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ABSTRACT: The effectiveness of compatibilizers in
enhancing the dispersion of polypropylene (PP) at various
molecular weights in recycled polyethylene terephthalate
(RPET) was elucidated. The idea of incorporating PP of dif
ferent molecular weights evolved from the intention of
simultaneously recycling the PET bottles together with the
PP-based bottle caps, which are often of low molecular
weight (MJ. Three grades of PP with known molecular
weights were blended with RPET at various loadings of
compatibilizers. Morphological analyses suggest that the
dispersion of the PP particles was more homogeneous, and
the average particle size was smaller when low Mw PP was
incorporated. This indicates that the interaction between

the compatibilizer and PP particles was more intense with
the presence of a large number but shorter PP molecular
chains. Moreover, specimens containing low Mw PP were
found to remain homogeneous regardless of compatibilizer
and PP content in the RPET/PP blends. The homogeneity of
the blends significantly affected their mechanical perform
ance as well. Higher stiffness, yield strength, deformability
and toughness were observed when low Mw PP was incor
porated, regardless of PP and compatibilizer loadings
© 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124: 3947-3955,2012
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INTRODUCTION

Polyethylene terephthalate (PET)-based waste is
abundant because of its popularity in the disposable
food packaging industry. According to statistics, tex
tile and soft drink bottles were the main sources of
PET ^aste, and the amount increases year after
year. In Japan alone, the vast usage of PET bottles

for mineral water, soy sauce, edible oil, and all soft
drinks has contributed to a total of about 554,104
tons of waste, which has prompted the Japanese
government to impose a law to ban PET bottles

from being sent to the landfills but instead system
atically collected for recycling to save landfill space
and also to promote energy conservation.4'5

During the recycling process, the PET bottles are
first crushed into flakes together with the attached
labels and caps. The caps and labels, which are typi
cally made from polypropylene (PP) or polyethylene

Correspondence to: Y. Wei Leong (leong@kit.ac.jp).

Journal of Applied Polymer Science, Vol. 124,3947-3955 (2012)
© 2011 Wiley Periodicals, Inc.

(PE), are separated from the PET flakes by passing
them through a floatation bath where PP and PE
will float because of their low densities. The result
ing PET flakes are then washed and dried before
being used for other processes, while the remaining
PP and PE wastes are either discarded or sold as
scrap. Although the caps constitutes only between 5

and 10 wt % of the total bottle weight, the gross
weight is estimated to be more than 55,000 tons.
Therefore, in our previous work, some efforts were
devoted to investigate the possibilities of recycling
the PET bottles together with the caps.6 Because of
the incompatibility between PET and PP, a two-
phase morphology is expected, whereby the dis
persed phase takes the form of microspheres, which
suggest very weak interaction between the matrix

and dispersed phase. The morphology and interfa-
cial characteristics between the various phases are
predominant factors that influence the ultimate
properties of these immiscible blends. Therefore, our
previous study involved the optimization of compa
tibilizer contents with respect to the amount of PP
present in the recycled PET (RPET)/PP blends.6 A

higher degree of homogeneity in the blends was
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Figure 1 Comparison of complex viscosities between neat
11 of various grades and PP from waste bottle caps.

found with increasing compatibilizer content. How
ever, the incorporation of more compatibilizers
would almost certainly incur higher cost; thus, it is
necessary to find other means of improving the

homogeneity and mechanical performance of the
blend with minimal compatibilizer contents.

In this work, blending of RPET with different
molecular weight of PP was performed, with and
without the presence of compatibilizers. The main
goal of this study is to obtain a high degree of com-

patibilization with the least amount of compatibil

izers. A high degree of compatibilization refers to

significant improvements in mechanical properties
of the blend, with special attention to the blend
deformability and toughness, since brittleness is typ
ically related to an inhomogeneous or incompatible
polymer blend.

EXPERIMENTAL

Materials

The RPET used in this study was obtained in the
form of flakes through the crushing of postconsumer
PET bottles that were collected by Yasuda Sangyo
Co., Ltd., Japan. The flakes were prewashed in water
to minimize impurities prior to usage.

Since the caps were separated from the bottles
and have all been discarded, the source of PP from
the caps was not available. Therefore, instead of
recycled PP, neat PP of various grades, i.e., PP
J700GP (MI = 8, Mw = 3.1 x 105 g/mol), PP J900GP
(MI = 13, Mw = 2.3 x 105 g/mol), and PP J3000GP
(MI = 30, Mu, = 1.9 x 105 g/mol), which were
obtained from Idemitsu Petrochemical Co., Ltd. (Ja
pan), were incorporated into RPET. Specimens incor
porated with J700GP, J900GP, and J3000GP will be

represented with a designation of H, M, and L that

represent high, medium, and low molecular weight

PP, respectively. The rheological properties of the
neat PP as compared with the waste PP from bottle

Journal of Applied Polymer Science DOI 10.1002/app

caps at 20CPC are presented in Figure 1. It can be

observed that the complex viscosity of the PP caps
are within the range of the three grades of neat

PP chosen for this study, irrespective of the angular
frequencies used.

The RPET/PP ratio was varied at 95/5 and 90/10
based on the fact that these compositions are repre
sentative of the actual PET/PP content of a drinking
bottle with a cap (based on 500 and 1250 mL

bottles). Styrene-ethylene-butadiene-styrene-based
terpolymer (SEBS) (Dynaron 8630P; JSR Co., Japan)

was used as a compatibilizer with loadings of 3 and
5 phr. Blends without compatibilizers were also pre
pared as control. A comprehensive list of specimen
designations according to their compositions is com
piled in Table I.

Prior to blending, RPET was dried in a dehumidi
fying dryer for 5 h at 120°C. The RPET and PP were

dry-blended prior to compounding in a single screw
extruder (SRV-P500, Nihon Yuki Co., Ltd., Japan) set

at a barrel temperature between 265 and 290°C and

screw rotation speed of 430 rpm. The extrudate was

air cooled through a conveyor belt lined with cooling

fans before being pelletized. The resulting pellets
were then dried using special dehumidifying drier
for RPET (Piccolo), which was supplied by LTSWA
Co., Ltd., Japan for 5 h at 80°C. Dog bone shaped

specimens were prepared using a 50-ton injection
molding machine (PO YUEN (TO's) Machine FTY
Ltd., Hong Kong). The mold used in this study had a

dog bone shaped cavity that is 175 mm in length, and
the midsection is 10-mm wide and 3-mm thick. The
gauge length is 115 mm. The injection molding barrel
temperature, mold temperature, and injection speed

was set at 270°C, 30°C, and 100 mm/s, respectively.

Thermal property characterizations

The effects of compatibilizer content and PP Mw on
the crystallization behavior of the blends were char
acterized by differential scanning calorimetry (DSC)

(TA Instruments DSC2920). The samples were
initially heated to 300°C at 100°C/min to erase the
thermal history of the blends, followed by cooling

at 5°C/min to 30°C to obtain the crystallization
temperature of the RPET phase. Fresh samples

were heated to 200°C at 100°C/min and cooled at

5°C/min to 30°C to obtain the crystallization
temperature of the PP phase. All analyses were con

ducted under nitrogen atmosphere to prevent oxida
tion of the specimens.

Morphological characterizations

Morphological observations were performed by
using a scanning electron microscope (SEM), JEOL

JSM-5200, Japan. The cross sections of tensile-
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^Specimen Designations, Impact Performance, aid Thermal
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33.9
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32.8

NB

NB

42.9

NB

NB

62.7

NB

NB

35.3

NB

NB

1.8

2.1

l.S

1.8

l.S

1.7

1.9

1.8

1.6

1.6

1.6

1.5

1.8

1.9

1.8

1.9

1.7

1.7

123.22

114.86

106.88

123.97

116.16

109.55

124.33

117.88

108.94

124.56

116.95

115.82

123.50

116.60

109.09

124.00

115.91

110.96

fractured surface dumbbell specimens were coated
with a thin layer of gold prior to observation An
image analysis software (Image J) was used to mea

sure the size of the Polypropylene phase from the
pictures taken by SEM. A total of 200 particles were

randomly selected from different locations of the
specimens for measurements to ensure statistical va
lidity. The homogeneity of the blends could be eval
uated from the polydispersity of the dispersed phase
particles :

Polydispersity = dv/dn, (1)

where dv is the volume average particle diameter
and dn is the number average particle diameter; both
these values can be calculated from equations given
m the literature.7-11 The measurements of particle
size diameter were found to be reproducible with an
error of ±15%.

Mechanical testing

Tensile tests of blends were performed on the dumb
bell test specimens at a cross head speed of 50 mm/

^ rLUSln8 3 ^'e™1 testing machine (Instron
4466, INSTRON USA), in accordance to ASTM D638
An Izod impact tester (Toyoseiki, Japan) was used

to measure the Izod impact strength with notched
and un-notched specimens. The samples with
dimensions of 10 mm x 6 mm x 3 mm were cut
from dumbbell specimens. Notches were 2-mm deep
and angled at 45°. For all mechanical property char

^riZat!OnS' at least five samP»es were tested at
// C and their results averaged.

RESULTS AND DISCUSSION

Thermal properties of RPET/PP blends: Effect of
comparibihzer content and PP Mw

The introduction of compatibilizers into the RPET/
PP blends resulted in a shift in crystallization
temperature (Tc) of the PP phase toward a lower

temperature, as can be observed from Figure 2 and
in Table I. This shift is more evident with increasing
compatibihzer content. By varying PP Mw, the Tc of

PP in the uncompatibilized blend remained constant
However, when compatibilizers were incorporated
the shift m Tc was more evident in specimens con
taining high Mw PP. Meanwhile, the thermal proper
ties of the RPET phase remained unchanged. This
indicates that the compatibilizers have a preferential
interaction and affinity toward the PP phase which

delays the formation of PP spherulites during cool
ing. Interestingly, the melt enthalpy of the PP phase

was independent of the presence of compatibilizers
which means that the crystallinity of the PP phase
remained unchanged. Therefore, it is suggested that
only the size of the PP spherulites or crystallization
behavior might have been affected by the Mw of PP
Furthermore, the crystallization peaks of the PP
phase in compatibilized blends appeared to be
broader than those in uncompatibilized blends
which suggest that a reduction in PP crystallization
rate is possible. Considering that the cooling rate

during DSC measurements was set at 5°C/min the
crystallization rate of PP could be suppressed during
actual injection molding process given the much
higher cooling rate. The suppression of PP crystalli
zation rate could lead to significant changes in

Journal of Applied Polymer Science DOI 10.1002/app
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morphological development as well as mechanical
performances of the blends.

Mechanical properties of RPET/PP blends: Effect
of PP content and Mw

The notched and un-notched Izod impact perform
ance of the blends can be elucidated from Table I. It

is clear that with the incorporation of compatibil-
izers, the un-notched specimens did not fracture
upon impact. The enhanced toughness of the blends

could be attributed to the significant reduction in
dispersed phase size, which will be discussed later,
as well as the suppression of PP crystal formation in

the presence of compatibilizers. It is also noteworthy
that the L-95/5/0 specimens recorded the highest
impact strength among all un-notched specimens
even without the presence of compatibilizers, which
indicates that the incorporation of low Mw PP into
the blend can also induce toughening. Nevertheless,
there was no improvement in the notch sensitivity
of RPET, judging from the consistently low impact
strength of the notched specimens regardless of PP
Mw and compatibilizer content.

The effect of PP Mw on the stiffness of RPET/PP
blends at various compatibilizer loadings can be

Journal of Applied Polymer Science DOI 10.1002/app

seen in Figure 3. Generally, the presence of compati

bilizers would cause a slight decline in the stiffness
of the blend because of the inherent property of the
compatibilizers. However, it was observed that

the change in stiffness is even more distinct when
the Mw of PP was varied, irrespective of compatibil
izer content. An increase in Young's modulus of
about 8-13% could be observed when the blends
were incorporated with low Mw PP Q3000GP) as

opposed to high Mw PP (J700GP), especially when

higher PP content was present, as depicted in Figure
3. It is generally accepted that a higher Mw polymer

would exhibit higher stiffness. However, in this case,
it is obvious that the increments in modulus of the
blends are despite the decreasing stiffness of the low
Mw PP phase. Hence, it is thought that the interac
tion between the RPET and PP phases plays a more
significant role in determining the stiffness as
opposed to the intrinsic properties of the individual
components.

The yield strengths of the blends are compared in
Figure 4 for RPET/PP blend ratios of 95/5 and 90/
10. It could be seen that the yield strengths of the
95/5 specimens were more dependent on the PP Mu,
than the compatibilizer content. However, in 90/10
blends, a more drastic increase in yield strength
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Figure 3 Effect of PP Ma on Young's moduli of (a)
RPET/PP (95/5) blends and (b) RPET/PP (90/10) blends
at various compatibilizer contents. Dotted lines represent
the Young's moduli of (1) neat RPET and (2) neat PP
J-3000GP.

could be observed with decreasing PP Mw. The

incorporation of compatibilizers would further
improve the yield strength, as have also been

250

PPM«(X1000)

.150

Figure 4 Effect of PP Mw on yield strengths of (a) RPET/
PP (95/5) blends and (b) RPET/PP (90/10)"blends at various
compatibilizer contents. The yield strengths of neat RPET
and PP J-3000GP are 61.5 MPa and 38 MPa, respectively.

reported in our previous work.6 These increments in
yield strengths suggest that blends with lower Mw
PP exhibit higher resistance to plastic deformation. It
should be noted that the 5 phr compatibilized 90/10
blends could achieve similar yield strengths as that
of compatibilized 95/5 blends with low Mu, PP. This

indicates the possibility of incorporating a higher
loading of PP into RPET while maintaining the me
chanical properties should a lower Mu, PP be used.

The most obvious effects of varying PP Mu, in the
blends could be seen from the deformability of the
blends, as depicted in Figure 5. Typically, polymers
with high Mw would exhibit higher ductility and

toughness as opposed to low Mu, polymers. This is
true in uncompatibilized 95/5 and 90/10 blends

incorporated with high Mw PP whereby high elonga

tions at break of up to 200% were recorded despite

their low stiffness and yield strengths. However,

with the incorporation of compatibilizers, significant
increases in deformability were observed especially
in blends containing low Mw PP. A sevenfold

increase in elongation at break was observed when

the 95/5 blends with low Mw PP were compatibi
lized. Similar compatibilization was not observed

when the 95/5 blends were incorporated with high
Mw PP. Similar tendencies could be observed for 90/

10 blends, as depicted in Figure 5(b), which suggest

that compatibilization is most effective with the
presence of low Mw PP. Similar observations of

enhanced ductility and toughness of compatibilized

200 250

PPM,, (X1000)

.100 350

Figure 5 Effect of PP Mro on elongations at break of (a)
RPET/PP (95/5) blends and (b) RPET/PP (90/10) blends
at various compatibilizer contents. Dotted lines represent
the elongations at break of (1) neat RPET and (2) neat PP
J-3000GP.
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Figure 6 SEM micrographs depicting the size and
appearance of PP particles in L-95/5 blends at various

compatibilizer contents: (a) L-95/5/0; (b) L-95/5/3- and
(c) L-95/5/5.

blends could be found in the literature, although the
toughening mechanisms vary depending on the
dispersed phase material.12-14 In this case, the tough
ening of the blend is possible due to the prevention

of PP particle coalescence with the presence of com-
patibilizers. Kormendy et al.13 have observed

enhanced elongation at break in PP/PET (PET being
the dispersed phase) blend fibers when using low
PET molecular weight.

Dispersed phase particle size and distribution
in RPET: Effect of PP molecular weight

The SEM micrographs depicting the appearance and
sizes of the PP dispersed phase particles at various
compatibilizer contents for L-95/5 specimens are

compared in Figure 6. The PP particle size distribu

tion was obtained from these photographs through

Journal of Applied Polymer Science DOI 10.1002/app

image analysis, and the results are depicted in Fig
ure 7 for 95/5 blends and Figure 8 for 90/10 blends.
In general, it could be observed that the PP particle
size distribution is extremely broad without the

presence of compatibilizers in the blends. Large PP
particles of more than 3 urn2 in area could be

observed especially in the uncompatibilized 90/10/0
blends, as depicted in Figure 8(a-c).

With the incorporation of compatibilizers into the
blends, the distribution drastically shifted toward
the left, indicating a significant reduction in PP par
ticle size. The extent of shifting was observed to be

dependent on the amount of compatibilizers, PP
content, as well PP Mw. It is not surprising to find

that blends with higher PP contents would require
larger amounts of compatibilizers to obtain a more
homogeneous blend with finer particle sizes. How
ever, the content of compatibilizers has little effect

on the particle size distribution. Instead, it was

observed that a highly homogeneous blend with
excellent dispersion of small PP particles (<0.5 urn2)

could be obtained when low Mm PP was present in

the blend, regardless of compatibilizer and PP con
tents. This enhanced homogeneity of the blends sug

gests that the effectiveness of the compatibilizers
could be enhanced by just altering the molecular
weight of the dispersed phase.

Theoretically, the lower melt viscosity that is char
acteristic of low Mw PP would result in a decrease in

viscosity ratio, r\r = nd/Tjm, and the capillary num

ber, Ca, both of which contribute toward finer PP
droplet size15'16:

Ca = ynmD/(2D (2)

where y is the shear rate, nm is the matrix phase vis
cosity, r\d is the disperse phase viscosity, D is the di

ameter of the dispersed phase particle, and Y is the

interracial tension. Wu1' has given a correlation
between capillary number and viscosity ratio in

polymer blends that have undergone both steady
state shear and elongational shear flows:

±0.84

Yn*,
(3)

where the plus (+) sign in the exponent is applicable
if t], > 1, whereas the minus (-) sign applies for
rjr < 1. The tendency for particle coalescence of low
Mw PP is diminished because of lower difference in
viscosity between the PP phase and RPET matrix.

The more active interaction between the compatibil
izer and low Mw PP would also prevent particle coa
lescence through steric stabilization.18"21 Although
the interfacial tension (D values for the materials

were not measured in this study, it is expected that

the interfacial tension between RPET and PP would
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decrease with decreasing Mm as has been shown in
several other blends in the literature.22"24

Obvious differences in homogeneity of the blends
incorporated with various PP grades could be seen
in Figure 9. Blends with low Mw PP were substan
tially more homogeneous regardless of PP and com-
patibilizer contents. However, with increasing PP

MWI the consistency of the PP phase distribution
is compromised, whereby large discrepancies in
polydispersity could be observed especially when
the blends contain higher PP loadings. One possible

reason that causes inhomogeneity in the blends is
that the dispersed phase particles of high Mw PP
would require significantly more energy to break up

because of higher intermolecular entanglements,
thus large particles remain in the blend even after
high-shear compounding. Interparticle collision
happens much easier when large particles are pres
ent, and the probability for coalescence is also

higher. While the presence of compatibilizers
would prevent particle coalescence, it is not an effec
tive tool for promoting particle breakup. Therefore,

1W)

IIS
S IM
£ 100

m
IM)

; IM

I IM

ta>

; 160

= 140

1 120
2 IOO

I SO

£ 40
20

lLl

II- —

■III..

b

1
c

SIS
n if. i-~

III
HMiMMl

Si - -

PP Parli,

I 5 5

urn
E 160

■v 120

j 100

J 160

3 140

£ l!»

C 120
a loo

I hi

LLll^

il
<e. =

! §§ 3 1!!

2M

IWI

z I"
; uo
C 120
a ioo

■ u
I 60

200

110

5 160

I 140

0 1211
J inn

£

f 14"
i 120
A loo

I so

g

ill

J^.

"4 5

5 !

I | 1
f i s

S. I ;
r~ 3 5

a -: t:

■ contents

[-90/10/5;

Journal of Applied Polymer Science DOI 10.1002/app



3954

INOYA ET AL.

3.0

| 2.5

I 2.0

1.5

1.0

♦95/5/0 • 95/5/3 A 95/5/5

□90/10/0 A90/10/1 O90/10/S

D
A

0

D

O

A

'5° 200 250 300

PPMw(XlOOO)

2.5

2.0

1.5

1.0

0.5

o.n

♦95/5/0

□90/10/0

• 95/5/3

A 90/10/3

♦

0

0

A

A 95/5/5

0 90/10/5

a

*

a

0

i

350 150 200 250

PPMw(XlOOO)

300 350

Figure 9 Dependence of polydispersity of the dispersed
phase particles on PP Mu, in RPET/PP blends at various
1 V and compatibilizer contents.

uncompatibilized blends would exhibit large and

^homogeneous distribution of dispersed phase
particles because of the massive coalescence, as
could be seen in Figures 10 and 11.

Heino et al.26 have suggested that SEBS copoly-
mers have an affinity toward the PP phase. There
fore, it is thought that the compatibilizers are able to
diffuse toward the interface more easily during
blending when low Mw PP is present, thus reducing
mterfacial tension and preventing particle coales
cence. On the other hand, it would be more difficult

for the compatibilizers to diffuse through high Mw
PP toward the interface although the compatibilizers
aie ^rmodynamically more stable at the inter
face. Lepers et al.,14 in their study on PET/PP
blend films, were able to confirm the saturation of
compatibilizers at the interfacial regions. Compatibil
izers that are able to diffuse toward the interface
would surround the dispersed phase particles to
form a core-shell like structure whereby the compati
bilizers would constitute as the shell to prevent
direct interaction and coalescence between the dis
persed phase (core) particles. A lower Mm dispersed

phase would promote the formation of a thicker
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Figure 10 Dependence of volume average PP particle di
ameter, dv, on PP Mw in RPET/PP blends at various PP
and compatibilizer contents.
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Figure 11 Dependence of number average PP particle di
ameter, dm on PP Mu, in RPET/PP blends at various PP
and compatibilizer contents.

shell that is more effective in preventing particle
coalescence through elastic recoil should the par
ticles come into contact with each other. In other

words, this layer of compatibilizers or "interphase"
has to be overcome in order for the cores of particles
to be exposed to each other before any particle
coalescence is possible. This result is important since
it suggests that the incorporation of recycled PP,
which is usually of lower Mw, will be able to pro
vide better homogeneity and enhance the mechani
cal properties of the RPET/PP blends.

CONCLUSIONS

The contributions by the PP Mw and compatibilizer
content toward improving the homogeneity and me

chanical properties of RPET/PP blends were eval
uated. This is important since an excellent dispersion
of small droplets throughout the matrix would enable
the blend to effectively resist crack propagation and
fracture. The two main factors that are thought to be
essential for obtaining a highly homogeneous blend

are the deformation of the dispersed phase and pre

vention of coalescence during blending. A dispersed
phase of low Mw PP would require less energy to
cause particle deformation and break up as opposed

to that of high Mw PP. Furthermore, effective diffu
sion of the compatibilizer through low Mzu PP

ensures high saturation of the compatibilizer at the
PP particle surface that prevents particle coalescence.
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