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Abstract

In the current study, the compatibilization of polypropylene/recycled polyethylene
terephthalate (PP/r-PET) blends with different percentages of maleic anhydride
(PP-g-MA) was examined. Exploited resource for -PET was used as water bottles.
Specimens of PP/r-PET blends in different percentages, i.e., 90/10, 70/30, and 50/50
were prepared in a corotating twin-screw extruder to evaluate the mechanical prop-
erties. Results indicated that PP-g-MA improved compatibilization of the PP/r-PET
blends (modulus of elasticity and yield stress were enhanced to about 1450 MPa and
30 MPa) and also enhanced the morphological and mechanical properties. By add-
ing about 2% of the compatibilizer into specimens containing 10% of r-PET, the
highest enhancement in mechanical properties was achieved. Besides, both yield
strength and the impact of energy were improved 8.3% and 24.6% by increasing the
amount of 50% and 10% r-PET in the system. Also, results showed that specimens
have higher yield stress and modulus of elasticity after 10 days compared to those
specimens without aging due to the presence of stronger interaction after a period of
time.

Keywords Compatibilizer - Maleic anhydride-grafted polypropylene -
Polypropylene - Recycled polyethylene terephthalate

Introduction

Polymer blending is one of the most important and rapidly growing sectors of poly-

mer engineering and is an economical method to produce new engineering materials
as indicated by a large number of versatile polymer blends available in the market and
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number of patents of polymer blends registered annually [1-3]. Recently, the immis-
cible polymer blends have attracted great attention. Numerous studies have been
focused on polymer blends containing compatibilizer to modify interfacial bonding and
mechanical properties [4—7]. Immiscibility in the polymers blends leads to poor interfa-
cial bonding and poor physical and mechanical properties. This problem describes why
interaction between phases has been a major topic for researchers in the last decade [8,
9].

One way to improve the compatibility of immiscible polymeric blends is by utiliz-
ing graft or block copolymers as compatibilizers to improve the interfacial activity by
reinforcing the interface. However, the major problem of this strategy is the highly con-
trolled processability of graft copolymers used widely [10-14].

Polyethylene terephthalate (PET) has wide applications in the packaging indus-
try especially food packaging and in bottles for mineral water due to thermal stabil-
ity, transparency, clarity, high tensile, impact strength, and chemical resistance of PET
[15]. One of the most inexpensive and easiest methods to recycle PET is mechanical
recycling. However, considering the environmental issues such as contamination and
certain processing problems, recycled PET (r-PET) has limited applications. Moreo-
ver, 1-PET has poor mechanical properties and low molecular weight. One solution that
engineers have utilized to solve this problem is blending polypropylene homopolymer
(PP) with r-PET. Araujo and his coworkers studied compatibilization of recycled poly-
propylene and recycled polyethylene terephthalate blends with SEBS-g-MA [16]. Their
study showed that the mechanical, thermal, morphological, and rheological properties
were improved while the crystallization of r-PET in the mixture was increased in the
presence of PP.

Papadopoulou et al. investigated the comparison of compatibilizer effects on the
PET/PP blends specially mechanical, thermal, and morphological characterization
[17]. They reported that thermoplastic polyolefin alloy (TPO) with PP/ethylene—pro-
pylene copolymer enhanced the compatibilizing efficiency. Improved efficiency of PP-
2-MA +TPO and SEBS-g-MA compared to LLDPE-g-MA or PP-g-MA was attributed
to the emulsification at the interface. Overall, the literature review shows that the com-
patibilizers play an important role by enhancing the mechanical properties of miscible
blends.

Considering above mentioned points, in the current study, we are looking for a
suitable and economically beneficial method to produce a specific blend with desired
mechanical properties. In this experimental research, polymeric blends containing PP,
PP grafted with maleic anhydride, and r-PET will be used. In the first step, PP and
r-PET specimens will be prepared by extrusion. Then, compatibilizer will be added at
2%, 5%, and 7% concentration into the few of PP/r-PET blends specimens. Finally, the
results of mechanical properties for specimens containing compatibilizers will be com-
pared with those specimens without compatibilizers.
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Experimental
Material

Polypropylene (PP) was purchased from the Navid Zar Chemistry Petrochemical
Company, Iran. Its commercial name is ZH500. Also, r-PET was provided from the
pieces of a soda bottle. The r-PET pieces size ranged from 9 to 16 mm. PP-g-MA as
compatibilizer (M, 98.06 g/mol, low molecular weight) component was purchased
from Dupont Company, USA.

Processing

Melt compounding of the PP, r-PET, and PP-g-MA blends was performed in a coro-
tating twin-screw extruder (L/D=45 mm and D =35 mm), at a rotational speed of
100 rpm. The temperature variation in the extrusion process was from 180 to 240 °C.
Before extrusion, PP, r-PET, and PP-g-MA pellets were ground and dried for 24 h at
80 °C under vacuum. The formed pellets were injection molded to produce stand-
ard tensile bars using an injection molding machine. The injection temperature was
230-265 °C, while the mold temperature was 40-50 °C. The mold was cooled using
a cold water circulation mechanism. PET as dispersed phase was used at 10, 30, and
50 wt%. Hence, six different PP compounds with 10, 30, and 50 wt% r-PET were
produced using the aforementioned procedure. Additionally, six specimens consist-
ing of PP and compatibilizer PP-g-MA were prepared following the same procedure.
(A combination of material was selected based on the role of phases in the blend
[18, 19].) The compositions of the blends are given in Table 1.

Structural characterization
Scanning electron microscopy (SEM) analysis was used to investigate the morphol-

ogy of the specimens. Also, the specimens were coated with 200-250 A of gold
before running SEM imaging at 20 kV. Transmitted optical microscope (TOM)

Table 1 Values of PP, PET, and PP-g-MA (expressed in wt%) for the preparation of polymer blends

Sample code Sample compounds

Neat PP Pure polypropylene

R10 Polypropylene + 10% recycled PET

R30 Polypropylene +30% recycled PET

R50 Polypropylene + 50% recycled PET

RC10 Polypropylene + 10% recycled PET +2% compatibilizer
RC14 Polypropylene + 10% recycled PET + 5% compatibilizer
RC17 Polypropylene + 10% recycled PET + 7% compatibilizer
RC30 Polypropylene +30% recycled PET +2% compatibilizer
RC50 Polypropylene +50% recycled PET 4 2% compatibilizer
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analysis was used to distinguish the morphological characteristics and optics propri-
eties of the specimen with compatibilizer and without compatibilizer and study on
the region of the crack-shaped plastic. The TOM was utilized in two methods: cross-
polarization and cross-sectional conditions.

Tensile and impact test

Tensile testing assessments were carried out using a Universal Hounsfield HI10Ks
machine at a tensile rate of 5 mm/min. The tensile test was investigated according to
ASTM-D638 Standard. Impact Energy Charpy was carried out following ISO 179
standard method. To this end, the 5J Charpy test machine manufactured by Santam
was exploited. Reported results were the average of results from five specimens’ test.

Physical aging

Physical aging results in polymer hardening that differs from the chemical aging that
occurs at high temperatures due to chemical degradation. In this test, the mechanical
and physical properties of polymer specimens over time were investigated. Moreo-
ver, the effects of time on polymer chain behavior were studied.

Scratch test

The scratches were created on the specimens using Rockwell-C diamond, which has
a conical shape with a radius of 5 pm and an apex angle of 120°. The specimens
were scratched at a constant speed of 2 mm/s under constant 5 N force.

Results and discussion
Effects of the compatibilizer on blend mechanical properties

To explore the effects of different concentrations of compatibilizer (PP-g-MA), a
constant amount of PET about 10% as the optimum percentage was considered. Fig-
ure 1 shows the elastic modulus in different percentages of compatibilizer, i.e., 2%,
5%, and 7%. Generally, a little amount of combination of the compatibilizer is able
to improve mechanical properties of polymer. Therefore, these percentages of com-
patibilizers were used to show their effect.

As can be seen, the elastic modulus of the specimen with 2% compatibilizer was
increased dramatically about approximately 1450 MPa. However, an increase in
compatibilizer concentration to, e.g., 5%, the elastic modulus is decreased. Further
increase in the concentration of compatibilizer from 5 to 7% does not affect elastic
modulus.

Variation of yield stress for specimens consist of different concentrations of
compatibilizer is shown in Fig. 2. As diagram shows, the yield stress of speci-
men with 2% compatibilizer was markedly increased to 28.4 MPa while further
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Fig. 1 Elastic modulus diagram in different percentages of compatibilizer
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Fig.2 Yield stress diagram in different percentages of compatibilizer

increase in specimens’ compatibilizer concentration to 5% and 7% yield stress
was reduced around 28 MPa and 27.2 MPa, respectively. A similar trend was
observed for impact energy diagram for specimens contains 2%, 5%, and 7%
compatibilizer concentration. As shown in Fig 3, impact energy values are
around 11 J/em?, 10.6 J/cm?, and 10.2 J/cm? for specimens with 2%, 5%, and 7%
compatibilizer concentration, respectively.

So, as results indicate specimen by 2% compatibilizer of (PP-g-MA) has the
highest mechanical behavior in the elastic modulus, yield stress, and impact
energy. This can be understood as the existence of high interaction between
phases when compatibilizer concentration is 2%. Therefore, imposing a force
will easily disconnect the existent relation between the PET and the PP. Adding
a little amount of the compatibilizers (2%) into the system will lead to improv-
ing polymers’ connection. Table 2 shows elastic modulus and aother properties
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Fig. 3 Impact energy diagram in different percentages of compatibilizer

Table 2 Elastic modulus, yield

C tibili 1 t% 0 2 5 7
strength, and impact strength for ompetibilizar value (Wi%)
PP/PET blends containing 10%  gj,tic module (MPa) 1253 1446 1384 1383
weight of PET with different .
percentages of competibilizar Yield stress (MPa) 26.89 28.42 28.01 27.32
Impact energy (J/cm?) 9.53 10.94 10.54 10.18

yield strenght(MPa)

PET content wt%

Fig. 4 Elastic modulus diagram of the r-PET/PP/compatibilizer and PET/PP blends

for different percentage of competibilizer. Compatibilizer has low tensile prop-
erties and low molecular weight than pure PP [20].

Effects of r-PET on blend tensile strength

As shown in Fig. 4, there are different yield stress trends for a blend with compatibilizer
and blend without compatibilizer. The graphs in Fig. 4 give useful information about
the effect of r-PET and blend tensile strength in different percentages of r-PET. The
yield stress of the specimen including 10-30% r-PET with compatibilizer is increased
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Table 3 Yield stresses obtained

. Amount of PET (wt%) Elastic module (MPa)
from the tensile test for PP/PET
blend R RC
0 26.1 26.1
10 26.89 27.41
30 27.87 28.61
50 31.69 31.91
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Fig.5 Yield stress of the r-PET/PP/compatibilizer and r-PET/PP blend without compatibilizer

smoothly from 27.41 to 28.61 MPa. An increment in the amount of r-PET leads to a
significant increase in the yield stress, where for 50% of r-PET, yield stress reaches
31.91 MPa from 28.61 MPa. A similar trend is observed for specimens without com-
patibilizer, but the yield stress value is lower than that of the specimens with compati-
bilizer. More information is presented in Table 3. Moreover, Fig. 5 shows modulus of
elasticity (Young’s modulus) for specimens containing different r-PET content with/
without compatibilizer. For the specimens containing 10% and 30% of r-PET with com-
patibilizer, modulus increases gently to 1463 and 1620 MPa, respectively. However,
there is a great increase when the specimen has 50% of r-PET, in which the modulus
is 1750 MPa. In other words, for specimens without compatibilizer, the behavior of the
modulus variation is similar, except the magnitudes of the elastic modules are weaker
compared to the specimens’ with compatibilizer. But as Fig. 5 shows, elastic modulus
for specimens with 10%, 30%, and 50% of r-PET without compatibilizer is 1383, 1552,
and 1697 MPa, respectively. More analysis shows that by adding r-PET into the PP
matrix, the elastic modulus and yield stress are increased almost linearly. Therefore, it
is clear that -PET acts as a reinforcement for the blend. This can be rationalized as the
presence of high interaction between phases when compatibilizer exists in the blend
[21, 22]. This is also confirmed by mechanical properties, especially when the tensile
strength is higher as shown in Table 4.
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Table 4 Elastic modulus results

: Amount of PET (wt%) Elastic modulus (MPa)
from tensile test for PP/PET
blends R RC
0 1266 1266
10 1383 1463
30 1552 1620
50 1697 1753

Effects of r-PET on blend behavior during an impact test

Figure 6 shows the variation of the impact energy with r-PET concentration. Gener-
ally, all specimens with/without compatibilizer show a similar non-monotonic pat-
tern, except impact energy for the specimens with compatibilizer, which is higher.
Increasing r-PET concentration from O to 10%, impact energy reaches the highest
value, i.e., 14.58 J/cm?. However, a further increase in PET concentration leads to
a reduction in impact energy of the blend, e.g., it falls to 10.81 J/cm? and reaches
10.98 J/em? for r-PET concentration of 30% and 50%, respectively. These results
are consistent with the reported data in the literature [23]. As shown in Table 5,
high interaction between polymeric phases is expected when compatibilizer exists
in the immiscible blend and it causes high mechanical performance in the samples.

Physical aging

The physical aging process was conducted for all specimens under identical condi-
tions in order to obtain accurate and reliable results. As shown in Figs. 7 and 8§,
both yield stress and modulus of elasticity experience significant increase after
10 days aging. For example, for a specimen with 30% of PET with compatibilizer
after 10 days modulus of elasticity and yield stress reach 1800 MPa and 30 MPa,
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Fig. 6 Impact diagram of the r-PET/PP/compatibilizer and r-PET/PP blend
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Table 5 Impact test results Amount of PET (wt%) Impact energy (J/em?)
R RC
0 10.20 10.20
10 12.18 14.58
30 10.52 10.81
50 10.54 10.98
Fig.7 Effect of aging on the 2000
elastic modulus of PP/r-PET E
blends after 1 day and PP-g-MA S 1800
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Fig.8 Effect of aging on the yield strength of PP/r-PET blends after 1 day and PP-g-MA aged for
10 days

respectively. Besides, specimens containing r-PET have higher yield stress and
modulus of elasticity compared to those without PET after the aging period
because interaction between phases are stronger than samples without aging. This
emphasizes that the mechanical properties of the specimens alter over time get
improved. Results have been shown in Tables 6 and 7.
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Table 6 Results of the yield

A t -PET (wt% Yield strength (MP:
strength for PP/R-PET mixtures mountr (wt%) ield strength (MPa)
before physical extrusion and Not aged After
10 days after injection 10 days
aging
0 26.1 28.1
10 26.89 28.81
30 27.87 29.91
Table 7. Results of the el.astic Amount (wt%) r-PET Elastic module (MPa)
module for PP/R-PET mixtures
before physical extrusion and Not aged After
10 days after injection 10 days
aged
0 1266 1456
10 1283 1630
30 1552 1764

48 "PET particlls
By e
(o

Fig.9 SEM micrographs of the surface of: a PP/10% r-PET/2% compatibilizar, b PP/30% 1-PET/2%
compatibilizar, ¢ PP/50% r-PET/2% compatibilizar

Table 8 Deviation from

Speci d R10 RC10
standard average (SD) and peetmen code
average particle size Standard deviation (SD) 0.797 0.443
Average particle size (um) 1.33 0.885

SEM micrographs

Figure 9 shows SEM micrographs of the polymer blends with the presence of 2%
compatibilizer as optimum concentration with different amounts of r-PET. As can
be seen in Fig. 9, r-PET has been dispersed into the PP matrix phase. The average
size of the r-PET particles is presented in Table 8. By adding the compatibilizer,
particle size gets smaller and reaches to a homogeneous distribution in the poly-
meric matrix. As the particle size is decreased, the total available area for r-PET
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PET particles )

Fig. 10 SEM micrographs of the surface of: a PP/10% r-PET, b PP/30% r-PET, ¢ PP/50% r-PET

PET particles

50pm
=

particles is increased. On the other hand, the compatibilizer can act as a lubricant
which leads to a reduction in particle accumulation. This ends in a small differ-
ence from the standard deviation (Table 8).

Figure 10 shows SEM micrographs of the polymer blends in the absence of
compatibilizer. The accumulation of particles and matrix occurs in some regions.
So the average size of particles becomes large. Hence, the difference from the
standard deviation gets increased. Overall, blends morphology containing com-
patibilizer looks homogeneous. As a result, there will be strong interaction and
good adhesion between matrix and particles in PP/r-PET blend compared to
blends without compatibilizer.

Optical microscope morphology

Figure 11a, b shows the microscopic images of the apex of a crack in the pure PP
sample during loading mechanical test. As can be seen, in this specimen the area
where the plastic shape changes is limited to several crazes formed inside the matrix
and at the top of the crack. Under the polarized light condition, the craze is seen
in black. The change in the apex shape in pure PP is made through crazing, which
forms and develops through stress in the crack head and works as the center of the
stress.

Fig. 11 Polarized light microscopic images of pure PP
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Fig. 12 Polarized light microscopic images from specimen contain a PP/10% r-PET/2% compatibilizer
(photograph is from top of the crack), b PP/30% r-PET/2% compatibilizer, and ¢ PP/50% r-PET/2% com-
patibilizar

Figure 12 shows polarized light images for three different specimens. Figure 12a
shows the specimen containing 10% of r-PET and 2% of compatibilizer. This figure
shows the specimen after the impact test and also shows the plastic deformation area
from the top of the crack in polarized light. As it shows, there is clear alteration of
crack in the specimen. It is obvious that adding 10% of r-PET and 2% of compatibi-
lizer through the extrusion process into the specimen number of crazes gets higher
than that of pure polymer. This ends in impact energy increasing. In Fig. 12b, the
image shows the region of apex deformation in specimen containing 30% of r-PET
and 2% of compatibilizer. In this case, the crazes are seen as bright areas. The sepa-
ration of the second phase is clearly seen. As can be seen in Fig. 12c¢, for specimen
containing 50% of r-PET and 2% of compatibilizer, shear stress occurs inside the
mold due to the polymer injection. Increasing the volume of the second phase and
increasing particle size results in possible particles tensile in the direction of injec-
tion. In other words, during the injection process by increasing the second phase
percentage and as well as due to the existence of the shear stress between blend and
the mold wall, the worm-shaped particles are formed.

As already mentioned, adding the second phase makes the particle size big. Also,
the distance between the particles becomes small. As a result, the stress concentra-
tion areas are also become close to each other. So, the region of plastic deforma-
tion gets limited to a small region. This is shown in Fig. 13a (PP/10 r-PET without
compatibilizer) and Fig. 13b (PP/30 r-PET without compatibilizer). From Fig. 13c
(PP/50 r-PET without compatibilizer), the phase separation is clearly seen. The fig-
ure also shows that the crazes are grown-up.

Fig. 13 Optical microscope: a PP/10% r-PET, b PP/30% r-PET, ¢ PP/50% r-PET
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Table 9 Effect of PET content

. PET amount (wt%) MPa Scratch hard
on scratch properties of PP
R RC
0 233 233
10 242 247
30 240 230
50 176 -

Scratch test

Results indicate that adding r-PET to PP does not change the scratch resistance sig-
nificantly. The width of the scratch area was measured by the video analysis software
and was calculated by scratch hardness number. The results are presented in Table 9.
Note that, the scratch test was carried out for specimens including 10-50% of r-PET.

Conclusions

This study’s aim was to investigate the effects of polypropylene homopolymer,
anhydride-grafted-polypropylene compatibilizers on the mechanical and physical
properties of r-PET/PP blends.

Results showed that the elastic modulus, the yield stress, and the impact energy
were increased by adding 2 wt% of the compatibilizer into the specimens contain-
ing 10% of r-PET. Investigating the effect of compatibilizers on the tensile proper-
ties, modulus and yield stress indicated that these properties were increased almost
linearly by increasing the amount of r-PET in the PP matrix. Adding MA as com-
patibilizer into the immiscible blend resulted in improving the interaction between
two phases. Adding PP/PP-g-MA into r-PET, the impact of energy was increased
smoothly. This was due to the existence of a bond between the matrix and the r-PET.
The results showed that the elastic modulus of the specimens was increased after
10 days of injection in compare to the specimens’ without aging.

After 10 days, aging modulus of elasticity and yield stress were improved 24.1%
and 5.3 MPa, respectively. Overall, in this study, the mechanical properties of r-PET
as a well-known material for industrial applications were modified and reproduced
by adding PP-MA. This polymer blends, because of thermoplastic properties, can
repeatedly process to industry and daily life consumption.
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