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Abstract: Core-shell SiOy (silicate core)/PS (shell) nanoparticles were blended with polyethylene terephthalate (PET)
resin and fabricated into nanocomposites via melt compounding, followed by bottle manufacturing for cosmetic pack-
aging applications. The effects of nanoparticle loading on mechanical and thermal properties were investigated. A loading
of 0.5-4.0 wt% resulted in the highest tensile strength (69.72 + 4.93 MPa), Young’s modulus (887.58 + 19.50 MPa), 1zod
impact strength (34.7 J/m) and a 13.9% increase in crystallinity. Frequency sweep tests revealed an increase in complex
viscosity and slower stress relaxation due to restricted chain mobility. The storage modulus (G') slope decreased from G’
~"™ (pristine PET) to G~ (0.5-4.0 wt%), indicating a transition of the polymer matrix toward more elastic, solid-
like behavior. At 0.5-4.0 wt%, a 98.1% reduction in O, transmission rate (OTR) and a 97.7% decrease in permeability
were observed, confirming the enhanced multifunctional performance of PET bottles.

Keywords: silicate-polystyrene nanocomposites, poly(ethylene terephthalate) bottles, rheology, oxygen transmission,
mechanical properties.

Introduction

Polyethylene terephthalate (PET), a semicrystalline thermo-
plastic polymer, has been extensively used in packaging appli-
cations, such as bottles, laminates, and fibers due to its satisfactory
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mechanical strength, transparency, and processability.* How-
ever, the relatively high gas permeability of PET has limited its
suitability for products that are sensitive to oxidation, given the
fact that no polymers are entirely crystalline and all exhibit a
certain degree of gas diffusion. Semicrystalline PET is partic-
ularly susceptible to oxygen permeation in applications such as
liquid-type cosmetics, in which the degradation of active ingre-
dients may occur due to exposure to oxygen.’ To address this
limitation, many studies have attempted to improve the oxygen
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barrier properties of PET by modifying its material character-
istics through blending with organic or inorganic fillers, which
are known to induce structural reorganization that hinders the
diffusion of gas molecules. A variety of nanofillers, including
nanoclays, metal oxides, and carbon nanotubes (CNTs), have
been used for this purpose. Of these, nanoclays have attracted
significant attention due to their high dispersion capability
within the PET matrix. Their incorporation has been reported
to improve the thermal, mechanical, and barrier properties of
pristine PET.*

Enhancement of barrier performance in PET has been found
to be closely related to changes in thermal, mechanical, and
rheological behavior, which are influenced by the dispersion
state of nanoparticles, interfacial interactions, and filler loading.
Improvements in tensile strength and Young’s modulus have been
observed following nanoparticle incorporation, contributing to
increased stiffness and effective load transfer across the poly-
mer-nanoparticle interface. Such structural reinforcement restricts
polymer chain mobility, which not only enhances mechanical
properties but also reduces free volume and available diffusion
pathways. Furthermore, improved interfacial adhesion between
the polymer matrix and nanoparticles has been shown to facil-
itate energy dissipation under mechanical loading, thereby enhancing
impact resistance (e.g., [zod strength).

In addition to mechanical properties, rheological measure-
ments have provided valuable insights into the structural reor-
ganization of PET nanocomposites under shear deformation.*®
The incorporation of nanofillers such as clay, CNTs and SiO,
nanoparticles has been shown to increase the storage modulus
(G"), indicating a transition toward more solid-like behavior.""
This response has been attributed to physical network formation
and strong interfacial interactions, both of which restrict poly-
mer chain mobility. A reduction in the power law slope of G'
versus angular frequency (w) in the terminal zone is associated
with filler networking, aggregation, and percolation phenomena
in PET-based nanocomposites.'™"* Complex viscosity (7) indi-
cates the ability of polymer chains to rearrange under applied
shear, which is governed by interfacial friction between the
polymer chains and nanofiller surfaces. The incorporation of
nanoparticles typically leads to higher viscosity compared to
neat PET, resulting in increased resistance to flow. Most poly-
mer melts exhibit non-Newtonian, shear thinning behavior, in
which viscosity decreases with increasing shear rate due to the
disruption or rearrangement of particle aggregates.'

Crystallinity, as determined by differential scanning calorim-
etry (DSC), is another important structural factor that influences
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the barrier behavior of PET. Improved barrier performance fol-
lowing the incorporation of nanofillers has been associated
with an increase in crystallinity, which is induced by interac-
tions between the nanofillers and PET chains, particularly within
the semicrystalline regions. These interactions promote the for-
mation of denser and more ordered crystalline structures, and
effectively limit the diffusion of gas molecules compared to the
unmodified matrix. Therefore, filler-induced crystallization and
the development of more tightly packed crystalline domains can
contribute significantly to the reduction of oxygen transmission.

The barrier performance of PET is directly linked to the presence
of free volume, a diffusion pathway for gas molecules that
originates from random thermal motion or insufficient packing
of polymer segments.”>'* A well-dispersed and aligned nano-
filler phase within the polymer matrix can create tortuous dif-
fusion paths or induce partial immobilization of polymer chains
in the vicinity of filler surfaces, which suppresses gas transport
through interfacial regions. Additionally, the incorporation of
nanoparticles can physically occupy and block free volume
regions (i.e., pores or voids), thereby inhibiting diffusion of gas
molecules.'” The oxygen barrier performance of PET has therefore
been recognized as a function of matrix composition, filler content,
crystallinity, and microstructural arrangement. However, most
studies have focused on PET-nanoclay nanocomposites prepared
in the form of films, sheets, or pellets, rather than fully shaped
PET bottles."'*!*

In this study, transparent PET bottles were fabricated for
cosmetic packaging applications using SiO,/PS-PET nanocom-
posites, with the aim of reducing oxygen transmission. The func-
tional master batch (SiO,/PS-PET nanocomposite) was prepared
by melt compounding core-shell type SiO,/PS nanoparticles
with thermoplastic PET base resin using a twin screw extruder.
The effects of SiO,/PS nanoparticle loading on the thermal
behavior, mechanical performance, and rheological response
of PET bottles were systematically investigated, along with the
evaluation of oxygen transmission rate (OTR). A filler loading
range of 0.5-4.0 wt% was identified as effective in enhancing
the oxygen barrier performance relative to pristine PET.

Experimental

Materials. To form the silicate core of the SiO,/PS nanopar-
ticle, natural Hwangtoh clay - a Korean yellow loess - was pur-
chased from Gochang, Jeollabukdo, Korea. To synthesize the
polystyrene shell, styrene monomer (= 99%), divinylbenzene
(= 55%, crosslinker), and potassium persulfate (> 99%, initiator)
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were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyethylene terephthalate (PET) resin (pristine PET) with an
intrinsic viscosity (IV) of 0.76 dL/g and a density of 1.40+ 0.01 g/
cm’ was purchased from Lotte Chemical (Ulsan, Korea). For
the preparation of SiO,/PS-PET nanocomposite, the following
additives were used during the melt extrusion process: a lubri-
cant (LicoWax E, Clariant, Basel, Switzerland), a hydrolytically
stable processing agent (Irgafos 168, Ciba Inc., Basel, Switzer-
land), a thermal stabilizer antioxidant (Irganox 1010, Ciba Inc.,
Basel, Switzerland), and an anti-hydrolysis agent (ZIKA-AH
362, Ziko, Korea).

Nanoparticle Preparation and Characterization. The
SiO,/PS nanoparticles were synthesized following a previously
published method.?® The nanoparticles are a core-shell hetero-
structure, consisting of a SiO, (silicate) core surrounded by a
thin polystyrene (PS) shell. Hwangtoh clay with a median size of
2.5 um was mechanically ground using an Auto Mortar AMM-
140D (AS ONE, Osaka, Japan) at 120 rpm (pestle) and 7 rpm
(mortar) for 30 min. The ground powder was dispersed in dis-
tilled water and stirred for 24 h to obtain a 1.0% (w/v) aqueous
suspension. After 24 h, the supernatant was filtered through a
0.45 um membrane filter (HVLP04700, Millipore, Burlington,
MA, USA), and the collected Hwangtoh particles were harvested
as the source of SiOy. To form the PS shell around the SiO; core,
emulsion polymerization was conducted by mixing styrene
monomer, divinylbenzene (crosslinker), and potassium per-
sulfate (initiator) in a 1.0:0.1:0.01 ratio with the filtered SiOy
particles. The reaction was carried out at 74 C for 7 h in an aque-
ous phase. The particles were collected as a powder and dried
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at 80 C for 12 h to remove any residual moisture and stored
for subsequent melt compounding with the PET base resin.

Morphology, Size and Elemental Analysis of SiO«/PS
Nanoparticles. The core-shell structure of SiO./PS nanopar-
ticles was examined using transmission electron microscopy
(TEM, JEM-2000 FxII, JEOL, Japan) at an acceleration volt-
age of 200 kV. Particle size distribution and the hydrodynamic
diameter (D,) were measured using particle size analyzer
(SZ-100, Horiba, Kyoto, Japan) in accordance with ISO 22412:
2017. The surface morphology of the SiO,/PS nanoparticles
were characterized using scanning electron microscopy (SEM,
Sirion 400, FEI Company, OR, USA) at 10.0 kV accelerating
voltage at 12.0 mm working distance (WD) and x 0.3k to x 15.0 k
magnification. Elemental analysis of the nanoparticles was car-
ried out by energy dispersive X-ray spectroscopy (EDAX, EX-
250 system, Horiba 7021-H, Kyoto, Japan) to confirm the pres-
ence of characteristic peaks corresponding to silicon (Si) and
carbon (C).

SiO,/PS-PET Nanocomposite Preparation. Two types of
master pellets were prepared by incorporating 0.5 wt% and 1.0
wt% of SiO,/PS nanoparticles into the PET base resin via melt
compounding. These master pellets were subsequently blended
with additional PET base resin to obtain SiO./PS-PET nano-
composites with final concentrations of 2.0 wt% (0.5-2.0 wt%
and 1.0-2.0 wt%) and 4.0 wt% (0.5-4.0 wt% and 1.0-4.0 wt%),
respectively. PET resin with an intrinsic viscosity (IV) of 0.76
dL/g and a density of 1.40 + 0.01 g/cm® was dried at 100 C for
12 h to minimize hydrolytic degradation prior to the blending
process. SiOy/PS nanoparticles were added to PET base resin
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Scheme 1. Representation of the melt extrusion process used to fabricate SiO,/PS-PET nanocomposites master batch (MB) pellets.
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to produce a pelletized functional masterbatch as follows. First,
a mixture of PET base resin and SiO/PS nanoparticles was
blended with a lubricant (LicoWax E, Clariant, Basel, Switzer-
land), a hydrolytically stable processing agent (Irgafos 168, Ciba
Inc., Basel, Switzerland) and a thermal stabilizer antioxidant
(Irganox 1010, Ciba Inc., Basel, Switzerland) at 400 rpm for 60
sec in a mixing jar. Subsequently, an anti-hydrolysis agent (ZIKA-
AH 362, Ziko, Korea) was added to the mixture. The final blend
was then processed via melt compounding using a twin-screw
extruder (TEK 30, SM Platek, Korea, d =30 mm, L/D = 40) at
210 C with a screw speed of 160 rpm (Scheme 1).

Thermal Characterization. Thermal characterization was
performed using a differential scanning calorimeter (DSC 204
F1 Phoenix, NETZSCH, Bavaria, Germany) with approximately
6 mg samples. Each sample was heated from 0 to 280 C at a
heating rate of 10 ‘C/min to remove the thermal history. The
sample was then cooled to 0 C at the rate of 10 C/min and
reheated to 280 C. All measurements were carried out under
a nitrogen (&,) atmosphere. The thermal and crystallization
parameters were obtained from the heating (7;,, maximum of
endothermic melting peak) and cooling scans (7;, exothermic
peak of crystallization).

The heat of fusion (AH;) and crystallization heat (AH,) were
determined from the areas under the melting and crystallization
peaks, respectively, and were normalized per gram of each
sample. The degree of crystallinity (X;) was obtained from equa-
tion 2:*

X, = (AH,—AH,)/AH, ()

where AH;is the enthalpy of fusion, AH, is the enthalpy of
crystallization and AH; is the heat of fusion of 100% crystalline
PET, which is 115 J/g.*

Mechanical Testing. Dogbone-shaped specimens for tensile
testing and notched specimens for impact testing were prepared
using an injection molding machine (HiCom 700, LG, Korea).
Five replicate specimens were used for each condition. Tensile
testing was conducted using a universal testing machine (MTS
858 Bionix II, 25kN load cell, MN, USA) in accordance with
ASTM D638 at room temperature with a crosshead speed of
0.2 mm/s. Data were acquired at 0.1 s intervals with a sampling
frequency of 10 Hz. Young’s modulus, yield strength, tensile
strength, and elongation at break were determined from the stress-
strain curves. The results were averaged, and standard deviations
were calculated to assess repeatability. A one-tailed t-test was
performed in Microsoft Excel at a 95% confidence level (p <
0.05) to evaluate statistical significance. Izod impact strength
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was measured in accordance with ASTM D256-10 using an impact
tester (DG-UB, Toyoseiki, Tokyo, Japan), and the energy absorbed
during fracture was recorded in joules per meter (J/m).

Blowing Process for the SiO,/PS-PET Bottles. Trans-
parent PET bottles were manufactured using a standard injection
stretch blow molding process. Pelletized functional masterbatch
containing 0.5 wt% and 1.0 wt% of SiO/PS-PET nanocomposites
were mixed with PET base resin using a volumetric feeder (Smart
Color II, Boo Heung Eng Co., LTD, Kyunggi, Korea), mounted
directly onto the hopper of an injection molding machine. After
blending, preforms were fabricated via injection molding, fol-
lowed by biaxial stretch blow molding to produce the final bot-
tle shape. The mold temperature was set at 280 C (Aoki Technical
Laboratory, Inc., Nagano-ken, Japan). Transparent bottles with
a storage capacity of 100 mL were obtained and subsequently
used for oxygen transmission rate testing.

Stress Relaxation, Rheological and Barrier Property
Measurement. Stress relaxation measurements were carried
out using an MCR 702 multidrive rheometer (Anton Paar, Buchs,
Switzerland) at 260 C under 10% strain. The relaxation mod-
ulus G(#) was recorded over a duration of 1000 s. The stress
decay over time was recorded, and the obtained data were nor-
malized against stress at #=0.01 s and demonstrated power-law
dependence, o(#)/o(0) = Ar®. The fitting constants, A and b, were
derived from the power law analysis. The rheological properties
of pelletized SiO/PS-PET nanocomposites were investigated
using a plate-type rheometer (MCR 702, Anton Paar, Austria)
equipped with 25 mm parallel plates and a 1 mm gap. A fre-
quency sweep test was conducted under a nitrogen atmosphere
at 260 C and 5% strain, covering an angular frequency range
of 500 to 1 rad/s within the viscoelastic region. Oxygen trans-
mission rate (OTR) was measured to evaluate the oxygen bar-
rier performance of PET bottles fabricated from pristine and
SiO,/PS-PET nanocomposites. The test was carried out using
OX-TRAN Model 2/61 (MOCON, USA) in accordance with
ASTM F1307-20. Three bottles per sample group were ran-
domly chosen, and O, levels were monitored continuously
over a 24 h period.

Results and Discussion

Morphology and SiO,/PS Nanocomposite Characterization.
The morphology, size distribution, and composition of the syn-
thesized SiO/PS nanoparticles were examined using TEM, DLS,
SEM and EDAX analyses, as shown in Figure 1. A narrow and
symmetric particle size distribution centered around ~340 nm
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was observed, with a hydrodynamic diameter (D,) of approx-
imately 340 nm for the SiO/PS nanoparticles, indicating uni-
form particle formation and well-controlled size uniformity in
the colloidal dispersion. A spherical and well-defined core-shell
structure of the SiOy/PS nanoparticles was confirmed by TEM.
The darker central region corresponds to the SiOy (silicate
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Figure 1. Morphological, dimensional, and compositional charac-
terization of SiO,/PS nanoparticles: (a) particle size distribution
obtained by DLS, with the inset showing a TEM image of a single
core-shell structured SiO,/PS nanoparticle (scale bar: 20 nm); (b)
EDAX spectrum confirming elemental composition, with the inset
showing an SEM image revealing the uniform spherical morphology of
the SiO,/PS nanoparticles (scale bar: 500 nm); (c) SEM image showing
well-dispersed SiO,/PS nanoparticles within PET matrix; (d) higher
nanoparticle loading resulted in aggregation formation within PET
matrix.

compound) core, which was uniformly encapsulated within a
lighter peripheral region attributed to the polystyrene (PS) shell
(Figure 1(a), inset).?*

The surface morphology of prepared SiO/PS nanoparticles
was examined by SEM, which revealed highly uniform spherical
particles with good monodispersity (Figure 1(b), inset). The
elemental composition spectra of the SiO,/PS nanoparticles
revealed characteristic peaks at 0.2 keV, 1.71 keV, and 2.05 keV,
which were assigned to carbon (C), silicon (Si), and platinum (Pt),
respectively (Figure 1(b)). The dominant C peak was attributed to
the PS shell, surrounding the SiOy core. A small Pt peak, orig-
inating from the sputter coating used for TEM sample preparation,
was also detected. The presence of a distinct Si peak in the selected
area confirmed the incorporation of the silicate compound
within the polymeric shell.

The quantified EDAX spectrum (Figure 1(b), inset table),
revealed that carbon was the dominant element, accounting for
98.96 atomic %, while silicon element contributed 1.04 atomic %.
The Si peak at 1.74 keV further confirmed the presence of the
silica component and supported the encapsulation of SiOy
cores within the polystyrene shell. The combination of spherical
morphology, core-shell structure, and Si peak confirmed suc-
cessful SiOw/PS nanoparticle fabrication.

Characterization of Mechanical Properties. The incor-
poration of SiO,/PS nanoparticles into pristine PET resulted in
enhanced mechanical properties, including tensile strength, yield
strength, elongation, and Izod impact strength, whereas Young’s
modulus decreased, as shown in Table 1. The stress-strain curves
(Figure 2(a)) show an initial linear region corresponding to elastic
deformation, in which PET exhibited viscoelastic behavior. The
concentration of SiO/PS-PET nanocomposites affected both
the strength and fracture characteristics.

Pristine PET exhibited a brittle-like fracture with a rapid stress
drops after the ultimate tensile strength, indicating limited plas-
tic deformation prior to fracture. In contrast, 0.5-4.0 wt% SiOy/
PS-PET samples showed enhanced toughness, evidenced by an
extended plastic region and higher fracture resistance. This behav-
ior indicated efficient stress transfer from the PET matrix to
well-dispersed SiOy/PS nanoparticles. The 0.5-4.0 wt% loading
condition exhibited the greatest increases in tensile strength
and Young’s modulus, indicating effective reinforcement and
improved stiffness. Other loadings (0.5-2.0 wt% and 1.04.0 wt%)
showed only moderate improvements, while the 1.0-2.0 wt%
loading exhibited decreased performance, likely due to nanopar-
ticle aggregation, which serves as a stress concentration site
and disrupts polymer chain mobility, thereby reducing overall

Polym. Korea, Vol. 49, No. 6, 2025
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Table 1. Mechanical Properties of Pristine PET and SiO,/PS-PET Nanocomposites at Different Nanoparticle Loadings

Samples Young’s Modulus (MPa)  Yield Strength (MPa) Tensile Strength (MPa)  Elongation (%)  Izod (J/m)
Pristine PET 932.58 £ 21.44 5575 £ 2.15 65.72 + 1.37 182.42 + 23.21 30.7
SiO,/PS-PET (0.5-2.0 wt%) 871.73 £ 4.20 61.77 £ 2.05 67.23 £ 231 180.48 + 27.44 34.7
SiO,/PS-PET (0.5-4.0 wt%) 887.58 £ 19.50 60.12 + 2.30 69.72 + 493 289.35 + 28.94* 34.7
SiO,/PS-PET (1.0-2.0 wt%) 813.09 + 11.36 60.09 + 0.89 61.72 + 1.86 265.94 + 24.16* 31.5
SiO,/PS-PET (1.0-4.0 wt%) 826.26 + 21.72 58.81 + 3.74 61.20 + 4.00 265.68 £ 77.64 30.9

Values Represent Mean + Standard Deviation (*p <0.05)
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Figure 2. Stress-strain behavior of pristine PET and SiO,/PS-PET
nanocomposites at various nanoparticles loadings: (a) Stress-strain
curves focusing on the elastic regions for pristine PET and nano-
composites. nanoparticle dispersion within the PET matrix and
effective reinforcement; (b) Full-scale stress-strain curves showing
differences in mechanical properties, including tensile strength and
elongation.

mechanical reinforcement.

The PET sample prepared with 0.5 wt% masterbatch showed
increased Izod impact strength, with the highest value (34.7 J/m)
observed at 0.5-2.0 wt% and 0.5-4.0 wt% loadings. This
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improvement was attributed to effective reinforcement of the
PET matrix by the SiO,/PS nanoparticles, which enhanced tough-
ness and energy absorption during impact. This observation is
consistent with previous studies reporting that well-dispersed
nanofillers facilitate efficient stress transfer and enhance impact
resistance.” At higher loadings (1.0-2.0 wt%: 31.5 J/m, 1.0-4.0
wt%: 30.9 J/m), only moderate improvement in impact strength
was observed, likely due to agglomeration, which reduced energy
dissipation efficiency within the PET matrix.

Increased crystallinity, which induces a more rigid internal
structure could have contributed to the enhanced toughness and
energy dissipation capability of the PET. The yield strength of
pristine PET (55.75+2.15 MPa) increased significantly to
61.77 £ 2.05 MPa and 60.12 £ 2.30 MPa for the 0.5-2.0 wt%
and 0.5-40wt% loadings, respectively, suggesting uniform
nanoparticle dispersion within the PET matrix and effective
reinforcement. This enhancement likely improved interfacial
adhesion and stress transfer efficiency between polymer chains,
as previously reported.”®

Elongation at break also increased by showing a 58.6%
increase in the 0.5-4.0 wt% samples compared to pristine PET,
which is attributed to enhanced polymer chain mobility and
greater ductility resulting from the homogeneously dispersed
SiOy/PS nanoparticles (Figure 2(b)). At higher loadings (1.0-
2.0 wt% and 1.0-4.0 wt%), elongation slightly decreased, likely
due to aggregation, which restricted polymer chain motion and
limited ductility enhancement. These results indicated that optimal
nanoparticle loading enhances elasticity and toughness of PET
matrices by enabling more uniform stress redistribution throughout
the PET structure.”’*®

The Young’s modulus of SiOx/PS-PET nanocomposites decreased,
reaching the lowest value (813.09 + 11.36 MPa) at 1.0-2.0 wt%.
This behavior was attributed to a plasticizing effect, which
increased polymer chain mobility and reduced the brittleness
of PET.? The concurrent increase in elongation and decrease
in modulus reflected improved flexibility, a desirable property



Enhanced Mechanical, Thermal, and Barrier Properties of PET Bottles Reinforced with Nanocomposites 775

in applications requiring toughness.

The highest tensile strength (69.72 + 4.93 MPa), 6.1% greater
than that of pristine PET, was observed at a 0.5-4.0 wt% loading.
In contrast, higher loadings (1.0-2.0 wt% and 1.0-4.0 wt%)
exhibited reduced tensile strength, likely due to aggregation,
which functioned as a stress concentration site and disrupted
stress transfer efficiency, as previously reported.’® Overall, the
0.5-4.0 wt% loading provided the most significant mechanical
improvements, achieving the highest tensile strength (69.72
MPa) and elongation at break (289.35%), which are attributed
to homogeneous dispersion and polymer chain reorganization
via strong nanoparticle-polymer interactions.’'

Thermal Characterization. The thermal properties of pris-
tine PET and PET blended with SiO/PS nanoparticles exhib-
ited characteristic thermal transitions during the cooling and
heating cycles, as shown in Figure 3. The glass transition tem-
perature (7},) of pristine PET was 76.4 C, consistent with pre-
viously reported values of 67 ‘C for amorphous PET and 81 C
for semi-crystalline PET.”” The 7, of the 0.5-4.0 wt% loading
increased slightly to 76.8 C, suggesting enhanced PET-SiO,/

[ .
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SiO./PS 1.0-4.0 wt%
—  |SiO/PS 1.0-2.0 wt%
=1 SR — — —, S
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I-Jr}
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Figure 3. DSC thermogram of pristine PET and SiO,/PS-PET nano-
composite at different nanoparticle loadings, showing the glass tran-
sition temperature (7,), crystallization temperature (7;), and endothermal
melting peak (7).

PS nanoparticle interactions due to homogeneous dispersion,
which was likely promoted by the polystyrene shell surrounding
the rigid SiOx core, facilitating interfacial adhesion between
PET chains and nanoparticles.

This T, increase correlated with the enhanced crystallinity of
SiOy/PS-PET (Table 2), which is attributed to the functional
role of SiO,/PS nanoparticles as nucleation sites that promote
PET crystallization. As previously reported, increased crystal-
linity elevates 7, by restricting polymer chain mobility near
crystallites.”® At higher loadings (1.0-2.0 wt% and 1.0-4.0 wt%)),
T, decreased slightly, likely due to nanoparticle agglomeration,
which reduced the extent of chain mobility restriction within
the amorphous regions and led to less effective structural mod-
ulation of PET internal structure.* The endothermal melting peak
(T;,) remained relatively unchanged across all samples, ranging
from 250.1 C (1.0-4.0 wt%) to 250.5 ‘C (pristine PET) as shown
in Table 2. A T, shift toward a higher value is typically asso-
ciated with the formation of more rigid crystalline networks,
which were not significantly formed at the tested loading levels.*®

The crystallization temperature (7) of pristine PET (134.0 C)
increased slightly to 134.7 C at the 0.5-4.0 wt% loadings, sug-
gesting accelerated crystallization during cooling due to a
nucleation effect from homogeneous nanoparticle dispersion.*
At these nucleation sites, the high surface area of nanoparticles
facilitated interactions with PET, reducing chain entanglement
and enhancing molecular alignment, thereby promoting crys-
tallization at higher temperatures. At higher loadings (1.0-2.0 wt%
and 1.0-4.0 wt%) aggregation diminished these effects, reducing
the available nucleation surface and shifting 7, toward lower
temperatures (Figure 3).

The increase in T, was also associated with enhanced crys-
tallinity of the polymer matrix through a more ordered molec-
ular structure, which limited gas molecule diffusion and contribute
to improved barrier performance.”® Crystallinity (X,), calculated
using Equation 2, increased from 6.99% (pristine PET) to 7.96%
(1.0-2.0 wt%), supported by increased heat of fusion (Af)) and
crystallization heat (AH,) (Table 2). At the highest loading
(1.0-4.0 wt%), X decreased slightly, though still higher than that

Table 2. Differential Scanning Calorimetry (DSC) Data of Pristine PET and SiO,/PS-PET Nanocomposites

Samples T,(C) AH,(J/g) T.(C) AH,(/g) T,(C) DeltaC, (JigK) AT (C) Crystallinity (X, %)
Pristine PET 250.4 34.49 134.0 26.45 76.4 021 116.4 6.99
SiO/PS-PET 0.5-2.0 wt% 2502 36.45 134.0 2771 76.1 0.23 116.2 7.60
SiO/PS-PET 0.5-4.0 wt%  250.3 34.83 134.7 25.73 76.8 0.13 115.6 791
SiO/PS-PET 1.0-2.0 wt%  250.5 36.62 132.9 2747 75.7 0.24 117.6 7.96
SiO/PS-PET 1.0-4.0 wt%  250.1 35.94 133.1 27.55 76.1 0.18 117.0 7.30
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of pristine PET, likely due to nanoparticle aggregation disrupt-
ing dispersion.

The degree of supercooling (AT = T,,-1;) was used to evaluate
crystallization kinetics. A smaller AT indicates enhanced
crystallization ability.*”** The lowest AT (115.6 C) observed
at 0.5-4.0 wt% loading confirms effective nucleation by well-
dispersed SiO,/PS nanoparticles within the PET matrix. At higher
loadings, AT increased to 117.6 C (1.0-2.0 wt%) and 117.0 C
(1.0-4.0 wt%), suggesting reduced nucleation efficiency due to
aggregation from excessive nanoparticle loading. These findings
indicate that optimal nanoparticle loading promotes nucleation,
increases crystallinity, and enhances thermal properties by restrict-
ing polymer chain mobility.

Rheological Properties. The effect of nanoparticle incorpora-
tion on viscoelastic properties was evaluated through frequency
sweep tests, as shown in Figure 4. Both the storage modulus
(G") and loss modulus (G") increased moderately with fre-
quency, showing G" consistently higher than G'. G' increased
continuously and approached G”, but no cross-over point (G"/
G'=1) was observed (Figure 4(a)). Notably, G' increased at 0.5-
4.0 wt%, 1.0-2.0 wt% and 1.0-4.0 wt%, particularly in the low-
frequency region, indicating restricted polymer chain mobility
due to nanoparticle reinforcement. In contrast, G’ at 0.5-2.0
wt% was comparable to pristine PET, suggesting limited rein-
forcement at this lower concentration.

At intermediate frequencies (w~10'rad/s), a slight decrease
in G' was observed for the 0.54.0 wt% and 1.04.0 wt% samples,
likely due to relaxation or transient disruption of the nanopar-
ticle-polymer network. At high frequencies, G’ values converged
with those of pristine PET, indicting reduced nanoparticle-polymer
interactions and a similar viscoelastic response in both filled
and unfilled polymer systems under short relaxation times.*

In polymer-nanocomposites, the terminal zone slope follows
a power-law dependence (G’ < ®"), where a decreasing expo-
nent » indicates a transition toward more elastic, solid-like behav-
ior. A fully relaxed polymer melt shows a liquid-like response
(G" *<@?), whereas restricted relaxation due to entanglements
or nanoparticle-polymer interactions shifts toward a more solid-
like behavior (G’ o< @°).*' The exponent 7 for pristine PET (G’
~"") decreased to G~w"" at 0.5-4.0 wt%, indicating enhanced
elasticity and transition toward solid-like behavior due to well-
dispersed nanoparticles and restricted chain mobility.*

In contrast, higher exponents were obtained for the 0.5-2.0
wt% (G'~ "®) and 1.0-2.0 wt% (G'~ «"**) samples, suggesting
fluid-like behavior. This was attributed to poor nanoparticle
dispersion, which reduced effective surface area available for
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interaction with polymer chains, leading to ineffective stress trans-
fer and a less uniform polymer matrix.* The exponent at 1.0-
4.0 wt% (G~w"™) was similar to that of pristine PET, implying
that aggregation at high loading limited network formation and
reinforcement efficiency. The presence of aggregation appeared as
cluster-like morphology within the PET matrix whereas well-
dispersed individual particles with minimal were observed at
lower loading levels (Figure 1(c) and (d)). These results highlight
that optimal nanoparticle loading and dispersion at 0.5-4.0 wt%
enhance solid-like behavior through effective nanoparticle-poly-
mer interactions Figure 4(b) presents the loss factor (tan J, G"/
G') as a function of angular frequency. All samples showed tan
o0 peaks at intermediate frequencies, followed by a decrease at
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Figure 4. Rheological properties of pristine PET and SiO,/PS-PET
nanocomposites at different nanoparticle loadings: (a) Storage mod-
ulus (G") and loss modulus (G") as a function of frequency (®), showing
enhanced viscoelastic response with increasing nanoparticle con-
tent; (b) Loss factor (tan J) versus angular frequency (), indicating
a decrease in damping behavior at higher frequency region for all
samples.
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higher frequencies, where values converged consistent with the
expected viscous-to-elastic transition.** At low frequency (o <
10° rad/s), pristine PET and 0.5-2.0 wt% sample exhibited higher
tan 0 values, indicating greater viscous behavior of a relaxed
polymer system due to insufficient SiO/PS nanoparticle con-
centration for effective reinforcement.* In contrast, 0.5-4.0 wt%,
1.0-2.0 wt% and 1.0-4.0 wt% samples exhibited reduced tan ¢
values, reflecting increased G’ and stronger polymer-SiO,/PS
nanoparticle interactions that restricted chain mobility. The shift
of tan & peaks toward higher frequencies (w ~ 10' rad/s) with
increasing SiOy/PS nanoparticle loading suggests retarded relax-
ation and more solid-like behavior due to improved interfacial
interactions.* These findings confirm that both nanoparticle concen-
tration and dispersion are critical parameters for regulating vis-
coelastic performance and enhancing reinforcement in SiO/
PS-PET nanocomposite.

Complex Viscosity Measurement. The incorporation of
SiO/PS nanoparticles into the polymer matrix significantly
influences the complex viscosities (77), depending on the loading
concentration, as shown in Figure 5(a). Both pristine PET and
nanocomposites exhibited a decrease in 7 with increasing fre-
quency, characteristic of non-Newtonian shear-thinning behav-
ior commonly observed in polymeric systems. This behavior is
attributed to polymer chain disentanglement and nanoparticle-
polymer interactions, which affect the overall viscoelastic
response.*"*” The 0.5-2.0 wt% and 1.0-2.0 wt% samples showed
consistently higher 7 values than pristine PET across all fre-
quency regions, indicating increased resistance of the polymer
melt to flow due to enhanced polymer-nanoparticle interactions.
This suggests that well-dispersed SiO,/PS nanoparticles restricted
chain mobility and effectively reinforced the polymer matrix.*
The 0.5-4.0 wt% sample showed moderate viscosity enhance-
ment, with a slight reduction in 7 around w ~ 10° rad/s followed
by recovery at higher frequencies, indicating limited reinforce-
ment- not as effective as that of the 1.0-2.0 wt% sample.

The 1.0-2.0 wt% formulation exhibited the highest 77 values,
suggesting strong polymer-nanoparticle interactions and effec-
tive reinforcement, likely due to homogeneous dispersion.

Conversely, the highest loading (1.0-4.0 wt%) resulted in the
lowest 77 values, suggesting that aggregation or phase separa-
tion reduced the reinforcement effect. These changes are closely
related to reduced entanglement density and restricted polymer
chain mobility. As previously reported, optimal nanoparticle
dispersion enhances 7, whereas excessive loading causes struc-
tural defects that diminish reinforcement efficiency.*'

From a polymer flow perspective, the increase in 7 reflects
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Figure 5. Complex viscosity (77) behavior of pristine PET and SiO,/
PS-PET nanocomposites at different loading conditions: (a) Com-
plex viscosity (77) as a function of angular frequency (), showing
shear-thinning behavior; (b) Complex viscosity (77) versus shear rate
() of measured and power-law fitting plots, indicating reduced
viscosity with increasing shear rate for all samples.

greater resistance of the polymer to flow, attributed to restricted
polymer chain mobility caused by a secondary network struc-
ture formed via particle-particle or particle-polymer interac-
tions within the PET matrix.*°

As shown in Figure 5(b), 7 as a function of shear rate ()
followed a power-law fluid model, with good agreement between
experimental data and fitted curves, thereby confirming the
reliability of the rheological measurements. The observed
decrease in 77 with increasing shear rate confirms shear-thin-
ning behavior, characteristic of polymer melts and nanocom-
posites due to chain disentanglement.”’ At a shear rate near
55", a significant drop in 77 was observed, followed by a
monotonic decrease at higher shear rates due to the disruption
of polymer-nanoparticle interactions.
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The dispersion state of SiO/PS nanoparticles critically influ-
enced PET flow dynamics. At low shear rates, the nanoparticles
remained well-integrated in the polymer matrix, maintaining a
certain level of resistance to flow. As shear rate increased, nanopar-
ticle dispersion improved, allowing polymer chain disentanglement
and alignment in the shear direction, which reduces resistance
to flow and promotes steady-state viscosity. This further reduc-
tion in 77 is characteristic of shear flow in polymer melts, where
nanoparticle-induced network structures formed at low shear
rates experience disintegration at high shear rates, thereby
reducing 7.

Stress Relaxation Test. The stress relaxation test performed
at 10% strain exhibited a gradual decrease in relaxation mod-
ulus (G(7)) over time, eventually reaching a plateau, indicating
viscoelastic behavior. As shown in Figure 6(a), the SiO/PS
nanoparticle loadings influenced the relaxation behavior and
reinforcement efficiency. The 1.0-2.0 wt% sample exhibited
the highest relaxation modulus (G(¥)), indicating more restricted
polymer chain mobility due to strong polymer-nanoparticle
interactions facilitated by uniform dispersion.

In contrast, the 0.5-2.0 wt% and 1.0-2.0 wt% samples showed
little difference from pristine PET, suggesting limited reinforce-
ment at lower concentrations. The highest loading (1.0-4.0 wt%)
resulted in a lower G(7) than pristine PET, likely due to nanoparticle
aggregation, which reduced reinforcement effectiveness.

The fitting constants 4 and b were obtained via power-law
analysis to determine the slope steepness in the log-log stress
relaxation curve (Figure 6(b)). The 0.5-4.0 wt%, 1.0-2.0 wt%, and
1.0-4.0 wt% samples exhibited lower slopes than pristine PET,
indicating slower relaxation due to increased elasticity.

The reduced slope, i.e., a less steep relaxation curve, reflects
restricted chain mobility and improved load transfer between
the PET matrix due to well-dispersed nanoparticles. Among all
samples, the 0.54.0 wt% sample showed the slowest slope decay,
indicating delayed relaxation and enhanced elastic behavior.
Conversely, the 0.5-2.0 wt% sample showed a slope similar to
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Figure 6. Stress relaxation behavior of pristine PET and SiO,/PS-
PET nanocomposites obtained at 10% strain: (a) Relaxation mod-
ulus G(7) as a function of time, showing a continuous decrease with
increasing time; (b) Normalized relaxation modulus G(#)/G(0) plot-
ted against time on a logarithmic scale, exhibiting power-law depen-
dence for all samples.

pristine PET, suggesting limited reinforcement (Table 3).
In polymer-nanocomposite, stress relaxation rate depends on
chain disentanglement and interfacial slippage, both influenced

by nanoparticle dispersion and interparticle interactions.***

Table 3. Power-law Parameters (4 and b) and Oxygen Permeability of Pristine PET and SiO,/PS-PET Nanocomposites

Oxygen transmission rate Oxygen permeability

Samples Fitting constant 4 Fitting constant b (cm*/PKG-d) (cm*-cm/(cm’s-Pa))
Pristine PET 0.018 + 0.001 -0.92 + 0.01 0.11 1.17 x 10
SiO/PS-PET 0.5-2.0 wt% 0.019 £ 0.001 -0.91 + 0.01 0.01 1.03 x 107
SiO,/PS-PET 0.5-4.0 wt% 0.025 + 0.002 -0.84 + 0.02 0.002 2.58 x 10°®
SiO/PS-PET 1.0-2.0 wt% 0.021 £ 0.001 -0.89 + 0.01 0.01 1.03 x 107
SiO,/PS-PET 1.0-4.0 wt% 0.019 + 0.001 -0.91 + 0.01 0.01 1.03 x 107

The errors shown represent standard errors of mean
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At optimal loading, well-dispersed SiO«/PS nanoparticles
restrict chain mobility through effective interaction with PET
chains, reducing stress over time and delaying relaxation rate,
as observed in the 0.5-4.0 wt% formulation. In contrast, the rapid
relaxation at 1.0-4.0 wt% reflects insufficient elastic network
formation due to aggregation. This delayed stress relaxation at
optimal loading (0.5-4.0 wt%) correlates with increase in Young’s
modulus, indicating enhanced elastic stiffness, and strong polymer-
nanoparticle interactions.

Barrier Properties. The barrier property of the PET bottles
was evaluated based on the oxygen transmission rate (OTR), a
key parameter for assessing gas barrier performance, and was
found to vary with the SiO,/PS nanoparticle loading concen-
tration, as shown in Figure 7. The incorporation of SiO/PS
nanoparticles significantly reduced the OTR values, exhibiting
a 98.2% decrease at the 0.5-4.0 wt% loading, from 0.11 cm®/
PKG-d (pristine) to 0.002 ¢cm*/PKG-d (Table 3). Other SiOy/
PS-PET bottles showed a 91% decrease, with OTR values reach-
ing 0.01 cm*/PKG-d compared to the pristine PET bottle. This
decrease in OTR values was consistent with previous studies,
in which the incorporation of organoclay into the PET matrix
induced a 27% reduction in O, permeability by influencing
polymer chain mobility and enhancing gas barrier properties.*

Oxygen permeability is influenced by several factors such as
polymer matrix composition, filler incorporation, and processing
conditions. The SiO/PS nanoparticle incorporation effectively
enhanced oxygen barrier properties, exhibiting a significant
decrease in O, permeability across all tested loading concen-
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Figure 7. Oxygen permeability of pristine PET and SiO,/PS-PET
nanocomposites at various nanoparticle loadings. All nanocomposite
formulations exhibited significantly reduced O, permeability com-
pared to pristine PET, indicating enhanced barrier performance. The
inset shows representative images of transparent PET bottles man-
ufactured for oxygen transmission test via stretch blow molding.

trations. As shown in Table 3, the 0.5-4.0 wt% sample decreased
by two orders of magnitude compared to pristine PET bottle,
while other loadings exhibited a one order of magnitude reduction.

Among all formulations, the 0.54.0 wt% PET bottles exhibited
the most enhanced barrier performance, which is likely attributed
to stronger reinforcement between the SiO./PS nanoparticles
and the PET matrix through homogeneous nanoparticle disper-
sion, as reported previously.® The improved oxygen barrier
property was also associated with increased crystallinity, enhanced
elastic stiffness, and the transition to a more solid-like visco-
elastic response at the loading concentration. SiOx/PS nanopar-
ticles may also act as nucleating agents, promote crystallization and
restrict polymer chain mobility, both of which contribute to
reduced oxygen permeability. A similar mechanism was observed by
Choi et al., in which the incorporation of graphene oxide
nanoparticles in PVA (polyvinyl alcohol) increased crystallin-
ity and decreased oxygen permeability due to nucleating effect.””

From a diffusion perspective, nanoparticles are known to
create more tortuous paths that effectively hinder oxygen mol-
ecule transport. Gas molecule diffusion in polymers occurs through
interconnected voids in the polymer matrix, forming a continuous
permeation pathway that is influenced by the size and distri-
bution of the voids. Our results suggest that homogeneous dis-
persion of SiO,/PS nanoparticles, particularly up to 1.0-2.0
wt% loading, effectively restricted chain mobility, thereby sup-
pressing the free movement of oxygen molecules. At high con-
centrations (1.0 - 4.0 wt%), aggregation may partially reduce
available free-volume and physically block O, molecule dif-
fusion in the PET matrix. Choudalakis et al. reported that
nanoparticle incorporation into polymer matrix reduces free
volume by introducing high surface area and minimizing hole
radius.”® Additionally, nanoparticle dispersion in polymer matrix
was found to inhibit the formation of new voids by limiting
polymer segmental motion and subsequent rearrangement. These
results clearly demonstrate that the incorporation of SiO/PS
nanoparticles into the PET significantly improved its oxygen
barrier property, as evidenced by up to 98% reduction in OTR
and permeability values.

Conclusions

In this study, the incorporation of SiOy/PS nanoparticles at
0.5-4.0 wt% loading into pristine PET resulted in significant
improvements in thermal, mechanical, rheological, and barrier
properties. Increases in crystallinity (X;, 7.91%), Young’s mod-
ulus (887.58 = 19.50 MPa), and storage modulus (G") along with
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a decrease in tan 0 (G"/G") across the frequency sweep range,
were associated with a decrease in O, permeability (0.002 cm®/
PKG-d).

These results indicate that the addition of SiO/PS nanopar-
ticles enhanced the stiffness and elastic character of the PET
matrix, shifting its viscoelastic behavior toward a more solid-like
response at higher frequencies due to stronger matrix-particle
interactions and network formation. The SiO,/PS nanoparticles
were successfully incorporated and uniformly dispersed within
the PET matrix, acting as nucleating agents that lowered the
energy barrier for crystallization and contributed to mechanical
reinforcement. The observed reduction in O, permeability was
attributed to restricted polymer chain mobility and decreased
free volume, highlighting the role of SiO/PS nanoparticles in
inhibiting gas diffusion through the reinforced PET structure.
By achieving an optimal balance of nanoparticle dispersion, inter-
facial adhesion, and structural reinforcement, the SiO,/PS-PET
nanocomposites present a promising strategy for enhancing the
toughness, stiffness, and barrier performance of PET, making
them suitable candidates for high-performance packaging and
engineering applications.
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