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ABSTRACT: In this article, a model study was conducted on the effect of combining
cellulose on the properties of virgin and/or recycled commingled plastics with a simu-
lated waste-plastics fraction composed of high-density polyethylene (HDPE), polypro-
pylene (PP), polystyrene (PS), and poly(vinyl chloride) (PVC) (PE/PP/PS/PVC = 7/1/1/1
by weight ratio). The compatibilizing effect of maleic anhydride-grafted styrene—eth-
ylene/butylene—styrene block copolymer (SEBS-g-MAH) for the cellulose-reinforced
commingled blends was also investigated. Commingled blends were prepared in a table
kneader internal mixer. Mechanical properties were measured by using a universal
testing machine. Thermal stability was measured by a thermogravimetric analyzer. It
was found that the addition of more than 12.5% cellulose into the commingled blends
was effective to enhance the mechanical properties of the virgin and recycled blends.
The thermal stability as well as the mechanical properties of the commingled blends
were much improved by the reactive blending of cellulose with the commingled blends
by peroxide and maleic anhydride. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74:

1531-1538, 1999
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INTRODUCTION

The recycling of plastics waste is one method of
reducing municipal solid waste (MSW).'~1° High-
density polyethylene (HDPE), polypropylene
(PP), and poly(vinyl chloride) (PVC), as well as
polystyrene (PS), are primary constituents of
plastics in MSW because they are the most fre-
quently used commercial plastics in our daily
lives as well as in industries.®'° We can recycle
mixed waste plastics as in the form of blends,~1°
because blending is a relatively easy and cost-
effective way to produce a new combination of
properties such as enhancement of impact
strength, dimensional stability, stress cracking,
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and improvement of processibility. This approach
to reuse is attractive because it avoids the diffi-
cult task of separation. As a consequence, the
academic and industrial interest in virgin and
recycled polymer blends is rapidly expanding.
However, the heterogeneous composition is one of
the technical problems associated with plastic
waste, and the lack of compatibility of different
polymers, instead of one well-defined polymer,
can give inferior properties when a compatibiliz-
ing agent was not added.'® In this vein, the pro-
cessing of plastic mixtures for recycling was at-
tempted with some success, but no commercial
plant was built to use these raw materials be-
cause of poor mechanical properties and uncer-
tain economic value.

A more promising way to recover the economic
value of this mixture could be the manufacturing
of plastics lumber combining cellulosic reinforce-
ment by blending techniques without separa-
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tion.'® Cellulose materials offer several advan-
tages, when combined with plastics, because of
their low density, high modulus, and high
strength.'® Extensive work was done by R. T.
Woodhams in this area.!” ' Woodhams et al., for
instance, investigated wood fibers as reinforcing
fillers for polyolefins and confirmed that most
wood pulp materials including Kraft pulp, me-
chanical pulp, newspaper reclaim, or recovered
waste pulp from the Kraft process are equally
effective as inexpensive reinforcing fillers for PE
or PP.'7 Recently, other authors with Woodhams
reported on the X-ray photoelectron spectroscopic
studies of lignocellulosic materials treated with
maleated polypropylenes'® and on the influence of
interfacial interactions on the properties of PVC
cellulosic fiber composites.!® Plastic lumber is
also viewed as a method to utilize tailing the
miscellaneous plastics left after recyclable
streams, which could not otherwise be collected in
significant quantities to justify separation.?’

In this work, we report on the effect of combin-
ing cellulosic materials on the properties of the
virgin and recycled commingled blends with a
simulated waste plastics fraction composed of
HDPE, PP, PS, and PVC waste polymers (7/1/1/1
HDPE/PP/PS/PVC by weight ratio).

EXPERIMENTAL

The materials used in this study were HDPE (MI
= 0.89 at 190°C, M,, = 100,200) supplied by Ko-
rea Petrochemicals (Ulsan, Korea; M 830), PP (MI
= 3.5 at 230°C, M,, = 60,000) supplied by Korea
Petrochemicals (H 430), PS (M,, = 240,000) sup-
plied by KumHo Chemicals (YeoCheon, Korea;
GP 100), PVC (DP = 1000) supplied by LG Chem-
icals (YeoCheon, Korea; LS 100), and cellulose
(DP = 1000) supplied by Rayonier Inc. (Gesup,
GA; Rayonex-P). The virgin PVC was used in the
form of a powder. To avoid thermal degradation, 3
phr of liquid thermal stabilizers based on tin com-
plexes and 3 phr of epoxidized soybean oil plasti-
cizers, supplied by Song Won Ind., were added to
PVC by dry blending before the blend mixing.
Maleic anhydride-grafted styrene—ethylene/buty-
lene—styrene block copolymer [SEBS-g-MAH
(MAH content = 0.89 wt %)] was obtained from
Ashahi Chemical (Tuftec M1943). The recycled
plastics used were postconsumer, mixed-color re-
cycled HDPE, PP, PS, and PVC, which had been
used in milk jugs, detergent containers, and bev-
erage cups, etc., obtained from various recyclers.

They were blended after proper washing and dry-
ing.

Blending was conducted in a table kneader in-
ternal mixer. The blending time, temperature,
and rotating speed were 8 min, 180°C, and 60
rpm, respectively. The blend composition was
fixed at 7/1/1/1 HDPE/PP/PS/PVC by weight ratio
according to the data of Korea Curbside-Tailing
Survey data in 1995. A measure of 5 phr of SEBS-
g-MAH was used as a compatibilizer for the com-
mingled blends, when necessary. The amount of
cellulose was varied from 0 to 22.5 phr on the
basis of the total amount of the blend mixture. To
investigate the effect of the reactive compatibili-
zation, 0.1 phr of ¢-butylhydroperoxide (HPO) (Al-
drich) and 2.0 phr of MAH (Aldrich) based on the
total amount of the blend mixture were added in
the mixing chamber of the table kneader after
commingled plastics were mixed and molten.
During the experiment, torque was measured.
Tensile and flexural strength were measured by
using a tensile tester (Hounsfield, Model HM25)
at room temperature. The crosshead speed used
was 10 mm/min. To observe the morphology of the
blends, the surface of compression-molded sam-
ples, cryogenically fractured under liquid nitro-
gen and then sputtered with gold in vacuum, was
examined with a Jeol scanning electron micro-
scope (SEM; Model 36CF). The thermal stability
was measured by using a thermogravimetric an-
alyzer (TGA; Shimatsu TGA) under nitrogen at-
mosphere and at a heating rate of 10°C/min.

RESULTS AND DISCUSSION

Effect of Cellulose Contents

Figure 1 shows the effect of cellulose on the ten-
sile strength of the virgin commingled blends.
The tensile strength was decreased up to 10 wt %
of cellulose but was remarkably increased by fur-
ther adding the cellulose above 12.5 wt %. Similar
dependence of the tensile strength of the blends
on the concentration of cellulose was observed
when SEBS-g-MAH was used as a compatibilizer
but more synergistic effect was observed when
SEBS-g-MAH was used as a compatibilizer.

The effect of cellulose on the tensile strength of
the recycled commingled blends is shown in Fig-
ure 2. The tensile strength was increased with
increasing cellulose contents. The effect of SEBS-
g-MAH was more remarkable.
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Figure 1 Tensile strength of virgin commingled
blends with or without SEBS-g-MAH as a function of
cellulose contents.

It was reported that the addition of a compati-
bilizer into a binary blend enhances the mechan-
ical properties, such as impact strength, because
of the additives located at the interface between
the phases, which enhances the stress transfer
and reduces particle size because of the emulsify-
ing effect.2122 As expected, the tensile strength of
the blends prepared from both the virgin and the
recycled plastics was enhanced when a compati-
bilizer was used. A comparison of Figures 1 and 2
indicates that the tensile strength of the recycled
blend is much lower than that of the virgin com-
mingled system, when cellulose is >10%, regard-
less of whether the system contains a compatibi-
lizer or not. The result is due to the fact that the
recycled polymer materials were mixed with var-
ious contaminants and exhibited more degraded
mechanical properties than the virgin polymer
material. Instead, for the virgin components, the
following problems can be neglected: nonpoly-
meric contamination and degradation of the plas-
tics. This may cause the larger property differ-
ences in between the virgin and recycled blends.

It was already reported that SEBS-g-MAH can
be used as a compatibilizer for binary blends of PS
with PE, regardless of whether it is high-density
or low density PE (LDPE), because the copolymer
possesses the same monomer units as its parent
polymers (i.e., ST and ethylene).?*25 Gatenholm
et al. reported'® that blends of LDPE and PS
(70/30 composition by weight percent) is success-
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fully compatibilized by SEBS-g-MAH even after
they are reinforced with cellulose. (They used
chemithermomechanical pulp fibers as a cellu-
lose.) Gatenholm et al. reported’® that maleic an-
hydride grafted on SEBS chain is highly reactive
toward hydroxyl groups at the cellulose surface
and, when compounding at elevated temperature,
both covalent and hydrogen bonds develop be-
tween the functionalized compatibilizer and the
cellulose fiber. To the best of our knowledge, how-
ever, no work has been reported to reveal the
compatibilizing effect of the SEBS-g-MAH in com-
mingled blends consisting of more than three
components. It is noteworthy, therefore, that the
compatibilizer, SEBS-g-MAH, works well even for
the recycled blend system as well as the virgin
commingled system, although the system con-
tains four different polymers.

Effect of Reactive Compatibilization

Figure 3 shows the effect of 12.5 phr of cellulose
on the tensile strength of the virgin and recycled
commingled blends with and without SEBS-g-
MAH. In this figure, we fixed the content of cel-
lulose at 12.5 phr on the basis of the results of
Figures 1 and 2. In Figure 3, MAH + HPO de-
notes that MAH was added to the commingled
blends compatibilized in the presence of HPO,
where the possibility of the reactive compatibili-
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Figure 2 Tensile strength of recycled commingled
blends with or without SEBS-g-MAH as a function of
cellulose contents.
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Figure 3 Tensile strength of virgin and recycled com-
mingled blends. The notations are as follows. NONE,
blends without cellulose; Cel 12.5, blends with 12.5 phr of
cellulose; SEBS-g-MAH, blends with 12.5 phr of cellulose
and SEBS-g-MAH; MAH + HPO, reactive compatibilized
blends with 12.5 phr of cellulose by MAH and HPO.

zation would be tested by the torque record later.
The tensile strength of the virgin commingled
blends was greatly enhanced with the addition of
cellulose and SEBS-g-MAH. When MAH was
added to the system in the presence of HPO, the
tensile strength was more significantly enhanced,
maybe due to the grafting of cellulose onto some
polymer backbone in our blend system by MAH,
which improves the interfacial adhesion between
component polymers and cellulose in the commin-
gled blends. It may be assumed that the grafting
reaction is similar as for 70/30 LDPE/PS blends
compatibilized with SEBS-g-MAH in the presence
of cellulose, which was already reported by Gate-
holm et al.'® The result of Figure 3 strongly sug-
gests that the reactive compatibilization is more
effective to compatibilize the blend systems than
to use an external compatibilizer such as SEBS-
g-MAH even for multicomponent commingled
blend systems.

Figure 4 shows the effect of MAH + HPO as
well as cellulose and SEBS-g-MAH on the flexural
strength of virgin and recycled commingled
blends. The flexural strength of the virgin cellu-
lose-reinforced commingled blend was highest
when in situ compatibilization was made by using
MAH with HPO. Similar results were observed
for recycled commingled blends. The use of SEBS-

g-MAH as an external compatibilizer was not ef-
fective to improve the flexural strength of both
the virgin and the recycled commingled blends,
even though the exact reason is not clear at
present. As for tensile strength, the flexural
strength of the virgin commingled blends was
much higher than that of the recycled blends,
regardless of whether the in situ (MAH + HPO)
or the external compatibilizer (SEBS-g-MAH) is
present or not. The low flexural strength of the
recycled commingled blends are due to large
gross-phase separation between components and
the presence of various undefined fillers and so
on, as discussed above.

The SEM micrographs of the fractured sur-
faces of virgin blends with or without an in situ or
external compatibilizer are shown in Figure 5.
Because the direct visual confirmation of the
presence of different phases preliminarily indi-
cates the degree of miscibility in blends, micro-
scopic investigations can help in clarifying some
aspects of the mechanical properties. As com-
pared to the uncompatibilized blend, the dis-
persed domain size of the compatibilized system
is much smaller with more compacted structure.
The SEM micrographs of the fractured surfaces of
the commingled blends with cellulose show that
the gross-phase separation was observed but the
domain sizes were greatly reduced by adding a
small amount of the in situ or external compati-
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Figure 4 Flexural strength of virgin and recycled

commingled blends. The notations are the same as for
Figure 3.
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Figure 5 SEM micrographs of the fractured surfaces of virgin commingled blends.

The notations are the same as for Figure 3.

bilizer, SEBS-g-MAH, meaning that compatibili-
zation was achieved for the commingled blend in
the presence of the compatibilizers. On the basis
of the above results, one can conclude that the
SEBS-g-MAH works well as a compatibilizer in
the commingled blend of HDPE/PP/PS/PVC (7/1/
1/1). Figure 5 also shows well that the compatibi-
lization effect of in situ MAH + HPO is larger
than the external compatibilizer, SEBS-g-MAH.
The same morphological features were observed
for the recycled blends (Fig. 6).

Thermal Stability

Figure 7 shows the TGA curves of the virgin com-
mingled blends with or without cellulose and with

cellulose/SEBS-g-MAH or cellulose/MAH + HPO.
In the previous section, cellulose was revealed to
reinforce the mechanical strength of the commin-
gled blend but the TGA curve in Figure 7 shows
that the thermal stability was greatly reduced by
the addition of cellulose. The commingled blends
with cellulose only was degraded at low temper-
ature in comparison with the blends without cel-
lulose. Cellulose is labile to be degraded at high
temperature during mixing. The decrease of ther-
mal stability for the commingled blends is not
desirable for the reuse of those commingled
blends, even though their mechanical properties
were enhanced with reinforcing cellulose addi-
tion.
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Figure 6 SEM micrographs of the fractured surfaces of recycled commingled blends.

The notations are the same as for Figure 3.

It was found that the use of SEBS-g-MAH in-
creased the thermal stability of the commingled
blends reinforced with cellulose, which must be
another reason why the compatibilizer should be
used together with cellulose in the commingled
blends, notwithstanding the compatibilizing ef-
fect for the system. The in situ compatibilization
of the cellulose-reinforced commingled blends us-
ing MAH and HPO shows slightly better thermal
stability than the application of the external com-
patibilizer, SEBS-g-MAH.

Figure 8 shows the effect of the thermal aging
on the mechanical properties of the virgin com-
mingled blends reinforced with cellulose to test
the thermal stability of the commingled blends at
elevated temperature in the practical point of
view. The samples had been exposed in a heating

oven at 100°C for 6 months before measurement.
The oven was frequently purged with nitrogen
gas to remove latent moisture inside. Even
though the thermal stability of the cellulose-rein-
forced commingled blend was poor at high tem-
peratures of mixing, no significant degradation of
mechanical strength was observed at 100°C after
6 months’ aging, regardless of the cellulose con-
tents. Similar results were observed, as in Figure
9, when in situ or external compatibilizer was
used.

Of great interest is, however, that the tensile
strength of the commingled blends compatibilized
with MAH + HPO is higher than any other sam-
ples after thermal aging. The result implies in
situ grafting reaction between component poly-
mers and cellulose by MAH, which partially took
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Figure 7 TGA curves for virgin commingled blends.
The notations are same as for Figure 3.

place during mixing, may continue when the
blends are kept at high temperature for long
times and enhances the mechanical strength of
the commingled blends.

To obtain the evidence of the reaction indi-
rectly, the torque during mixing of the commin-
gled blends was recorded. Figure 10 shows the
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Figure 8 Tensile strength of virgin commingled

blends with different contents of cellulose before and
after aging at 100°C for 6 months.
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Figure 9 Tensile strength of virgin commingled
blends before and after aging at 100°C for 6 months.
The notations are the same as for Figure 3.

result. There was no appreciable change in the
torque for the commingled blends with cellulose
and SEBS-g-MAH. However, a little increase in
the torque was observed at longer mixing times
for the blends in the presence of MAH and HPO.
The increasing torque might imply the plausible
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Torque (N-m)

10
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Figure 10 Torque during mixing of the virgin com-
mingled blends. The notations in the inset are the same
as for Figure 3.
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in situ grafting reaction between component poly-
mers and cellulose by MAH at the interface, al-
though more direct evidence of the grafting is not
given here and the time scale of Figures 9 and 10
are not the same.

CONCLUSIONS

In this article, commingled blends were prepared
in a table kneader internal mixer. The virgin and
recycled commingled blends consist of a simu-
lated waste plastics fraction composed of HDPE,
PP, PS, and PVC (PE/PP/PS/PVC = 7/1/1/1 by
weight ratio). Mechanical properties were mea-
sured using a universal testing machine. Thermal
stability was measured by a thermogravimetric
analyzer.

It was found that the addition of cellulose
> 12.5% into the commingled blends was very
effective in enhancing their mechanical proper-
ties for both the virgin and the recycled blends
except thermal stability. The SEBS-g-MAH
worked well as a compatibilizer to improve tensile
properties and thermal stability in both virgin
and recycled commingled blend systems. The in
situ reactive compatibilization by MAH and HPO
showed most prominently enhanced mechanical
properties for the cellulose-reinforced commin-
gled blends.

This work was financially supported by the Korea Science
and Engineering Foundation (mission-oriented Project
94-0502-11-02-3) and is gratefully acknowledged.
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