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ARTICLE INFO ABSTRACT

Keywords: Polylactic acid (PLA) is a linear aliphatic polyester thermoplastic made from renewable sources such as sugar
Polylactic acid beet and cornstarch. Methods of preparation of polylactic acid are biological and chemical. The advantages of
Graphene

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 degra-
dation rate, permeability to gases, lack of active groups and chemical neutrality. To overcome the limitations of
polylactic acid, such as low thermal stability and inability to absorb gases, nanoparticles such as graphene are
added to improve its properties. Samples were prepared by solution casting method using chloroform as solvent
and in thin films. The mechanical, thermal, and structural properties of Polylactic acid pure and Polylactic acid/
graphene nanocomposites were studied using tensile Test X-ray diffraction (XRD), Root mean square (RMS) and
Differential Scanning Calorimetry (DSC). Also, by exposing the samples to Ultraviolet (UV) rays and then per-
forming the tensile test, the resistance of the produced nanocomposites against Ultraviolet (UV) rays was
investigated. With performing the above tests, it was found that by adding graphene nanoparticles to Polylactic
acid, the crystallinity decreases and the strength and elongation of graphene particles (0.4% graphene) increase
to a certain extent and then decrease. The loss modulus and storage modulus are also increased by the addition of
graphene nanoparticles. By comparing the samples exposed to Ultraviolet (UV) rays with other samples, a sig-
nificant decrease in elongation and a significant increase in modulus of elasticity were observed. In other words,
Ultraviolet (UV) rays make Polylactic acid/graphene nanocomposites brittle.

Nanocomposite
Solution casting method

1. Introduction Methods of preparing polylactic acid are biological and chemical [1-4].
The advantages of polylactic acid are biocompatibility, low energy loss,

Polylactic acid (PLA) is a linear aliphatic polyester thermoplastic transparency, high strength, resistance to water and fat penetration and
made from renewable sources such as sugar beet and cornstarch. low consumption of carbon dioxide during production [5-9]. However,
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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
[10-12]. Applications of polylactic acid include medical use for sutures
and surgical implants. Joints of surgical implants, such as pins and tubes,
are also made of polylactic acid, which breaks down in the human body
within six months to two years [13-17]. It is also used in food packaging
and in the manufacture of disposable appliances, home appliances and
sanitary ware. For this reason, polylactic acid is known as a safe and
secure plastic [18-20]. The challenges 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 [21-24]. To overcome these limitations, nanoparticles
are added to polylactic acid to improve its properties one of these
nanoparticles is graphene, which was discovered in 2004 and has unique
properties. Improves mechanical properties such as tensile strength and
acts as an impermeable agent for oxygen transfer even at high temper-
atures [25-29]. Thus, the addition of graphene as a reinforcement agent
improves the thermal, physical and mechanical properties of the poly-
mer matrix [30,31]. Graphene has a hexagonal ring structure made of
hexagonal carbon layers called graphite. Graphene has outstanding
properties such as high surface area, high yang modulus, fracture
toughness and good thermal conductivity [31-34]. Basically, polymer
nanocomposites are polymer-based composites with at least one ther-
moplastic or thermosetting polymer backing phase and 1 nm-reinforcing
phase [35-38]. Increasing nano-reinforcements improves ground phase
properties compared to large-scale reinforcements. These features
include [39-42]:

1. Thermal properties: increase of thermal resistance, decrease of
thermal expansion coefficient, decrease of shrinkage.

2. Mechanical properties: increase in elastic modulus, strength, elon-
gation and toughness, increase in abrasion resistance.

3. Chemical properties: improve chemical resistance.

. Electrical properties: reduce electrical resistance.

5. Optical properties: reduce oxygen permeability and moisture.

N

Today, plastic has an important role and application in human daily
life, such as packaging industries, general industries, pharmaceutical
industries and medical industries [43-46]. However, the massive con-
sumption of these produced plastics leads to environmental pollution.
Given this, the need to use materials that can be decomposed under
environmental conditions is essential [47-51]. Today, bioplastics or
biodegradable plastics have attracted a lot of attention. Bioplastics can
be extracted from plant materials such as starch or synthetic biode-
gradable polymers such as polylactic acid, polyvinyl alcohol and poly
(caprolactone) [52-54]. In addition, the degradation of bioplastics re-
sults in the production of carbon dioxide and water as the final product,
which is not harmful to the environment. Therefore, bioplastics are one
of the newest materials that are classified as environmentally friendly
products [55-59]. However, bioplasts have disadvantages such as
limited shelf life because they degrade faster and have less mechanical
strength than conventional plastics [60].

Biodegradable plastics based on energy resources can be divided into
three broad categories [61-65]:

1. Natural biopolymers such as carbohydrates, proteins and lipids
derived from plants and animals.

2. Renewable-based environmental polymers such as aliphatic poly-
esters, polycaprolactone polymers, polyvinyl alcohol and polylactic
acid.

3. Mixtures or composites of these biopolymers.

For many years, graphene was considered a scientific material,
where the monolayer structure of carbon atoms was merely a theoretical
model for describing the properties of graphene-based materials such as

Case Studies in Chemical and Environmental Engineering 9 (2024) 100612

graphite, fullerenes, and carbon nanotubes [66-69]. Older theoretical
predictions, in fact, the study of early two-dimensional crystals due to
thermal fluctuations, assumed that graphene is unstable because it
prevents the formation of long-distance crystal order at finite tempera-
tures [70-72]. This idea was supported by various experimental studies
on thin film layers. In those samples, the thickness of the apple was
reduced by their instability [73-75]. Now, in the early 21st century,
graphene has emerged as a real example. Some of the important prop-
erties of graphene that have been reported so far include large surface to
weight ratio (for example, 1 g of graphene can cover several football
fields), approximate elasticity of 1100 GPa, fracture toughness of 125
GPa, high thermal conductivity and high surface area (2630 m? g™1)
[76-79]. Since the fabrication of graphene, which consists of one or
more graphite layers with SP? allotrope bonds of 2D carbon. Due to its
excellent properties such as thermal conductivity and electrical con-
ductivity, high charge density, mobility, optical conductivity and me-
chanical properties, it has become a unique material [80-84]. When a
graphite monolayer forms a sphere, it is known as a fullerene, and when
it orbits its axis, it forms a one-dimensional cylindrical structure called a
carbon tube, and when two sides form a two-dimensional structure, it is
composed of one or more layers [85-89]. 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 gra-
phene, and graphenes with approximately 20-30 layers are called
multilayer graphene, thick graphene, or thin nanocrystalline graphite
[90-92]. Graphene, the new allotropic carbon, due to its remarkable
electronic, thermal and mechanical properties, has been considered as
an excellent mineral filler for the preparation of polymer-based nano-
composites with very low loading materials. Applications in nano-
composites, 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. Graphene has recently been recognized as a potential nano filler
for the production of polymer nanocomposites [93-95]. This material
has many properties such as mechanical strength and thermal conduc-
tivity (5000 W m~3 K1) which is much higher than the certified stan-
dards for single wall CNTs. In addition to the very high level (2630 m?
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. Graphene oxide (GO) is
similar to graphene, but has several oxygen-containing functional
groups (such as hydroxyl epoxides and carbonyls) [96-99]. The pres-
ence of these polar groups reduces the thermal stability of nano-
materials, but may be to enhance interaction and compatibility with a
particular polymer matrix [100-107]. Table 1 is constructed based on
the type of graphene (GNP, GO, rGO) and then categorized based on the
polymer matrix that has been used in each case. Mechanical properties
of the nanocomposites have been investigated.

2. Novelty of this research work

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

2. 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 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 significant effect on the morphology of
spherulite and the size of spherulite decreases with increasing
amount of graphene and graphene acts as a nucleating agent.

4. With adding graphene, the Young’s modulus and tensile strength
increase but the elongation decreases. In high percentages of
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Table 1
Mechanical properties of graphene polymer nanocomposites.
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Graphene Matrix Process Filler Loading (wt.%) Matrix Modulus (GPa) Tensile Modulus Increase (%) Graphene Modulus E (GPa) ref

GNP PLA Solution blending 0.4 wt% 0.038 156 250 [41]
GNP PP Melt mixing 10 wt% 1.3 41 13 [42]
GNP PP Melt mixing 1.7 vol% 1.3 54 14 [43]
GNP Epoxy Solution blending 5 wt% 2.5 28 30.5 [44]
GNP Epoxy Solution blending 1 wt% 2.9 24 143 [45]
GNP Epoxy Solution blending 5 wt% 2.7 49 55 [46]
GNP Epoxy Shear mixing 6 wt% 2.72 23.5 20 [47]
GNP Epoxy Shear mixing 4 wt% 2.7 8 11 [48]
GNP PE Melt mixing 4 wt% 1.3 35 25 [49]
rGO PE polymerization 5.2 wt% 0.23 170 15 [50]
GO PVA Wet spinning 2 wt% 5.4 294 1036 [51]
GO Epoxy polymerization 2 wt% 0.48 70 34 [52]
rGO Epoxy Three roll mill 8 wt% 2.8 22 14 [53]
GO Epoxy Solution blending 0.2 wt% 2.9 8 243 [54]
fGr Epoxy Solution blending 0.3 wt% 1.5 32 321 [55]
GO PVA Solution blending 0.3 wt% 2.3 150 2335 [56]
GO PVA Solution blending 5 wt% 2 190 162 [57]1

graphene, the accumulation of nanoparticles causes lumps and de-
creases the strength.

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

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

3. Materials and methods
3.1. Preparation of nanocomposites

All samples were Preparation using the solution casting method. The
solution casting method is used to Preparation of nanocomposites of
solvent-soluble polymers. This method mainly consists of two steps. In
the first step, by mixing the polymer solution and the distributed
nanoparticles in a solvent, the polymer chains are distributed between
the nanoparticles. In the second step, the solvent is obtained by evapo-
ration or deposition of the nanocomposite. First 25 g PLA and 0.65 g
graphene nanoparticles for complete removal of moisture for 2 hours at
60 °C, then for 1 h at 70 °C and finally for half an hour at 80 °C in a
heated oven put. In order to Preparation pure PLA and PLA-GR nano-
composite samples, 5 g PLA was poured into 50 cc of chloroform solvent
and dissolved for 3 hours by magnetic stirring to completely dissolve the
PLA in the solvent. Pour 0.05 g of graphene nanoparticles into 30 cc of
chloroform solvent and homogenize with ultrasonic for 60 minutes at
60 W. The solution containing polylactic acid and chloroform was then
added to the solution containing graphene nanoparticles and homoge-
nized in ultrasonic for 60 minutes at 60 W. Carefully and gently pour the
resulting solution on the made glass plates so that no bubbles are created
in it and also the thickness of the Preparation film is the same. We placed
the glass plates at room temperature for 24 hours and after 24 hours,
transferred them to a heated oven at 60 °C for 9 hours to remove the
solvent, and again the glass plates containing the samples for 7 days. We
set it at room temperature to ensure the complete removal of chloroform
in the Preparation films. The Preparation films are easily separated from
the glass plates.

3.2. Methods of preparation of PLA-Gr nanocomposite

A composite is made up of two or more components. Usually, if the
polymer base phase and the other phase use nanomaterials, that mate-
rial is called nanocomposite. In the case of nanocomposites, mechanical
and thermal properties are increased by adding a small percentage of
nanometer amplifiers. The uniform distribution of the amplifier phase

creates a large interface between the nanometer amplifier phase and the
matrix ground phase. There are two major challenges to producing a
nanocomposite. In the first 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 amplifier takes place in the ground phase.
Preparation of nanocomposites by three methods of in situ polymeri-
zation, melt mixing and solution, for polymer nanocomposites has long
been industrially developed and used. 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~. 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 homogeneous mixture. In
Table 2 showed Different PLA-Gr nanocomposite samples preparation
method.

3.2.1. In situ polymerization method

In situ polymerization method, the distribution of nanoparticles is
considered. This method creates a very good interface between the
reinforcing particles and the ground. Graphene-containing polymer
nanocomposites with high electrical conductivity and low permeability
are prepared by this method. With surface modification, the proper
distribution of nanoparticles can be done uniformly to prevent clumping

Table 2
Different PLA-Gr nanocomposite samples preparation method.

preparation method Ref

Dissolve graphene in chloroform by ultrasonic for 2 h, keep for 1 month in  [58]
the same state, add polylactic acid polymer and chloroform mixture to
graphene-chloroform mixture, dry samples for 12 h in a vacuum oven at
75 °C.

Dissolve 8.91 g of polylactic acid polymer resin in 45 ml THF at 50 °C, dryin ~ [59]
an oven vacuum at 70 °C for 12 hours, dissolve 0.09 g of graphene oxide
by sonication in 30 ml, THF for 30 min, mix GO solution with polylactic
acid polymer solution, prepare polylactic acid polymer -GO composite
films by a hot pressure process by pressing and heat the powder for 60 min
at 180 °C

Dissolve 0.95 g of polylactic acid polymer in 30 ml, chloroform by [64]
continuous shaking for 2 h, disperse graphene by weight ratios (0.1, 0.1
and 0.5) wt% in 20 ml, chloroform in sonication bath for 30 min, adding
the two solutions together and placing the sonication bath for 15 and 30
min, drying the solution on Teflon plates for 24 h.

Dry polylactic acid polymer at 105 °C for at least 4 h before use, dissolve GO [108]
in acetone solvent and then chloroform for 20 min and sonicate and
homogenize, dissolve polylactic acid polymer 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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of the nanometer components of the nanoparticles and to provide a
proper distribution of the amplifier phase [60].

3.2.2. Melt mixing method

This method involves mixing polymers and nanoparticles at a high
glass transition temperature or polymer melting point. After 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 nanocomposite production process, the most important of which are
the formation of defects and cavities in the field as well as the inability to
distribute uniformly for particles with different morphologies [61].

3.2.3. 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 nanocomposites can be produced in two ways. If the polymer
substrate and the nano fibers are miscible, the resulting solution can be
cast into a mold and the nanocomposite produced, otherwise the
nanocomposite mixture is dissolved in a solvent and finally the nano-
composites are obtained by evaporation of the solvent. The solution
method mainly consists of two steps. In the first 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 precipitation of the nano-
composite. 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 method or
in situ polymerization have been reported. Among these methods, the
solution 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 nanofillers
[62].

3.3. Graphene synthesis

There are many reports on graphene synthesis, many of which are
based on mechanical peeling of graphite, reduction of graphene oxide
and, more recently, chemical vapor deposition [16,17].

3.4. Chemical synthesis of graphene from reduced graphene oxide

Chemical synthesis is a top-down indirect graphene synthesis
method, and the first chemical method is graphene synthesis. This
method involves the synthesis of graphite oxide by graphite oxidation,
the dispersion of graphite flakes by ultrasonic agent and its reduction to
graphene. Three common methods are available for GO synthesis
[18-20]. Brody method, Meyer method and Hummers’ method. These
three methods include graphite oxidation using strong acids and oxi-
dants. The degree of oxidation can vary depending on the reaction
conditions (e.g., temperature, pressure, and stoichiometric type).
Hummer proposed a method for making graphene by mixing graphite
with sodium nitrate, sulfuric acid, and potassium permanganate, known
as the Hummers’ method [21,22].

3.5. Advantages graphene/graphene oxide

Graphene, the new allotropic carbon, due to its remarkable elec-
tronic, thermal and mechanical properties, has been considered as an
excellent mineral filler for the preparation of polymer-based nano-
composites with very low loading materials [23]. Applications in
nanocomposites, energy storage devices, various biomedical
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applications such as gene transfer, drug delivery, protein release, tissue
engineering, imaging, anesthesia and packaging are some of the appli-
cations of graphene [24,25]. Graphene has recently been recognized as a
potential nano filler for the production of polymer nanocomposites. 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
certified standards for single wall CNTs. In addition to the very high
level (2630 m? 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. Graphene
oxide (GO) is similar to graphene, but has several oxygen-containing
functional groups (such as hydroxyl epoxides and carbonyls). The
presence of these polar groups reduces the thermal stability of nano-
materials, but may be to enhance interaction and compatibility with a
particular polymer matrix [26,27].

4. Discussion & conclusions
4.1. XRD analysis

One of the most reliable methods to prove the opening of graphene
plates and their distribution in the polylactic acid matrix is to perform an
X-ray diffraction analysis. As is clear from Fig. 1, in the pure graphene
sample there is a peak at an angle of 26 = 25.4 which is not observed in
PLA/Gr nanocomposites, indicating that graphene is well dispersed in
polylactic acid. Also, according to the diagram of pure polylactic acid,
two peaks are observed at angles of 26 = 16.9 and 19.38, which is
evidence of the existence of two types of crystal structures in pure pol-
ylactic acid [24]. For pure polylactic acid, peaks of 26 = 16.7 and 19.0
are reported [24], which is very close to the peaks observed in this study.
The main peak observed in polylactic acid is also visible in the rest of the
nanocomposites and is in the range of about 1%, which can be due to the
very small amount of nanoparticles added to pure polylactic acid, which
failed the crystal structure of polylactic acid polymer. The second peak
in pure PLA is similar to the main peak in all nanocomposites at a short
distance from it [24] that examined the crystal structure of PLA/ODAG.

In the samples of 0.3% PLA/Gr, 0.4% PLA/Gr, 0.5% PLA/Gr 0.5%, a
third peak is also observed, which occurs at an angle of 2© = 22.4. This
peak is not present in pure PLA and may indicate some accumulation of
graphene particles. Given the distance of this peak from the peak of pure
graphene, it can be assumed that there is little accumulation in the
samples.

Also shows XRD patterns of PLA and PLA/GO nanocomposites in
Fig. 1. He observed that the peaks in nanocomposites are in the range of

0.6GO

1 0.5GO

Intensity

10 15 2 2% 0
20

Fig. 1. XRD diagrams of pure graphene, pure polylactic acid, graphene, and
polylactic acid nanocomposites.
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about 0.3% compared to pure PLA, which may be due to the very small
amounts of fillers.

4.2. FE-SEM and TEM analysis

Using TEM and FE-SEM images in Fig. 2, found that graphene with a
corrugated structure was homogeneously dispersed in the PLA matrix
and no aggregation was observed in the nanocomposite.

4.2.1. RMS analysis

RMS test was used to evaluate the effect of graphene content on the
rheological properties of PLA. For this purpose, the storage modulus,
loss modulus, and viscosity of pure PLA complex and PLA/Gr nano-
composites were calculated. The storage modulus (G') is shown in Fig. 3
(a), the dissipation modulus (G") in Fig. 3(b), and the viscosity of the n*
complex in Fig. 3(c).

According to Fig. 3(a-b), it can be seen that G' and G" PLA/Gr
nanocomposites are higher than pure PLA and increase with the
increasing amount of graphene. The reinforcing effect of graphene
nanoparticles that form a network of internal bonds with the PLA ma-
trix, leads to an increase in elasticity in PLA/Gr nanocomposite [25]. As
the frequency increases, the difference between pure PLA and PLA/Gr
nanocomposites decreases. Fig. 3(c) shows the viscosity changes of pure
PLA complex and PLA/Gr nanocomposites. In a Newtonian fluid, the
viscosity of the complex must be a line with a constant slope. In pure
PLA, 0.1% PLA/Gr, 0.3% PLA/Gr, the viscosity remains constant with a

Signal A = InLens
Mag= 2811KX

EHT= 200&V
WD= S4mm
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Fig. 3(a). PLA Pure storage module and PLA/Gr nanocomposites.

good approximation over the whole range, but with further increase in
graphene content, the complex viscosity no longer remains constant and
with increasing frequency, the complex viscosity decreases. According
to the obtained results, it can be concluded that with the increase of
graphene, the behavior of PLA/Gr nanocomposites has changed from a
Newtonian state to a Newtonian-like state. In addition, according to
Fig. 3(c), it can be seen that with the increasing amount of graphene, n*
increases, which is more evident at low frequencies.

The results obtained from the RMS test are very similar to the results
of Kuang et al. [25]. Pure PLA and increases with increasing amount of
GO. Differences in low-angle frequencies increase the elasticity of

EMT= 200
WD = 54mm

Signal A= Inlens
Mag = 20045K X

Fig. 2. 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).
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Fig. 3(b). Loss modulus of pure PLA and PLA/Gr nanocomposites.

PLA/GO nanocomposites relative to pure PLA due to the amplifying
effect of GO nanofiller, which forms networks bonded to a polymer
matrix. The log [thin space (1/6-em)] G' versus’ log [thin space
(1/6-em)] G’ is also shown in Fig. 4.

4.2.2. DSC analysis

It is useful to study the effect of graphene nanoparticles on the non-
temperature crystallization behavior of polylactic acid. With the help of
DSC test results, heater peak temperature, and peak heights, information
about the size of crystals and their distribution can be obtained. The
results of DSC include the exothermic peak temperature of crystalliza-
tion, T, melting point Tm, the glassing temperature Tg, the peak melting
point AHm and the percentage of crystallization, X. DSC profiles of pure
PLA samples and PLA/Gr nanocomposites are shown in Fig. 5.

Using DSC analysis, Chen et al. [58] the addition of graphene to the
PLA matrix had a slight change in melt temperature Ty, and was slightly
higher than pure PLA, indicating that graphene could reduce the
mobility of polymer chains. Also, the cold crystallization temperature of
the nanocomposite shifts to higher values compared to pure PLA.
studying the PLA/Gr microstructure under non-isothermal crystalliza-
tion. In this study, the cooling rate in the DSC test was not the same and
varied from 0.5 to 4 °C min~. It is clear that as the cooling rate in-
creases, the TP and TC temperatures decrease. He also attempted to
model the asynchronous crystallization of PLA/Gr nanocomposites
using Qzawa Avrami models.

Chartarrayawadee et al. [59], from observations of DSC analysis,
found that the addition of GO did not affect Tg and Tm; Addition of
stearic acid reduces Tm and Tg because it has an emollient effect and

50
m
+

w
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increases the compatibility of GO particles 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 matrix.
AHm results here show that there is a link between compatibility and
crystallizable and that the coating of stearic acid on the GO particles can
enhance both.

The values of glazing temperature, melting temperature, and melting
enthalpy are directly among the test outputs. To obtain the crystalliza-
tion percentage, Equation 1is used [24], in which AHppr4 enthalpy of
melting polylactic acid with a crystallinity of % 100, the value of which is
equal to 93.6 j/g. The following is a Table 3 of glass, melting tempera-
ture, melting enthalpy, and crystallization percentage for pure PLA and
PLA/Gr nanocomposites.

According to Tables 2 and it can be seen that the Ty and Tm varia-
tions for pure PLA and PLA/Gr nanocomposites are relatively small.
However, the Tq values of PLA/Gr nanocomposites are slightly higher
than pure PLA, indicating that graphene can reduce the mobility of
polymer chains. The addition of graphene reduces the crystallization
percentage, which is probably due to the poor accumulation and
dispersion of graphene in the PLA matrix [24-26]. With increasing the
amount of graphene, the amount of crystallinity has decreased, which is
in accordance with the results of this study [27]. The melting temper-
ature of pure PLA was 148 °C, which reached 152 °C by 0.5% PLA/Gr
with increasing graphene nanoparticles. It is also clear from Table 1 that
the melting temperature of pure PLA increased from 150 °C to 152 °C at
0.5% PLA/Gr, and the good agreement between the results is quite
evident.

4.3. Tensile test

A tensile test has been used to investigate the effect of graphene
addition on the mechanical properties of PLA. For this purpose, stress
and strain curves for pure PLA and PLA/Gr nanocomposites were
extracted using a tensile tester. Also, the values of yield stress, elonga-
tion in the elastic part, and Young’s modulus were calculated by the
machine. It should be noted that the output of the tensile test is in the
form of force in terms of elongation, which should be converted to stress
in terms of strain using the cross-section and length of the specimens.
Fig. 6(a) shows the stress-strain diagram. Fig. 6(b) shows the elongation
changes (in the percentage of initial length) and yield stress at the end of
the elastic section, and Fig. 6(c) shows the young modulus changes.

According to the obtained results, it is quite visible that with
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Angular Frequency (rad/sec)

Fig. 3(c). The viscosity of pure PLA complex and PLA/Gr nanocomposites.
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Fig. 5. DSC analysis for PLA/Gr nanocomposites.

increasing the amount of graphene, the elongation and yield stress has
an increasing trend and reaches their maximum in 0.4% PLA/Gr, and
then with increasing the amount of graphene, the yield stress and
elongation decrease. The reason for this can be the accumulation of

particles in the form of lumps in 0.5% PLA/Gr, which these lumps have a
destructive effect on the PLA matrix and cause its attenuation. Young’s
modulus also decreased with increasing graphene content until it
reached its minimum at 0.4% PLA/Gr, then Young’s modulus increased
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Table 3

Parameters obtained from DSC analysis.
Sample T, (°C) Tm(°C) AHp, (j/8) X, (%)
Pure PLA 60.3 150.2 24.08 25.89
PLA-GR-0.1% 60.7 151.1 17.29 18.59
PLA-GR-0.3% 61 151.8 6.006 6.45
PLA-GR-0.4% 62 152.3 1.3 1.47
PLA-GR-0.5% 62 152.5 0.73 0.78

with increasing graphene content. The results obtained in this test are in
accordance with the results of the XRD analysis that the presence of the
third peak indicates the presence of limited lumps of graphene particles
in nanocomposites of 0.4% PLA/Gr and especially 0.5% PLA/Gr. In
almost all research on the mechanical properties of PLA/Gr nano-
composites, the trend of changes has been such that first with increasing
the percentage of graphene, there is an improvement in the properties
and then the trend is reversed due to the possibility of clumps.

Valapa et al. [27] observed the highest tensile strength and elonga-
tion in 0.1-PLA-Gr composite and decreased tensile strength and elon-
gation with increasing graphene content.

Zhang et al. [24] also found the highest young modulus and yield
stress at 0.2% PLA/ODAG and the highest breakdown elongation at
0.6% PLA/ODAG, followed by a downward trend.

Kim SW et al. [28], the yield stress increased with increasing gra-
phene oxide and increased to 0.5% by mass and then decreased.
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4.4. Mechanical resistance test of materials against UV rays

To evaluate the mechanical strength of pure PLA and PLA/Gr
nanocomposites against UV rays, the samples were placed in a UV cabin
for 20 days and then subjected to tensile tests. The following is shown in
Fig. 7 of the stress-strain diagram for samples exposed to UV radiation.

Fig. 8(a—c) compare the mechanical properties of pure PLA and PLA/
Gr nanocomposites under the influence of UV rays and without UV rays.
With UV exposure, the elongation of PLA/Gr nanocomposites is signif-
icantly reduced. There is also a large increase in Young’s modulus of
PLA/Gr nanocomposites and an increase in yield stress, indicating that
UV radiation causes PLA/Gr nanocomposites to become more brittle. In
other words, PLA/Gr nanocomposites are similar to ceramics in that
they have low elongation and high yang modulus. UV-Crosslink can be
considered as the main reason for the behavior of PLA/Gr nano-
composites under UV radiation, which has led to increased yield stress.

Huang et al. [65], the percentage of light passing through PLA and
PLA/GONS nanocomposites was obtained in terms of UV wavelength
(Fig. 9). As the wavelength increases, the light transmitted through pure
PLA increases, while for PLA/GONS nanocomposites the light trans-
mittance changes are very small in terms of wavelength.

Kim et al. [66] investigated the possibility of using graphene oxide
nanocomposite films in food packaging film and evaluated the degree of
optical transparency. They observed that the addition of GO reduces the
transparency of the nanocomposite film due to the increase in light
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Fig. 8(a). Yield stress changes of pure PLA and PLA/Gr nanocomposites with
and without UV radiation.

scattering.

Manish Kumar Lila et al. [67] investigated accelerated thermal
ageing behavior of bagasse fibers reinforced poly (lactic acid) based bio
composites. Specimens of iocomposites were fabricated and exposed to
temperature cycles of —20 °C and 65 °C (12 hours each) for 12 weeks
and characterized after every 4 weeks of exposure. Tensile and flexural
properties exhibited steady improvement on exposure up to 8 weeks,
followed by a reduction after ageing for 12 weeks.

Ming-Hung Tsai et al. [68] investigated effects of ultraviolet irradi-
ation on the aging of the blends of poly (lactic acid) and poly (methyl
methacrylate). They used differential scanning calorimetry to analyze
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Fig. 8(b). Elongation changes at the end of pure PLA elastic section and PLA/
Gr nanocomposites with and without UV rays.
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Fig. 8(c). Yang modulus changes of pure PLA and PLA/Gr nanocomposites
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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.
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5. Advantages and Disadvantages polylactic acid polymer/
graphene nanocomposites

The combination of polylactic acid polymer/graphene can poten-
tially create a material with improved properties as compared with those
of the individual materials. Graphene acts as a reinforcement in these
nanocomposites to enhance the electrical, mechanical, and thermal
properties of the polylactic acid polymer matrix. Moreover, combining a
biodegradable and renewable polymer with a high-performance mate-
rial such as graphene makes polylactic acid polymer/graphene nano-
composites environmentally friendly and attractive for various
applications. Table 4 summarizes the characteristics of Advantages and
Disadvantages polylactic acid polymer/graphene nanocomposites.

6. Conclusion

1. Increase in elongation and yield stress by adding graphene
nanoparticles and its maximum in 0.4% PLA/Gr and then
decrease in yield stress and elongation by increasing the amount
of graphene due to aggregation of particles in 0.5% PLA/Gr.

2. Decrease Young’s modulus by increasing the amount of graphene
and minimize it by 0.4% PLA/Gr and then increase Young’s
modulus by increasing the amount of graphene.

3. No change in the main peak of polylactic acid in PLA/Gr nano-
composites according to the XRD analysis and as a result no
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change in the main crystal structure by adding graphene
nanoparticles.

4. Observation of the third peak in XRD results in 0.3% PLA/Gr,
0.4%, PLA/Gr, 0.5% PLA/Gr samples due to limited accumula-
tion of graphene particles.

5. Increase of storage modulus and dissipation modulus of PLA/Gr
nanocomposites compared to pure PLA.

6. The viscosity of the complex remains constant in pure PLA, 0.1%
PLA/Gr, 0.3% PLA/Gr and the viscosity of the complex decreases
in 0.4% PLA/Gr, 0.5% PLA/Gr by increasing the frequency and
thus changing the behavior of these two samples Newton to
pseudo-Newton.

7. Slight changes of Tg and Tm for pure PLA and Tg. PLA/Gr
nanocomposites. Higher PLA/Gr nanocomposites compared to
pure PLA can be due to the reduced mobility of polymer chains
under graphene.

8. Reduction of crystallization percentage by adding graphene is
due to poor accumulation and dispersion of graphene in the PLA
matrix.

9. Significant reduction in elongation, very high young modulus,
and increased yield stress of PLA/Gr nanocomposites by UV
exposure.

10. Creating a similar state of ceramics in PLA/Gr nanocomposites by
exposure to UV rays.
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Table 4
Advantages and Disadvantages polylactic acid polymer/graphene nanocomposites.
composites Preparation method Application Advantages and Disadvantages Ref
polylactic acid polymer/ Numerically designed Biomedical Small functional groups can significantly improve the interfacial [109]
graphene interface treatment. interactions of these nanocomposites.
polylactic acid polymer/ Stereo complexation. Regenerative medicine, tissue Stereo complexation improved the mechanical qualities and [110]
graphene engineering, and other biomedical resilience to heat and hydrolysis of polylactic acid polymers
disciplines
graphene nanoparticles/ Melt blending method Medical The addition of GNP improved the antibacterial activity of the [111]
polylactic acid polymer nanocomposites against L. monocytogenes, S. aureus, S. typhimurium,
and E. coli.
polylactic acid polymer/ Solution mixing and To improve the mechanical and he addition of graphene improved the mechanical and thermal [112]

Polyvinyl alcohol/graphene  freeze-drying
techniques acid polymer
Polyethylene glycol/ Melt blending method -
carboxylated GO- polylactic

acid/graphene

thermal characteristics of polylactic

properties of polylactic acid polymer composites due to the improved
dispersion of graphene in the polylactic acid polymer matrix

The thermal stability of polylactic acid/graphene nanocomposites is [113]
considerably enhanced by adding graphene sheets.




Y. Ajaj et al.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The data that has been used is confidential.

Acknowledgements

Department of Chemical Engineering, Arak Branch, Islamic Azad
University, Arak, Iran. Young Researchers and Elite Club, Gachsaran
Branch, Islamic Azad University, Gachsaran, Iran.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cscee.2024.100612.

References

[1]

[2]

[3

=

[4]

[5

[}

(6]

[7

—

[8]
[91
[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

E. Castro-Aguirre, F. Iniguez-Franco, H. Samsudin, X. Fang, R. Auras, Poly (lactic
acid)—mass production, processing, industrial applications, and end of life, Adv.
Drug Deliv. Rev. 107 (2016) 333-366.

M.A. Elsawy, K.H. Kim, J.W. Park, A. Deep, Hydrolytic degradation of polylactic
acid (PLA) and its composites, Renew. Sustain. Energy Rev. 79 (2017)
1346-1352.

C. Bastioli, Handbook of Biodegradable Polymers, Smithers Rapra Publishing,
2005.

M. Hakkarainen, Aliphatic Polyesters: Abiotic and Biotic Degradation and
Degradation Products, in” Degradable Aliphatic Polyesters”, Springer, 2002,

pp. 113-138.

R. Auras, B. Harte, S. Selke, An overview of Polylactides as packaging materials,
Macromol. Biosci. 4 (9) (2004) 835-864.

Y.L. Wu, H. Wang, Y.K. Qiu, X.J. Loh, PLA-based thermogel for the sustained
delivery of chemotherapeutics in a mouse model of hepatocellular carcinoma,
RSC Adv. 6 (50) (2016) 44506-44513.

A.J. Lasprilla, G.A. Martinez, B.H. Lunelli, A.L. Jardini, R. Maciel Filho, Poly-
lactic acid synthesis for application in biomedical devices—a review, Biotechnol.
Adv. 30 (1) (2012) 321-328.

E.T. Vink, S. Davies, Life cycle inventory and impact assessment data for 2014
Ingeo™ polylactide production, Ind. Biotechnol. 11 (3) (2015) 167-180.

J. Lunt, Large-scale production, properties and commercial applications of poly
lactic acid polymers, Polym. Degrad. Stabil. 59 (1-3) (1998) 145-152.

T. Govender, et al., Defining the drug incorporation properties of PLA PEG
nanoparticles, Int. J. Pharm. 199 (1) (2000) 95-110.

E. Fortunati, et al., Multifunctional bionanocomposite films of poly(lactic acid),
cellulose nanocrystals and silver nanoparticles, Carbohydr. Polym. 87 (2) (2012)
1596-1605.

B. Bax, J. Miissig, Impact and tensile properties of PLA/Cordenka and PLA/flax
composites, Compos. Sci. Technol. 68 (7-8) (2008) 1601-1607.

S. Ochi, Mechanical properties of kenaf fibers and kenaf/PLA composites, Mech.
Mater. 40 (4-5) (2008) 446-452.

M.S. Huda, L.T. Drzal, A.K. Mohanty, M. Misra, Effect of fiber surface-treatments
on the properties of laminated biocomposites from poly(lactic acid) (PLA) and
kenaf fibers, Compos. Sci. Technol. 68 (2) (2008) 424-432.

K.J. Zhu, L. Xiangzhou, Y. Shilin, Preparation, characterization, and properties of
polylactide (PLA)-poly(ethylene glycol) (PEG) copolymers: a potential drug
carrier, J. Appl. Polym. Sci. 39 (1) (1990) 1-9.

H. Wang, Z. Qiu, Crystallization kinetics and morphology of biodegradable poly(l-
lactic acid)/graphene oxide nanocomposites: influences of graphene oxide
loading and crystallization temperature, Thermochim. Acta 527 (2012) 40-46.
M. Lang, J. Zhang, Non-isothermal crystallization behavior of poly(vinylidene
fluoride)/ethylene-vinyl acetate copolymer blends, Iran. Polym. J. (Engl. Ed.) 22
(11) (Nov. 2013) 821-831. English Ed.

S. Mohammadi, F. Afshar Taremi, M. Rafizadeh, Crystallization conditions effect
on molecular weight of solid-state polymerized poly(ethylene terephthalate),
Iran. Polym. J. (Engl. Ed.) 21 (7) (Jul. 2012) 415-422. English Ed.

Q. Jiang, H. Jia, J. Wang, E. Fang, J. Jiang, Effects of nucleating agents on
crystallization behavior and mechanical properties of high-fluid polypropylene,
Iran. Polym. J. (Engl. Ed.) 21 (3) (2012) 201-209.

X. Wang, S.M. Tabakman, H. Dai, Atomic layer deposition of metal oxides on
pristine and functionalized graphene, J. Am. Chem. Soc. 130 (26) (2008)
8152-8153.

H.C. Schniepp, et al., Functionalized single graphene sheets derived from splitting
graphite oxide, J. Phys. Chem. B 110 (17) (2006) 8535-8539.

11

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Case Studies in Chemical and Environmental Engineering 9 (2024) 100612

M.J. McAllister, et al., Single sheet functionalized graphene by oxidation and
thermal expansion of graphite, Chem. Mater. 19 (18) (2007) 4396-4404.

Y. Hu, et al., Label-free electrochemical impedance sensing of DNA hybridization
based on functionalized graphene sheets, Chem. Commun. 47 (6) (2011)
1743-1745.

L. Zhang, Y. Li, H. Wang, Y. Qiao, J. Chen, S. Cao, Strong and ductile polylactic
acid nanocomposite films reinforced with alkylated graphene nanosheets, Chem.
Eng. J. 264 (2015) 538-46.

T.-R. Kuang, H.-Y. Mi, D.-J. Fu, X. Jing, B-y Chen, W.-J. Mou, et al., Fabrication of
poly(lactic acid)/graphene oxide foams with highly oriented and elongated cell
structure via unidirectional foaming using supercritical carbon dioxide, Ind. Eng.
Chem. Res. 54 (2015) 758-68.

L. Zhao, X. Liu, R. Zhang, H. He, T. Jin, J. Zhang, Unique morphology in
polylactide/graphene oxide nanocomposites, J. Macromol. Sci., Part B 54 (2015)
45-57.

R.B. Valapa, G. Pugazhenthi, V. Katiyar, Effect of graphene content on the
properties of poly lactic acid nanocomposites, RSC Adv. 5 (2015), 28410-23.
S.W. Kim, H.M. Choi, Morphology, thermal, mechanical, and barrier properties of
graphene oxide/polylactic acid nanocomposite films, Kor. J. Chem. Eng. 33
(2016) 330-6.

H.N.K. Al-Salman, M. sabbar Falih, H.B. Deab, U.S. Altimari, H.G. Shakier, A.
H. Dawood, E. Kianfar, A study in analytical chemistry of adsorption of heavy
metal ions using chitosan/graphene nanocomposites, Case Studies in Chemical
and Environmental Engineering 8 (2023) 100426.

M. Fattahi, C.Y. Hsu, A.O. Ali, Z.H. Mahmoud, N.P. Dang, E. Kianfar, Severe
plastic deformation: nanostructured materials, metal-based and polymer-based
nanocomposites: a review, Heliyon (2023).

E. Kianfar, A review of recent advances in carbon dioxide absorption-stripping by
employing a gas-liquid hollow fiber polymeric membrane contactor, Polym. Bull.
80 (11) (2023) 11469-11505.

C.Y. Hsu, Z.H. Mahmoud, S. Abdullaev, B.A. Mohammed, U.S. Altimari, M.

L. Shaghnab, G.F. Smaisim, Nanocomposites based on Resole/graphene/carbon
fibers: a review study, Case Studies in Chemical and Environmental Engineering
(2023) 100535.

E. Darabi, H. Nazarpour-Fard, E. Kianfar, Fast NO2 gas pollutant removal using
CNTs/TiO2/CuO/zeolite nanocomposites at the room temperature, Case Studies
in Chemical and Environmental Engineering 8 (2023) 100527.

C.Y. Hsu, A.M. Rheima, M.S. Mohammed, M.M. Kadhim, S.H. Mohammed, F.
H. Abbas, E. kianfar, Application of carbon nanotubes and graphene-based
nanoadsorbents in water treatment, BioNanoScience (2023) 1-19.

Z. sabri Abbas, M.M. Kadhim, A. Mahdi Rheima, A.D. jawad al-bayati, Z. Talib
Abed, F.M. dashoor Al-Jaafari, E. Kianfar, Preparing Hybrid Nanocomposites on
the Basis of Resole/Graphene/Carbon Fibers for Investigating Mechanical and
Thermal Properties, BioNanoScience, 2023, pp. 1-29.

G.F. Smaisim, A.M. Abed, H. Al-Madhhachi, S.K. Hadrawi, H.M.M. Al-Khateeb,
E. Kianfar, Graphene-based important carbon structures and nanomaterials for
energy storage applications as chemical capacitors and supercapacitor electrodes:
a review, BioNanoScience 13 (1) (2023) 219-248.

M.M. Kadhim, A.M. Rheima, Z.S. Abbas, H.H. Jlood, S.K. Hachim, W.R. Kadhum,
Evaluation of a biosensor-based graphene oxide-DNA nanohybrid for lung cancer,
RSC Adv. 13 (4) (2023) 2487-2500.

0.D. Salahdin, H. Sayadi, R. Solanki, R.M.R. Parra, M. Al-Thamir, A.T. Jalil,

E. Kianfar, Graphene and carbon structures and nanomaterials for energy storage,
Appl. Phys. A 128 (8) (2022) 703.

W.K. Abdelbasset, S.A. Jasim, D.O. Bokov, M.S. Oleneva, A. Islamov, A.

T. Hammid, E. Kianfar, Comparison and evaluation of the performance of
graphene-based biosensors, Carbon Letters 32 (4) (2022) 927-951.

E. Kianfar, V. Cao, Polymeric membranes on base of PolyMethyl methacrylate for
air separation: a review, J. Mater. Res. Technol. 10 (2021) 1437-1461.

AM. Pinto, J.L.T.A. Cabral, D.A.P. Tanaka, A. Mendes, F. Magalhaes, Effect of
incorporation of graphene oxide and graphene nanoplatelets on mechanical and
gas permeability properties of poly(lactic acid) films, Polym. Int. 62 (2012)
33-40.

J. Zhong, A.L Isayev, X. Zhang, Ultrasonic twin screw compounding of
polypropylene with carbon nanotubes, graphene nanoplates and carbon black,
Eur. Polym. J. 80 (2016) 16-39.

S.R. Ahmad, C. Xue, R.J. Young, The mechanisms of reinforcement of
polypropylene by graphene nanoplatelets, Mater. Sci. Eng. B 216 (2017) 2-9.

S. Prolongo, R. Moriche, A. Jiménez-Sudrez, M. Sanchez, A. Urena, Advantages
and disadvantages of the addition of graphene nanoplatelets to epoxy resins, Eur.
Polym. J. 61 (2014) 206-214.

H.M. Chong, S.J. Hinder, A.C. Taylor, Graphene nanoplatelet-modified epoxy:
effect of aspect ratio and surface functionality on mechanical properties and
toughening mechanisms, J. Mater. Sci. 51 (2016) 8764-8790.

F. Wang, L.T. Drzal, Y. Qin, Z. Huang, Mechanical properties and thermal
conductivity of graphene nanoplatelet/epoxy composites, J. Mater. Sci. 50 (2015)
1082-1093.

J.A. King, D.R. Klimek, I. Miskioglu, G.M. Odegard, Mechanical properties of
graphene nanoplatelet/epoxy composites, J. Appl. Polym. Sci. 128 (2012)
4217-4223.

D.R. Klimek-McDonald, J.A. King, I. Miskioglu, E.J. Pineda, G.M. Odegard,
Determination and modeling of mechanical properties for graphene nanoplatelet/
epoxy composites, Polym. Compos. 39 (2016) 1845-1851.

C. Bora, P. Bharali, S. Baglari, S.K. Dolui, B.K. Konwar, Strong and conductive
reduced graphene oxide/polyester resin composite films with improved


https://doi.org/10.1016/j.cscee.2024.100612
https://doi.org/10.1016/j.cscee.2024.100612
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref1
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref1
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref1
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref2
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref2
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref2
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref3
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref3
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref4
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref4
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref4
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref5
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref5
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref6
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref6
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref6
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref7
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref7
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref7
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref8
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref8
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref9
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref9
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref10
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref10
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref11
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref11
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref11
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref12
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref12
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref13
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref13
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref14
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref14
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref14
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref15
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref15
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref15
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref16
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref16
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref16
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref17
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref17
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref17
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref18
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref18
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref18
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref19
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref19
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref19
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref20
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref20
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref20
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref21
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref21
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref22
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref22
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref23
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref23
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref23
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref24
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref24
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref24
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref25
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref25
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref25
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref25
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref26
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref26
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref26
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref27
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref27
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref28
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref28
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref28
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref29
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref29
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref29
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref29
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref30
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref30
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref30
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref31
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref31
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref31
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref32
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref32
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref32
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref32
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref33
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref33
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref33
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref34
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref34
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref34
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref35
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref35
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref35
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref35
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref36
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref36
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref36
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref36
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref37
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref37
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref37
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref38
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref38
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref38
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref39
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref39
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref39
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref40
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref40
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref41
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref41
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref41
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref41
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref42
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref42
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref42
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref43
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref43
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref44
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref44
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref44
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref45
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref45
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref45
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref46
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref46
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref46
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref47
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref47
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref47
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref48
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref48
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref48
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref49
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref49

Y. Ajaj et al.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

mechanical strength, thermal stability and its antibacterial activity, Compos. Sci.
Technol. 87 (2013) 1-7.

A.D. Todd, C.W. Bielawski, Thermally reduced graphite oxide reinforced
polyethylene composites: a mild synthetic approach, Polymer 54 (2013)
4427-4430.

Y. Li, J. Sun, J. Wang, C. Qin, L. Dai, Preparation of well-dispersed reduced
graphene oxide and its mechanical reinforcement in polyvinyl alcohol fibre,
Polym. Int. 65 (2016) 1054-1062.

N. Yousefi, X. Lin, Q. Zheng, X. Shen, J.R. Pothnis, J. Jia, E. Zussman, J.-K. Kim,
Simultaneous in situ reduction, self-alignment and covalent bonding in graphene
oxide/epoxy composites, Carbon 59 (2013) 406-417.

Overview of polymer nanotube nanocomposites, in: V. Mittal (Ed.), Polymer
Nanotube Nanocomposites, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2010,
pp. 15-44.

Y.-J. Wan, L.-C. Tang, D. Yan, L. Zhao, Y.-B. Li, L.-B. Wu, J.-X. Jiang, G.-Q. Lai,
Improved dispersion and interface in the graphene/epoxy composites via a facile
surfactant-assisted process, Compos. Sci. Technol. 82 (2013) 60-68.

Y. Zhang, Y. Wang, J. Yu, L. Chen, J. Zhu, Z. Hu, Tuning the interface of graphene
platelets/epoxy composites by the covalent grafting of polybenzimidazole,
Polymer 55 (2014) 4990-5000.

S. Kashyap, S.K. Pratihar, S.K. Behera, Strong and ductile graphene oxide
reinforced PVA nanocomposites, J. Alloys Compd. 684 (2016) 254-260.

Y. Xu, W. Hong, H. Bai, C. Li, G. Shi, Strong and ductile poly(vinyl alcohol)/
graphene oxide composite films with a layered structure, Carbon 47 (2009)
3538-3543.

Y. Chen, X. Yao, X. Zhou, Z. Pan, Q. Gu, Poly(lactic acid)/graphene
nanocomposites prepared via solution blending using chloroform as a mutual
solvent, J. Nanosci. Nanotechnol. 11 (2011) 7813-7819.

W. Chartarrayawadee, R. Molloy, A. Ratchawet, N. Janmee, M. Butsamran,

K. Panpai, Fabrication of poly(lactic acid)/graphene oxide/stearic acid
composites with improved tensile strength, Polym. Compos. 38 (2017)
2272-2282.

N. Zhang, Largely improved mechanical properties of polyurethane
nanocomposites via in situ polymerization with low loading of graphene oxide,
J. Macromol. Sci., Part B: Phys. (2022) 1-13.

Y. Fadil, S.C. Thickett, V. Agarwal, P.B. Zetterlund, Synthesis of graphene-based
polymeric nanocomposites using emulsion techniques, Prog. Polym. Sci. 125
(2022) 101476.

Y.S. Khoo, W.J. Lau, Y.Y. Liang, M. Karaman, M. Giirsoy, A.F. Ismail, Eco-friendly
surface modification approach to develop thin film nanocomposite membrane
with improved desalination and antifouling properties, J. Adv. Res. 36 (2022)
39-49.

D. Wu, H. Xu, M. Hakkarainen, From starch to polylactide and nano-graphene
oxide: fully starch derived high performance composites, RSC Adv. 6 (59) (2016)
54336-54345.

R.B. Valapa, G. Pugazhenthi, V. Katiyar, Effect of graphene content on the
properties of poly(lactic acid) nanocomposites, RSC Adv. 5 (2015) 28410-28423.
H.-D. Huang, P.-G. Ren, J.-Z. Xu, L. Xu, G.-J. Zhong, B.S. Hsiao, et al., Improved
barrier properties of poly(lactic acid) with randomly dispersed graphene oxide
nanosheets, J. Membr. Sci. 464 (2014) 110-118.

H. Kim, C.W. Macosko, Morphology and properties of polyester/exfoliated
graphite nanocomposites, Macromolecules 41 (2008) 3317-3327.

M.K. Lila, K. Shukla, U. Kumar Komal, I. Singh, Acc elerated thermal ageing
behaviour of bagasse fibers reinforced Poly (Lactic Acid) based biocomposites,
Composites, Part B 156 (2019) 121-127.

M.-H. Tsai, H. Ouyang, F. Yang, M.-K. Wei, S. Lee, Effects of ultraviolet irradiation
on the aging of the blends of poly (lactic acid) and poly (methyl methacrylate),
Polymer (2022) 124947.

H.N.K. Al-Salman, M. sabbar Falih, H.B. Deab, U.S. Altimari, H.G. Shakier, A.
H. Dawood, E. Kianfar, A study in analytical chemistry of adsorption of heavy
metal ions using chitosan/graphene nanocomposites, Case Stud. Chem. Environ.
Eng. 8 (2023) 100426.

M. Fattahi, C.Y. Hsu, A.O. Ali, Z.H. Mahmoud, N.P. Dang, E. Kianfar, Severe
plastic deformation: nanostructured materials, metal-based and polymer-based
nanocomposites: a review, Heliyon 9 (12) (2023) e22559, https://doi.org/
10.1016/j.heliyon.2023.e22559.

C.Y. Hsu, Z.H. Mahmoud, S. Abdullaev, B.A. Mohammed, U.S. Altimari, M.

L. Shaghnab, G.F. Smaisim, Nanocomposites based on Resole/graphene/carbon
fibers: a review study, Case Stud. Chem. Environ. Eng. (2023) 100535.

E. Darabi, H. Nazarpour-Fard, E. Kianfar, Fast NO2 gas pollutant removal using
CNTs/TiO2/CuO/zeolite nanocomposites at the room temperature, Case Stud.
Chem. Environ. Eng. 8 (2023) 100527.

C.Y. Hsu, A.M. Rheima, M.S. Mohammed, M.M. Kadhim, S.H. Mohammed, F.
H. Abbas, E. kianfar, Application of carbon nanotubes and graphene-based
nanoadsorbents in water treatment, BioNanoScience (2023) 1-19.

Z. sabri Abbas, M.M. Kadhim, A. Mahdi Rheima, A.D. jawad al-bayati, Z. Talib
Abed, F.M. dashoor Al-Jaafari, E. Kianfar, Preparing Hybrid Nanocomposites on
the Basis of Resole/Graphene/Carbon Fibers for Investigating Mechanical and
Thermal Properties, BioNanoScience, 2023, pp. 1-29.

M.M. Kadhim, A.M. Rheima, Z.S. Abbas, H.H. Jlood, S.K. Hachim, W.R. Kadhum,
Evaluation of a biosensor-based graphene oxide-DNA nanohybrid for lung cancer,
RSC Adv. 13 (4) (2023) 2487-2500.

W.K. Abdelbasset, S.A. Jasim, D.O. Bokov, M.S. Oleneva, A. Islamov, A.

T. Hammid, E. Kianfar, Comparison and evaluation of the performance of
graphene-based biosensors, Carbon Lett. 32 (4) (2022) 927-951.

12

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

Case Studies in Chemical and Environmental Engineering 9 (2024) 100612

C. Gao, J. Liao, J. Lu, J. Ma, E. Kianfar, The effect of nanoparticles on gas
permeability with polyimide membranes and network hybrid membranes: a
review, Rev. Inorg. Chem. 41 (1) (2021) 1-20.

E. Kianfar, R. Azimikia, S.M. Faghih, Simple and strong dative attachment of
a-diimine nickel (II) catalysts on supports for ethylene polymerization with
controlled morphology, Catal. Lett. 150 (2020) 2322-2330.

F. Kianfar, E. Kianfar, Synthesis of isophthalic acid/aluminum nitrate thin film
nanocomposite membrane for hard water softening, J. Inorg. Organomet. Polym.
Mater. 29 (2019) 2176-2185.

E. Kianfar, M. Salimi, F. Kianfar, M. Kianfar, S.A.H. Razavikia, CO 2/N 2
separation using polyvinyl chloride iso-phthalic acid/aluminium nitrate
nanocomposite membrane, Macromol. Res. 27 (2019) 83-89.

E. Kianfar, V. Pirouzfar, H. Sakhaeinia, An experimental study on absorption/
stripping CO2 using Mono-ethanol amine hollow fiber membrane contactor,

J. Taiwan Inst. Chem. Eng. 80 (2017) 954-962.

M. Salimi, V. Pirouzfar, E. Kianfar, Novel nanocomposite membranes prepared
with PVC/ABS and silica nanoparticles for C 2 H 6/CH 4 separation, Polym. Sci.
59 (2017) 566-574.

M. Salimi, V. Pirouzfar, E. Kianfar, Enhanced gas transport properties in silica
nanoparticle filler-polystyrene nanocomposite membranes, Colloid Polym. Sci.
295 (2017) 215-226.

M.A. Farhan, W.B. Ali, W.A. Ibrahim, Z.H. Mahmoud, Anti-cancer Schiff bases as
photostabilizer for poly (vinyl chloride), Bull. Chem. Soc. Ethiop. 38 (1) (2024)
135-146.

E.A. AbdulKareem, Z.H. Mahmoud, A.A. Khadom, Sunlight assisted
photocatalytic mineralization of organic pollutants over rGO impregnated TiO2
nanocomposite: theoretical and experimental study, Case Stud. Chem. Environ.
Eng. 8 (2023) 100446.

M.A. Mahdi, M.A. Farhan, Z.H. Mahmoud, A.M. Rheima, Z. sabri Abbas, M.

M. Kadhim, A.H. Ismail, Direct sunlight photodegradation of Congo red in
aqueous solution by TiO2/rGO binary system: experimental and DFT study, Arab.
J. Chem. 16 (8) (2023) 104992.

Z. Hameed Mahmood, Y. Riadi, H.A. Hammoodi, A.F. Alkaim, Y. Fakri Mustafa,
Magnetic nanoparticles supported copper nanocomposite: a highly active
nanocatalyst for synthesis of benzothiazoles and polyhydroquinolines, Polycycl.
Aromat. Comp. 43 (4) (2023) 3687-3705.

J.M. Mahmood, Z.H. Mahmoud, N.S. Al-Obaidi, A.M. Rahima, Gama-Fe203
silica-coated 2-(2-benzothiazolyl azo)-4-methoxyaniline for supercapacitive
performance: original scientific paper, J. Electrochem. Sci. Eng. 13 (3) (2023)
521-536.

N.S. Al-Obaidi, Z.E. Sadeq, Z.H. Mahmoud, A.N. Abd, A.S. Al-Mahdawi, F.K. Ali,
Synthesis of chitosan-TiO2 nanocomposite for efficient Cr (VI) removal from
contaminated wastewater sorption kinetics, thermodynamics and mechanism,

J. Oleo Sci. 72 (3) (2023) 337-346.

M.A. Mustafa, Q.A. Qasim, A.B. Mahdi, S.E. Izzat, Y.S. Alnassar, E.S. Abood, H.N.
K. Al-Salman, Supercapacitor performance of Fe304 and Fe304@ SiO2-bis
(aminopyridine)-Cu hybrid nanocomposite, Int. J. Electrochem. Sci. 17 (10)
(2022) 221057.

S.A. Jasim, W.K. Abdelbasset, K. Hachem, M.M. Kadhim, G. Yasin, M.A. Obaid, Z.
H. Mahmoud, Novel Gd203/SrFe12019@ Schiff base chitosan (Gd/SrFe@ SBCs)
nanocomposite as a novel magnetic sorbent for the removal of Pb (II) and Cd (II)
ions from aqueous solution, J. Chin. Chem. Soc. 69 (7) (2022) 1079-1087.

Z.H. Mahmoud, R.A. Al-Bayati, A.A. Khadom, Synthesis and supercapacitor
performance of polyaniline-titanium dioxide-samarium oxide (PANI/TiO 2-Sm 2
O 3) nanocomposite, Chem. Pap. (2022) 1-12.

Z.H. Mahmoud, R.A. Al-Bayati, A.A. Khadom, In situ polymerization of
polyaniline/samarium oxide-anatase titanium dioxide (PANI/Sm203-TiO02)
nanocomposite: structure, thermal and dielectric constant supercapacitor
application study, J. Oleo Sci. 71 (2) (2022) 311-319.

I. Raya, G. Widjaja, K. Hachem, R. Mn, A.A. Ahmed, M. M Kadhim, S. Aravindhan,
MnCo0204/Co304 nanocomposites: microwave-assisted synthesis,
characterization and photocatalytic performance, J. Nanostruct. 11 (4) (2021)
728-735.

I. Raya, G. Widjaja, K. Hachem, R. Mn, A.A. Ahmed, M. M Kadhim, S. Aravindhan,
MnCo0204/Co304 nanocomposites: microwave-assisted synthesis,
characterization and photocatalytic performance, J. Nanostruct. 11 (4) (2021)
728-735.

Z.H. Mahmoud, Photodegradation of methylene blue solution via au doped TiO2
nanocomposite catalysts prepared using novel photolysis method, Iran. J. Chem.
Chem. Eng. (Int. Engl. Ed.) 38 (2) (2019) 29-35.

Z.H. Mahmoud, R.F. Khudeer, Spectroscopy and structural study of oxidative
degradation Congo Red Dye under sunlight using TiO2/Cr203-CdS
nanocomposite, Int. J. ChemTech Res. 12 (3) (2019) 64-71.

M.A. Farhan, Z.H. Mahmoud, M.S. Falih, Synthesis and characterization of Ti02/
Au nanocomposite using UV-Irradiation method and its photocatalytic activity to
degradation of methylene blue, Asian J. Chem. 30 (5) (2018) 1142-1146.

L.A. Younus, Z.H. Mahmoud, A.A. Hamza, K.M.A. Alaziz, M.L. Ali, Y. Yasin,

E. Kianfar, Photodynamic therapy in cancer treatment: properties and
applications in nanoparticles, Braz. J. Biol. 84 (2023) €268892.

U. Abdul-Reda Hussein, Z.H. Mahmoud, K.M. Abd Alaziz, M.L. Alid, Y. Yasin, F.
K. Ali, E. Kianfar, Antimicrobial finishing of textiles using nanomaterials, Braz. J.
Biol. 84 (2023) €264947.

A.M. Rheima, Z. sabri Abbas, M.M. Kadhim, S.H. Mohammed, D.Y. Alhameedi, F.
A. Rasen, E. Kianfar, Aluminum oxide nano porous: synthesis, properties, and
applications, Case Studies in Chemical and Environmental Engineering 8 (2023)
100428.


http://refhub.elsevier.com/S2666-0164(24)00006-9/sref49
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref49
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref50
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref50
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref50
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref51
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref51
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref51
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref52
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref52
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref52
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref53
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref53
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref53
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref54
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref54
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref54
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref55
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref55
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref55
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref56
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref56
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref57
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref57
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref57
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref58
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref58
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref58
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref59
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref59
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref59
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref59
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref60
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref60
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref60
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref61
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref61
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref61
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref62
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref62
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref62
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref62
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref63
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref63
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref63
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref64
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref64
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref65
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref65
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref65
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref66
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref66
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref67
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref67
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref67
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref68
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref68
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref68
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref69
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref69
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref69
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref69
https://doi.org/10.1016/j.heliyon.2023.e22559
https://doi.org/10.1016/j.heliyon.2023.e22559
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref71
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref71
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref71
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref72
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref72
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref72
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref73
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref73
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref73
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref74
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref74
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref74
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref74
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref75
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref75
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref75
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref76
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref76
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref76
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref77
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref77
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref77
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref78
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref78
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref78
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref79
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref79
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref79
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref80
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref80
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref80
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref81
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref81
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref81
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref82
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref82
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref82
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref83
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref83
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref83
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref84
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref84
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref84
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref85
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref85
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref85
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref85
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref86
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref86
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref86
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref86
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref87
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref87
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref87
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref87
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref88
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref88
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref88
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref88
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref89
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref89
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref89
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref89
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref90
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref90
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref90
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref90
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref91
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref91
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref91
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref91
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref92
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref92
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref92
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref93
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref93
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref93
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref93
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref94
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref94
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref94
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref94
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref95
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref95
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref95
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref95
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref96
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref96
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref96
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref97
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref97
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref97
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref98
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref98
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref98
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref99
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref99
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref99
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref100
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref100
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref100
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref101
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref101
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref101
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref101

Y. Ajgj et al.

[102]

[103]

[104]

[105]

[106]

C.Y. Hsu, A.M. Rheima, Z. sabri Abbas, M.U. Faryad, M.M. Kadhim, U.S. Altimari,
E. Kianfar, Nanowires properties and applications: a review study, S. Afr. J. Chem.
Eng. (2023).

C.Y. Hsu, A.M. Rheima, M.M. Kadhim, N.N. Ahmed, S.H. Mohammed, F.H. Abbas,
E. Kianfar, An overview of nanoparticles in drug delivery: properties and
applications, S. Afr. J. Chem. Eng. (2023).

N.S. Ahmed, C. Hsu, Z.H. Mahmoud, H. Sayadi, E. kianfar, A graphene oxide/
polyaniline nanocomposite biosensor: synthesis, characterization, and
electrochemical detection of bilirubin, RSC Adv. 13 (2023) 36280, https://doi.
org/10.1039/D3RA06815C.

A. Mohammadkhani, F. Mohammadkhani, N. Farhadyar, M.S. Sadjadi, Novel
nanocomposite zinc phosphate/polyvinyl alcohol/carboxymethyl cellulose:
synthesis, characterization and investigation of antibacterial and anticorrosive
properties, Case Stud. Chem. Environ. Eng. (2023) 100591.

H.N.K. Al-Salman, Chou-Yi Hsu, Zainab Nizar Jawad, Zaid H. Mahmoud,

Faraj Mohammed, Abdulnaser Saud, I. Zuhair, Al-Mashhadani, Laila Sami Abu
Hadal, Ehsan Kianfar, Graphene oxide-based biosensors for detection of lung
cancer: a review, Results Chem. (2023) 101300, https://doi.org/10.1016/j.
rechem.2023.101300.

13

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Case Studies in Chemical and Environmental Engineering 9 (2024) 100612

N. sabah Ahmed, C.Y. Hsu, Z.H. Mahmoud, H. Sayadi, A graphene oxide/
polyaniline nanocomposite biosensor: synthesis, characterization, and
electrochemical detection of bilirubin, RSC Adv. 13 (51) (2023) 36280-36292.
C.H. Chan, C.H. Chia, S. Zakaria, I. Ahmad, A. Dufresne, Low filler content
cellulose nanocrystal and graphene oxide reinforced polylactic acid film
composites, Polym. Res. J. 33 (2015) 165-177.

K. Hasheminejad, A. Montazeri, Enhanced interfacial characteristics in PLA/
graphene composites through numerically-designed interface treatment, Appl.
Surf. Sci. 502 (2020) 144150.

1.S. Bayer, Thermomechanical properties of polylactic acid-graphene composites:
a state-of-the-art review for biomedical applications, Materials 10 (7) (2017) 748.
B.W. Chieng, N.A. Ibrahim, W.M.Z.W. Yunus, M.Z. Hussein, Y.Y. Then, Y.Y. Loo,
Reinforcement of graphene nanoplatelets on plasticized poly (lactic acid)
nanocomposites: mechanical, thermal, morphology, and antibacterial properties,
J. Appl. Polym. Sci. 132 (11) (2015).

A. Gautam, K. Pal, Gefitinib conjugated PEG passivated graphene quantum dots
incorporated PLA microspheres for targeted anticancer drug delivery, Heliyon 8
(12) (2022).

K. Hasheminejad, A. Montazeri, Enhanced interfacial characteristics in PLA/
graphene composites through numerically-designed interface treatment, Appl.
Surf. Sci. 502 (2020) 144150.


http://refhub.elsevier.com/S2666-0164(24)00006-9/sref102
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref102
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref102
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref103
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref103
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref103
https://doi.org/10.1039/D3RA06815C
https://doi.org/10.1039/D3RA06815C
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref105
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref105
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref105
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref105
https://doi.org/10.1016/j.rechem.2023.101300
https://doi.org/10.1016/j.rechem.2023.101300
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref107
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref107
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref107
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref108
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref108
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref108
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref109
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref109
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref109
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref110
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref110
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref111
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref111
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref111
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref111
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref112
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref112
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref112
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref113
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref113
http://refhub.elsevier.com/S2666-0164(24)00006-9/sref113

	Effect and investigating of graphene nanoparticles on mechanical, physical properties of polylactic acid polymer
	1 Introduction
	2 Novelty of this research work
	3 Materials and methods
	3.1 Preparation of nanocomposites
	3.2 Methods of preparation of PLA-Gr nanocomposite
	3.2.1 In situ polymerization method
	3.2.2 Melt mixing method
	3.2.3 Solution method

	3.3 Graphene synthesis
	3.4 Chemical synthesis of graphene from reduced graphene oxide
	3.5 Advantages graphene/graphene oxide

	4 Discussion & conclusions
	4.1 XRD analysis
	4.2 FE-SEM and TEM analysis
	4.2.1 RMS analysis
	4.2.2 DSC analysis

	4.3 Tensile test
	4.4 Mechanical resistance test of materials against UV rays

	5 Advantages and Disadvantages polylactic acid polymer/graphene nanocomposites
	6 Conclusion
	Ethics approval and consent to participate
	Consent for publication
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


