E3S Web of Conferences 547, 01019 (2024) https://doi.org/10.1051/e3sconf/202454701019
ICSGET 2024

Recyclable Polymer Matrix Nanocomposites for Sustainable
Packaging Solutions

Ruchika Yadav', Atul Kumar Singla?, Manish Ghalwan?, Shriya Mahajan®, Pooja Sharma®, B. Sankara Babu®, Soumita
Talukdar’

'FOSTIIMA Business School Dwarka, New Delhi, prof.ruchikal 7@gmail.com

2Lovely Professional University, Phagwara, Punjab, India, atul.singla@lpu.co.in

3Uttaranchal University, Dehradun - 248007, India, manishghalwan@uumail.in

“4Centre of Research Impact and Outcome, Chitkara University, Rajpura- 140417, Punjab, India, shriya.mahajan.orp@chitkara.edu.in
SChitkara Centre for Research and Development, Chitkara University, Himachal Pradesh-174103 India,
pooja.sharma.orp@chitkara.edu.in

Professor, Department of CSE, GRIET, Hyderabad, Telangana, India.

’G D Goenka University, Haryana, India

Abstract. This study explores the potential of recyclable polymer matrix nanocomposites for sustainable
packaging solutions. Nanocomposites were created by combining different polymer matrices (PET, PLA,
HDPE, PP) with various types of nanofillers (Clay, Graphene, Cellulose, Nanoclay), and the nanofiller
content varied from 2% to 5%. Graphene-based nanocomposites demonstrated exceptional tensile strength
(55 MPa) and Young's modulus (4.0 GPa) in comparison to alternative formulations, as indicated by
mechanical properties analysis. Graphene nanocomposites demonstrated the most effective barrier
properties, with the lowest oxygen permeability (1.0 cm”3/m"2-day-atm) and water vapor transmission rate
(2.3 g/m"2-day). The analysis revealed that cellulose nanocomposites exhibited the highest glass transition
temperature (72°C) and melting temperature (185°C) in terms of their thermal properties. The findings
highlight the wide range of benefits that recyclable polymer matrix nanocomposites can bring to sustainable
packaging applications. These include improved mechanical strength, enhanced barrier performance, and
increased thermal stability. This underscores their versatility and potential in this field. Additional research
is necessary to enhance synthesis methods, investigate new nanofiller materials, and assess long-term
performance in real-world packaging scenarios.

and durable. In addition, utilizing recyclable polymers
1 Introduction as matrix materials supports the principles of a circular
economy by encouraging material reuse and minimizing
environmental impact.

The selection of nanofillers is vital in determining
the characteristics and effectiveness of polymer matrix
nanocomposites. Some of the nanofillers commonly
utilized in sustainable packaging applications are clay
nanoparticles, graphene, cellulose nanocrystals, and
nanoclay. [11-16]These nanofillers have distinct
benefits, including their high aspect ratio, large surface
area, and ability to biodegrade. These qualities make
them excellent options for improving the properties of
polymer matrices while also prioritizing environmental
sustainability.

Ensuring the protection and preservation of
packaged goods is crucial, with barrier properties
playing a key role alongside mechanical properties in
packaging materials. Polymer matrix nanocomposites
have the ability to significantly reduce the permeation of
gases, moisture, and other contaminants, resulting in a

The increasing global focus on environmental
sustainability has driven extensive research into the
creation of environmentally-friendly materials for a
wide range of uses, with a particular emphasis on
packaging. Polymer matrix nanocomposites are a highly
promising solution, offering the potential to improve
mechanical properties, barrier properties, and
sustainability[ 1-6]. This paper delves into the use of
recyclable polymer matrix nanocomposites for
sustainable packaging solutions. Composite materials
known as polymer matrix nanocomposites consist of a
polymer matrix that is strengthened by the addition of
nanoscale fillers, such as nanoparticles or nanofibers.[7—
10] By incorporating nanofillers into polymer matrices,
mechanical properties such as strength, stiffness, and
toughness can be greatly enhanced. This allows for the
creation of packaging materials that are both lightweight
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longer shelf life for packaged products. Nanocomposites
have the ability to customize their barrier performance
by manipulating the dispersion and orientation of
nanofillers in the polymer matrix. This allows for
flexibility in meeting specific packaging needs[17-25].

In addition, the thermal properties have a significant
impact on the processing and performance of packaging
materials, especially in terms of their ability to withstand
heat, how they melt, and their thermal stability.
Nanocomposites with a polymer matrix frequently
demonstrate improved thermal properties in comparison
to pure polymers. [26-32]This improvement can be
attributed to the barrier effect and interfacial interactions
between the polymer chains and nanofillers. Having a
deep understanding of the thermal behavior of
nanocomposites is crucial in order to optimize
processing conditions and ensure that the materials are
suitable for a wide range of packaging applications.

In general, the incorporation of recyclable polymer
matrix nanocomposites shows significant potential for
advancing sustainable packaging solutions. Through the
combination of polymer matrices and nanofillers, these
materials provide a versatile solution for improving
mechanical strength, barrier performance, and thermal
stability, all while prioritizing environmental
responsibility. This paper aims to investigate the recent
developments, obstacles, and possibilities in the use of
recyclable polymer matrix nanocomposites for
sustainable packaging. It contributes to the ongoing
efforts to create a more sustainable and resilient
packaging industry.

2 Literature review

In recent years, polymer matrix nanocomposites have
become a subject of great interest. They hold the
potential to bring about a revolution in the packaging
industry by providing improved mechanical properties,
barrier performance, and sustainability.[33—43]
Extensive research has been conducted on different
aspects of nanocomposite materials, such as synthesis
methods, types of nanofillers, processing techniques,
and potential applications.

Various methods can be used to synthesize polymer
matrix nanocomposites, such as melt blending, solution
mixing, in-situ polymerization, and extrusion. Every
approach has its own set of benefits when it comes to
scalability, managing the distribution of nanofillers, and
working well with various polymer matrices. In
addition, there has been a rise in the use of green
synthesis methods that involve sustainable precursors
and environmentally friendly solvents. These
approaches show great potential as they adhere to the
principles of green chemistry and circular economy.

Nanofillers are crucial in influencing the
characteristics and effectiveness of polymer matrix
nanocomposites. Some of the nanofillers commonly
used in packaging applications are clay nanoparticles,
graphene, cellulose nanocrystals, and nanoclay. These
nanofillers have unique benefits, including a high aspect
ratio, large surface area, and biodegradability. They

allow for the creation of packaging materials that are
lightweight, strong, and environmentally friendly.

Processing techniques for polymer matrix
nanocomposites require several steps. These include
dispersing the nanofillers within the polymer matrix,
shaping the composite material into desired forms, and
consolidating it to achieve the desired final product
properties. Different processing methods, such as
injection molding, compression molding, and film
casting, are used to meet the specific needs of packaging
applications. In addition, there are advanced processing
techniques available, such as 3D printing and
electrospinning, which provide opportunities for
creating intricate and customized packaging structures.

The potential applications of polymer matrix
nanocomposites in packaging are extensive and varied.
These materials are widely used in various industries
such as food packaging, pharmaceutical packaging, and
cosmetic packaging. They offer exceptional mechanical
strength, barrier properties, and sustainability,
surpassing conventional packaging materials. In
addition, the utilization of smart and active packaging
systems that incorporate nanocomposite materials
presents potential for prolonging the shelf life of
products, monitoring the quality of goods, and
improving consumer safety.

The literature on polymer matrix nanocomposites
for sustainable packaging highlights their potential to
revolutionize the packaging industry by providing
environmentally friendly and high-performance
solutions to meet increasing demands. Continued
research efforts in synthesis optimization, property
characterization, processing innovation, and application
development are crucial for fully harnessing the
potential of these materials and advancing the shift
towards a more sustainable and resilient packaging
industry.

3 Methodology

The approach used in this study aimed to thoroughly
examine the wuse of recyclable polymer matrix
nanocomposites for environmentally-friendly
packaging solutions. The methodology involved several
important steps, such as selecting materials,
synthesizing nanocomposites, characterizing properties,
and evaluating packaging performance. For the
fabrication of  recyclable polymer matrix
nanocomposites, the initial step is to carefully choose
the appropriate polymer matrices and nanofillers. The
selection criteria for materials considered recyclability,
biodegradability, = mechanical  strength,  barrier
properties, and compatibility with  packaging
applications.

Nanocomposites were synthesized using different
methods, such as melt blending, solution mixing, and in-
situ polymerization. These polymer matrices, including
polyethylene terephthalate (PET), polylactic acid
(PLA), and polypropylene (PP), were selected for their
recyclability = and  sustainability.  Incorporating
nanofillers like clay nanoparticles, graphene, cellulose
nanocrystals, and nanoclay into the polymer matrices
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can significantly improve their mechanical strength and
barrier properties.

The synthesized nanocomposites were thoroughly
characterized to assess their structural, morphological,
mechanical, thermal, and barrier properties. Various
techniques, including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), tensile testing, differential scanning
calorimetry (DSC), and permeability testing, were used
to analyze the properties of the nanocomposites. The
performance of the nanocomposites in packaging
applications was assessed by conducting a series of tests
that replicated real-world conditions. The durability of
the packaging materials was evaluated by assessing
mechanical properties such as tensile strength, puncture
resistance, and tear strength. The effectiveness of the
nanocomposites in preserving packaged goods was
evaluated by measuring barrier properties such as
oxygen permeability and water vapor transmission rate.
The methodology described above offers a systematic
approach for studying the use of recyclable polymer
matrix nanocomposites in sustainable packaging
solutions. This study aimed to contribute to the
development of eco-friendly packaging materials with
enhanced performance and sustainability by
synthesizing, characterizing, and evaluating the
properties of these materials.

Methodology Mind Map
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Fig 1: Methodology Mind Map

4 Results and Discussion

The research paper examined the use of recyclable
polymer matrix nanocomposites for sustainable
packaging solutions. Here are the findings obtained
from the experimental data and their analysis for each
table generated, along with a discussion on the
implications of the results.

Table 1: Composition of Polymer Matrix Nanocomposites

Nanocomp | Polymer | Nanofiller Nanofiller
osite Type Type Content (%)
NC-1 PET Clay 5
NC-2 PLA Graphene 2
NC-3 HDPE Cellulose 3
NC-4 PP Nanoclay 4

The polymer matrix nanocomposites consisted of four
different types: NC-1, NC-2, NC-3, and NC-4. Every
nanocomposite was made up of a variety of polymer
matrices (PET, PLA, HDPE, and PP) and different types
of nanofillers (Clay, Graphene, Cellulose, and
Nanoclay). The nanofiller content ranged from 2% to
5%.

Table 2: Thermal Properties of Polymer Matrix

Nanocomposites

Nanoc Glass Melting Crystallization
ompos Transition Temperatur | Temperature

ite Temperature e (°0) (°O)

(C)

NC-1 70 180 150
NC-2 65 170 140
NC-3 72 185 155
NC-4 68 175 145

Analysis: The composition data highlights the wide
range of possibilities for recyclable polymer matrix
nanocomposites, as researchers are investigating various
combinations of polymer matrices and nanofillers. The
wide range of options available when it comes to
nanocomposites allows for customization of their
properties to suit various packaging needs. These can
include factors like strength, barrier capabilities, and
eco-friendliness.

Nanofiler Content in Nanccomoesites

4
ok |l ———
w1 w2 ] e w1 wa ) s
nccamsaste i

Oxygen Permeabilty of Nanorompestes

Tensle Srergh o Nanocomgsites

Glass Transition Temperaure of Nanocompostes

Fig 2: Combined analysis of this research

The mechanical properties of polymer matrix
nanocomposites were evaluated through measurements
of tensile strength, Young's modulus, and elongation at
break. The tensile strength of the nanocomposites
followed this order: NC-2 had the highest value at 55
MPa, followed by NC-3 at 50 MPa, NC-4 at 48 MPa,
and NC-1 at 45 MPa. NC-2 had the highest Young's
modulus at 4.0 GPa, with NC-3 following closely at 3.8
GPa. NC-4 had a Young's modulus of 3.6 GPa, while
NC-1 had the lowest at 3.5 GPa. The elongation at break
varied between 10% and 13%.
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Fig 3: Mechanical properties of polymer matrix

Analysis: The data on mechanical properties highlight
how the type and amount of nanofiller affect the
performance of polymer matrix nanocomposites.
Nanocomposites  containing  graphene  (NC-2)
demonstrated exceptional mechanical properties in
comparison to other nanocomposites, which can be
attributed to the remarkable strength and stiffness of
graphene nanofillers. The range of percentage change in
tensile strength and Young's modulus relative to NC-1
varied from 0% to 22%, which emphasizes the
possibility of improving mechanical performance by
incorporating nanofillers. Evaluating the Barrier
Properties of Polymer Matrix Nanocomposites: The
oxygen permeability and water vapor transmission rate
were used to assess the barrier properties of polymer
matrix nanocomposites. NC-2 exhibited the lowest
oxygen permeability (1.0 cm”3/m”"2-day-atm) and
water vapor transmission rate (2.3 g/m”2-day), with
NC-4, NC-1, and NC-3 following suit. Analysis: The
data on barrier properties suggests that nanocomposites
are highly effective in preventing the penetration of
gases and moisture, which is crucial for maintaining the
freshness and quality of packaged goods. NC-2
demonstrated the lowest oxygen permeability and water
vapor transmission rate, thanks to the impermeable
properties of graphene nanofillers. The range of
percentage change in barrier properties relative to NC-1
varied from -20% to 0%, indicating the potential for

enhancing barrier performance by incorporating
nanofillers.

The thermal properties of polymer matrix
nanocomposites were analyzed through the glass
transition temperature, melting temperature, and
crystallization temperature. The glass transition

temperatures of the nanocomposites were as follows:
NC-3 had the highest temperature at 72°C, followed by
NC-1 at 70°C, NC-4 at 68°C, and NC-2 at 65°C. In
terms of melting temperature, NC-3 exhibited the
highest value at 185°C, with NC-1 following closely at
180°C. NC-4 had a slightly lower melting temperature
of 175°C, while NC-2 had the lowest at 170°C. The
temperature at which crystallization occurred varied
between 140°C and 155°C.

Analysis: The data on thermal properties provides
valuable insights into the stability and processing of

2C

nanocomposites  with  polymer matrices. The
nanocomposites containing cellulose nanofillers (NC-3)
displayed the highest glass transition and melting
temperatures. These temperature increases can be
attributed to the robust interfacial interactions between
the polymer chains and cellulose nanofillers. The
thermal properties showed slight variations when the
nanofiller was added, with changes ranging from -5% to
10% compared to NC-1.

Overall Assessment: The findings highlight the promise
of recyclable polymer matrix nanocomposites for eco-
friendly packaging options, boasting enhanced
mechanical properties, barrier performance, and thermal
stability in comparison to traditional packaging
materials. The results emphasize the significance of the
type and amount of nanofillers in customizing the
characteristics of nanocomposites to fulfill specific
packaging needs. In addition, analyzing the percentage
change offers valuable insights into how incorporating
nanofillers can improve the performance of polymer
matrix nanocomposites. These findings are a significant
step forward in the development of environmentally-
friendly and high-performance packaging materials,
which will greatly contribute to creating a more
sustainable and resilient packaging industry.

5 Conclusion

Ultimately, this research paper delved into the use of
recyclable polymer matrix nanocomposites for
sustainable packaging solutions. The study examined
the composition, mechanical properties, barrier
properties, and thermal properties of nanocomposites,
providing insights into their potential uses in the
packaging industry. The analysis of the composition
showcased the wide range of applications for polymer
matrix nanocomposites. By combining various polymer
matrices and nanofillers, these materials can be
customized to meet specific packaging needs. In
addition, the data on mechanical properties clearly
showed how the type and amount of nanofiller affected
the strength, stiffness, and elongation at break of
nanocomposites. It is worth mentioning that
nanocomposites incorporating graphene demonstrated
exceptional mechanical performance in comparison to
other nanocomposites. In addition, the analysis of
barrier properties emphasized the effectiveness of
nanocomposites in preventing the penetration of gases
and moisture, which is crucial for maintaining the
freshness and quality of packaged goods. Graphene
nanofillers have been found to significantly improve
barrier performance, showing the lowest oxygen
permeability and water vapor transmission rate among
nanocomposites. The analysis of thermal properties
revealed important insights into the stability and
processing behavior of nanocomposites with polymer
matrices. The nanocomposites containing cellulose
nanofillers displayed the highest glass transition and
melting temperatures, suggesting the presence of robust
interfacial interactions between the polymer chains and
nanofillers. In general, the results highlight the promise
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materials for sustainable packaging solutions. Through
the utilization of nanofillers and polymer matrices,
nanocomposites provide avenues for improving
mechanical strength, barrier performance, and thermal
stability, all while prioritizing environmental
responsibility. In order to make progress, it is necessary
to conduct additional research to improve the synthesis
methods, investigate new nanofiller materials, and
assess the long-term performance of nanocomposites in
practical packaging applications. Collaboration among
academia, industry, and government sectors is essential
for promoting the use of recyclable polymer matrix
nanocomposites and advancing sustainability in the
packaging industry.
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