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Abstract: Polystyrene (PS)/silicate composites were prepared with the addition of two organoclays
(orgMMT and orgZenith) and two mesoporous silicas (SBA-15 and MCF) via (i) solution casting
and (ii) melt compounding methods. X-ray diffraction (XRD) analysis evidenced an intercalated
structure for PS/organoclay nanocomposites. Thermogravimetric analysis indicated improvement
in the thermal stability of PS-nanocomposites compared to the pristine polymer. This enhancement
was more prevalent for the nanocomposites prepared with a lab-made organoclay (orgZenith).
Tensile measurement results indicated that elastic modulus increment was more prevalent (up to
50%) for microcomposites prepared using mesoporous silicas as filler. Organoclay addition led to
a decrease in oxygen transmission rate (OTR) values. This decrement reached up to 50% for high
organoclay content films in comparison to pristine PS film. Decrement above 80% was measured for
microcomposites with mesoporous silicas and 5 wt% filler content obtained via melt compounding.
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1. Introduction

Different types of nano-reinforcement in combination with polymer find application
in various areas of engineering and technology due to their exceptional properties, such
as improved thermal stability, water and oxygen barrier, mechanical strength, flame re-
tardancy, chemical resistance, optical, magnetic, and electrical properties [1-3]. For the
development of polymer nanocomposites, various nanofillers have been used. These may
be one-dimensional, which includes, fibers, cellulose whiskers, and carbon nanotubes [4,5],
two-dimensional, which includes clays and graphene [6,7], and three-dimensional, which
includes spherical particles like alumina, silica, titania, latex, metallic particles, etc. [8-10].
The use of a specific phase at the nanoscale aims at tailoring the properties of the system
for specific applications.

Polymer nanocomposites are prepared by three main processes—in situ polymeriza-
tion, melt compounding, and solution mixing. These three techniques may be used in
combination with each other or individually to achieve the preferred structure of nanocom-
posites. Two characteristics of the nano-additive influence the nanocomposite’s quality and
must be taken into consideration: particle size and distribution. Small and well-distributed
particles lead to the reinforcement of the nanocomposite’s properties.

One of the most applied techniques is the use of polymer/clay nanocomposites
(PCNSs), since they have the capacity to generate new polymer properties. PCNs have the
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capacity to generate improved polymer properties due to their ability to disperse particles
of clay on a nanometer scale in the polymeric matrix. Incorporation of a small amount of
nano-additives has been found to greatly improve polymer’s properties, such as gas barrier,
modulus, strength, chemical resistance, and flame retardancy. To achieve these properties,
several factors must be considered: nature, type, properties, and structure of clay and
clay modifiers. The most important factors are the size of clay particles and compatibility
between the polymer matrix and clay [11-18].

Since many polymers are hydrophobic, a surfactant must be used to modify hy-
drophilic clay so the gallery space will be sufficiently hydrophobic to interact with the
polymer. In a recent review, Panwar et al. [15] concluded that most of the PS/clay nanocom-
posites having exfoliated structures have been prepared by the in situ polymerization
method. Melt compounding, on the other hand, seems to be a promising method due to its
commercial applicability. Further, new procedures, such as modification of polymers or
clay organic modification and the addition of compatibilizers, have resulted in successful
formation of exfoliated structures. The solution mixing method has also been used for
the preparation of PS nanocomposites. However, the use of solvent impedes its industrial
applicability. PS nanocomposites prepared by various techniques have shown improved
thermal and mechanical properties in addition to enhanced properties such as gas barrier
and flame retardancy.

Apart from layered silicates, polymer nanocomposites with other inorganic nano-
oxides, such as nano-silica (SiO;), nano-alumina (Al,O3), titanium dioxide (TiO,), meso-
porous MCM, layered double hydroxide, etc., have also been discussed [19-23]. Jeon et al.
presented a review of recent progress in polymer-based inorganic nanoparticle composites.
It was suggested that the mechanical properties of nanocomposites prepared from various
polymers (PU, EP, PA6, polyimide (PI), PP, PET, polystyrene (PS)) and inorganic particles
(layered silicates, SiO», zinc sulfide (ZnS), TiO,) did not always increase due to aggrega-
tion of the inorganic particles in the polymer matrices. It was suggested to optimize the
content of the inorganic particles or to use organic additives as functionalized to avoid
aggregation. Kango et al. [21] provided a review of the effect of surface modification of
inorganic nanoparticles for the development of organic-inorganic nanocomposites. A series
of matrices (PA6, PA6.6, acrylonitrile butadiene styrene (ABS), polyester, EP, polyphenylene
sulfide (PPS), PMMA, polycarbonate (PC), etc.) in combination with inorganic particles
(SiO;, calcium carbonate (CaCO3), Al,O3, TiO», silicon carbide (SiC), zinc oxide (ZnO), etc.)
was reported in terms of their mechanical and tribological properties. The main conclusion
drawn was that surface modification improved the interfacial interactions between the
inorganic nanofillers and polymer matrices, which resulted in unique properties, such as
very high mechanical toughness (even at low loadings of inorganic reinforcements). The
effect of MCM-41 particles on the thermal properties of tailor-made polystyrene/MCM-41
nanocomposites via the in situ method was investigated [22]. A noticeable decrease in con-
version and molecular weights and increase of polydispersity index from 1.14 to 1.41 were
observed after a 3 wt% addition of MCM-41 nanoparticles in the polymerization media.
Moreover, increasing of thermal stability and a decrease in glass-transition temperature
(Tg) values from 100.3 to 85.9 °C were two important results of 3 wt% addition of MCM-41
nanoparticles into the polystyrene matrix. In a previous report [23], the development of
polystyrene nanocomposites through solvent blending technique with different contents
of modified Co-Al layered double hydroxide (LDH) (1-7 wt%) was presented. The X-ray
diffraction (XRD) results suggested the formation of exfoliated structure, while transmis-
sion electron microscopy (TEM) images clearly indicated the intercalated morphology of
PS nanocomposites at higher loading.

In this paper, (i) solution mixing and (ii) melt compounding methods for composite
preparation were applied to prepare a series of polystyrene nano- or micro-composite
materials. Polystyrene (PS) is a thermoplastic widely used in various applications, such
as packaging and household items, due to its low cost and transparency. The aim of this
work was to study the influence of 2D organo-modified nano-clay and 3D mesoporous
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inorganic microfillers, on tensile, thermal, and barrier properties of polystyrene hybrid
materials prepared in the form of film. The additional goal was to determine the optimum
filler type and content for the enhancement of the composite’s properties.

2. Materials and Methods
2.1. Raw Materials—Organic Modification of Nanoclay

Polystyrene (PS) was obtained from Aldrich Chem. Company, Hamburg, Germany,
with weight and number average molecular weights of Mw = 230,000 g/mol and
Mn = 140,000 g/mol, respectively.

The layered silicates (clays) used in this work were (i) organo-montmorillonite (orgMMT)
NANOMER®-1.44P, produced by Nanocor Company, Aberdeen, MS, USA and supplied by
Aldrich. NANOMER®-1.44P is an onium ion-modified clay containing ~40 wt% dimethyl
dialkyl (C14-18) ammonium surfactant. (ii) Lab-made organo-modified bentonite (brand
Zenith, S&B Co, Athens, Greece) from the Greek island of Milos in the Aegean Sea. Lab-
modified clay with code name orgZenith was obtained using the surfactant used by
Nanocor in NANOMER®-1.44P organoclay, namely Arquad® 2HT-75, produced by Akzo
and supplied by Fluka. To prepare organo-modified clay, a 1 wt% solution of surfactant in
warm water was prepared and added dropwise to a 1 wt% clay suspension in the same
solvent. The obtained mixture was stirred vigorously for 24 h at 70 °C. The amount of the
surfactant added was equivalent to 1.5 times the cation exchange capacity (CEC) of clay.
The resulting samples were washed four times with deionized water and once with ethanol
in order to remove the excess of surfactant, and dried in a vacuum oven at 40 °C [14].

The SBA-15 and MCF mesoporous silicas used in this study were synthesized accord-
ing to previous methodologies [24-26] via the cooperative self-assembly method, using
tetraethyl orthosilicate (TEOS) as the silica source, Pluronic P123 as the structure directing
agent, and, in the case of MCF, mesitylene as the “swelling agent” and NHyF for the control
of the pore window size. In a typical SBA-15 synthesis, Pluronic P123 was initially added
in aqueous 1.6 M HCl and the mixture was stirred until the formation of a crystal-clear
solution. The appropriate amount of TEOS was then added and the mixture was stirred
for some additional time. Thereafter, the mixture was placed in a propylene autoclave
and was thermally treated (aging). The hybrid silica was recovered via filtration, washed
with deionized water, and dried in air. The resulting powder was calcined to produce
the final mesoporous material. The MCF synthesis was identical to SBA-15, except for
the use of mesitylene and NHyF that were added to the mixture after the mixing with
TEOS and before the step of thermal aging. The reactants’ molar ratios for SBA-15 and
MCF syntheses were: TEOS (1)/P123 (0.018)/HC1 (3.33) /H,O (97.5) and TEOS (1) /P123
(0.018)/TMB (0.87)/NH4F (0.3)/HCI (3.33) /H,O (97.5), respectively.

2.2. Preparation of PS/Composites

Polystyrene composites with 1, 3, and 5 wt% filler loadings of two organoclays and
two mesoporous silicas were prepared via the solution casting method, as described
previously [13]. An appropriate amount of PS was diluted in CHCl3 and the solution was
mixed, under vigorous stirring, with the filler suspension in the same solvent. After 24 h
of stirring, the mixtures were cast onto plastic dishes (14 cm diameter). The castings were
dried at ambient conditions and then the plastic plates were peeled off. The as-received
films were further pressed for 2 min at 160 °C under 2 ton constant pressure, using a
hydraulic press with heated platens.

Moreover, PS/composites with 1, 3, and 5 wt% SBA-15 and MCEF filler loadings
(designated with the letter “m” in their code names) were prepared by melting, at 180 °C
in an oven, appropriate amounts of PS and SBA-15 or MCF. For better homogenization,
periodical mechanical stirring (out of the oven) using a micromixer (IKA- WERKE model
DI 25) with a stirring speed of 8000 rpm was applied. Final films were received after
hot-pressing for 2 min at 160 °C under 2 ton constant pressure, using a hydraulic press
with heated platens.
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2.3. Characterization

Scanning electron microscopy (SEM) images of SBA-15 and MCF mesoporous silicas
were obtained with an electron microscope Zeiss Supra 55 VP, Jena, Germany. The acceler-
ating voltage was 15.00 kV, and the scanning was performed on a sample powder. All the
studied samples were coated with carbon black to avoid charging under the electron beam.

TEM experiments of SBA-15 and MCF mesoporous silicas were carried out on a JEOL
2011 TEM with a LaBg filament and an accelerating voltage of 200 kV. The specimens were
prepared by evaporating drops of SBA-15 or MCF silica—ethanol suspension after sonication
onto a carbon-coated lacy film supported on a 3 mm diameter, 300 mesh copper grid.

Nitrogen adsorption/desorption experiments at —196 °C of SBA-15 and MCF meso-
porous silicas were performed for the determination of surface area (multi-point BET
method), total pore volume (at P/Po = 0.99), and pore size distribution (BJH method using
adsorption data) of the SBA-15 and MCF silica samples, which were previously outgassed
at 150 °C for 16 h under 6.6 x 10~? mbar vacuum using an Automatic Volumetric Sorption
Analyzer (Autosorb-1MP, Quantachrome, Boynton Beach, FL, USA).

XRD analyses of polymer organoclay nanocomposites took place on films prepared
using a hydraulic press with heated platens, in a Britker D8 Advance diffractometer with
CuKa radiation (A = 1.5418 A). The scanning parameters concerning 20 range, scanning
rate, and step time were 1.6-30 degrees, 0.03 degrees per s, and 1 s, respectively. The
d-spacing of the clay-containing samples was estimated from the 001 reflection.

Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer Pyris-
Diamond apparatus. Samples of about 4-6 mg were heated from 25 to 700 °C at a heating
rate of 10 °C min~! in flowing Ny, with a flow rate of 30 mL min~!.

The mechanical properties of the obtained PS-composite films were assessed via
tensile measurements. Tests were performed according to ASTM D638 using a Simantzu
AX-G 5kNt instrument. Three to five samples of each film were clamped between the grips
(30 mm initial distance) and tensioned at a crosshead speed of 5 mm/min. The shape of
the samples was dumbbell, with gauge dimensions of 10 x 3 x 0.22 mm. Force (N) and
deformation (mm) were recorded during the test. Baseline samples (polystyrene films, not
containing fillers) were tested at the beginning of each set of samples for comparison.

Oxygen transmission rate (OTR) was measured using an Oxygen Permeation Analyzer
(SYSTECH Illinois model 8001) according to Standard Method D 3985-81 (ASTM 1989).
Testing was performed at 23 °C in a dry environment (0% RH). Oxygen transmission
rate (OTR) was obtained in cc O,/m? day. For each OTR value, two samples were tested
at least.

3. Results
Mesoporous Silicas’ Characterization

The SEM images of SBA-15 and MCF mesoporous silicas are presented in Figure 1. As
it can be seen (Figure 1a), SBA-15 silica is comprised of small primary particles (~0.5 um)
with well-formed surfaces and edges, which are aggregated to longer, wormlike assemblies
of ca. 5-20 um. The SEM images of MCF (Figure 1b) showed the presence of relatively
smaller primary particles (~0.2-0.5 um), which are, however, more densely aggregated
compared to those of SBA-15 and form larger particles of ca. 5-20 um.

TEM images shown in Figure 2 verify the well-formed structure of the studied meso-
porous silicas. The parallel, tubular mesopores of SBA-15 with the characteristic hexagonal
ordering can be seen in Figure 2a and the inset image respectively, while the foam-like
structure of the spherical pores of MCF can be seen in Figure 2b.

The porous characteristics of the SBA-15 and MCF mesoporous silicas were studied by
N, porosimetry at —196 °C. In Table 1, the corresponding data (BET-specific surface area,
total, micro- and meso/macro-pore volume, and average mesopore size) are tabulated.
The adsorption isotherms of both SBA-15 and MCF (not shown for brevity) are of type IV
according to the IUPAC classification [27] typical for such type of ordered mesoporous
materials. The mesoporous silicas exhibit relatively high specific surface area (BET method)
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compared to classical sol-gel silicas or fumed nanosilicas, being 701 and 572 m? /g for SBA-
15 and MCE, respectively. They also exhibit high total pore volume, with that of MCF being
relatively higher, i.e., 1.418 cc/g compared to 1.081 cc/g of SBA-15. Their pore volume
is mainly attributed to meso/macropore volume, as the contribution of micropores is
minimum. The average mesopore size (diameter) of the mesoporous silicas is also different,
with that of SBA-15 being 8.4 nm and of MCF being 18.0 nm. It is well-known that SBA-15
comprises of tubular mesopores in an ordered hexagonal array, while MCF exhibits a
cellular pore morphology of relatively larger size pores, giving a foam-like texture [28-30].

Figure 1. SEM images of (a) SBA-15 (size bar: 20 um) and (b) MCF mesoporous silicas (size bar:
10 pm).

Table 1. Porosity data of SBA-15 and MCF mesoporous silicas.

SSA ™ Total Pore Volume @ 1?)v.erage P(g)e
1ameter
Material (m?/g) (cclg) (nm)
SBA-15 701 1.081 8.4
MCF 572 1.418 18.0

(@ Multi-point BET method using N, adsorption data at —196 °C. @ At P/Po = 0.99. ® Average mesopore pore
diameter by BJH analysis using N, adsorption data.
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Figure 2. TEM images of (a) SBA-15 (size bar: 100 nm) and (b) MCF mesoporous silicas (size bar:
200 nm).

XRD patterns of the prepared PS organoclay nanocomposites are shown in Figure 3.
Figure 3a graphs correspond to materials prepared using orgMMT and Figure 3b to materi-
als prepared using orgZenith as nanofiller. The estimated d-spacing from the XRD analysis
as well as the temperatures for 50% weight loss (T50¢,) of TGA of the prepared materials are
presented in Table 2. From the XRD patterns (Figure 3a,b) and the corresponding results
(Table 2), an increase in d-spacing is shown for the PS-nanocomposites compared to the
corresponding organoclays, from 3.04 and 3.28 nm for orgMMT and orgZenith to 3.81 and
4.00 nm for the PS-nanocomposite with 1 wt% orgMMT or orgZenith loading, respectively.
This is what one may expect for an intercalated structure where the polymer chains are
incorporated between the silicate layers, increasing their gallery height but maintaining
their layered stacking with alternating polymer/silicate layers.

In the case of 3 and 5 wt% nanofiller (orgMMT and orgZenith) loadings, a small
decrement in the dgg;-spacing is observed. This decrement in the dgp;-spacing after mixing
with the polymeric matrix may be attributed to a decrease in the mobility of the carbon
chain of the surfactant with a concomitant reduction from their arrangements in the layers.
Also, this shift to lower dgg;-spacing is usually attributed to the loss of unbound surfactant
from the gallery or to surfactant degradation [31].

Characteristic TGA curves of pristine PS and its composites are shown in Figure 4.
TGA results indicate improvement of the thermal stability for PS-nanocomposites with clay
nanofillers compared to net polystyrene. For composites prepared with SBA-15 and MCF,
only the melt compounding method provided materials with improved thermal stability.
The thermal analysis results of polymer composites with SBA-15 and MCF, prepared via
the solution casting method, are indicative of conventional composite preparation. Worst
thermal resistance in comparison to pristine PS was observed. The improved thermal
stability of PS/mesoporous silicas microcomposites prepared via melt mixing may be
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attributed to the increased interfacial interactions between the polymeric chains and the
high surface area walls of mesoporous silicas. On the other hand, the different thermal
behavior between the mesoporous silica composites prepared via the two synthetic routes
(solution casting and melt intercalation) could be a result of variable pore impregnation
by macromolecular chains. More specifically, the vigorous stirring applied in solution
casting prevents the high molecular weight PS chains from entering the silica pores, while
under melt mixing, the PS chains have the appropriate mobility to enter the silica pores
without hindrance.

(a) (1)PSergMMT_1 7 (b) (1)PSorgZenith_1
] (2)PSorgMMT _3 (2)PSorgZenith_3
(3)PSorgMMT 5 (3)PSorgZenith_5

(4)orgMMT1 (4)orgZenith

Intensity (a.u.)

0 2 4 6 8 10 2 4 6 8 10
20 (deg)

Figure 3. XRD patterns of PS-nanocomposites reinforced with (a) orgMMT and (b) orgZenith
nanofillers.  The corresponding curves for organo-modified nanofillers have been added
for comparison.

Table 2. 26 values of 001 clay reflection, basal spacing (dgg1) of clays in the PS nanocomposites, as well as the average

values of the elastic modulus, tensile stress, and elongation at break, temperature for 50% weight loss (T5(9,), and oxygen

transmission rate (for two film thickness) for net polymer and composites.

20 d gtizzlsl:t Elongation Elastic OTR (cc/m? day) OTR (cc/m? day)
Materials (O(;m (I:)I(E) Break at Break Modulus T509, (°C) Thickness = Thickness =
(MPa) (%) (MPa) 200-300 um 400-500 um
PS - - 71+£0.5 31401 2560 £ 65 391 1200 + 120 520 £+ 50
orgMMT 29  3.04
PSorgMMT_1 23  3.81 55 £ 0.5 26+0.1 2750 £ 40 403 723 £ 80 362 £ 50
PSorgMMT_3 24  3.67 59 £0.5 24401 2940 £ 50 407 628 £ 90 261 £+ 50
PSorgMMT 5 25  3.54 63 £0.5 23+0.1 3120 £ 45 409 640 £ 70 238 £+ 50
orgZenith 27 328
PSorgZenith_1 2.2 4.00 68 £0.5 31401 2500 £ 50 423 748 + 80 360 £ 50
PSorgZenith_3 2.3  3.81 66 £ 0.5 35+0.1 2590 £ 65 427 611 £ 80 280 £ 50
PSorgZenith 5 2.4  3.67 65+ 0.5 34101 2610 £70 428 582 £ 90 262 £+ 50
SBA-15 -
PS_SBA_1 - 50 £ 0.5 23+0.1 2300 £ 220 355
PS_SBA_3 - 46 £ 0.5 20+0.1 2200 =+ 280 351
PS_SBA_5 - 414+05 24401 1800 +£ 320 358
mPS_SBA_1 - 98 £ 0.5 1.1+0.1 3540 £ 185 407 140 + 30
mPS_SBA_3 - 102 £ 0.5 09+0.1 3740 £ 190 406 123 +20
mPS_SBA_5 - 107 £ 0.5 0.8+0.1 3810 £ 160 406 110 + 20
MCF -
PS_MCEF_1 - 53 £0.5 21+01 2600 £ 250 323
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Table 2. Cont.
20 d gter:zgaet Elongation Elastic OTR (cc/m? day) OTR (cc/m? day)
Materials (O(;m (I:)I(g) Break at Break Modulus Ts509, (°C) Thickness = Thickness =
(MPa) (%) (MPa) 200-300 um 400-500 pm
PS_MCEF_3 - 39 £ 0.5 1.7 +0.1 2200 + 240 330
PS_MCEF_5 - 32+£05 1.5+0.1 2050 £ 310 342
mPS_ MCF_1 - 99 + 0.5 1.1+0.1 3630 + 180 407 113 + 30
mPS_MCF_3 - 104 £05 1.0+ 0.1 3741 £ 160 409 96 £ 20
mPS_ MCF.5 - 110 £ 0.5 09+0.1 3850 £ 190 411 92 £20
100+ (a) (b)
80
60
40 ——Ps —PS
20. — PSorgMMT _1 — PSorgZenith_1
— PSorgMMT _3 — PSorgZenith_3
0 PSorgMMT _5 — PSorgZenith_5
100+ (c) (d)
o 80
= 60
X 40{ s ——ps
——PSSBA 1 — PSMCF_1
201 pssBA 3 —— PSMCF 3
04 PSSBA 5 PSMCF _5
100 (e) ®
80+
60
401 —PS ——PS
—— mPSSBA_1 —— mPSMCF_1
200 mPSSBA 3 —— mPSMCF 3
0 mPSSBA_5 mPSMCF_5

0 100 200 300 400 500 600 100 200 300 400 500 600
Temperature / Oc

Figure 4. TGA curves of all PS-composite reinforced with: (a) orgMMT, (b) orgZenith, (c) SBA-15
(solution casting method), (d) MCF (solution casting method), (e) SBA-15 (melt mixing) and (f) MCF
(melt mixing). The corresponding curve for net PS has been added for comparison.

The decomposition temperature, Tsg9,, of nanocomposites increased by 12-37 °C. This
increment is more prevalent for nanocomposites prepared with orgZenith as nanofiller.
Especially, PSorgZenith_5 nanocomposite possesses higher thermal stability in comparison
to other PS-nanocomposites obtained by various preparation methods and nanofillers’
addition [32]. The thermal stability of polystyrene was also reinforced when OrgMMT or
SBA-15 and MCF (only melt compounding method) fillers were added. Increment of Tse,
values up to 20 °C was observed.

Regarding the mechanical properties of the tested composites, the average values
of elastic modulus (E), as well as tensile strength, and elongation at break values along
with those at yield point, are given in Table 2. Typical stress-strain curves for tested
polymer composite films are presented in Figure 5. The elastic modulus of the samples
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was determined from the slope of the initial elastic region in the stress-strain curves. The
yield point is quite significant since it provides information around the formability of the
obtained films. The value of E for the net PS polymer was 2560 MPa and similar values were
estimated for the PS-nanocomposites with orgZenith as filler. The addition of orgMMT
induces significant reinforcing effects. As the filler’s content increased, the E values were
monotonously increased up to 22% in comparison to net PS.

200@ s [®) s
PSorgMMT _1 —— PSorgZenyth_1
1001 PSorgMMT _3 | PSorgZenyth_3
80 PSorgMMT _5 PSorgZenyth 5
60 —
/
40 W
20+
128' (c) —PS 1(d) — ps
100 —— PSSBA _1 ] — PSMCF 1
PSSBA 3 PSMCF 3
= PSSBA_5 PSMCF 5
a, 80 - -
=
~ 60+
'2
g 40 g ‘ ‘
- 20+ - ]
120} (e) ——PS IKG) ——PS
100 /i —— mPSSBA_1 ] /i —— mPSMCEF_1
mPSSBA_3 mPSMCF_3
80- mPSSBA 5 | / mPSMCF_5
,/"// ///
60 T / - /
/ /
40 7 // 4 /
20 |/
0

0 1 2 3 0 1 2 3

Strain %
Figure 5. Characteristic stress-strain curves of the PS-composites reinforced with: (a) orgMMT,
(b) orgZenith, (c) SBA-15 (solution casting method), (d) MCF (solution casting method), (e) SBA-

15 (melt mixing) and (f) MCF (melt mixing). The corresponding curve for net PS has been
added for comparison.

For composites with SBA-15 and MCE, the E values exhibit a significant differentiation
depending on the preparation method. Particularly, for the microcomposites prepared by
the melting process, for both fillers, the value of E was increased up to 50%, while for the
composites received by the solution blending method, the value of E decreased by 30%
when compared with the net PS polymer. The superior mechanical properties induced
to the PS microcomposites with silica mesoporous addition (namely SBA-15 and MCEF),
prepared by melt process, are indicative of good dispersion of particles in the polymer
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matrix. Similar to the thermal properties” dependence from the preparation methods of
mesoporous silica composites, the improved mechanical properties of microcomposites
prepared via the melt process may be attributed to the effective pore impregnation by
the polymer chains, leading to increased interfacial interactions between the organic and
inorganic phases, while the decreased mechanical properties of composites prepared via
solution casting may be attributed to the ineffective pore impregnation.

At the same time, the tensile strength of PS was increased up to 40% after the addition
of SBA-15 and MCF, while the addition of organoclays led to negligible differentiation
in comparison to net PS. These results confirm the indication referred to above for good
particles’ dispersion in the polymer matrix for microcomposites received by a melt process.
Moreover, the interfacial interactions between the filler and matrix play an important role
in the overall mechanical performance of the composite systems. Comparable results
about nanoparticle dispersion in polymer matrix were referred [32], where preparation of
polystyrene nanocomposites with functionalized carbon nanotubes by melt and solution
mixing was studied. Dispersion of MWCNTs, as well as electrical, thermal, and rheolog-
ical properties of the nanocomposites, were analyzed. Independent of the preparation
procedure, the best MWCNT macro-dispersion was achieved when in situ synthesized
polystyrene masterbatch (DPS) was applied. When using solution mixing, the difference
in macro-dispersion between different MWCNTs is less pronounced in comparison to
melt mixing.

Elongation at break was decreased with the increase of the filler’s content. This
decrement is more prevalent for microcomposites obtained by melt mixing with SBA-
15 and MCF. The presence of particles in the polymer matrix has been associated with
constrained regions that enhance stiffness and strength, but at the same time result in
lowering the elongation properties due to the prevention of easy sliding of polymer chains
against each other.

Oxygen transmission rates values (OTR) for two film thicknesses for all obtained films
are tabulated in Table 2. Organoclay (orgMMT and orgZenith) addition leads to a decrease
in OTR values. OTR was considerably decreased with increasing organoclay loading from
1 to 5 wt% and with increasing the film thickness. This decrement reaches up to 50% for
high organoclay content films in comparison to pristine PS film. These results are attributed
first of all to the fact that in nanocomposites, gas molecules have to take a long and tortuous
way around the impermeable clay layers, which are distributed in the polymer matrix, in
comparison with pristine polymer, where the penetration of the film is much easier.

OTR was surprisingly decreased for films obtained with the addition of mesoporous
silicas (SBA-15 and MCF) in the polymer matrix. Decrement above 80% was measured for
microcomposites with 5 wt% filler content. As far as we know from the results published
in the open literature, similar improvement of oxygen barrier properties was observed
in the case of polystyrene-clay nanocomposites prepared using 10 wt% of compatibilizer,
2 wt% of clay, and the combination of in situ polymerization and the melt compounding
method [33].

There is no comparative study of barrier properties of polymer composites with 2D
(i.e., clay, graphene) or 3D fillers published in the open literature. In a previous study [34],
the correlation between the aspect ratio of the clay and the barrier properties was conducted,
and it was shown that the best barrier properties were obtained in polymer nanocomposites
with fully exfoliated clay minerals. Comparing the OTR results for the various fillers used
in this study, probably, the diminished OTR values obtained are indicative of well-dispersed
mesoporous silicas in the polymer matrix.

4. Conclusions

PS-hybrid composites were prepared using two organo-modified clays and two meso-
porous silicas through the solution mixing and melt compounding processes. Intercalated
nanocomposite structure was obtained using organoclay as a nanofiller.
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TGA results indicated improvement in thermal stability, of PS-nanocomposites, com-
pared to the pristine polymer. This enhancement was more prevalent for nanocomposites
prepared with orgZenith organoclay.

Tensile measurements evidenced an increase in elastic modulus of polymer up to
22% with the addition of orgMMT. This increment was more prevalent (up to 50%) for
microcomposites prepared by the melting process using mesoporous silicas as fillers.

Organoclay (orgMMT and orgZenith) addition led to a decrease in OTR values. This
decrement reached up to 50% for high organoclay content films in comparison to PS film.
Decrement above 80% was measured for microcomposites with mesoporous silicas and
5 wt% filler content.

The superior mechanical properties and the surprising decrement of oxygen perme-
ation induced to the PS microcomposites with mesoporous silicas addition (namely SBA-15
and MCF), prepared by the melt process, are indicative of excellent dispersion of inorganic
particles in the polymer matrix.
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