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g the effect of graphene
nanoparticles on mechanical, physical and thermal
properties of polylactic acid polymer

Kianoush Hatami Dehnou, *a Ghazal Saki Norouzi*b and Marzieh Majidipourc

Polylactic acid (PLA) is a linear aliphatic polyester thermoplastic made from renewable sources such as

sugar beet and cornstarch. Methods of preparation of polylactic acid are biological and chemical. The

advantages of polylactic acid are biocompatibility, easily processing, low energy loss, transparency, high

strength, resistance to water and fat penetration and low consumption of carbon dioxide during

production. However, polylactic acid has disadvantages such as hydrophobicity, fragility at room

temperature, low thermal resistance, slow degradation rate, permeability to gases, lack of active groups

and chemical neutrality. To overcome the limitations of PLA, such as low thermal stability and inability to

absorb gases, nanoparticles such as graphene are added to improve its properties. Extensive research

has been done on the introduction of graphene nanoparticles in PLA, and all of these studies have been

studied. In this study, we intend to study a comprehensive study of the effect of graphene nanoparticles

on the mechanical, thermal, structural and rheological properties of PLA/Gr nanocomposites and also

the effect of UV rays on the mechanical properties of PLA/Gr nanocomposites.
1. Introduction

Polylactic acid (PLA) is a linear aliphatic polyester thermoplastic
made from renewable sources such as sugar beet and corn-
starch.1 Methods of preparing polylactic acid are biological and
chemical.2 The advantages of polylactic acid are
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biocompatibility,3, low energy loss, transparency, high strength,
resistance to water and fat penetration and low consumption of
carbon dioxide1 during production. However, polylactic acid
has disadvantages, including hydrophobicity, brittleness at
room temperature, low thermal resistance, slow degradation
rate, permeability to gases, lack of active groups, and chemical
neutrality.4–10

Applications of PLA include medical use for sutures and
surgical implants.10–15 Joints of surgical implants, such as pins
and tubes, are also made of PLA, which breaks down in the
human body within six months to two years.15–18 It is also used
in food packaging18–20 and in the manufacture of disposable
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Fig. 1 PLA structure.66
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appliances,21–24 home appliances and sanitary ware.25–30 For this
reason, PLA is known as a safe and secure plastic. The chal-
lenges of using polylactic acid in competition with industrial
polymers are brittleness, high permeability to gases and water
vapor, low glass transition temperatures, and poor thermal
stability.1

To overcome these limitations, nanoparticles are added to
PLA to improve its properties30–35 one of these nanoparticles is
graphene, which was discovered in 2004 and has unique prop-
erties.36 Improves mechanical properties such as tensile
strength and acts as an impermeable agent for oxygen transfer
even at high temperatures.37 Thus, the addition of graphene as
a reinforcement agent improves the thermal, physical and
mechanical properties of the polymer matrix.38 Graphene has
a hexagonal ring structure made of hexagonal carbon layers
called graphite.39,40 Graphene has outstanding properties such
as high surface area, high yang modulus, fracture toughness
and good thermal conductivity.41

Basically, polymer nanocomposites are polymer-based
composites with at least one thermoplastic or thermosetting
polymer backing phase and one nanometer-reinforcing
phase.42–47 Increasing nano-reinforcements improves ground
phase properties compared to large-scale reinforcements.48–51

These features include:
1. Thermal properties: increase of thermal resistance,

decrease of thermal expansion coefficient, decrease of
shrinkage.

2. Mechanical properties: increase in elastic modulus,
strength, elongation and toughness, increase in abrasion
resistance.

3. Chemical properties: improve chemical resistance.
4. Electrical properties: reduce electrical resistance.
5. Optical properties: reduce oxygen permeability and

moisture.

2. Biodegradable plastics

Today, plastic has an important role and application in human
daily life, such as packaging industries, general industries,
pharmaceutical industries and medical industries. However,
the massive consumption of these produced plastics leads to
environmental pollution. Given this, the need to use materials
that can be decomposed under environmental conditions is
essential.52 Today, bioplastics or biodegradable plastics have
attracted a lot of attention.53 Bioplastics can be extracted from
plant materials such as starch54 or synthetic biodegradable
polymers such as polylactic acid,55 polyvinyl alcohol56–58 and
poly(caprolactone). In addition, the degradation of bioplastics
results in the production of carbon dioxide and water as the
nal product,59–61 which is not harmful to the environment.
Therefore, bioplastics are one of the newest materials that are
classied as environmentally friendly products. However, bio-
plasts have disadvantages such as limited shelf life because they
degrade faster and have less mechanical strength than
conventional plastics.62–68

Biodegradable plastics based on energy resources can be
divided into three broad categories:
© 2023 The Author(s). Published by the Royal Society of Chemistry
1. Natural biopolymers such as carbohydrates, proteins and
lipids derived from plants and animals;68

2. Renewable-based environmental polymers such as
aliphatic polyesters, polycaprolactone polymers, polyvinyl
alcohol and polylactic acid;69

3. Mixtures or composites of these biopolymers.70

3. Polylactic acid

Polylactic acid is a biodegradable Alligative polyester making
from renewable sources such as starch, cotton, beets, corn, rye
our, wheat bran, barley starch, carrot waste, corn ber and
potatoes.1 Lactic acid is made by fermenting corn or potato
starch. The structure of PLA is shown in Fig. 1.

PLA is formed by polymerization. In the polymer synthesis
general method for PLA, lactic acid compression polymeriza-
tion and loop polymerization67 are used. PLA biosynthesis is
shown in Fig. 2.

PLA is currently the most important biodegradable polymer.
PLA is a hydrophobic biopolymer that contains side methyl
groups (–CH3) with a glass transition temperature of 40 °C to
70 °C.8 The tensile strength of PLA is usually in the range of 32
to 53 MPa.68

PLA can be processed by various methods such as injection
molding, blow molding, sheet extrusion and processing. PLA
lms can also be made by various methods such as extrusion
thermal forming, thermal compression and solvent casting.70–76

PLA extrusion is the preferred method of high-performance
production for applications such as packaging. Thermal
compression method is also useful as a processing method due
to its simplicity and ability to produce lms without dissolving.
Solvent casting is commonly used to make biopolymer lms,
which include the steps of solubilization, casting, and drying.
Since PLA is soluble in a variety of solvents such as tetrahy-
drofuran, chloroform, benzene and dioxane, PLA lm can be
prepared by solution casting with any of these solvents.76–81

3.1. Benets of PLA

PLA is an aliphatic polyester made from lactic acid. Biode-
gradable is biocompatible and inexpensive because it can be
produced from renewable sources such as corn or sugarcane.
PLA has several advantages over other biopolymers, such as:
RSC Adv., 2023, 13, 3976–4006 | 3977
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Fig. 2 PLA biosynthesis.67
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1. Lactide monomer is obtained from lactic acid by
fermentation from renewable sources.

2. Its production sources, such as corn elds, reduce the
production of carbon dioxide.

3. Its production saves energy.
4. It can be recycled to alcohol or lactic acid by hydrolysis.
5. PLA can be used in the production of paper hybrid plastic

packaging materials; 6- improves agricultural economy.66
3.2. Application of PLA

Due to its excellent mechanical properties, remarkable trans-
parency and good processing ability compared to other biode-
gradable polymers, PLA is used in various elds such as textiles,
paper coatings, food packaging and medicine.82 PLA is widely
used in biomedicine due to its environmental compatibility
properties. PLA has been extensively studied for tissue engi-
neering and drug delivery systems. For example, this polymer
has several applications in tissue implant engineering and
surgery, such as the production of exible synthetic ligaments,
screws, surgical plates and sutures, as well as in the production
of nanoparticles and micro particles for drug delivery.9,83–86
3.3. Disadvantages of PLA

Some disadvantages such as vulnerability to heat, brittleness,
slow crystal rate, poor mechanical properties and slow degra-
dation rate limit the use of PLA.87,88 Flame retardants and nano
llers are used.89,90 Nano llers are an interesting option,
because by adding a small ratio of them, while maintaining the
other basic properties of PLA, the nal properties can be
improved. Polymer matrix is available. The most commonly
used nano llers are: clay nanoparticles, carbon nanotubes and
nanosilica.86
3978 | RSC Adv., 2023, 13, 3976–4006
4. Graphene
4.1. Physical properties of graphene

For many years, graphene was considered a scientic material,
where the monolayer structure of carbon atoms was merely
a theoretical model for describing the properties of graphene-
based materials such as graphite, fullerenes, and carbon
nanotubes.91–94

Older theoretical predictions, in fact, the study of early two-
dimensional crystals due to thermal uctuations, assumed that
graphene is unstable95–99 because it prevents the formation of
long-distance crystal order at nite temperatures. This idea was
supported by various experimental studies on thin lm layers.
In those samples, the thickness of the apple was reduced by
their instability. Now, in the early 21st century, graphene has
emerged as a real example.27,100–102

Some of the important properties of graphene that have been
reported so far include large surface to weight ratio (for
example, 1 gram of graphene can cover several football elds),
approximate elasticity of 1100 GPa,103,104 fracture toughness of
125 GPa,103,104 high thermal conductivity and high surface area
(2630 m2 g−1)105–111

Since the fabrication of graphene, which consists of one or
more graphite layers with SP2 allotrope bonds of 2D
carbon.112–117 Due to its excellent properties such as thermal
conductivity117–125 and electrical conductivity,126–131 high charge
density,132 mobility,133 optical conductivity134 and mechanical
properties,135 it has become a unique material. The main
building blocks of carbon nanostructures are a graphite layer
with SP2 bonding covalently functionalized carbon atoms in
a hexagonal honeycomb network (Fig. 3), which, when layers of
a single graphite honeycomb network are entrained by a weak
van der Waals bond force, they form a 3D graphite mass.136

When a graphite monolayer forms a sphere, it is known as
a fullerene, and when it orbits its axis, it forms a one-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structures of different carbonmaterials. (a) Fullerene; (b) carbon nanotube; (c) graphene; (d) amorphous carbon; (e) graphite; (f) diamond;
(g) GYs.136
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dimensional cylindrical structure called a carbon tube, and when
two sides form a two-dimensional structure, it is composed of
one or more layers. Shows the formation, called graphite.

A graphite layer is known as a monoatomic graphene with
a single atom, and two or three layers of graphite are known as
a two-layer or three-layer graphene. Graphenes larger than 5 to 10
layers are commonly referred to as low-layer graphene, and gra-
phenes with approximately 20 to 30 layers are called multilayer
graphene, thick graphene, or thin nanocrystalline graphite.
4.2. Graphene synthesis

There are many reports on graphene synthesis, many of which
are based on mechanical peeling of graphite,137,138 reduction of
graphene oxide139,140 and, more recently, chemical vapor
deposition.141–143
4.3. Mechanical peeling

Mechanical peeling is the rst known method in the synthesis
of graphene.144 This is a top-down method in nanotechnology
that produces a longitudinal or transverse pressure on the
surface of a layered structure material using a simple adhesive
tape with an AFM tip to cut a single layer or layer of material into
© 2023 The Author(s). Published by the Royal Society of Chemistry
a single layer. Graphite is formed when layers of monoatomic
graphene are bonded together by van der Waals forces.145
4.4. Chemical peeling

Chemical peeling is the process by which alkali metals are
added to the structure of graphene to separate the multilayer
graphene dispersed in solution.146,147 Alkali metals are materials
that can easily form graphene intermediate structures with
measurement ratios of different graphite elements in alkaline
metals.148
4.5. Chemical synthesis of graphene from reduced graphene
oxide

Chemical synthesis is a top-down indirect graphene synthesis
method, and the rst chemical method is graphene synthesis.
This method involves the synthesis of graphite oxide by
graphite oxidation, the dispersion of graphite akes by ultra-
sonic agent and its reduction to graphene. Three common
methods are available for GO synthesis. Brody method, Meyer
method and Hummers' method. These three methods include
graphite oxidation using strong acids and oxidants. The degree
of oxidation can vary depending on the reaction conditions (e.g.,
RSC Adv., 2023, 13, 3976–4006 | 3979
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temperature, pressure, and stoichiometric type). Hummer149

proposed a method for making graphene by mixing graphite
with sodium nitrate, sulfuric acid, and potassium permanga-
nate, known as the Hummers' method.
4.6. Benets of graphene

Graphene, the new allotropic carbon, due to its remarkable
electronic,150 thermal151 and mechanical104 properties, has been
considered as an excellent mineral ller for the preparation of
polymer-based nanocomposites152,153 with very low loading
materials.88 Applications in nanocomposites, energy storage
devices, various biomedical applications such as gene transfer,
drug delivery, protein release, tissue engineering, imaging,
anesthesia and packaging are some of the applications of gra-
phene.86 Graphene has recently been recognized as a potential
nano ller for the production of polymer nanocomposites.154,155

This material has many properties such as mechanical strength
and thermal conductivity (5000 W m−3 K−1)156 which is much
higher than the certied standards for single wall CNTs. In
addition to the very high level (2630 m2 g−1), these properties
together with gas permeability indicate the future applications
of graphene to improve the mechanical, thermal and gas barrier
properties of polymeric materials.157 Graphene oxide (GO) is
similar to graphene, but has several oxygen-containing func-
tional groups (such as hydroxyl epoxides and carbonyls). The
presence of these polar groups reduces the thermal stability of
nanomaterials, but may be to enhance interaction and
compatibility with a particular polymer matrix.86
5. Polylactic acid and graphene
nanocomposites

Only a small amount of graphene is required to reinforce PLA,
these nanocomposites can be used in medical food preserva-
tives and biomedical technologies.86,158,159
5.1. Methods of preparation of PLA-Gr nanocomposite

A composite is made up of two or more components.160,161

Usually, if the polymer base phase and the other phase use
nanomaterials, that material is called nanocomposite.162,163 In
the case of nanocomposites, mechanical and thermal proper-
ties are increased by adding a small percentage of nanometer
ampliers.164–168 The uniform distribution of the amplier
phase creates a large interface between the nanometer amplier
phase and the matrix ground phase. There are two major
challenges to producing a nanocomposite. In the rst step,
select the nanoparticles in such a way that it creates the
necessary compatibility with the ground phase and also can
create the expected properties. In the second step, a suitable
method for the production of nanocomposites must be selected
so that a suitable distribution of the amplier takes place in the
ground phase.169,170 Preparation of nanocomposites by three
methods of in situ polymerization,171 melt mixing172,173 and
solution,174,175 for polymer nanocomposites has long been
industrially developed and used.
3980 | RSC Adv., 2023, 13, 3976–4006
5.1.1. In situ polymerization method. In situ polymeriza-
tion method, the distribution of nanoparticles is considered.
This method creates a very good interface between the rein-
forcing particles and the ground. Graphene-containing polymer
nanocomposites with high electrical conductivity and low
permeability are prepared by this method.176,177 By surface
modication,178,179 the proper distribution of nanoparticles can
be done uniformly to prevent clumping of the nanometer
components of the nanoparticles and to provide a proper
distribution of the amplier phase.

5.1.2. Melt mixing method. This method involves mixing
polymers and nanoparticles at a high glass transition temper-
ature or polymer melting point. Aer mixing, the mixture is
cooled to the transition temperature of glass and a nano-
composite structure is formed. In this method, due to the
ground melt state, mixers such as single-screw, double-screw
extruders and internal mixers are used. In the melt mixing
method, the establishment of polymer chains will depend on
the proper interaction between the nanoparticles and the
polymer substrate. Melt mixing has limitations for the nano-
composite production process, the most important of which are
the formation of defects and cavities in the eld as well as the
inability to distribute uniformly for particles with different
morphologies.172,173

5.1.3. Solution method. The solution method is based on
the fact that the polymer, solubility and nanoparticles can be
properly distributed in the solvent. In this way, polymer nano-
composites can be produced in two ways. If the polymer
substrate and the nano bers are miscible, the resulting solu-
tion can be cast into a mold and the nanocomposite
produced,180,181 otherwise the nanocomposite mixture is dis-
solved in a solvent and nally the nanocomposites are obtained
by evaporation of the solvent. The solution method mainly
consists of two steps. In the rst step, by mixing the polymer
solution and nano particles distributed in a solvent, the poly-
mer chains are distributed between the nanoparticles. In the
second step, the solvent is obtained by evaporation or precipi-
tation of the nanocomposite.

The solution method is suitable for non-polar polymers, or
polymers with low polarity with nanoparticles.

So far, several graphene polymer nanocomposites prepared
by solution method, melt method182,183 or in situ polymeriza-
tion184,185 have been reported. Among these methods, the solu-
tion method is widely used and can be used to facilitate mixing
and dispersion of graphene due to the low viscosity of the
mixing system in solution. One of the key points in solution
formulation is to use a suitable solvent to create a uniform
composition of polymers and nanollers.186,187

5.1.4. Preparation of PLA/Gr nanocomposite samples.
Chen et al.87 produced a PLA/Gr nanocomposite using a solution
method. In this research, rst graphene oxide was produced by
using Hummers' method and then by annealing it at 1050°,
graphene powder was obtained. The graphene was then
dispersed in chloroform by ultrasonic method at a concentra-
tion of 0.2 mg ml−1 by ultrasonic for 2 hours and le in the
same state for one month to determine whether the graphene
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different PLA-Gr nanocomposite samples preparation method

Name Year Sample preparation method

Chen et al.87 2011 Dissolve graphene in chloroform by ultrasonic for 2 hours, keep for 1 month in the
same state, add PLA and chloroform mixture to graphene-chloroform mixture, dry
samples for 12 hours in a vacuum oven at 75 °C

Chartarrayawadee et al.62 2017 Dissolve 8.91 g of PLA resin in 45 ml THF at 50 °C, dry in an oven vacuum at 70 °C for
12 hours, dissolve 009 g of graphene oxide by sonication in 30 ml, THF for 30 minutes,
mix graphene oxide solution with PLA solution, prepare PLA-GO composite lms by
a hot pressure process by pressing and heat the powder for 60 minutes at 180 °C

Valapa et al.157 2015 Dissolve 0.95 g of PLA in 30 ml, chloroform by continuous shaking for 2 hours,
disperse graphene by weight ratios (0.1, 0.1 and 0.5) wt% in 20 ml, chloroform in
sonication bath for 30 minutes, adding the two solutions together and placing the
sonication bath for 15 and 30 minutes, drying the solution on Teon plates for 24
hours

Chan et al.191 2015 Dry PLA at 105 °C for at least 4 hours before use, dissolve GO in acetone solvent and
then chloroform for 20minutes and sonicate and homogenize, dissolve PLA at 40 °C in
chloroform, add suspension GO in chloroform to solution to achieve weight ratios (0.1,
0.2, 0.3, 0.4 and 0.5), drying in an oven at 35 °C
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was lumpy. Aer one month, a mixture of PLA and chloroform
was added to the graphene-chloroform mixture, and nally the
obtained samples were dried in a vacuum oven at 75 °C for 12
hours and kept in a desiccator until use.

In a study by Chartarrayawadee et al.,62 in the rst stage,
8.91 g of PLA resin in 45 ml of tetrahydrofuran (THF) was
shaken continuously at 50 °C until the PLA was completely
dissolved in a vacuum oven at 70 °C was dried for 12 hours.
0.09 g of graphene oxide was dissolved by sonication in 30 ml,
THF for 30 minutes at room temperature. Graphene oxide
solution (GO) was mixed with PLA solution and a powder
mixture was prepared. PLA-GO composite lms were made by
a hot pressing process that involves compressing and heating
the powder for 60 minutes at 180 °C.

Valapa et al.157 initially dissolved 0.95 g of PLA in 30 ml of
chloroform by continuous shaking for 2 h. Graphene was
dispersed in the sonication bath for 30 minutes at weight ratios
(0.1, 0.3 and 0.5%) by weight in 20 ml of chloroform.

The two solutions were then added and placed in a sonica-
tion bath for 15 to 30 minutes. The resulting solution was then
placed on Teon plates for 24 hours to dry. The dried composite
lms were carefully separated and the resulting lms were dried
at 40 °C for 12 hours and stored in impermeable bags.

Zhan et al.188 prepared nanocomposite lms (PLA-ODAG)
(alkylated graphene sheets) by a solution method using chlo-
roform solvent. The ODAG was dispersed for 30 minutes at
room temperature in 5 mg ml−1 chloroform in an ultrasonic
bath. PLA was also dissolved in chloroform at room tempera-
ture. A quantity of ODAG-CHCL3 was then added to the PLA
solution under sonication. Pour the homogeneous solution into
a clean glass plate to obtain PLA-ODAG lms for one hour, and
allow the solvent to dry completely in a vacuum at 48 °C for 48
hours. PLA-ODAG nanocomposite lms with thickness (30 mm)
were made with a weight percentage of 0.1–1.

Huang et al.82 prepared nanocomposite lms with values (0–
0.25–0.5–1–2) weight percent. First, GONS (graphene oxide
nanobers) was added to 200 ml of N–N dimethylformamide
© 2023 The Author(s). Published by the Royal Society of Chemistry
(DMF) solvent and formed a stable and uniform suspension by
ultrasonic at room temperature for 2 hours. 10 g of PLA granules
were added to 200 ml of DMF. Homogeneous PLA-GONS solu-
tion was added to a large amount of water and the accumulated
material was precipitated. Aer accumulation, they were sepa-
rated by ltration and dried in an oven at 60 °C. The lms were
then prepared by compression molding and cooled to room
temperature at 10 MPa for 5 minutes.

Kuang et al.,189 PLA-GO (graphene oxide) nanocomposites
were prepared using N–N dimethylformamide (DMF) solvent.
PLA was completely dissolved in DMF at a concentration of
100 mg ml−1 with the help of an agitator and an ultrasonic bath
at 80 °C for 4 hours. The desired amount of GO was also added
to the DMF. Aer homogeneous mixing, the solvent was evap-
orated at 105 °C for 24 hours in a vacuum and the PLA-G0
nanocomposite lm was dried at 80 °C in a vacuum oven. GO
to PLA ratios are 0.2, 0.4, 0.6, 0.8 and 1 wt%.

Kim et al.190 rst dissolved the PLA resin in THF solvent
magnetically to obtain a homogeneous solution. Then some GO
suspension in water was added to the PLA solution. The PLA-GO
solution was placed in a sonication bath for 15 minutes to
precipitate a layer of graphite. The resulting solution was
dispersed homogeneously on the glass layer using a microm-
eter. The lms were then dried for 60 minutes at 60 °C in
a vacuum oven. Aer the drying process, a thin sheet of PLA-GO
lm was carefully removed from the glass substrate.

Chan et al.191 for the production of PLA nanocomposite lm
reinforced with graphene oxide. The PLA was rst dried at 105 °
C for at least 4 hours before use. GO is rst dissolved in acetone
solvent and then chloroform and sonicated and homogenized
for 20 minutes. PLA was dissolved in chloroform at 40 °C until
all granules were dissolved. Amounts of GO suspension in
chloroform were added to the solution to obtain weight ratios
(0.1, 0.2, 0.3, 0.5). The resulting suspensions are poured into
a special container and dried in an oven at 35 °C.

Zhao et al.192 developed the PLA/GO nanocomposite using
the following steps. PLA was rst dissolved in chloroform and
RSC Adv., 2023, 13, 3976–4006 | 3981
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Fig. 4 FE-SEM images of (a) PLA-GR composite (low magnification) (b) PLA-GR composites (high magnification) and (c) TEM image of PLA-GR-
0.1. (T = 25 °C).157
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then rapidly poured into methanol and nally dried under
vacuum before use. GO was produced in the laboratory from
natural graphite according to the modied Hummers' method.

In the process of preparing a sample of PLA/GO composites,
GO was dispersed in THF by ultrasonic for 90 minutes at room
temperature. A certain amount of PLA was also dissolved in THF
at a concentration of 100 mg ml−1. The PLA solution with
a volume of 20 ml and the GO solution with 10 ml of THF are
mixed and mixed with a magnetic stirrer to form a homoge-
neous mixture. In Table 1, the sample preparation methods
discussed in the articles are presented in the form of a table.
6. The effect of nanoparticles on the
properties of PLA matrix
6.1.Morphology of samples

Using TEM and FE-SEM images in Fig. 4, Valapa et al.157 found
that graphene with a corrugated structure was homogeneously
dispersed in the PLA matrix and no aggregation was observed in
the nanocomposite.

Chartarrayawadee et al.62 examined the surface topography
and morphology of GO-, GO-GO-SA1: 3, SA1: 1, and GO-SA1: 5
using SEM at magnication of 1000× and 5000× (Fig. 5). At
3982 | RSC Adv., 2023, 13, 3976–4006
high magnication, they observed wrinkles on the GO surface.
When stearic acid (SA) is added, GO appears to be encapsulated
by stearic acid. PLA-GO, PLA, GO-SA1: 3, GO-SA1: 1 and GO-SA1:
5 failure levels were also observed. PLA-GO fracture surfaces
PLA is quite rough and has many holes and brittle failure with
some heterogeneous phases of GO in the PLA matrix. Samples
containing stearic acid have soer levels and the refractive
index is so, indicating that GO is more compatible with PLA
due to the presence of stearic acid.

Wu et al.193 examined the surface topography and
morphology of PLA/nGO@starch10, PLA/nGO@starch20, and
PLA/nGO@starch30 using SEM (Fig. 6). At high magnication,
they observed wrinkles on the GO surface. When stearic acid
(SA) is added, GO appears to be encapsulated by stearic acid.
PLA/nGO@starch10, PLA/nGO@starch20, PLA/nGO@starch30
failure levels were also observed. PLA-GO fracture surfaces
PLA is quite rough and has many holes and brittle failure with
some heterogeneous phases of GO in the PLA matrix. Samples
containing stearic acid have soer levels and the refractive
index is so, indicating that GO is more compatible with PLA
due to the presence of stearic acid.

Valapa et al.,157 using morphological images in Fig. 7,
observed that the dispersion of graphene sheets in the polymer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cross-sectional SEM images of composite films at 1000×magnification of (a) PLA, (b) PLA-GO, (c) PLA-GO-SA1:1, (d) PLA-GO-SA1:3, and
(e) PLA-GO-SA1:5.(T = 25 °C) (this figure has been adapted from ref. 62 with permission from Wiley, copyright 2015).
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matrix and the formation of bonds with each other increase the
physical and mechanical properties of composite materials.

Using SEM images, Zhang et al.188 found that pure PLA had
smooth fracture surfaces with a number of cracks, indicating
brittle fracture behavior at low temperatures. PLA-ODAG is
relatively coarse and dense due to the interfacial stress of PLA
and ODAG. The SEM image of the fracture surface of polylactic
acid and related composites is shown in Fig. 8.

Using SEM images, Huang et al.82 observed smooth refractive
levels in pure PLA and very rough surfaces in PLA-GONS
nanocomposites. They also found that GONS were held very
tightly in the polymer matrix, a result that could be attributed to
the excellent compatibility or strong adhesion between the
GONS and the PLA matrix due to the hydrogen bond between
the oxygen-containing groups on the GONS layer and the ester
groups in the PLA molecular chain.

Kuang et al.189 studied the microstructure of GO synthesis
using TEM and AFM. The FTIR results clearly show that
different types of oxygen-containing active groups on GO are
presented.

Kim et al.190 compared the structure of graphene oxide and
low functionalized graphene oxide (LFGO) using TEM images
and XRD analysis and found that the distribution of graphene
in graphene oxide was better than LFGO and the resulting
nanocomposite has a more interlayer structure than LFGO.
Also, with increasing graphene, the number of accumulated
layers increases.
© 2023 The Author(s). Published by the Royal Society of Chemistry
6.2. Thermal behavior and crystallization of PLA
nanocomposites

Using DSC analysis, Chen et al.87 the addition of graphene to the
PLA matrix had a slight change in melt temperature Tm and was
slightly higher than pure PLA, indicating that graphene could
reduce the mobility of polymer chains. Also, the cold crystalli-
zation temperature of the nanocomposite shis to higher values
compared to pure PLA.

Chen et al.88 continue the previous work by studying the PLA/
Gr microstructure under non-isothermal crystallization. In this
study, the cooling rate in the DSC test was not the same and
varied from 0.5 to 4 °C min−1. Its diagram can be seen in
reference number 47. It is clear that as the cooling rate increases,
the TP and TC temperatures decrease. He also attempted to
model the asynchronous crystallization of PLA/Gr nano-
composites using Qzawa Avrami models, and the model devel-
oped by Olivier et al.,66 which was only possible with the latter
method. DSC thermograms of different PLA nanocomposites
shows in Fig. 9.

Chartarrayawadee et al.,62 from observations of DSC analysis
(Fig. 10), found that the addition of GO did not affect Tg and Tm;
Addition of stearic acid reduces Tm and Tg because it has
a emollient effect and increases the compatibility of GO parti-
cles with the PLA matrix, which leads to a nucleation effect in
the matrix. Nanoparticles in the matrix act as nucleating centers
for crystallization, but only if the nanoparticles are well
dispersed and have minimal interphase adhesion to the PLA
RSC Adv., 2023, 13, 3976–4006 | 3983
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Fig. 6 SEM images of the cross sections of PLA/nGO@starch10 (a and a1), PLA/nGO@starch20 (b and b1), and PLA/nGO@starch30 (c and c1)
after tensile breakage. (T = 25 °C)193
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matrix. DHm results here show that there is a link between
compatibility and crystallizability and that the coating of stearic
acid on the GO particles can enhance both.

Using DSC analysis, Valapa et al.157 observed in Fig. 11 that
the addition of graphene to the PLA matrix increased the melt
temperature Tm and that Tg did not change compared to pure
PLA. In addition, by increasing graphene to 03, the percentage
of crystallinity increases. At higher amounts of graphene, the
crystallinity percentage decreases, which is probably due to the
poor accumulation and dispersion of graphene in the PLA
matrix. Improving PLA crystallization by adding graphene is
due to the presence of smaller graphene plates, which can
facilitate the crystallization process of PLA.

Zhang et al.188 using DSC images for pure asynchronous
crystallization of pure PLA and PLA-ODAG nanocomposites
observed that the addition of ODAG could reduce the cold
crystallization temperature of TC. The presence of ODAG
increases the cold crystallinity of PLA, which is probably due to
the effective nucleation effect of ODAG for Taylor PLA.
3984 | RSC Adv., 2023, 13, 3976–4006
Limitation of increased PLA crystallization at high ODAG values
of more than 0.6 wt%may be due to ODAG accumulation, which
reduces the number of nucleating sites. Tm and Tg are almost
unchanged from pure PLA.

Huang et al.82 examined the Taylor behavior of PLA GONS
nanocomposites. They observed that at the beginning of
melting an endothermic peak appears, which is the peak of
625 °C, which corresponds to Tg for pure PLA, which is probably
short due to its regular structure. Adding GONS affects cold
crystallization. Increasing the GONS rate decreases the peak
height at low temperatures, but increasing the altitude indi-
cates that the crystals are larger and a melting mechanism is
formed due to the heterogeneous nucleation of the GONS.

Kuang et al.,189 using the DSC curves (Fig. 12), no cold crystal-
lization peak was observed for pure PLA and the melting peak was
weak, but when the GO returned the cold Taylor temperature of
the TC increased, indicating that the scattered GO plates were due
to the nucleation effect. They cause crystals. At 1% by weight the
crystallization is reduced due to the effect of GO accumulation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images for cryo-fractured surfaces of the (a) neat PLA, (b) neat PBS, (c) pristine PLA/PBS (90/10) blends, (d) PLA/PBS/MFCEPI (90/10/
1), (e) PLA/PBS/MFC-EPI (90/10/2), (f) PLA/PBS/MFC-EPI (90/10/3), (g) PLA/PBS/MFC-EPI (90/10/4), and (h) PLA/PBS/MFC-EPI (90/10/5) (T= 25 °
C) (this figure has been adapted from ref. 194 with permission from ACS, copyright 2020).

Fig. 7 Uniform distribution of graphene particles in the PLA matrix using a light microscope (T = 25 °C).157
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Kim and colleagues,190 using the DSC analysis, found that
increasing the amount of GO increases Tg, which this ampli-
fying effect may lead to small mobility of PLA chain molecules.
Graphene nanobers as a nucleating agent increase the crys-
tallization rate.

Rhim et al.70 studied the effect of PLA lm fabrication
method on the thermal behavior and crystallization of the
sample. According to Fig. 13, he observed that the Tg and Tc
values of PLA lms prepared by the solvent casting method are
much lower than the corresponding values in the thermal
© 2023 The Author(s). Published by the Royal Society of Chemistry
compression method. The reduction of Tg of PLA lms of
solvent casting is related to the soening effect of the solvent.
Such a decrease in Tg explains the changes in the mechanical
properties and permeability of PLAs produced by the solvent
method. In general, themechanical properties and permeability
of polymers are affected by Tg to any particular degree.

Zhao et al.192 the melting temperatures of the two composites
were both slightly lower than those of pure PLA. The crystallinity
of the composites was also lower than that of pure PLA.
RSC Adv., 2023, 13, 3976–4006 | 3985
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Fig. 9 DSC thermograms of (a) PLA; (b) PLA/15%nHA; (c) PLA/15%
nHA-1%GO; (d) PLA/15%nHA-2%GO and (e) PLA/15%nHA-3%GO.195

Fig. 10 DSC thermograms of PLA, PLA-GO, and PLA-GO-SA films (this
figure has been adapted from ref. 62 with permission from Wiley,
copyright 2015).

Fig. 11 DSC test results for PLA-Gr nanocomposites.157

Fig. 12 DSC images for pure PLA and PLA-G0 nanocomposites (this
figure has been adapted from ref. 189 with permission from ACS,
copyright 2014).
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Lim et al.69 did not observe any peak of cold crystallization
for the pure PLA sample due to the low crystallization rate of
the PLA. In other words, at the applied cooling rate, the
chains did not have the opportunity to crystallize and form
crystals. By adding graphene nanoparticles, a peak of crys-
tallization was observed, which means induction of crystal-
lization with graphene particles in PLA. The main reason for
this phenomenon is the increase in heterogeneous
nucleation.
6.3. Spherolite growth behavior

Zhang et al.22 using the POM images found that the addition of
graphene signicantly affected the morphology of the spher-
olite, the size of the spherolite decreased with increasing gra-
phene, and graphene acted as a nucleating agent.

Patel et al. investigated196 the crystallization behavior and
spherulitic morphology of the neat polymers and their blends
using POM, with the results shown in Fig. 14. Their result
3986 | RSC Adv., 2023, 13, 3976–4006
shown that the PLA shows no spherulites (Fig. 14a) under the
given conditions, conrming the amorphous structure of the
PLA. In contrast, the PHB lm exhibited a crystalline phase
(Fig. 14e) with large spherulites with a diameter of approxi-
mately 1 mm grown in helical strands radiating from the
nucleation point. For the blends, mixing of PLA and PHB
resulted in the formation of smaller spherulites, except for the
90 : 10 blend (Fig. 14b), where the blend did not show any
spherulites, possibly due to the low PHB content that is insuf-
cient to produce spherulites. The 75 : 25 blend shown in
(Fig. 14c) demonstrates many very small spherulites (#8 mm)
that are well-dispersed in the matrix, whereas the 50 : 50 blend
(Fig. 14d) has a larger spherulite size (#46 mm) and forms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 DSC curve of PLA films prepared by solution methods and
thermal compression (this figure has been adapted from ref. 70 with
permission from Wiley, copyright 2006).

Fig. 15 Changes in yield strength in terms of graphene nanoparticles
(T = 25 °C).157
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a continuous phase. This nding shows that the size of spher-
ulites increased with the amount of PHB present in PLA. The
formation of a large number of relatively small spherulites in
the 75 : 25 blend may be ascribed to the number of nucleation
sites of the spherulites that is high enough to obstruct the
growth of large spherulites.
Fig. 14 Polarized optical micrographs of melted films on the hot stage
crystallization, (c) 75 : 25 small crystallites well-dispersed in the PLA matri
spherulite size compared to the blends. (T = 90 °C) (this figure has been

© 2023 The Author(s). Published by the Royal Society of Chemistry
To demonstrate the greater nucleation effect of ODAG on
PLA crystallinity, Zhang et al.188 investigated the isothermal
crystalline morphology of pure PLA and its nanocomposites at
120 °C with POM. They observed that, for example, pure PLA,
the size of the spherolites is relatively large, and with the
addition of ODAG, the number of spherolites increases signif-
icantly and their size decreases. The morphology of the spher-
olite clearly conrms the nucleation effect of ODAG with DSC
results.
showing the crystallization of (a) pure PLA, (b) 90 : 10 with no visible
x, (d) 50 : 50 with large spherulites, and (e) pure PHB showing very large
adapted from ref. 196 with permission from ACS, copyright 2022).

RSC Adv., 2023, 13, 3976–4006 | 3987
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Fig. 16 Study of stress–strain diagram (T = 25 °C).195
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6.4. Mechanical properties

Improving the mechanical properties using nanoparticles is
completely dependent on the amount of nanoparticles added.
Chartarrayawadee et al.62 investigated the effect of GO and SA
bonding on mechanical properties, tensile strength, elongation
and modulus for specimens. They observed that the addition of
GO alone did not have a signicant effect on the tensile strength
of pure PLA, instead the addition of stearic acid increased the
tensile strength. Sample 1 : 1 PLA-GO-SA has the highest tensile
strength due to the improved compatibility of GO with PLA due
Fig. 17 Tensile behavior of electrospun PLA/QDmembranes. (a) Typical s
elastic modulus, and (d) elongation at break as a function of QD loadings
has been adapted from ref. 197 with permission from ACS, copyright 20

3988 | RSC Adv., 2023, 13, 3976–4006
to SA alkyd hydromatic chains. In Fig. 15, Valapa et al.157

observed the highest tensile strength and elongation at 0.1-PLA-
Gr composite by performing a tensile test. However, with
increasing amount of graphene, tensile strength and elongation
had a decreasing trend due to the accumulation of graphene
particles and their agglomeration.

Chen et al.,195 according to Fig. 16, observed that pure PLA lm
behaves normally brittle, while nanocomposite lm shows so
failure behavior. The results show that PLA is strengthened and
strengthened by oxide (GO) and a nano hydroxyapatite rod (nHA).
Due to the structure between the ller surface and the matrix;
Young's modulus and tensile strength increase and elongation
decrease. Under tensile loading, an interfacial reaction takes
place between GO and PLA, causing fuzzy separation. This fuzzy
separation not only increases the deformation energy for failure,
but also causes the brittle transition to soness and crack
deection. Aer tensile testing, the specimens have completely
different failure levels. The increase in modulus and strength
with GO values from 0–3% by weight is signicant.

Huan et al.197 observed in Fig. 17 that the tensile strength
during fracture and the tensile modulus improved with
increasing nanocarbons. The combination of graphene nano-
bers reduced elongation at break. Due to the elongation
properties of the nanocomposite prepared in this study, it is
suitable for packaging.

Rostami et al.198 the mechanical properties of PLA, PLA +
GnPs and CNTs were evaluated using tensile tests. Fig. 18 plots
tress–strain curves for the composite membranes. (b) Tensile stress, (c)
. The average values and error bars are marked. (T = 25 °C) (this figure
21).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a) Tensile strength, (b) tensile modulus and (c) elongation at break of hybrid filler nanocomposites with different fGnPs:fCNTs ratios at
overall concentrations of 1 wt% (T = 25 °C).198

Fig. 19 Young's modulus of composite with various filler contents (a)
CNC and (b) GO (T = 25 °C).191 Fig. 20 Tensile strength of composite with various filler contents (a)

CNC and (b) GO (T = 25 °C).191
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the tensile modulus and strength, and the fracture strain of the
hybrid ller nanocomposites as a function of the mix ratios at
the overall ller concentrations of 1 wt%. The hybrid ller
nanocomposites show a positive deviation in the tensile
© 2023 The Author(s). Published by the Royal Society of Chemistry
modulus and strength when compared with the mixture law
(the dashed line).

The effect of graphene oxide content on the mechanical
properties of PLA was studied by Chan et al.191 It is clear that the
RSC Adv., 2023, 13, 3976–4006 | 3989
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Fig. 21 PLA stress–strain curve (T = 25 °C). (This figure has been adapted from ref. 70 with permission from Wiley, copyright 2006).

Fig. 22 Strain stress curve (T = 25 °C) (this figure has been adapted
from ref. 199 with permission from Elsevier, copyright 2015).

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 4

:1
4:

32
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
changes in yield stress and Young's modulus are not uniform
and decrease rst and then increase. The results of this study
can be seen in Fig. 19 and 20.

Rhim et al.70 compared PLA lms prepared by heat-
compression method and solution method. Fig. 21 shows the
stress–strain curve of pure PLA produced by these two methods.
According to the diagram, it is quite clear that with the heat-
compression method, the yield stress and strength of the
material increase, but the stiffness of the material decreases.

In Fig. 22, the stress–strain curves of Nuona et al.199 obtained
pure PLA, starch and PLA, starch and graphene oxide, and PLA
3990 | RSC Adv., 2023, 13, 3976–4006
and observed that the CS-GO/PLA composite had the highest
strength because graphene oxide acts like a bridge for PLA and
starch bonds.
6.5. Thermal properties

Rostami et al.198 investigated the thermal stability of PLA-GR
nanocomposites, which in Fig. 23 they observed improved by
adding graphene to the pure sample.

Using TGA analysis, Valapa et al.157 found that the main
process of thermal degradation of PLA begins mainly at
temperatures above 300 °C, which is mainly attributed to the
esterication of the transformer (discontinuity reaction). The
results in Fig. 24 clearly show that the 0.5-PLA-GR composite
improves thermal stability over pure PLA by about 6 °C.

Huang et al.82 used TGA to study the thermal stability of pure
PLA and GONS nanocomposites. Fig. 25 shows that strong
adhesion between the GONS and the PLA matrix can limit the
mobility of the PLA chain in the vicinity of the GONS surface,
resulting in excellent thermal stability of the PLA matrix.

Kim et al.,183 using TGA analysis, observed in Fig. 26 that
thermal stability increases with increasing GO value.
6.6. Optical transparency

Minimizing optical transparency is important in the develop-
ment of the packaging industry by increasing the gas imper-
meability performance. Photochemical degradation of plastic
occurs when exposed to high energy UV-B radiation. Valapa
et al.,157 by examining a wavelength range of 700–200 nm in
Fig. 27, observed that for pure PLA lm, 72% of the light
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 (a) TGA, (b) DTG, and (c) DTA curves diagram for pure PLA and different amounts of graphene.198

Fig. 24 TGA diagram for pure PLA and its nanocomposite sample with
different amounts of graphene.157

Fig. 25 TGA diagram of pure and nanocomposite PLA samples with
different GONS values (this figure has been adapted from ref. 82 with
permission from Elsevier, copyright 2014).
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transmission occurs. Aer adding graphene to the PLA matrix,
the transparency of PLA lms decreased. The highest degree of
transparency was observed for 0.5-PLA-GT nanocomposite lm.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The transparency of PLA and nanocomposites of PLA and
graphene oxide as well as PLA and graphene nanosheets (GNP)
has been investigated in ref. 86. In this study, it was observed
RSC Adv., 2023, 13, 3976–4006 | 3991
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Fig. 26 TGA diagram of pure and nanocomposite PLA sample with
0.5% by weight of graphene oxide (this figure has been adapted from
ref. 183 with permission from ACS, copyright 2008).

Fig. 27 Optical transparency image of PLA and PLA-Graphene
nanocomposite (T = 25 °C).157

Fig. 28 Percentage of light passing through PLA and PLA/GONS
nanocomposites in terms of UV light wavelength (T= 25 °C) (this figure
has been adapted from ref. 82 with permission from Elsevier, copyright
2014).
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that with increasing ller, the samples become duller. Gra-
phene oxide also has a higher transparency than graphene
nanosheets. The transmittance of samples: PLA = 92, GO
0.2 wt% = 81, GO 0.4 wt% = 76, GO 0.6 wt% = 72, GNP 0.2 wt%
= 55, GNP 0.4 wt% = 24, GNP 0.6 wt% = 23.

In a study by Huang et al.,82 the percentage of light passing
through PLA and PLA/GONS nanocomposites was obtained in
terms of UV wavelength (Fig. 28). As the wavelength increases,
the light transmitted through pure PLA increases, while for PLA/
GONS nanocomposites the light transmittance changes are very
small in terms of wavelength.

Kim et al.183 investigated the possibility of using graphene oxide
nanocomposite lms in food packaging lm and evaluated the
degree of optical transparency. They observed that the addition of
GO reduces the transparency of the nanocomposite lm due to the
increase in light scattering. Its photo can be seen in ref. 174.
3992 | RSC Adv., 2023, 13, 3976–4006
6.7. Rheological properties

To investigate the effect of GO on rheological properties, Kuang
et al.189 measured and analyzed the storage modulus (G′), the
loss modulus (G′′), and the complexity viscosity (h*) and
observed that G′ and G′′ were higher in PLA/GO nano-
composites. It is pure PLA and increases with increasing
amount of GO. Differences in low-angle frequencies increase
the elasticity of PLA/GO nanocomposites relative to pure PLA
due to the amplifying effect of GO nanoller, which forms
networks bonded to a polymer matrix. The logG′ versus' logG′′ is
also shown in Fig. 29. The slope of this curve is almost indica-
tive of the isotropic and homogeneous properties of the polymer
melt, and the transition and slope change means that a signi-
cant change in the structure of the composites has occurred. It
can be seen that the slope of log G′ against’ log G ′decreases with
increasing value of GO, indicating that the composites have
become more heterogeneous and also indicating that there has
been a signicant change in the structure of PLA/GO nano-
composites. The changes in complexity (h*) viscosity of PLA and
PLA/GO nanocomposites are also shown in Fig. 26. It can be
seen that pure PLA and 0.2% PLA/GO show the typical New-
tonian liquid pattern, h* remains approximately the same at
a wide range of angular frequencies. As the value of GO
increases, h* nanocomposites gradually decrease with
increasing angular frequency. These results show that the
addition of GO can gradually change the rheological behavior of
nanocomposites from Newtonian liquid behavior to plastic-like
liquid behavior.

6.8. X-ray diffraction spectroscopy

Wu et al.193 investigated the crystal structure of PLA and
PLA@starch and PLA/nGO@starch nanocomposites using X-
ray diffraction. X-ray diffraction patterns PLA and PLA@s-
tarch and PLA/nGO@starch are shown in Fig. 30. In addition,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 Rheological properties of PLA and PLA/GO composites (T= 175 °C) (this figure has been adapted from ref. 189with permission fromACS,
copyright 2014).

Fig. 30 2D-WAXD images (a) and 1D-WAXD intensity curves (b) of pure PLA, PLA/starch composites and PLA/nGO@starch composites; each
composite type has a starch concentration of 10%, 20% and 30%.(T = 25 °C).193

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 3976–4006 | 3993
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Fig. 31 Shows the XRD patterns of the pristine and functionalized GnPs, neat PLA, and single and hybrid nanofillers filled PLA (T = 25 °C).198
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1D WAXD intensity proles were extracted. As shown in
Fig. 30a, a weak halo was shown in pure PLA and PLA/starch
composites, indicating an almost amorphous PLA phase.
This agrees with the 1D-WAXD curves, where only wide
amorphous peaks were seen (Fig. 30b). It is interesting to note
that PLA/starch30 exhibits several individual circles and shows
weak signals in the 1D-WAXD curve. This should be due to the
higher concentration of starch, which provides the crystalline
structure and attributes to the sharp peak. For the composites
Fig. 32 XRD pattern of PLA material and PLA/GO nanocomposites (T =

3994 | RSC Adv., 2023, 13, 3976–4006
containing nGO, circles appeared and became clearer with
increasing concentrations. Two distinct diffraction peaks were
observed and were typically located at 2q = 16.7° and 19.0°.
These peaks are assigned to the lattice planes (200)/(110) and
(203) of the a-crystal form of PLA.

Kim et al.190 also studied the structural properties of PLA and
PLA/Gr nanocomposites using the patterns created in XRD. By
comparing the obtained results with the XRD pattern of pure
graphite, a change in the structure of the molecules in the
25 °C).191

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites has been observed. The marked PLA peaks are
shown in Fig. 31, 2q = 16.3, 19.1, and 26.4. Fig. 31 shows the
XRD patterns of the pristine and functionalized GnPs, neat PLA,
and single and hybrid nanollers lled PLA.

Ref. 191 also shows XRD patterns of PLA and PLA/GO
nanocomposites in Fig. 32. He observed that the peaks in
nanocomposites are in the range of about 3% compared to pure
PLA, which may be due to the very small amounts of llers.
6.9. The effect of UV rays on the properties of polymers

No research has been done on the effect of UV radiation on the
properties of PLA/Gr nanocomposites or on PLA polymer. The
following are some studies on other polymers. Oluz et al.200

investigated the effect of UV rays on the mechanical properties
and degradation of polyethylene and observed that the addition
of vanadium acetone, serpentine and Cloisite 30B accelerates
the reduction of elongation with increasing time. Nikafshar
et al.201 also studied the effect of UV radiation on the rate of
degradation and mechanical properties of epoxy resins and
observed that with exposure to UV for 800 hours, yield stress of
30%, refractive index of 36% and Young's modulus of about
decreased by 1%.
Fig. 33 Comparison of thermophysical properties of pure PLA, PLA fille
thermal conductivity (l), thermal diffusivity (a), and specific heat capacit

© 2023 The Author(s). Published by the Royal Society of Chemistry
6.10. Thermophysical properties as function of temperature

Giovanni Spinelli et al.202 examined experimental and simula-
tion studies of temperature effect on thermophysical properties
of graphene-based polylactic acid. Fig. 33 from (a) to (c) (3D view
on the le and 2D graphics on the right) depict the thermal
conductivity (l), the thermal diffusivity (a), and specic heat
capacity (Cp) as a function of GNPs content and of the temper-
ature in the range between 298.15 and 373.15 K. More in detail,
Fig. 30a shows the comparison of the thermal conductivity of all
samples. A clear increase in thermal conductivity with
increasing ller content is observed. In fact, at the temperature
of 298.15 K, the thermal conductivity for the pure PLA is
0.173WmK−1, whereas for PLA with 6 wt% of GNPs reaches the
value of 0.470 W m K−1, which corresponds to a signicant
improvement of about 171%.

Therefore, since classical thermally insulating materials
show a thermal conductivity of the order of 10−3 (W m−1 K−1),
the proposed nanocomposites, in light of the measured values
of conductivity and in combination with the other benets
typical of polymer materials, can be considered suitable for
potential heat transfer applications.

With reference to the temperature inuence, the thermal
conductivity increases slightly as it increases, at least in the
d with 3 wt% GNPs and PLA reinforced with 6 wt% GNPs in terms of
y (Cp) in (a–c), respectively.202

RSC Adv., 2023, 13, 3976–4006 | 3995
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investigated temperature range. This is because, with
increasing temperature, the molecular vibrations increase, thus
leading to a higher phonon propagation and hence to a higher
thermal conductivity.

However, the temperature has a great impact on the thermal
conductivity of nanoreinforced polymers due to different mech-
anisms such as scattering mechanism, changes in specic heat,
polymer chain orientation, and so on. In brief, up to a certain
temperature, these inuencing parameters favor the thermal
conductivity, which will start to progressively increase with the
temperature. Differently, at higher temperatures, mainly due to
the anharmonic scattering and changes in the molecular
morphology, a balance (or also a worsening) between phonon
propagation and its scattering is reached and, consequently, it is
expected that the thermal conductivity reduces with temperature.

Differently, as can be noted from Fig. 30b, the thermal
diffusivity decreases with increasing temperature. In particular,
the change in slope between 313.15 and 353.15 K is caused by
the glass transition (which is expected around 333.15 K). The
glass transition is also indicated in the specic heat determi-
nation by a step (Fig. 33c). By comparing these trends all
together (Fig. 33a–c), it is interesting to note how the temper-
ature dependence for the conductivity, at least in the investi-
gated range, presents a sweet prole that becomes slightly more
marked for diffusivity, whereas it is clearly evident for the
specic heat capacity.

Adesina, O. T., et al.203 examined the inuence of process
parameters of Spark plasma sintering (SPS) technique on the
Fig. 34 Dynamic mechanical properties of neat PLA and pGNP/PLA nano
factor, and (c) loss modulus.205

3996 | RSC Adv., 2023, 13, 3976–4006
densication and hardness properties of graphene (GNP) rein-
forced polylactic acid (PLA) nanocomposite. The numerical
experiment was designed in accordance with response surface
methodology (RSM) using central composite design (CCD). Five
percent GNP were used as reinforcement in the polylactic acid
matrix at varying conditions of temperature and pressure for the
physical experiment. The validation of the developed model, as
well as the effect of each variable and their interaction, was
analyzed using the analysis of variance (ANOVA). Taking the
material hardness and density as the response of the designed
experiment, the data obtained from both the numerical and
physical experiment were statistically analyzed to obtain
a predictive model which correlates the hardness and density as
a function of the independent process parameters.

They presented a quadratic model used to predict the density
property of PLA/GNP nanocomposite as a function of tempera-
ture (A) and pressure (B), based on this model, the density
decreases with increases temperature.

Density = 1.28 + 3.746 × 10−3 × T + 1.582 × 10−3 × P2.5 × 10−4

× T − 1.063 × 10−3 × T2 + 4.375 × 10−4 × P2
6.11. Effect of temperature on the rheological properties

Wang et al.204 investigated the incorporation of graphitic nano-
ller and poly(lactic acid) in fused deposition modeling. They
presented research results showing that the property of fused
composites as a function of temperature: (a) storage modulus, (b) loss

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07011a


Table 2 Summarizes the results of the research conducted in some articles

Name Year Title Result

Valpa et al.157 2015 The effect of graphene content on
the properties of PLA
nanocomposites

Gr acts as an effective nucleating
agent in enhancing the behavior of
Taylor PLA, improving thermal
stability and reducing transparency.
Provides tensile strength of PLA-GT
composites for loading 0.1% by
weight of GR, which indicates good
adhesion of nanoparticles and the
substrate

Chen et al.87 2011 The effect of graphene deposition
time in chloroform on the structural
and thermal properties of PLAG

Graphene can: reduce the mobility
of polymer chains and has an
inhibitory effect on the PLA
crystallization process. It also leads
to lasting improvement

Pinto et al.9 2012 Investigation of the effect of
graphene oxide and graphene
nanosheets on the mechanical
properties and penetration of PLA
gas

G0 increases the yield stress and the
Young's modulus. Optimal load for
mechanical performance at 0.4 wt%
reduces permeability to oxygen and
nitrogen

Huang et al.82 2014 Impact of graphene oxide
nanobers on the appearance and
permeability of PLA gas

Due to the presence of GONS:
Crystallization increased because
they had a heterogeneous
nucleation effect. Due to the
excellent thermal stability of the
PLA matrix. The variation of
transmitted light is very small in
terms of wavelength, almost no
ultraviolet light can penetrate. The
permeability coefficient of O2 and
CO2 is reduced

Kuang et al.189 2014 Investigation of structural and
rheological properties of PLA/GO
foams

The cold crystallization temperature
T rises. G ′and G′′ in PLAGO
nanocomposites are higher than
specic PLA and increase with
increasing GO value. Adding GO can
gradually change the rheological
behavior of nanocomposites from
Newtonian liquid behavior to
plastic-like liquid behavior

Chartarrayawadee62 2017 Use of stearic acid to improve the
mechanical properties of PLAGO

Addition of stearic acid has
a soening effect, increases the
compatibility of GO particles with
PLA matrix, which leads to
nucleation effect, as well as
increasing tensile strength and
elongation and modulus. The
presence of ODAG increases
crystallinity due to effective
nucleation effect

Zhang et al.192 2015 Investigation of the effect of
operating graphene on the
structural and mechanical
properties of PLA

By mixing 0.4% by weight of ODAG,
the Young's modulus and tensile
strength increase and elongation
decrease. Apples become thicker in
the sample. Improves thermal
stability
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deposition modeling (FDM) products is obtained jointly by
careful control of processing parameters, structure of products,
and the composition of material. In this manuscript, poly(lactic
acid) (PLA) was incorporated with graphene or carbon nanotube
(CNT) through repeated melt blending. Filament of the PLA/
graphitic nano-ller was prepared and used in FDM.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Rheological and thermal analysis were conducted to assess the
suitability of the composite as FDM feedstock, and mechanical
and electrical property were tested subsequently. Research
results show that viscosity decreases with increasing tempera-
ture. The research results can be seen in ref. 153.
RSC Adv., 2023, 13, 3976–4006 | 3997
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Zhang, Qi et al.205 fabricating and characterizing multifunc-
tional graphene nanoplatelets-based polylactide nano-
composites and investigated their properties including
morphological, surface-chemical, mechanical, and thermo-
mechanical properties. They showed increase in tensile
modulus as compared to that of PLA. Storage modulus and
glass transition temperatures of the PLA/GO nanocomposites
were much higher than those of PLA as shown in Fig. 34.
6.12. Effect of temperature, humidity and UV on the aging of
PLA and composites

Manish Kumar Lila et al.206 investigated accelerated thermal
ageing behavior of bagasse bers reinforced poly(lactic acid)
based biocomposites. Specimens of iocomposites were fabri-
cated and exposed to temperature cycles of−20 °C and 65 °C (12
hours each) for 12 weeks and characterized aer every 4 weeks
of exposure. Tensile and exural properties exhibited steady
improvement on exposure up to 8 weeks, followed by a reduc-
tion aer ageing for 12 weeks.

Rocca-Smith et al.207 gave a full depiction of the physical and
chemical stability of PLA as thin lms in a large range of RH
environments and in contact with liquid water. Findings
unambiguously showed that the PLA stability was inuenced by
the chemical potential and by the physical state of water
molecules. This research clearly showed that the stability of PLA
was inuenced not only by the chemical potential of water
molecules, but also by their physical state due to a different
behavior of degradation products. Thus, this indicated that
hydrolysis induced crystallization of MAP polymer chains,
which in turn constrained additional MAP chains, transforming
them into RAF.

Ming-Hung Tsai et al.208 investigated effects of ultraviolet
irradiation on the aging of the blends of poly(lactic acid) and
poly(methyl methacrylate).They used differential scanning
calorimetry to analyze the effect of ultraviolet (UV) irradiation
on the physical aging of the blends of poly(lactic acid) (PLA) and
poly(methyl methacrylate) (PMMA). The analyses shown the
linear decrease of the maximum enthalpy loss of the aged
specimen at the equilibrium state with the increase of the aging
temperature, and the decreasing rate increases slightly with
increasing the UV irradiation dose for the same PLA/PMMA
blends. The activation energy associated with the kinetic
contribution decreases with the UV irradiation dose for the PLA/
PMMA blends of the same compositions.
7. Conclusion

The addition of graphene changes the properties of PLA, which
will be described as follows:

3 When using GO, brittle fracture has been observed in
tensile test samples, but so fracture has been observed when
using stearic acid because the presence of stearic acid makes
GO better compatible with the substrate.

3 Dsc analysis showed that in PLA-GO nanocomposites due
to the presence of graphene, the mobility of polymer chains has
decreased, as a result, Tm and Tg have changed compared to
3998 | RSC Adv., 2023, 13, 3976–4006
pure PLA. Also, stearic acid increased the compatibility of GO
with the background and increased the crystallization
temperature.

3 The use of graphene has a signicant effect on the
morphology of spherulite and the size of spherulite decreases
with increasing amount of graphene and graphene acts as
a nucleating agent.

3 By adding graphene, the Young's modulus and tensile
strength increase but the elongation decreases. In high
percentages of graphene, the accumulation of nanoparticles
causes lumps and decreases the strength.

3 Graphene improves the thermal stability of PLA, and the
main degradation process starts above 300 °C, which is mainly
attributed to trans-esterication.

3 In pure PLA, 72% light transmission takes place, and
adding GO to the matrix reduces the transparency of PLA lms,
as a result, the impermeability against gases is improved.

3 By adding graphene nano oxide, the storage modulus, loss
modulus and viscosity of the complex increase compared to
PLA.

3 In the XRD analysis, the pure PLA had two sharp peaks at
the angles of 16.7 and 19°, but in the nanocomposites, the
peaks are in the range of about 3% compared to the pure PLA,
which can be due to the very small amounts of llers.

3 The addition of nanographenes increases the thermal
conductivity of PLA. Also, with the increase in temperature, the
thermal conductivity increases due to the increase in molecular
vibrations.

3 According to the presented numerical models, the density
decreases with increasing temperature.

3 Temperature has a signicant effect on rheological prop-
erties. The results show that viscosity decreases with increasing
temperature (Table 2).
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