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Abstract

Many industries, such as those in the fields of medicine, textiles, cosmetics, agriculture, optics, food
packaging, optoelectronics, semiconductors, aerospace, building materials, and catalysis, utilize
nanoparticles and nanocomposites in a variety of applications. A unique class of materials, polymeric
nanocomposites outperform their microparticle counterparts by fusing organic polymers with inorganic
nanoparticles. Consequently, they ought to advance the field of engineering applications. The presence
of inorganic nanoparticles can significantly alter the properties of a polymer matrix. Titanium dioxide
(nTiO2) and zinc oxide (nZnO), two nanoparticle-reinforced polymer flexible composites, offer new
design opportunities with exceptional mechanical and chemical capabilities. The mechanical,
morphological, and thermal properties of polypropylene (PP) composite materials filled with nTiO;
and nZnO were investigated in this study. Nanoparticles made up between 1 and 5 wt.% of the matrix.
For improved surface adherence and fine dispersion, nanoparticles were coated with maleic anhydride
grafted styrene ethylene butylene styrene (SEBS-g-MA), and silane, respectively, prior to melt mixing.
To investigate the effects of modified and unmodified nanoparticles at various concentrations on the
mechanical characteristics, morphological, and thermal properties, PP/nanoparticle nanocomposites
were made using a twin-screw extruder and a heat press. Due to the stiff structure of nanoparticles,
impact strength and elongation at break have decreased while all tensile parameters, such as yield
strength and tensile strength, have increased. In spite of the fact that nTiO has a higher hardness than
nZnO, nanocomposites containing it showed more elongation than those containing the latter. The
PP/nTiO, nanocomposite produced more than SEBS-g-MA due to the presence of silane. However,
compared to nZnO nanocomposites, silane-modified nTiO, nanocomposites have better tensile
properties. Reduced elongation at break is guaranteed in this case since the more refined structure of
nTiO, with PP has been induced. The better compatibility of nTiO, with silane is probably to blame for
this. Additionally, thermal analysis was done to figure out the melt temperature, crystallization
temperature, and crystallinity level.
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of nanocomposite materials is widespread, and their production rates are increasing as nanotechnology
develops. With a size of 100 nm, the nanocomposite was one of the phases of a multiphase material
system. Nanocomposite materials have a high area-to-volume ratio because their filler particles are
very small. Nanocomposites have many benefits including low weight, mechanical strength, resistance
to chemical corrosion, and ease of production. The variety of applications of these resources has
increased [3-5].

Several methods can be used to create nanocomposites. Solution blending, melt blending, and in situ
polymerization are the most popular methods. The ideal method involves melting and mixing. Melt
mixing is a step in the production of polymer nanocomposites. An extruder was initially used to melt
the polymer and combine it with the required number of nanoparticles. Instead, the polymer and
strengthening components were mixed dry, heated in a mixer, and sufficiently sheared to produce the
required polymer nanocomposites. Melt blending provides numerous benefits over in situ
polymerization and polymer solution mixing. Melt blending is environmentally beneficial because it
does not require organic solvents. The possibility of using the melt blending process in industrial
applications has led to its increasing popularity [6]. This approach is also more affordable than
alternative approaches [7]. These products exhibit antibacterial, high mechanical, high ultraviolet (UV),
and nonflammability properties [8, 9].

Polymers are commonly used in the fabrication of nanocomposite materials owing to their excellent
properties, including flexible structures, simple manufacturing procedures, superior forms, and
mechanical behaviors [4, 10, 11]. As a result of numerous studies on nanocomposites that focused on
the polymer that would be used as the matrix phase, the quality of the polymer was noticeably improved,
even when very small amounts of nanoparticles were added. Large-scale phase contact is possible owing
to the high area-to-volume ratio of reinforcing nanoparticles and their nanoscale size [12]. Polymer-
based nanocomposites are preferable to those composed of metal or ceramic matrices [13]. Polymer
nanocomposites were fabricated using melt fiber spinning. Using this method, nanoparticles were
integrated into the polymer matrix. Polymer matrix nanocomposites can provide composites with
increased tensile strength and practical properties [4, 14, 15].

Polypropylene (PP) is one of the most important commercial polymers. It is commonly utilized in
the production of containers, cars, cables, and ordinary plastics [16, 17]. It exhibited outstanding thermal
and tensile properties at room temperature. Additionally, they exhibit a high chemical resistance rating
[2, 18]. The textile industry uses polypropylene (PP) to provide functionality to textile products. It has
what seems to be a flat waxy fiber structure. Polypropylene fibers are required to produce carpets,
textiles, and technical textile products. They are preferred owing to their superior strength, economical
manufacturing, and chemical resistance. The physical properties of polypropylene are listed in Table 1.

Fiber, which can be generated from a number of sources, is an essential fundamental material used
in the textile industry. Alternative fibers are becoming increasingly popular, even though cotton fiber,
which comes from natural sources, is still the most commonly used fiber in the industry. To create
useful textile products, one of these fiber types, which is polymer-based, is reinforced with reinforcing
components. The development of unique products and reduction of manufacturing problems are the
main advantages of fiber-matrix polymer nanocomposites [19, 20].

Table 1. Polypropylene properties.

Properties Value
Melting point (°C) 160-175
Tq (°C) 40
Density (gr/cm?®) 0.9
Degradation temperature (°C) 328-410
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It is important to remember that nanoparticles impart special characteristics to composite materials,
which are then improved and reinforced by reinforcing components to make composites more robust
and useful. TiO2, SiOz, CaCOs, and ZnO are only a few inorganic nanoparticles used to improve the
mechanical properties of polymers [12, 21]. Although cost savings are the main advantage of utilizing
inorganic fillers in polymer composites, other mechanical properties, such as rigidity, toughness, and
dimensional stability can also be improved [22]. Numerous researchers in this field have combined ZnO
with polymer composites to produce materials with excellent properties. Wacharawichanant et al.
observed that the tensile strength did not increase considerably even when ZnO was added to a
polypropylene composite [23]. Similar outcomes, including a decrease in the elastic modulus, yield
strength, and tensile strength of the composite, were observed in related comprehensive tests conducted
by other researchers [24]. Similar results were obtained when CaCOs and other inorganic fillers were
added to polypropylene composites, producing low values of tensile strength [25]. Because TiO- is non-
toxic, it has garnered a lot of interest from inorganic filler manufacturers. Additional advantages of TiO,
include its high hardness, chemical inertness, affordability, and ability to filter UV rays. Several
researchers have investigated the use of TiO, with PP to improve the physical and mechanical properties
of the composites. As a result, the tensile strength of the PP composite was greatly increased when TiO;
was added [26-30].

Polymers reinforced with nanometal oxides are becoming increasingly popular owing to their
improved mechanical strength, design flexibility, and improved chemical, electrical, and optical
properties [31]. Agglomeration of the nanoparticles, on the other hand, may degrade the properties of
the nanocomposites. To resolve this issue, dispersants and coupling agents have been used [12]. Another
difficulty that is regularly encountered is the decrease in the stiffness of the inorganic material, which
causes the impact strength to decrease. Researchers have used elastomeric natural materials to increase
the durability of composites [32]. This study examined the mechanical, morphological, and thermal
properties of polypropylene reinforced with titan dioxide and zinc oxide at the nanoscale level.
Improved tensile properties were achieved using silane and SEBS-g-MA for improved dispersion and
surface adhesion between the metal oxide and the matrix.

EXPERIMENTAL
Ingredients & Production of the Nanoparticles

PP was purchased in pellet form from Lotte Chemical Titan Malaysia, with a melt flow index of 14
g/min and a density of 0.900g/cm®. The Chinese Nabond Company employed ZnO and TiO; as
nanomaterials. For better surface adhesion and dispersion, the nanoparticles were coated with
vinyltrimethoxysilane (VTMS, Aldrich) and SEBS-g-MA (FG1901X, Kraton, Shell Company). To coat
the nanometal oxide particles, they first utilized SEBS-g-MA and subsequently silane. It was anticipated
that the coupling agent function of SEBS-g-MA would work better when coated onto powders when
used as a compatibilizer. The silane coating resulted in more evenly distributed SEBS-g-MA-coated
particles in the polymer matrix. Coating was performed by combining SEBS-g-MA with nanoparticles
dissolved in toluene over a period of 48 h at 25°C. The mixture was dried for eight hours at 50 °C, and
the SEBS-g-MA-coated nanoparticles were ground. Pure alcohol (96%), distilled water (4%), and silane
(1%) were combined to create coating solutions. Nanoparticles coated with SEBS-g-MA were gradually
added to the mixture after three hours of mixing. The mixture was ground after an eight-hour 50°C.

Two types of compatibilizers (SEBS-g-MA and silane) and a predetermined amount of PP, as well
as varying amounts of nanoparticles (1, 3, and 5 wt.%) and a fixed amount of 3 wt.% nanoparticles were
used to form the nanocomposite samples. The following code applies to both coated and uncoated
nanocomposites: for uncoated, PP/1 wt.% nTiO, (marked as PP/1UnTiO;), PP/3UnTiO,, PP/5UnTiO;
and PP/1UnZn0O, PP/3UnZn0O, PP/5UnZn0, and for coated, PP/silane-coated 1 wt.% nTiO; (indicated
as PP/1SnTiO,), PP/3SnTiO2, PP/5SnTiO, and PP/SEBS-g-MA-coated 1 wt.% nZnO (designated as
PP/1SEnZn0O), PP/3SEnZnO, and PP/5SEnZnO. PP and nanoparticles were placed in a 44 L/D twin-
screw extruder, designated as ZE-25A UTX, manufactured by Krauss Maffei Berstorff GmbH in
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Germany. The screw was rotated at a speed of 100 rpm while operating in the temperature range of
180-220°C. Extruded strands are ground into tiny pellets, and the resulting pellets are then used in a
hot press machine to produce thin plates.

Characterizations

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to
study the fracture surfaces and nanoparticle dispersions, respectively. Scanning electron microscopy
(SEM, JSM-6360LV, JEOL, Tokyo, Japan) was used to analyze the fracture surfaces of the
nanocomposites. The samples were coated with gold before imaging. Transmission electron microscopy
(TEM, JEM-2100F, JEOL) was used to assess the dispersion of PP and nanoparticles.

Tensile tests were performed using a Shimadzu Universal Testing Machine ( AG-1, Japan). The
samples were 2 mm thick, 10 mm wide, and 50 mm gauge length. At a crosshead speed of 10 mm/min,
the yield strength, tensile strength, tensile modulus, and elongation at break were examined. The lzod
impact test was performed on a Zwick impact test machine with notched specimens and a 5.4 J
pendulum hammer. In compliance with the ASTM-D 638-03 standard, five repeat tests were conducted
to obtain an average value for each sample in all experiments [33].

Differential Scanning Calorimetry

A nitrogen environment was used to study the melting and crystallization behaviors using differential
scanning calorimetry (DSC; Perkin Elmer DSC-7). The samples (5-8 mg) were heated from 40 to 180
°C at a rate of 10 °C/min for 5 min and then cooled to 40 °C at a rate of 10 °C/min for 5 min. The
thermal history of the samples was removed using a second heating cycle. We measured the
crystallization degree (Xc), crystallization temperature (T¢), and melting temperature (Tm). The fusion
enthalpy of the 100% crystalline phase of PP was 209 J/g to calculate the degree of crystallization of
the blends [34].

A DISCUSSION ON THE FINAL RESULTS
Mechanical Characteristics

Metal oxide nanoparticles have been used to enhance the mechanical characteristics of polymer
matrices [35]. The variations in the yield and tensile strengths of PP, PP/uncoated nTiO,, PP/uncoated
nZnO, PP/silane-coated nTiO,, PP/silane-coated nZnO, PP/SEBS-g-MA-coated nTiO,, and PP/SEBS-
g-MA-coated nZnQ are shown in Figures 1(a) and (b). It can be seen that the yield strength and tensile
strength increased when the nanometal oxide content was increased up to 3 wt.% (yield strength
increased by 16.9% and tensile strength increased by 20% for PP/UnTiO, nanocomposites compared
to PP, and the yield strength increased by 6% and tensile strength increased by 12% for PP/UnZnO
nanocomposites), and then decreased by 5 wt.%. In this scenario, neither the yield strength nor the
tensile strength of the material is affected by any portion of the external load because the agglomerated
nanoparticles are swiftly separated from the polymer. The results obtained by Zaman et al. were
validated [36]. The modification of PP/nTiO, or PP/nZnO nanocomposites to strengthen the interfacial
interaction between PP and nanometal oxide particles was made possible by silane and SEBS-g-MA.
The introduction of silane in the PP/nTiO, or PP/nZnO nanocomposites significantly improved the
interfacial interaction between the nanometal oxide and PP compared to the PP/UnTiO or PP/nZnO
nanocomposites. At a nanometal oxide concentration of 3 wt.%, the highest yield strength and tensile
strength of the PP/SnTiO. and PP/SnZnO nanocomposite, which were approximately 32%, 31%, 20%,
and 19% greater than those of the PP matrix, were 28.9 MPa and 26.3 MPa, respectively. PP/SnTiO>
exhibited the highest yield and tensile strength, followed by PP/SnZnO came in second. The strength
of the compatibilized system increased because of the stronger distribution that the compatibilizer
generates and enhances solid-state adhesion, which can transmit more stress from the matrix to the
dispersion phase. PP/SEnTiO> or PP/SEnZnO have a lower strength while having the same quantity
of nanometal oxide as PP/SnTiO, or PP/SnZnO because they also contain the elastomeric phase of
SEBS-g-MA.
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Figure 1. Tensile properties of PP nanocomposites reinforced with nanoscale titanium dioxide and
nanoscale zinc oxide, (a) yield strength, and (b) tensile strength.

Figures 2(a) and (b) show the nanocomposites' tensile modulus and elongation at break as a function
of the nanometal oxide content. With the addition of nanometal oxides, the tensile modulus increased
consistently, while the elongation at break decreased gradually. By developing the modulus, stress can
be efficiently transferred from the PP to the nanometal oxide particles. The fact that elongation
decreased when nanometal oxide was added, on the other hand, suggests that the substance might
interfere with or deform PP. Mechanical restraint of the PP and personal contact were the causes of this
interference. When there was 5% nanometal oxide content, silane significantly increased the tensile
modulus. The silane-coated nanometal oxide particles were finely dispersed, and the PP and nanometal
oxide particles had strong adhesion, which will be discussed in more detail later. As a result, the tensile
modulus increased. The SEBS-g-MA nanocomposites, on the other hand, showed strong tensile moduli
with a nanometal oxide level of 5% by weight. The coating of nZnO particles on SEBS-g-MA was not
distributed as finely as the nTiO; particles, as shown by the results of the tensile test. Materials with
higher yield strengths, tensile strengths, and tensile moduli have been developed using nTiO> because
of its rigid structure and higher hardness than those of nZnO. Instead, it was anticipated that PP/nTiO-
nanocomposites would exhibit reduced elongation when compared to nzZnO-reinforced
nanocomposites; instead, the opposite was demonstrated to be true to a greater than 1 wt.% degree. This
suggests that nTiO,, silane, and SEBS-g-MA may interact with each other more efficiently than nZnO.

The impact features observed during the impact tests are shown in Figure 2(c). Nanometal oxide was
added, but the harder particles resulted in a reduction in the impact strength. However, when PP/SnTiO>
and PP/SENTIiO,, as well as PP/SnZnO and PP/SEnZnO, were compared with the nanocomposites that
had silane or SEBS-g-MA, the impact strength was increased. The addition of silane produces the
nanocomposite toughness through the improved impact strength and PP's molecular flexibility. With an
increase in the nanometal oxide content, the impact strength decreased because of the presence of
agglomerates, which will be discussed later. As the amount of nanometal oxide increased, agglomerates
developed and the interfacial nanometal oxide-PP adhesion decreased because SEBS-g-MA did not
provide an excellent dispersion as it did in silane. As a result, despite the presence of the elastomer
phase, inadequate impact strength has been reported in PP/SEnTiO, and PP/SEnZnO nanocomposites.
It is well known that each agglomeration causes cracking and reduces its impact strength.

Surface Morphology and Particle Dispersion

The homogeneity of different morphologies, domain sizes, and shapes, as well as their relationship
to mechanical properties, are among the most important factors in determining the degree of dispersion
of interactions between the two phases [37]. TEM images of the PP/nTiO, nanocomposites formed with
3 wt.% nTiO; (designated as PP/3UnTiOz), 3 wt.% nTiO, coated with PP/silane (designated as
PP/3SnTiO,), or 3 wt.% nTiO; coated with PP/SEBS-g-MA are shown in Figure 3(a-c).
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Figure 2. Tensile and impact properties of PP nanocomposites reinforced with nTiO, and nZnO, such
as () tensile modulus, (b) elongation at break, and (c) impact strength.

o -

The significantly larger nTiO; particles in Figure 3(a) are not intercalated and most likely form a
"micro composite” structure because there is no silane or SEBS-g-MA. The PP continued across the
remaining space, and the nTiO, tactoids were visible in black. However, the poor dispersion of some
nTiO; particles can be represented by specific black forms. Figure 3(c) shows a lower number of nTiO;
particles compared to Figure 3(a), and they have been blended into lighter parts. Silane, which functions
as a compatibilizer and intercalator between PP and nTiO- (Figure 3b), might be added to obtain a better
dispersion. The PP/3SnTiO. systems demonstrate better and more uniform nTiO, dispersion in the PP
matrix because the black shape of silane is less obvious than in the PP/3SEnTiO; system. Figures 3(d)—
3(f) show the TEM images of the nanocomposites PP/3UnZn0O, PP/3SnZn0O, and PP/3SEnZnO. The
very large nZnO particles in Figure 3(d), which are not intercalated, show a strong dispersion between
PP and nZnO. The TEM photomicrographs of PP/3SnZnO shown in Figure 3(e) show that the nZnO
particles were evenly distributed throughout the matrix and were almost completely immersed in it.
This ensured both the compatibility of the two materials and the strong bonds produced between nTiO,
and PP. However, when the SEBS-g-MA coating was applied, the dispersion of nZnO particles was
less than that shown in Figure 3(e) (Figure 3(f)), even though some nanoparticles were split into lighter
parts during the mixing process. In addition, the silane coating on the nZnO particles enhanced the
surface adhesion and fine dispersion when compared to the silane coating on the nTiO; particles.

The fracture surfaces of the nanocomposites are shown in the SEM photomicrographs in Figure 4.
Figures 4(a) and (d) illustrate the random placement of uncoated nTiO, or nZnO with nanocomposites
in the PP matrix. Several agglomerates larger than 1 m in size were exposed above the fracture surface.
The PP to PP/3UnTiO> nanocomposite has large particles because there is no functional polymer
present, and the interfaces seem to be individually wet and/or weak to the adhesion of the components.
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This illustrates the high impact resistance and poor tensile properties of the nanocomposites discussed
above. Figure 4(b) and (e) depict the nanocomposites made of 3SnTiO, and 3SnZnO particles,
respectively. These nanoparticles were spread more evenly across the PP matrix and were efficiently
dispersed without aggregation. This demonstrates that soaking the nanoparticles has a major impact on
the connection, adhesion, and direct contact between the TPE and nTiO2/nZn0O. The 3SnTiO; particles
were more equally dispersed in the PP matrix than the 3SnZnO particles were. This lends credence to
the advantages of the improved mechanical properties of the nanocomposites.

&

Figure 3. TEM images of (a) PP/3UnTiO,, (b) PP/3SnTiO,, (c) PP/3SENTiO,, (d) PP/3UnZn0O, (e)
PP/3SnZn0O, and (f) PP/3SEnZnO.
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197

Figure 4. SEM pictures of (a) PP/3UnTiO,, (b) PP/3SnTiO,, (c) PP/3SENTIiO-, (d) PP/3UnZn0O,
(e) PP/3SnZn0O, and (f) PP/3SENZnO.
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Table 2. Thermal properties of nanocomposites.

Mixture Tm (°C) | Tc (°C) | Enthalpy (J/g) | Xc (%)
Pure PP 166.5 126.7 87.3 42.4
PP/1 nTiO2 165.7 124.9 84.5 41.3
PP/3 nTiO2 166.3 126.5 83.6 40.7
PP/5 nTiO2 166.5 127.3 85.2 41.8
PP/1 nZnO 166.6 125.4 69.5 335
PP/3 nZnO 165.8 125.7 67.5 31.6
PP/5 nZnO 165.8 125.4 68.2 31.9

Figures 4(c) and (f) depict the morphological structures of the nanocomposites, including the
3SENTIiO, and 3SEnZnO particles. The PP/3SEnTiO; and PP/3SEnZnO systems contain larger parts
and smaller average particle sizes than the PP/3UnTiO, and PP/3UnZnO systems. By comparison to
3UnTiO2/3UnZn0O, 3SENTiO2/3SEnZnO and SEBS-g-MA were more compatible, as shown by this.
However, nanoparticle agglomerates formed in some regions of the PP matrix decreased the tensile
characteristics of the PP/3SEnTiO; and 3SEnZnO nanocomposites. The superior surface adhesion and
fine structure of the 3SnTiO, particles to PP, as compared to the 3SnZnO particles, confirmed the
superior tensile properties of the PP/3SnTiO, nanocomposite.

Thermal Characteristics

The DSC results for the composites are listed in Table 2. The melt temperature (Tm) and
crystallization temperature (T¢) were unaffected by the addition of nTiO; and nZnO. On the other hand,
the addition of nZnO reduced the level of crystallization more than the addition of nTiO,, indicating
that the nTiO; particles had no impact on the stability of PP. The physical hindrance effect of the nano-
ZnO on the molecular chains and the retarding effect on the PP crystals were more pronounced in the
PP/nZnO composites. The increased physical compatibility of nTiO, with SEBS-g-MA and finer
nanoparticle dispersions are likely responsible for this outcome. Numerous studies have been conducted
on the effect of nanoparticles on the degree of crystallization. Different experimental findings led to
different results, and some studies recognized these particles as nucleating agents [38, 39]. For instance,
as the amount of nanofiller increased in PP with nano-CaCOs filler, the crystallinity remained unaltered
[38]. However, further studies on clay/PP composites revealed either an increase or decrease in
crystallinity [39, 40]. The findings of this experiment were also supported by Chandramaouleeswaran
et al. [16], who reported a decrease in the crystallinity of PP/nano-ZnO composites. Most research on
nano-titan dioxide reinforced composites [41, 42] concluded that nTiO; had no substantial effect on the
degree of crystallinity or function as a nucleating agent [24, 43].

CONCLUSIONS

Metal oxides enhance the mechanical properties; however, each metal oxide behaves differently
based on its physical, mechanical, and chemical properties. To prepare the PP/nanometal oxide
nanocomposites, a melt mixing process under the supervision of a hot press machine was used. In this
study, the inclusion of two nanometal oxides, nTiO, and nZnO, improved the mechanical properties
of the polypropylene composites. In this study, the effects of surface-modified nanometal oxide
particles were examined along with the mechanical, morphological, and thermal properties of
PP/nanometal oxide nanocomposites. Owing to the inclusion of metal oxide nanoparticles,
PP/nanometal oxide nanocomposites exhibit stronger tensile properties than the pure PP matrix;
however, the impact strength and elongation at break were reduced. The addition of silane or SEBS-
g-MA-coated metal oxide nanoparticles significantly changed the tensile properties of PP, such as
yield strength, tensile strength, and tensile modulus, but decreased the impact strength and elongation.
Stronger surface bonding was provided by SEBS-g-MA-coated metal oxide nanoparticles in addition
to fine dispersion with silane-coated nanometal oxide. Materials with greater yield strength, tensile
strength, and tensile modulus have been developed using nTiO. because of its rigid structure and
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higher hardness than that of nZnO. However, it was anticipated that PP/nTiO, nanocomposites would
exhibit less elongation than nZnO-reinforced nanocomposites; however, the opposite was
demonstrated to be true to a greater than 1 wt.% degree. As a result, it can be shown that nTiO; and
silane were more compatible than nZnO. In addition, the presence of nanometal oxide agglomerates
in particular areas of PP reduced the tensile properties of the PP/nZnO nanocomposites. The tensile
characteristics and crystallinity of the PP/nZnO composites were also decreased by the nZnO
agglomerates that developed in some locations in the matrix.

REFERENCES

1. Aydemir D, Uzun G, Gumus H, Yildiz S, Gumus S, Bardak T, Gunduz G. Nanocomposites of
polypropylene/nano titanium dioxide: Effect of loading rates of nano titanium dioxide. Mater Sci.
2016;22:364-9. DOI: 10.5755/j01.ms.22.3.8217.

2. Tang J, Wang Y, Liu H, Belfiore LA. Effects of organic nucleating agents and zinc oxide
nanoparticles on isotactic polypropylene crystallization. Polymer. 2004;45:2081-91. DOI:
10.1016/j.polymer.2003.11.046.

3. Wang H, Xian G, Li H. Grafting of nano-TiO2 onto flax fibers and the enhancement of the
mechanical properties of the flax fiber and flax fiber/epoxy composite. Compos Part A.
2015;76:172-80. DOI: 10.1016/j.compositesa.2015.05.027.

4. Zaman HU, Khan RA. Organically modified peanut shell flour-reinforced polypropylene
nanocomposites: Effect of fiber surface treatment on basic properties. Int J Anal Appl Chem.
2022;8:19-30.

5. Zaman HU, Khan RA. A review on polymer nanocomposites and its applications. Int J Adv Sci
Eng. 2023;9:3006-23. DOI: 10.29294/1JASE.9.3.2023.3006-3023.

6. Zhu J, Wilkie CA. Thermal and fire studies on polystyrene-clay nanocomposites. Polym Int.
2000;49:1158-63. DOI: 10.1002/1097-0126(200010)49:10<1158::AID-P1505>3.0.CO;2-G.

7. Selvakumar V, Manoharan N. Mechanical and morphological properties of PP/MWNT/MMT
hybrid nanocomposites. Int J Eng Technol. 2014;6:2351-6.

8. Montazer M, Morshedi S. Photo bleaching of wool using nano TiO2 under daylight irradiation. J
Ind Eng Chem. 2014;20:83-90. DOI: 10.1016/j.jiec.2013.04.023.

9. Zhou JP, Qiu KQ, Fu WL. The surface modification of ZnOw and its effect on the mechanical
properties of filled polypropylene composites. J Compos Mater. 2005;39:1931-41. DOI:
10.1177/00219983050518009.

10. Zaman HU, Khan RA. Investigation into Ultra-High Molecular Weight Polyethylene/Modified
Nano-Zinc Oxide Nanocomposites. Int J Adv Sci Eng. 2023;9:2848-56. DOI:
10.29294/1JASE.9.3.2023.2848-2856.

11. Zaman HU, Khan RA. Effect of coupling agent on Organoclay dispersion in polyethylene/
Organoclay nanocomposites for packaging industry. Int J Nanobiotechnol. 2023;8:1-11.

12. Kruenate J, Tongpool R, Panyathanmaporn T, Kongrat P. Optical and mechanical properties of
polypropylene modified by metal oxides. Surf Interface Anal. 2004;36:1044-7. DOI:
10.1002/sia.1833.

13. Giindogan K, Oztiirk DK. Investigation of properties ZnO, CuO, and TiO2 reinforced
polypropylene composites. NISC. PR, USA. 2021;414-9.

14. Lin OH, Akil HM, Mahmud S. Effect of particle morphology on the properties of
polypropylene/nanometric zinc oxide (PP/nanoZnO) composites. Adv Compos Lett. 2009;18. DOI:
10.1177/096369350901800302.

15. Zaman HU, Khan RA. Mechanical and thermal properties of extruded thermoplastic polyester
elastomer/TiO2 nanocomposites: Effect of surface modification. Adv J Sci Eng. 2022;3:136-45.

16. Chandramouleeswaran S, Mhaske ST, Kathe AA, Varadarajan PV, Prasad V, Vigneshwaran N.
Functional behaviour of polypropylene/ZnO-soluble starch nanocomposites. Nanotechnology.
2007;18:385702. DOI: 10.1088/0957-4484/18/38/385702.

17. Zaman HU, Khan RA. Fabrication and surface modified nonwoven Calotropis gigantea Fiber Mat
reinforced polypropylene composites by film stacking method. J Thin Films Coating Sci Technol
Appl. 2022;9:10-21.

© STM Journals 2024. All Rights Reserved 10



Journal of Nanoscience, Nanoengineering & Applications
Volume 14, Issue 1
ISSN: 2231-1777 (Online), ISSN: 2321-5194 (Print)

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Awang M, Wan Mohd WR. Comparative studies of titanium dioxide and zinc oxide as a potential
filler in polypropylene reinforced rice husk composite. IOP Conf Ser Mater Sci Eng.
2018;342:012046. DOI: 10.1088/1757-899X/342/1/012046.

Demir H, Atikler U, Balkése D, Tthminlioglu F. The effect of fiber surface treatments on the tensile
and water sorption properties of polypropylene—luffa fiber composites. Compos Part A.
2006;37:447-56. DOI: 10.1016/j.compositesa.2005.05.036.

Zaman HU, Khan RA. Study on mechanical and physical properties of wood-plastic
nanocomposites after fiber surface treatment. Int J Chem Eng Process. 2023;8:34-43.

Hashimoto M, Takadama H, Mizuno M, Kokubo T. Mechanical properties and apatite forming
ability of TiO2 nanoparticles/high density polyethylene composite: Effect of filler content. J Mater
Sci Mater Med. 2007;18:661-8. DOI: 10.1007/s10856-007-2317-1. PubMed: 17546429.

Kubacka A, Fernandez-Garcia M, et al. Titanium dioxide-polymer nanocomposites with advanced
properties. Nano-Antimicrobials. 2012;119-49.

Wacharawichanant S, Phutphongsai A. The study of morphology and mechanical properties of
compatibilized polypropylene/zinc oxide composites. J Solid Mech Mater Eng. 2007;1:1231-7.
DOI: 10.1299/jmmp.1.1231.

Altan M, Yildirim H, et al. Tensile properties of polypropylene/metal oxide nanocomposites.
Tojsat. 2011;1:25-30.

Supaphol P, Harnsiri W, Junkasem J. Effects of calcium carbonate and its purity on crystallization
and melting behavior, mechanical properties, and processability of syndiotactic polypropylene. J
Appl Polym Sci. 2004;92:201-12. DOI: 10.1002/app.13432.

Esthappan SK, Kuttappan SK, Joseph R. Thermal and mechanical properties of polypropylene/
titanium dioxide nanocomposite fibers. Mater Des. 2012;37:537—42. DOI: 10.1016/j.matdes.2012.
01.038.

Yang CP, Wu Y/, et al. Studies on crystallizations and mechanical properties of polypropylene/
nano-TiO2 composites. Adv Mater Res. 2013;690:494-8.

Selvin TP, Kuruvilla J, Sabu T. Mechanical properties of titanium dioxide-filled polystyrene
microcomposites. Mater Lett. 2004;58:281-9. DOI: 10.1016/S0167-577X(03)00470-1.

Altan M, Yildirim H. Mechanical and antibacterial properties of injection molded
polypropylene/TiO2 nano-composites: Effects of surface modification. J Mater Sci Technol.
2012;28:686-92. DOI: 10.1016/S1005-0302(12)60116-9.

Mina MF, Seema S, Matin R, Rahaman MJ, Sarker RB, Gafur MA, Bhuiyan AH. Improved
performance of isotactic polypropylene/titanium dioxide composites: Effect of processing conditions
and filler content. Polym Degrad Stab. 2009;94:183-8. DOI: 10.1016/j.polymdegradstab.2008.11.
006.

Rong MZ, Zhang MQ, Zheng YX, Zeng HM, Friedrich K. Improvement of tensile properties of
nano-SiO2/PP composites in relation to percolation mechanism. Polymer. 2001;42:3301-4. DOI:
10.1016/S0032-3861(00)00741-2.

Kusmono, Mohd Ishak ZA, Chow WS, Takeichi T, Rochmadi. Compatibilizing effect of SEBS-g-
MA on the mechanical properties of different types of OMMT filled polyamide 6/polypropylene
nanocomposites. Compos Part A. 2008;39:1802-12. DOI: 10.1016/j.compositesa.2008.08.009.
Ishida H, Campbell S, Blackwell J. General approach to nanocomposite preparation. Chem Mater.
2000;12:1260-7. DOI: 10.1021/cm990479y.

Setz S, Stricker F, Kressler J, Duschek T, Mlhaupt R. Morphology and mechanical properties of
blends of isotactic or syndiotactic polypropylene with SEBS block copolymers. J Appl Polym Sci.
1996;59:1117-28. DOI: 10.1002/(SICI)1097-4628(19960214)59:7<1117::AID-APP8>3.0.CO;2-H.
Rahman MT, Asadul Hoque MA, Rahman GT, Gafur MA, Khan RA, Hossain MK. Study on the
mechanical, electrical and optical properties of metal-oxide nanoparticles dispersed unsaturated
polyester resin nanocomposites. Results Phys. 2019;13:102264. DOI: 10.1016/j.rinp.2019.102264.
Zaman HU, Hun PD, Khan RA, Yoon KB. Effect of surface-modified nanoparticles on the
mechanical properties and crystallization behavior of PP/CaCO3 nanocomposites. J Thermoplast
Compos Mater. 2013;26:1057-70. DOI: 10.1177/0892705711433351.

© STM Journals 2024. All Rights Reserved 11



Effect of Nanometal Oxide Loading Rates Haydar U. Zaman

37.

38.

39.

40.

41.

42.

43.

Ghazy O, Freisinger B, Lieberwith I, Landfester K. Tuning the size and morphology of
P3HT/PCBM composite nanoparticles: Towards optimized water-processable organic solar cells.
Nanoscale. 2020;12:22798-807. DOI: 10.1039/d0nr05847¢e. PubMed: 33174566.

Wu J, Chan CM. Polypropylene/calcium carbonate nanocomposites. Polymer. 2002;43:2981-92.
Ma J, Zhang S, Qi Z, Li G, Hu Y. Crystallization behaviors of polypropylene/montmorillonite
nanocomposites. J Appl Polym Sci. 2002;83:1978-85. DOI: 10.1002/app.10127.

Li Y, Wei GX, Sue HJ. Morphology and toughening mechanisms in clay-modified styrene-
butadiene-styrene rubber-toughened polypropylene. J Mater Sci. 2002;37:2447-59. DOI:
10.1023/A:1015471002812.

Bahloul W, Bounor-Legaré V, David L, Cassagnau P. Morphology and viscoelasticity of PP/TiO2
nanocomposites prepared by in situ sol-gel method. J Polym Sci Part B. 2010;48:1213-22. DOI:
10.1002/polb.22012.

Zebarjad SM, Sajjadi SA, et al. A study on thermal behaviour of HDPE/CaCO3 nanocomposites. J
Achiev Mater Manuf Eng. 2006;17:173-6.

Garcia M, Van Vliet G, et al. Polypropylene/SiO2 nanocomposites with improved mechanical
properties. Rev Adv Mater Sci. 2005;6:169-75.

© STM Journals 2024. All Rights Reserved 12



