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Abstract

The aim of this study was to produce flexible films by combining
polylactic acid (PLA) and poly(e-caprolactone) (PCL), and enhance their strength
by reinforcing them with different weight percentages (0.75, 1.5, and 2.25%) of
zirconium oxide (ZrO,) nanoparticles (NPs) using a solvent casting process. The
physical and antibacterial properties of the films were analysed to determine their
suitability for use in food packaging. X-ray diffraction (XRD) patterns of the
PLA/PCL films containing 2.25% by weight ZrO, nanoparticles have a peak at an
angle of 20 = 17.18°, accompanied by smaller peaks. This confirms that these thin
films have a semi-crystalline structure and that the molecules in the thin films are
well dispersed. Scanning electron microscopy (SEM) analysis of the film surfaces
reveals that the pure PLA/PCL films exhibit a smooth surface, while the
PLA/PCL/ZrO,NPs films have a rough surface. The thermal behaviour of the
blends through differential scanning calorimetry (DSC) showed fluctuations due to
variations in the reinforcement ratio, resulting in changes in the glass transition and
melting temperatures. These oscillations indicate changes in the level of
crystallinity. ZnO, has antibacterial properties that promote growth inhibition,

making these films more effective in food packaging.
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1. Introduction

Fossil-based polymers are often used in many applications because of their
remarkable physicochemical properties, lightweight composition, affordability, ease of
processing and adaptability. They have applications in various sectors, such as
healthcare, agriculture, packaging, commodities, electronics, and structural fields like
automotive, maritime, aerospace, and civil engineering. However, the overuse of these
compounds resulted in substantial ecological problems since they do not readily break
down via natural processes [1, 2]. Biodegradable polymers undergo complete
disintegration of their physical and chemical properties when exposed to environmental
elements, such as soil and microorganisms, water, or sunshine. These compounds may
be categorized as either natural or manufactured, and they completely break down into
water (H,O), carbon dioxide (CO;), and biomass when they are disposed of in the
environment [3, 4]. The increase in the use of packaging and other temporary uses and
the resulting impact on the environment have become a subject of public concern [5].
The widespread use of biodegradable polymers in many applications may be attributed
to the biotechnologies progress, increased public awareness, improved manufacturing
methods, and lower global production costs. As a consequence of the need to find
polymers that are not sourced from fossil fuels, there has been a significant increase in
worldwide interest in biodegradable polymers [6, 7]. Conventional polymers are on the
verge of being substituted, although they currently represent a minor proportion of the
world plastics industry [8].
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Polylactic acid (PLA) is a highly regarded biodegradable polymer that has been
extensively studied and is now being produced on a large scale in industry [9]. Over the
last twenty years, PLA has been extensively used in several typical applications,
especially in food packaging. However, the material's fragility and lack of robustness
limit its use in other industries that often use flexible polymers [10, 11]. The advantage
of polymer engineering is the exact control and modification of its physico-chemical
properties. Conventional methods to overcome certain limitations in the field of
polymers include blending polymers with other substances, carrying out
copolymerization or crosslinking, using inert or beneficial fillers, or utilizing a
combination of these techniques [12, 13].

Poly(e-caprolactone) (PCL) is a pliable and environmentally degradable
thermoplastic polyester that shows promise as a suitable blend with PLA. PCL is now
being investigated for several uses, spanning from its use in packaging to its potential as
drug delivery vehicles or medical implants. PCL may be fabricated into various shapes
by extrusion, injection moulding, and stringing techniques. By carefully choosing a
filler and/or a compatibilizer, it is possible to tailor the final morphology, miscibility,
and properties of polymer blends [14-16]. Therefore, the properties of the optimal
biodegradable blends may be tailored to achieve a certain degree of performance.
Previous scientific studies have investigated the integration of PCL with PLA to reduce
its initial modulus and yield stress [17]. The addition of PCL significantly enhances the
toughness of PLA, leading to a substantial increase in the required energy for sample
fracture [18].

The kinetics and speed of crystallization can be precisely controlled by varying
the ratios of PLA and PCL in the blends [19]. Therefore, PLA/PCL blends may be used
as a durable and environmentally beneficial alternative to current polymers produced
from petroleum, such as polypropylene, high-density polyethylene, and polystyrene
[20].

The desired attributes of PLA and PCL have stimulated investigations into
PLA/PCL blends, with the potential inclusion of a nanofiller as a third component to
improve the blend's compatibility and overall properties. In recent years, there has been
a significant increase in the number of technical, scientific, and medicinal applications
for nanoparticles [21, 22].

Adding certain metal oxides, such as Al,03, SiO,, TiO2, ZnO, and zirconium
oxide (ZrOy), significantly enhances its properties [23]. ZrO, has several desired
characteristics, including high hardness, excellent mechanical strength, and good
resistance to wear, chemicals, and ions [24].

Castro et al. synthesized four block formulations using zinc oxide nanoparticles
(ZnO-NPs), PLA, and PCL to promote subdermal tissue regeneration. The composition
of the composites was confirmed by X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FT-IR). Thermogravimetric (TGA) and differential scanning
calorimetry (DSC) analyses confirmed that the ZnO-NPs bind to the carbonyl groups of
the polymer, leading to the formation of fragmentation sites in the polymer's backbone.
Scanning electron microscopy (SEM) showed that increasing the amount of ZnO-NPs
improved the dispersion and homogeneous accumulation of the polymeric chains. This
led to a more compact surface, resulting in the observed shape [25].

Swaroop and Shukla used the solvent casting method to produce flexible films
based on PLA incorporated with polyethylene glycol (PEG) and reinforced with MgO
nanoparticles. They examined the fundamental mechanical, antibacterial, and optical
properties of the films for their use in food packaging. The 2 wt% PLA/PEG/MgO films
exhibited an elongation at break that was about 760% greater than that of the pure PLA
films. Adding PEG and MgO nanoparticles to PLA sheets resulted in a significant
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alteration in their optical properties. Furthermore, as compared to ordinary PLA films,
PLA/PEG/MgO has shown a substantial enhancement in antibacterial efficacy, thereby
confirming PLA/PEG/MgO as a proficient material for packaging films [26].

The current work prepared biofilms made of bioblends PLA, PCL, and ZrO,;NPs
for use in packaging and food packaging.

2. Experimental Work
2.1. Materials
PLA was provided by BASF India limited. It has a density of 1.25 g/cm®. PCL
was purchased from Sigma-Aldrich. The Tetrahydrofuran (THF) solution was
purchased from HiMedia laboratories Pvt. Ltd., India. SkySpring nanomaterials-USA
provided the ZrO, nanoparticles.

2.2. Samples Preparation

To obtain a PLA solution, 2.1g of PLA (weighted using an electron balance of
four digits) was dissolved in THF with heating at 55°C for 2 hrs and stirring using a
magnetic stirrer until the solution became viscous. In the same way, PCL solution was
prepared with 0.9g PCL. The two solutions of PLA and PCL were mixed using a
magnetic stirrer and then cast into a petri dish of 12cm diameter at room temperature for
24 hr to ensure complete solvent removal. Nanocomposite films were prepared by
solution-cast film samples of the biodegradable material (PLA/PCL) reinforced with
different concentrations of ZrO,NPs (0.75, 1.5, and 2.25 wt%). The nanocomposite
solutions were dissolved in THF with stirring using a magnetic stirrer and then cast onto
petri dishes to generate films after solvent evaporation at room temperature. Then cast
on the glass petri dishes and kept at 50°C in the vacuum oven at 24°C to ensure
complete solvent removal. The thickness of PLA/PCL/ZrO,NPs film was 110 pm,
determined using an electronic digital micrometre (EDM).

2.3. Characterization

The XRD patterns were obtained using a Philips PW1730 diffractometer from the
Netherlands. The instrument was supplied with Cu-Ka radiation (A = 1.540562 A) and
operated at 40 kV. The Bragg's angle (20) was measured in the range of 4-80°. The film
morphology was assessed using a Tescan MIRA Il SEM from the Czech Republic,
operated at an accelerating voltage of 200 kV. To mitigate the impact of the electron
beam on the charge of the samples, a vacuum evaporation process was employed to
apply a thin layer of gold to the samples’ surfaces. The TA Q600 is an American DSC
that operates in a nitrogen atmosphere and is specifically designed for the device.
During the DSC, the samples underwent heating and scanning. To ensure the absence of
any previous thermal effects, the samples were heated at a controlled rate of 23°C per
minute, reaching a temperature range of 0 to 1000°C. This process lasted for a total of
10 minutes. The scanning method recorded the melting properties of the material
throughout the process of reheating.

The antibacterial activity was examined in this work using the agar diffusion
technique. Six plates were contaminated with 0.1 ml of a bacterial solution comprising
E. coli and S. aureus (at concentrations of 1 and 5 wt%, respectively) in a 30 ml volume
of plate count agar. The diameter of the inhibitory zone was measured in mm after a
24 hr incubation period at 37 °C.
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3. Results and Discussion
3.1. XRD

Blend constructions consisting of PLA, PCL, and ZrO,NPs strongly depend on
the semi-crystalline properties of the polymers for their main mechanical, barrier, and
thermal features. Therefore, it is crucial to investigate these issues. Fig. 1 and Table 1
display the XRD patterns of the pure PLA/PCL blend and that with 0.75 and 2.25wt%
ZrO;NPs. Pure PLA/PCL films exhibited a prominent peak at 260 of about 17.86°, as
shown in Table 1, indicating their semi-crystalline structure. On the other hand, the
PLA/PCL/0.75wt%ZrO,NPs film showed a broad peak, indicating their completely
amorphous composition, in addition to less clear peaks at 260 =17.49°, 28.25° and 31.50°
indexed as 100, 111, and -111, respectively according to JCPDS card (00-007-0343).
The PLA/PCL/2.25wWt%ZrO,NPs film showed a prominent peak in addition to less clear
peaks at 20 =17.18°, 28.15° and 41.88° indexed as 100, -111, and -121, respectively
according to JCPDS card (00-013-0307). This indicates that the prepared
PLA/PCL/ZrO,NPs films have a semi-crystalline structure. The structure of ZrO,NPs
was monoclinic [27].
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Figure 1: XRD for the pure PLA/PCL blend film and for PLA/PCL/0.75, 2.25 wt%ZrO,NP).

Table 1: XRD parameters of the pure PLA/PCL, and PLA/PCL/ZrO,NPs films.

Sample Pos. Height | FWHM d-spacing Rel. Int. Tip
126] [cts] | Left [20] [%] | Width
Pure PLA/PCL) 17.8600 | 178031 | 16800 | 4.96239 | 100.00 | 2.0160
17.4970 | 70955 | 35424 | 506871 | 9853 | 4.2509
10.8051 | 72013 | 1.9680 | 4.48291 | 10000 | 2.3616
PLAIPCLIO.75%Z10;2 | o8 o505 | 12612 | 05904 | 315903 | 17.51 | 0.7085
315004 | 4198 | 05904 | 2.84014 | 583 | 0.7085
461586 | 4412 | 31488 | 1.96665 | 613 | 3.7786
17.1827 | 2929.83 | 01968 | 516071 | 100.00 | 0.2362
212514 | 67721 | 05904 | 418097 | 2311 | 0.7085
PLAIPCLI225%Z102 | 951591 | 17612 | 1.1808 | 316908 | 601 | 1.4170
418832 | 2307 | 47232 | 215697 | 079 | 56678
736438 | 4053 | 11808 | 18633 | 138 | 1.4170
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3.2. SEM

Figs. 2, 3, 4 and 5 show the SEM images of the prepared films. To capture more
detailed surface properties, microscopic images of PLA/PCL/ZrO,NPs and pure
PLA/PCL films were obtained at 500 nm and 100 nm resolution, respectively, as shown
in the inset. A surface study of the films revealed that the pure PLA/PCL films
exhibited a smooth and dense surface, but PLA/PCL/ZrO,NPs films have an irregular
surface due to the presence of the nanoparticles. The prepared films PLA/PCL/0.75, 1.5,
and 2.25 wt%ZrO, exhibited nanoscale ZrO, dispersion, as seen in the magnified
images [28, 29].

SEM MAG: 350 kx WD: 5.91 mm MIRA3 TESCAN| SEM MAG: 70.0 kx WD: 5.91 mm MIRA3 TESCAN
Det: SE SEMHV:50kV 100 nm Det: SE SEMHV:50kV | 500 nm
Date(m/dly): 11/21/23 SUT - FESEM Date(m/dly): 11/21/23 SUT - FESEM

Figure 2: SEM images of the pure PLA/PCL film for (a) 100 nm, and (b) 500nm.

D1=24.70 nm

SEM MAG: 350 kx WD: 6.19 mm MIRA3 TESCAN| SEM MAG: 70.0 kx WD: 6.19 mm MIRA3 TESCAN
Det: SE SEM HV: 5.0 kV 100 nm Det: SE SEM HV: 5.0 kV 500 nm
Date(m/dly): 11/21/23 SUT - FESEM Date(m/dly): 11/21/23 SUT - FESEM

Figure 3: SEM images of PLA/PCL/0.75wt%ZrO,NPs film for (a) 100 nm, and (b) 500nm..
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D1 =66.63 nm

SEM MAG: 350 kx WD: 6.16 mm MIRA3 TESCAN| SEM MAG: 70.0 kx WD: 6.16 mm MIRA3 TESCAN

Det: SE | SEMHv:50kv 100 nm Det: SE SEMHV:5.0kV 500 nm
Date(m/dly): 11/21/23 SUT - FESEM Date(midly): 11/21/23 | SUT - FESEM

Figure 4: SEM images of PLA/PCL/1.5wt%ZrO,NPs film for (a) 100 nm, and (b) 500nm.

D1 =30.68 nm

SEM MAG: 350 kx WD: 6.05 mm MIRA3 TESCAN|] SEM MAG: 70.0 kx WD: 6.06 mm | | MIRA3 TESCAN

Det: SE  SEMHV:5.0kV | 100nm Det: SE SEMHV:50kV | 500 nm

Date(m/dly): 11/21/23 SUT - FESEM Date(m/dly): 11/21/23 SUT - FESEM

Figure 5: SEM images of PLA/PCL/2.25wt%ZrO,NPs film for (a) 100 nm, and (b) 500nm.

3.3.DSC

The thermal behaviour of the pure PLA/PCL and PLA/PCL/ZrO,NPs films was
studied by the DSC. The DSC thermograms results are shown in Figs.6, 7, 8 and 9 and
Table 2. The DSC study revealed that the glass transition and melting temperatures of
the pure PLA/PCL were 93.03 °C and 100.59 °C, respectively. The glass transition
temperature of PLA/PCL/ZrO,NPs at ZrO,NPs concentrations of 0.75 and 1.5wt% was
decreased to 52.80 °C and 91.29 °C, respectively; the melting temperature was reduced
to 61.19 °C and 99.07 °C, respectively. By incorporating ZrO,NPs at a concentration of
2.25wt% into the PLA/PCL blend, the glass transition temperature increased to
101.87 °C, and the melting temperature increased to 130.03 °C. These findings suggest
an enhanced degree of crystallinity, as confirmed by the XRD examination results when
adding 2.25wt% ZrO,NPs to the PLA/PCL blend [30, 31].
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Figure 7: DSC thermogram of PLA/PCL/0.75wt%ZrO,NPs film.

File: C:...\hasan ashour\Zr1.5\Zr1

Sample: Zr1.5
Size: 0.8890 mg DSC-TGA Operator: Taban Lab
Method: Ramp Run Date: 27-Nov-2023 20:36
Comment: 25-1000@20-Ar Instrument: SDT Q600 V20.9 Build 20
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o 9429J/g
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Figure 8: DSC thermogram of PLA/PCL/1.5wt%ZrO,NP) film.
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Figure 9: DSC thermogram of PLA/PCL/2.25wt%ZrO,NPs.

Table 2: The glass transition and melting temperatures of the pure PLA/PCL, and
PLA/PCL/ZrO,NPs films.

Sample Ty Tm

Pure PLA/PCL 93.03 100.59
PLA/PCL/0.75wt%ZrO,NPs 52.80 61.19
PLA/PCL/1.5Wt%ZrO,NPs 91.29 99.07
PLA/PCL/2.25wWt%ZrO,NPs | 101.87 130.03

3.4. Antibacterial Activity
Staphylococcus aureus and Escherichia coli are the primary culprits behind
foodborne illnesses. Fig. 10 demonstrates that PLA/PCL/2.25wt%ZrO,NPs blend has a
more pronounced antibacterial effect against Staphylococcus aureus bacteria than
Escherichia coli bacteria. This could be explained by the broad range of morphological
changes observed in bacterial cells. E. coli bacteria are more vulnerable to ZrO,
nanoparticles because of their permeable and charged peptidoglycan surface [30].

Figure 10: (a) Escherichia coli, (b) Staphylococeus aureus Antibacterial activity for
the PLA/PCL/2.25wt%ZrO,NP) blend.
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4. Conclusions

This work presented PCL/PLA films reinforced with ZrO, NPs through a solvent-

casting process. It is possible to conclude through the morphological and thermal tests
that the reinforcement ratio greatly affects the properties of the blends. The results
showed that random increases with an increase in the reinforcement ratio, which leads
to a rise in the glass transition temperature and the melting point. Bacteriological
efficacy tests show that ZrO, NPs has antibacterial properties. This is represented by its
ability to interact with some biological and chemical factors in the surrounding
environment, which inhibits the growth of germs and bacteria, making these films
suitable for food packaging.
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