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The use of polymer blends and composites based on fossil-based and bio-based polymers has
become an important environmentally protective alternative for common use and disposable plastics
applications such as packaging, bottles and trays. The disposal of these more degradable products,
however, may also harm the environment and, therefore, recycling these systems becomes relevant.
Recycling involves reprocessing which can significantly change the morphology and properties of
polymeric products. Therefore, this study deals with the effects of reprocessing cycles on the properties
and morphology of blends and nanocomposites based on fossil and bio-based polymers. The systems
investigated were: a) neat polypropylene (PP), b) a polypropylene/poly(3-hydroxybutyrate) (PP/PHB)
blend and ¢) PP/PHB/organoclay nanocomposite compatibilized with polypropylene-g-maleic anhydride
(PP-g-MA) and erucamide. These materials were submitted to up to seven extrusion cycles in a single
screw extruder operating at 60 rpm. Samples were taken after the first, third, fifth and seventh extrusion
cycles and their tensile properties and morphology were determined. Scanning electron microscopy
indicated that two phases were observed in the blend which showed spherical PHB domains. The addition
of clay, PP-g-MA and erucamide improved the adhesion between the nanocomposites components.
X-ray diffraction analysis showed that crystallinity tended to increase with the number of reprocessing
cycles for all systems investigated up to the fifth cycle and then tended to decrease. A 10% crystallinity
increase was observed for neat PP in the fifth cycle. In general, the tensile properties of all systems
decreased with reprocessing and the highest losses were observed for the PP/PHB blend after seven
processing cycles with 50% and 37% decreases in stress at break and elastic modulus, respectively.
Impact strength of the PP matrix and of the PP/PHB blend tended to decrease with reprocessing, except
for the nanocomposite which showed a slight increase especially after the seventh processing cycle
in which an 18% increase in impact strength was observed.
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1. Introduction

Polymer consumption increases annually due to properties
such as low density, easy processing and a wide range of
applications. However, considering that the majority of
petroleum-derived polymers degrade very slowly and most of
these products improperly disposed, environmental problems
arise with their use and disposal. Different policies have
been adopted for the management of plastic waste, such
as the reuse and recycling of these materials. Mechanical
recycling is the most widely used alternative, mainly because
it generates jobs and income and the reintroduction of the
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raw material reduces the use of virgin polymer , energy
consumption, extraction of fossil inputs and carbon dioxide
(CO,) emissions'*.Trends on current production and waste
management indicate that by the year 2050, approximately
12,000 tonnes of non-biodegradable polymer waste will be
disposed of in landfills® and that, on a global scale, only less
than 10% of the polymers produced will have undergone
some type of recycling®.

Developments in the area have led to other alternatives for
environmental impact reduction caused by the inappropriate
disposal of polymers that are not degraded by microorganisms
in a short time interval. Since 1960, the high cost associated
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with the synthesis and development of new monomers
has steered scientist to develop new materials with good
performance and viable costs for industrial applications. This
has led to systems based on polymer blends’. The combination
of properties from the individual components composing the
blend as well as the requirements for specific applications,
have enhanced the use of these mixtures in a wide range of
applications, such as in the automotive, aeronautical and
packaging sectors®. Currently, considering environmental
concerns, blends that include the partial or total replacement
of traditional polymers by biodegradable ones are on the
rise as they not only increase their application range but
also improve the resulting material’s biodegradability®.
An example of a polymer synthesized from renewable
resources is polyhydroxybutyrate (PHB). The literature on
blends that associate polymers from fossil sources with those
of natural origin is vast, integrating the search for alternatives
capable of combining biodegradation and recycling.

Polypropylene (PP) stands out among polymers from
fossil sources that can be recycled and form blends with
potential for biodegradation. PP is one of the most used
industrial polymers in the world. In 2018, 19% of the world’s
plastic production was PP. The main reasons being its low
cost and good set of mechanical properties that allow a
wide spectrum of applications'’. Many polymers have been
developed from biodegradable resources and among those,
PHB is one of the most promising for blending not only
due to its high rate of biodegradation - around 3 months
after being buried in simulated soil - but also because its
processing conditions are similar to those of conventional
polymers. PHB can be produced by fermentation of bacteria
or fungi and was discovered in 1920 as a storage material
for carbon and intracellular energy accumulated in several
microorganisms, such as the bacteria Alcaligenes eutrophus,
Bacillus and Pseudomonas®. Based on demand, it is more
advantageous to use it in polymer blends to provide improved
properties instead of using it neat''. Some works have
proposed the development of blends based on PP and PHB
as a strategy to improve the biodegradation performance of
the resulting material.

Santos et al.!> produced PP/PHB blends aiming at
improving toughness and processability, as well as employing
oxidizing additives to increase the degradability of PP after
disposal. The synergistic effect that occurred in these blends
was attributed to the acceleration of PHB degradation by
oxidized PP. Fonseca et al.' incorporated titanium dioxide
(TiO,) nanoparticles as a pro-degrading agent in the PP/ PHB
blend and observed that TiO, was able to act as a pro-degradant
and improve some of the blend’s mechanical properties.

Considering that polymer mixtures tend to have immiscible
morphologies due to thermodynamic limitations and that
morphology strongly affects mechanical performance,
compatibility becomes a fundamental concern in polymer blends.
Sadi et al." studied the effect of several compatibilizers on
the morphology and mechanical properties of PP/PHB blends
and concluded that the compatibilizers efficiency decreased
in this order: P(E-EMA-GMA) > P(E-MA) > P(E-GMA) >
PP-MAH, producing systems with PHB phase refinement,
which led to superior properties. In order to improve the
performance of polymer blends and meet the demands for
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materials with improved properties, other components, such
as organophilic clays, may be added to the mixture to produce
nanocomposites with improved physical and mechanical
properties. Montmorillonite is the most widely used inorganic
filler for the production of polymer nanocomposites. It is the
main component of bentonite clay which can be chemically
modified (organophilized) and incorporated into polymers by
conventional processing routes. Nanocomposites usually are
produced at low filler levels (<10%). The insertion of clay in
polymer systems can favor mechanical recycling cycles and
help to maintain other properties of the material. However,
studies on nanocomposite systems based on polymer blends
are not as common.

The aim of this work was to evaluate the recyclability
potential of a PP/PHB blend and its nanocomposite having an
organophilic montmorillonite as reinforcement. The present
work also proposes the combined use of a polar agent
(Erucamide) used in the industry as a lubricating agent, in
addition to PP-g-MA as a new compatibilizer system, The
idea being that this system would help to better disperse the
clay filler, promote greater polymer/filler compatibility and
hence improve nanocomposite performance. The influence
of repeated processing (up to seven extrusions) on the
morphology (XRD and Scanning Electron Microscopy- SEM)
and mechanical performance (tensile and impact) of the
blend and nanocomposite were investigated.

2. Experimental

2.1. Materials

The PP resin used in this study was the copolymer
RP 347 (Braskem S/A), with a melt index of
10 dg.min"! measured at 230 °C with a 2.16 kg weight,
as per standard ASTM D1238'5, according to the
manufacturers data sheet. The biodegradable polymer
was PHB (PHB Industrial S/A), with a melt index of
40 g.10 min' at 190 °C/2.16 kg. The filler was organically
modified montmorillonite, commercially known as Cloisite
20A (Southern Clay Products). The compatibilizer was
PP-g-MA, a functionalized poly(propylene) (maleic
anhydride-grafted propylene) manufactured by Chemtura
under the commercial name of Polybond 3200, with a
melt index of 115 dg.min"'. Another additive used as
a co-intercalator was cis-13-docosenamide (C,,H,NO,
molar weight M = 337.6 g.mol™'), commonly known as
erucamide, with the commercial name of Armoslip E
Powder (Akzo Nobel).

2.2. Processing of the blend and nanocomposite

The neat polypropylene and the PP/PHB blend were
processed directly in a single-screw extruder. Processing
of the nanocomposite was performed in two steps. First a
PP-g-MA/Eru/organoclay masterbatch was prepared in an
internal mixer followed by dilution with PP and PHB in a
single-screw extruder.

Components were identified as: neat polypropylene (PP),
polyhydroxybutyrate (PHB), organophilic clay (MMO),
maleic anhydride grafted compatibilizing agent (gMA) and
erucamide (Eru).
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2.3. Masterbatch preparation (MMO /gMA/Eru)

In order to promote organoclay incorporation in the
polymer matrix, a masterbatch containing organophilic
montmorillonite (Cloisite 20A), PP-g-MA (Polybond 3200)
and erucamide was prepared in a Haake Rheomix 3000 internal
mixer operating with high-intensity rollers at 190°C and
60 rpm for 7 min.

2.4. PP/PHB/MMO/gMA/Eru nanocomposite
processing

The masterbatch obtained in the internal mixture was
used to produce the nanocomposite by diluting it in PP
and PHB to the desired concentration (74.5% PP/ 15%
PHB/5% MMO/5% gMA/0.5% Eru, w/w) in a bench-top
single-screw extruder (AX Plasticos Lab 16) operating
with a temperature profile of 175, 180 and 190 °C, and
60 rpm screw speed. Seven consecutive extrusion cycles
were performed, and the material output of the first, third,
fifth and seventh cycles was collected, pelletized and
characterized.

2.5. PP/PHB blend processing

PHB was dried in an oven at 60 °C for 4 h prior to
processing. Then, PP and PHB (85/15 w/w) were tumble
mixed and extruded under the same conditions in the
equipment previously described in “PP/PHB/MMO/gMA/Eru
nanocomposite processing”.

2.6. PP processing

In order to assess the effect of recycling on its properties,
PP was reprocessed for up to seven extrusion cycles under
the same operational conditions and equipment previously
described for the other systems for comparison purposes as
PP is the major constituent of the blend and nanocomposite
manufactured here (in a bench-top single-screw extruder
(AX Plasticos Lab 16) operating with a temperature profile
of 175, 180 and 190 °C, and 60 rpm screw speed).

2.7. Molding

After being pelletized, neat PP, the polymer blend and
the nanocomposite were dried in an oven at 70 °C for 7 h
after the first and third extrusion cycles and for 24 h after
the fifth and seventh extrusion cycles. Then, specimens were
compression molded for tensile and impact strength tests
according to ASTM D638'¢ and ASTM D256'!” standards,
respectively.

The images of the specimens were captured using a
Smartphone Samsung, Model Galaxy J4 (13 megapixels).

2.8. X-ray diffraction

The degrees of crystallinity of the reprocessed neat PP,
blend and nanocomposite samples were assessed by XRD
(Shimadzu, model XRD 6000). The source of the incident
radiation was Cuk, with a wavelength of 0.154 nm. Data
were collected at a scanning rate of 2°.min"' and an angular
range (20) of 5 to 45°. The materials were analyzed as
traction specimens. The degree of crystallinity was calculated
according to the method described by Ruland'® (Equation 1):

Ic

(Ie+K1,)

%IC = x100 (1)

Where %C is the percentage of crystallinity, /, is the area
under the amorphous halo, I, is the result of the integration
of the diffraction peaks or the area of the crystalline peaks
and X is a proportionality constant for each polymer, equal
to 0.98 for PP and 0.96 for PHB. In order to determine the
areas of the crystalline peaks and the amorphous halo, the
diffractograms were deconvoluted using the Fityk computer
program with a Gaussian fit.

For the blend and the nanocomposite, /, and I, have
crystalline and amorphous phases corresponding to PP
and PHB. Theoretical values for the degree of crystallinity
(% ICcal) were estimated by the additivity (Equation 2)":

%ICeal =%ICpp.f,, +%ICouz (1= 1) (2)

This equation was used to correct the degree of crystallinity,
where fp, is the PP weight fraction and ICpp and ICpy; are
the degrees of crystallinity of PP and PHB, respectively.

2.9. Morphological analysis

Morphological analysis was performed by SEM on the
specimens fractured in the impact tests. The device used was
a Shimadzu SSX-550 operating under a nitrogen atmosphere
with a tungsten filament. The samples were gold sputtered,
with a current of 10-15 mA for 2 min per sample.

2.10. Mechanical analysis

Tensile tests were performed according to the ASTM
D638 standard in a universal testing machine (EMIC
model DL 30000) operating at room temperature and a
displacement rate of 50 mm.min"'. The results were reported
as the average of six measurements. [zod impact tests were
performed according to the ASTM D256 standard in a Ceast
model Resil 5.5 instrument operating with a 2.75 J hammer.
The samples were notched to a 2.5 mm depth before testing.
The average results for eight specimens were reported.

2.11. Statistical Analysis

The statistical technique of Analysis of Variance (ANOVA)
was used to determine if there is a significant difference
between the results presented for each composition (neat
reprocessed PP, blend and nanocomposite) as a function of
reprocessing cycles (1 to 7). The Tukey multiple comparison
test between each pair of averages was also calculated. That
is, averages were compared for each pair of compositions
and for each pair of reprocessing cycles. In this study, a
significance level of 5% was adopted

3. Results and Discussion

3.1. Processing of the PP, the blend and the
nanocomposite
Figure 1 shows images of the reprocessed neat

PP, PP/PHB (85/15) polymer blend and nanocomposite
specimens, respectively. All the materials have a smooth and
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homogeneous surface. As the number of cycles increases,
the color of all specimens intensifies. The neat PP specimen
changes from translucid to light yellow and the blend and
composite from light yellow to a brownish color. As shown
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Figure 1. Reprocessed (a) pure PP, (b) PP/PHB blend and (c)
nanocomposite.
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Figure 2. Clay (Cloisite 20A) and concentrate (masterbatch) of
MMO/gMA/Eru XRD patterns.
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in the following figure, color change is the first sign that
degradation is taking place.

Polymer degradation may lead to color changes caused by
chain scission and the formation of chromophores (De Paoli*).
During extrusion, polymers are subjected to heating and shear
over a period of time which may initiate degradation reactions.
Yellowing is typical of thermomechanical degradation.
Our results indicate that all systems investigated (neat PP, the
PP/PHB blend and the compatibilized PP/PHB/Organoclay
nanocomposite) degraded with the reprocessing cycles, which
is more evident for each material after the seventh cycles.
Thermal heating can cause chain scission and the formation
of radicals which in turn can then abstract hydrogen from a
tertiary carbon in a PP chain to generate a PP macroradical.
The macroradical can undergo B scission, which causes the
formation of a double bond in the B position resulting in a
reduction in molecular weight®!. This reduces the thermal
and color stability of the materials, which would explain the
color changes in the reprocessed systems.

The color change of the compatibilized nanocomposite
with the number of extrusion cycles was slighter than those
observed for PP and the blend. This was attributed to the fact
that the organoclay is more thermally stable than the polymers
used at the processing temperatures adopted. The PP-g-MA
compatibilizer present in the nanocomposite acts of the
silicate layer surfaces and chain scission of the anhydride
group is reduced in the presence of montmorillonite particles.

3.2. X-ray diffraction

Figure 2 shows the XRD patterns obtained for the
organophilic montmorillonite (Cloisite 20A) and for the
masterbatch of MMO/gMA/Eru.

The effect of the erucamide and the PP-g-MA
compatibilizer on the clay structure can be observed in
Figure 2. The influence of polymer intercalation on the
arrangement of silicate layers is indicated by changes in
the intensity, shape and peak positions of basal reflections.
Here, a shift of the main peak of the organoclay to smaller
angles was observed. This is taken as an indication that
the polymer chains were introduced between the lamellae
of Cloisite 20A clay resulting in an increase of the basal
interplanar distance d (001) from 2.43nm to 3.59 nm. These
results correspond to the formation of an intercalated structure
at this stage of processing, which facilitates the formation
of a dispersed phase nanocomposite. These results are in
agreement with those of Alves et al.??, who investigated the
influence of different contents of PP-g-MA and erucamide
on the characteristics of PP/clay nanocomposites. Those
authors observed that the PP-g-MA incorporation led to an
increase in the basal interplanar distance of all composites
and that intercalated structures were obtained.

Ratnayake et al.>> also observed increases in the basal
interplanar distance and the appearance of the second peak
in composites based on poly(propylene), organophilic clay,
a PP-g-MA compatibilizer and erucamide. These authors
reported that at low quantity the erucamide molecules are
trapped inside the clay and do not migrate to the surface.

Figure 3 shows the XRD patterns of pure PP, the PP/PHB
blend and the PP/PHB/MMO/gMA/Eru nanocomposite after
each reprocessing condition.
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Figure 3. XRD patterns of pure PP, the PP/PHB blend and the PP/PHB/MMO/gMA/Eru nanocomposite after each reprocessing condition.

Table 1. Effects of reprocessing cycles on the degree of crystallinity of the systems investigated.

Cycle Neat PP Blends Nanocomposites
Crystallinity (%IC) Crystallinity (%IC) Crystallinity (%IC)
1 cycle 52.73 a 50.79 b 49.70 b
3 cycles 57.43 a 54.34b 51.45b
5 cycles 58.64 a 5493 b 52.82b
7 cycles 56.69 a 49.68 b 49.54b

Averages having the same index are not statistically diferente among each other according to the Tukey test t 5% probability.

The diffraction patterns of the neat PP shows the
presence of monoclinic crystals characteristic of the PP
alpha form, with peaks at 20: 13.82°, 16.66°, 18.44° and
21.70°, corresponding to planes (110), (040), (130) and
(111), respectively®*?’. Reprocessing did not result in
nucleation of the beta and gamma phases of PP which are
associated to the impact strength of this polymer. However,
as the number of extrusion cycles increased, a reduction in
the intensity of the diffraction peaks of neat PP as well as
a displacement to lower angles was observed. This shows
that the amorphous portion of polypropylene under the
adopted processing conditions is reduced and indicates
that thermomechanical degradation reduces the polymer
molar mass, favors spherulitic nucleation and affects crystal
morphology®. Figure 4 shows the diffractograms of the
reprocessed PP/PHB blend and of the neat PHB before the
reprocessing cycles (upper right corner).

In the case of the PP/PHB blend, the diffraction peaks
for PP were found at 20: 13.54°, 16.43°, 18.17° and 21.34°,
and for the PHB, two intense peaks are observed at 20 equal
to 13.30° and 16.76° and peaks of intermediate intensities

21.86°,22.38° and 25.37%-3!, According to Thiré et al.?, the
diffraction profile of neat PHB sample shows well-defined
peaks at 20 equal to 13.6°, 17.1°, 21.7°, 22.7° and 25.6°,
corresponding to, respectively, reflections (020), (110),
(101), (111) and (121) of the orthorhombic unit cell of PHB.

Peaks similar to those of the neat PP and the blend are
observed in the nanocomposite diffractogram. The XRD
diffractograms of all the materials investigated show well-
defined peaks and no significant changes in the positions
of the peaks with reprocessing cycles. An increase in the
intensity of the peaks from the first to fifth cycles and a
reduction of the intensity in the seventh cycle of reprocessing
is observed. This behavior may be related to a change in the
materials crystallinity. To investigate possible changes in
the materials crystallinity, a deconvolution of the crystalline
peaks was performed, and the degree of crystallinity was
calculated by the Ruland method. The results obtained are
shown in Table 1.

Our data shows that, in general, the degree of
crystallinity depended on number of extrusion cycles
and system composition. According to the results of
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Figure 4. Micrographs of the blend with 1 reprocessing cycle (a), with 3 reprocessing cycles (b), with 5 reprocessing cycles (c) with 7

reprocessing cycles (d).

ANOVA and Tukey’s test, there is a significant difference
in the crystallinity index values (% C) between neat
PP and the blend (p-value <0.05) and between neat PP
and nanocomposite (p-value) <0.05). Among the three
formulations, neat PP had the highest degree of crystallinity
in all extrusion cycles. Table 1 shows slight crystallinity
increases until the fifth cycle and that a crystallinity
reduction is observed in the seventh cycle for all systems
investigated. The differences in the mean degree of
crystallinity between the seventh cycle and cycles 1,
3 and 5 are not significant (p-values> 0.05). The increase
in crystallinity can be attributed to thermomechanical
degradation of PP and PHB chains resulting in chain
scission, a reduction in polymer molar mass resulting
in increased chain mobility and crystallization during
cooling. The shorter polymer chains can form crystals
more easily and thus the crystallinity increases. This
increase in crystallinity with reprocessing is consistent
with the literature’>-® and this phenomenon is also known
as chemicrystallization process.

For comparison, the crystallinity of unprocessed neat
PHB was calculated according to the Ruland method, and
a degree of crystallinity of 66.7%, in agreement with the
literature®® was obtained, which indicates that the method
adopted leads to trustworthy results. The results in this work
indicated that the neat polymers have a higher crystallinity
than the mixtures (blend and nanocomposite). That is,
the addition of materials to the polymer matrices reduces
crystallinity, which is in agreement with the findings in
the literature.

The crystallinity reduction observed in the seventh
reprocessing cycle may be associated to excessive
thermomechanical degradation of the materials were
reprocessed seven times.

3.3. Scanning electron microscopy

Figure 4 shows the micrographs of the reprocessed blend.
The images are of the fractured surfaces of the specimens,
with 2000x magnification.

The micrographs shows two phases: a continuous one
of PP and a dispersed one with spheroidal morphology
(indicated by arrows), considered to be the PHB phase.
Therefore, its phase assumes a spherical form, which is
more stable because of the lower surface tension and is kept
dispersed in the PP matrix.

The PP/PHB mixture had a morphology typical of an
immiscible mixture with a weak adhesion between the
phases which is attributed to differences in polarity and
chemical structure. The voids that appear in the micrograph
are a result of the separation of the blend components
when the impact force is applied, an indication of a weak
interphase interaction*®*!.A similar behavior was reported
by Pachekoski et al.*, who examined PHB/PP mixtures
after processing. Other studies report the immiscibility of
polymer blends of morphologies similar to the one found
in this research*43-4,

It can be observed that the size of the PHB phase increases
with the number of reprocessing cycles, which is more visible
in the seventh cycle (Figure 4d). These results are thought
to indicate that the intense shear causes the coalescence of
the PHB phase in the blend.

Figure 5 shows the micrographs of the reprocessed
nanocomposite. The images are of the fractured surfaces
of the specimens, with 2000x magnification.

Different from the blend, the nanocomposite exhibited a
more homogeneous morphology with a significant reduction
of'the size of the PHB phase. It was still possible to observe
small voids characteristic of PHB in the first cycle. However,
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Figure 5. Micrographs of the nanocomposite with 1 reprocessing cycle (a), with 3 reprocessing cycles (b), with 5 reprocessing cycles
(c) with 7 reprocessing cycles (d).

the morphology becomes more homogeneous with the 35
additi9na1 reprocessing chles unt‘il the. PHB dgminions in E’end

the mixture are nearly imperceptible in the micrographs. 30 Nanoeomposis
The changes in nanocomposite morphology are related to

the incorporation of organophilic clay, primarily through the
action of the compatibilizer and the erucamide, which were
added to improve the interaction of the clay with the polymer
matrices. This addition reduced the size of the different phases,
as shown in the micrographs. Similar results regarding the
reduction of the domains in the blend were reported by
Anadido*®, Coelho and Morales*’ and Ferreira et al.* when
a single compatibilizer was used.

Here, it could be observed that for both the blend and 7 .%
the nanocomposite there was no significant change in the 1 cycle
morphology over the cycles. There was a reduction of the Extrusion cycles
domains of the different phases but, in general, reprocessing  Figure 6. Tensile strength at break.

did not change the morphology of the recycled material.

The main difference here is that a second additive, erucamide, —Jep
commonly used as lubricants in the production of polymeric Blend
films, was used and seemed to enhanced the compatibility % % Nanocomposite
between the components. That is, the compatibilizer improved
the adhesion of the phases, which resulted in the reduction
of'the size of the PHB-rich phase and the control of the size
distribution of the dispersed phase.
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3.4. Mechanical properties

Elastic modulus (MPa)
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The mechanical properties of polymer systems can
be influenced by factors such as processing conditions,
molecular weight, degree of crystallinity, composition and the
polymer/filler interaction. In our study, the organoclay acts 0
as the reinforcement, and the filler/matrix interaction of the
nanocomposite has a strong influence on the characteristics Extrusion cycles
of their interface®. Figure 6 and 7 shows the values of tensile ~ Figure 7. Elastic modulus.
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strength at break and elastic modulus obtained from the tensile
tests of the reprocessed pure PP, blend and nanocomposite.

Tensile test results indicate that the number of extrusion
cycles generally had little influence on the mechanical
properties of PP. The values were similar over the reprocessing,
(p-value > 0,05) and cycles (p-value > 0,05), with a slight
reduction in the number of cycles. For the nanocomposite,
the incorporation of clay, PP-g-MA, and erucamide in the
blend resulted in a small increase in the strength at break
compared to that of neat PP and the blend. The change
in nanocomposite morphology may have influenced the
materials mechanical properties, considering that they are
more homogeneous than the blends.

In addition, considering the experimental spread, the
values remained practically unchanged over the reprocessing
cycles, except for the fifth cycle, which had the lowest value.
In the case of the blend, after considering the experimental
error, the first cycle had the highest values, which decreased
with the further reprocessing. This reduction can be explained
by chain scission caused by degradation undergone by the
blend during reprocessing. Tensile strength is one of the
properties most strongly affected by chain scission promoted
by consecutive extrusion cycles. The reason for this is that
chain scission occurs at the amorphous regions, where
ties molecules are located in semicrystalline polymers and
these molecules are the ones responsible for the mechanical
integrity of semicrystalline polymers®>.

The elastic modulus is associated with stiffness. That is,
the higher that the modulus is, the more rigid the system.
Figure 7 shows that the elastic modulus of neat PP remains
unchanged until the fifth cycle and only decreases on the
seventh extrusion. Since color did change which indicates
that chain scission was taking place, this is attributed to
an increase in PP crystallinity, making the material more
rigid and compensating for a reduction in molar mass. This
indicates that thermomechanical degradation is controlled
by both an increase in crystallinity increase and the insertion
of defects in the amorphous chains®*>'53.

A reduction of the elastic modulus of the pure polymer is
observed in the seventh cycle, which can be explained by the
observed reduction in the degree of crystallinity determined
by XRD. Oliveira et al.?® suggested that a reduction of the
interaction between the amorphous and the crystalline
phases reduces the stiffness of consecutively reprocessed
poly(propylene).

The blend had a much higher elastic modulus than neat
PP (p-value < 0,05). The material becomes more rigid with
PHB incorporation, and although the stiffness decreases
with the number of reprocessing cycles, the values are still
higher than those of neat PP for all the cycles. Considering
that the crystallization temperature of PHB is close to room
temperature, its degree of crystallinity increases with time,
which restricts the mobility of the amorphous phase and
turns PHB brittle>. This brittleness may cause the increase
in elastic modulus of the polymer blend.

Therefore, the elastic modulus and the degree of crystallinity
linearly increase. That is, the stiffness of the material increases
with increasing crystallinity. The XRD analyses shows a
crystallinity increase until the fifth reprocessing cycle of
all the materials. Therefore, the increase in the materials
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stiffness corroborates the increase in crystallinity observed
in the compounds.

For the nanocomposite, there was a small increase in
the elastic modulus of the reprocessed materials compared
to that of the neat polymer. This increase, however, was
not significant (p-value > 0,05). Botana et al.>> developed
nanocomposites with PHB and montmorillonite prepared
by melt intercalation. The authors noted that the use of
organo-modified clay resulted in an increase in crystallinity
and a decrease in the size of the spherulites and that this
morphology contributed to increasing the elastic modulus
of the system.

Moreira et al.* assessed the effect of compatibilizers
and a co-intercalator on the morphology and mechanical
behavior of poly(propylene)/organophilic clay at different
proportions. The authors observed that the nanocomposites
with PP/5SA/5SMA/0.5E displayed an increase in their elastic
modulus compared to the pure polymer and attributed this
outcome to better filler dispersion and structural type. The effect
of the addition of the compatibilizer (PP-g-MA) and of the
co-intercalator (erucamide) to maximize the compatibility
between the filler and the polymer matrix in PP/organophilic
clay systems was investigated by Silva et al.®.

Alves etal.”? studied nanocomposites based on polypropylene
homopolymer/organophilic clay in the presence of PP-g-MA
and erucamide at different proportions. Authors noted that
the elastic modulus of PP-g-MA/PP blends was higher than
that of the neat homopolymer and that the addition of clay
and compatibilizer led to an increase in the elastic modulus
compared to that of the PP/PP-g-MA blend. This outcome
indicated that the addition of compatibilizer enhanced
polymer/clay interaction through a higher intercalation in the
clay. The same authors noted discrete increases in the elastic
modulus of the systems with the incorporation of erucamide.
They also noted that the tensile strength was affected by the
incorporation of clay, compatibilizer and co-intercalator,
although with less intensity. Low contents of organoclay
incorporation together with the compatibilizer helped to
maintain the tensile properties of the reprocessed systems.

Figure 8 shows the impact strength values for the neat
PP, blend and nanocomposite as a function of extrusion
cycles. Results indicate that there was a significant difference
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Figure 8. Impact strength.
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between the impact strength of the neat reprocessed PP and
those of the blend and nanocomposite (p < 0,05).

The data obtained showed that only neat polypropylene
had a non-significant reduction in impact strength (p-value>
0.05) up to five extrusion cycles. The impact strength of
the blend was significant lower than that of PP which was
attributed to low compatibility of the blend as well as to the
incorporation of a rigid PHB phase. Reprocessing hardly
changed the blend’s impact strength.

As expected, the impact strength of the nanocomposite
was lower than neat PP, which was attributed to the organoclay
reducing the mobility of the polymer molecules®’. The impact
strength of the nanocomposites was higher than that of the
blend, particularly at higher reprocessing cycles. It was
expected that filler addition would lead to stiffening of the
system and lower impact strength. The observed behavior is
attributed to the finer morphology and reduced crystallinity
as observed by SEM and XRD.

In summary, the properties of the nanocomposite were
not changed or displayed insignificant losses with the number
of cycles, which indicates the excellent stability of these
materials. Similar results were reported by Touati et al.* and
Thompson etal.”’, who assessed the influence of four reprocessing
cycles of PP/PP-g-MA/Cloisite 15A nanocomposites in an
internal mixer operating for 10 min at 50 rpm. According
to those authors, the increase in the number of reprocessing
cycles did not significantly affect the mechanical properties
of the nanocomposites, and the dispersion improved with
the number of cycles. The matrix exhibited the opposite
behavior and suffered intense degradation in the fourth cycle.

Our data indicates that he addition of clay and compatibilizer
to nanocomposites is benficial and is reflected in the discrete
improvement or preservation of the mechanical properties
after reprocessing.

4. Conclusions

APP/PHB blend and a nanocomposite based on this blend
were extruded for up to 7 times and the effect of reprocessing
on their morphology and mechanical performance was
investigated. Reprocessing led to an increase in crystallinity
up to the fifth cycle and the SEM analysis revealed the
typical morphology of immiscible blends with two phases.
The nanocomposite displayed a reduction on the size of the
dispersed phase which was associated with the influence of
the clay, compatibilizer and lubricant (erucamide). The blend
showed greater variation in stiffness compared to the other
compositions investigated up to the fifth extrusion cycle.
The toughness of the blend and nanocomposite was significantly
lower than that of neat PP and did not significantly change
with consecutive extrusions. Our data indicates that the
PP/PHB blend and nanocomposite obtained are viable for
recycling purposes as their properties did not significantly
change with up to seven reprocessing cycles.
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