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ABSTRACT: The aim of this work was to study the com-
patibilizing effect of the triblock copolymer poly(styrene-b-
ethylene-co-butylene-b-styrene) (SEBS) on the morphology
and mechanical properties of virgin and recycled polypro-
pylene/high-impact polystyrene (PP/HIPS) blends. The
components of the blend were obtained from municipal
plastics waste (MPW), with the PP obtained from blue min-
eral water bottles, symbolized as PP,, and the HIPS from
disposable cups. These materials were preground, washed
only with water, dried with hot air, and ground again (PP,)
or agglutinated (HIPS). Blends of PP, and HIPS in three
weight ratios (6:1, 6:2, and 6:3) were prepared, and three
concentrations of SEBS (5.0, 6.0, and 6.7% w/w) were used
for investigations of its compatibilizing effect. Scanning elec-

tron microscopy (SEM) showed that SEBS reduced the di-
ameter of HIPS dispersed particles that were globular and
fibril shaped, along with improving the adhesion between
the dispersed phase and the matrix. On the other hand, SEBS
interactions with PP, and HIPS influenced the mechanical
properties of the compatibilized PP, /HIPS/SEBS blends.
The optimal concentration of SEBS was 5 wt % for applica-
tion to composite films with similar characteristics to syn-
thetic paper. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 87:
747-751, 2003
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INTRODUCTION

Over the last few years the volume of municipal plas-
tics waste (MPW) has largely increased, creating a
critical problem for both today’s society and future
generations. Any possible alternative solution must
necessarily pass by improved techniques of recycling
that would be directed at least toward adequately
using these materials.'?

A substantial part of MPW is composed of mixed
polymers from unexpurgated monocomponents or
laminates and from composite materials. The process-
ing of plastics mixtures for recycling has been at-
tempted with some success; however, poor mechani-
cal properties and uncertain economic values can limit
more versatile recovering.”* Polyolefins, polyethylene
terephthalate (PET), and polystyrene (PS) as well as
HIPS are among the most common plastics waste
because they are among the most frequently used
commercial plastics in our daily lives as well as in
industries.” Recycling mixed plastics residues as
blends is attractive from both the academic and indus-
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trial points of view because of enhanced impact
strength, dimensional stability, stress cracking, and
improved processibility, which has been studied only
for virgin blends.®™

The heterogeneous composition of plastics waste
has been a technical problem. Without the addition of
a compatibilizing agent, the properties of blends are
usually inferior because of the lack of compatibility of
the different polymers.**'® Compatibilizers must be
added to the blends for them to have good mechanical
characteristics, in particular, impact strength. Styrene—
butadiene or styrene-—ethylene-butylene block co-
polymers are usually used as compatibilizers.”*!!
In an immiscible polymer blend such as PP/PS®” and
PP/HIPS blends,”!" adhesion between the phases is
very weak in most cases.

Horék et al. (1996) studied the compatibilizing of
HIPS and PP blends with di-, tri-, and pentablock
types of styrene/butadiene copolymers.'' Multiblock
copolymers showed greater improvement in impact
strength and elongation at break in comparison with
the diblock copolymer. Recently, Melo et al. (2000)°
studied the effect on the mechanical and morpholog-
ical properties of a PP/HIPS (70:30) blend of the con-
centration of styrene-b-ethylene-co-butylene-b-styrene
copolymer (SEBS) used as a compatibilizer. They
found that an admixture of the SEBS copolymer led to
a decrease in the average size of the dispersed PS
particles and that the best overall properties were
obtained at a 5% content.
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Santana et al. (2001)'* investigated the degradative
effects in the reprocessing of PP/HIPS blends from
postconsumer plastic waste selectively collected
through flow properties. They showed that these
blends presented melt flow index (MFI) values higher
than their individual components, indicating a light
thermal-mechanical degradation, probably because
they were submitted to an additional extrusion pro-
cess.

In this article we report on a study of the compati-
bilizing effects of SEBS in postconsumer and virgin
PP/HIPS blends, whose aim was to find specific cor-
relations between morphological and mechanical
properties of those compatibilized blends.

EXPERIMENTAL

The components of the virgin blend were polypro-
pylene: H-603 (OPP), with an MFI of 1.5 g/10 min, for
mineral-water-bottle and high-impact polystyrene
(HIPS); and 4300 (BASEF), with an MFI of 1.6 g/10 min.

The components of the recycled blend were ob-
tained from selectively collected plastic waste in Fed-
eral University of Sdo Carlos, Sdo Paulo State, SP,
Brazil. Polypropylene (with an average MFI of 2.0
g/10 min) came from 0.5-, 1, and 3.5-L mineral water
bottles (PP,), and high-impact polystyrene (HIPS),
with an average MFI of 2.3 g/10 min, from disposable
cups. These materials were preground (average size
~ 10 cm X 5 cm) in a knife mill (Kie model MAK 250),
washed only in water, and dried with hot air to
50°C'*7'% in a centrifuge system of washing/drying.'®
Then the PP, was ground again to flakes and the HIPS
agglutinated (Lombard model 162)."> PP,/HIPS
blends were prepared in three weight ratios—6:1; 6:2,
and 6:3—in the presence of, respectively, 5%, 6%, and
7% of the styrene-b-ethylene-co-butylene-b-styrene
triblock copolymer Kraton G (Shell Chemical Co.,
Ohio), used as a compatibilizer agent. Processing the
mixture of the PP, /HIPS blends was done in a single-
screw Gerst extruder (model 25 X 24D) at 130 rpm and
with temperature profile of 180°C, 190°C, and 200°C in
the three sections.

A scanning electron microscope (SEM) LO model
Stereoscan 440 was used for studying the morphology.
Samples were fractured in liquid nitrogen and covered
with gold before being examined under a microscope
at an acceleration voltage of 20 kV. Specimens for the
mechanical test were prepared in a PIC BOY injection-
molding machine, model Boy 15.''® Flexural and ten-
sile (type I) tests were carried out with an Instron
machine, model 1122. For the impact test notched Izod
impact strength was measured with an impact-testing
machine (CEAST, model Resil 25 P/N 6545.500) at
room temperature based on the ASTM D256-93 stan-
dard; and variations in HDT were obtained in an
apparatus for the deflection temperature test (CEAST,
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Figure 1
HIPS blends, respectively: Bl (6:1), B2 (6:2), and B3 (6:3)
compatibilized with SEBS: (a and b) 7 wt % B1, (cand d) 6 wt
% B2, and (e and f) 5 wt % B3, magnified 25,000 times.

SEM micrographs of recycled and virgin PP/

model HDT 6 VIC) based on the ASTM 648-96 stan-
dard.

RESULTS AND DISCUSSION
Morphology study

SEM micrographs of binary PP/HIPS blends (6:1) con-
taining 7 wt % of the SEBS compatibilizer are shown in
Figure 1(a,b), for the recycled and virgin materials,
respectively. First, we observed that the concentration
of HIPS particles (dispersed phase) was low and that
the presence of some holes as well as some pulled-out
particles with droplet and thread forms originated by
the stretching in the fracture. The presence of SEBS in
excess”'! can also be observed in Figure 1(a). The
compatibilizer is on the interface of PP and HIPS
phases, which is more evident in Figure 1(a) than in
Figure 1(b). A large size distribution is shown in both
micrographs, with the particle dispersions of the vir-
gin blends higher than those of the recycled blends.
Figure 1(c,d) shows micrographs of fractured sur-
faces of PP /HIPS blends (6:2) containing 6 wt % of the
SEBS compatibilizer. The size of the dispersed HIPS
particles is reduced with a small decrease in the SEBS
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triblock copolymer in both blends. The size reductions
as well as the better adherence of the dispersed phase
in the matrix especially are especially evident in the
recycled blend rather than the virgin blend. The
higher average interfacial area of the HIPS particles
(diameters of submicron sizes 0.08—0.15 wm) is the
reason for the more efficient interfacial activity of
SEBS at this level of concentration. However, Figure
1(d) shows that the virgin blend had a higher concen-
tration of holes and particles of HIPS being pulled by
the stretching in the fracture. The weak adherence of
virgin blends could be a result of the grade of HIPS
and/or the conditions for the processing of the blend
mixtures.

In relation to the grade of HIPS (size and composi-
tion of styrene-butadiene S-B block copolymer), the
incompatibility of polystyrene (PS) and polybutadiene
(PB) is known, and a phase separation occurs shortly
after the beginning of the polymerization leading to a
typical polymeric oil/oil emulsion, with (PS + sty-
rene) as the dispersed phase and (PB + styrene) as the
continuous medium, which usually inverts during the
course of polymerization. The final product, after
complete polymerization of styrene, consists of a con-
tinuous elastomer phase, generally of spherical shape
with typical occlusions of PS particles. There are typ-
ical morphologies using styrene—butadiene block co-
polymer of the styrene-butadiene-styrene (SBS) and
butadiene-styrene-butadiene (BSB) types of various
compositions. Onion skin (final composition: 75 wt %
PS, 12.5 wt % S-B block copolymers with 48 wt % PS,
M, = 225,000; 12.5% S-B block copolymer with 52 wt
% PS, M,, = 78,000) and core-shell (styrene in the
presence of 10 wt % S-B copolymer; PS content of
block copolymer 48 wt %, M,, = 225,000) morpholo-
gies are known, in particular the last, and have already
gained commercial importance because these types of
HIPS provide toughness and transparency, which is
not the case for classical elastomer-modified PS."
Therefore, in this work the virgin blends presented a
morphology [Fig. 2(d,f)] similar to the onion and the
recycled blend to the core-shell form [Fig. 2(c,e)].

On the other hand, Fortelny et al. (1996) studied the
mixture processing condition of the blends and con-
cluded that the particle size decreases with an increas-
ing rate of mixing for the blends with a low content of
the dispersed phase. This conclusion was followed by
an analysis of theoretical expressions for particle size
in a steady flow.”® They showed that increasing vis-
cosity of the PP matrix influences a decreasing of
particle size of the dispersed phase.®

Recycled HIPS/PP blends B3 (6:3) and virgin with
SEBS (5 wt %) showed similar characteristics of dis-
persion and adherence with the HIPS/PP blend (6:2),
as shown in Figure 1(e,f). Good adherence of the dis-
persed phase in the matrix of the recycled blend was
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Figure 2 Mechanical properties: (a) tensile stress at max-

imum load, o; (b) tensile strain at break (elongation), €; (c)
tensile modulus, E; and (d) impact strength.

observed, and, again, the virgin blend showed weak
adherence of HIPS particles in the matrix.

Despite the presence of some holes in the fracture
surface in the recycled blends, these can be considered
negligible. The B3 blend had a higher concentration of
HIPS and a lower concentration of SEBS than the B2
blend. The dispersed-phase size of the B3 was reduced
one more time, with average diameters of submicron
sizes 0.04—0.12 um, leading to a higher average inter-
facial area of the HIPS particles.

Mechanical properties

Figure 2 shows the mechanical properties of virgin
and recycled PP and HIPS and of their binary PP/
HIPS blends compatibilized with SEBS at 7 (B1), 6
(B2), and 5 (B3) wt %. Recycled PP presented higher
tensile stress at maximum load (a) and elongation
(tension strain) at break (b) than virgin PP, as well as
with recycled and virgin HIPS. On the other hand,
recycled HIPS presented higher tensile strength, ten-
sile modulus, and impact strength (d) than did virgin
HIPS H4300. The result can be attributed to the differ-
ent grades of those polymers, that is, the virgin blend
is a specific grade from BASF, whereas the recycled
blend is comprised of a mixture of grades from vari-
ous resin suppliers.

In relation to the blends, the optimization of the
SEBS concentration (decreasing from 7 to 5 wt %)
improved the interfacial adhesion (previously ana-
lyzed by morphological studies), and thus tensile
stress would be increased, as shown in Figure 2(a).
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Figure 3 Thermal-mechanical properties: (a) flexural

modulus, M, and (b) deflection temperature under flexural
load.

Also, the recycled blends demonstrated slightly higher
tensile stress and tensile modulus [Fig 2(a—c)] than did
the virgin blends. But, on the other hand, the impact
strength and elongation at break properties increased
even after exceeding optimal concentration (5%). The
reason for this is that the triblock copolymer prefer-
entially occupies the interfacial area, forming a certain
type of bond between the phases and thus increasing
their adhesion.

The result of this process was an improvement in
the mechanical properties. After exceeding the critical
concentration of the compatibilizer, the excessive co-
polymer dispersed in the bulk polymers contributed
further to an enhancement of these mechanical char-
acteristics.!! Meanwhile, it should be noted that the
impact strength was much improved by the best ad-
herence and compatibilization of the dispersed phase
on the matrix. In this case, it was observed, as shown
in Figure 2(d), that the recycled blends had better
impact strength than the virgin blends did. However,
a decrease in the impact strength with an increase in
the HIPS concentration in the blend was observed.
This behavior can be explained by the results of the
high tensile modulus [Figure 2(c)] and low elongation
[Figure 2(b)] of HIPS.
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As can be noted in Figure 2(a—d), all the mechanical
properties of the virgin blends were lower than those
of the recycled blends. This could be explained by the
probable difference in distribution and concentration
of each styrene and butadiene block in the copoly-
mer'® because virgin and recycled HIPS have different
origins. The weak adherence of the dispersed phase
(HIPS) in the matrix (PP) for the virgin material,
shown by phase morphology analysis [Fig. 1(c,d) for
the recycled and virgin blends, respectively) could
explain these differences in mechanical properties.

Figure 3 shows the mechanical properties of PP and
HIPS virgin and recycled blends and of their binary
PP /HIPS blends compatibilized with SEBS at 7 (B1), 6
(B2), and 5 (B3) wt %. HIPS showed a higher flexural
modulus [Fig. 3(a)] and HDT [Fig. 3(b)] than PP did.
Also recycled PP, HIPS, and their blends showed a
higher flexural modulus and HDT than the virgin
blend.

Observe that flexural modulus (M) and HDT values
fell after exceeding a limiting compatibilizer concen-
tration, which confirms the tensile stress (o) and ten-
sile modulus (E) results analyzed previously [Fig.
2(a,c)]. Therefore, there are some properties for which
an excessive triblock copolymer concentration
brought about observable changes in the property—
concentration dependence.”'' Finally, we can con-
clude that knowledge of critical compatibilizer con-
centration is important for the development of mul-
tiphase polymer materials with well-balanced
properties according to specific requirements."'

A better visualization of the thermal-mechanical
properties is shown in Table I, where the B3 blend
shows an increase in tensile stress (0,,,y), tensile mod-
ulus (E), flexural modulus, and HDT properties and a
decrease in tensile strain at break (e) and impact
strength (RI) properties with an increase of the HIPS
concentration and an decrease of the excessive concen-
tration of SEBS. Despite a decreasing RI of B3 in rela-

TABLE 1
Thermal-Mechanical Properties of PP, HIPS, and Their Recycled and Virgin Blends

Cona e E M RI HDT

Material PP/HIPS (MPa) (%) (MPa) (MPa) (J/m) (°C)
PP, 33,0 272,2 1122 1404 44,6 58,3
PP, 31,9 176,1 1179 1243 45,3 56,1
HIPS, 29,8 13,6 1599 2271 39,9 77,3
HIPS, 24,9 22,3 1382 1879 68,5 78,2
B1, (6:1) with 7% SEBS 27,3 283,6 998 1090 84,6 54,3
B1, (6:1) with 7% SEBS 27,2 216,5 1009 1014 54,9 52,3
B2, (6:2) with 6% SEBS 28,5 121,9 1027 1137 64,5 58,4
B2, (6:2) with 6% SEBS 27,9 90,9 1027 1009 51,3 559
B3, (6:3) with 5% SEBS 29,1 77,8 1039 1132 439 61,3
B3, (6:3) with 5% SEBS 27,8 26,3 993 1036 35,9 53,4

v: virgin, r: recycled
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tion to the others blends, this resulted in higher recy-
cled HIPS, similar to the recycled PP value.

CONCLUSIONS

This study compared the compatibilization efficiency
of SEBS copolymer as well as HIPS content in virgin
and recycled PP/HIPS blends with high rigidity and
better mechanical properties because this blend will be
used as raw material for preparing composite films
with characteristics similar to synthetic paper.

Morphological studies provided evidence for the
interfacial activity of block copolymers attributable to
a stronger interaction of SEBS between the dispersed
phase and the matrix, reducing average particle size of
the HIPS and increasing interfacial adhesion between
both phases.

The B3 recycled blend PP /HIPS (6:3) with 5% wt of
SEBS presented the highest reduction in size, with
average diameters of submicron sizes 0.04-0.12 um,
leading to a higher average interfacial area of the HIPS
particles.

An excessive triblock copolymer concentration
brought about observable changes in the property—
concentration dependence; therefore, critical compati-
bilizer concentration is important for the development
of multiphase polymer materials with well-balanced
properties according to specific requirements.

In this work the optimal concentration of SEBS in
PP /HIPS blend (6:3) was found to be 5 wt % based on
a improvement in the majority of their thermal-me-
chanical properties.
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11104-0). The authors also thank Fernando J. Zerbatti for his
help in the preparation of the samples. The authors are also
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