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ABSTRACT: Nanocomposites based on recycled high density polyethylene (rHDPE), recycled polyethylene terephthalate (rPET), and
organoclay (C10A) were made using twin screw extruder followed by hot pressing. The independent effects of polymer/clay compatibil-
ity, preparation method, extrusion parameters, and clay loadings were investigated. Ethylene-glycidyl methacrylate could effectively
improve the compatibilization of immiscible rtHDPE/rPET blend with clay, which confirmed by the good polymers-clay adherence and
domain size reduction obtained in scanning electron microscopy images. Although intercalated structures were observed in the compo-
sites made by one-step compounding, in the composites prepared by two-step extrusion method, enhanced dispersion of clay in poly-
mer blend was found from X-ray diffraction results. Higher extrusion temperature and intermediate speed of rotation (90 rpm)
appeared to increase the mechanical properties due to improvement of nanofiller dispersion in matrix. Results showed that the stiffness
increased whereas tensile and impact strength decreased with clay content. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42287.
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INTRODUCTION

The production and consumption of plastics globally account
for notable contribution in municipal solid waste. Besides envi-
ronmental concern, plastic wastes have attracted lots of interest
as an inexpensive source of raw materials due to the rapid
increasing of petroleum price.' High density polyethylene
(HDPE) and polyethylene terephthalate (PET) constitute the
major amounts of plastic waste since their annual rates of con-
sumption especially in packaging industry keep increasing.>’
Polymer blending is known as a convenient path to obtain new
polymeric materials by combining the excellent properties of
two or more polymers.* HDPE/PET blends exhibit intermediate
properties of both plastic components which are less brittle
than neat PET and stiffer than HDPE.” Jarukumjorn and Char-
eunkvun reported that the tensile modulus of recycled HDPE
(rHDPE)/recycled PET (rPET) (25/75 and 75/25 wt %) blend
which made by melt-mixing in a twin screw extruder were 69
and 23% higher than rHDPE. The rHDPE rich blend displayed
better impact performance relative to rPET, which was about
threefold increase.® Lei and Wu’ produced an in situ microfi-
brillar recycled HDPE/PET (75/25 wt/wt) composites through
reactive extrusion and stretching exhibiting an increase in
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elongation at break from 7 to 60 kJ/m? when 5 wt % ethylene-
glycidyl methacrylate (E-GMA) was introduced

Nowadays, the introduction of nanosize particles such as nano-
clay as a reinforcing filler in polymer matrix, can produce nano-
composites that own superior properties when compared to the
pure polymer or the conventional composites with micron-sized
particles.” Its superior properties including increase in mechani-
cal, thermal, optical clarity and barrier properties, flammability
resistance, and high heat deflection temperature, gas barrier per-
formance, dimensional stability, which are of interest and desir-
able for many applications such as packaging, automotive,
aerospace, and civil industries.”

The performance of polymer nanoclay composites is dependent
upon the aspect ratio (ratio of length to thickness), clay content
and state of dispersion of silicate layers.® As established in liter-
ature, the degree of dispersion and exfoliation of clay platelets
in the polymer matrix are strongly dependence of the clay sur-
face chemistry,”'® molecular weight or properties of the poly-
mer,'" type, and content of compatibilizer'*"? and another
important factor is the processing parameters.'*'® Meanwhile,
type of morphology and dispersed phase size of blends could

be influenced by melt viscosity, composition, interfacial
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Figure 1. Schematic representation of screw geometry, length expressed in extruder screw diameter.

interactions, and processing conditions.'* If clay layers are
aggregated and remain unseparated, they are named as tactoids.
If the polymers diffuse into the interlayer spacing between clay
platelets resulting in a well ordered alternating layered silicates
and polymer chains by separation less than 20-30 A, the clays
are called intercalated structure. If the individual clay layers are
dispersed in the polymer by more than 80 A, exfoliation is
obtained. In order to achieve the best nanocomposite perform-
ance, a material with exfoliated clay platelets that distributed
homogenously in the matrix is often required.”

The naturally hydrophilic clays have poor miscibility with poly-
mers that are mostly hydrophobic, which resulted in the difficulty
of exfoliating clay layers into a polymer matrix. Generally, clays
are modified by ion-exchange reactions with cationic surfactants,
including primary, secondary, tertiary, and quaternary alkylammo-
nium cations to render its surface more hydrophobic. The exis-
tence of alkyl chains intercalated in the interlayer expands the
basal spacing between silicate layers, which facilitating exfolia-
tion."” Besides, the incorporation of compatibilizers containing
polar functional groups, such as maleic anhydride polyethylene
(MAPE) tends to improve the compatibility of PE with clay.'

Numerous studies have been published on polymer—clay nano-
composites based on single polymer matrix."*'>!” Nanocompo-
sites based on blends of two or more polymeric materials are
new approach in the nanocomposites studies. In this direction,
some studies related to nanocomposites of the blends have been
reported, for example, polypropylene (PP)/PET/clay blends,'®
PET waste/poly(methyl methacrylate)/clay blends," polybutylene
terephthalate/PE/clay blends.”® However, only a few papers have
studied nanoclay composites based on a recycled polymer blend.
In this study, the aim was to analyze the effect of polymer/clay
compatibility, compounding method, processing parameters and
clay loading on the mechanical properties, state of dispersion,
and morphological behavior of recycled HDPE/PET/Cloisite
10A (clay) nanocomposites.

EXPERIMENTAL

Raw Materials
Recycled high-density polyethylene (rHDPE, density, 923 kg/m’;
melt flow index of 0.72 g/10 min at 190°C, 2.16 kg load) and
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recycled PET (rPET, T, 74.1°C; cold crystallization peak tem-
perature, 119.9°C; melting peak temperature, 252.5°C and
intrinsic viscosity of 0.68 dL/g) from a local plastic recycling
plant were used as received. Montmorillonite modified with a
dimethyl, benzyl, hydrogenated tallow, quaternary ammonium
(CEC = 125 meq/100 g clay, doo; =19.2 A) was obtained from
Southern Clay Products, with trade name of Cloisite 10A
(C10A). To improve the compatibility between thermoplastic
blends and C10A, two different compatibilizers were used: (1)
E-GMA (Lotader AX8840) with 5 g/10 min (190°C, 2.16 kg) of
melt index and 8% of glycidyl methacrylate content, and (2)
MAPE (melting peak temperature, 135.2°C) with melt index
5 g/10 min (190°C, 2.16 kg) and 1 wt % maleic anhydride con-
tent. All the recycled plastics and compatibilizers were supplied
by a local factory namely BioComposites Extrusion Sdn. Bhd.

Composites Preparation

Prior to compounding, recycled PET pellets and organoclay,
C10A were dried at 100°C for 24 h. Melt mixing of the compos-
ite samples was performed in a laboratory scale co-rotating twin
screw extruder (model Thermo Prism TSE 16 PC, D= 16 mm,
L/D=125). The detailed screw configuration of this screw is
shown in Figure 1. The rHDPE/rPET/CI0A [with and without
compatibilizer(s)] nanocomposites were prepared using either a
one-step or a two-step compounding. The weight ratio of
rHDPE/rPET was fixed at 75/25 (wt/wt) which acts as recycled
polymer blend matrix. The compatibilizer loading level of E-
GMA and MAPE was fixed at 5 and 3% based on the total
weight of composites, respectively. The formulated raw materials
were first tumble-mixed in sealed plastic bag before melt-
blended through extrusion. In the one-step method, all of the
raw materials were added simultaneously and compounded at a
screw rotating speed of 30 rpm and a barrel temperature profile
of 190-240-270-250°C (from feeding to die zones). Meanwhile,
in the two-step blending method, a masterbatch was first made
by melt-blending both of recycled polymer matrix components
(rHDPE and rPET) with the E-GMA in the same weight ratio
as in one-step compounding method (75/25/5). In first extru-
sion, the temperature profile of 190-240-270-250°C with
30 rpm was used. In the second step of extrusion, the master-
batch was blended with C10A (with or without MAPE) at a
screw speed of 30 rpm and a temperature profile 170-215-210—
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195°C. During the whole extrusion processing, the throughput
was set at 1 kg/h and maintained volumetrically.

After extrusion, the extrudates were cooled and granulated into
pellets by a crusher. The fine granules were put in to mould
with a dimension of 14 X 14 X 3 mm’ and then compression-
molded by hot and cold press process (LP50, LABTECH Engi-
neering Company) to make the specimen panels for testing. The
compression was performed at processing temperature of 200°C
under a pressure of 1000 psi during 15 min (3 min for preheat-
ing, 2 min for venting, 5 min for full hot pressing, and 5 min
for cold pressing). The area of compression tool is 21 X
21 cm’. The specimens were then cut using a table circular-
blade saw according to ASTM specifications for mechanical
testing.

Four parameters including the absence/presence of compatibil-
izer(s), compounding method, processing conditions, and clay
contents were studied to explore their independent effect.

Changes in the Absence/Presence of Compatibilizer(s). It
should be noted that clay content (3 wt %) and preparation
method (one-step compounding) are kept constant.

Neat rHDPE/rPET blend, rHDPE/rPET/C10A, rHDPE/rPET/
C10A/E-GMA, and rHDPE/rPET/C10A/E-GMA/MAPE nano-
composites with the composition of 75/25, 75/25/3, 75/25/3/5,
75/25/3/5/3 wt % were prepared.

Changes in the Compounding Method. It should be noted that
the composition of nanocomposite (3 wt % C10A, 5 wt % E-
GMA) is kept constant. Both the (one-step and two-step) com-
pounding procedures and conditions were followed as stated
above.

Changes in the Extruder Parameters. It should be noted that
the composition of nanocomposite (3 wt % CI0A, 5 wt % E-
GMA) and preparation method (two-step blending) are kept
constant.

Second extrusion temperature profile: 190-240-270-250°C, a
higher temperature profile (HTP) was used instead of lower
temperature profile (LTP) of 170-215-210-195°C.

Screw rotation speed: Four different speeds, 60, 90, 120, and
150 rpm, were used.

Changes in the Clay Loadings. It should be noted that the
compatibilizers (5 wt % E-GMA and 3 wt % MAPE) used in
nanocomposite, preparation method (two-step blending), and
processing conditions (LTP and 30 rpm) are kept constant. Four
different organoclay C10A concentrations, 1, 5, 7, and 9 wt %,
were used besides 3 wt %.

Determination of Tensile and Impact Properties

Tensile test was carried out at room temperature in a universal
testing machine (model Testometric M350-10CT) at a crosshead
speed of 5 mm/min in according with ASTM D638-03 (type I)
standard recommendations. Izod impact test was performed at
room temperature in a Ray-Ran Universal Pendulum Impact
System at velocity of 3.46 ms™', load weight of 0.452 kg and
calibration energy of 2.765 ] by following ASTM D 256-05
(Impact) standard recommendations. At least five replicates of
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the specimens were tested for each formulation, and the average
values were reported.

Dispersion State of Clay in Recycled Polymer Matrix

Wide angle X-ray diffraction (XRD) study was carried out to
determine state of intercalation or exfoliation of clay within the
polymer matrix. XRD analysis conducted with a D8 Advance
diffractometer with CuK, radiation (/4 =0.154056 nm). The
generator was operated at 40 kV and 30 mA. Samples were
scanned from 20 = 2.3° to 12° at a scanning rate of 2°/min.

Distribution of Clay and Morphological Behavior

The scanning electron microscopy (SEM) experiment was per-
formed in a VPSEM Philips XL-30 at an accelerating voltage of
15 kV to examine the shape and size of clay as well as the dis-
persion of clay within the polymer blends on the microscopic
scale. The broken surfaces of the tensile test specimens were
being sputter-coated with gold before the morphologies of
specimens were observed.

RESULTS AND DISCUSSION

Effect of Compatibility Between rHDPE, rPET, and Clay

Table I shows the influence of clay and compatibilizer incorpo-
ration on mechanical properties of rHDPE/rPET and rHDPE/
rPET/C10A composites. The tensile strength, Young’s modulus,
elongation at break, and impact strength of nanocomposites
have the same trend. The uncompatibilized rHDPE/rPET blend
exhibited the reduced mechanical properties when C10A was
incorporated, which can be attributed to the bad dispersion of
clay within polymer matrix as well as the clay-polymer incom-
patibility. The previous studies have been reported that clays
have a compatibilization effect on the immiscible polymer blend
via melt blending.'”* However, in this study, the exclusion use
of clay in the recycled HDPE/PET blend without any compati-
bilizer was not sufficient to compatibilize both of the polymer
phases, which agreed with findings reported by Calcagno et al.*
The incorporation of compatibilizing agents, MAPE and E-
GMA in this study, were aided in improving the compatibility
of rHDPE, rPET and clay since they are inherently incompatible
because of the great difference in polarity (solubility parame-
ters) between them. It is evident from Table I that the presence
of compatibilizer in nanocomposites slightly increased the ten-
sile strength and Young’s modulus but large enhancement in
elongation at break and impact strength were found with
respect to the neat rHDPE/rPET and rHDPE/rPET/C10A com-
posite. It is important to note that the tensile strength of com-
posites incorporated with nanoclay is dependent upon several
factors such as clay dispersion in the inner and outer layers,
interaction between polymer and clay as well as compatibility
between polar and non-polar components in the polymer
blend.”! In the polymer blends, high strain properties such as
elongation at break and impact strength are very sensitive to the
interphase interactions between the polymer components. The
significant enhancement of elongation at break and impact
strength indicated the increase of blend ductility and toughness
which was because of the improved adhesion between rHDPE-
rPET phases by the simultaneous presence of clay and compati-
bilizer.* By comparing the effectiveness of compatibilizer, the
nanocomposite sample incorporated with E-GMA alone
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Table I. Effect of Different Compatibilizer on Mechanical Properties of rHDPE/rPET/C10A Nanocomposites Prepared by One-Step Compounding

Tensile Youngd's Elongation at Impact strength
Material sample strength (MPa) modulus (MPa) break (%) (kJ/m?3)
rHDPE/rPET 152+0.3 750+ 37 72+04 2.14+0.07
rHDPE/rPET/C10A 133+0.1 656 +17 62+04 2.04+0.24
rHDPE/rPET/C10A/MAPE 15.3+0.3 752 =26 83+0.6 2.26+0.08
rHDPE/rPET/C10A/E-GMA 16.3+0.2 759+75 10.3+0.8 3.04+0.33
rHDPE/rPET/C10A/MAPE/E-GMA 16.0+0.3 756 =9 91+03 3.02x0.21

attained the optimum improvement in the mechanical proper-
ties compared to MAPE alone and hybrid compatibilizer system.
The tensile strength, Young’s modulus, elongation at break, and
impact strength for this system were about 22.6, 15.7, 66.6, and
49.0% higher than rHDPE/rPET/C10A nanocomposite contain-
ing no compatibilizer. This might be due to the higher reactivity
of epoxy functionality in GMA which can react with both
hydroxyl and carbonyl end groups of PET than MA that reacts
only with hydroxyl ends.”® The obtained results suggest that the
existence of hybrid compatibilizer (MAPE /E-GMA) in nano-
composite exceeds the certain saturation compatibilizer level
and thus, resulting the lower mechanical properties than E-
GMA alone.

The XRD patterns of the C10A organoclay, uncompatibilized,
and compatibilized rHDPE/rPET/C10A nanocomposites are
shown in Figure 2. The C10A itself exhibited the characteristic
peak at a 26 of 4.6° corresponding the d-spacing of 19.3A. This
clay peak was not seen clearly in the rHDPE/rPET/C10A nano-
composites with or without compatibilizer, suggesting the inter-
calation/exfoliation of the C10A clay layers in rHDPE/rPET
matrix. As referring to Calcagno et al* who investigated PP/
PET blends containing C10A clay and MAPE, the XRD results
showed a shift of clay peak from 4.6° to 2.55° with the broad-
ening of the peaks in the nanocomposites that indicated the
intercalated structure. Therefore, it is possible to believe that the
nanocomposites in this case were more probably found in inter-
calated structure than exfoliated structure. In the presence of E-
GMA, the XRD pattern of nanocomposite exhibited the similar
behavior compared to that of the nanocomposites without E-
GMA, somehow, its intensity was slightly lowered for the system
containing E-GMA. This indicates a little enhancement in the
degree of exfoliation (dispersion) of layered silicates in the com-
patibilized nanocomposite.

Figure 3 presents SEM images for the uncompatibilized and
compatibilized rHDPE/rPET/C10A nanocomposites with MAPE
or/and E-GMA. As observed in the Figure 3(a), the uncompati-
bilized samples exhibited the globular morphology where the
rPET phase dispersed as spherical domains with inconsistent
size in rHDPE matrix. The rHDPE and rPET phases were
unbounded to each other which indicating the weak interfacial
adhesion between both polymer components. This could be due
to the immiscible nature of the HDPE and PET.” This is the
reason why the uncompatibilized blend showed the reduced
mechanical properties when CI0A clay was incorporated, as
shown in Table I. In the Figure 3(b), it is evident that the
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presence of MAPE in rHDPE/rPET/C10A tends to promote a
little adherence between both polymer phases. Somehow, SEM
image of the MAPE compatibilized nanocomposite still presents
a two phase structure. In comparison, Figure 3(c,d) shows that
the morphology of the samples with the presence of E-GMA
compatibilizer was significantly changed from coarse and
obvious phase segregation structure to finer and homogenous
structure. According to Chen et al,> E-GMA is the most effec-
tive compatibilizer to enhance the compatibility of hydrophobic
HDPE and hydrophilic PET by reducing the interfacial tension
and particle size distribution of rPET within the rHDPE matrix.
This is due to the higher reactivity of epoxy functionality of
GMA than anhydride functionality of MA.” However, when
MAPE is presented with E-GMA in the samples, the blend com-
patibility was not good as the samples with E-GMA alone. This
indicates the incorporation of E-GMA was sufficient to promote
a good interaction between the rHDPE and rPET with C10A
clay, as proven in the optimum increment of tensile and impact
properties in Table I. The SEM image from Figure 3(d) depicts
that the excess compatibilizer contributed to a negative effect
on the blend homogeneity and structure fineness and so to the
reduction in mechanical performance properties.

Effect of Compounding Method
The effect of preparation method for rHDPE/rPET/C10A nano-
composites containing E-GMA compatibilizer alone is shown in

Table II. The tensile and impact properties of the
6000 T -
1934 26=4.6%) C104
5000 —o— rHDPEAPET/C10A

—— rHDPEAPET/C10A/E-GMA

e
=1
(=]
(=]

Intensity (arbitary unit)
b :
[=]
(=]

1000

2-Theta (°)
Figure 2. XRD patterns of the C10A and rHDPE/rPET/C10A nanocompo-
sites with and without compatibilizer.
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Figure 3. SEM images of rHDPE/rPET/C10A (a) without compatibilizer, (b) with MAPE, (c) with E-GMA, (d) with MAPE and E-GMA at magnification

of X1000.

Table II. Effect of Compounding Method on Mechanical Properties of Organoclay Nanocomposites

Preparation method Tensile strength (MPa)

Young's modulus (MPa)

16.0+0.3
17.3+0.1

7569
855+19

One-step
Two-step

Elongation at break (%) Impact strength (kJ/m?)
9.1+0.3 3.02+0.21
151+0.8 3.74+0.55

nanocomposite prepared using the two-step compounding
method was higher than those compounded in one-step com-
pounding. The improvements in tensile strength, Young’s mod-
ulus, elongation at break, and impact strength were about 8.1%,
13.1%, 64.7%, and 23.8%, respectively. This could be explained
in Figure 4 that depicts the typical tensile fracture surfaces of
nanocomposites containing 3 wt % C10A processed with one-
step compounding and two-step compounding. As observed in
the figure, the sample made with two-step compounding pre-
sented such thorn like fracture structures of rHDPE matrix that

believed to be of typical brittle behavior.” This is in agreement
with the remarkable improvement results obtained from elonga-
tion at break and impact strength (Table II). The XRD pattern
results in Figure 5 describes a shift of clay peak from 4.6° to
2.67° in the nanocomposites that indicated the intercalated
structure; but, the compounding method (one-step and two-
step) on preparing C10A nanocomposites made no changes
with the clay peak position. This means that the degree of inter-
calation is independent of the compounding method, in the
range investigated. Somehow, the intensity of the shifted clay

Figure 4. Tensile fracture surface of rHDPE/rPET/C10A sample containing compatibilizers made with (a) one-step compounding and (b) two-step com-

pounding at magnification of X3000.
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Figure 5. XRD patterns of the C10A and its nanocomposites prepared by

one-step and two-step compounding method.

peak was slightly lowered for the nanocomposites prepared by
two-step method. This indicates the compounding method of
nanocomposites had a certain effect on the degree of exfolia-
tion. From these results, two-step compounding method
appeared to be the best approach of incorporating organoclay

in recycled polymer blends.

Effect of Extrusion Parameters

The effect of extruder parameters on the mechanical, and mor-
phology behavior of rHDPE/rPET/C10A nanocomposites with
5% E-GMA was studied by changing extrusion temperature pro-
file and screw rotation speed in the extruder, independently.
Table TIT describes the effect of extrusion parameters on the
mechanical properties of 3 wt % C10A nanocomposites pre-
pared by two-step compounding method. As it can be seen in
this table, the nanocomposites that extruded at HTP exhibited
slightly higher mechanical properties compared to those
extruded at LTP. This can be confirmed by the XRD results in
Figure 6. It can be observed that the peak position of nanocom-
posites do not change with extrusion temperature profile, which
indicating the degree of intercalation is independent of the
extrusion temperature, in the range investigated. As the inter-
layer spacing of both nanocomposites (36.5 A for those
extruded at HTP and 32.5 A for those extruded at LTP) is
higher than for native C10A (19.3 z&), it may be concluded that

£
o
(=]
(=]

[ntensity (arbitary wnit)
=
(=1
(=]

2000
1000
0
4 6 8 10 12
2-Thea (%)

Figure 6. XRD patterns of the C10A and its nanocomposites prepared
with LTP and HTP at 30 rpm.

the degradation of quaternary ammonium ions is not occurred
during the intercalation process: when the extrusion tempera-
ture is higher, diffusion of polymer chains is getting more rapid
and thus allows intercalation process before eventual degrada-
tion of the quaternary ammonium ions."” Interestingly, in state
of intensity, nanocomposite obtained at HTP is lower compared
to LTP. This means that a higher extrusion temperature leads to
a higher degree of exfoliation and so to an increase in general
mechanical properties (Table III). This could be due to the
improved degree of delamination as a consequence of the rapid
diffusion of the polymer chains into the clay galleries generated
when the extrusion temperature increased.

Referring to Table III again, the tensile strength and Young’s
modulus of nanocomposites increased with increasing the screw
speed from 30 to 90 rpm and then decreased with further
increasing screw speed from 90 to 150 rpm. In general, the
screw rotation speed is correlated to the shear stress applied
and residence time of composite material during mixing in
extruder. The increase of screw speed up to a certain level will
apply higher shear on the melt and thus promotes better disper-
sion of nanoclay within the polymer blend which resulting in
improved mechanical properties.'* Somehow, at the same, the
residence time of melt will decrease with increasing screw speed.
As reported in Zhang et al,'® the technical importance of

Table III. Effect of Extrusion Parameters on Mechanical Properties of Nanocomposites

Extrusion Screw rotation Tensile strength Young's modulus Elongation at Impact strength
temperature (°C) speed (rpm) (MPa) (MPa) break (%) (kJ/m?3)

HTP 30 162+0.1 833+40 143+0.1 3.35+x0.15
LTP 30 16.0+0.2 818=42 16.0+0.6 2.96+0.06
LTP 60 16.2+0.5 826 =50 153+0.1 2.82+0.17
LTP 90 165+0.3 1007 +43 121+0.9 2.41+0.07
LTP 120 162+0.1 850+ 42 116+0.1 2.37+0.06
LTP 150 154+04 786 =70 9.1+0.8 2.19+0.03

Note: HTP is at 190-240-270-250°C; LTP is at 170-215-210-195°C. Screw torque value is 12 Nm.
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Figure 7. XRD patterns of the C10A and its nanocomposites prepared
with various screw rotation speeds at LTP. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

reaction to manufacture composites requires high shear stress at
polymer melt state and suitable residence time. In this study,
screw speed of 90 rpm leads to optimum tensile strength (16.5
MPa) and Young’s modulus (1007 MPa) compared to 30, 60,
120, and 150 rpm. This is attributed to higher shear rate
obtained at 90 rpm screw speed than 30 and 60 rpm. Also,
90 rpm obtained higher residence time than the screw speed of
120 and 150 rpm. On the other hand, the elongation at break
and impact resistance decreased with the increasing screw speed.
The reduced elongation at break and impact resistance can be
associated with the loss in the ductility index due to the
increased of the stiffness value for the nanocomposite prepared
with the screw speed from 30 to 90 rpm.

Figure 7 shows the XRD pattern results of organoclay C10A and
its nanocomposites prepared with various screw rotation speeds
(30, 60, 90, 120, and 150 rpm) at LTP. The interlayer spacing of
C10A increased from 19.3 A (4.6°) to about 33 A (2.68°) in the
nanocomposites by the intercalation of the polymer inside the
clay galleries. Somehow, as in the case of the processing temper-
ature profile, no significant differences in the peak position
among the nanocomposites prepared with different screw speeds
were observed which shows the same degree of intercalation
obtained as explained above. However, the screw speed has a
great influence on the state of exfoliation by showing the
changes in the intensity. A lower intensity of XRD pattern

Figure 8. XRD patterns of the C10A and its nanocomposites with respect
to organoclay C10A loadings. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

indicates a higher degree of exfoliation. Once more, higher
screw speed generated a higher shear rate, which resulted in a
higher degree of clay dispersion within polymer matrix. Exceed-
ing the optimum screw speed, 90 rpm in this study, further
increasing of screw speed will generate insufficient residence
times of the melt in the extruder for the complete compound-
ing, which led to the incomplete intercalation or exfoliation
behavior of clay in the polymer matrix. This result is supported
by the tensile strength and modulus as shown in Table IIIL.

Effect of Clay Loadings

The mechanical properties of nanocomposites with 3 wt %
C10A are presented in Table IV. In this case, the rHDPE/rPET
blend compatibilized with 5 wt % E-GMA without organoclay
is acting as a control sample. The introduction of organoclay
from 1 to 9 wt % into the rHDPE/rPET blend matrix decreased
the tensile strength gradually by 7.9-23.6% compared to the
control sample (19.1 MPa). As reported in previous finding on
PP/PET blend localized by nanoclay, the reduction of tensile
strength could be explained by the brittle mechanical behavior
of PET-rich blend that indicates the inter-connection of the
stress concentration on the platelet tactoids of the nanoparticles
in a network like structure, which capable to form crazes and
so their ability to grow in the PET matrix phase.'® Somehow,
the Young’s modulus improved for the composites with the
increase of nanoclay content up to 9 wt %, which was about

Applied Polymer L

Table IV. Effect of Clay Content on Mechanical Properties of Nanocomposites

Clay content Tensile strength Young's modulus Elongation Impact strength
(wt %) (MPa) (MPa) at break (%) (kd/m?)

0 191+0.4 821 +15 10.6+0.6 7.31+0.19

1 176+0.2 83244 150+0.6 4.43+0.13

3 173+0.1 855+19 14.7+1.0 3.74+0.55

5 16.5+0.3 87911 122+13 267+0.14

7 16.3+0.2 926 =51 12.0+1.0 2.33+0.58

9 146+0.2 978 =69 79+0.7 226+0.14
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Figure 9. Tensile fracture surface of rHDPE/rPET blend and rHDPE/rPET/C10A nanocomposite sample with respect to organoclay C10A loadings: (a) 0
wt %, (b) 1 wt %, (c) 3 wt %, (d) 5 wt %, (e) 7 wt %, and (f) 9 wt %. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

156 MPa (19%) higher than control sample. The improvement
of modulus in nanocomposites is due to the constrained mobil-
ity of polymer chains in the presence of the nanoclay particles
in polymer matrix.'” The elongation at break was higher when
a small amount of clay, 1-7 wt % C10A in this study, was used.
The nanocomposite with 1 wt % C10A exhibited the highest
value of elongation at break which increased about 40.9% com-
pared with control sample, indicating an increase in toughness.*
However, further increasing the clay content, elongation at
break values started to drop gradually. This is because the incre-
ment of clay content will inhibit the plastic deformation of
polymer matrix and make the nanocomposite become difficult
to elongate.” Similarly, the impact strength decreased as clay
content increased in nanocomposite samples. Unlike elongation
at break result, all nanocomposite samples exhibited lower
impact strength compared to control sample. The downward
trends in elongation at break and impact strength are in agree-
ment with the increasing stiffness.*’
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Figure 8 shows the XRD patterns of the C10A and its nanocom-
posites with respect to clay loadings. As stated earlier, the char-
acteristic peak of clay itself before compounding is situated at
20 of 4.6° with the interlayer spacing of 19.3A. The shifting of
the clay peak position to lower angles region (2.69°) in 1 wt %
C10A nanocomposites indicated the diffusion of rHDPE/rPET
chains inside the clay galleries with a d-spacing of 32.9 A. The
small and broad peak with very low intensity in nanocomposite
with 1 wt % CI10A suggests a partially exfoliated structure. By
increasing the clay loading in rHDPE/rPET blend from 1 to 3,
5, 7, and 9 wt %, XRD peak was slightly shifted toward the
higher angles at 2.71, 2.73, 2.74, and 2.79°, respectively, and at
the same time the d-spacing and intensity was increased accord-
ingly. This can be associated with the difference in the state of
clay dispersion which affected by the presence of clay agglomer-
ates with the increasing clay loading. Moreover, the presence of
other peaks at higher angles (4.63° and 4.83°) in nanocompo-
sites with 7 and 9 wt % Cl0A seems to present a parallel
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stacking of the silicate layers which is agreed by Kerboua et al."’

Therefore, it is reasonable to conclude that with higher clay
content above 7 wt % C10A in blend, silicate layers are interca-
lated and stacked.

Figure 9 illustrates the tensile fracture surface morphologies of
rHDPE/rPET blend and rHDPE/rPET/C10A nanocomposite sam-
ple with different clay loadings. Based on Figure 9(a), the poly-
mer blend matrix displayed single phase structure morphology of
an obvious homogenous mixing between rHDPE and rPET com-
ponents with the aids of E-GMA compatibilizer, as stated in our
previous study.” The fracture surface of matrix presents the typi-
cal behavior of a brittle material, and by incorporating clay inside
the polymer matrix this behavior is not markedly changed. How-
ever, it is interesting to observe that the clay played a crucial role
in reducing the particle sizes of tHDPE/rPET blends. This can be
ascribed to the increase of the matrix phase’s viscosity with the
presence of clay.** For low clay contents up to 3 wt %, no visible
of the clay aggregates in Figure 9(b,c) which suggesting a fine
dispersion of clay in the rHDPE/rPET matrix. For higher clay
contents at 5, 7 and 9 wt %, as can be seen in Figure 9(d-f),
some clay aggregates [black circles in high magnification images
of Figure 9 (d,e)] were found. Besides, more big agglomerates
with irregular shape are seen as in red circles from the high mag-
nification images in Figure 9 (e,f). These observations give evi-
dence of some clay C10A encapsulation by E-GMA or MAPE
compatibilizer. This result is in agreement with the results of ten-
sile and impact properties in Table IV.

CONCLUSIONS

Recycled HDPE/PET/clay nanocomposites have been prepared
via melt intercalation and their mechanical properties, clay dis-
persion and morphology behavior were investigated. Analyzing
the compatibility between rHDPE, rPET and C10A (by using
different compatibilizers), it was demonstrated that the highest
effect in improving mechanical properties and blend miscibility
were obtained for the simultaneous addition of CI10A and E-
GMA into recycled HDPE/PET blend. Two-step compounding
method was better approach than one-step compounding for
incorporating C10A in recycled HDPE/PET blend which was
first extruded as matrix. The degree of intercalation which inter-
preted by interlayer spacing is obviously unaffected by the
parameters. However, increasing mixing temperature and shear
stress with suitable residence time in extruder induce rapid dif-
fusion of polymer chains and thus improve the exfoliation of
clays. Higher extrusion temperature profile (HTP) and screw
rotation speed of 90 rpm led to the optimum enhancement of
overall mechanical properties and dispersion level from the
XRD pattern showed. Young’s modulus of nanocomposite
increases with increasing organoclay loading. Tensile strength
slightly drops while impact strength dramatically decreases with
the clay fraction, which conform the increase of stiffness.
Although the clay addition at low content causes a higher elon-
gation at break of composites, this effect is gradually decreased
as a function of clay, which is a sign of a worsen clay disper-
sion, as exhibited by the clay agglomerates in SEM images.
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