. Materials.

Polyvinyl alcohol (Mw~145000, DH= 99.8%), chitosan (medium molecular weight,
75-85% deacetylate), and Nano-silicon dioxide (nano-SiO2) with the particle size of 60 nm
(reagent degree of 98%) were obtained from Sigma-Aldrich (St. Louis, USA). Glycerol as a
plasticizer as well as hydrochloride acid (HCL) 37%, were purchased from Merck (Darmstadt,
Germany).
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2.2. Preparation of films.

In order to prepare the solutions of each polymer, first, the PVA solution (P), 3 gr of
PV A was weighed and dissolved in 100 mL of distilled water and stirred for 2 h at 80 °C. Then,
1.5 gr of chitosan was weighed and dissolved 100 mL of acetic acid 1%, heated at 50 °C, and
stirred continuously for 1 h. The nano-SiOz2 solution was prepared by mixing the molar ratio of
1:4:0.2 of nano-SiO2, distilled water, and HCL, respectively, according to Tang et al. (2008),
with slight modifications [19]. Afterward, at room temperature, the solution was stirred for 2
h. Due to preparing composite film solutions, different ratios of PVVA/chitosan (P1C1 and
P3C1) were combined and, at 50 °C stirred for 1 h separately. Then, four different amounts of
nano-SiO2 (0, 0.5 and 1%) were added to each PVA/chitosan solution (P1C1-0, P1C1-0.5,
P1C1-1, P3C1-0, P3C1-0.5, and P3C1-1) and for 2 h and at 60 °C each solution was stirred
individually. Next, glycerol as a plasticizer in the amount of 25 wt% (based on the dry matter)
was added to the solutions. Finally, each of the blend solutions was cast onto glass plates and
was allowed to dry. After 48 hours, the films were dried and peeled away from the plates. For
at least 72 h before the analysis, all films were placed in desiccators which contained
magnesium nitrate saturated solution (Mg (NO3)2.6HNO3) (52+1% relative humidity, RH).

2.3. Water solubility.

The water solubility (WS) of all films was measured according to the method of
Kariminejad et al. [20].

2.4. Water vapor permeability.

WVP was measured gravimetrically at 25°C using ASTM E96-80 standard method
ASTM E96-05 (2005) method by Mistriotis et al. [21]. Every circular test cup is filled with
5gr of CaCl2. Three specimens from each film seal the cup mouth with an exposed area. Para
film sealant was used around the cup mouth to attach the specimens to the cups tightly. The
cups were placed in hermetic desiccators containing a saturated solution of NaCl (75.0+2%
RH). Steady-state was reached after 10 hours when the weight gain becomes stable, and
subsequently, cups were weighed five times at 2h intervals. Water vapor permeability (g
/Pa.m2s) of the film was obtained from the following equation:

WVP=(m/(t.A))/((P_s (RH_1-RH_2))/100)xL @)
where, m: the weight of the polymer film, t: the time, A: is the test area, Ps: the saturation vapor
pressure at test temperature, RH1: the relative humidity in the test chamber, RH2: the relative
humidity at the dry side of the film, which was taken equal to zero, L: the thickness of the film
The results were reported as the average of three runs.

2.5. Mechanical properties.

The mechanical properties of prepared films, including tensile strength (TS) and
elongation at break (EAB %) were measured according to the ASTM standard method D882-
09 (2009) at room temperature (25 °C). The used tensile machine was a microcomputer-
controlled electronic one (SMT-20, Santam, Tehran, Iran), and the applied tensile rate was 5
mm/min. The samples were cut into 100x10 mm and conditioned in the desiccator for 2 days.
Mechanical properties of each sample were measured at least three times, and the average
values are reported as the results.
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2.6. Light transmission and transparency.

Light transmission of prepared films was measured at wavelengths between 200 and
800 nm according to the method of Fang et al. (2002) [22]. Each sample of films was cut into
cubic sizes (1x2 cm) were placed into a spectrophotometer test cell (UV-Vis
Spectrophotometer, UNICO 2100 USA). The following equation was used for calculating
transparency:
Transparency = log T600/x 3)
x: film thickness (mm) T600: the transparency of the films at 600 nm.

2.7. Fourier Transform Infrared Spectroscopy (FTIR).

The structural interaction of the films was measured according to the method of
Kariminejad et al. (2018) [20].

2.8. Statistical analysis.

For analysis of variance, ANOVA in SPSS 23.0 for Windows (SPSS Inc., Chicago, IL,
USA) was carried out. In order to clarify the differences between means, Duncan’s test was
performed. The level of significance was set at P<0.05.

3. Results and Discussion

3.1. Water solubility.

Water Solubility (controlled solubility) is a key factor in biodegradable films because
of many potential benefits for use as biomaterial devices. Because of this significant effect, the
water solubility of the films gains a lot of attention. The results for the water solubility of
PVA/chitosan and nano-SiO2 blend films are shown in Table 1. According to the results, the
water solubility of the films with a higher amount of chitosan (P1C1) was higher. This
difference could be initiated because chitosan has higher hydrophobicity than polyvinyl alcohol
[23]. Therewith, the incorporation of PVA into the polymer matrix can reduce the WS [20]. In
the nanocomposites, WS of the films decrease by increasing the percentage of nano-SiO2. The
lowest amount of WS of the films was for P3C1-1 (59%). It may indicate the effect of the
presence of nano-SiO2 on WS of the films. It could be because nano-SiO: acts as a
crystallization agent in the polymer matrix and leads to an increase of crystallinity degree [24].
The same results were also presented by Tang et al. (2008) [19], who discovered that the
reduction with increasing nano-SiOz level, WS of PVA/chitosan blend films was reduced.
Another result was reported by Han Ching Voon et al. (2012), which was similar to this study
and was shown decreased WS of the gelatin films by increasing in nano clay and nano SiO2
particles [25]. This section may be divided into subheadings. It should provide a concise and
precise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

Table 1. Physicochemical properties of composite films of P\VA/chitosan/ nano-SiOs.

Films Nano-SiO2 (%) Tensile Solubility in water WVP
strength (MPa) (% dry solids) (x 10 gm s'm? Pa)
P3C1 0 24.50+0.12b 70.53+1.12b 6.6+0.22b
0.5 34.85+0.28a 66.23+0.68c 5.2+0.10c
1 35.76+0.57a 59.77+1.08e 3.08+0.09d
P1C1 0 22.10+1.01c 73.16+0.25a 8.19+0.34a
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Films Nano-SiO2 (%) Tensile Solubility in water WVP
strength (MPa) (% dry solids) (x 10 gm s'm2 Pa)
0.5 17.90£0.77d 69.14+0.33b 6.4+0.55b
1 18.02+0.32d 65.29+0.17d 4.1+0.44d

Reported values for each film are means + standard deviation.
Mean values followed by the same letter are not significantly (P > 0.05) different according to Duncan’s multiple range test.

3.2. Water vapor permeability.

Water vapor permeability (WVP) plays a vital role in the efficiency and effectiveness
of films, especially are applied in the food packaging sector. Correspondingly, WVP of the
blend films can influence the durability and quality of packed food during the determining shelf
life, and consequently, a film with undesirable barrier properties can be contributed to the
limited shelf life of the final product [26]. WVP of biodegradable films can vary depending on
different factors, including hydrophobic—hydrophilic property, the type of interactions between
polymer chains in a matrix, ratio of crystalline and amorphous zones, the structure of
biopolymers, and the presence of plastic additives [27]. Table 1 illustrates the WVP of the
films. The increment of Chitosan amount in the blend films (P1C1) contributed to increased
water vapor permeability values. The hydrophilic quiddity of chitosan may have contributed to
the increase in WVP of the blend films [23]. This increase in WVP values may have been
caused by an increase in amorphous areas; on the other hand, because of the high crystallinity
degree of polymer and forcefully hydrogen bond interaction between the molecular chains in
PVA, the micro molecules, such as water or Oz cannot penetrate through it simply [28]. The
presence of an amorphous polymer, like chitosan, can give rise to improve the water
permeability of blend films and subsequently decrease the WVP [28]. The data of Table 1 also
demonstrated that nanocomposites had lower WVP in comparison with control films. The
WVP of both treatments (P1C1 and P3C1) decreased with the increasing content of
nanoSiO2.A possible explanation is that when the amount of nano-SiO:2 increased, the hydra
ability of films was weakened because of more interaction between hydrophilic hydroxyl and
amino groups. Since nano-SiOz2 is impermeable toward other molecules such as water vapor,
the presence of these nanoparticles in the polymer matrix can act as an obstacle and create a
tortuous pathway around nanoparticles that can contribute to a lower transition rate of water
molecules through film [24]. The obtained results agree with those informed by Ahmed M.
Youssef et al. (2019) [26] for bionanocomposite films were made from chitosan/polyvinyl
alcohol and titanium dioxide nanoparticles. Also, in a similar study by Samar Sahraee et al.
(2017), who studied on gelatin bio nanocomposite film containing chitin and ZnO
nanoparticles, was reported that incorporation of ZnO nanoparticles improved WVP properties
of the gelatin-based films, however the presence of chitin nanoparticle could not effect of WVP
properties of the films probably because of its hydrophilic base [29]. Although, a non-
significantly decrease in WVP of the gelatin films reinforce by nanoclay and SiO2 particles
were reported by Voon et al. (2012) [25].

3.3. Mechanical properties.

To maintain internal integrity, external pressure, and barrier properties during
packaging, sufficient mechanical properties are required. The TS results of the composite films
are presented in Table 1. TS value of the films in P3Ch1 films was higher than P1Ch1 films.
In P3Ch1 films, TS value of the control film was higher than control films in P1Ch1. This could
be because of the higher content of PVVA. These obtain in agreement with Kanatt et al. (2012)
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[30], who studied PVVA/chitosan film. Although, this result was contrary to the obtained results
for TS on PVA/chitosan, which was founded by Vidyalakshmi et al. (2004) [23], which
reported that TS was increased in higher content of chitosan. In both ratios, an increase in nano-
SiO2 result in an increase of TS value which its maximum level was 35.86 MPa at around 1%
(P3Ch1-1). These results may have illustrated that the addition of nanomaterials could improve
the mechanical properties of the films [31] and show the effectiveness of compatibility and
strong interaction between functional group of both polymers and surface hydroxyl group of
nano-SiO2 and also indicated the effect of higher content of PVA. In a similar study by
Chrissafis et al. (2008) [32], it was reported that by increasing nano-SiO2 percentage, TS value
of the PVVA/ nano-SiO2 and chitosan/ nano-SiO2 was increased. The effectiveness of nano-SiO2
has also been discovered by Tang et al. (2008) [19], who studied the PVA/starch and nano-
SiO2. Another study showed that the TS value of gelatin/ZnO and nano chitin increased by an
increased in nanoparticles in the films [29]. A similar observant was also reported by Voon et
al. (2012) [25] that improvement of gelatin films was accrued by adding 3% of nanoclay and
SiO2 nanoparticles. Also, Jose and Al-Harthi (2017) found that the addition of graphene
increases the mechanical properties of PVVA/starch/ graphene nanocomposites crosslinked by
citric acid [33].

3.4. Light transmission and transparency.

Optical property is one feature that makes packaging suitable to protect the surface of
the product from light, especially UV radiation [30, 34, 35]. All-composite films were scanned
at wavelengths between 200-800 nm to characterize the light transmission and transparency.
Results are shown in Table 2. In UV range, the light transmission value of P1C1 films was
higher than P3C1 films. This could be because of the higher content of chitosan in P3C1 films
[36]. The light transmission of all treatments in wavelengths of 350-800 was decreased.
Although the light transmissions of nanocomposites were lower than control films, however;
there was no considerable difference between light transmission values of the treatments. This
could be because of the type of polymers and the percentage of nano-SiO2, which affected the
appetence properties of the films. Voon et al. [25] reported that incorporating both nano clay
and nano-SiO2 decreases light transmission. Also, nano-SiO2 had no significant effect on the
transparency of all films. The lower transparency value of the films was for P3C1-0 (0.0%).

Table 2. Light transmission and transparency of composite films of PVA/chitosan/ nano-SiOs.

Films Nano-SiO» Wavelength(nm) Transparency values
200 280 350 400 500 600 800
P3C1 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 3.21 0.37 0.19 0.09 0.06 0.05 0.05 2.32
1 3.21 0.29 0.15 0.09 0.05 0.06 0.05 2.47
0 3.21 0.40 0.36 0.13 0.07 0.07 0.06 2.47
0.5 3.21 0.35 0.19 0.1 0.05 0.01 0.05 1.66
P1C1 1 3.21 0.49 0.26 0.1 0.06 0.05 0.05 2.37

3.5. FTIR (Fourier transform infrared spectroscopy).

To identify the structural properties and specific functional groups of polymers, FTIR
analysis was used. According to the Mechanical properties and WVP, the concentration of 1%
of nano-SiOz, especially in P3C1 films, was the best result. Figure 1 is the illustration of the
FTIR spectra of the blend and nanocomposite films. In control films (P1C1-0 and P3C1-0),
there were peaks at the range of 900 to 1100 cm-1 which attribute to the C-O stretching
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vibration in PVA and in chitosan [37], the O-H bending in PVA, and the hydroxyl groups of
the polymers, which formed hydrogen bonds [38]. Two peaks at 1647 and 1566cm-1 are
attributed to the amide I and amide Il bands (C=0), respectively [29, 37, 39]. The peaks show
the C-H stretching from alkyl groups of PVA at the range of 2840 to 3000 cm-1 which may be
referred to as the interactions PVA and chitosan [39]. The peak at around 3278 cm is attributed
to hydroxyl vibration, which could indicate the extension of inter/intramolecular hydrogen
bonds in PVA and chitosan [40].

In the nanocomposite films, the characteristic peaks of nano-SiO2 were detected at the
900-1100 cm (Si-O) and peaks related to the hydrogen bonds of polymers with nano-SiO2
3200-3700 cm™ [19, 41]. In comparison to the control films, Si-O peaks increase to a higher
attitude in nanocomposites, especially in P3C1-1 (1060 cm™). This could also be because of
the higher PVA content and may indicate the stretching vibrations of the Si-O-Si bridges that
accrued between the silanols in nano-SiO2 and functional groups of PVA and chitosan [42].

3294

3294

Absorbance
|

3278
2 2840 1667 YN

> 1
278 1100 I/~
/—J& 2840

wave number cm-!

Figure 1. FTIR spectra of composite films of PVA/chitosan/ nano-SiOs.

Also, the peak attributed to the C-O-Si group increased to a higher attitude in P3C1-1%
(1006 cm™). This could be indicated by the formation of more C-O-Si groups and inter-
molecular hydrogen bonds due to the surface groups of nano-SiO2 and both PVA and chitosan.
Amide 111 and amide I peaks in nanocomposites were at 1242 and 1554 cm™ and had a lower
attitude in comparison to the control ones. Therefore, the presence of nano-SiO2 may cause less
interaction between nano-SiO2 and the polymers. However, both contents of polymers and the
amount of nano-SiO2 had no significant effect on the amide | band (1647 cm-1). The peak at
2850-3000 cm™ was more patently visible in nanocomposites comparing to the control films.
This could indicate that nano-SiO2 participated in the interaction between CHO groups of PVA
and OH or NH2 groups of chitosan. Also, a peak at about 3282 cm™ was detected. In P1C1-1,
this peak increase to 3294 cm-1 which demonstrated more interaction between polymers and
nano-SiO2. As regards these results and the results of Mechanical Properties and WVP, it could
be concluded that the better results are obtained in a concentration of 1% of nano-SiO2 and the
ratio of P1C1. Maybe it's because of the more interaction between the functional group of
chitosan and nano-SiOz. These results show a picture of possible interaction between both
polymers and nano-SiOz, as shown in Figure 2.

https://biointerfaceresearch.com/ 3731


https://doi.org/10.33263/BRIAC123.37253734
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.37253734

HO
Ay v+ —=— [y L
/\./ — e OO
; OH NH,
PVA Chitosan
HO NH,

OH
D\an // KK E HaC\_O\ ,,O—/CH3
W

KK /—O’S'\O—\
C

Nano—SiO2 Hs;C Hs

%Hydrogen Bond /\_;C/\/;‘S\/
Y
Nyégg@ond

Figure 2. Possible interaction between both polymers and nano-SiO,.
4. Conclusions

According to the obtained results of this study, physicochemical properties of the films,
especially in P3C1 treatments and the presence of 1% of nano-SiO2, were significantly
changed. FS value of the films decreases by increasing nano-SiO2 and in high content of PVA
and the lowest amount of FS was for P3C1 (59%). In the concentration of 1% of nano-SiOz,
the best results for WVP of the films and the mechanical properties were achieved. FTIR
indicated that nano-SiO: indicated that by adding 1% of nano-SiO2 to the polymer matrix,
structural properties could have been improved. Different ratios of polymers and also nano-
SiO2 apparently had no significant effect on the optical properties of the films. This finding
illustrated that 1% of nano-SiOz in those films with high PVA content (P3C1) because of proper
interaction and result in high TS and less FS and WVP, could suggest for packaging.
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