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ABSTRACT

ABSTRACT

Properties of polyethylene terephthalate (PET) and polypropylene (PP) can be enhanced
by blending both in a specific proportion to get combined superior properties. To make a
homogeneous blend, functionalization of PP can be done by grafting a required functional
group on the main chain. Grafting of PP was done at varied concentration of MAH and
BPO and its effect on the viscosity during and after the reaction was studied by torque
rheometer and melt flow index. Functionalization of PP by free radical polymerization
influenced its molecular weight owing to its chains breakage which was analysed by
viscosity decrease during the reaction. At high percentage of grafting, lower molecular
weight product was produced which was analysed by torque evolution. Alteration in PP
structure also effected the crystallinity and melting temperature that was studied by
thermal analysis. However, percentage crystallinity was enhanced by grafting due to the
increase of chain’s packing and reduced chain entanglements. MAH-g-PP was used as
compatibilizer in 60% PET blends. In all blends, PET’s percentage crystallinity was
reduced compare to pure PET due to the hindrances of chains packing. Thermal properties
of blends were improved as the first melting temperature was observed at 170°C and
complete melting of blend occurred on 260 °C. Compatibilizer in PET/PP blend enhanced
interactions in the blend resulted in homogeneous blend with less voids. 1% MAH-g-PP
was the optimum value of compatibilizer in PET/PP blend that showed maximum
uniformity in blend microstructure. Decrease in free space inside the blend hindered water
molecules passage through films. Owing to this, water vapour permeability of blend was
less compare to pure PET. Nonpolar nature of PP also influenced the water transmittance
through the blended films. Blending of PET with PP in the presence of MAH-g-PP
improved the processing of PET for film forming. All these properties of this blend make

it suitable for packaging application.
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CHAPTER 1 INTRODUCTION

Chapter-1

Introduction

1.1: Polymer Blends

Polymer blends can be defined as mixtures of at least two types of polymers, with
physical interactions having no covalent bonds between them [1]. Polymer blends can be
miscible or immiscible. In miscible polymer blend homogeneous mixture occur and for
which AG and AH are negative. Immiscible blends of polymer mixture is
nonhomogeneous due to less compatibility with AG and AH > 0. To convert immiscible
polymer blend to miscible blend, compatibility between polymers is enhanced by

modifying the interphase that will reduce the interfacial energy [2].

A group of researchers assume that miscibility of polymer blend can be observed by
studying glass transition temperature (Tg). Any blend having two or more Ty is immiscible.
But later it was proved to be vary from case to case. There were rare examples seen in
which totally immiscible blends showed a single step of T, and completely miscible blend
displayed two steps in differential scanning calorimeter (DSC). T, of polymer blend

depends on the weight, blend’s composition and also on the conditions of mixing [3, 4].

Phase separation was also observed in homogeneous blends by varying temperature
up or down in phase diagrams of polymer blend two types of critical temperature exist
shown in figure 1.1. One is upper critical solution temperature UCST and other is lower
critical solution temperature LCST. Blends that are endothermic exhibit UCST. In this
case below the critical temperature mixture exist in two phase system and with increasing

temperature from a fixed point complete miscible one phase blend can form.

For exothermic systems generally LCST behaviour occur in which one phase can be
achieved below a critical temperature. Polymer blends most commonly show LCST
behaviour. To obtain a homogeneous phase, free energy of mixing should be negative.

AGmix = AHmlx - TASmix ................................. 1)
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Flory Huggins developed a simple model to calculate free energy of mixing of polymer

blend and interaction parameter between two polymers.

A B
Two phases One phase

(3] O
o [+]

0 o

One phase Two phases
0 0.5 1.0 0 0.5 1.0
Mole fraction of solvents Mole fraction of solvents

Figure 1.1: Phase diagrams showing A) LCST and B) UCST for polymer blends [5].

AGix/RT = (91/V1) In@q + (@2/V2) In@; + (X12/V)@P1902 ......... 2)

X12 = Interaction parameter between two polymers
¢@; = Volume fraction
V,;= molar volume

Miscibility of polymer blend significantly depends on (x12 /V1) @1¢, term [6-9].

About 60-70% polymer blends comprises of polyolefin. Polyolefin blends are generally
economical for developing a material with desirable properties for a particular application.
Blending of polyolefin with engineering polymers can enhance it properties and lower its
cost. The barrier and mechanical properties of a blend depend upon its phase separation.
Usually hetero phased system doesn’t give superior barrier and improved toughness of

polymers. The miscible portion of a blend can reduce the solubility of permeate hence

Part of this chapter was submitted as review article for publication.
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reduces permeability. Miscibility can be achieved by creating linkages such as, short time
cross linking or reversible crosslinking, by introducing ionic interactions or hydrogen
bonding. However the most common method is inclusion or generation of medium that
will improve the interfacial properties in polymer blends, which has been one objective of

this research work.

Mostly the characteristics of blends remains in between of its components when tested
individually but preferably due to high compatibility their combined effects increases.
Blends of different polymers are made to improve its properties required to become
suitable for packaging and maintaining its original properties. Different types of physical
and chemical interaction during blending can be cooperative to extend tortuosity and to

supress the permeation of gases [10].

1.2: Reactive Extrusion

The development of new polymers has been reduced considerably and instead of
this, modifications in the existing polymers by reactive blending is the latest research. In
reactive extrusion process, formation and modification of existing polymers have been
done simultaneously with its processing and molding. In reactive extrusion, process is
done at less residence time so the chances of degradation of product is low. Following

are the types of reaction that can be done in reactive extrusion.

e Free radical, cationic, anionic, coordination and condensation polymerization of
monomers. Crosslinking and controlled degradation of existing polymers (e.g.
polyolefin) by using initiator that can form free radical for the objective of
developing a product with controlled molecular weight distribution and a higher
amount of reactive positions for the grafting of any other functional group.

e Functionalization of commodity polymers for the need of forming materials that
are required in different applications.

e Polymer’s modification by grafting of one type of monomers or mixture of
monomers onto the main chain of existing polymers for the objective of enhancing

characteristics of the initial material.
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e Interchain copolymer production. Usually, this type of reaction can be done by a
combination of reactive groups from several types of polymers to form a graft
copolymer.

e Coupling reactions which can be done by the reaction of a homopolymer with a
polyfunctional coupling agent or a condensing agent to build molecular weight by

branching or chain extension.

Two types of screws can be used in twin screw extruder: corotating and counter
rotating twin screw extruder. The corotating twin screw extruder works by transferring
material from one screw to other, by this good mixing of melt can be achieved. High shear
rate is achieved by this with reduced feeding behavior. In counter rotating twin screw
extruder, the crest of one screw wipes the flight and clearance of other screw. These types

of screws has low clearance that’s why it has good feeding behavior.

The viscosity of any reactive system is the most vital property and its knowledge is
important in the design of the equipment used in processing. Although, there is no model
developed to explain the viscosity of any reactive system which span a broad range of
values from polymer solutions to polymer melts, it may be related as a function of several

variables:

n=n(T P, MZE)

where y denotes the shear rate, P represents pressure, T denotes temperature, M represents

molecular weight, and € is a measure of the extent of the reaction.

Initiator selection is important for grafting reaction and should meet following criteria:
less toxicity, appropriate halflife, adequate hydrogen abstraction capacity, low volatility
and high initiator efficiency. Increasing the amount of peroxide will reduce the halflife of
initiator [11, 12].

1.3: Plastics based Food Packaging

Food Packaging is used to protect food, to enhance its shelf life and to transport it
safely. Packaging include a systematized system of preparing goods for storage, transport,
retailing, distribution and end use. A mean of making certain safe delivery to the final

6
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consumer in sound condition at optimum price and a techno-commercial purpose aimed
at optimizing the market costs of transport while maximizing sales and eventually profits
[13]. Packaging has also been explained as a ‘complex structure, technical, dynamic,
artistic and contentious segment of business'. Packaging is definitely dynamic and is
constantly improving. New materials need new techniques, new techniques require new
machinery, new machinery results in upgraded quality, and upgraded quality initiates new
markets which require modification in packaging [14].

Packaging performs a series of disparate tasks. The primary functions of packaging
have been identified:
Containment: It is dependent on the product’s physical appearance and nature. Without
containment, product losses its flavour. The containment role of packaging makes a large
benefaction in protecting the environment from innumerable of products that are passed
from one place to another destination on various occasions every day in any modern

society.

Protection: Protection from mechanical destruction during handling. This is often
considered as the primary function of the package: to prevent its contents from
environmental factors such as water vapour, small molecules gases, microorganisms,
odours, shocks, dust, vibrations and compressive forces. The packaging should protect the
food product from both mechanical damage during transportation and damage by the
climate(s) through which the package will move during distribution and storage in the

home.

Convenience: Packaging’s important function is in meeting the demands of consumers
for convenience. Convenient packages promote sales. For a product that is not entirely
consumed when the package is first opened, the package should be reseal able and retain
the quality of the product until completely used. Effortless opening must be tempered by
seal integrity. The container for shipping as well as the primary packaging must provide
comfort at all stages from the packaging line, through storehouse to distribution, as well

as completing the needs of the user of the food product.

Communication: There is an old saying that “a package must protect what it sells and

sell what it protects.” The new techniques of consumer marketing would loss if will not

7
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work for the messages communicated to user by the package. The ability of user to
immediately recognize products through distinctive shapes, branding and attaching label
enables supermarkets to work on a self-service basis. Not only should the product be
identified and the legal requirements of labelling be fulfil, but often the packaging is an

important feature in enhancing sales [13-15].

Above mentioned four functions of food packaging are interconnected and all must be
estimated and remembered simultaneously in the package development process. The food
packaging has to face different types of environment during the performance. It will be
physical environment which can cause a physical damage like damage during
transportation due to vibrations, impact by sudden drop, compression during stacking will
squeeze or press the product and disfigure it. Product may also impair due to ambient
environment in the surrounding of package particularly water vapours, 0, molecules, heat,
light commonly UV radiations. Package also has to interact with human environment to

aware them about the product specifications, nutrients and net weight [13].

The quality of the packed food is directly related to the packaging material uses. Most
food products damages in quality due to diffusion phenomena, such as moisture
absorption, oxygen invasion, flavour loss, undesirable door absorption, and the migration
of packaging components into the food. These phenomena can occur between the food
product and the atmospheric environment, between the food and the materials used for
packaging, or among the heterogeneous contents in the food product. Hence, mass transfer
studies on the transfer of package ingredients and food contents, on the absorption and
desorption of volatile material, flavours and moisture, on gas permeation, and on the
reaction kinetics of oxidation and ingredient degradation are necessary for system designs
of food packaging [16, 17].

The establishment of new packaging functions may go hand in hand with the
development of new processes, materials and equipment. The major function of food
packaging is barrier protection against the attack of micro-organisms and has a huge
impact on product quality. Number of materials are available today, in which the
manufacturers have prepare a combination of layers of different materials to give a perfect
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package with the barrier properties demanded. These layers can include foil, different

types of plastic, paper, and adhesives [18].

Wood, paper folding Cartons, metal such as steel and aluminium and glass were at
first used for packaging purpose with extension of packaging application, plastic material
showed remarkable development in food packaging. The explanation of this growth in

packaging industry are

1) Plastic materials offers good mechanical and barrier properties.

2)  These materials are lighter than metals, wood and glass.

3) Plastics offers range of design capacities and features that are not available in any
materials.

4)  Plastics are easily mouldable, can flow and can be made in the form of sheet and
films.

5) Most of the plastics are cost effective.

6) Provide range in colour, transparency and heat resistance.

Properties of plastic materials can be set according to the requirements. Plastic
materials shows considerable resistance to inorganic chemicals including organic
solvents, acids and alkalis so these can be used for food packaging as these materials do
not favour the growth of microorganisms. Thermoplastic polymers can be easily shaped,
moulded and recycled although separation poses few limitations [19].

1.4: Polymers Permeability

Principle

Polymer permeability is the defined as the transport of molecules through a film of
finite thickness. In the lack of microvoids, passage of gas molecules through a polymer
based film, is considered to be restricted by the sorption of gases into the matrix of the
film. Permeation through film is commonly occur in 3 different stages that are shown in
figure 1.2, first the film absorb the penetrant, then process of diffusion occur through the
matrix and at last desorption of penetrate at the other side of film. The sorption and
desorption of gas molecules is a rapid action in contrast to the rate of diffusion through

the polymer film [20].
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Theories of Polymer Films Permeability

Thomas Graham was the scientist who first conducted research study on the

permeation of gas through polymer in 1866.

Q 0 O 0
Gas Molecules _
Sorption OO O O 0 O O O O O O O Eéihcentration
o O O 0 0 O
J© o 00000 O

O O - net
Permeable transfer
material g Diffusion O f

’ O

O O Low
Desorption Concentration

Figure 1.2: Permeation of a substance through a plastic packaging material [21].
He assumes some process during his observation that increasing temperature will increase
the permeability and it is independent of pressure. He postulated that variation in film
thickness affect the permeation rate but not the separation characteristics of the polymer
[22].

In 1855 law of mass diffusion of Fick described as

S — S

where J is diffusion flux (mol cm?s™) Ac is the difference in concentration (mol cm)
across the film with thickness I (cm) and D is diffusion coefficient.
Dissolution and diffusion of penetrating substance through the film has great impact on
the permeability. At the steady state of diffusion process Henry’s law of solubility states
that

| JE ) ———— --4)

“Permeability is the product of solubility coefficient and diffusion coefficient.”

AS,

10
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S — S e_AH/RT ________________________________________ 5)
And,
D=D e_ED/RT _______________________________________ 6)
P = (Dge Er/RT)(Sge AH/RT ) 7)
P =Pye EP/RT . e 8)

where Py, D, and S, are pre exponential factors, E, and Ep are excitation energies for

diffusion and permeation respectively.

Ep:ED+ AH-------— e 9)

AH is the heat of sorption, R is general gas constant and T is temperature (K).

The activation energies for the process of permeation is small in the case of oxygen,
and mostly depends on the properties of the gas-polymer interaction. However, it has been
shown that Dy, Pyand S, in eq. 5,6, 7 are related to the size and density of the free volume

within the polymer film matrix at the standard temperature [23].

Permeability coefficient depends on various parameters that are properties of the
penetrating molecules and film, their interaction and the concentration of penetrating
molecules across the packaging film. Permeability coefficient is defined as ““ The rate at
which a specific quantity of permeating molecules passes through a unit surface area of
film in unit time having unit thickness with a unit pressure difference (AP) under steady
state condition”[21, 22, 24].

Permeation Units

A number of techniques have been designed to measure the permeation of water
vapours and gas molecules through polymer films therefore many units are conveniently

interconvert able. Unit of permeability can be deduced from eq.
P=qXxt/AXAp

where g is the mass flux of gas molecules through a film of thickness ¢ and area 4, under
a partial pressure gradient Ap across the film. According to researchers working on the

11
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permeability of polymer films expressed g in cm3(STP).sec™, Aincm?, ¢ in cm orm,

and Ap in cm Hg or atm.

Table 1.1: Values of water permeability and oxygen permeability of various commercial
plastic used in Packaging [25].

Material Oxygen Water Vapour Solvent Cost
Permeability Permeability Chemical | per
cnd3mmm2d 1 bar | gmmm 2 d 1 bar™!| Resistance | kg
at 23°C at 25 °C €
[26]
HDPE 40 0.25 good 1.39
(film except
extrusion) nonpolar
PP (co 60.5 0.55 good 1.27
polymer) except
nonpolar
LDPE 190 0.69 good 1.40
(film except
grade) nonpolar
LLDPE 190 0.6 good 1.33
(film except
grade) nonpolar
PET 1.7 (amorphous) 1.8 good 1.43
1.4 (semicrystalline)
PAG6 0.98-1.02 2.33-2.63 excellent | 2.48
(50% RH)
SAN 0.40 2.0 fair 2.13
ABS 40 5.0 poor 2.05
PS 160 2.0 poor 1.74

12
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Alter suggested that the permeability coefficient can be described in terms of the unit
called as “Barrer”[27].

cm3(STP) x cm

10—10
secx cm?> xcm Hg

Permeation properties of packaging films can be a source to estimate the quality of
food product. For the purpose to enhance the shelf life of food, barrier properties against

low molecular weight gases and water vapours should be high.

Due to the improper barrier properties of packaging films, Food may lose its flavour,
colour and nutrients. Owing to this need, blending of polymer, utilizing novel processing
technologies that provide efficient films with multi-layered structures, nanocomposites

and coatings on plastic films have been developed that upgrade the food packaging films.

1.4: Research Objectives

The aim of this research was to design and fabricate an easily processable packaging
material which would have ideal thermal and water vapour barrier properties. Polyolefin
(PE, PP) has strength, flexibility, stability, lightness, low cost, ease in process ability, high
chemicals and moisture resistance. Polypropylene (PP) is stiffer, denser and more
transparent than Polyethylene (PE). It has extremely effective barrier properties for water
vapour. PP has low thermal resistance and is not favourable while using microwave.
Polyethylene terephthalate (PET) has superior gas barrier, glass like clarity, and light
weight. PET has notable aroma barrier owing to this food packed in PET film will sustain
its flavour and smell. However PET is not good in moisture repellence compared to
Polyolefin and has some process restriction for film molding due to its high T.

A homogeneous blend of commodity polymer that will have high water barrier with
an engineering polymer having high thermal properties was suggested for economic and
recyclability aim, instead laminated, metalized or coextruded structure. PP and PET are
approved for food contact during storage. PET resist corrosion and also microorganisms.
The miscibility of the components depends on several factors involve interfacial tension,

adhesion between two phases and melt viscosities of the components. The change in free
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energy of the mixture < 0 is an important condition for miscibility. The change in Gibbs
free energy of the mixture is equal to
AG = AH —TAS

This blend should achieve the lowest possible free energy to become a stabilized

homogeneous mixture.

PP and PET can only be miscible if both have same chemical nature. If one component
Is polar the second component should also be polar to generate attraction. In this case PP
is nonpolar and PET has polarity owing to this their blend in any composition can never
be one phase. There is need to generate some polar group on PP to generate its
compatibility with PET. PP can be functionalized by grafting a polar group on its main

chains that will later develop linkage to PET chains.

A homogeneous blend can provide optimum barrier, mechanical, thermal and optical
properties. A blend formation is cost effective as compare to the development of a new
homopolymer having all superior properties or the addition of additives and fillers in
polymer matrix. Polymers used in food packaging are mainly categorized into two major
group according to price. Polyolefin, PS and PVC are considered to be low cost, recyclable
and simpler thermoplastic materials. On the other hand, PET, Polyamide, EVOH, PLA
and biopolymers are expensive and difficult to process. PP with good water vapour
resistance is easy to process than HDPE therefore preferable. PET with high oxygen
barrier properties has high transparency and good strength. A homogeneous blend of these

two polymers will ultimately provide a combination of required properties.
The main objectives of this research work are listed below:

1) Principal objective is to develop reactive extrusion process of grafting of maleic
anhydride (MAH) on the main chain of Polypropylene to obtain MAH-g-PP.

2) Secondary objective is to explore and demonstrate application of the developed
compatibilizer such as to develop homogeneous blends of PP and PET and to
develop plastic films based on blend and measure its water vapor transmission

rate.
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Chapter-2

Literature Survey

2.1: Barrier Properties of Polymer Films and Functionalized Food
Packaging Films

Dispersion of materials in nanometre range in polymer films during the past few years
showed remarkable improvement in the barrier properties as well as acted as reinforcing
materials to raise mechanical strength. Nano materials with particle size less than 100 nm
in one dimension provides effective interaction with polymer chains reducing voids and
pores results in resisting small molecules and water vapour to pass through the films.
Surface area and surface energy of particles play a significant role in the enhancement
efficiency. Due to this strong interaction of nano sized materials with polymer chains,
approach of these additives or fillers to the food inside the film, diminishes. Owing to that
food products’ flavour and colour will maintain. During the past decade, nano structures
of different geometry and dimensions are being utilizing in research on food packaging
films as well as in food packaging industries to improve the barrier properties of films.
Weight percentage of nano sized filler also have great impact on the end product’s
properties. There is a need to disperse nano particles uniformly throughout the matrix to
increase interfacial area of matrix and filler. This will restrict the movement of matrix and
improve its barrier properties. Commonly used nano sized materials in food packaging

films are nano clays, metal oxides and carbon based nano structures [28].

Most of the researchers studied Montmorillonite (MMT) clay, a natural clay used in
food packaging application, structure of MMT clay is displayed in figure 2.1[29]. In MMT
clay, a central octahedral sheet is sandwiched between two tetrahedral sheets as shown in
figure 2.1. In tetrahedral sheets, oxygen atoms are involved to silica linking tetrahedral
sheets and form hexagonal network. In octahedral sheet, aluminium or magnesium is

linked with oxygen forming octahedral sheets [30, 31].

Exfoliation of clay forming nano layers in polystyrene was investigated in 1999.

Functionalization of MMT clay by vinylbenzyldimethyldodecylammonium chloride
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(VDAC) was done to form highly exfoliated clay polystyrene nano composite.
Functionalized Ca*> MMT and Na* MMT in PS nano composite was synthesized and
highly exfoliated structure was detected. A higher thermal degradation temperature than
pure PS was observed [32].
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EXCHANGEABLE CATIONS: Na+, K+, etc..
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Figure 2.1: Structure of Montmorillonite Clay [33].

Interlayer Distance
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After surface treatment of MMT clay with octadecylamine, added in polyester amide.
Mechanical and barrier properties of extruded and compression moulded films were
studied like the above work, an increase in mechanical properties was observed but there
was no much influence on the barrier properties due to voids present in the film. X ray
diffraction data showed that sheets of clay particles were not uniformly dispersed

throughout the matrix [26].

In another research, dynamic melt mixing process was used for the delamination of
clays in EVOH matrix. MMT clay was treated same like the prior mentioned work and
mixed morphology was obtained influencing its permeability. On the other hand this
compatibilizer prominently decreased the T,,, T.and also degree of crystallinity of

composite as compare to pure EVOH [34].
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Furthermore, contribution of geometric factors on the barrier properties of PCNs was
investigated and it was observed that the aspect ratio of silicate platelets is a crucial factor
that controlled the permeation of gas and vapours through films. Barrier properties can be

control by aspect ratio and clay content [35].

Not only was the aspect ratio, other characteristics of clays and effect of these
parameters on the permeability of films analysed in another study on PCNs. It was
predicted that increase in clay layer spacing and chain confinement results decrease in

permeability [36].

Clay’s dispersion in polymer matrix, polymer blends and or utilizing various
processing techniques to exfoliate the clays layers proffer packaging films with high
tortuosity. This propitious tortuosity will enlarge the diffusive path of O, CO, and water
vapours providing high barrier films used in packaging applications. This mechanism is

explained in figure 2.2.

Gas Molecule Outﬁ ﬁ Gas Molecule Out
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Figure 2.2: Effect of Clay’s dispersion on the tortuosity of films a) random disorient
clay in film b) highly oriented well dispersed clays offers high tortuosity.

For the sake of reduction in cost of packaging films, low amount of this nano clay
filler will offer less permeability. Owing to high surface area of particles, disperse easily
in addition to this interact with more polymer chains. Functional group of our requirement

to enhance compatibility can be added on the surface of clay by modification.
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Modified clay provides increase in the compatibility with different plastics. The greater
the compatibility between clay and polymer matrix, lesser will be the voids that will lower
its permeability [37-41].

Apart from clay, several other publications exposed on the improvement of the barrier
properties of films using graphene. It was described that the dispersion of graphene sheets
in polymer reduces the permeability of the films that can be employed in food packaging
[42]. Dispersion can be improved by various chemical modifications. Graphene sheets
originated from the exfoliation of graphene oxide after chemical modification can be
dispersed well in polymer matrix after applying surfactants to inhibit restacking of sheets.
Permeability of oxygen and other gas molecules falls significantly using graphene sheets
as compare to organically modified MMT clay and other filler having nano sized
dimensions [43, 44].

There are several techniques employed to complement to enhance the barrier
properties of plastic packaging film. For example coating of thin metal film of few micron
is done to incorporate metal like barrier properties. Physical vapour deposition (PVD) is
the most important technique used commercially in the coatings of thin films on polymer
surface. A common metal coat by this process is aluminium. Thickness of thin film can
be controlled by vaporization and adhesion of metals on surface. There is a limitation in
this process that PVVD will provide coatings with pin holes and defects that will allow some
of the molecules to pass and ultimately barrier properties will not be much effective. This
can be overcome however with modern coating process that provide uniform coating. PP,
PET, PS and PVC films usually metalized by this technique [45].

Transparent coatings of Al>Oz and SiO2 by vacuum deposition method coated on
polymer films used for food packaging allows the product to be visible with high level of
barrier that is required and also cost effective. Alumina when coated by thermal
evaporation on bi oriented PP (BOPP) and PET, showed surface defects that depends upon
the coatings nucleation, growth and also structure. These imperfections in the coatings as
a result allow the passage of oxygen molecules and water vapours. It is deduced that if
defects free coatings are formulated by changing process parameters resistance can be

enhanced for the diffusion of small gas molecules. Role of the nano defects and micro
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defects on gas permeation of barrier films was also explained for SiO2 coatings on PET.
Three types of defects are usually present in barrier films; micro defects that allow the
pass of molecules and size of these imperfections are 3 or 4 times of permeate molecules,
next is nano defects that somehow resist the transmission and last is permeation through
amorphous lattice. Overall improvement in the barrier properties of the films was
suggested to be clearly dependent on the population of defects in the coatings [46, 47].
Figure 2.3 explains the passage of gas molecules through these upper mentioned three
types of imperfection. Defects in coatings formed by PVD can be controlled by deposition
technique, deposition time, deposition temperature and pressure, deposition position in

the chamber and wafers’ orientation and rotation modes [48].

To achieve defect free coatings on polymer films surface another beneficial technique
“Atomic Layered Deposition” utilized to reduce the permeability of the film. By this
approach layer can be easily controlled as one deposition cycle deposit only monolayer.
This process can easily substitute aluminium foil in food packaging due to its
advancements in the barrier properties. BOPP, Polylactic acid (PLA) and PET when nano
coated with alumina by using atomic layer deposition it gives remarkable magnification
in barrier. Furthermore, it was deduced that plasma pre-treatments can additionally reduce
the permeability of packaging films [49].
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Figure 2.3: Transmission of gas molecules through oxide coatings[47].
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By controlling temperature during plasma assisted Atomic layer deposition (ALD),
barrier properties of alumina on polymer films can further be enhanced. It was reported
that low deposition temperature for alumina is suitable that resist 20nm alumina nano
coating on PEN by PA-ALD, it was stated to hinder moisture and oxygen molecules
perfectly. Another factor that play vital role is thickness of nano coatings and polymer
film [50].

Effect of thickness of alumina coating grown through ALD technique at low
temperature was investigated and it was concluded by experiment that thinnest nano
coating of polymer films mostly provides enhanced coverage and decrease the
transmission usually 25-100nm thin layer is enough to resist oxygen molecules and water
vapours. Greater the thickness of film higher the chances of cracks growth in coatings and
defects will start to generate that will ultimately allow the moisture and small molecules

to permeate through the film [51].

CVD grown film on polymer substrate is also another process which is studied by a
research group. Plasma enhanced CVD nano coatings with ALD technique was
experimented. Alumina by ALD with 5nm thickness and SiN by PE-CVD with 10nm
thickness multi-layered coating on polymer substrate was reported to be ultra-barrier
packaging film. It was supposed that low density columnar boundaries in SiN reduce
WVTR [52].

2.2: Polymer Blends in Food Packaging

Among the most widely employed blends generated with improved properties are
PP/PET, PP/Nylon[53], PLA/PBS[54], EVOH/PP[55], EVOH/PE [56] and PP/PLA [57]
PE/PETI58]. Polyolefin usually polyethylene (PE) and polypropylene (PP) are in use on
a large scale for the packaging of the foodstuff due to its low price and safety in food
packaging. But these types of films have no strong barrier against water vapours, COzand
O>. It will allow the passage of small molecules through the film that will eventually spoil
the food due to the loss of colour, flavour and nutrients. Most of the market is dominated
by polyolefin. Researchers are working to improve barrier of polyolefin by blending with
ahigh barrier polymer e.g. polyamide, EVOH and PET [59]. Most of the Polyolefin blends
do not show a remarkable influence on the barrier properties. However, by the addition of
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either compatibilizer e.g. by adding some ratio of PP or PE grafted maleic anhydride (PP-
g-MA or PE-g-MA) with original PP/PE or by using maleic anhydride grafted PP/PE as
whole with high barrier polymer [60, 61]. Blending of these polymers was reported to be
done in single or twin screw extruder. Permeability can be further reduced by controlling
the morphology and to make it homogeneous and well mixed blend with less voids. This
can be done by setting the weight ratio of polymer in the blend. Extrusion temperature,
screw rpm, time and pulling ratio have influence on the morphology of blend [55, 62-64].
Apart from this, researchers are working on the blend of biodegradable polymer for
packaging. Biodegradable polymer are not mechanically strong enough and have
moderate barrier properties. Biodegradable materials are usually costly. So there is a great
demand to improve its properties and lower its cost. Polylactic (PLA) is biodegradable
polymer used in food packaging industry. Its barrier properties are somehow equal to PET

and PS but mechanical strength is low [65].

Blend of PP and PLA was made to form a partially biodegradable films with a
combination of properties. Characteristics of the blended film can be controlled by
adjusting the content of both polymer according to our requirement. PLA when added in
PP increased the permeability of water vapours while O> was reported to be reduced.
Blend of Poly Butylene Succinate (PBS) and PLA was also predicted to be suitable
biodegradable material for food packaging. Blend was prepared through the extruder.

Both of these polymers are incompatible [54].

A number of compatibilizers used to enhance the interfacial bonding in PET and PP
blend. LLDPE-g-MA PP-g-MA and hydrogenated SBS block copolymer were used as
compatibilizers. This research on the comparison of all the compatibilizers in PET/PP
blend indicated a high efficiency of SEBS-g-MA and PP-g-MA + EPM (ethylene
propylene copolymer) but low performance of LLDPE-g-MA and PP-g-MA. EPM was
reported to be a promoter in the effectiveness of PP-g-MA. It decreased the interfacial

stresses and hindering of the migration of PP-g-MA into PP [66].

The elastomer based compatibilizer efficiently bear the stresses induced at PET/PP
interface. In another work maleic anhydride grafted polyethylene octane elastomer (POE)

was used in PET/PP blend with 80/20 composition. The results indicated a fine dispersed
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phase morphology by the insertion of POE-g-MA. However the modulus, tensile and
flexural strength were lowered owing to the softness induced by elastomeric
compatibilizer. Tq of PET was shifted to lower value by the addition of a compatibilizer
in PET/PP blend [67].

Apart from maleic anhydride other compounds were also used in the blend of PET and
PP as compatibilizer. Silane coupling agent (SCA) was added as compatibilizer in PET/PP
blend with 20, 40, 50, 60% PET. SCA marvellously improved the mechanical properties
of blends. Morphology of the blends showed a better adhesion when SCA compatibilized
blends were compared to non compatibilized PP/PET blend [68]. Acrylic acid
functionalized PP was used as compatibilizer in PP/PET blends. Blending was done on
laboratory scale batch mixer and co rotating twin screw extruder. Functionalized PP
induced a very fine dispersed phase morphology. Mechanical properties were prominently
enhanced. All these effects were reported to be due to reduced interfacial tension by
adding to PP-g-AA [69].

2.3: Grafting of Polyolefin

Functionalization of polyolefin to insert a polar group for enhancing its compatibility
with various engineering polymers has been done by many researchers in previous decade.
Mostly polypropylene (PP) and polyethylene (PE) are functionalized by maleic anhydride
or acrylic acid. Grafting of maleic anhydride or acrylic group on the chain of PP or PE

was done by solution and melt techniques.

PP was grafted with maleic anhydride (MAH) by solid phase graft copolymerization.
In this process, reaction was done in a four neck glass with an agitator. Reaction was done
at 130°C temperature, 100 rpm under nitrogen. Benzoyl peroxide (BPO) and MAH were
added in two parts in total 16 min. Reaction was done in 58 min and extracted with acetone
to purify the grafted PP from unreacted monomer [70]. Twin screw extruder was also used
for the grafting of maleic anhydride on PP by varying MAH and BPO concentration. This
reactive extrusion process was done on 150 rpm, under nitrogen with a temperature profile
180, 200, 200, 210, 210, 210, 200 °C. For purification xylene was used. Carbonyl index
(CI) was used to estimate the percentage of grafting. DSC, MFI, SEC and NMR were used
for confirmation of grafting [71]. Functionalization of PP with maleic anhydride was done
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in a batch mixer in the presence of dicumyl peroxide (DCP). Grafting percentage was
calculated by varying amount of DCP and MAH at 180 °C and 60 rpm. The properties of
grafted PP were investigated by titration, FT-IR, Contact angel measurement and thermal
analysis (DSC). Complete reaction mechanism was explored for the grafting of MAH on
PP [72]. Effect of PP grafting by maleic anhydride on rheological properties were studied
by using twin screw extruder. It was deduced that molecular weight after grafting will
ultimately effect the rheological properties. By varying MAH and peroxide concentration
molecular weight can be controlled. Higher MAH will degrade long chain of PP and
peroxide concentration will also initiate side reaction that will reduce weight average
molecular weight of PP but polydispersity index will remain same (PDI) [73]. Grafting of
MAH on LDPE was done by reactive extrusion in twin screw extruder at temperature
profile 140 °C, 160 °C, 180 °C and 200 °C and 60 rpm. DCP showed a small effect on the
viscosity of grafted LDPE. By increasing the concentration MAH, viscosity of grafted
LDPE was reduced [74].

Grafting of acrylic acid on polyethylene film’s surface was done by specially designed
equipment on which film is mounted. At one side there was grafting solution of acrylic
acid and on the other side of film, there was air with oxygen that was supposed to inhibit
grafting on the other side of film. Gamma irradiation method was used to graft acrylic
acid on PE film with controlled yield. This top layer grafted surface will inhibit diffusion
through the film [75]. Preirradiated PP was used to graft acrylic acid on PP chain by
reactive extrusion mechanism. This method showed a little degradation in pure PP when
concentration of irradiated PP was increased owing to high radicals generation. Final

product provided a high impact material that was of potential industrial interest [76].
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Chapter-3

Experimental Procedures

3a: Preparation and Characterization of Functionalized
Polypropylene

3a.1: Materials and Method

The chemicals and materials were used as received without further purification.
Maleic anhydride (MAH) was 99% pure obtained from (Sigma Aldrich) with density
1.314 glcm®, benzoyl peroxide (BPO) that was used as initiator and isotactic
polypropylene (produced by LCY Chemicals CORP) with MFI 3.297 g/10min at 190°C
and density 0.908 g/cm?® were industrially donated. Acetone was commercial grade, used
as solvent for MAH and BPO. Prior to grafting of PP, differential scanning calorimetry
(DSC) of 5-7 mg PP sample was done to check that either polypropylene is isotactic or
atactic. Melting Temperature (Tm) was 165°C and glass transition temperature (Tg) was at
-20° C so it was deduced that PP used for grafting was isotactic.

3a.1.1: Reactive Extrusion for Grafting MAH on Isotactic Polypropylene

For the functionalization of PP, MAH was grafted on PP chain using BPO as initiator.
MAH and BPO were dissolved in acetone and PP pellets were added. After volatilizing
the acetone, BPO and MAH adhered onto the pellets homogenously. Functionalization of
PP was carried out by reactive extrusion process in HAAKE PolyLab OS internal
engineering mixer system displayed in figure 3.1. Internal engineering mixer has two
counter rotating triangle shaped rotors having rotational speed ratio 1.25:1 (left to right)
shown in figure 3.2. Recipe was prepared in internal mixer software HAAKE Polysoft by
adding density and processing conditions of materials. The processing conditions were
temperature 160°C, screw speed 60 rpm and reaction time was 10 minutes. Barrel was
first preheated at 160°C and material was added in two parts. Thermocouple was mounted
on the bottom of the mixer to maintain the melt temperature. The change in torque

throughout of the reaction was measured from the transducer that was mounted on the
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rotating shaft. Process parameters that remain constant were temperature, screw speed and
time, MAH and BPO varied by following table 3.1 and table 3.2.

Table 3.1: Experimental design by varying Maleic anhydride and constant BPO.

Sample Name: Maleic anhydride Benzoyl Peroxide

(MAH) (BPO)
phr phr
PM1 0.05 0.4
PM2 0.10 0.4
PM3 0.15 0.4
PM4 0.20 0.4
PM5 0.25 0.4

Table 3.2: Experimental design by varying Benzoyl Peroxide and constant MAH.

Sample Maleic anhydride  Benzoyl Peroxide
Name: (MAH) (BPO)
phr phr
PB1 0.15 0.2
PB2 0.15 0.3
PB3 0.15 0.4
PB4 0.15 0.45
PB5 0.15 0.5
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Figure 3.2: Simplified inside 2D view of HAAKE PolyLab OS internal mixer
system[77].

A complete reaction mechanism during the grafting of MAH on PP by using BPO as

initiator are detailed below.
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3a.2: Characterization of Grafted PP Samples

During the grafting of maleic anhydride on PP, data obtained from internal mixer was
analysed to obtain information about the rheological behaviour of grafted PP. After
reactive extrusion process, formulations that obtained were characterized by FTIR, MFI

and DSC to confirm this reaction.

3a.2.1: Torque evolution in Internal Mixer

In internal mixer, external sensors are used to maintain a stable environment inside the
reaction chamber. Torque was detected by transducer to obtained data about the viscosity
of PP during reactive extrusion. This mixer works at defined speed (shear rate) and time,
and materials behaviour is recorded as torque. Rotors’ rpm is defined, if there is any
viscosity change inside material, system will gain more energy to maintain speed of rotors,
this will generate signal recorded by transducer. In mixing chamber temperature is
controlled by independent heating and cooling zones. When there is friction due to mixing
inside the chamber, heat will generate and cause a change in materials temperature. This

change in material’s temperature is recorded as measuring signal.

3a.2.2: Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) FT-IR Bruker Alpha spectrometer,
spectrum was done to confirm the grafting of maleic anhydride functional group on PP
chains. The spectrum was recorded by Bruker Alpha instrument. Spectrum was studied in
FT-IR Essentials software. From the FTIR spectra of all grafted samples carbonyl index

(C1) was calculated using following equation:
A
Cl = 1750/A ....................... 10)

Where, A;;5, is the area of absorbance peak at 1750 cm?, that is characteristic of carbonyl
functional group from five membered cyclic anhydrides; and A,45s is the area of
absorbance peak at 1455cm™ | that is characteristic of the methylene group (CH>),
proportional to the concentration of polypropylene [71].
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3a.2.3: Thermal Analysis by Differential Scanning Calorimetry (DSC)

Effect of grafting maleic anhydride on the thermal properties (Tm) of PP was analysed
by Differential Scanning Calorimetry. Grafted samples were characterized in a Perkin
Elmer differential scanning calorimeter (DSC), by heating 5-8 mg of sample at 10°C/min
under nitrogen (N2) atmosphere from ambient temperature to 200 °C. The values obtained
by DSC measurements for the heat of fusion for pure PP and grafted PP samples were

utilized to calculate percentage crystallinity by following equation.

% Crytallinity = ——.......... 11)

where, AH; is heat of fusion of grafted PP and AHy,  is heat of fusion for hypothetically

100% crystalline PP [72]. The value for enthalpy of fusion of 100% crystalline PP used
was 207 J/g [78].

3a.2.4: Melt Flow Index (MFI)

To study the effect of grafting on the flow behaviour of PP, MFI of all grafted samples
was measured at 190 °C under the weight of 2.16kg in Noselab ATS Plastometer. The
analysis was carried out 3 times for each reactive extruded samples.
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3b: Fabrication of Polyethylene Terephthalate (PET)
and Polypropylene (PP) blends’ films

3b.1: Materials and Method

From the samples manufactured in first step, highest grafted isotactic polypropylene
was chosen from all grafted samples and was mechanically blended in different
proportions with film grade polyethylene terephthalate (provided by Gatron Industries
limited) having melting temperature 262.76 °C and glass transition temperature 80.38 °C
which was checked by differential scanning calorimetry (DSC) prior to blending, with
MF1 39.36 g/10 min at 280 °C under 2.16 kg weight and density is 1.38 g/cm®,

3b.2: Preparation of Blends

Blends of MAH grafted polypropylene and pure polypropylene with polyethylene
terephthalate were prepare by varying composition in internal mixer by melt blending.
PET was added first then PP and MAH-g-PP were added. Blending was done at 270 °C
temperature, 70 rpm and 10 minutes. Samples were cooled on room temperature without
any quenching and chains alignment setup. Compositions details are explained in table
3.3.

3b.3: Preparation of Polymer Blends’ Film

Blends made in internal mixer were cooled on room temperature. Films of blends were
made by injection molding at 200 °C temperature. Films were cooled on room temperature

without chains alignment.

3b.4: Characterization of Polymer Blends

Blend of polypropylene and polyethylene terephthalate were characterized by FTIR,
DSC, SEM and water vapours’ permeability was detected.
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Table 3.3: Composition details of PP/ PET blends.

Samples Film Grade PET Isotactic PP MAH-g-PP
(%) (%) (%)
Composition 1 60% 39% PP 1%
Composition 2 60% 37.5% PP 2.5%
Composition 3 60% 35% PP 5%
Composition 4 60% 40% PP -
Composition 5 100 % - -
Composition 6 - 100 % -

3b.4.1: Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) FT-IR Bruker Alpha spectrometer,
spectrum was done to study the specific interactions in the blend of PP with PET by
analysing functional groups present in the blend. Generally these interactions can affect
stretching frequency of CHz from 2950 cm™ to 2840 cm™ and also C=0 stretching at 1750
cmt. The spectrum was recorded by Bruker Alpha instrument. Spectrum was studied in

FT-IR Essentials software.

3b.4.2: Differential Scanning Calorimetry (DSC)

Thermal analysis of all blends was done by Perkin Elmer differential scanning
calorimeter (DSC), by heating 5-8mg of sample from 50 °C to 300 °C at 10 °C per minute
scan rate under N2 atmosphere. There was no effect on the percentage crystallinity of PP
in the blend and percentage crystallinity of PET in the blends was calculated by following

equation as equation 11.

*

AHf
AHf100

% Crytallinity =
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where, AH; is heat of fusion of PET in blend and AHy,  is heat of fusion for hypothetically

100% crystalline PET [72]. The value for enthalpy of fusion of 100% crystalline PET used
was 140 J/g [78].

3b.4.3: Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) Joel JSM 6490A was performed to study the
morphology of blends. By analysing SEM images it can be said that whether the blend is
homogeneous or phase separated. Fracture behaviour of blends was also investigated by

SEM images.
3b.4.4: Films’ Water Permeability

Water permeability of prepared films was determined by ASTM E-96. Films were
covered on a cup filled with known weight of water and was placed in open air at 29°C

and 20% RH. After 24 hrs weight of the water inside the cup was measured and evaporated

water was calculated.

WVTR = G/tA . occvvooeeeeeeeeeeeee . 12)

where

G = change in water weight

t = time during which change occurs
A =test area

From this calculated water vapours transmission rate permeance was measured by
equation 13.

Permeance = WVTR/AP.................. 13)
AP = vapour pressure difference

From calculated permeance, permeability of films for water vapours was determined by
equation 14.

Average Permeability = permeance X thickness of film.......... 14)
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Chapter-4

Results and Discussion

4a: Results and Discussion of Grafted samples

4a.1: Torque Evolution of Grafted Polypropylene in Internal Mixer

Figure 4.1 explains the typical torque time curve in torque rheometer. Figures 4.2
describes the torque evolution for the processing MAH on PP at 160°C temperature and
60 rpm. During the processing for grafting MAH on PP chains, in all samples, after the
initial high filling peaks due to the quick addition of raw materials into the mixer, torque
on the curve showed continuous disturbance reflecting the feeding and molten
accumulation of materials. A high value of torque was visible during first 2-4 minutes due
to friction, high viscosity and melting of the surface of the material after heating. The
recorded instantaneous torque t was correlated with viscosity n of material in the reaction

at temperature T for time t.[77]

TET) O TIET) o eevereernnemennee e e et 12)

This value gradually falls which is attributed to the structural changes in PP after
grafting with MAH in the presence of BPO. It was observed that during the initial reaction
time, torque was high because of radical reaction on PP chains which resulted in an
increase in viscosity and hence enhanced viscous dissipation. With passage of time fusion
of materials occurred, the chains started to break and molecular weight decreased in

response to grafting MAH functional group on PP.

Due to reduction in molecular weight viscosity decreased and hence there was clear
slop change in torque. It stabilized at the end of reaction after all particles completely
melted. An equilibrium was achieved between shear heating and constant chamber
temperature that resulted in stable torque value as shown in figure 4.3 and 4.4. It was
observed that increase in the amount of MAH or BPO shortens the time require to reach
steady state torque value, this can be analysed in figure 4.5 and 4.6 comparison chart.
High value of BPO and MAH reduced chain length and chain entanglements that caused

low viscosity.[77]
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Figure 4.1: Typical torque time curve in internal mixer[79]
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Figure 4.2: Measurement curves generated by HAAKE Polysoft Software for samples
having MAH variation at constant BPO.
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4a.2: FTIR Analysis of Grafted PP Samples

FTIR spectra of pure PP and MAH grafted PP with varying MAH and BPO content
are shown in figure 4.7 and 4.8 respectively. In all spectra, pure and grafted, there are
peaks at 2950 cm™* for the asymmetric stretching of methyl group (-CHs), at 2915 cm™* for
the asymmetric stretching of -CH.-, at 2870 cm™* for the symmetric stretching of methyl
group (-CHs), at 2840 cm for the symmetric stretching of -CHa-, bending peaks of -CH,-
and —CHjs are at 1455 cm™ and 1370 cm™ respectively. In all grafted samples, two peaks
appeared on 1750 cm™ for carbonyl group (C=0) of five membered ring anhydride and
1655 cm® for C=C. These peaks confirmed the presence of MAH grafted PP chains along
with pure PP. For all MAH grafted samples, FTIR spectra displayed reduction in
absorbance for CH stretching and bending. This is due the change in dipole moment after
grafting MAH on PP. Peak at 1170 cm™ is of C-H in plane deformation and at 945 cm™ is
due to C-H out of plane deformation. Carbonyl index was calculated for all grafted
samples by using equation 10. Table 4.1 displays CI values for all samples. CI value is

directly proportional to MAH grafting. Higher CI value relates to high grafting.

Table 4.1: Cl values of all grafted samples

Sample MAH BPO Carbonyl Sample MAH BPO Carbonyl
Name (phr) (phr) Index Name (phr) (phr) Index

(CI) (CI
PM1 0.05 0.4 0.24 PB1 0.15 0.2 0.25
PM2 0.10 0.4 0.37 PB2 0.15 0.3 0.27
PM3 0.15 0.4 0.38 PB3 0.15 0.4 0.38
PM4 0.20 0.4 0.41 PB4 0.15 0.45 0.42
PM5 0.25 0.4 0.40 PB5 0.15 0.5 0.41
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Figure 4.7: FTIR analysis spectra of MAH grafted PP samples by varying MAH content
(from 1 to 5) in comparison of pure PP spectra.
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Figure 4.8: FTIR analysis spectra of MAH grafted PP samples by varying BPO content

(from 1 to 5) in comparison of pure PP spectra.
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4a.3: Thermal Analysis of Grafted Samples

Thermal properties of functionalized PP including melting temperature and percentage
crystallinity was analysed by DSC thermograms. A comparison of all processed samples
by reactive extrusion with varying MAH and BPO contents are shown in figure 4.9 and
figure 4.10 respectively. All grafted samples showed high fusion enthalpy. Percentage
crystallinity of processed samples was calculated by equation 11, variation in percentage
crystallinity and melting temperature by different MAH and BPO contents for grafted PP
are also exhibited in figure 4.11 and figure 4.12 respectively. By analysing these effects it
can be deduced that in all processed samples percentage crystallinity was much increased,
owing to the degradation of PP chains into shorter chains by the addition of BPO and
MAMH. Chain scission caused reduction in molecular weight and further reduced
entanglements in chains, this reduction raised the degree of order of PP chains and hence

caused an increase in overall crystallinity. [71]
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Figure 4.9: Differential scanning calorimetry (DSC) thermograms for MAH grafted PP
samples for varying MAH contents.
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Figure 4.10: Differential scanning calorimetry (DSC) thermograms for MAH grafted
PP samples for varying BPO contents.
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Figure 4.11: Effect on percentage crystallinity for grafted samples by varying MAH and
BPO content.

When BPO content was raised, chains scission was increased due to high level of
degradation and thus percentage crystallinity remained high for all samples. On contrary,
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when MAH concentration was increased at 0.1 phr, percentage crystallinity reduced and
with further addition of MAH % crystallinity remained unaffected. The reason for the
slight fall after 0.1 phr MAH was due to complex molecules formation leading to

hindrance in chains’ packing. [80]
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Figure 4.12: Effect on Melting Temperature (Tm) for grafted samples by varying MAH
and BPO contents.

The structural changes caused by adding maleic anhydride on PP chains also
influenced melting temperature to some extent. Variation in MAH at constant BPO and in
BPO at constant MAH, first reduced melting temperature of processed samples and then
a sudden rise was detected. The fall in T at low concentrations of MAH and BPO was
owing to the chains breakage and branching on main chain. But at high amount of MAH
and BPO complex molecular structures formed and melting temperature increased. [71,
80]

4a.4: Melt Flow Index (MFI)

MFI values for all functionalized polypropylene samples are displayed in table 4.2
below. Figure 4.13 displays that by adding low content of MAH and BPO, MFI value

increase remarkably. This was confirmed from literature[71, 81]. By adding MAH and
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BPO polymer chain scission occur due to termination by chain transfer not by
combination.

Table 4.2: Melt Flow Index for all processed samples and pure polypropylene.

Sample MFI (g/10min) at Sample MFI (g/10min) at

Name 2.16 kgand 190°C  Name 2.16 kg and 190°C
PP 3.297 PB1 11.84
PM1 6.011 PB2 13.99
PM2 9.256 PB3 15.97
PM3 13.28 PB4 12.70
PM4 8.901 PB5 8.380
PM5 8.604 PB1 11.84

It can be infer that combination reaction for termination is less probable than chain
transfer. Shorter chains with low molecular weight causes high flow rate. But as the
amount of MAH and BPO increases further, complex molecules form this will lower its
MFI values.[71]
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Figure 4.1: Melt Flow Index of functionalized samples by varying MAH and BPO
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4b: Results and Discussion of Blended Films

4b.1: Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of pure PP, pure PET and MAH-g-PP/PP/PET blend shows many
alterations presented in figure 4.14. In MAH-g-PP/PP/PET blend there is a weak broad
band of OH at about 3600 cm™ due to water absorption. Four adjacent stacks at 2950 cm”
! for the asymmetric stretching of methyl group (-CHs), at 2915 cm™ for the asymmetric
stretching of —CH, at 2870 cm™ for the symmetric stretching of methyl group (-CHs), at
2840 cm'! for the symmetric stretching of -CHa-, bending peaks of -CH,- and —~CHs are at
1455 cm™tand 1370 cm™ respectively are present in pure PP and -MAH-g-PP/PET blend
but is not visible in pure PET. In pure PET and MAH-g-PP/PP/PET blend samples, peak
appeared on 1750 cm for carbonyl group (C=0). A strong peak at 1250 cm™ which is
clear in pure PET and much strong in MAH-g-PP/PP/PET blend confirms the presence of
ester linkage (C-O-C). [67]
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Figure 4.14: FTIR spectra comparison between pure PP, pure PET and
MAH-g-PP/PP/PET.
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In fingerprint region there is peak in PET and blend spectra at 1035 cm™ due to C-O
stretch. A much sharp peak at 750 cm™ in pure PET and blend is of benzene ring. There
was no prominent shift in peaks that confirms the absence of any bonding between PET
and PP in the blend.

4b.2: Thermal Analysis by Differential Scanning Calorimetry (DSC)

DSC thermogram of MAH-g-PP/PP/PET blend is displayed in figure 4.15. From DSC
results it was deduced that glass transition temperature (Tg) of PET appeared at 82 °C but
in the blend with compatibilizer Ty was not detectable and there might be possibilities that
Tg was not changed. [82]

Twm of PET = 261 °C

Tm of PP =170 °C

60 =

— PP
— PET
Te of PET = 133 °C — PP/PET blend

.
T of PET =262 °C
T, of PET = 82 oC
30 -

Twof PP =165 °C

Tc of PET = 13%

¥ T B T ¥ T , T : 1
50 100 150 200 250 300

Heat Flow (mW)

Temperature (C)

Figure 4.15: DSC thermogram of MAH-g-PP/PP/PET blend, PP and PET

Tmof PP in the blends was increased from 165 °C to 170 °C compare to pure PP due
to reason that addition of PET in PP effected that chains behaviour. Inside the blends the
polymer in majority (PET) started to form coil like structure around the polymer in less
amount (PP), this chains behaviour demanded high temperature for the melting of PP. [83]
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There was no effect on the crystallization temperature of PET in the compatibilized
blends. Tm of PET was not changed by blending with PP. In PET/PP blend without
compatibilizer displayed in figure in 4.16, T4 of blend without compatibility was also not
detectable.[82, 83]

Tmof PET in the blend was almost same and Tm of PP was high in uncompatibilized
blend because of coiling of PET around PP. T.of PET was observed to be decrease due
the coursing of crystals that will form at low temperature in blend compare of pure PET
in which well-shaped crystals form at high temperature. Thermal properties were overall
improved by adding compatibilizer as first melting appears at higher temperature than
pure PP and PET/PP blend without compatibilizer.

Heat of fusion of PP in the blend was not highly effected but heat of fusion of PET in
the blend was decreased shown in figure 4.17 and hence crystallinity of PET was low
calculated by equation 11. This decrease was because of hindrance created by interactions

generated after blending. Table 4.3 displays the variation in % crystallinity of PET after

blending.
Blend
Tmof PET=262°C | — _ PET
Tm of PP = 169 °C
40 - T. of PET = 126 °C Tm of PET = 262 °C
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Figure 4.16: DSC thermogram of /PP/PET blend, PP and PET
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Table 4.3: Percentage crystallinity of PET in the blend.

Compositions % Crystallinity of PET
CB1 16.07
CB2 15.37
CB3 11.86
CB4 19.40
CB5 27.85
CB6 -
20 -
h |
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:'? 17 =
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-S_E 16 o
[72]
g ] \.
o 154
o
=
c 14 -
)]
8 L
P 134
12 4
11 T £ T ' T v T . T Y T
0 1 2 3 4 5

Concentration of MAH-g-PP (%)

Figure 4.17: Percentage crystallinity of blends of different composition.
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4b.3: Morphology by Scanning Electron Microscopy (SEM)

Figure 4.18 displays the scanning electron microscopy images of pure PP and PET
and figure 4.19 shows the images of compatibilized and noncompatibilized PP/PET
blends. From the images we can analyse that pure PET and pure PP has completely
uniform microstructure and from the morphology of the blends the compatibility between
PET and PP can be seen.

20kV X500 50pm 2017 1050 SEI 20kv X500 50pm 2017 1050 SEI

20kV X500 50pm 2017 1059 SEI 20kV X500 50pm 2017 1050 SEI

1) 2)
Figure 4.19: SEM images of 1) PP/PET and 2) MAH-g-PP/PP/PET blends with
composition 40/60 and 2.5/37.5/60 respectively.
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The presence of MAH-g-PP in blends promoted the formation of much finer dispersed
morphology, uniformity and much better adhesion than noncompatibilized blends. This
increase in fineness of the blend resulted in reduction of voids and hence it reduced the
passage of molecules through the films and decrease its permeability for water molecules.
Figure 4.20 and 4.21 are the details of compatibilized blends. [68, 69, 84]

20V X1,000 10pm 2017 1050 SEI 20V X1,000 10pm 2017 1040 SEI

1) 2)

Figure 4.20: SEM images of 1) MAH-g-PP/PP/PET and 2) MAH-g-PP/PP/PET blends
with composition 2.5/39/60 and 5/35/60 respectively.

20kV  X30,000 0.5pm 2017 1040 SEl 20kV  X30,000 0.5pm 2017 1040 SEI

1) 2)

Figure 4.21: SEM images of 1) MAH-g-PP/PP/PET and 2) MAH-g-PP/PP/PET blends
with composition 1/39/60 and 2.5/37.5/60 respectively.
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In figure 4.20 SEM image of 5% compatibilizer showed some voids that are probably
due to uneven physical interactions between the two polymers. In blend of 2.5 % and 5 %
compatibilizer, there are agglomerates that showed immiscibility of PET and PP at some
areas in the blend. PET molecules started to join with each other due to greater interactions

between same types of molecules to stabilize system. [85]

Fracture analysis of blends was also done by SEM images explained in figure 4.22.
The spherical shaped beads belonged to PP polymer and the main matrix is PET. These
spherical beads are clearly seen to be debounded from the matrix material due to the lack
of interfacial adhesion in uncompatibilized blend. A large number of holes are clearly
visible in non compatibilized samples owing to the pull out of these weakly adhered
polymers. Functionalized PP/PET blends’ morphology showed a smaller particle size due
to greater interaction. Spherical shaped beads are now seemed to be adhered to the matrix
by forming bridges. These interactions are due to dipole-dipole attractions between PET’s
carbonyl group and maleic anhydride group in PP. In the fractured surface of
compatibilized blends we can analyse the fibrils extension as well as plane surface

fracture, so it can be illustrated that the functionalized PP/PET is moderately ductile.[68]
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Figure 4.22: SEM images of fracture analysis of 60 % PET 1) 5% MAH-g-PP/PET
blends 2) noncompatibilized PP/PET.

The plane surface showed brittle fracture, brittleness in the blended films was due to

less alignment and disordered PET chains. Chains were not aligned because of annealing
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of blended films at room temperature. Quenching can generate ordered structure with

superior mechanical properties.

An optimum amount of compatibilizer can provide homogeneous PET/PP blend with
less phase separations. 1% compatibilizer is the amount of MAH-g-PP that showed best

blend of PET/PP with reduced agglomerations and voids.

4b.4: Water vapours Permeability

Water vapours’ weight loss from the films was detected using ASTM E96 and
permeability calculations were done to estimate the permeability of water vapours through
the prepared films. Pure PET material has high permeability for water molecules because
of its polar nature, it absorbs water. By absorbing high percentage of water molecules,
greater diffusion occurs through PET, its weight loss is 1.973 % greater than of pure PP.
Diffusion of penetrant molecules depends on the size of molecules, polarity of material,
temperature on which diffusion occurs and concentration difference of molecules across
the film.

Lays Wrappers 2.1708 %
Al Foil 21776 %
5% Cmp blend —
25% Cmp blend M1 1 0597 o
1% Cmp blend ] 30801 %
0% Cmp blend ——
Pure PET HH 1973 %
__l .
Pure PP 1 11181%
n lllllllllllllllllllllllIIIIIIIIIIIIII
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5

Wieght Loss (%)

Figure 4.23: Water vapours weight loss of prepared films.
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Figure 4.23 compares the blends” WVTR weight loss with pure PP and PET,
Aluminium foil and Lays wrapper, it can be deduced that, when PET was blended with
PP using 1% compatibilizer, its water resistance improved because of PP matrix that
hindered water molecules passage through the films. Compatibilized blend resulted in
reduced voids inside the blend and free space available to the water molecules to diffuse
through the film decreased. However, at higher percentage of compatibilizer, uneven
physical interactions between the PP and PET resulted in voids in the films that will

increase water molecules’ permeability.

Defects in the film also lower its barrier properties for water molecules. When there is
less interaction in the blend, films will not be homogeneous and defective sites will allow
the passage of water molecules through the films. At 0 percent compatibilizer, PET and
PP were completely phase separated analysed by SEM images. High weight loss that was
1.9370 % greater than pure PET, was detected in the noncompatibilized films attributed

to defects and voids in heterogeneous blend.

Lays wrapper 0.9298%
Al foil 0.9931 %
5% Cmp blend —H
2.5% Cmp blend - l 0.5088 %
1% Cmp blend 1 BA0F %
0% Cmp blend L
] =
Pure PET | H 12087 %
Pure PP
e | }0_4393,%

P ermeability (g m m/m~ h bar }

Figure 4.24: Water vapours permeability of prepared films.
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Water vapours permeability calculated according to ASTM E-96 is displayed in figure
4.24. These results shows high permeation of water for uncompatibilized blend that was
1.2082 % greater than pure PET and at higher value of compatibilizer also. High
permeability for water molecules is due to voids and defects in the films. It can be
illustrated from above results that 1 percent MAH-g-PP is the optimum value of
compatibilizer in PET/PP blend which showed permeability of water nearly equal to pure
PP and also very small difference than conventional lays wrapper. Water vapours
transmission rate increased in other blends because of no compatibility and less physical
interactions between polymers. Hence, it is concluded that addition of compatibilizer in
an optimum amount in PET/PP blend improved the water vapour resistance of PET resin
by blending. Without compatibilizer PET/PP blend is not useable for food packaging

application
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Conclusions

The summary of this work therefore is that reactive extrusion process was successfully
carried out for tailor made compatibilizer of MAH grafted onto PP (MAH-g-PP).
MAMH grafted carbonyl groups resulted in carbonyl index values, and highest value of
0.41 was observed at 0.2 phr MAH and 0.4 phr BPO.

Viscosity was detected to be low by analysing torque with grafting MAH on PP that
make the processing easier. Greater amount of MAH and BPO from an optimum value
will lower material’s properties. After grafting PP by MAH, MFI and crystallinity was
much increased due to short chains and less entanglement.

MAH-g-PP can be used as compatibilizer to make a homogeneous blend of PET and
PP. 1% Compatibilizer in 60/40 PET/PP blend seems to provide best homogeneous
blends relative to other concentrations.

Thermal resistance of blends was improved by adding PP in PET, melting of blend
started at 170 °C. Processing temperature of blend was 200 °C resulted in ease in
processing of PET.

1% Comepatibilizer is 60/40 PET/PP blend gave les voids, defect free structure and
high thermal properties. Plastic films exhibited excellent lower permeability for 1%
compatibilizer in 60/40 PET-PP blends. Concentration of compatibilizer greater than
1 % provides defects in the film that eventually allow the passage of water vapours
molecules.

More than 1% compatibilizer in blend generated uneven physical interactions in the
blend, owing to this defects in the films appeared that showed a high permeability for
water molecules through the films. So it can be concluded that 1% MAH-g-PP
provided a blend with combination of properties required in food packaging.

Suggestions for Future Work

Work can be done to improve the orientation of chains in the blend that will influence

on its mechanical properties.
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Further reactive processing parameters can be investigated such as type of free
radical, RPM, temperature profiles, additives types and concentrations, and resins
including recycled ones

Further applications of the developed compatibilizer can be explored for various
applications such as co-extrusion packaging, adhesives, gases permeability, etc.
Functionalization of PP by acrylic acid and its blend with PET.

Oxygen permeability of PET/PP blends using commercial available equipment.
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