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Abstract

The present paper investigates the influences of ZnO nanoparticles on the
rheological behavior of waste polypropylene and their relationship with surface
morphology. The modified composites are composed of waste polypropylene
and ZnO nanoparticles in the content of 3, 5, 7 and 10 weight percentages. Two
techniques are used to incorporate nanoparticles in the polypropylene matrix.
The first one uses an ultrasonic device to distribute nanoparticles in an alcohol
solvent and the second uses a rotating twin screw extruder at 25 rpm and at
190°C to produce a polymer nanocomposite sheet. Different microstructure and
morphological techniques (X-ray diffraction XRD and field emission scanning
electron microscopy FESEM) are used to evaluate the effect of the additive
percentage (ZnO nanoparticles) and processing technique (ultrasonic and twin
screw extruder) on the microstructure and morphology of the nanocomposite.
Also, various rheological (melt flow rate MFR and melt volume rate MVR) and
physical (solid and melt density) properties are studied. The results of the XRD
test show that the crystallinity level increases with the increase in ZnO
nanoparticle percentage while the results of FESEM show that the sonication
process and twin screw extruder gradually reduces the agglomeration of ZnO
nanoparticles in the polypropylene matrix. The results of the rheological test
show that there is an improvement in the viscosity of the nanocomposite
(decreasing in MFR and MVR) with the increase in ZnO nanoparticle
percentage. Also, the density results show a big difference between the solid and
melt states.
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behavior, twin screw extruder.
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1 Introduction

The wide use of polymeric materials creates the problem of a growing quantity
of waste and the possibility of using recycled materials is limited because of the
poor properties of recycled plastics compared to virgin ones. One of the
possibilities of improving the properties of plastic products is using diverse
fillers, such as CaCOs3, TiO; and ZnO [1].

The recycling of plastic materials is strategically very important for the
environmental policy of industry. This is especially true for high consumption
plastics, such as polypropylene (PP). The key factor in the success of PP is its
versatility, which is due to the fact that the structure and properties of PP can be
designed to satisfy the requirements [2].

Polypropylene is a trading widely used thermoplastic polymer, which offers
the best price/performance characteristics among all thermoplastics. It has useful
properties, including high thermal stability and good mechanical properties,
dimensional stability, low density, better process ability, high water permeation
resistance and resistance to corrosion [3]. A great volume percent of PP blends,
used in fiber and fabric technology and composites, are used in a wide range of
applications such as automotive parts, extruded profiles, cable insulation,
footwear, medical (syringes) and the packaging industry [4].

In recent years, the incorporation of nanoparticles in a PP matrix has gained
extreme importance among polymer scientists due to its promising industrial
applications in many aspects of technology. Nanocomposites with good filler
dispersion offer significant improvements in mechanical, thermal, electrical,
optical and physicochemical properties even at relatively low filler content [5].

Nanocomposites are a new class of mineral-field plastics that contain
relatively small amounts (<10%) of nanometer-sized clay particles [6]. The
particles, due to their extremely high aspect ratios (about 100—15000), and high
surface area (in excess of 750-800 m?/g) promise to improve structural,
mechanical, flame retardant, thermal and barrier properties [7].

ZnO is one multifunctional compound that has attracted increasing attention
in recent years due to its prominent properties, such as chemical stability, high
luminous transmittance, high catalyst activity, effective antibacterial, intensive
ultraviolet and infrared absorption, high melting temperature and non-toxicity.
The advance of ZnO nanoparticles could improve the mechanical and optical
properties of a polymer matrix [8].

The enhanced properties are due to the effects of the nanoscale structure and
interaction of fillers with polymers. The size and structure of the dispersed phase
significantly influence the properties of a polymer nanocomposite [9]. The key
factors for the preparation of improved performance are the fine particle size and
homogeneous dispersion of the nanopowders and a strong interface adhesion
between matrix and nanofillers [10].

Rheology is a branch of physics that deals with the deformation and flow of
matter under stress. It is particularly concerned with the properties of matter that
determine its behavior when a mechanical force is exerted on it. Rheological
properties have important implications in many and diverse applications [11].
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The relationship between the structure and rheology of a polymer is of practical
interest for two reasons: firstly, rheological properties are very sensitive to
certain aspects of structure and they are simpler to use than analytical methods,
such as nuclear magnetic resonance. Secondly, it is the rheological properties
that govern the flow behavior of polymers when they are processed in the molten
state [12]. Melt flow rate is defined as the mass of polymer, in grams, flowing in
ten minutes through a capillary of a specific diameter and length under certain
conditions of pressure and temperature (g/10min) [12].

This paper aims to produce nanocomposite materials from waste
polypropylene as matrix with the addition of ZnO nanoparticles by using a
rotating twin screw extruder at 25 rpm and 190°C, and to observe the effects of
nanoparticle content and processing technique on sample properties, e.g. MFR,
MVR and viscosity and physical properties (solid and melt density).

2 Materials and methods

Waste polypropylene (G-801), with a melt flow rate of 25g/10min and a density
of (902-906) kg/m* was used as matrix resin. ZnO nanoparticles are used as
reinforcing phase, the main specifications of these nanoparticles are (particle size
40nm and density 3.6g/cm?®). The modified composite of waste polypropylene
pellets and ZnO nanoparticles are prepared in two stages. The first one mixes the
ZnO nanoparticles in alcohol using ultrasonic power at 30min, 40°C and the
applied energy is 30% of the total energy (1400W) to reduce the agglomeration
and the second stage uses a rotating twin screw extruder (SLJ model), with a
screw speed in the range of (0-320) rpm and a diameter of 30mm, heating power
(3KW) at 25 rpm and 190°C.

3 Characterizations

3.1 Nanoparticle distribution

Atomic Force Microscopy (AFM) version (AA3000) was used to check the
morphology and particle size in two and three dimensions. The ZnO
nanoparticles are dispersed in alcohol by using an ultrasonic device under the
condition (30min, 40°C and the applied energy is 30% of the total energy “1200
watt”), then using the standard method for testing the thin film of nanosolution.

Also, X-ray diffraction (XRD) was used to show the crystallinity levels of the
nanocomposite and check the composition and crystallite size of ZnO
nanoparticles based on the Scherer equation as shown below

D=0.9A/B cos 6 €))

where D is the crystallite size, the A diffraction wavelength equals (0.1541 nm),

B is the full width at half maximum which must be in rads and 6 is the diffraction
angle.
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3.2 Surface morphology and distribution of nanoparticles

The surface morphology and distribution of nanoparticles through the waste
polypropylene was tested by field emission scanning electron microscopy
(FESEM), (model MIRA 3 XM4, USA).

3.3 Rheological properties (MFR and MVR)

Melt indexer type (Shi Jia Zhuang Zhong Shi Testing Machine Co. Ltd.)
according to the standard of (ISO1133:2005) was used to measure the (MFR and
MVR) of neat waste polypropylene and its nanocomposite through capillary die
with diameter (Dc is 2.095mm) and the ratio of the die length (L) to capillary
die is (8/2.095). Solid density test was performed at room temperature using the
(Matsu Haku high precision density tester GP-120S D=0.0001 g/cm?®), while
the melt density of materials is the ratio of MFR to MVR according to the
following formula [13]:

MFR
VR

melt density (p’) = 2)

where p': melt density, MFR: melt flow rate and MVR: melt volume rate values.

4 Results and discussion

4.1 Nanoparticle distribution evaluation

Figure 1 shows the topography of the surface of the thin film prepared of ZnO
nanoparticle dispersion in an alcohol solvent using an ultrasonic device. It
illustrates the accuracy of the ultrasonic device to produce a good dispersion and
to reduce the agglomeration of nanoparticles (as shown in figure 1A) which
shows the nanoparticles with a different shape but most of it has a spherical
shape with a mean diameter (20-90nm). Also, in figure 1B, the particle size
distribution in bulk solution (3-D) shows the needle shape of nanoparticles in
alcohol solvents. In figure 1C the nanoparticle size in the nanoscale range is very
clear. From previous results it can illustrate the activity of an ultrasonic device in
reducing the agglomeration and giving a better distribution of nanoparticles.

Another inspection to evaluate the size of nanoparticles is XRD based on the
Scherer equation. Figure 2 shows the XRD for standard ZnO nanoparticles which
was used to compare with the used ZnO nanoparticles. The XRD pattern in
Figure 5 illustrates that the used nanoparticles from (Shijiazhuang Sun Power
Technology Co. Ltd, Chain) were zinc oxide by analyzing it and comparing with
the standard ZnO. The diffraction patterns consist of the main diffraction peaks
at around 20 (31.6°, 34.4°, 36.2 °, 47.5°, 56°, 62°, 66.3°, 67.8°, 69°, 72.5°, 76.9°),
the main peak at 26=36.2°. This is in agreement with standard XRD peaks for
ZnO nanoparticles. The average crystallite size of nanoparticles based on eqn (1)
in figure 3 is approximately 65nm.
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Figure 1: AFM images for the morphology of ZnO nanoparticles: A — 2-D
particle size; B — 3-D particle size; C — particle size distribution.
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Figure 2: Standard XRD for ZnO Figure3: XRD for used ZnO
nanoparticles. nanoparticles.

4.2 Crystallinity of the nanocomposite

The crystallinity level was performed using an XRD test according to the
sharpness and the intensity of the appearing peaks. Figure4 shows
the crystallinity levels of neat waste polypropylene and its nanocomposite with a
different weight percentage of ZnO nanoparticles (5 and 10). It is very clear that
the crystallinity level increases as the nanoparticle percentage increases and new
peaks appear at 26 (30° -40°) which mean the exits of ZnO nanoparticles through
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the polypropylene matrix and acts as a filler. The increase of crystallinity level is
very important in improving all properties of the nanocomposite.
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Figure 4:  The crystallinity level of nanocomposite: A — neat waste PP; B — 5%
ZnO nanoparticles; C — 10% ZnO nanoparticles.

4.3 Nanoparticle distribution in a modified composite

The dispersion of the nanoparticles will have a significant effect on all the
properties of the nanocomposite. The morphology of the nanocomposite was
evaluated by FESEM to observe the distribution of nanoparticles within the
polypropylene matrix.

Figure 5 shows the micrographs of a fractured surface of a Charpy impact of
waste PP composite filled with (3 and 10 wt.%) of ZnO. It was obvious that the

Figure 5:  The microstructure image of the nanocomposite: A and B (3 and 10
wt.%) ZnO nanoparticles filled waste PP.
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fracture surface of the nanocomposite sample was smooth and featureless and
that the agglomeration increases with an increase in nanoparticle content because
of the high specific surface area and the good dispersion of nanoparticles giving
a strong interaction between nanoparticles and polymer matrix.

4.4 Effect of nanoparticle percentage on the rheological behavior of
waste PP

4.4.1 Melt flow rate (MFR)

The effect of loads on MFR values of waste PP nanocomposite at different ZnO
nanoparticle percentage and different loads at 25 rpm and 190°C are shown in
figure 6. The MFR slightly decreases with ZnO nanoparticle percentage
increasing at different loads. The MFR increases with increasing loads due to the
higher shear rate as a result of higher pressure and the MFR is directly
proportional to the shear rate. The MFR inversely changes with the viscosity;
therefore the shear rate increases with the decrease in viscosity. This is called the
shear thinning effect and approximately fits with the Power Law (Ostwald) non-
Newtonian viscosity model [14]

Ky 3)

where 1 is viscosity (Pa.s).y-is the shear rate (s'1). K is refers to the consistency
of the material (Pa s"), n is the Power Law index, n < 1, the fluid exhibits shear-
thinning properties [14].
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Figure 6: The MFR behaviour of waste PP nanocomposite with different loads
and ZnO nanoparticles percentage at (25rpm) and 190°C.

Another factor that influences the MFR of polymer is temperature. Figure 7
shows that the MFR increases as the temperature increases because the chain
begins to move easily with the increase in free volume around the molecules as a
result of the temperature rise.
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Figure 7:  The behaviour of MFR of 3% of ZnO nanocomposite with different
temperatures.

4.4.2 Viscosity
There are many factors that influence polymer melt viscosity, such as pressure,
temperature, shear rate and polymer structure, etc. In this paper it can show the
effect of temperature and pressure on the viscosity value of a polymer
nanocomposite by using eqn (4). The viscosity shear rate relationship is shown
according to MFR data in figure 8. The viscosity is calculated from the following
equation [12]:

n=4.98*10* p L/MFR @)

where n: the viscosity (Pa.s), p: the density (g/cm?), and L: the loads (kg).

The results show that the viscosity increases as the ZnO nanoparticles
percentage increases because the interaction between nanoparticles and the
chains of waste PP polymer may increase the viscosity and reduce the flexibility
of movement. The increase in viscosity is confirmed with the decreasing MFR.
The viscosity inversely changes with the shear rate which increases the shear
thinning effect.
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Figure 8: The viscosity behaviour of nanocomposite at different ZnO
nanoparticle percentages and different loads.

Using the data of MFR at figure 7 can predicate the effect of temperature on

the viscosity of waste PP nanocomposites with 3% ZnO nanoparticles (as shown
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in figure 9). This behavior fitted with Arrhenius law, which deals with the
viscosity temperature relationship of liquid and polymer melts, depending on the
concept of free volume. The Arrhenius law takes the form:

n=n.e -Ea. /RT (5)

where 1, is a pre-exponential constant, E,. is the apparent energy of activation, R
is the gas constant (J/mol. k), T is the temperature (K) [14].
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Figure 9: The viscosity behaviour of waste PP nanocomposites at different
ZnO nanoparticle percentage, 2.16kg and 190°C at 25 rpm.

4.4.3 Melt volume rate (MVR)

Figure 10 shows the MVR value for waste PP nanocomposites due to ZnO
nanoparticle content at constant time and at 6 distances. It can be absorbed that
the decrease in MVR with the increase in ZnO nanoparticle percentage because
of the addition of ZnO nanoparticles may hinder the chain motion. Thus, the
viscosity increases and the MFR and MVR inversely changes with viscosity.
Therefore, the MVR decreases with the increase in ZnO nanoparticle percentage.
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Figure 10: The MVR behaviour of waste PP nanocomposites with different
ZnO nanoparticle percentage at 2.16 kg and 230°C.

WIT Transactions on Engineering Sciences, Vol 105, © 2016 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



210 Advances in Fluid Mechanics XI

4.4.4 Density

Density results for waste PP nanocomposites are shown in figure 11. The solid
and melt density gradually increases as the ZnO nanoparticle percentage
increases. This is due to a higher density of ZnO nanoparticles — 3.6 g/cm®.

Density (g/cm®)
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Figure 11: The solid and melt density behaviour of a waste PP nanocomposite
with different ZnO nanoparticle percentages.

The melt density is less than the solid-state density by about 20%, due to the
change in volume between solid and melt state. The melt polymer has a volume
higher solid polymer. The melt density is very important data for a numerical
simulation study of rheological and flow behaviour. The polymer process
strongly depends on the melt density which affects the manufacturing operation.
The use of melt density instead of solid density produces accurate results in a
numerical study and reduces costs in the manufacturing process.

5 Conclusions

Using an ultrasonic and twin screw extruder device are very important
techniques for producing a better distribution of nanoparticles in a polymer
matrix and less agglomeration. The uniformity of nanoparticle distribution
strongly affects the rheological and physical properties of a melt nanocomposite.
The value of the MFR and MVR plays a very important role in determining the
melt density; it is a lower value than the solid-state density that is typically
provided on the data sheets. There is a relationship between agglomeration of
nanoparticles with crystallinity levels and the rheological properties of a waste
PP nanocomposite, when agglomeration reduces the increase in crystallinity and
the MFR and MVR is reduced as the viscosity increases. The melt flow rate
and melt volume rate keep stable (decreasing as ZnO nanoparticle content
increases).
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