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)is research employed a novel and facile approach called nanoclay aerogel masterbatch.. )is innovative technique was
conducted by attaching the clay layers directly onto a mobile polymer, for example, polyethylene glycol (PEG), in order to modify
the clay layer through PEG-clay intercalation and PEG-hydrogen bonding. )is state was maintained with a small amount of the
anionic polymer hydrogel, for example, kappa-carrageenan (KC), and turning it into a highly porous and fragile structure by
freeze-drying, thus a so-called nanoclay aerogel masterbatch.)e facile nanoclay aerogel masterbatch was able to be attained even
at high clay loadings (55–67wt.% of the inorganic clay content) with constant PEG and KC loadings. )e interlayer spacing
enlargement of the nanoclay galleries was around 17 Å with the typical lamellar morphology like a house of cards structure. )e
density values were within 0.108–0.122 g·cm−3. )e thermal stabilities were up to 270°C, revealing better thermal stability for melt
mixing with the commodity plastics at a high melting temperature. )e flowability and processability were certified by the melt
flow index (MFI) results. )e highest nanoclay loading capacity (67wt.%) of the achieved nanoclay aerogel masterbatch was
selected to prepare PS-clay nanocomposites via a melt-mixing process. )e comparative nanocomposites were produced by using
organoclay. )e results of the X-ray diffraction (XRD) and transmission electron microscopy (TEM) exhibited that the exfoliated
morphologies were obtained at all clay contents (1–3wt.%); however, the intercalated structure was gained by using organoclay.
)e outstanding transparency and brightness were remarked from the specimens prepared by using the nanoclay aerogel
masterbatch. )e brownish specimens were observed by using organoclay. )e significant improvements of tensile properties,
glass transition temperature (Tg), and thermal stability were noticed from the nanocomposites prepared using the nanoclay
aerogel masterbatch.

1. Introduction

Polymer nanocomposites based on nanoclays have received
much interest due to the superior improvements of the
mechanical, thermal, barrier, and flame-retardant properties
[1, 2]. )e natural nanoclays are hydrophilic which is
a problem for homogeneous dispersion in several polymers,
so the nanoclays have to be developed to be an organoclay
through the alkylammonium cation-exchangemethod [3, 4].

)ere are many disadvantages of organoclay, such as the
expensive cost of organoclay due to the use of an excessive
amount of the expensive surfactant to ensure complete ion
exchange, the high energy consumption of the entire
organoclay preparation, the tendency of particle agglom-
eration, and unexpected poor dispersion in the polymer
matrix. )e key to the property enhancement of polymer-
clay nanocomposites is to accomplish exfoliated layered
silicate with homogeneous dispersion in the polymer matrix
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[1–3, 5–22]. A hot-melt extrusion process has been widely
used to prepare polymer-clay nanocomposites in the in-
dustrial production because it is simple and environmentally
friendly [17]. During the melt blending at a high shear rate,
the polymer chains of the molten polymer penetrate into the
nanoclay galleries to achieve either intercalated or exfoliated
nanocomposite structures depending on the degree of pen-
etration [23]. A nanoclay masterbatch is a technique that
incorporates a high percentage of nanoclay loading in a car-
rier polymer before being diluted by blending with a raw
polymer to permit better nanoparticle dispersion [3, 14]. )e
benefits of this technique are the exact defined nanoclay
quantity without any handling of large powder masses.
)erefore, the environment is not damaged by the pollution
of spreading nanoclay dust. A number of previous research
studies have reported that the nanocomposites prepared from
melt mixing seemed to only have success with partially ex-
foliated morphologies [2, 10, 12, 16, 17, 20, 23–27].

)e novel nanoclay masterbatch was potentially fabri-
cated through a new approach initially represented as
“nanoclay gel” and eventually transferred to a “nanoclay
aerogel masterbatch.” )is innovative strategy started from
the expansion property of the layered silicates in an aqueous
solution due to the repulsive force of the negative charges on
the surface of the layered silicate sheets [28]. In the swollen
state of layered silicate clays, the nonionic water-soluble
polymer having a higher molecular weight andmore thermal
stability than quaternary ammonium salts was used for both
the intercalation and surface modification of the layered
silicates. Emphasis was given to polyethylene glycol (PEG)
because it should be water soluble, have a high degree of
organophilicity, and not have a high molecular weight to
allow good flowing ability [15]. Moreover, PEG-treated
nanoclay is thermally stable at 327°C in an inert atmo-
sphere and 275°C in air, which is greater than alky-
lammonium salts; therefore, it could be processed at a higher
temperature without thermal degradation than typical
organoclay [17, 29]. According to the reports of Zampori
et al. [30], Finocchio et al. [31], and Belova et al. [32], PEG
with the MW of 1500 (PEG1500) was used as a nonionic
surfactant to prepare the organoclays. )e PEG-intercalated
clay had the ability to modify the clay’s surface to be
organophilic due to the interaction between the oxygen
atoms of the PEG molecule and sodium cations dwelling in
the interlayers of the layered silicate and between the PEG
molecule and nanoclay surface via hydrogen bonding;
hence, the long tails of the PEGmolecular chain were able to
interact with the organic polymer [12, 15, 33, 34]. )is
process was similar to the conventional preparation of
organoclay using small molecules of polar polymers instead
of the general surfactant. PEG functioned by improving the
processability with the provision of the homogeneous dis-
persion of the nanoclay in the polymer matrix through melt
mixing [35, 36]. A solution of the polymer-intercalated clay
nanocomposite was accomplished. Instead of following the
process by evaporation and grinding into clay powder, the
clay/polymer intercalation solution was turned into gel with
a small amount of hydrogel and sustained in the gel form. A
negatively charged hydrogel was favorably selected in order to

preserve the interlayer-expanded structure.)is polymer/clay
nanocomposite hydrogel was sustained and represented as
a “nanoclay gel.” )e property of the hydrogel that was se-
lected to maintain the swollen state of the clay/PEG in-
tercalation was a thermolytic hydrogel type with a physical
gelation (no rigid network formation). Kappa-carrageenan
(KC) is a natural hydrocolloid containing one sulphate group
per disaccharide. KC is capable of forming thermoreversible
gel with gelation upon cooling andmelting upon heating [37].
Moreover, KC exhibits a negative charge when dissolved in
water; thus, the negatively charged system benefits to preserve
the extended clay galleries (swollen state) of the PEG-
intercalated nanoclay during the transformation from a dis-
persed liquid to gel without penetrating the KC chains into
a layered silicate spacing [38]. Minimal KC concentration of
1wt.% was reported to create sufficient gelation on cooling
[39–41]. With regard to the reduction of the expansion of the
nanoclay galleries and the strong stacking of nanoclay when
the water was gradually evaporated during the hot-drying
stage, freeze-drying was proposed to prepare the facile
“nanoclay aerogel masterbatch” instead of conventional hot
drying. Aerogel is a porous solid material created in the form
of an interconnected three-dimensional network structure
with a high specific surface area, high porosity, and low
density [42, 43].

It should be noted that the nanoclay aerogel can be used as
a masterbatch to prepare a polymer-clay nanocomposite via
a melt extrusion process. )e fragile and porous structure of
nanoclay aerogel benefits the good dispersion of the nanoclay
particle in the polymer matrix and further achieves the ex-
foliated morphology [44]. )e expected advantages of this
nanoclay aerogel masterbatch were probably the outcome of
the lean manufacturing for polymer-clay nanocomposite
industries besides having nanoclay loading, for example, easy
manipulation than fine powder, extraordinary nanoclay-
loading capacity, economical material and production
costs, zero waste, environmentally friendly production pro-
cess, and the ability for organophilic modification without
using an expensive cationic surfactant.

)e facile nanoclay aerogel masterbatches were fabri-
cated with a variation of high nanoclay-loading capacities
and steady contents of PEG and KC. )e nanoclay gels were
subsequently turned into nanoclay aerogels via a freeze-
drying process. )e success of this strategy to obtain ex-
foliated morphologies and a nanocomposite with property
enhancement was demonstrated by using the nanoclay
aerogel masterbatches to prepare polystyrene- (PS-) clay
nanocomposites compared to the conventional nano-
composites of PS-organoclay.

2. Materials and Methods

2.1. Materials. Na+-bentonite clay (Ben, grade SAC) was
obtained from the )ai Nippon Chemical Industry Com-
pany Limited with a cation-exchange capacity (CEC) of
75meq/100 g. Commercial kappa-carrageenan (KC) was
provided by the Ingradianflewer Company Limited. Com-
mercial polyethylene glycol (PEG 1450) was supplied by the
Dow Chemical Company. Hexadecyltrimethylammonium
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chloride (C19H42N+Cl−) used as a cationic surfactant for the
organoclay preparation was obtained from Evonik In-
dustries. Polystyrene (PS, Styron 656D) with a density of
1.04 g/cm3and an MFI of 8.5 g/10min was supplied by the
Dow Chemical Company, )ailand. Deionized water (DI)
was applied throughout the whole work.

2.2. Preparation of the Nanoclay Gel. )e compositions used
to prepare the nanoclay gels are shown in Table 1. Initially,
the variations of the nanoclay suspensions were produced by
swelling 10, 20, and 30 g of nanoclay powder in 200 cm3 of
DI water and stirred by means of a mechanical stirrer for
24 hours at room temperature (28°C). In this study, the
composition of PEG was kept constant at 10 g for all
nanoclay suspensions, and the desired KC concentration of
the final mixtures was fixed at 1% w/v because this was the
minimum concentration to form gel on cooling. )en, the
nanoclay/PEG mixtures were prepared by mixing between
the desired nanoclay suspension and PEG and continuously
sheared by using the mechanical stirrer (running at
1000 rpm) for 90 minutes while the temperature was con-
trolled at 60°C. )e 3% w/v of the KC solution was prepared
separately by dissolving 3 g of KC powder in 100 cm3 of DI
water at 90°C under magnetic stirring until the KC was
completely dissolved.)en, the KC solution was poured into
the nanoclay/PEG mixtures and consistently stirred at 60°C
for 15 minutes. )e final concentration of KC in the mix-
tures was achieved at 1% (w/v). )e nanoclay/PEG/KC
mixtures were increasingly homogenized by using a high-
speed homogenizer (Polytron PT3100) at 20,000 rpm for 15
minutes in order to ensure the homogeneous dispersion of
the highly concentrated mixtures and aid the expansion of
the clay galleries. )e mixtures were left to cool down to
room temperature and poured into cylindrical polystyrene
vials. )e nanoclay/PEG/KC mixtures were transformed
into a gel by cooling at 10°C for 12 hours in order tomaintain
the swollen state of the interlayer spacing of the nanoclay
platelets. All accomplished samples were denoted as
nanoclay gels.

2.3. Preparation of the Nanoclay Aerogel Masterbatch. )e
nanoclay gels were placed in a freezer at −80°C for 24 hours.
)e frozen samples were then attached to a freeze-dryer
(ScanVac CoolSafe) and maintained at −110°C in a vac-
uum of less than 400m Torr for 72 hours to entirely sublime
the solid ice into a vapor state. )e inorganic clay content was
examined by calculating the residual remaining at 800°C
under a nitrogen atmosphere by using a simultaneous thermal
analyzer (NETZSCH, STA 449 F3) from 30 to 800°C with
a heating rate of 10°C·min−1 under an oxygen atmosphere
with a flow rate of 30ml/min. As shown in Table 1 and
Figure 1, the pristine nanoclay aerogel prepared using 10 g of
nanoclay powder swollen in 200 cm3 of DI water was labelled
as pure nanoclay aerogel, and the nanoclay aerogel master-
batches prepared from 10, 20, and 30 g of nanoclay powder
with the fixed compositions of PEG and KC were coded as

Aerogel_55, Aerogel_61, and Aerogel_67, respectively, that
corresponded to the inorganic clay contents.

2.4. Preparation of the Organoclay. )e organoclay was
obtained by the modification of bentonite with hex-
adecyltrimethylammonium chloride (C19H42N+Cl−) via
a cation-exchange method, represented as “ORG.” )e
inorganic content of the organoclay was 79.1 wt.%.

2.5. Preparation of the Polymer/Clay Nanocomposites

2.5.1. �e Melt Extrusion Process. )e melt blending of PS
and nanoclay aerogel masterbatch (Aerogel_67) was con-
ducted in a corotating twin screw extruder (Labtech Engi-
neering company; L/D ratio of 40 :1). Initially, pure PS was
dried at 80°C under a vacuum for 12 hours. )e PS was
mixed with 1, 2, and 3wt.% of inorganic clay contents by
stoichiometric calculation. 98.5, 97.0, and 95.5 g of PS were
combined with actual loadings of the nanoclay aerogel
masterbatch of 1.5, 3.0, and 4.5 g in order to produce the
PS/clay nanocomposite containing 1, 2, and 3wt.% of in-
organic clay contents, denoted as PS/Aero-1, PS/Aero-2, and
PS/Aero-3, respectively. )e PS/clay nanocomposites pro-
duced from organoclay were simultaneously prepared in
order to compare the nanocomposite properties. 98.7, 97.5,
and 96.2 g of pure PS were mixed with 1.3, 2.5, and 3.8 g of
actual organoclay amounts to create the PS/clay nano-
composites having 1, 2, and 3wt.% of inorganic clay con-
tents, which were coded as PS/ORG-1, PS/ORG-2, and
PS/ORG-3, respectively. )e extruded strands were pulled
through a water bath at 20°C and cut into pellets using
a pelletizer and an air knife. )e temperature profiles of the
extrusion process ranged from 180°C in the feed zone to
200°C in the die zone, and the screw speed was set as 70 rpm.

2.5.2. Specimen Preparation. )e pellets of the PS/clay
nanocomposites were injected as per ASTM D638 using
an injection molding machine (Elite 80) into a dog-bone
shape at the temperature range of 190–210°C.

2.6. Characterizations

2.6.1. �e X-Ray Diffraction (XRD). )eXRD analysis of the
nanoclay aerogel masterbatches, organoclay, and PS/clay
nanocomposites was carried out to investigate the basal
spacing (d001 spacing) of the silicate interlayers. )e mea-
surements were conducted by using a Bruker AXS X-ray
diffractometer with CuK radiation (λ�1.54056 Å). )e
generator was performed at 40 kV and 40mA. )e spectra
were recorded over a 2θ range of 2–10° using a scan rate of
0.01°/s.

2.6.2. Scanning ElectronMicroscope (SEM). )emorphology
of the cross-sectional surface was determined using a scan-
ning electron microscope (JEOL, model JSM 5200). )e
nanoclay aerogel masterbatches were prepared by fracturing
small pieces of themonolithic nanoclay aerogel masterbatches
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in order to investigate the internal morphology of these
aerogel samples. )e PS/clay nanocomposite specimens were
fractured in liquid nitrogen. Subsequently, the samples were
coated with gold under a vacuum using JFC-1600 (JEOL)
sputtering before imaging in order to increase the image
resolution. All SEM images were taken at an acceleration
voltage of 5.0 keV.

2.6.3. Density. )e density of the nanoclay aerogel mas-
terbatches was calculated by dividing the dry mass of the
nanoclay aerogels by the volume. )e volume was measured
by a digital caliper. )e mass was measured by an analytical
balance with 4-digit sensitivity. )e density values were
calculated from the average of 5 samples for each condition
set.

2.6.4. Melt Flow Index (MFI). )e MFI of the nanoclay
aerogel masterbatches was calculated by a melt flow index
tester (Dynisco) according to the ASTM standard D1238-04.
)e melting temperature was kept at a uniform 200°C, with
a 5.0 kg load adapted to extrude in a molten state by setting
up the cutoff times for 10 seconds. A 100 g rod was used as
a plunger, and the molten material flowed through an orifice
of 2.0mm diameter. )e average MFI values were calculated
from five calculations.

2.6.5. �ermal Stability. )e thermal stability of the nano-
clay aerogel masterbatches and PS/clay nanocomposite
samples was characterized by a simultaneous thermal analyzer
(NETZSCH, STA 449 F3) with the heating rate of
10°C/minutes from 30°C to 800°C under a nitrogen

atmosphere with a flow rate of 30ml/minute. )e percentage
of the weight loss was reported as a function of the
temperature.

2.6.6. �ermal Behavior. )e thermal behavior of the PS/clay
nanocomposite samples was investigated by using differential
scanning calorimetry (DSC) with a Mettler Toledo model
DSC822 working on a Pyris platform under a nitrogen at-
mosphere to avoid any possible thermal degradation. )e
weight of the samples was in the range of 5–10mg. )e
thermal scan was the first heating cycle from 25°C up to 200°C,
held at 200°C for 3 minutes, and then cooled to 25°C at the
constant rate of 10°C/minute. )e glass transition tempera-
ture (Tg) was recorded during a second heating cycle.

2.6.7. Transmission Electron Microscopy (TEM). )e mor-
phology of the PS/clay nanocomposite samples was observed
using transmission electron microscopy (TEM). Firstly, the
nanocomposite samples were prepared by cutting thin
(∼200 nm) slices of the samples, precut into a pyramid-shaped
point, and then ultramicrotomed at room temperature, with
the sections placed onto porous carbon film-coated TEM
grids.)e samples were embedded in a TEM-grade epoxy and
then precut and ultramicrotomed at room temperature. Once
on the TEM grids, the PS/clay nanocomposite samples were
loaded into a liquid-nitrogen-cooled cryogenic TEM holder
and imaged in the TEM with the samples maintained at
a temperature of −60°C to prevent the samples from burning
in the TEM. )e ultramicrotome used was a Leica model
Ultracut UCTwith a cryoattachment EM-FCS with diamond
knives used for both room temperature and cryogenic cutting.
)e TEM was a JEM-2100 microscope, operated at 200 keV

(a) (b) (c) (d)

Figure 1: Photographs of cylindrical aerogels: (a) pure nanoclay aerogel; (b) Aerogel_55; (c) Aerogel_61; (d) Aerogel_67.

Table 1: Nanoclay aerogel masterbatch compositions.

Nanoclay aerogel masterbatch samples
Nanoclay gel Nanoclay aerogel masterbatch

(inorganic clay content)∗ (%)Ben (g) KC (g) PEG (g) Water content (cm3)
Pure nanoclay aerogel 10 — — 200 86
Aerogel_55 10 3 10 300 55
Aerogel_61 20 3 10 300 61
Aerogel_67 30 3 10 300 67
∗From TGA results of the residual remaining at 800°C under a nitrogen atmosphere.
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with an LaB6 filament; the digital images were recorded on
a 1× 1K digital camera attached to the GIF (Gatan image
filter). )e cryoholder was a Gatan model 613 cold stage with
a Smart set temperature controller.

2.6.8. Tensile Testing. )e tensile properties such as tensile
strength, elongation at the break, and Young’s modulus of
the PS/clay nanocomposite samples were examined using
a universal testing machine (Instron:H10KM) according to
ASTM D638-08. )e tensile tests were conducted at room
temperature, and the crosshead speed was set at
10mm/minute. )e average values were reported from at
least five specimens for each set of conditions.

3. Results and Discussion

3.1. Part 1: Preparation of the Nanoclay Aerogel Masterbatch.
)e basal spacing of the nanoclay (d001) investigated using
XRD in the range of 2θ � 2–10° is reported in Table 2 and
Figure 2. )e pure nanoclay powder showed the diffraction
peak at 2θ� 7.33° with the spacing of 12.05 Å. )e pure
nanoclay aerogel revealed an indifferent change compared to
the nanoclay powder in the diffraction peaks (at 2θ� 6.97°)
and d001 spacing (12.68 Å). )is result suggested that the
interlayer spacing was not compressed by the pressure
generated from the expansion of the ice crystal. Due to the
XRD results of the nanoclay aerogel masterbatches com-
pared to pure nanoclay aerogel, the obvious shifts of the d001
reflections to lower 2θ positions (at 5.14–5.19°) were clearly
observed corresponding to the significant increases of basal
spacing (17.04–17.09 Å). )ese results confirmed the in-
tercalation of the PEG molecules inside the interlayer
spacing of the nanoclay forming the bilayer arrangement of
the PEG chains laying parallel into the silicate interlayers
[45]. )is similarity was reported by Alhassan et al. [46]. It
could be attributed that intercalation had taken place during
the preparation of the nanoclay gel from the driving force of
the water-swollen clay, which generated the positive entropy
[47–49]. Moreover, the enthalpic driving force occurred
from the interactions from the hydrogen bonding between
the hydroxyl and ether oxygen groups of PEG, water
molecules, and Si-O-Si on the clay surfaces [12, 50]. Nu-
merous studies have reported similar results based on the
intercalated PEG/clay nanocomposites, such as Zampori
et al. [30], Finocchio et al. [31], Clegg et al. [50], and
Campbell et al. [36]. )is result could be attributed to the
organophilicity of the achieved nanoclay aerogel master-
batches, which was enhanced from this process that re-
sembled the typical surface modification of the organoclay
preparation. Upon addition of the nanoclay loadings from
55 to 67wt.%, the d001 spacing slightly decreased by the
d-values 17.18, 17.09, and 17.04 Å of Aerogel_55, Aerogel_61,
and Aerogel_67, respectively. )is result may be ascribed
due to the limitation of the expanded space with a greater
occupied volume of a higher clay content. According to the
XRD results, it should be noted that the enlargement of the
intercalation degree had a tiny effect from the increment of
the nanoclay content. In summary, the expansion of the

clay galleries with the intercalated PEG chains (d-value
17.04–17.18 Å) was a success with the high clay loadings
(55–67 wt.%).

Figure 3 illustrates the samples of the achieved nanoclay
aerogel masterbatch that was started from the homogeneous
nanoclay solution. By adding a small amount of carrageenan,
it was changed into a gel in order to preserve the swelling
state of the intercalated PEG-clay nanocomposites. Finally,
the nanoclay gel samples were turned into aerogel through
a freeze-drying process in order tomaintain the expansion of
the expanded clay galleries without the collapse or reduction
of the layered silicate enlargement when the water content
was gradually evaporated. It should be noted that this
method had a noticeable advantage of not only having an
easier preparation with the intercalation and organoclay
modification occurring in one step but also having more
economical preparation with inexpensive ingredients than
the conventional organoclay preparation.

)e nanoclay aerogel masterbatch morphology was
imaged by scanning electron microscopy (SEM) and is
shown in Figure 4. It was evident that all of the nanoclay
aerogel masterbatches exhibited a typical lamellar mor-
phology, which is also known as the house of cards structure
that was created from the ice crystal growth via a freeze-
drying process [51, 52]. )e lamellar structures and voids
inside the nanoclay aerogel structures were created by the
sublimation of ice. Similar results were reported in many
studies based on preparing polymer/clay aerogels with
various types of polymers [42, 51–58]. )e denser lamellar
morphology was observed with the increase of the nanoclay
loadings due to the limitation of the expanded space between
the adjacent lamellar at a high nanoclay content. Noticeably,

Table 2: Basal spacing of nanoclay aerogel masterbatches.

Sample 2θ (°) d001 (Å)
Pure nanoclay powder 7.33 12.05
Pure nanoclay aerogel 6.97 12.68
Aerogel_55 5.14 17.18
Aerogel_61 5.17 17.09
Aerogel_67 5.19 17.04
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Figure 2: XRD patterns of nanoclay aerogel masterbatches.
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the porous structure of the house of cards observed from the
achieved nanoclay aerogel masterbatches contained a high
nanoclay loading (55–67wt.%). It was anticipated that this
fragile porous structure would facilitate the layer dispersion
to enhance the opportunities for exfoliation.

From Table 3, the nanoclay aerogels had density values
within 0.11–0.12 g·cm−3. In other words, the density

increased by 32, 40, and 49% for the inorganic clay content
of 55, 61, and 67wt.%, respectively, compared to the pristine
nanoclay aerogel. It was noticed that the density values of the
nanoclay aerogels rose with the increased nanoclay loading
due to the high density of the rigid clay particles. )is result
supported the dense morphology with a high nanoclay
content.

)e flowability and processability of the nanoclay aerogel
masterbatch for melt mixing were investigated by MFI. )e
MFI of the nanoclay aerogel masterbatch was calculated at
the temperature of 200°C under a 5.0 kg load.)eMFI values
diminished from 0.55 to 0.48 g/10 minutes by increasing the
nanoclay loading ascribed to increasing the viscosity (as
shown in Table 3). Moreover, the continuous smooth surface
of the extrudates was observed with no significant change in
the color through the simple melt extruded simulation. )e
MFI results suggested that the achieved nanoclay aerogel

Homogeneous mixtures of
nanoclay/PEG/KC

Nanoclay gel
(cooling at 10°C)

Nanoclay aerogel
masterbatch

Figure 3: )e illustration steps of nanoclay aerogel masterbatch preparation.

100 µm 

(a)

100 µm 

(b)

100 µm 

(c)

100 µm  

(d)

Figure 4: SEM images of nanoclay aerogel masterbatches: (a) pure nanoclay aerogel; (b) Aerogel_55; (c) Aerogel_61; (d) Aerogel_67.

Table 3: Density and MFI results of nanoclay aerogel
masterbatches.

Sample Density (g·cm−3) MFI (g/10min;
200°C, 5.0 kg load)

Pure nanoclay aerogel 0.082± 0.002 —
Aerogel_55 0.108± 0.006 0.55± 0.04
Aerogel_61 0.115± 0.003 0.51± 0.04
Aerogel_67 0.122± 0.004 0.48± 0.02
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masterbatches were composed of flowable and processable
properties; therefore, they had the capability to attain good
dispersion and exfoliated potential.

)e thermal degradation temperature of the nanoclay
aerogel masterbatch is very important to consider for the
melt extrusion process in order to ensure that there is no
thermal decomposition occurring during the melt blending
process. )e upper processing temperature was characterized
by thermogravimetric analysis. )e onset decomposition
temperature (Td,onset), the maximum decomposition rate
temperature (Td,max), and residual weight at 800°C of the
nanoclay aerogel masterbatches are exhibited in Table 4 and
Figure 5. )e results revealed the starting of thermal degra-
dation at a minimum of 258°C to a maximum of 270°C; the
maximum thermal decompositions were reported from the
minimum of 336°C to a maximum of 340°C. )e improve-
ment of thermal stability (Td,onset and Td,max) was observed by
increasing the added nanoclay content due to the rigid
nanoclay particles that acted as a physical barrier to improve
the thermal resistance of the achieved nanoclay aerogels
[13, 58, 59]. It should be noted that the accomplished nanoclay
aerogel masterbatches could safely melt since the beginning of
their decomposition temperatures was higher than the pro-
cessing temperatures of the commodity plastics [60].

3.2. Part 2: Preparation of the PS/Clay Nanocomposite via the
Melt Extrusion Process. In Part 2, Aerogel_67 that con-
tained a higher nanoclay content was selected to use as
a nanoclay masterbatch to be melted compounded with
polystyrene to prepare the PS/clay nanocomposites having
1, 2, and 3 wt.% of the inorganic clay contents, referred to as
PS/Aero-1, PS/Aero-2, and PS/Aero-3, respectively. For
comparison, the PS/organoclay nanocomposites were
prepared by using organoclay (ORG) with the same con-
tents of inorganic nanoclay (represented as PS/ORG-1,
PS/ORG-2, and PS/ORG-3, resp.). )e dispersion of the
nanoclay particles was examined by XRD and TEM.
Meanwhile, the mechanical and thermal properties were
characterized by tensile testing, DSC, and TGA.

As reported by the previous research, the morphology of
the PS-clay nanocomposites prepared by the melt extrusion
process was achieved mostly as intercalated structures; ex-
foliation was very difficult to attain success [61]. )e XRD
patterns of PS/Aero and PS/ORG are illustrated in Figure 6.
)e exfoliated nanocomposite structures were obtained
from all loadings of PS/Aero due to the absence of the
diffraction peaks from 2 to 10 Å of the diffraction angle, as
represented in Figure 6(a). Meanwhile, the morphological
structures obtained from PS/ORG were of intercalated
type with a high d-spacing of 35.75, 35.55, and 33.31 Å for
1, 2, and 3wt.% loadings, compared to the original d-spacing
of ORG (27.97 Å) exhibiting the intercalation of the PS
molecular chains inside the clay galleries, as shown in
Figure 6(b). )is result clearly indicates that a simple ORG
with an intermediate d-spacing about 28 Å could only
generate an intercalated nanocomposite structure. On the
contrary, the nanoclay aerogel masterbatch with a low

d-spacing of 17 Å successfully provided the exfoliated
nanocomposites prepared via melt extrusion up to 3wt.%.

Corresponding to the XRD results as shown in Figure 7,
the TEM image of PS/Aero-3 exhibited the exfoliated
structure with the dark lines of the individual clay sheets
distributed in the polymer matrix. However, the PS/ORG-3
nanocomposite clearly illustrated the intercalated structure
with stacks of clay layers. )e XRD and TEM results clearly
supported the hypothesis that the nanoclay aerogel mas-
terbatches were further effective to achieve the exfoliated
structure through the melt-mixing process. )is accom-
plishment suggested that the fragile and porous structure of
the nanoclay aerogel would be useful as an efficient pre-
cursor to obtain the exfoliated morphology. Furthermore,
nanoclay aerogel masterbatches modified with PEG facili-
tated the exfoliated nanocomposites of layered silicates. PEG
played a key role in intercalated PEG/nanoclay with higher
expansion of basal spacing, resulting in the reduction of Van
der Waals attractive forces of layered clay sheets [62]. )e
melted polymer chains with high shearing in the internal
mixer could be able to penetrate into the expanded gallery
space in order to delaminate the clay pellets during the melt-
compounding process [63]. In addition, PEG acted as the
dispersing agent to improve the dispersion of nanoclay
particles within the polymer matrix.

)erefore, the XRD and TEM results suggested that there
was powerful interfacial adhesion between the individual
nanoclay particles and PS matrix [64]. )is effect caused
significant improvement of the tensile properties in the
exfoliated morphology but no extraordinary enhancement
for the intercalation of the nanocomposite structures due to
the stronger interaction between the PS matrix and nanoclay
particles as well as the higher aspect ratio of the filler af-
fecting the significant enhancement of the tensile properties
[13, 61, 64].

)e photographs that expressed the transparency of
the PS/Aero and PS/ORG nanocomposites are shown in
Figure 8. )e outstanding transparency and brightness were
remarkable for PS/Aero-1. )e gradual color change was
revealed in the PS/Aero samples by increasing the nanoclay
aerogel masterbatch loading. It might be ascribed that this
existence resulted from the good dispersion of the in-
dividually exfoliated nanoclay particles. )e presence of
dark-brownish PS/ORG specimens indicated the degrada-
tion of the organic surfactant at the processing temperature
[13]. In other words, the light color of PS/Aero was due to
the good thermal stability of the nanoclay aerogel
masterbatches.

Young’s modulus of PS-clay nanocomposites was con-
siderably improved by increasing the clay loadings from 1 to
3wt.%, as illustrated in Table 5.)ese results were described by
the high performance of the nanoclay particles to resist the
plastic deformation, and the rigidity of the nanoclay improved
the stretching resistance [65]. In particular, Young’s modulus
values of the PS/Aero nanocomposites (increasing by about
10%, 14%, and 19% of PS/Aero-1, PS/Aero-2, and PS/Aero-3,
resp., compared to the pristine PS) were higher than the
PS/ORG nanocomposites (increasing by about 8%, 11%, and
17% of PS/ORG-1, PS/ORG-2, and PS/ORG-3, resp.). It should
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be anticipated that the results were due to the exfoliated
nanocomposite structures. )e improvement of the modulus
intensively relates to the volume of the filled clay as well as the
strong interaction between the nanoclay particles and polymer
matrix [21]. On the contrary, the low aspect ratio of the in-
tercalated clay stacks, as presented in PS/clay nanocomposites
prepared by the organoclay, affected the weak interaction [13].
Similar results were reported from the previous studies of
Uthirakumar et al. [64] and Mohanty and Nayak [65].

According to Table 5, the tensile strength of PS/Aero was
progressively developed by increasing the clay loadings from
1 to 3wt.% with improvement of about 30–33% compared to

that of pristine PS due to the exfoliated structure [13, 61].
)is result reveals the powerful interfacial adhesion between
the individual nanoclay particles and PS matrix as a result of
the clay exfoliation, which was verified by the XRD and TEM
results [64]. )ese outcomes corresponded with the research
of Uthirakumar et al. [64], Mohanty and Nayak [65], and
Park et al. [22]. )e tensile strength of PS/ORG was highly
enhanced at a low nanoclay loading of 1wt.% improving by
about 15% compared to the pristine PS and continuously
decreased from 9% to 3% enhancement with the increment
of the nanoclay contents from 2 to 3wt.%, respectively. )is
revealed that as the ORG loading increased, PS/ORG became

Table 4: TGA results of nanoclay aerogel masterbatches.

Nanoclay gel samples Td,onset (°C) Td,max (°C) Residual mass (%)
Pure nanoclay aerogel 611 659 86
Aerogel_55 258 336 55
Aerogel_61 267 336 61
Aerogel_67 270 340 67
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Figure 6: XRD patterns of PS/clay nanocomposites prepared from the nanoclay aerogel masterbatch and organoclay.
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a less intercalated clay structure with the decrease of ex-
panded clay galleries suggesting the lack of strong polymer-
filler interaction resulting in the reduction of the cohesive
forces inside the materials [61, 66].

)e elongation at the break of PS/Aero and PS/ORG
decreased with the increase from 1 to 3wt.% of the clay
contents, as exhibited in Table 5 and Figure 9. Similar results
were reported from many prior studies of PS/clay

nanocomposites [22, 61, 64, 65]. )e small reduction of the
elongation at the break was noticed from PS/Aero (declining
less than 3% compared to the pristine PS) because the ex-
foliated dispersion of the individual layered clay implied the
good interaction between the individually delaminated clay
sheets and polymer matrix [61]. On the contrary, the sig-
nificant drop of the elongation at the break was observed
from the nanocomposites prepared using organoclay de-
creasing by about 18%, 24%, and 29% of PS/ORG-1,
PS/ORG-2, and PS/ORG-3, respectively. )e results im-
plied that the exfoliated morphology of the nano-
composites has more effect on the reduction of the
elongation than the intercalated structure because of the
strong interaction between the components of the clay
particles and PS matrix [61].

)e DSC thermograms of PS/Aero and PS/ORG are
presented in Figure 10 and Table 6. )e pristine PS revealed
an endothermic peak indicating the glass transition tem-
perature (Tg) was about 96.3°C. )e significant shift in Tg of
PS/Aero to 102–104°C (from 1 to 3wt.% of the clay loadings)
exhibited the improvement of ∼6–8°C, compared to that of
pure PS. According to the exfoliated dispersion of single
nanoclay particles with high aspect ratios in the polymer
matrix, the confinement of the PS chains at the organic-
inorganic interface clearly resulted in obstructing the seg-
mental motion of the PS chains [13, 61, 64, 65]. Furthermore,
the lower Tg values of PS/ORG than PS/Aero are observed in
Figure 11 and Table 6. As reported in many studies, the
higher increase in Tg was achieved from the exfoliated
structure than the intercalated structure of the PS-clay
nanocomposites [19, 20, 24, 61, 67–70].

)e thermal degradation behavior of the PS-clay
nanocomposites was demonstrated in the TGA and DTG
thermograms (Figure 11), and the details of the onset de-
composition temperature (Td,onset), the maximum de-
composition rate temperature (Td,max), and residual weight
at 800°C are reported in Table 6. )e decomposition tem-
peratures (Td,onset and Td,max) dramatically enhanced the

50 nm

(a)

50 nm

(b)

Figure 7: TEM micrographs of PS/clay nanocomposites prepared from the nanoclay aerogel masterbatch and organoclay (at 3wt.% clay
loading). (a) PS/Aero-3. (b) PS/ORG-3.

Figure 8: Transparency images of PS/clay nanocomposites pre-
pared from the nanoclay aerogel masterbatch and organoclay.

Table 5: Tensile properties of PS/clay nanocomposites prepared
from the nanoclay aerogel masterbatch and organoclay.

Sample Young’s modulus
(MPa)

Tensile strength
(MPa)

Elongation at
break (%)

Pure PS 1241± 15 33± 4 3.8± 0.4
PS/Aero-1 1365± 16 43± 1 3.8± 0.1
PS/Aero-2 1411± 19 43± 1 3.7± 0.1
PS/Aero-3 1481± 14 44± 1 3.7± 0.1
PS/ORG-1 1339± 20 38± 3 3.1± 0.3
PS/ORG-2 1379± 14 36± 2 2.9± 0.2
PS/ORG-3 1446± 23 34± 3 2.7± 0.3
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incorporation of nanoclay, and the increment in the deg-
radation temperature was evident with the increase from 1 to
3wt.% of nanoclay loading. )e homogeneous dispersion of

nanoclay within the polymer matrix delayed the perme-
ability of the degraded outcomes of the material [17, 19, 25].
)e decomposition temperatures of PS/Aero (Td,onset at
about 418–422°C and Td,max at about 439–443°C) were
higher than those of PS/ORG (Td,onset at 410–416°C and Td,
max at 435–440°C) because the exfoliated nanocomposite
structure potentially retarded the permeability of the de-
graded volatiles as compared to the intercalated morphology
[71, 72].

4. Conclusions

Attempts have been carried out to obtain the exfoliated-type
polymer-clay nanocomposites, but the achieved cases have
not yet been found quite often, especially for a system
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Figure 10: DSC thermograms of PS/clay nanocomposites prepared from the nanoclay aerogel masterbatch and organoclay.

Table 6: DSC and TGA results of PS/clay nanocomposites pre-
pared from the nanoclay aerogel masterbatch and organoclay.

Sample Tg (°C) Td,onset (°C) Td,max (°C) Residual mass (%)
Pure PS 96 395 422 1
PS/Aero-1 102 418 439 1
PS/Aero-2 104 421 441 2
PS/Aero-3 104 422 443 3
PS/ORG-1 99 410 435 1
PS/ORG-2 99 413 439 2
PS/ORG-3 100 416 440 3
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starting with hydrophobic or nonreactive polymers and
pristine clay. In this work, we showed that, without using
surfactants like alkylammonium ions to make organic-like
clay compatible with organic polymers, the exfoliated
polymer-clay nanocomposites could be achieved in a simple
and cost-effective procedure. However, this was successfully
achieved not only when using 1wt.% of nanoclay gel
(PS/Aerogel-1) but also when using 2 and 3wt.% nanoclay
gels (PS/Aerogel-2 and PS/Aerogel-3) for the system of the
opposite polarity and nonreactive (incompatible) compo-
nents (PS and clay). Moreover, this strategy was prominently
due to many advantages, such as the high nanoclay-loading
capacity, high layered silicate expansion, high thermal sta-
bility, easy handling rather than fine powder, low ingredient
and production costs, environmentally friendly process, zero
waste, and lean preparation for polymer-clay nano-
composite industries. )is result clearly revealed that the
mechanism of the pristine clay tactoids exfoliated in the
polymeric matrix enhances the mobility of the clay layers.

)is achievement was carried out in a novel way by attaching
the clay layers directly to a mobile polymer, for example,
PEG, via hydrogen bonding and ensuring good dispersion of
the treated clay layers into a polymer matrix by keeping the
PEG-clay intercalated state with a small amount of anionic
polymer hydrogel, for example, KC, and turning it to
a highly porous and fragile structure by freeze-drying, which
is also called a nanoclay aerogel masterbatch. )e facile
nanoclay aerogel masterbatch was able to be attained even at
high clay loadings (55–67wt.% of the inorganic clay content)
with constant PEG and KC loadings. )e XRD results
exhibited that the PEG molecules were intercalated into the
clay galleries to enlarge the interlayer spacing of around 17 Å
even at high nanoclay loadings (55–67wt.%). )e SEM
micrographs illustrated the typical lamellar morphology,
which is also called the house of cards structure. )e density
values were within 0.108–0.122 g·cm−3 and rose with the
increased nanoclay loading. )e thermal stabilities exhibited
up to 270°C of the starting thermal decomposition and up to
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Figure 11: TGA and DTG thermograms of PS/clay nanocomposites prepared from the nanoclay aerogel masterbatch and organoclay.
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340°C of the maximum thermal decomposition, implying
these nanoclay aerogel masterbatches were safe to mix with
commodity plastics at a high melting temperature. )e
flowability and processability were certified by the MFI
results. )erefore, the highest nanoclay-loading capacity
(67wt.%) of the achieved nanoclay aerogel masterbatch was
proper and selected to prepare PS-clay nanocomposites via
a melt-mixing process compared to the PS-clay nano-
composite prepared by using organoclay.)e results of XRD
and TEM exhibited that the exfoliated morphologies were
obtained at all clay contents (1–3wt.%), but on the contrary,
the intercalated structure was gained by using organoclay.
)e presence of brownish specimens was observed by using
organoclay due to the degradation of the organic surfactant.
)e outstanding transparency and brightness were remarked
from the specimens prepared by using the nanoclay mas-
terbatch, revealing better thermal stability of the nanoclay
masterbatch than the organoclay. )e mechanical proper-
ties, the glass transition temperature (Tg), and the thermal
stability of the PS-clay nanocomposites prepared by using
the nanoclay masterbatch had significant enhancement, as
compared to the nanocomposites prepared by organoclay.
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