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ABSTRACT: Poly(styrene-ethylene/butylene-styrene) (SEBS)
was used as a compatibilizer to improve the thermal and
mechanical properties of recycled poly(ethylene terephtha-
late)/linear low-density polyethylene (R-PET/LLDPE)
blends. The blends compatibilized with 0-20 wt % SEBS
were prepared by low-temperature solid-state extrusion.
The effect of SEBS content was investigated using scanning
electron microscope, differential scanning calorimeter,
dynamic mechanical analysis (DMA), and mechanical prop-
erty testing. Morphology observation showed that the addi-
tion of 10 wt % SEBS led to the deformation of dispersed
phase from spherical to fibrous structure, and microfibrils
were formed at the interface between two phases in the
compatibilized blends. Both differential scanning calorime-
ter and DMA results revealed that the blend with 20 wt %

SEBS showed better compatibility between PET and LLDPE
than other blends studied. The addition of 20 wt % of SEBS
obviously improved the crystallizibility of PET as well as
the modulus of the blends. DMA analysis also showed that
the interaction between SEBS and two other components
enhanced at high temperature above 130°C. The impact
strength of the blend with 20 wt % SEBS increased of 93.2%
with respect to the blend without SEBS, accompanied by
only a 28.7% tensile strength decrease. © 2009 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 114: 1187-1194, 2009
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a thermoplastic
polyester widely used in the fields of fibers, films,
and beverage packages. Historically, PET was rarely
applied in engineering plastics because of the slow
crystallizing speed and the sensitivity to charpy
impact. However, these problems can be overcome
by blending PET with other polymeric materials
such as bisphenol, a polycarbonate (PC),'™* polyole-
fin (PO),>” polyamide'™!! liquid crystalline poly-
mer,'*'* and polyurethane.'?

The modification of PET with PO to attain new
materials with improved properties has recently
attracted much interest, because of their relatively
low cost and high performance. Moreover, the in-
dustrialization in producing new blends based on
PET is beneficial to recycle waste PET. Many articles
have been published on the blending of PET with
various POs,” 1% such as polypropylene (PP),
high-density polyethylene, and low-density polyeth-
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ylene (LDPE), but few articles have focused on
linear LDPE (LLDPE).>?

Because of the high immiscibility of PET and
LLDPE, PET/LLDPE blend® shows a clear two-
phase structure and poor mechanical properties.
Therefore, the addition of suitable block or graft co-
polymer as compatibilizer is necessary to improve
the compatibility of the blend. The copolymer
should contain some segments that can interact with
the segments in the respective PET and LLDPE
phase,™ thus giving rise to the preferential location
at the interface between two phases.

Generally, recycled PET (R-PET) undergoes a
series of degradation problems, such as thermal,
hydrolytic, mechanical, and oxidative degradation
during the melt processing.**’ It leads to the reduc-
tion of molecular weight and intrinsic viscosity of
R-PET and hence a decrease in the mechanical prop-
erties of recycled materials.** For the extrusion of
R-PET, it is important to develop a new technology
to maintain its intrinsic viscosity and mechanical
properties during processing.

In this work, LLDPE and poly(styrene-ethylene/
butylene-styrene) (SEBS) were used to modify R-PET
beverage bottle scraps. Blends of R-PET/LLDPE
compatibilized with 0-20 wt % SEBS were extruded
at the temperature below the melting temperature
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(T);) of PET both at pre-zone and at die. We named
this extrusion technology as low-temperature
solid-state extrusion to distinguish from the other
extrusion technology. In our previous work, low-
temperature solid-state extrusion technology was
investigated intensively."” At lower extrusion tem-
perature, degradation of PET was improved effec-
tively. The effects of SEBS as a compatibilizer on the
morphology, thermal properties, dynamic mechani-
cal properties, and mechanical properties of the
blends were studied systematically.

EXPERIMENTAL
Materials and processing

Scraps of R-PET bottle were purchased from Zijiang
Bottle (Shanghai, China) with an intrinsic viscosity
of 0.71 dL/g. LLDPE was supplied by Panjin Poly-
ethylene Industry Co., T,, = 126.0°C, MI = 2.72 g/10
min (265°C, 2.16 kg). SEBS (Kraton G1650) was from
Shell Chemical Company with 70 wt % of ethylene—
butylene block and 30 wt % of styrene block.

Scraps of R-PET were dried in dehumidifier at
120°C for 10 h. LLDPE and SEBS were dried under
vacuum at 60°C for 10 h. Blends of R-PET/LLDPE/
SEBS were prepared at a constant R-PET/LLDPE (4 :
1) ratio with SEBS contents of 0, 5, 10, 15, and 20 wt
% with respect to the whole weight fraction of the
blends. The reactive extrusion process experiments
were implemented on a co-rotating twin-screw (L/D
= 48, D = 35 mm). The barrel temperatures for the
extruder from zone 1 to 4 were 100, 150, 200, and
230°C, respectively. The die temperature was 240°C.
The extruded granules were dried in a dehumidify-
ing dryer at 120°C for 4 h and injected to gain
samples by injection molding at 240°C.

Characterization

Scanning electron microscopy (SEM) was carried out
on JOEL model JSM 6100 instrument. Cryofractured
or etched surfaces were coated with gold before test-
ing and examined at a tilt angle of 30°. Tetrahydro-
furan (THF) was used to remove SEBS. Warm
xylene was used to remove both SEBS and LLDPE.

Differential scanning calorimeter (DSC) was per-
formed on NETZSCH DSC PC 200 (German). The
samples (7-10 mg), taken from the injection-molded
specimens, were heated from 50 to 280°C in a nitro-
gen atmosphere, then cooled to 50°C, and reheated
to 280°C in the second run at the constant heating/
cooling rate of 10°C/min. Melting temperature, T,
was determined according to the maximum of the
endothermic curve.

Dynamic mechanical analysis (DMA) was deter-
mined using a Rheogel-E4000 DMA (Japan) at a
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fixed frequency of 1 Hz. Specimen dimensions were
40 x 4 x 2 mm® The storage modulus (E’), loss
modulus (E”), and loss tangent (tan §) were obtained
at a heating rate of 3°C/min as a function of temper-
ature within the range from —130 to 230°C. All the
measurements were carried out in a bending mode.

Tensile properties were tested by WSM-20KN
Mechanical Properties Testing Machine, according to
Chinese Standard GB/T1040-1992 at 23°C. Charpy
impact strength was performed by JJ-20 Memorial
Impact Tester, according to Chinese Standard GB/T
1043-1993 at 23°C. Both testing machines were man-
ufactured by Changchun Mechanical Properties Test-
ing Machine (China).

RESULTS AND DISCUSSION
Morphology

The ultimate goal of compatibilization is to achieve
stable phase morphology and improved mechanical
properties of the bends. The final mechanical proper-
ties depend greatly on the morphology of the
blends. Figure 1 presents the SEM micrographs of
the R-PET/LLDPE blends with and without SEBS.
The noncompatibilized blend shows droplet disper-
sion type morphology, as seen in Figure 1(a). The
dispersed LLDPE particles range in size from 2 to 6
pm. The smooth cavities and particles on the cryo-
fractured surface reveal the poor interfacial adhesion
between PET and LLDPE phase.

Figure 1(b—e) shows micrographs of the cryofrac-
tured surfaces for R-PET/LLDPE blends compatibi-
lized with 5, 10, 15, and 20 wt % SEBS, respectively.
It can be seen that the addition of SEBS results in
higher phase dispersion with reduced particle sizes
as compared with the noncompatibilized blends.
With the addition of 10 wt % SEBS, LLDPE spherical
droplets are deformed to fibrous structure. Further
increasing SEBS leads to more uniform domain size
and fewer cavities formed by the pullout of par-
ticles. The results indicate that the increase in SEBS
content leads to better efficiency of SEBS in reducing
the tendency of dispersed particles to coalesce,
improving the interfacial adhesion between two
phases and hence finer morphology of the blends.

It is well know that the localization of compatibil-
izer at the interface will promote the formation of
finer and more stable morphology for the blends.”
The etched surfaces for the blends of R-PET/SEBS
and R-PET/LLDPE/SEBS are presented in Figure 2.
R-PET/SEBS (70/30 w/w) blend was etched by THF
at ambient temperature to remove SEBS. As shown
in Figure 2(a), some microspheres adhere to the
etched surface of the matrix. The etched surface of
R-PET/SEBS (70/30 w/w) blend has been analyzed
by Fourier transform infrared measurement before.
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Figure 1 SEM micrographs of R-PET/LLDPE blends with and without SEBS.

The infrared spectra revealed the absorption band of
SEBS. The R-PET/LLDPE/SEBS (64/16/20 w/w/w)
blend was etched with the same method, and the
etched surface is presented in Figure 2(b). It can be
observed that lots of small particles appear at the
etched surface of matrix. To remove SEBS and
LLDPE simultaneously, R-PET/LLDPE/SEBS (64/
16/20 w/w/w) blend was etched by xylene at
120°C. Some microspheres still adhere to the etched
surface of matrix, as shown in Figure 2(c). According
to the characterizations of the etched surface for R-
PET/SEBS (70/30 w/w) blend, it can be inferred
that due to the shearing action during extrusion
some segments of SEBS penetrate into the matrix
while other segments agglomerate at the surface of
matrix. After the solvent is removed, the agglomera-
tion of SEBS forms the microspheres at the surface
of PET. In the ternary R-PET/LLDPE/SEBS blends,

LLDPE cannot be removed with SEBS in THF, so
many dispersed particles deposit on the surface of
PET after etching. With further etching in xylene,
the formation of insoluble microspheres at the sur-
face of PET further confirms the penetration of some
segments of SEBS into PET phase, i.e., the existence
of interaction between SEBS and PET. Therefore, the
partial compatibility between SEBS and LLDPE to-
gether with the interaction between SEBS and PET
make SEBS can act as bridge to improve the interfa-
cial adhesion between PET phase and LLDPE phase.
The result is similar to what have been reported for
PET/PP/SEBS by Heino et al.?® Furthermore, R-
PET/LLDPE/SEBS (72/18/10 w/w/w) blend was
etched by THF at ambient temperature. As seen in
Figure 2(d), removal of SEBS yields wide gaps sur-
rounding the dispersed phase, indicating that most
SEBS chains locate at the interface between two

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM micrographs of R-PET/SEBS and R-PET/LLDPE/SEBS etched blends.

phases. As the local enlargement of Figure 2(d), the
formation of microfibrils between two phases is
shown in Figure 2(e). It is the microfibril that leads
to better interfacial adhesion and consequently finer
morphology for the compatibilized blends.

Thermal behavior of PET

The DSC plots of R-PET/LLDPE blends with various
contents of SEBS in the cooling and the second heat-
ing runs are shown in Figure 3 and Figure 4, respec-
tively. The corresponding thermal data are listed in
Table I. These results reveal that the addition of
SEBS has more effect on the PET crystallization than
the PET melting. R-PET/LLDPE/SEBS (64/16/20
w/w/w) blend exhibits the maximum value of crys-
tallization temperature (T,), and the minimum value
of super-cooling temperature (AT = T,, — T.) and
crystallization half-time (t; 2) of PET.

Journal of Applied Polymer Science DOI 10.1002/app

t1/2, defined as the time required for the degree of
crystallinity to reach a level of 50%, was calculated
by the following equation®”:

Ton — T1/2

t12 o
where T, is the crystallization onset temperature
where the thermograph initially departs from the
base line, T, is the temperature where 50% of sam-
ple crystallinity has been attained, and ¢ is the cool-
ing rate (°C/min). It is clear that the crystallization
peak of PET is symmetric in Figure 3, so T;,, can be
substituted by T, of PET.

Both AT and t;,, represent the overall crystalliza-
tion rate and were governed by rates of nucleation
and growth. The lower is the AT or t;,,, the higher
is the crystallizibility. Compared with the binary
PET/LLDPE blend, the compatibilized blends does
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Figure 3 DSC plots of R-PET/LLDPE/SEBS blends (cool-
ing scanning).

not show big changes in both AT and t;,, of PET
until 20 wt % SEBS is added. For R-PET/LLDPE/
SEBS (64/16/20 w/w/w) blend, AT and t;,, of PET
decrease obviously, as seen in Table I. In addition,
the crystallization rate was also defined as the crys-
tallization enthalpy (AH,) divided by the time from
the onset to completion of crystallization (AH,/t).*®
It can be seen from Table I that the blend with 20 wt
% SEBS shows the highest AH./t of PET (AH./t =
0.471 ] g ' s "). The results indicate that the crystal-
lization rate of PET in the blend with 20 wt % SEBS
is higher than that of PET in other blends. In this
system, the addition of SEBS exerts two contrary
effects on the crystallization of PET. On the one
hand, the steric effect of SEBS hinders the ordered
arrangement of PET chains on the surface of crystals.
On the other hand, the compatibilization effect of
SEBS facilitates the dispersion of LLDPE that can
promote the crystallization of PET.” The highest
crystallization rate of PET in the blend with 20 wt %
SEBS suggests that the positive compatibilization
effect obviously exceeds the negative steric effect
because of the appropriate content of SEBS. The
crystallization behavior of PET indicates that the
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Figure 4 DSC plots of R-PET/LLDPE/SEBS blends (sec-
ond heating scanning).

compatibilization effect of SEBS on PET/LLDPE
blends increases significantly with the increase in
SEBS content from 5 to 20 wt %, which is agreement
with the morphology observation.

In Figure 4, double melting peaks of PET are
observed for all the blends. As seen in Table I, the
addition of 5 wt % SEBS decreased the melting tem-
perature (T,,), melting enthalpy (AH,,), and melting
peak width (AT,,) of PET as compared with the non-
compatibilized blend, but the T,, AH,, and AT,, of
PET did not show further decrease with increase in
SEBS content. The AT,, value is governed by the
crystallite size distribution. The stable AT, indicates
that the crystallite size of PET is well distributed in
the compatibilized blends, that is to say, SEBS con-
tent has no effect on the crystallite size distribution
of PET.

Dynamic mechanical properties

The temperature dependence of storage modulus
(E’) and loss modulus (E”) for the R-PET/LLDPE
blends with different content of SEBS are shown in
Figures 5 and 6, respectively. The trend for E’ and E”

TABLE I
DSC Data for R-PET/LLDPE Blends With and Without SEBS

Melting (from the second

C(S)Etzit heating scans) Crystallization (from cooling scans)

Wt %) T, (°C) AT, (C) AHu(g™) Toon Q) Tc(C) AT (C) hyo(min) AT (°C) AH (g") AH/t(g's)
0 248.4 50.2 36.46 200.8 190.7 48.7 1.01 57.7 34.58 0.285

5 247.2 47.6 29.64 200.2 189.4 491 1.08 57.8 33.09 0.255

10 246.5 46.8 31.85 200.1 189.4 46.6 1.07 57.2 33.74 0.255

15 246.7 46.1 30.96 200.7 189.5 42.7 1.12 57.2 33.92 0.251

20 246.8 46.8 31.66 200.2 194.1 434 0.61 52.7 34.47 0.471

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Storage modulus vs temperature of R-PET/
LLDPE blends with and without SEBS.

of the blends with temperature increasing is similar.
The abrupt drops of E’ take place at about 70-110°C,
because of the glass transition of PET. Then, a rapid
increase in E’ can be seen at above 110°C, correspond-
ing to the cold crystallization of PET. When the tem-
perature is above 130°C, the LLDPE phase transits to
viscous state and the cold crystallization of PET is
finished, so the E’ value tends to be stable.

The E’ of the blends decreases at first and then
increase with the increase in SEBS content, and the
minimum E’ occurs at addition of 10 wt % SEBS. It
can be explained that SEBS has two contrary effects
on the E' of the blends in this system. One is the
rubber nature of SEBS that decreases the E’' of
blends; the other is compatibilization effect of SEBS
that improves the interfacial adhesion between two
phases and thereby increases the E’ of blends. At
temperature below 110°C, the content of 5 wt %
SEBS is too low to affect the properties of the blend,

—&— R-PET/LLDPE 80/20
—C=—R-PET/LLDPE/SEBS 76/19/5
=—d— R-PET/LLDPE/SEBS 72/18/10)
ﬁ == R-PET/LLDPL/SEBS 68/17/15)
—&—R-PET/LLDPE/SEBS 64/16/20)

1E9F

1E8 ==

E" (MPa)

1E7E

- W

50 100 150 200 250
Temperature(C)

50 0

Figure 6 Loss modulus vs temperature of R-PET/LLDPE
blends with and without SEBS.
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so E' of the blend with 5 wt % SEBS is comparable
with that of the noncompatibilized blend. With addi-
tion of 10 wt % SEBS, the negative effect of rubber
nature on decreasing the E’ value becomes more and
more significant. Unfortunately, 10 wt % SEBS is not
sufficient to improve the compatibility of the blend
obviously, leading to a progressive decrease in E’ of
the blend. With further increase in SEBS content, the
obvious compatibilization effect results in much bet-
ter adhesion between the phases, which overcomes
partial decrease in E’ caused by the rubber nature of
SEBS, so E’ of blend increases with the increase in
SEBS content from 15 to 20 wt %. It can be seen
from Figure 5 that the effect of SEBS content on the
E’ of blends at high temperature above 130°C is sim-
ilar to that at low-temperature section, except for the
addition of 5 wt % SEBS. The interaction between
SEBS and other components increases with the
increase in temperature, leading to further increase
in interfacial adhesion between the phases. How-
ever, with the addition of more than 5 wt % SEBS,
the increased interfacial adhesion is not enough to
offset the negative rubber nature of SEBS. Therefore,
only the blend with low content of SEBS shows
higher E’ than the noncompatibilized blend at high-
temperature section.

The temperature dependence of the loss tangent
(tan J) of the blends is presented in Figure 7. The a-
relaxation of LLDPE is far weaker than that of PET,
so the T, of LLDPE is not taken into account to
investigate the compatibility of the blends in this ar-
ticle. For all the tan § curves, a main peak appears at
about 84.9-85.2°C, which corresponds to the glass
transition temperature (T,) of PET, and a weak tran-
sition appears at about 115°C, which is assigned to
the cold crystallization temperature (T.) of PET.
With the increase in SEBS content, almost no shifts

—=— R-PET/LLDPE 80/20
a === R-PET/LLDPE/SEBS 76/19/5 (+0.3)

I |8 | —*—R-PETLLDPE/SEBS 721810 (-06)
16 AL | —a— RPETILLDPE
or ‘1 —=— R-PET/LLDPE

BS 68/17/15 (+0.9)
BS 64/16/20 (+1.2)

0.0F

“50 0 50 100 150 200 250
Temperature("C)

Figure 7 Loss tangent vs temperature of R-PET/LLDPE
blends with and without SEBS.
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Figure 8 The effect of SEBS content on yield tensile
strength of R-PET/LLDPE blends with and without SEBS.

of the peaks are observed, indicating that only a
small amount of SEBS chains enter into the PET
phase by physical interaction.

Mechanical properties

Figure 8 shows the yield tensile strength of R-PET/
LLDPE blends as a function of SEBS content.
Because of the rubber nature of SEBS, the yield ten-
sile strength of the blends decreases from 35.2 to
25.1 MPa with the increase in SEBS content. How-
ever, the yield tensile strength of the compatibilized
blends is higher than the predicted value, which is
calculated according to the rule of mixtures, and
deviates from the latter more and more seriously

40
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Figure 9 The effect of SEBS content on terminal elonga-
tion of R-PET/LLDPE blends with and without SEBS.
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Figure 10 The effect of SEBS content on charpy impact
strength of R-PET/LLDPE blends with and without SEBS.

with the increase in SEBS content. It indicates that
the addition of SEBS improves the interfacial adhe-
sion between the matrix and the dispersed phase
and consequently promotes the applied stress to
transfer across the interfaces effectively.

Figure 9 depicts the strain-stress curves of blends
during tensile testing. For the noncompatibilized R-
PET/LLDPE blend, the elongation at break is only
10.4%. With the addition of SEBS, the elongation at
break of the blends increases obviously. The elonga-
tion at break of 182% is obtained for the blend with
20 wt % SEBS. This is due to the more stable mor-
phology with finer dispersion of the LLDPE phase
and better interfacial adhesion between the phases
in the compatibilized blends. As a result, the brittle
fracture is inhibited and more microcracks are
formed under applied stress.

Figure 10 shows the charpy impact strength of R-
PET/LLDPE blends as a function of SEBS content.
The compatibilized blends show higher impact
strength than the binary R-PET/LLDPE blend (7.3
kJ/m?). With the addition of 20 wt % SEBS, the
charpy impact strength of blends increases to 14.1
kJ/m?. It indicates that the addition of SEBS pro-
motes more energy to be absorbed and dissipated in
the impact test. However, for the R-PET/LLDPE
with 5 wt % SEBS, only few SEBS chains locate at
the interface to improve the adhesion between two
phases. Because of the weak compatibilization effect,
the addition of 5 wt % SEBS has little effect on the
charpy impact strength.

CONCLUSIONS

In this work, R-PET/LLDPE blend compatibilized
with SEBS through physical processing were investi-
gated. SEM observation showed that the addition of

Journal of Applied Polymer Science DOI 10.1002/app
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SEBS resulted in more stable and uniform morphol-
ogy. With the addition of 10 wt % SEBS, the spheri-
cal droplets of LLDPE were deformed to the fibrous
structure. The micrographs of etched surface of the
blends indicated the existence of interaction between
SEBS and PET as well as the formation of microfi-
brils between PET and LLDPE phase.

DSC results revealed that the addition of 5-15 wt
% SEBS had no effect on the crystallization behavior
of PET, whereas the blend with more than 15 wt %
of SEBS showed an obvious increase in crystalliza-
tion rate of PET. The better compatibility of the
blends with 20 wt % SEBS caused the maximum
AH./t and minimum t;,, of PET. The addition of 5
wt % SEBS decreased the T,,, AH,,, and AT,, of PET,
but further increasing of SEBS content had no effect
on the melting behavior of PET.

DMA analysis showed that the addition of more
than 10 wt % SEBS inhibited the decrease in E’
caused by the rubber nature of SEBS, indicating that
the interfacial adhesion between two phases was
improved obviously at SEBS content above 10 wt %.
It was also shown that the interaction between SEBS
and other components enhanced at high tempera-
ture. No shift in the Ty of PET with the increase in
SEBS content pointed out that only few SEBS chains
entered into the matrix by physical interaction.

When SEBS was added to the binary blend, the
elongation at break and impact strength of the
blends increased obviously, and the yield tensile
strength did not decrease linearly. With the addition
of 20 wt % SEBS, the elongation at break and impact
strength increased to 182% and 14.1 kJ/ m?, respec-
tively. The improved mechanical properties lead to
the conclusion that SEBS really acts as a compatibil-
izer between PET and LLDPE.
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