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Abstract 

The structural, thermal, and optical properties of TiO₂/Polystyrene (PS) nanocompo-
siteswere investigated to understand the effects of incorporating rutile-phase TiO₂ nano-
particles. The nanocomposites were synthesized using a solution mixing method followed 
by hot pressing. Structural analysis, revealed that the crystallite size increased and strain 
decreased as TiO₂ content increased, indicating a structural evolution. SEM-EDX analysis 
confirmed uniform distribution of TiO₂ within the PS matrix. Thermal analysis via DSC 
showed a significant increase in the melting temperature (Tm), rising by up to 41C, reflect-
ing enhanced thermal stability due to restricted polymer chain mobility. TGA results demon-
strated improved thermal stability, with a significant shift in decomposition temperatures 
from 450C for pure PS to 480C for PS/10%TiO₂, highlighting the positive effect of TiO₂ 
nanoparticles in enhancing the heat resistance of the nanocomposites.  

Keywords: Activation energy; Interfacial polarization; Thermal behavior; Mass loss patterns 
PACS: 01.55.+b; 61.46.+w; 65.40.-b; 65.80.-g 

1. Introduction 

Polymer composite materials have garnered significant attention for their ability 
to combine the advantageous properties of polymers and nanofillers, resulting in 
materials with enhanced functionalities [1-3]. Among thermoplastics, polystyrene 
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(PS) is notable for its excellent mechanical properties, thermal stability, and pro-
cessability, making it suitable for a variety of industrial and technological applica-
tions, including packaging, insulation, and electronics [2]. To meet the growing de-
mand for advanced materials with tailored properties, the integration of nanofillers 
such as titanium dioxide (TiO₂) has become a key area of research [4]. Rutile-phase 
TiO₂, known for its high refractive index, ultraviolet (UV) absorption, and photo-
catalytic activity, is especially attractive due to its exceptional optical and thermal 
characteristics [5]. 

Despite the growing interest in TiO₂-based polymer composites, several studies 
have highlighted the challenges in achieving optimal dispersion and reinforcing ef-
fects. For example, Bendaoued et al. [7] incorporated TiO₂ nanoparticles into poly-
propylene composites via the sol–gel method, reporting improvements in thermal 
stability and rheological properties. Similarly, Alsulami and Rajeh [8] examined pol-
yaniline/polymethyl methacrylate composites doped with TiO₂, revealing enhanced 
thermal stability but did not address the role of TiO₂ in altering the structural char-
acteristics of the polymer matrix.  

Further investigations by KudililEsthappan et al. [9] and Bikiaris et al. [10] ex-
plored the incorporation of TiO₂ and silica nanoparticles into polypropylene and 
isotactic polypropylene, respectively, but the effect of TiO₂ concentration on crys-
tallinity and the interactions between TiO₂ and PS remained insufficiently explored. 
The current literature suggests a lack of understanding regarding the precise role 
of TiO₂ concentration in modulating the structural, thermal, and optical properties 
of polymer composites. 

This study addresses these gaps by focusing on the structural, thermal, and op-
tical properties of rutile-phase TiO₂/PS nanocomposites with varying nanoparticle 
concentrations (3%, 5%, and 10%).  

2. Materials and Methods 

All chemicals were used as received without undergoing purification. Polysty-
rene (PS) (CAS number 9002-86-2)was characterized by a density of 1.04 g/cm3, a 
melting temperature range of 150–220°C, a flash point of 625°C, an ignition tem-
perature of 500°C, and an auto-ignition temperature exceeding 1100°C. Tetrahy-
drofuran (THF) with product code 143537 was also used as received. Titanium oxide 
nanoparticles with a particle size ranging from 30 to 50 nm were procured from Sky 
Spring Nanomaterials, Inc. 

The polymer nanocomposite materials were synthesized via combination of two 
methods, namely solution-mixing and hot-pressing process. Initially, polystyrene 
was dissolved in tetrahydrofuran (THF), its organic solvent. Titanium oxide nano-
particles, with varying concentrations of 1%, 5%, and 10%, were accurately weighed 
and added to the PS-THF solution. The mixture was stirred vigorously for 2 hours to 
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ensure thorough dispersion of TiO2 nanoparticles within the PS-THF solution. Sub-
sequently, the resulting mixture was poured into a Petri dish and left to air-dry for 
24 hours. To completely remove the solvent from the polymeric matrix, the nano-
composites were further dried in a vacuum oven at room temperature for 1 hour. 
Thin films of the nanocomposites were then prepared using the hot pressing 
method at 180°Cand 10 MPa. The films were cooled post-hot pressing by immer-
sion in water.  

TiO₂ concentrations of 3%, 5%, and 10% were selected based on preliminary tri-
als. A 1% TiO₂ concentration had minimal impact on the properties, similar to the 
pure PS. At higher concentrations (15% and 20%), the polymer matrix could not 
accommodate the excessive nanoparticle content, leading to poor dispersion and 
structural degradation. The 10% TiO₂ concentration was optimal, showing signifi-
cant improvements without structural compromise. Higher concentrations led to a 
percolation effect, where further increases in TiO₂ did not enhance, and could hin-
der the nanocomposite properties. 

X-ray diffraction (XRD) analysis was performed using a Rigaku Mini Flex 600 XRD 
diffractometer at room temperature. Cu Kα radiation, operating at 15 mA and 30 
kV was used for all experiments. The samples were scanned over a 2θ range of 10–
90°.The average crystallite size (D) for the nanocomposites was calculated using 
Scherrer’s formula: =  (1) 

Here, D represents the grain size (or crystallite size) of the material, λ is X-Ray wave-
length, θ is the diffraction angle, β is the full width at half maximum (FWHM) of the 
observed peak (in radians), and K is the shape factor, equal to 0.89 [11-14].  

The surface morphology of the nanocomposites was examined using a scanning 
electron microscope (SEM; JEOL JSM-6610 LV), to analyze the dispersion and size 
of nanoscale TiO₂ nanoparticles in the polymer. The SEM scanning was performed 
at an accelerating voltage of 30 kV. 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 
were conducted in the temperature range T=20-550°C using an STA3000 Synchro-
nous Thermal Analyzer at a heating rate of 25°C/min. Ceramic (Ce) cuvettes were 
used during the experiment. The experiment was conducted in a nitrogen (N2) at-
mosphere. Samples were heated from 20°C to 550°C at a rate of 20°C/min. Each 
sample weighed approximately 85-87 mg. This temperature range was chosen to 
capture the significant thermal transitions in polystyrene (PS) and its nanocompo-
sites, offering insights into polymer matrix’s stability near its degradation temper-
ature.  
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3. Results and Discussions  

The XRD patterns for polystyrene (PS) and PS-based nanocomposites with in-
creasing TiO₂ concentrations (3%, 5%, and 10%) are given in Figure 1.Pure PS exhib-
its a broad peak around 20°, characteristic of its amorphous structure [1]. As TiO₂ 
content rises, distinct peaks emerge corresponding to the rutile phase of TiO₂, spe-
cifically at 17.86o (002), 20.02o (111), 20.64o (001), 27.4° (110), 36.1° (101), 39.2° 
(200), 41.2° (111), 44.0° (210), 56.6° (220), and 69.0° (301) [3-5]. These peaks be-
come increasingly prominent with higher TiO₂ concentrations, indicating effective 
incorporation and enhanced crystallinity of the TiO₂ nanoparticles.  

 
Fig. 1. XRD spectra for: a) Pure PS; b) PS/3%TiO2; c) PS/5%TiO2; d) PS/10%TiO2basednano-
composites 

As the TiO₂ concentration increases, several trends emerge in the crystallite 
size, strain, and dislocation density. At lower TiO₂ concentrations (3% and 5%), the 
crystallite size is smaller, but increases as the TiO₂ content reaches 10%, suggesting 
that higher TiO₂ concentrations promote crystalline growth within the PS matrix, 
likely due to the nucleating effect of TiO₂ nanoparticles. The strain, which indicates 
internal stress, is highest in the 3%TiO₂ sample, reflecting greater distortions in the 
PS structure with a small amount of TiO₂. As TiO₂ concentration increases, strain 
decreases, which suggests that higher TiO₂ concentrations help stabilize the struc-
ture, likely by improving nanoparticle distribution and reducing local stress. Simi-
larly, the dislocation density, a measure of crystal imperfections, follows a similar 
trend. It is highest in the 3% TiO₂ sample, suggesting greater structural defects, pos-
sibly due to poor nanoparticle dispersion. As TiO₂ concentration increases, the dis-
location density decreases, indicating better nanoparticle dispersion and fewer de-
fects at higher concentrations, leading to a more ordered structure. Our findings 
align with those of Gareso et al. [14]. 
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The SEM image of pure PS (Fig. 3a) shows a smooth, featureless surface, typical 
of a homogeneous polymer. EDS analysis reveals carbon (C) at 92.71 wt% and oxy-
gen (O) at 7.29 wt%, consistent with polystyrene's composition. This confirms the 
sample's purity. 

 

Fig. 2. SEM image and corresponding EDX spectra of PS (a), PS/TiO2 (b) nanoparticles 

In contrast, the TiO₂ nanoparticles (Fig. 2, b) exhibit a distinct particulate mor-
phology, with particles dispersed over the surface. The granular appearance is char-
acteristic of TiO₂, with well-defined particles contrasting against the smoother PS 
surface. EDS analysis confirms titanium (Ti) at 0.38%, alongside 2.98% oxygen, and 
a high carbon content of 96.64%, which may stem from the carbon coating or sam-
ple preparation process. 

Figure 3 shows the surface morphology (a) and size distribution (b) of TiO₂ nano-
particles at x100,000 magnification, with sizes ranging from 32.6 nm to 68.5 nm.The 
nanoparticles are well-dispersed, with minimal aggregation, suggesting effective 
distribution within the PS matrix. The average particle size is50.4 nm, calculated 
based onmeasurements of individual nanoparticles. These measurements align 
with the reported TiO₂ size range of 30-50 nm, indicating effective dispersion within 
the PS matrix without significant agglomeration. The TiO₂ nanoparticles embedded 
in the polymer suggest a uniform distribution, beneficial for enhancing the com-
posite's properties.  

The histogram shows a narrow size distribution of the nanoparticles (Fig. 4b). 
This uniform distribution enhances interfacial interactions between the nanoparti-
cles and the polymer matrix, influencing the nanocomposite's structural, thermal, 
and optical properties. 

. 
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Fig. 3. SEM micrograph (a) and size distribution histogram (b) of PS/TiO₂ nanocomposite 
(average nanoparticle size: 50.4 nm) 

The thermal behavior of pure PS and PS/TiO₂nanocomposites was analyzed using 
thermogravimetric analysis (Fig. 4). The decomposition patterns vary significantly 
with the addition of TiO₂ nanoparticles. 

 
Fig. 4. TG curves for pure PS and PS/TiO2nanocomposites done at 25°C min−1 heating rate 
under N2 atmosphere 

Thermal stability indicators of PS and PS/TiO₂nanocomposites, calculated from 
the spectra,are summarized in Table 2.Pure PS shows an initial decomposition tem-
perature of 342.14°C, while TiO₂ nanoparticles reduce this temperature to 
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176.17°C, 187.8°C, and 142.85°C for PS/3% TiO₂, PS/5% TiO₂, and PS/10%TiO₂, re-
spectively (Table 2). This reduction is likely due to TiO₂ nanoparticles acting as cat-
alytic sites, promoting polymer chain cleavage in the PS matrix. This process may 
involve mechanisms like free radical formation or localized chain scission near the 
nanoparticle interface [15, 16].  

A slight decrease in decomposition temperature was observed at higher TiO₂ 
concentrations, particularly for PS/10%TiO₂, where the initial temperature dropped 
from to 142.85°C (PS/10%TiO₂) from 176.17°C (PS/3%TiO₂) and 187.8°C 
(PS/5%TiO₂) (Table 2). This suggests an optimal concentration beyond which the 
nanoparticles no longer effectively improvethermal resistance. This decrease may 
be due to specific interactions between the polymer and nanoparticles or the limi-
tations of TiO₂ as a stabilizing agent at higher concentrations.Bikiaris et al. observed 
that some nanoparticles initially reduce the decomposition temperature but later 
improve thermal stability by forming protective barriers at elevated temperatures, 
a behavior also seen in our study [17]. 

At elevated temperatures, the intrinsic thermal stability of TiO₂ nanoparticles be-
comes dominant. These nanoparticles form protective barriers that inhibit heat 
transfer, slowing the degradation of the remaining polymer chains. This dual behav-
ior- facilitating degradation at lower temperatures and stabilizing the material at 
higher temperatures -explains the unique thermal behavior of the nanocomposites.  

The dual role of TiO₂ nanoparticles as both a degradation facilitator at low tem-
peratures and a thermal stabilizer at high temperatures, has been previously re-
ported. Montazer and Ali (2012) also note that TiO₂ acts as a stabilizing agent at 
elevated temperatures, forming protective layers that enhance the thermal stabil-
ity of polymer nanocomposites under extreme conditions [18]. 

Additionally, the increased glass transition temperature (Tg) and melting tem-
perature (Tm) observed in the DSC analysis suggest restricted polymer chain mobil-
ity due to strong interactions at the TiO₂-PS interface. These interactions enhance 
the thermal stability of the nanocomposites under thermal stress.  

Figure 5 presents the DSC analysis, offering insights into the melting behavior of 
PS/TiO2-based polymer nanocomposites. 

The glass transition temperatures (Tg1, Tg2, Tg3) correspond to PS/3%TiO2, 
PS/5%TiO2, and PS/10%TiO2, respectively. The increase in Tg values with higher 
PS/TiO2 content indicates restricted polymer chain mobility, likely due to strong 
interfacial interactions between the polymer matrix and TiO2 nanoparticles.  The 
curves also show endothermic transitions at higher temperatures, corresponding 
to melting or the onset of thermal degradation. These peaks represent the energy 
needed to overcome intermolecular forces and facilitate phase changes, providing 
key information on the thermal stability and phase behavior of the nanocomposites 
[17]. Notably, PS/10%TiO2 shows a more prominent peak, suggesting enhanced 
thermal stability, likely due to the effective dispersion of TiO2nanoparticles. 
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Fig. 5. DSC curves for pure PS and PS/TiO2nanocomposites done at 25°C min−1 heating rate 
under N2 atmosphere 

Furthermore, the interplay between TiO₂ concentration and processing condi-
tions, such as hot-pressing variables, influences the crystalline-to-amorphous ratio. 
This suggests that tailored processing parameters can optimize the thermal and 
mechanical properties of PS/TiO₂nanocomposites for specific applications [19, 20]. 

For example, while higherTiO₂ loadings enhance rigidity and thermal stability, 
they may also affect processability due to increased thermal absorption and mate-
rial stiffness. Therefore, achieving an optimal nanoparticle concentration is crucial 
for balancing these properties [21]. 

These findings highlight the potential of PS/TiO₂nanocomposites in applications 
requiring materials with enhanced dimensional stability under heat. The ability to 
tune their thermal and structural behavior through controlled nanoparticle loading 
and processing conditions makes them suitable for advanced industrial applica-
tions, such as UV shielding, thermal insulation, and high-temperature environ-
ments.  

Figure 6 presents the Raman spectra highlighting the characteristic vibrational 
modes of pure PS and PS/TiO₂nanocomposites.As shown in the Figure 6, weak 
peaks at 405 cm⁻¹ (C-C bending modes), 485 cm⁻¹ (bending of C-H bonds), and 539 
cm⁻¹ (symmetric stretching modes of C-C or C-O bonds) in the spectrum of pure PS 
are absent in the spectra of PS/TiO2nanocomposites. [24] The absence of these 
peaks suggests that the addition of TiO2 affects the molecular vibrations within the 
PS matrix, potentially altering its structural integrity and interactions. In contrast, a 
peak observed at 447 cm⁻¹ in the spectra of PS/TiO2nanocomposites (Fig. 6, b-d), 
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absent in the matrix (PS), appears more intensely in the spectrum of the 
PS/10%TiO₂nanocomposite.  

 
Fig. 6. Raman spectra for pure PS and PS/TiO2nanocomposite at different concentrations of 
TiO2: a) PS; b) PS/3% TiO2; c) PS/5%TiO2; d) PS/10% TiO2 

In the PS spectrum, the peak at 618 cm⁻¹ may be related to the bending of car-
bon-carbon (C-C) or carbon-hydrogen (C-H) bonds in its molecular structure (Fig. 6, 
a). This peak may also reflect the vibrations of ester groups (-COO-), which are key 
components of PS. The intensification of this peak in the spectrum of the 
PS/10%TiO₂nanocomposite suggests that TiO₂ contributes to these vibrations, indi-
cating a possible interaction between the TiO₂ nanoparticles and the PS matrix that 
enhances specific vibrational modes (Fig. 6, d). 

The peaks at 1001 and 1032 cm⁻¹ correspond to C-C stretching vibrations, indica-
tive of the polymer backbone's structural integrity. Meanwhile, the peaks at 1155, 
1181, and 1201 cm⁻¹ correspond to in-plane C-H bending modes, revealing how the 
introduction of TiO₂ nanoparticles may influence the orientation and mobility of pol-
ymer chains within the matrix. The peak at 1450 cm⁻¹ is associated with CH₂ bending 
vibrations (deformation modes), indicating changes in the conformation of polymer 
segments [22]. The peak at 1603 cm⁻¹ relates to the stretching of C=C aromaƟc rings, 
which may suggest interactions with the aromatic components of the PS matrix.  

Furthermore, the relatively intense and weaker peaks at 2903 and 3053 cm⁻¹ 
mainly represent C-H stretching vibrations. This can also be attributedto as the vi-
brations of aliphatic groups (e.g., CH₃ or CH₂) in PS, which play a crucial role in the 
material’s physical properties.  
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Understanding these changes is crucial for optimizing the performance of the 
PS/TiO₂nanocomposites in potential applications, such as in coatings, electronics, 
or environmental remediation, where enhanced mechanical properties or photo-
catalytic activity are desired [24]. 

4. Conclusion 

This study highlights the significant impact of rutile-phase TiO₂ nanoparticles on 
the structural, thermal, and optical properties of PS-based nanocomposites. XRD 
showed that increasing TiO₂ content led to larger crystallites and reduced strain, 
emphasizingthe structural evolution of the composites. SEM-EDX confirmed the 
uniform distributionof TiO₂ within the PS matrix. DSC analysis showed a signifi-
cantincrease in the melting temperature (Tm) by up to 41°C, while TGA results indi-
cated improvedthermal stability, with decomposition temperatures reaching 480°C 
compared to 450°C for pure PS. These findings highlightthe potential of TiO₂/PS 
nanocomposites for high-temperature applications, such as protective coatings and 
optoelectronic devices, and provide new insights into the optimization of polymer 
nanocomposites for industrial use. 
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