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ABSTRACT ARTICLE HISTORY

The use of biodegradable polymers in packaging and wound dressing holds great potential for Received 2 August 2023
sustainability and a green economy. However, many applications also require high mechanical, Revised 27 October 2023
thermal and UV-barrier properties. Although nano-metal oxide powders with different morpholo- Accepted 3 November 2023
gies have been tested to meet expectations, the problem of toxicity and uncontrolled agglomera- KEYWORDS

tion could not be eliminated. A systematic study of the type of raw materials used and the effects of Chitosan; glycerol; Polyviny!
the amount used remained incomplete. Therefore, the research objective of this study is to alcohol; thermal stability;
interpret the effects of the type of raw materials and the amount of use on the mechanism of UV-blocking; Zinc oxide
synergistic action in achieving the desired properties. The results show the importance of the

amount of PVA-glycerol and the molar weight of chitosan for MicNo®-ZnO powder doped biode-

gradable films with new morphology; that includes the advantages of both micron and nano size,

to have more effective UV-barrier, mechanical and thermal properties.
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1. Introduction
composite materials based on biodegradable polymers,

The use of approximately 15-30 million tons of non-  offering satisfactory waste management, having low
biodegradable polymers every year in the United States  toxicity, and reducing greenhouse gas emissions has
and Western Europe!'! and the fact that we consume oil ~ become mandatory.’”) The use of these polymers
100,000 times faster than nature can produce it haveled  increased by 10% in North America — Europe and 13%
people to the principle of green production.'” Using  in Asia in the 5years (2009-2014). While the market
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capacity of these polymers was 96.4 Billion USD in 2022,
it is predicted to reach 215.6 Billion USD by 2030 and
grow with a Compound Growth Rate (CAGR) of 10.6%
during the 2022-2030 analysis period.””! According to
the principles of green production in the context of
sustainability, products should be efficient during their
lifetime but easily degradable at the end of their useful
life without requiring a separate effort.”! This principle
argues for the use of agro-polymers instead of petro-
chemical-based polymers. However, the low decompo-
sition temperature, weak mechanical strength, and low
UV resistance properties of agro-polymers cause pro-
blems in their potential use. To solve these problems,
blending with natural-synthetic polymers and/or mod-
ification with inorganic additives and natural-synthetic
fibers is carried out.>”

Chitosan (CS), one of the agro-polymer types, is
a natural polysaccharide obtained from the partial or
complete deacetylation of chitin.!®! Chitosan is used in
various forms such as nanoparticles, hydrogels, micro-
capsules, and films in numerous applications such as
agriculture, packaging, biochemistry, pharmaceuticals,
wastewater treatment, textile and paper manufacturing,
and cosmetics industries because it is biodegradable,
biocompatible, nontoxic, and easily moldable. The chit-
osan source, degree of deacetylation (DDA), molecular
weight (MW) and polydispersity index (PDI) are effec-
tive to obtain the desired shapes and properties.” ) The
degree of deacetylation has a greater effect on the phy-
sicochemical properties of the chitosan-based material,
such as crystallinity, % absorption, mechanical strength,
thermal stability, and degradation rate."®'"! In addition
to the physicochemical properties, the molecular weight
has a greater effect on the biological properties such as
antioxidant activity, antibacterial ability, antifungal
activity, and wound healing activity.'?) A synergistic
effect between the degree of deacetylation and molar
weight cannot be ignored, but the mechanism of action
could not be clearly determined in previous studies. Hsu
et al'"! reported that tensile strength increased when
the degree of deacetylation (83-87%) was kept constant
and the molecular weight was increased from 204 kDa
to 335 kDa. However, they could not explain why the
tensile strength increased at a lower degree of deacetyla-
tion. In another study by Kofuji et al ,["*! the researchers
kept the degree of deacetylation of chitosan constant
(86-87%) and increased the molecular weight of chito-
san; they observed that the rate of degradation decreased
in lysozyme solution. While there are extensive studies
on the effect of the molar weight of chitosan on biolo-
gical properties, studies on its effect on physicochemical
properties are limited. Chitosan’s low solubility in neu-
tral or high pH organic solvents, low mechanical

strength, and reduced antibacterial activity at pH > 6.5
due to inter- and intramolecular hydrogen bonding
limit its potential applications. Therefore, blending pro-
cesses with synthetic or natural polymers are applied to
improve the physicochemical properties, facilitate the
fabrication, and increase the biocompatibility and bio-
logical activity.'>*¢!

In recent studies in the field of biomedicine and
biomaterials, the use of PVA agro-polymers in improv-
ing their properties or using them with additives instead
of petroleum-based polymers has increased due to their
biocompatibility, low cytotoxicity, degradability,
advanced mechanical and thermal properties.>!'”!
PVA is a synthetic biodegradable polymer with chitosan
to create high tensile strength and flexible biodegradable
films by providing high film-forming ability and homo-
geneous distribution of added inorganic substances.!"®"
22l I the study by Kim et al ,'**! it was demonstrated
that with increasing PVA concentration, the intramole-
cular/intermolecular hydrogen bonding between the
hydroxyl groups of PVA and the Zn*? ions increased.
As aresult, a homogeneous distribution of the inorganic
powders on the film surface was achieved, an increase in
strength, a decrease in the percentage water absorption
capacity, and an increase in UV barrier properties were
observed. In the study conducted by Huie et al.,**l it
was observed that the cost-performance ratio of the
films was improved as a result of providing sufficient
hydrophobicity, thermal stability, UV protection, and
mechanical and barrier properties, thanks to the syner-
gistic role created by the hydrogen bonding of PVA and
chitosan.

Although the components chitosan and glycerol
are hydrophilic, glycerol is a hygroscopic component
with a stronger tendency to attract water molecules
than chitosan. In the study of Priyadarshi et al.,**! it
was observed that the % water absorption capacity of
the films decreased when the amount of glycerol was
kept constant and the amount of chitosan was
increased. As the presence of free hydroxyl and
amine groups decreases due to the interaction of
glycerol and chitosan, a decrease in the moisture
content of the films is observed. A similar tendency
was observed in chitosan films containing citric acid
and glycerol.””) The variation of moisture content
can have a significant effect on the functional prop-
erties of the films, for example, on the mechanical
properties.!**) The plasticizing effect of glycerol pre-
dominates in the mechanical behavior of composite
films in samples containing both glycerol and chit-
osan. As the amount of glycerol increases, a decrease
in tensile strength and an increase in elongation at
break are observed in the study by Vasquez et al.,!*”]



and a reduction in transmittance values in UV-
visible regions is kept in the study by Cazon et al..!**]
Increasing the amount of glycerol increases the dif-
fusion of chitosan in the polymer matrix and pro-
vides a uniform and homogeneous surface. Due to
its hydrophilic nature, physical water can evaporate
at higher temperatures (=110°C), which is due to
strong water-glycerol interactions when glycerol con-
tent is increased. In the study of Vazquez et al.,*?! it
was found that the increase in chitosan content and
the decrease in glycerol content improved the ther-
mal stability properties of the samples and reduced
the weight loss.

All these results indicate that the combination of
chitosan, PVA and glycerol in the right amounts and
in the right form is crucial to obtain the desired
properties and should be optimized for each new
composition. However, a systematic study on the
effects of the type of raw material used and the
amount used remains a research gap in the
literature.

Inorganic fillers are commonly used in polymer
matrices to improve mechanical and thermal proper-
ties and UV resistance. Nanoparticles are the most
commonly used fillers. Unfortunately, the poor per-
formance and process limitations of biodegradable
polymers for certain applications mostly depend on
the size, chemical composition, and morphology of
the added nanoparticles.*” In our previous work,?"!
it was observed that the addition of nanosized ZnO
to the polymer matrix did not affect the transpar-
ency of the films but reduced the local mechanical
strength due to non-uniform distribution in the
polymer matrix because of the uncontrolled agglom-
eration tendency of the nanoparticles, which have
a very high surface energy. Therefore, our
previous?! and current study used MicNo®-ZnO
particles designed as micrometer-sized hexagonal
platelets consisting of primary fine particles. Thus,
increases both in UV barrier property and mechan-
ical strength were observed due to the superior sur-
face coverage (up to 70% more) of MicNo®-ZnO
with respect to ZnO nanoparticles.The results clearly
showed that MicNo®-ZnO is much more compatible
with the polymeric matrices than the nanoparticles.
Therefore, new biodegradable polymer-based compo-
sites should be preferably prepared by MicNo®-form
fillers.

Consequently, this study’s research objective was to
understand the relationships between PV A and glycerol
amounts, chitosan molecular weight, and mechanical,
thermal, and UV properties in the presence of novel
MicNo®-ZnO fillers
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2. Experimental procedure
2.1. Materials

Three types of chitosan, those from Sigma- Aldrich Co.
LLC, with low (molecular weight of 40 kDa), medium
(molecular weight of 140 kDa), and high molecular
weight (molecular weight of 210 kDa) and
a deacetylation degree of 75% were used. In addition,
PV A with a degree of hydrolysis of 99% and a molecular
weight of 146,000-186000, glacial acetic acid and gly-
cerol from Sigma-Aldrich Co. LLC were used. Undoped
inorganic MicNo®-ZnO powders with 2-10 um hexago-
nal platelet aggregates of 30-100 nm sized particles were
supplied by Entekno Materials Inc.

2.2. Preparation of composite films

In previous studies," the amount of MicNo®-ZnO was

varied (between 0.5g and 2.5g), and since the best
distribution was observed in 1.5g additives, the
MicNo®-ZnO additive amount was kept constant at
1.5 g in our study.

2.2.1. By the concentration of PVA

PVA (5-15% v/w) was dissolved at 80°C and stirred at
500 rpm for 24 hours. Then MicNo®-ZnO (1.5g) was
added to the PVA solution at 80°C and stirred until it
became a gel-like viscous solution. The resulting solu-
tion was poured onto a plastic substrate using the tape
casting technique to obtain films with a thickness of 300
um and dried at room temperature for 24 hours.

2.2.2. By chitosan molecular weight

Low, medium, and high molecular weight CS (3% v/w)
in 3% aqueous acetic acid solution and PVA (5-15% v/
w) in 80°C water were dissolved for 24 hours. After that,
the PVA solution (30 mL) was added to the CS solution
(20 mL) while it was being magnetically stirred to get
a clear solution. MicNo®-ZnO (1.5 g) and glycerol (10
mL) were added to the PVA/chitosan solution, and the
resulting viscous solution was poured onto the plastic
floor to form a 300 um thick film, and dried at room
temperature for 24 hours.

2.2.3. By the amount of glycerol usage

Low molecular weight of CS (3% v/w) in 3% aqueous
acetic acid solution and PVA (5-15% v/w) in 80°C water
were dissolved for 24 hours. After that, the PVA solu-
tion (30 mL) was added to the CS solution (20 mL) while
it was being magnetically stirred to get a clear solution.
Then, MicNo®-ZnO (1.5 g), three different amounts of
glycerol (9-13-17 v.%) were added into the PVA/chito-
san and the resulting viscous solution was poured onto
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Table 1. Composition of the composite films, prepared and
tested in this study.

Sample Name Sample

P1 PVA film contained 5 (wt.%) PVA

P2 PVA film contained 15 (wt.%) PVA

a PVA/chitosan film contained high molecular weight of
chitosan

Q2 PVA/chitosan film contained medium molecular weight
of chitosan

a PVA/chitosan film contained low molecular weight of
chitosan

G1 PVA/chitosan film contained 9 (v.%) glycerol

G2 PVA/chitosan film contained 13 (v.%) glycerol

G3 PVA/chitosan film contained 17 (v.%) glycerol

the plastic floor to form a 300 um thick film, and dried
at room temperature for 24 hours. Table 1 shows the
designations of the samples that were prepared and
tested in this study. Before the tests, the films were cut
into specific sizes, widths, and lengths.

2.3. Materials characterization

The phase analyses of the films were performed by XRD
(D2 Phaser Bruker, Cu Ka=1.54 A). The scanning rate
was 2°/min, and the 20 range was between 10°and 45°.
The films’ upper surface morphologies were examined
using scanning electron microscopy (SEM EVO 50 LP,
Zeiss, operating at 10 kV). Absorbance and transmit-
tance profiles of the films were recorded by UV-VIS-
NIR spectrophotometer (UV-3600 Plus UV-VIS-NIR,
Shimadzu) in a wavelength range of 260-750 nm, cover-
ing both UV and visible ranges. The mechanical tests
were performed by a universal testing machine
(INSTRON 5581) according to the ASTM D882 stan-
dard method. For these mechanical tests, 5 samples for
each film type were cut into 100 mm length and 20 mm
width strips. % swelling capacities of the films as
a function of pH (i.e., at pH 5-7-9) were determined
by the % swelling analysis at 25°C ambient temperature
for 2hours application time. Thermogravimetric-
Differential Thermal Analysis (TG-DTA) (TA Q600)
evaluated the films’ relative thermal stability in the 0-
500°C temperature range, 10°C/min heating/cooling
rate, and nitrogen environment. The biodegradation
test was carried out by burying it in the ground at
a depth of 10 cm for 14 days.

3. Results and discussion

3.1. Effects of PVA and glycerol amounts, and
chitosan molecular weight on structure
development of the MicNo®-ZnO containing films

The x-ray diffraction patterns of the films are shown in
Figure 1. The XRD patterns show that the studied films

correspond to single phase ZnO with close-packed
hexagonal wurtzite type crystal structure (JCPDS card
no: 36-1451).1*2 Figure 1a shows three characteristic
peaks in the XRD patterns of pure PVA films. These
are 20 =20.11° (d=4.412 A°, (101)), 20 =27.86° and
20=29.21° peaks showing the semi-crystalline
structure.**! Figure la shows that as the PVA concen-
tration increased, the intensity of the characteristic
peaks of the ZnO and PVA increased. This fact shows
that as the PVA concentration increases, the intermo-
lecular interactions of the PVA chains, which increase
the crystallization in the composite structure, become
more robust, the viscosity of the solution increases, and
thanks to the hydrogen bonds formed between Zn™>
ions and PVA, the tendency to agglomerate is reduced,
causing the homogeneous distribution of inorganic
powders.!" Therefore, the XRD peak intensity of sam-
ple P2 is higher than sample P1. Figure 1b shows three
characteristic peak formations in PVA/chitosan films.
These are the 20 = 11.3° peak representing the crystal-
line phase and the 20 =19.4° and 20 =22.8° peaks
representing the amorphous phase.**! While the crys-
tal phase peak was not obtained in the samples we
obtained, the amorphous phase peaks were obtained.
This indicates that the time elapsed during the casting
process after the chitosan has dissolved in acetic acid is
shorter than the time required to crystallize the chit-
osan. Figure 1b shows that characteristic peaks of ZnO
could not be obtained in high molecular weight chit-
osan films (C1). This proves that a high concentration
of acetic acid causes degradation of the original struc-
ture of ZnO inorganic powders in the PVA/chitosan
matrix. It is seen that the characteristic peak intensities
of ZnO of the films prepared with medium molecular
weight chitosan (C2) are higher than the films pre-
pared with low molecular weight chitosan (C3). This
is because as the molecular weight increases, the entan-
glement factor of the polymer chains and the intermo-
lecular  interactions  increase, resulting in
a homogeneous distribution of ZnO throughout the
film.1**! Figure 1c shows that the intensity of charac-
teristic peaks of ZnO increases with increasing glycerol
content. This is due to the presence of - OH groups in
the glycerol molecule, which increases the conversion
of Zn*? to ZnO. The — OH groups act as templates for
the formation of uniformly dispersed ZnO
nanoparticles.*® Besides, glycerol, which was found
to decrease the compatibility, could result in a higher
crystallinity for the blend since both phases are less
interacted with each other and, thus, can more freely
participate in the crystallization process.'*”’

Figure 2 shows SEM micrographs of the films
studied in this work. Figure 2a shows that as the
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Figure 1. XRD patterns of the films with (a) P1&P2 (b) C1-C3 and (c) G1-G3 compositions.

PVA concentration increased, the inorganic powders
were homogeneously dispersed in the film and
showed no agglomeration tendency. Probably, due
to the hydrogen bonds formed between the compo-
nents of the mixture, a smooth surface and less
agglomeration tendency are observed.””! This find-
ing was also demonstrated by XRD and UV-Vis
analysis. Figure 2b shows that in high molecular
weight chitosan used films, ZnO inorganic powders
were not observed in the film matrix because of the
dissolution process in high concentration acetic acid
solution. The tendency to agglomerate was less in
films using low molecular weight chitosan. It showed

a smooth, continuous, and homogeneously dispersed
film form without phase separation. The results
showed that mol. wt. had no significant effect on
the morphology of chitosan films. Figure 2c shows
that as the amount of glycerol increased, the agglom-
eration tendencies of ZnO inorganic powders
decreased on the film surface. The slightest tendency
to agglomerate was observed in films with 17 (v.%)
glycerol. These results are also supported by XRD
analysis. The high hydroxyl group content of PVA
and glycerol provides a homogeneous distribution in
the matrix, forming the basis for converting Zn + 2
to Zn0.P*
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Figure 2. SEM micrographs of the films with (a) P1&P2 (b) C1-C3 and (c) G1-G3 compositions.

3.2. Effects of PVA and glycerol amounts, and
chitosan molecular weight on properties of the
MicNo®-ZnO containing films

3.2.1. Optical properties

Figure 3 shows the UV-Vis absorbance spectra of the
films evaluated in this study. The components of the
films play a key role in describing their transparency
and color parameters.”*”! In Figure 3a, as the PVA con-
centration increases, the absorbance values in the UV
region increase, while the % transmittance value at 600
nm wavelength (the visible range (400-700nm))
decreases. Because pure PVA has a strong ability to
absorb radiation between 200-400 nm."*”! In addition,
as the PVA concentration increases, the formation of
intramolecular/intermolecular hydrogen bonds between
the hydroxyl groups of PVA and the Zn*? ions increases
and inorganic powders are homogeneously
dispersed.'”* In Figure 3b, as the molecular weight of
chitosan decreases, the absorbance values in the UV
region increase, while the % transmittance value at

600 nm wavelength (the visible range (400-700 nm))
decreases. The relationship between the molecular
weight of chitosan and the transparency of the films
has not been studied in the literature. Absorbance prop-
erty in the UV region is associated with two distant UV-
chromophoric monomers, namely N-acetylglucosamine
and glucosamine.”*! In Figure 3¢, as the amount of
glycerol increases, the absorbance values in the UV
region increase, while the % transmittance value at
600 nm wavelength (the visible range (400-700 nm))
decreases. Because as the amount of glycerol increases,
the hydroxyl groups in the glycerol act as templates for
the formation of wuniformly dispersed ZnO
nanoparticles.*®! Our findings were consistent with
the results of the study by Cazén et al..”*®!

3.2.2. Mechanical properties

Table 2 shows the average tensile strength (MPa) and %
elongation values of the films evaluated in this study.
PVA concentration increases average tensile strength
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Table 2. Average tensile strength (MPa) and % elongation values
of the films.

Average Tensile Strength Average Elongation

Sample Name (MPa) (%)

P1 25 6.27
P2 44 10.46
@ 1.88 75.25
(@] 1.44 64.01
a 1.21 25.52
G1 1.19 26.03
G2 1.12 44.44
G3 1.02 5141

and considerably enhances the films’ % elongation capa-
city and flexibility. These results supported the positive
effects of hydrogen bonds between PVA and Zn™*
ions.*!! PVA addition could improve the mechanical
properties of chitosan film, which was in agreement
with other reports.****! The mechanical properties of
PV A/chitosan films indicated that PVA polymer greatly
influenced the tensile stress and % elongation, while the
intermolecular hydrogen bonds formed between amine
and hydroxyl groups of two polymers.'****! Variations
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in tensile stress values in chitosan films could be due to
several factors, including chitosan’s molecular weight,
source, film preparation, and storage.[45] As the mole-
cular weight of chitosan increases, tensile strength, and
% elongation increase, the high molecular weight of
chitosan in the films increased the stiffness of the pre-
pared materials due to its stiffer polymer chain and the
existence of inter- and intra-molecular hydrogen
bonds.[*®! The relationship between the molecular
weight of chitosan and the % elongation of the films
has yet to be studied in the literature. As the glycerol
content increases, % elongation increases while the ten-
sile strength decreases. Glycerol, which contains many
hydroxyl groups in its structure, enters between poly-
mer chains, disrupts intermolecular hydrogen bonds,
and causes macromolecules to slip.!*”!

3.2.3. Thermal properties

A polymeric material’s thermal stability depends on the
macromolecules’ nature and interaction ability. When
the applied thermal energy exceeds the bond dissocia-
tion energy of chemical bonds, it causes chain cleavage
or bond dissociation of macromolecules. The thermal
decomposition behavior of the films analyzed by TGA/
DTG is shown in Figure 4. The thermal parameters,
including the maximum temperature of degradation
and the total weight loss, are summarized in Table 3.
TGA results exhibit three distinct weight loss stages for
the studied films in this work.[*®! The first stage of
weight loss occurs between 65 and 125°C, which is
responsible for removing physisorbed water molecules.
The second step, weight loss, which occurs in the tem-
perature range of 150-350°C, overlaps the structural
dissociation of hydrogen bonds, deacetylation of chito-
san, and depolymerization of PVA. The most critical
decomposition temperature is the peak decomposition
temperature at which we obtain the maximum weight
loss ratio (Tp). The third stage degradation, which
occurs in the temperature range of 350-500°C, corre-
sponds to the dissociation of polyene residues, the
hydrogen bond between the NH, and the -OH func-
tional group. The thermal decomposition of all samples
is of similar patterns. However, the P1 sample has
higher thermal stability than the P2 sample. The onset
degradation temperature of the nanocomposites
increased from 291 to 292°C with an increase in the
concentration of PVA (Figure 4a). The improvement in
thermal stability is due to the presence of hydrogen
bonds, which reduce the permeability of the material’s
volatile degradation products by acting as a barrier.!*”’
As the molecular weight of chitosan increases, the inter-
action between amine groups and ZnO increases, and
polymer segment mobility decreases.*® This causes the

degradation of temperature and thermal stability to
increase. We can say that the reason for the decrease
in the degradation temperature in the C3 sample is due
to the deterioration of the structure of ZnO powders in
the matrix as a result of the use of high concentrations of
acetic acid (Figure 4b). With the increase of the amount
of glycerol (Figure 4c), the increased mobility of the
mixture components, which facilitates the formation of
hydrogen bonds, leads to the improvement of thermal
stability.[*°!

3.2.4. Swelling characteristics

Table 4 shows the % swelling of the studied films in this
work. Factors affecting the swelling properties of films
are i) crosslinking agent ratio, ii) ambient pH, iii) ambi-
ent temperature, and iv) application time. Therefore,
analyzes were performed at three different environmen-
tal pH (5, 7, 9). In a neutral environment (pH = 7), -OH
and -NH, polar groups desire to interact with water
molecules to form hydrogen bonds. The neutral envir-
onment does not change the polarities of polar groups
and, therefore, their interactions with water molecules.
As a result, the swelling tendency of the polymer is at its
maximum value in a neutral environment (pH =7)
according to different pH values.”") In an acidic envir-
onment (pH = 5), the polar groups of PVA and chitosan
chains are protonated, and the positive charge ratio
increases, which increases the mutual repulsion with
water molecules. As a result, the swelling tendency of
the polymer is reduced.”” In an alkaline environment
(pH =9), the amine groups are strongly deactivated, and
the lone electron pairs on the nitrogen atoms become
unusable due to mutual repulsion with the hydroxyl
groups in the environment. As a result, the interaction
between amine groups and water molecules is blocked,
reducing the polymer chains’ swelling.**! Since the
crystal areas in the film structure delay the water diffu-
sion into the film, they prevent the film from swelling
and dissolving quickly."”! As the PVA concentration
increased, a decrease in the % swelling capacity was
observed due to the increase of the crystalline regions
and the 3-D network structure.”* The number of
hydrogen bonds and the electrostatic repulsion of
neighboring molecules are essential factors in determin-
ing the behavior of chitosan, a hydrophilic
polyelectrolyte.*! Since the films using high and med-
ium molecular weight chitosan have less amorphous
structure, the % swelling ratio is lower than those
using low molecular weight chitosan.!"”) Adding gly-
cerol to the PVA/chitosan blends caused a further
decrease in polar component values, indicating the
polyols’ participation in intermolecular hydrogen bond
formation. With the addition of glycerol, the mobility of
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Figure 4. TGA/DTA spectra of the films with (a) P1&P2 (b) C1-C3 and (c) G1-G3 compositions.

the components that trigger the formation of hydrogen
bonds increased.*®! Therefore, as the glycerol content
increased, a decrease in the % swelling capacity was
observed. The % swelling capacity of films increased
steadily as pH increased, reaching up to maximum at
neutral (pH = 7), which decreased further at higher pH
of the media.*”

3.2.5. Biodegradability in soil

The prepared films (1 g) were buried in the soil to
a depth of 10 cm, and the moisture content of the soil
was kept at a certain level by sprinkling water regularly.
After 14 days, they were removed from the soil, washed
with deionized water, and dried at 60°C until the weight
of the films did not change. The following formula
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Table 3. The thermal parameters of the films.

Tmax (OC)
Sample Name Stage 1 Stage 2 (Tp) Stage 3 Total Mass Loss (%)
P1 82.39 291.78 393.32 62.54
P2 68.31 29275 443.84 91.53
al 66.85 255.83 395.74 88.62
(@) 107.17 308.30 392.83 93.97
a 90.65 296.64 393.80 89.11
G1 79.97 288.87 387.49 92.35
G2 95.51 300.04 394.29 86.61
G3 96.14 297.12 392.83 89.01

calculated the degradation percentage of biodegradable
films:
1) = =) 100%
w

where w and wi are the initial weight and the weight at
14 days of buried time of the films after being washed
and dried."*®

The rates of biodegradation rate of the films are
shown in Table 5. Figure 5 shows biodegradation beha-
vior of the biodegradable films in soil. The dominant
factor in the biodegradability test in soil is the swelling
of the films according to their % water absorption capa-
city in connection with their hydrophilic properties and
the weakening of the polymer chains due to moisture
due to further osmosis of moisture entering the polymer
network. Later, under the influence of bacteria in the
soil, the film’s surface becomes rough, voids are formed,
and the structural integrity of the film is disrupted,
resulting in weight loss.”® These results are also sup-
ported by % swelling analysis.

3.3. Performance summary of films containing
MicNo®-ZnO by PVA and glycerol amounts and
chitosan molecular weight

It is desired that the films have low agglomeration
tendency, high absorption in the UV region, low opacity
value, low brittleness, high thermal resistance, low %
water absorption values at pH =7 and high % biodegra-
dation rate. The effects of variables on the properties of
MicNo®-ZnO doped PVA:chitosan films are summar-
ized in Table 6. Homogeneous distribution of inorganic
powders across the film surface in thin films prevents
local mechanical strength losses, causes an increase in
barrier properties in the UV region, increases the films’
thermal resistance, and reduces the % swelling capacity.
When we look at the intersection of the features, it was
seen that all the features we wanted were found in the
films using low molecular weight chitosan with 15 (wt.
%) PVA and 17 (v.%) glycerol.

Table 4. The % swelling of the films.

Swelling%
Sample Name pH=5 pH=7 pH=9
P1 53.58 93.99 53.26
P2 15.52 33.11 15.47
@ 22.22 25.25 16.92
(@] 27.01 34.18 25.17
a 30.90 41.00 32.16
G1 26.87 75.45 65.06
G2 20.35 5237 28.52
G3 13.09 41.00 25.17

Table 5. The % biodegradation rate of the films.

Sample Name % Biodegradation Rate
P1 92.28
P2 46.53
@ 42.28
C2 48.81
a 52.34
G1 83.17
G2 70.25
G3 52.34

G1 G2

Figure 5. Films subjected to degradation by 14 days.
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Table 6. Effect of variables on the properties of MicNo®-ZnO doped PVA:chitosan films.

Properties
Sample Homogeneous Degree of Absorption Absorption Thermal % Swelling % Biodegradation
Name distribution crystallinity uv visible Flexibility resistance capacity (pH7) Rate
P1 Low Low Low Low High Low High High
P2 High High High High Low High Low Low
(@ High Medium High High High Medium Low Low
Q Medium High Medium Medium Medium High Medium Medium
a Low Low Low Low Low Low High High
G1 Low Low Low Low Low Low High High
G2 Medium Medium Medium Medium Medium Medium Medium Medium
G3 High High High High High High Low Low

4. Conclusions

Instead of extrusion or solvent casting method, the films
are produced with the tape casting technique, which is
environmentally friendly, provides wide size-length
production opportunities and effective energy use.
Depending on the nature of the selected raw materials
and the amount of use, our inorganic powder (2.5% wt
MicNo® ZnO) with a fixed morphology and amount
gave different dispersion properties in polymer matrix
composite material. This has caused us to obtain differ-
ent results in the mechanical, optical, UV blocking,
thermal, and % swelling properties of biodegradable
composite films. When we look at the intersection of
the features, it was seen that all the features we wanted
were found in the films using low molecular weight
chitosan with 15 (wt.%) PVA and 17 (v.%) glycerol.

The distribution of MicNo®-ZnO inorganic powder
improved with increasing PVA-glycerol content and
molecular weight of chitosan, which was supported by
both XRD and SEM results. The increasing hydroxyl
groups in the structure and the entanglement factor of
the polymer chain accelerated the conversion of Zn*?
ions to ZnO. They supported the strong chemical inter-
action between the inorganic powder and the matrix.
Homogeneous distribution of ZnO inorganic powders
throughout the film as a result of increased intermole-
cular interactions resulted in an increase in the charac-
teristic peak intensities of ZnO in XRD graphs and
a smooth film surface by reducing the agglomerate
tendency of ZnO inorganic powders in SEM analysis.

The prevention of agglomeration in the matrix and
the improvement of the surface coverage property of
ZnO were achieved by increasing the amount of PVA-
glycerol, and the increase in the UV absorption capacity
proved these results. With the increase in the molecular
weight of chitosan, the UV absorbance values in the
UVA-UVB regions decreased, but the transparency
increased.

The increase in tensile strength and thermal stability
is due to the intermolecular interaction between the
inorganic powder and the polymeric structure. It was

supported by the results that the hydrogen bonds, crys-
tallinity, and 3-D structure increased with the increase
in the amount of PVA-glycerol and the molecular
weight of chitosan, which improved mechanical and
thermal stability.

Increasing the amount of PV A-glycerol and decreas-
ing the molecular weight of chitosan caused a decrease
in the amorphous structure, which reduced the % swel-
ling capacity of the biodegradable films.

Achieving the desired properties for using biode-
gradable films in large-scale application fields, such as
packaging material in the food industry and wound
dressing in biomedical applications, depends on the
effective utilization of the raw materials, creating
a synergistic effect. The results we obtained in this
study enabled us to develop a fundamental under-
standing of the relationship between the amounts of
PVA and glycerol and the molecular weight of chit-
osan in the presence of new MicNo®-ZnO particles to
create biodegradable films with specific application-
dependent mechanical, thermal, optical and swelling
properties. In addition, targets 12-14-15 of the
Sustainable Development Goals adopted by the
United Nations General Assembly can be made pos-
sible by biodegradable polymers that are friendly to
waste management and greenhouse gas emissions,
produced by understanding the synergistic effect of
raw materials.
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