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Abstract: Polystyrene (PS)/sepiolite clay nanocomposites were prepared via the melt extrusion tech-
nique using vinyl tri-ethoxy silane (VTES) as the compatibilizer and cross-linking agent. Mechanical,
thermal, and flame-retardant properties of the newly developed polystyrene-based nanocomposites
were determined. Surface morphology was investigated using scanning electron microscopy (SEM),
examining the distribution of the filler in various compositions of fabricated composites. Structural
analysis of the samples was carried out using the Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD) techniques. Thermal stability was determined by thermal gravimetric
analysis (TGA), showing a maximum 30.2 wt.% increase in residue by adding sepiolite clay. The
results obtained from the dynamic mechanical analyzer (DMA) in terms of the storage modulus, loss
modulus and damping factor exhibited better stress transfer rate and effective interfacial adhesion
between the filler and the matrix. The higher filler loaded sample showed greater flame retardancy
by decreasing the burning rate up to 48%.

Keywords: polymeric nanocomposites; polystyrene; sepiolite; mechanical properties; flame retardancy

1. Introduction

Polymer nanocomposites have captured the interest of many researchers owing to
their high performance, remarkable mechanical and thermal properties [1–4]. They possess
outstanding properties, such as improved mechanical strength and dimensional stability,
better optical, magnetic, and electrical properties, enhanced water and oxygen barrier,
thermal stability, meaningful flame retardancy, chemical resistance, increased anti-scratch
and wear resistance properties, etc. [5–8]. It has also been proven that the properties of the
polymer nanocomposites can be improved by employing high aspect ratio and large surface
area of the nanofillers. The exploration of such high-performance polymeric materials with
superior properties has now become the prime area of interest. Conventional composite
materials are now days from being replaced by high-performance nanocomposites due to
the lower amount of filler consumption (3–5 wt.%) and other desirable synergistic effects.
For the last two decades, researchers have inclined toward using assorted nanofillers, such
as graphene, carbon nano tubes (CNTs), nanocellulose, metallic nanoparticles, nano clays,
etc. [9–13]. Nano clays are being widely explored, since they are ubiquitous, low cost and
impart improved mechanical properties to the nanocomposites. Initially, montmorillonite
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clay was used in nylon-based composites by Usuki et al. in 1993, capturing the attention of
many researchers and motivating them to explore many other formulations [14]. Recently,
the trend has been shifted toward needle-like, low-cost sepiolite clay [15]. A considerable
amount of published data is available regarding polymer/clay nanocomposites, which
address the lamellar layered silicates targeting the montmorillonite and examining the
intercalation and exfoliation of the clay; however, polymer/sepiolite nanocomposites is a
relatively new area of interest to the researchers.

Polystyrene is broadly used worldwide as a commercial polymer. At present, nanocom-
posites of polystyrene are prepared by various methods, such as in situ polymerization,
solution casting and melt intercalation [16–19]. These three methods are used discretely or
in combination. However, polystyrene is not generally preferred as an engineering plastic
because of its higher brittleness [20]. To counter this bottleneck, high-impact polystyrene
(HIPS) is used for a wider range of applications in several industries. HIPS contains only
5–8% of butadiene, which helps in increasing the impact resistance and provides greater
dimensional stability and excellent machinability [21,22]. These properties facilitate out-
standing processing and molding of the materials. However, higher flammability and lower
chemical stability in organic solvents are concerning issues, which need to be addressed
using specific fillers.

Nano clays are extensively probed for the manufacturing of polymeric nanocomposites.
These materials are preferred because of the abundant availability, low cost, and eco-friendly
nature [23–25]. The clays commonly used with polystyrene are montmorillonite, bentonite,
hectorite and kaolinite. The cation exchange capacity of montmorillonite clay usually
ranges around 110 meq/100 g; hectorite clay has 120 meq/100 g, and kaolinite clay has
86.6 meq/100 g [26,27]. These clays can be dissolved only in hydrophilic polymers, such
as poly (ethylene oxide) and poly (vinyl alcohol). It is essential to convert these clays into
organophilic nature to make them compatible with hydrophobic polymers [28–30]. For
the preparation of nanocomposites, clay should be selected based on its ordinary surface
charge. Sepiolite is composed of magnesium silicate Mg4Si6O15(OH)2.6H2O. It is available
in fibers, particles, and fine powder form [31]. It is highly porous in nature with low specific
gravity that varies from 0.988 to 1.279 and surface area (95 to 400 m2/g) [32].

Octahedral magnesium is sandwiched between two tetrahedral sheets of silica. The
structural discontinuity of the sheets arises because of the inversion of the Si–O–Si bond,
which leads to the formation of tunnels or pores extending along the axis of the fibers [33].
The structure of sepiolite is shown in Figure 1. The silanol group (Si–OH) present at the
edges or corners has affinity for the inorganic ions and polymer matrix composites.

Figure 1. Structure of sepiolite clay. Reprinted/adapted with permission from Ref. [34].
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2. Experimental Section
2.1. Materials

General-purpose polystyrene (GPPS-550P) was obtained from Pak Petrochemical
Industries Pvt. Ltd., Karachi, Pakistan. Analytical grades of vinyl tri-ethoxy silane (VTES),
di-methacrylate, stearic acid, isopropanol, sepiolite clay (SPC) of grade #BCCD4817 and
HCl were purchased from Sigma Aldrich® (St. Louis, MO, USA). The antioxidant Irganox
1010 was acquired from Ciba Specialty Chemicals, Basel, Switzerland.

2.2. Modification of Sepiolite

The organic modification of sepiolite clay is the first step of prime importance. The
successful modification of sepiolite clay helps in reducing the surface energies of silicate
layers and plays an important role in increasing the miscibility of silicates in the polymer
matrix [35,36]. The modification process starts with the washing of raw sepiolite clay.
An amount of 5 g of sepiolite clay was washed in 1000 mL of de-ionized water, adding
2–3 drops of HCl and stirring for 48 h. After stirring, the solution was filtered out using
Whatman filter papers (Grade 40), and the residues were vacuum dried at 60 ◦C overnight.
After washing, the modification of the clay was carried out by dissolving 2.5 g of the
washed sepiolite clay in 500 mL isopropanol using 1L round bottom flask. The solution
was then stirred for 24 h, along with drop-wise addition of 6 mL of vinyl tri-ethoxy silane
(VTES) and 2 mL of HCl into it. The solution was then filtered out, washed thrice with
methanol and vacuum dried overnight at 60 ◦C. The obtained modified sepiolite (m-SPC)
was preserved in a vacuum desiccator for further use as a filler. Sample codes and details
of composition is presented in Table 1.

Table 1. Sample codes and designation of pristine polymer and polymer nanocomposite.

Sample Code Description

S0 Neat polystyrene

S1 1 wt. % loading of m-sepiolite in polystyrene

S2 2 wt. % loading of m-sepiolite in polystyrene

S4 4 wt. % loading of m-sepiolite in polystyrene

2.3. Composite Preparation

General-purpose polystyrene (GPPS-550P), modified sepiolite clay (m-SPC), antiox-
idant (Irganox 1010) and stearic acid were poured into a twin-screw extruder (Thermo
Haake Poly-lab Rheomix-600, Internal Mixer, Karlsruhe, Germany). Initially, the twin-screw
rollers were kept at 60 ◦C and 10 rpm rotation speed to digest the ingredients. After diges-
tion, the temperature was increased to 210 ◦C and the rotation speed raised to an optimum
speed of 60 rpm. Di-methacrylate (DMC) was added drop wise as a cross-linking agent.
Detail of formulation regarding the nanocomposites are shown in Table 2.

Table 2. Formulation details of nanocomposites.

Sample Code (GPPS-550 P) M-Sepiolite DMC Irganox 1010 Stearic Acid

S0 10 g 0.0 g 0.5 g 0.1 g 0.1g

S1 9.9 g 0.1 g 0.5 g 0.1 g 0.1g

S2 9.8 g 0.2 g 0.5 g 0.1 g 0.1g

S4 9.6 g 0.4 g 0.5 g 0.1 g 0.1g
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2.4. Characterization and Analysis
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The structural analysis of the samples was performed by a Fourier Transform Infrared
Spectrophotometer (Modal Nicolet 6700 (Thermo Scientific, Waltham, MA, USA). The
respective KBr pellets of the samples were produced, and the spectra were obtained by
scanning in the range of 4000 to 500 cm−1 versus percent transmittance. An average of
16 scans were reported.

2.4.2. X-ray Diffraction Analysis

The X-ray diffraction analysis of the samples was carried out with an X-ray diffractome-
ter (Model: X’ TRA48 Thermo ARL, Tokyo, Japan) using Cu Kα radiation (λ = 0.15406 nm)
operating at 45 kV and 40 mA. Radial scans were performed in the reflection scanning
mode with 2θ values ranging from 5◦ to 80◦ at a scanning rate of 1◦/min. The % crys-
tallinity of the samples under investigation was computationally calculated using the XRD
deconvolution method, with the following Equation (1).

% Crystallinity =
Ic

Ic + Ia
× 100 (1)

where Ic and Ia are the integrated intensities for the crystalline and amorphous phases in
the polymer matrix, respectively.

2.4.3. Morphological Analysis

The surface morphologies of the samples were investigated using a Scanning Elec-
tron Microscope (SEM) Model: JSM 6490LA (JEOL, Tokyo, Japan) at 20 kV. The freshly
fabricated composite samples were first dried in a vacuum and then gold coated for the
surface analysis.

2.4.4. Mechanical Testing

The tensile properties were determined according to ASTM D-638 using Minebea
(model TGI 5kN, Novi, MI, USA). The tensile strength (TS), Young’s modulus (E) and
elongation at break (Eb%) of the fabricated samples were measured. The specimens were
cut into a dumbbell shape (Dimension: Type 4, Standard: ISO 37:1994) from a 1 mm thick
compression molded sheet. Five specimens from each sample were tested, and data were
analyzed as mean standard deviation.

2.4.5. Dynamic Mechanical Analysis (DMA)

Pristine polystyrene samples with different loading contents of m-sepiolite were
studied using DMA, Discovery Model DMA 850 New Castle, DE, USA. It was used to
determine the storage modulus (E′), loss modulus (E′ ′) and damping factor (tan δ). Three-
zone bending moment was conducted at a constant frequency of 1 Hz, amplitude of 15.0 µm
and temperature range of 25 to 150 ◦C at a heating rate of 10 ◦C/min.

2.4.6. Thermal Gravimetric Analysis (TGA)

The thermal stability of the samples was measured using a thermogravimetric analyzer
(Model: TGA/SDTA851e, Schwerzenbaclz, Switzerland). A 5 mg sample in an inert
environment (N2 = 99.999% purity, Grade 5) was placed in an alumina crucible, where the
temperature was increased from 20 to 600 ◦C at 10 ◦C/min ramp.

2.4.7. Flame Retardancy

For the flame retardancy test, ASTM D4986-20 was followed. The rectangular samples
had a length (L) of 150 mm and a width (W) of 50 mm. An average of three samples are
reported here. The samples were subjected to the prescribed blue flame of the laboratory
burner, according to specification D5025, for 60 s. The burning rates of the samples were
determined accordingly.
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3. Results and Discussion
3.1. Structural Analysis

FTIR analyses of pristine sepiolite and modified sepiolite (m-SP) are shown in Figure 2,
while the spectra of polystyrene/sepiolite nanocomposites are exhibited in Figure 3, respec-
tively. The structural analysis of pristine sepiolite shows the characteristic peak of (H–O–H)
stretching vibrations of water molecule appearing in the range of 3650 to 3070 cm−1, respec-
tively [37]. The stretching vibrations of (Si–O) are visible at 1210, 1020 and 970 cm−1, while
(Si–O–Mg) shows bending vibrations at 552 cm−1, which can be attributed to octahedral-
tetrahedral linkage [38]. Further, the characteristic peaks of sepiolite clay also appear at
1650, 1210, 1020 and 690 cm−1. The modified sepiolite (m-SP) spectra show the broadening
of O–H stretching vibrations in the region of 3510 to 3650 cm−1 and a bending vibration of
O–H at 1670 cm−1, which can be associated with the successful modification of the sepiolite
surface [39]. The Si–O vibrations were also observed at 1210, 954, 771, 695 and 670 cm−1

in both pristine and modified sepiolite spectra [40,41]. The siloxane linkage (Si–O–Si)
stretching vibrations are visible at 1015 and 471 cm−1. The characteristic peak of Si–O–Mg
can also be observed at 525 cm−1 [42]. As the modification was performed with VTES, a
small peak at 2971 cm−1 is present, confirming the asymmetrical stretching vibration of the
vinyl C–H group.

Figure 2. FTIR spectra of pristine sepiolite and modified sepiolite (m-sepiolite) clay.



Polymers 2022, 14, 3576 6 of 15

Figure 3. FTIR spectra of S0 (pristine PS), S1 (PS/1 wt.% m- sepiolite), S2 (PS/2 wt.% m-sepiolite)
and S4 (PS/4 wt.% m-sepiolite).

The FTIR spectra of pristine polystyrene and polystyrene–sepiolite nanocomposites
with varying compositions, are shown in Figure 3. Pristine PS (S0) shows the characteristic
peaks of C–H stretching vibrations at 3050 and 2810 cm−1 for aliphatic and aromatic carbon,
while three absorption bands of aromatic C=C stretching vibrations also appear at 1610,
1580 and 1450 cm−1 [43]. The corresponding bending vibrations in the fingerprint region
of 770–789 cm−1 confirm the substitution on the benzene ring due to C–H being out of
plane [44].

In Figure 3, PS/m-sepiolite nanocomposites show the absorption bands in the range
of 3000–3300 cm−1, attributed to the O–H stretching vibration [45]. The characteristic
peaks of carbonyl C–O in the range of 1600 to 1712 cm−1 are sharper and more prominent
in the spectra of S2 and S4 with higher filler contents in the nanocomposites. A sharp
band at 1075 cm−1 due to Si–O–C appearing in polystyrene nanocomposites confirms the
interaction between the Si–OH group of sepiolite and polystyrene [46]. All the related
peaks of polystyrene and sepiolite are present, as in the pristine samples.

3.2. X-ray Diffraction Analysis

The X-ray diffraction pattern of pristine polystyrene S0 and the effect of adding m-
sepiolite as a filler on % crystallinity of polystyrene-sepiolite nanocomposite S1, S2 and
S4 formulations are presented in Figure 4. A broad diffraction peak at 20.0◦ with d = 0.22
observed in S0 shows the amorphous nature of polystyrene [47,48]. The percent crystallinity
obtained computationally using the XRD deconvolution method in Eq.1 shows an increase
from 35.9% in the S1 sample to 47.3% in the S4 sample because of m-sepiolite clay being
added into the polystyrene matrix. This also results in a decrease in broadness of 2θ (X-axis)
values at 7.25◦, 20.0◦ and 27.5◦, as shown in the XRD pattern. The intense peak at 7.27◦ with
interatomic distance d = 1.22 nm with (110) shows the covalent interaction and exfoliation
of clay nanoparticles in the polystyrene matrix and becomes sharper with the increase
in the concentration (wt.%) of m-sepiolite. Therefore, the addition of a filler causes an
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increase in the intra-atomic distance or d-spacing due to the expansion in the polymer
matrix, which is attributed to more favorable interactions between the polymer matrix
and the filler [49]. The mechanical properties are also related to the level of saturation and
dispersion of clay nanoparticles in the polymer matrix. Further, a sharp peak observed at
27.5◦ (d-spacing = 0.16 nm) evidences the increase in percent crystallinity upon increasing
the filler content of m-sepiolite in the polystyrene matrix. These results enhanced the
mechanical and thermal properties of nanocomposites, as is also evident in the tensile
testing, TGA and DSC results.

Figure 4. XRD patterns of pristine PS (S0) and PS/m-sepiolite nanocomposites S1, S2 and S4
formulations.

3.3. Surface Morphology

The surface morphologies of pristine PS and its nanocomposites were observed using
SEM, as shown in Figure 5. Surface morphology of the neat PS is shown in Figure 5a,
while Figure 5b–d present the morphologies of the 1 wt.%, 2 wt.% and 4 wt.% loadings,
respectively. The cross-sectional view of PS/m-sepiolite nanocomposites in Figure 5d shows
the better filler matrix cross-linking due to the VTES coupling agent, which presumably
improves the dispersion of the filler in the polymer matrix composites [50]. Good interfacial
adhesion and intercalation in the polymer matrix are achieved, which reflects a better
dispersion of the clay particles in the polymer matrix. The clay appeared to be successfully
exfoliated into the polymer matrix, depicting its increase in % crystallinity, as evident from
the XRD patterns and improved mechanical properties shown in Figure 6. However, the
few voids and pores at the interphase of the matrix and the filler in Figure 5b–d indicate
that the clay was not completely distributed in the polymer matrix at some discrete places.
This might be the result of an incomplete extrusion cycle in the twin-screw extruder or,
possibly, a partial exfoliation.
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Figure 5. SEM images of S0 (pristine PS) in (a), S1 (PS/1 wt.% sepiolite) in (b), S2 (PS/2 wt.% sepiolite)
in (c) and S4 (PS/4 wt.% sepiolite) in (d).

Figure 6. Mechanical properties of pristine PS and PS/Sepiolite composites: (a) Tensile Strength (TS)
and (b) Young’s Modulus (E).

3.4. Mechanical Properties

The mechanical properties of pristine PS and PS/m-sepiolite nanocomposites showing
the yield strength (YS), tensile strength (TS), Young’s modulus (E) and elongation at break
(Eb) are summarized in Table 3. The comparison among the tensile strengths of pristine PS
and fabricated nanocomposites is shown in Figure 6a. The graphs indicate an increasing
trend in tensile strengths of the nanocomposite. The tensile strength of pristine PS was
38.74 MPa, which increased to 46.29 MPa by adding 4 wt.% of modified sepiolite clay,
indicating a better compatibility between the matrix and the filler at the interface. This can
be attributed to siloxane (Si–O–C) linkages, as evident from the FTIR spectra. Similarly,
the Young’s modulus (E) results of pristine PS and the nanocomposites were compared in
Figure 6b, indicating the highest value with 4 wt.% loading of m-sepiolite. This increase in
the mechanical properties of the nanocomposites indicates robust intermolecular interaction
and better dispersion, as evident from the SEM analyses. In contrast to TS and E, Eb
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decreased from 2.16 to 1.61% upon addition of the m-sepiolite clay in the nanocomposites
as compared to pristine PS. The decrease in Eb depicts a transition of amorphous PS toward
a semicrystalline structure of the polymer nanocomposites with the addition of the filler. It
was observed that the increase in filler content in the polymer matrix might have led to a
rigid interphase, thereby reducing the deformability.

Table 3. Mechanical properties of pristine PS and PS/m-sepiolite nanocomposites.

Sample Formulation Tensile Strength (TS)
Mpa

Young’s Modulus (E)
Gpa

Elongation at Break
(Eb) %

S0 38.74 ± 0.3 3.03 ± 0.02 2.16 ± 0.06

S1 41.69 ± 0.4 3.11 ± 0.06 1.99 ± 0.07

S2 44.91 ± 0.6 3.82 ± 0.24 1.79 ± 0.06

S4 46.29 ± 0.5 3.91 ± 0.05 1.61 ± 0.07

3.5. Dynamic Mechanical Analysis (DMA)
3.5.1. Storage Modulus (E′)

The storage modulus (E′) typically indicates the material’s ability to store energy elas-
tically. This material–property dynamic relationship gives information about the stiffness
and rigidity in clay-reinforced polymer nanocomposites [51]. Figure 7a represents the three-
phase transitions of pristine PS and PS/m-sepiolite nanocomposites by plotting E′ versus
the temperature (25 to 150 ◦C) at a frequency of 1 Hz and amplitude of 15.0 µm, demon-
strating the first glassy phase, second glass transition phase and third rubbery phase. The
E′ of pristine PS and nanocomposites in the first phase are high due to the rigid molecular
structure; however, it then decreases down to Tg of pristine PS at 100 ◦C due to mobility in
the polymeric chains at a higher temperature. Further increase in the temperature beyond
Tg leads to a slight variation in E′. It can be presumably attributed to the easy mobility in
polymeric chains, as the viscoelastic behavior of polymer nanocomposites and interfacial
adhesion due to reinforcement are affected by the movement of the polymeric chain [52].

It was noticed that at low temperature, the E′ of pristine PS was higher due to strong
intermolecular interactions. The E′ increased with filler concentration, which is directly
related to better compatibility at the matrix–filler interphase. The addition of m-sepiolite in
the PS improved the crystallinity, thus increasing the rigidity and stiffness and resisting the
mobility in polymeric chains [53]. The value of E′ decreased with an increase in temperature
due to a weaker intermolecular attraction and less hindrance to molecular movement.

3.5.2. Loss Modulus (E′ ′)

The loss modulus (E′ ′) is the amount of energy loss upon heating in response to
the viscoelastic behavior of the material [54]. Figure 7b indicates the variation in the
E′ ′ of pristine PS and nanocomposites with temperature in the range of 25 to 150 ◦C at
a constant frequency of 1 Hz. Initially, at low temperature, the E′ ′ of pristine PS (S0)
was high; however, it decreased with the loading of the filler from 1 wt.% to 4 wt.% in
S1, S2 and S4 due to better interfacial adhesion at the matrix–filler interphase, which is
attributed to the semi-crystalline nature inducing greater stiffness and hardness. However,
as the temperature increased up to Tg of PS, the value of E′ ′ in the nanocomposites greatly
increased as compared to pristine PS because of internal molecular frictions at the matrix–
filler interphase, which caused a hindrance in material flow, dissipating more energy in
terms of force [55]. It was further observed that the E′ ′ decreased exponentially in the
glass transition phase by observing a sharp peak as the material turned viscous in the
rubbery region.
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Figure 7. Dynamic mechanical analysis of pristine PS and PS/m-sepiolite nanocomposites: (a) Storage
Modulus (E′ ′); (b) Loss Modulus (E′ ′); and (c) Damping Factor (tan δ).

3.5.3. Damping Factor (tan δ)

The damping factor (tan δ) is the ratio between the loss modulus and the storage
modulus, which typically describes the material’s ability to store or dissipate energy in
response to the viscoelastic behavior of polymer nanocomposites [56]. Therefore, the depen-
dent variable tan δ versus the temperature for the pristine and polymeric nanocomposites
are shown in Figure 7c. It was noticed that the tan δ peak for pristine PS was high and
sharp and was significantly reduced by adding m-sepiolite clay. The results also indicate
a better compatibility between the matrix and the filler due to substantial intermolecular
interactions also evident from the FTIR data. Furthermore, it was observed that the value
of Tg was reduced for all the modified samples, which shifted the tan δ peak toward higher
temperature due to mobility of the active molecules and then reduced it approaching
zero. The value of Tg was affected by various factors, including the intermolecular closely
packed structure or the linear structure, and the nature and amount of reinforcement or
filler content [57,58].

3.6. Thermal Gravimetric Analysis (TGA)

Thermogravimetric analyses of the pristine PS and PS/sepiolite nanocomposites are
shown in Figure 8. Degradation for all the samples was observed at 450 ◦C, as indicated by
weight loss. The amounts of residue increased from 5.8 wt.% to 30.2 wt.% by incorporating
m-sepiolite in S1, S2 and S4 samples, indicating an increase in thermal stability. Thus,
the loading of m-sepiolite clay in the polymer matrix significantly increased the thermal
stability due to a better cross-linked structure between the matrix–filler interphase, which
exhibited better mechanical properties and resulted in an enhanced thermal stability.
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Figure 8. TGA analysis of pristine PS and PS/sepiolite nanocomposites.

3.7. Flame Retardancy Test

The flame-retardant property of the nanocomposite samples was determined by ASTM
Standard D4986-20, as shown in Figure 9. Table 4 exhibits the time taken by the flame to
reach T1 and T2, marked at 25 mm and 60 mm lengths on the samples, respectively. The
faster the flame travels to reach the mark (T1) and (T2), the lower the flame retardancy of
the sample will be. The visuals of Figure 9a show the lighting of the composite sample with
a Bunsen burner for 60 s. Figure 9b,c show the flame traveled the length of (T1) and T2,
respectively, marked on the rectangular composites’ samples. The burning rate determined
as per the ASTM D4986-20 standard shows a continuous decrease by incorporating the
filler. Figure 10 shows a consistent increase in flame retardancy observed from pristine
samples S0 to S4. A maximum decrease of 48% in the burning rate was determined for the
S4 sample.

Figure 9. (a) Lighting of composite sample, (b) Distance of 25 mm traveled by the flame in T1,
(c) Distance of 60 mm traveled by the flame in T2.

Table 4. Flame retardancy test data.

Sample Code Sepiolite
Loading

Time (T1) in Sec for
(25 mm Length)

Time (T2) in Sec for
(60 mm Length)

Burning Rate
(cm/min)

S0 0% 12 60 50

S1 1% 16 64 36

S2 2% 19 66 31

S4 4% 25 71 24
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Figure 10. Increase in flame retardancy upon addition of m-sepiolite from S0–S4 samples in terms of
T1 and T2.

4. Conclusions

An inexpensive and eco-friendly material, sepiolite, was found to be a beneficial
filler for developing polymeric nanocomposites using polystyrene (PS) as a matrix. FTIR
and SEM analyses confirmed the successful interactions of sepiolite at the matrix–filler
interphase, which resulted in good mechanical and thermal properties. The incorporation
of 4 wt.% sepiolite caused an increase of 15% in the tensile strength and 25% in the Young’s
modulus of polystyrene nanocomposites. A concentration higher than 4 wt.% caused an
agglomeration in the nanocomposite, which can result in the loss of mechanical properties.
The amounts of residue increased from 5.8 wt.% to 30.2 wt.%, reflecting the thermal stability
achieved as per the TGA data. The burning rate of the fabricated sample (S4) was found to
be decreased by 48%, and thus, the flame retardancy was enhanced.
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38. Ongen, A.; Ozcan, H.K.; Özbaş, E.E.; Balkaya, N. Adsorption of Astrazon Blue FGRL onto sepiolite from aqueous solutions.

Desalination Water Treat. 2012, 40, 129–136. [CrossRef]
39. Altaf, F.; Batool, R.; Ahmad, M.A.; Raza, R.; Khan, M.A.; Abbas, G. Novel vinyl-modified sepiolite-based polymer nanocomposites:

Synthesis and characterization. Iran. Polym. J. 2018, 27, 413–422. [CrossRef]
40. Chen, H.; Zheng, M.; Sun, H.; Jia, Q. Characterization and properties of sepiolite/polyurethane nanocomposites. Mater. Sci. Eng.

A 2007, 445–446, 725–730. [CrossRef]
41. Shafiq, M.; Yasin, T.; Saeed, S. Synthesis, and characterization of linear low-density polyethylene/sepiolite nanocomposites. J.

Appl. Polym. Sci. 2012, 123, 1718–1723. [CrossRef]
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