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Introduction:-

With the increasing usage of polymers, dwindling petroleum resources and high oil prices, there is the search for
alternative virgin polymers. This search will also consider the financial viability of materials rather than produce
them from raw materials. Recycling is a viable alternative to reduce the disposal of plastic products which
contributes significantly to the negative environmental impact. Among all polymers, polypropylene (PP) is one of
the most common plastic materials that is being used in various applications [1]. Therefore, annually,millions of tons
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of PP materials are discarded as wastes and they are required to be recycledin orderto reduce plastic waste.
However, during the recycling process, polypropylene undergoes various operations that bring out several
modifications in the molecular structure. As a result, the mechanical, thermal and melt flow properties of the
recycled products and their structural organization are quite different when compared to those composed of virgin
material [2]. Several approaches have been made to improve the processability, mechanical and thermal properties
of therecycled PP. These include: blending with the other polymers, addition of reinforcing agents, such as:
nanofillers, natural fibers and other reinforcing fillers.

Recycled PP has been blended with virgin PP in order to improve its mechanical and thermal properties. Raj et al.
reported that a 10% virgin PP was the best combination to improve the mechanical properties of the recycled PP [2].
Sawdust has been used to improve the impact strength of the recycled PP [3]. Recycled PP were also utilized to
produce co-composites with kenaf fiber [4]. In addition, secondary fiber (from the paper industry) reinforced
recycled polypropylene composites have been successfully processed by extrusion by using 2% maleic anhydride
modified polypropylene that acts as an efficient compatibilizer and promotes interfacial adhesion between secondary
fiber and recycled polypropylene [5]. Besides that, nano CaCO; filler was also utilized to improve the mechanical
and thermal properties of recycled PP [6].However, for the first time,Boehmite aluminawas used as a filler to
improve the mechanical and thermal properties of recycled PP. Boehmitealumina(BAL) with chemical composition
AIO(OH) is an inexpensive nanofiller and it can also be produced synthetically,in particulates form, with different
aspect ratios. Boehmite nanocomposites with recycled LDPE has already been reported in a previous study [7].

The main objective of this study is to use low cost boehmitenanofiller as a reinforcing agentin order to improve the
properties ofthe recycled PP, using a melt compounding technique and to investigate the effect of the recycled PP
and BAL loadings (ranging from 1 and 5 wt%) in order to get a better dispersion of BAL in the recycled PP matrix.
Moreover, the influence of BAL on the structure, thermal and mechanical properties oftherecycled PP was
investigated in detail by using different techniques.

Experimental:-

Materials:-

The recycled polypropylene was obtained from R.K. Polymers, South Africa. The BAI powder containing 80%
Al,Oz used is a commercial product manufactured by SASOL, under the trade name Disperal 40. With several years
of experience, SASOL developed this product that is not only high in dispersibility, but also with significantly
lowlevels of common impurities, such as: iron, sodium and silica.

Processing of recycled PP/ Boehmite aluminananocomposites:-

PP/BAL nanocomposites were preparedby using an extruder, equipped with co-rotating twin-screws. The processing
temperature was 165°C and the screw rotation speed of the microextruder was fixed at 100 rpm. After the fixed
processing time (2 min) in the micro-extruder, the molten mixture was transferred to a pre-heated micro-injection
moulding machine. The injection mould temperature was maintained at 40°C. Finally, the specimen was conditioned
according to ASTM standards, prior to testing. In order to investigate the performance of the nanocomposites, the
loading of the BAL in the recycled PP matrix was varied from 1 to 5wt.%.

Mechanical Properties:-

Tensile testing of the composite specimens was carried out by using a UTM (Universal Testing Machine), Instron
3382 instrument, as per the ASTM D638. For this, rectangular specimens (2.54 x 15 cm) from each sample were
stretched at a cross-head speed of 50 mm/min. Ten replicates were tested for each sample and the average values are
presented.

Morphology Analysis:-

The microstructure of the surface of the tensile fractured composites was observed using a Field Emission Scanning
Electron Microscopy (FE-SEM) (S-4800, Hitachi Co., Ltd., Matsuda, Japan), operated at an accelerating voltage,
Vaee 0f 10 kV and a current, Ie of 10 pAwith samples coated in vacuum with sputter of Os. The morphology of BAL
was observed using a Transmission electron microscope (TEM) (JEM-2100F, JEOL, Japan).
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Differential Scanning Calorimetry (DSC):-

The thermal properties of the samples were determined using a DSC 22 System, Seiko Instruments, Inc., Japan. The
heating rate used was 10°C/min,in a temperature range of between 30-300°C under nitrogen atmosphere. The
percentage crystallinity was determined using the following equation (1).

X(%Crystallinity) = [(AHy-AH)/AHpo] #100%  =----m- (@h)
whereAH,, is the enthalpy heat of fusion and AH, is the heat of cold crystallization (in J/g). The term AHp, iS a
reference value and represents the enthalpy heat of melting of an “ideally” 100% crystalline polymer.

Thermo-gravimetric analysis (TGA):-

The thermal stability of the recycled PP and recycled PP/nanocomposite samples was determined with
athermogravimetric analyzer (TGA, Mettler Toledo, Schwarzenbach, Switzerland). About 5 mg of each sample was
heated from room temperature to 600°C at a heating rate of 10°C/min under a nitrogen flow rate of 50cm®min.

X-ray diffraction (XRD):-

X-ray diffraction (XRD) pattern of the BAL was analyzed by using a PANalyticalXpert pro MRD diffractometer
(Amsterdam, Netherlands). The XRD spectra were recorded using aCu-K, radiation (wavelength of 0.1546 nm) with
a nickel monochromator filtering wave at a voltage and current of 40 kV and 30 mA, respectively. The diffraction
patterns were obtained at diffraction angles between 5° and 70° at a scanning rate of 0.4°/min at room temperature.

Results and Discussion:-

TEM and X-ray diffraction analysis of BAL:-

The morphology of BAL nanopowder are shown in Fig. 1 (a). TEM images of the BAL exhibited some hexagonal,
flake and rod-like shapes. It can also be observed that the BAL is slightly aggregated, with some particles clustered
to each other. This slight aggregation of nanoparticles may be due to the drying process during the sample
preparation. These self-aggregated nanoparticles are expected to be separated during the melt-mixing with the
recycled PP. The crystalline structure of BAL nanopowder was observed by doing the XRD analysis. Fig. 1(b)
shows the XRD pattern of BAL nanopowder. From the X-ray diffractogram of BAL nanopowder, intense peaks (hkl
plane) at 20 = 14.7°, 28.5°, 38.6°, 49.5° and 55.5° were recorded, which indicate the presence of typical
orthorhombic crystalline form of BA [7-8].
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Fig. 1:- (@) TEM micrograph and (b) XRD patterns of BAL nanopowder.
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Tensile properties:-

The effect of BAL nanofiller content on the tensile properties of the recycled PP matrix is presented in Table 1. The
mechanical properties of the recycled PP/BAL nanocomposites are significantly changed after blending with the
BAL and the properties are influenced by the amount of the BAL nanopowder inclusion. The tensile strength
increased from 18.4+2.3 MPa of the neat recycled PP to 22.3+1.2 MPa with 3wt% addition and then decreased with
further addition of the BAL nanofiller. However, the strength of the recycled PP nanocomposites (with the highest
amount of the BAL) is still higher than that of the neat recycled PP. The increased tensile strength of PP/BAL
nanocomposites may be due to the better dispersion of BAI in to the PP matrix.

However, such reinforcing effect of the BAL nanopowder was reduced at high level of BAL additions (3 to 5 wt%).
This is probably due to the formation of aggregation of the BAL at higher loading. Above 3 wt% of BAL loading,
the interaction between the BAL nanopowder and polymer matrix is due to the non-uniform stress distribution in the
composite, which consequently reduced the strength of the recycled PP nanocomposite. The tensile test result
suggests that there is an optimum concentration of the BAL nanopowder in order to induce maximum increment of
the strength of the recycled PP nanocomposite.

Table 1:- Tensile properties of PP and PP/BAL nanocomposites

Composites TS (MPa) T™ (MPa) EB (%0)

PP 18.4+2.3 91.8+40.6 522+121
PP/BAL1% 21.3+1.6 157+10 775+95.2
PP/BAL2% 21.1+15 161+18.6 748+72.2
PP/BAL3% 22.3+1.2 184+16.8 657+81.8
PP/BAL 4% 21.7+1.6 184.3+27 681+112
PP/BAL5% 20.5+0.9 166+13 719+59.5

The tensile modulus (TM) of the recycled PP nanocomposites, which measures the extent or degree of stiffness of a
plastic, also increased linearly with increasing concentration of BAL, up to 4 wt%. The stiffness of the recycled
PP/BAL nanocomposites increased by 101% more than the neat recycled PP,when 3 and 4 wt% of the BAL were
included. Streller et al. reported that the moduli of boehmite aluminareinforced recycled PP nanocomposites are due
to the increased stiffness [9]. The elongation-at-break (EB), which measures the flexibility or ductility, of a material
also varied, depending on the content of BAL. The pattern of change in the EB of recycled PP/BAL nanocomposites
was similar to that of the tensile strength (TS), namely, it increased with increase in the content of BAL up to 5 wt%.
The main advantage of the addition of BAL in the recycled PP is that there is no reductionin the EB, even at 5
weight % loading, which was reported by Svoboda et al. for similar nanocomposites [10]. Usually, the decrease in
the flexibility of the composite, observed at high concentration of the filler is due to the restricted mobility of
polymer strand, caused by the increased stiffness of the recycled PP nanocomposites.

SEM analysis:-

The tensile fractured surface of the neat recycled PP (i.e. without addition of nanofiller) and the recycled PP/BAL
nanocomposites are presented in Fig.2. The fractured surface ofthe recycled PP shows brittle failure in layered
planes. The presence of some cracks and slip lines are also observed. With the addition of BAL nanopowder, the
fractured surface of the recycled PP nanocomposites fractured surface topography,changed (Fig.2. (b), (c)). Fig.2
(b) and 2(c) are the representative SEM micrographs of the tensile fractured surfaces of the recycled PP/BAL
nanocomposite samples with 1 and 2 wt.% of nanofiller, respectively.

From Fig.2 (b), (c) the presence of rough surfaces and the occurrence of many short, rounded tear linesare highly
discernableand the extent of which increases with 2wt% BAL concentration. The filler particles, due to thebetter
polymer-filler interaction and adhesion, act as stress risers and hinder the smooth propagation of the stress paths. As
a result, the elastic stored energy and tensile strength were found to be concomitantly improved with nanofiller
addition [11].
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Fig. 2:-SEM micrographs of tensi

DSC Analysis:-
The degree of crystallinity and the change in crystallization temperature of PP and its nanocomposites were

analyzed using the DSC. The results of the melting temperature and the percentage crystallinity are presented in
Table2.
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Composites T, (°C) T.(°C) AH(w/g) X (%)

PP 107 98 78.3 41.7
PP/BAL1% 108 98.2 79.6 45.0
PP/BAL2% 108 98.7 84.1 47.8
PP/BAL3% 109 99.3 83.7 45.3
PP/BAL4% 133 76.3 81.1 42.7
PP/BAL5% 132 76.2 82.5 43.6

Table 2:-DSC analysis of PP and PP/BAL nanocomposites

The crystallization exotherms and endotherm peaks of PP and PP/BAL nanocomposites at various compositions are
presented in Fig. 3(a) and 3(b). From these curves, it can be observed that the melting temperature of PP shifted to
higher temperature with increasing BAL contents. High melting exothermic peak was observed in nanocomposites
with 4 and 5 with% BAL contents.
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Fig. 3:-DSC analysis of PP/BAL nanocomposites

This increase in the melting temperature, clearly supports the crystallinity data. It is well known that highly
crystalline samples possess better thermal stability [12]. In the cooling scan (Fig .3(b)), the thermograms of neat
recycled PP and recycled PP/BAL nanocomposites, show a peak of melt crystallization temperature (T.). The
thermogram of the recycled PP/BAL nanocomposite shows similar trend as neat recycled PP, but the T of
thecomposites are higher than that of neat recycled PP. The degree of crystallinity of recycled PP/BAL
nanocomposites is higher than the neat recycled PP. From the above results the exothermal or endothermal
observations confirmed that the recycled PP nanocomposites possess high degree of crystallinity. This can be

attributed to the nucleating effect of BAL nanopowder on the crystallization of recycled PP [13].
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TGA analysis:-

Thermal stability of the recycled PP and recycled PP/BAL nanocomposites was analyzed using TGA and the results
are shown in Fig.4. The thermal degradation parameters, obtained from the TGA thermograms, are also summarized
in Table 3. As observed in the thermograms, the weights of the samples decreased with increasing temperature,
indicating the thermal destruction of the recycled PP samples. The onset of major thermal degradation temperature
of the recycled PP/1 wt% BAL nanocomposite (431°C) was higher than the neat PP (414°C), which indicates that
the recycled PP nanocomposite is more thermally stable than that of neat recycled PP. This was observed for all the
content of BAL nanopowder reinforced recycled PP composites. The increased thermal stability of the recycled PP
nanocomposites can be attributed to the higher degree of crystallinity of BAL reinforced recycled PP
nanocomposites [14]. Similar behavior was observed as the T, of all recycled PP nanocomposites are significantly
higher than the neat recycled PP, which indicates that the PP/BAL composites are thermally stable at higher
temperature.
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Fig. 4:- TGA analysis of PP/BAL nanocomposites
At the end of the degradation of the recycled PP, it had a 0.25% char content and the char residue increased with
increasing BAL content. The highest amount of charred residue formed (ca. 4%) is due to the limited transformation
to a thermally stable charred material of the reactive species, during decomposition.

Table 3:- Thermogravimeteric analysis of PP/BAL nanocomposites

Composites Tonset, (°C) Tmax, (°C) Char at 0.0°C, (%)
PP 414 456 0.25

PP/BAL1% 431 477 0.82

PP/BAL2% 422 470 1.05

PP/BAL3% 424 471 2.5

PP/BAL 4% 423 471 3.25

PP/BAL5% 424 471 4.4
Conclusion:-

Recycled PP/BAL nanocomposites with different filler contents have been developed. The effect of BAL on the
morphology, mechanical and thermal properties of the composites has been studied. The nano filler increased the
stiffness of the recycled PP matrix, leading to the enhancement in the mechanical properties of the composites. The
results of TGA and DSC experiments indicated that the addition of filler enhanced the thermal stability of the
recycled PP nanocomposites. In addition, it was found that BAL significantly affected the crystallization
temperature and the degree of crystallization of the recycled PP. The morphology, evaluated using the scanning
electron microscopy (SEM), indicated that a uniform dispersion of BAL in the PP matrix was obtained.
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