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ABSTRACT: A tetra-component blend, consisting of low-density polyethylene (LDPE),
polyvinyl chloride (PVC), polypropylene (PP), and polystyrene (PS), was studied as a
model system of commingled plastic wastes (LDPE/PVC/PP/PS, mass ratio: 70/10/10/
10). Effects of chlorinated polyethylene (CPE), ethylene–propylene–diene monomer
(EPDM), styrene–butadiene–styrene (SBS), and their mixture (CPE/EPDM/SBS, mass
ratio: 2/2/2) on the mechanical properties and morphology of the system were investi-
gated. With addition of several elastomers and their mixture, the tensile strength of the
blends decreased slightly, although both the elongation at break and the impact
strength increased. Among these elastomers, EPDM exhibited the most significant
impact modification effect for the tetra-component blends. SBS and the mixture have a
good phase-dispersion effect for the tetra-component blend. By adding a crosslinking
agent [dicumyl peroxide (DCP)], the mechanical properties of the tetra-component
blends also increased. When either SBS or the mixture was added to the blend together
with DCP, the probability that the crosslinking agent (DCP) would be at the interface
improved because of the phase-dispersion effect of SBS. Therefore, more co-crosslinked
products will form between LDPE and other components. Accordingly, remarkable
improvement of the interfacial adhesion and hence the mechanical properties of the
tetra-component blends occurred. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82:
2947–2952, 2001
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INTRODUCTION

Nowadays, an increasing number of people are
coming to the realization that plastic wastes are a
potential worldwide source of raw materials. As
we know, plastic wastes are usually commingled
thermoplastics, that is, a mixture of polyethylene
(PE), polyvinyl chloride (PVC), polypropylene
(PP), polystyrene (PS), and other common plas-

tics. To recycle the commingled plastic waste in
the form of blends is very attractive because it
avoids the difficult task of separation. Because of
their poor compatibility, the mechanical proper-
ties of polymer blends from these common ther-
moplastics are inferior. Many studies have been
done on the modification of properties of commin-
gled plastic wastes.1–10 Vivier et al.,11 for in-
stance, used peroxide to modify the properties of a
model system of commingled plastic wastes with
a simulated waste plastic fraction (LDPE/HDPE/
PVC/PS/HIPS/PP/PET, mass ratio: 45/15/15/7.5/
7.5/5/5). Recently, Ha et al.12 reported their stud-
ies on the recycling of commingled plastics by
cellulose reinforcement. They found that the
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properties of the commingled blends were much
improved by the reactive blending of cellulose
with the commingled blends by peroxide and ma-
leic anhydride.

In our previous works,13–16 we found that the
mechanical properties of the binary incompatible
polymer blends could be upgraded remarkably by
the synergism between crosslinking agent and
compatibilizer or solid-phase dispersant. The ker-
nel of the phase dispersion–crosslinking syner-
gism is the enhanced probability of the crosslink-
ing agent existing at the interface of incompatible
polymer blends, thus forming more co-crosslinked
products. Good synergism will occur and the me-
chanical properties will be modified as a result of
the improvement in interfacial adhesion. In prin-
ciple, such a synergism should also exist in more
complicated blends. Our preliminary examina-
tion17 showed that it really works for blends con-
sisting of more than two components.

In the present work, we chose PE/PVC/PP/PS
with a simulated waste plastic fraction (70/10/10/
10) as a model system of commingled plastic
wastes. The purpose was to determine to what
extent the mechanical properties and morphology
of the model system can be upgraded with addi-
tion of several elastomers and dicumyl peroxide
(DCP).

EXPERIMENTAL

Materials

The main materials are listed in Table I.

Processing

A plasticized polyvinyl chloride (PVC) material
was compounded according to the constituents in
Table II. PP, PS, and PVC (mass ratio: 10/10/10)
were premixed for 10 min in a two-roll mill (front
roll 150–155°C; rear roll 135–140°C). PE, elas-
tomers, and the PP/PS/PVC premixed sheet were
milled for 10 min (front roll 125–130°C; rear roll
105–110°C). Finally, DCP was added and mixed
for another 5 min. The well-mixed pieces were
then transferred to a preheated compression mold
and hot-pressed at 170°C under 14 MPa for 12
min to give a blend sheet for testing.

Characterization

A Hitachi S-570 scanning electron microscope
(Hitachi, Japan) was used to examine the mor-
phology of the impact fracture surfaces of the
samples. The tensile test was performed accord-
ing to GB1040-89 (similar to ISO527-1993) on an
XL-250 tensile instrument at a crosshead speed of

Table I Main Materials Used in This Study

Materials Code Character Supplier

Low-density polyethylene
(LDPE)

2F2B MI: 2.0 g/10 min;
Density: 0.922 g/cm3

Shanghai Petrochemical Co.,
Ltd., China

Polyvinyl chloride (PVC) WS-800S Average
polymerization
degree: 750–850

Shanghai Chlor-Alkali
Chemical Co., Ltd., China

Polypropylene (PP) RD701 MI: 7.0 g/10 min Neste Works, Finland
Polystyrene (PS) 535 Zhanjiang Zhongmei

Chemical Industries Co.,
Ltd., China

Styrene–butadiene–styrene
(SBS)

YH791 Baling Petrochemical Co.
Ltd., China

Ethylene–propylene–diene
rubber (EPDM)

4045 Containing 56% (wt %)
ethylene

Jiling Chemical Works,
China

Chlorinated polyethylene
(CPE)

CI: 35% Wuhu Chemical Industries
Works, China

Dicumyl peroxide (DCP) Gaoqiao Petrochemical Co.,
China

Table II Composition of Plasticized Polyvinyl
Chloride

Material Content (g)

Polyvinyl chloride 100
Dioctyl phthalate 32
Tribasic lead sulphate 3
Dibasic lead phosphite 3
Stearic acid 1
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50 mm/min. The impact test was performed ac-
cording to GB1043-79 (similar to ISO179-1993) on
an XCJ-4 Charpy impact instrument. The tem-
perature of the testing room was 23 6 2°C. The
results of the tensile test and impact test were
obtained by averaging the results of five measure-
ments.

RESULTS AND DISCUSSION

It was previously reported that chlorinated poly-
ethylene (CPE) acts as a compatibilizer for LDPE
and PVC pairs2; so too, ethylene–propylene–
diene monomer (EPDM) for LDPE and PP pairs,18

and styrene–butadiene–styrene (SBS) for LDPE
and PS pairs.19,20 The addition of a compatibilizer
into the incompatible polymer blends enhanced
the mechanical properties because the additives
locate at the interface and increase the interfacial
adhesion. Figure 1 shows the morphologies of the
impact fracture surfaces of the samples. In this
tetra-component blend, PVC, PS, and PP dis-
persed in the major component (LDPE), that is,
LDPE acts as the matrix and the other three
components act as the domain. Given their poor
compatibility, as seen from Figure 1(a), the do-
main size is very large (; 10 mm) and appears
spherical.

The addition of CPE (6 g) appears to have little
effect on the compatibilization of the tetra-compo-
nent blend [Fig. 1(b)]. The main reason for this
behavior is that its compatibility with PP and PS
is poor. As Figure 1(c) shows, when EPDM (6 g)
was added, although the size of the domain is still
large, the toughness of the matrix is significantly
modified. When we concentrated on SBS [Fig.
1(d)], we found that the phase dispersion of the
tetra-component was well upgraded. It reveals
that SBS works as a good solid-phase dispersant,
in spite of the fact that SBS does not appear to
have the means of physical association with the
PVC component of the blend. SBS can perfectly
regulate the differing viscosity levels of the com-
ponents of the blend.19–22 Therefore, the phase
dispersion will be upgraded during the blending
process and, because of the limited activity of the
polymer chains, this phase morphology will be
maintained after the sample is cooled, even
though it is not thermomechanically stable.16 Al-
most the same phenomenon happened with the
addition of the mixture CPE/EPDM/SBS (2/2/2);
as Figure 1(e) shows, the size of the domain de-
creases remarkably. However, the interface is

clear and the improvement of the phase adhesion
caused by the mixture is limited. Thus, its effects
on modification of the mechanical properties of
the blend are poor (Fig. 2). Furthermore, its effect
of upgrading of the phase dispersion on the blend
must be attributed to the solid-phase dispersant
(SBS).

The mechanical properties (Fig. 2) are consis-
tent with the morphology of their impact fracture
surface. Without the addition of other additives,
the mechanical properties of the tetra-component
are reasonably poor. As Figure 2 shows, the mod-
ification of EPDM on the impact strength of the
blend is the best. It seems that the mechanical
properties of a multicomponent blend having
spherical domains are mainly dependent on the
matrix properties. Thus, the behavior of EPDM of
the blend is explicable in view of its good modifi-
cation of toughness on the matrix. The other two
elastomers have little effect on the impact
strength of the blend. Furthermore, the effect of
these three elastomers on the elongation at break
of the blend is limited. It reveals the interfacial
adhesion does not improve when the elastomers
are added alone. We also found that the tensile
strength decreased with the addition of any of
these three elastomers or their mixture. As a con-
clusion, none of these three elastomers and their
mixture acts as a good compatibilizer for this
tetra-component blend. However, SBS and the
mixture have a good phase-dispersion effect for
the tetra-component blend. Moreover, EPDM ex-
hibited the most significant impact modification
effect for the tetra-component blends.

It has been found14–17 that the core of the
phase dispersion–crosslinking synergism for bi-
nary blends is the increasing probability of
crosslinking agent existing at the interface when
the phase dispersion of incompatible polymer
blends is enhanced by a solid-phase dispersant.
Therefore, more co-crosslinked products will
form. Good synergism will occur and the mechan-
ical properties will be modified as a result of the
improvement of the interfacial adhesion. With the
addition of the crosslinking agent (DCP), as seen
from Figure 1(f), the phase dispersion of the tetra-
component blend is not sufficient. The contact
area between LDPE and the other three compo-
nents is small. Thus, DCP mainly initiates the
crosslinking of LDPE itself and the product of
co-crosslinking of LDPE and other components is
rare. Although the spherical domain becomes a
bit flat, its size is still large.
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The properties of the blends were upgraded
mainly because of the crosslinking of the matrix
(LDPE). In comparison, the blend to which DCP
and the mixture were simultaneously added had
a smaller domain size and a much more indistinct
interface [Fig. 1(g)]. The blend was characterized
by improved toughness fracture, and the elonga-
tion at break and tensile strength of the blend
were also well upgraded. In this case, the mixture
can promote the phase dispersion of the blend and
cause the phase size to decrease. Then, the con-
tact area between LDPE and the other three com-
ponents is upgraded, and the probability that the
crosslinking agent (DCP) would exist at the inter-
face of incompatible polymer blends is also im-
proved. Meanwhile, more co-crosslinked products
will form between LDPE and the other three com-
ponents. The co-crosslinking action can improve
the phase interfacial adhesion. Furthermore, its
product proved to be a suitable compatibilizer of
the blend; thus the mechanical properties of the
blend were remarkably modified.

From Figure 2, we can also find the same be-
havior when SBS and DCP were simultaneously
added. It reveals that the phase dispersion–
crosslinking synergism for binary blends is also
adaptable for this tetra-component polymer

blend. To the other two elastomers, CPE and
EPDM, their synergism with DCP are compara-
bly inferior, which the elongation at break of the
blends [Fig. 2(c)] can demonstrate. On simulta-
neously adding several elastomers and DCP to
PE/PVC/PP/PS (70/10/10/10) blend, if we take the
mechanical properties for comparison, we can find
that the better the effects of elastomer on the
phase dispersion of the blend, the better its syn-
ergism with DCP.

CONCLUSIONS

In this study we have determined the influences
of several elastomers, their mixture [CPE/EPDM/
SBS (2/2/2)], and crosslinking agent (DCP) on the
morphology and properties of tetra-component
blends. This blend system is composed of common
plastics with a simulated commingled waste plas-
tics fraction (PE/PVC/PP/PS: mass ratio 70/10/10/
10). For this tetra-component blend system, CPE,
EPDM, SBS, and their mixture were tested such
that it was determined that they do not act as
compatibilizer for the blend. However, SBS and
the mixture have a good phase-dispersion effect
for the tetra-component blend. EPDM exhibited

Figure 1 Scanning electron microscope observations of the impact fracture surface of
the blends: (a) PE/PVC/PP/PS (70/10/10/10); (b) PE/PVC/PP/PS/CPE (70/10/10/10/6); (c)
PE/PVC/PP/PS/EPDM (70/10/10/10/6); (d) PE/PVC/PP/PS/SBS (70/10/10/10/6); (e) PE/
PVC/PP/PS/CPE/EPDM/SBS (70/10/10/10/2/2/2); (f) PE/PVC/PP/PS/DCP (70/10/10/10/
0.6); (g) PE/PVC/PP/PS/CPE/EPDM/SBS/DCP (70/10/10/10/2/2/2/0.6).

Figure 2 Influences of several elastomers and DCP on the impact strength (a), tensile
strength (b), and tensile elongation (c) of PE/PVC/PP/PS (mass ratio: 70/10/10/10)
blend. Sample code: (A) without elastomers; (B) with 6 g CPE; (C) with 6 g EPDM; (D)
with 6 g SBS; (E) with 2 g each of CPE, EPDM, and SBS.
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the most significant impact modification effect for
the tetra-component blends. The phase disper-
sion–crosslinking synergism for binary blends is
also adaptable for this tetra-component polymer
blend. When SBS or the mixture is added to the
blend together with DCP, good synergism can be
realized. Therefore, more co-crosslinked products
will form between LDPE and the other three com-
ponents. Meanwhile, the mechanical properties of
the blend were remarkably modified. To upgrade
the mechanical properties of PE/PVC/PP/PS (70/
10/10/10) as a model of commingled plastic
wastes, the phase dispersion–crosslinking syner-
gism technique is a good technique. Using this
technique, it is possible to achieve an acceptable
level of qualities in the composite products for the
reuse of the materials in demanding applications.

This work was supported by the National Natural Sci-
ence Foundation of China (Project No. 59773024).
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