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CHAPTER 1

INTRODUCTION

1.1 Introduction

Over the past half-century, synthetic plastics have become the major new
material for everyday life. Much of this growth has taken place at the expense of more
traditional materials, such as steel, aluminium, paper and glass. Synthetic polymers,
such as polystyrene (PS), polypropylene (PP), and polyethylene (PE), are widely used
for food packaging or food service items, the biomedical field, and agriculture.
Because they are easily-produced, convenient, cheap, long-lasting, and so on. The use

of plastics in packaging iIs growing at the rate about 25 per cent per annum [1]. It is
almost inevitable that they will continue to play an essential part in the distribution of
food and other perishable commodities in spite of the threaten concern about their

resistance to biodegradation. This situation leads to the growing problem of pollution.
Although these inert polymers can be degraded by the natural surrounding, but the
degradation process takes very long time. Therefore, there has been an increasing
interest in the development of biodegradation polymers, such as:
(@) synthesis of biodegradable polymers such as poly(3-hydroxy butyrate) or
PHB and poly(3-hydroxy valerate) or PHV [2],

(b) incorporation of natural product such as starch into polymers [3].



Polyethylene is one of the most dominant packaging materials, bringing with

the real problems in the disposal of one-trip packaging. There are many attempts

trying to make polyethylene easily degraded. The popular method is the use of starch

as the natural filler in polyethylene. When exposure to a soil environment, the starch
component is consumed by microorganism, leading to increased porosity, void

formation, and the loss of integrity of plastics matrix. The plastic matrix will be

broken down in to smaller particles. The view of this process is shown in Figure 1.1.

A. undegraded

B. degraded
e
C. undegraded D. degraded starch
- - e
g L. 2 plastic
—~——

Figure 1.1 Degradation of starch-filled plastics



1.2 Objectives

The objectives of this research are following:

1.

To determine a suitable condition for the synthesis of starch-g-poly(acrylic
acid) graft copolymers by a simultaneous irradiation method.

To modify the obtained starch-g-poly(acrylic acid) to have hydrophobic
property by esterification with poly(ethylene glycol) 4000 and
etherification with propylene oxide.

To study the effect of the modified starch on the properties of its blends
with low density polyethylene (LDPE).

To study the degradation of the modified starch/LDPE blends by soil

burial test.

1.3 Expected Benefits Obtained from of the Research

The benefits from the research can be

1.

To obtain starch-g-poly(acrylic acid) graft copolymer, to be used to
modify its property.

To obtain the method to modify the starch-g-poly(acrylic acid) to be
hydrophaobicity.

To obtain the effect of modified starch on the properties of its blends with
low density polyethylene (LDPE).

To obtain the degradability of the modified starch/LDPE blends in soil.



1.4 Scope of Investigation

In this research, the necessary procedures are as follows:

1.

2.

Literature survey and in-depth study of this research work.
Preparing the graft copolymers of starch-g-poly(acrylic acid) via gamma
irradiation by a simultaneous irradiation technique with the variation of the
following parameters: total dose (kGy), dose rate (kGy h™), and acrylic
acid-to-starch ratio to obtain the suitable and appropriate reaction
conditions.
Extracting the homopolymer (poly(acrylic acid)) of the crude product.
Hydrolyzing the graft copolymers by acid hydrolysis method.
Characterizing the graft copolymer in the terms of:

a) %homopolymer

b) %add-on

) Y%conversion

d) %grafting efficiency

e) %grafting ratio.
Esterifying the obtained graft copolymer with poly(ethylene glycol) 4000.
Etherifying the product from (6) with propylene oxide.
Compounding- the plastic ‘materials-using -a -two-roll. mill machine and
making the plastic sheets with a compression moulding machine.
Studying the plastic sheet properties as follows:

a) Tensile strength and %strain test

b) Blend and failure morphology test

c) Hardness measurement



d) Thermal property measurement
e) Degradation in soil burial test
f) Water absorption test.

10. Summarizing the results and preparing the report.

1.5 Content of the Thesis

The content of this thesis comprises of five chapters. Chapter 1 involves an
introduction of the present research, which gives reasons and objectives of the work.
Details of the subsequently theoretical consideration and literature reviews are
explained in Chapter 2 for those who want to understand the history and trends of the
part investigated. Chapter 3 involves the procedure of grafting acrylic acid onto
cassava starch by a simultaneous irradiation technique, modifying the graft copolymer
with poly(ethylene glycol) 4000 and propylene oxide, and compounding the plastic
materials for studying their properties. The results and discussions are described in
Chapter 4, the graft copolymers were characterized in the terms of %homopolymer,
%add-on, %conversion, %grafting efficiency, and %grafting ratio. Fourier transform
infrared spectroscopy, nuclear -magnetic resonance spectrometry, and ultraviolet

spectroscopy were used for following the change of the obtained product in each step.

Tensile strength, %strain, morphology, hardness, thermal property, degradation in

soil, and water absorption were studied in order to evaluate the properties of LDPE

composite sheets. The conclusion and suggestion of this work are given in Chapter 5.



CHAPTER 2

THEORY AND LITERATURE REVIEW

2.1 Starch

Starch or polysaccharides presents a link with the energy of the sun, which is
partially captured during photosynthesis. Starch is a biological material and naturally
occurs in a wide variety of plants and agricultural crop. The size of starch, ranging
from about 3 to 100 um, depends on the type of crops. For cassava starch, its granual

size ranges from 5 to 35 pum [4].

2.1.1 The Chemistry of Starch

Starch is a high polymer composed of repeating 1,4-0-D-
glucopyranosy! units. These monomers, called anhydroglucose unit (AGU), are
joined together with a-glucosidic linkage. This bond is acetal, stable under alkaline
conditions and hydrolyzed under acid conditions. The hydroxyl groups can react to
form ethers and can be oxidized to aldehyde, ketone, and carbonyl groups.

Although starch-is-a hydrophilic polymer, it is not all soluble in water.
This property is influenced by the nature of monomer units, by the type of glucosidic

linkage and by the presence or absence of hydrogen bonding between adjacent

polysaccharide chains.

2.1.2 Chemical Structure

Most -~ starches are composed of = two structurally different

polysaccharides, the linear amylose and the branch amylopectin (Figure 2.1). Their
relative amounts, structures and molecular masses are determined by means of genetic

and environmental control, and therefore wide variation occurs among plants.



2.1.2.1 Amylose
Amylose is the linear component, produced by 1,4-a-D-

glucosidic linkage. It is a minor component, typically ranging form 20% to 30%. Its
molecular weight is about 0.2-2 millions. For cassava starch, the amylose content is
about 16.5-22%.

2.1.2.2 Amylopectin
Amylopectin is the branched component which is composed

of short 1,4-a-linked chains connected to each other by an o(1,6) glucosidic linkage.

The molecular mass of amylopectin is about 100-400 millions, but the average chain

length is only 20-30 glucose units.

(a) CH-OH CH,OH

(b) —
OH-1< O
l_‘i‘_\,_./_’
|
CHz OH CHz CHoCH
| / ~
2 '}—” A—O
—.—_O ) B ‘_ O - \E 1 O O LB
OH OH OH

Figure 2.1 Schematic structures of (a) amylose and (b) amylopectin

(G, glycopyranose)



2.1.3 Starch Modification
The characteristics of starch can be modified by chemical treatment to
enhance or repress its intrinsic properties or to impart new ones. Graft
copolymerization method and the derivatization of the glucosidic hydroxyl groups

have gained importance in chemical modification of starches.

2.1.3.1 Graft copolymerization

Most graft copolymers are formed by free radical graft
copolymerizations, a free radical produced on starch reacts with vinyl monomer. A
number of initiating methods have been used to prepare graft copolymers, and these

may be devided into two broad categories:
i) Chemical Methods [5]

There are several methods of chemical initiation, but the most

widely used method is the reaction of starch with ceric salts, such as ceric ammonium
nitrate dissolved in dilute nitric acid. Pretreatment of starch with ozone-oxygen
mixtures has also been used.

il) Radiation Methods [6]

Starch free radicals have been produced to initiate graft
copolymerization by interaction with electromagnetic radical. The most popular
technique is initiation by means of gamma-ray irradiation, which offers certain
advantages over chemical methods. Radiation methods for preparation of graft
copolymers are often easier to handle than most conventional chemical methods.

When high-energy radiation interacts with matter its intensity
decreases, primarily because of scattering and energy absorption by some irradiated
molecules. Three major processes are operative, photoelectric effect, Compton

scattering, and production of electron pairs.

For gamma rays from Co-60, the predominant effect in organic

material is Compton scattering. In the Compton effect the incident gamma ray
interacts with an orbital electron ejecting the electron from its orbital and producing

another photon of low energy. Both the electron and photon subsequently interact

with the material or surrounding giving rise to essentially two processes, one of



ionization and the other of excitation. In the case of ionization, the Compton electron
transfers sufficient energy to the orbital electron of another atom to overcome the

force binding it to the nucleus. The electron is therefore ejected, leaving behind a

positive ion. If the energy is insufficient to cause ejection of an electron, the energy
level of the atom is raised and the atom is said to be in an excited state. The ions and
excited molecules are very reactive; they either react with other materials present in
the system or decompose into radicals and atoms or molecules. The free radical
produced upon irradiation of polymeric systems may be used to initiate graft
copolymerization.

There are many different methods of radiation grafting such as

direct or mutual irradiation of a polymer in the presence of a monomer and in the
absence of air, preirradiation of a polymer in air to yield peroxy groups and the
subsequent contact with a monomer in the absence of air. Preirradiation of a polymer
in a vacuo yields trapped radicals followed by heating in the presence of another
monomer. In the absence of air, irradiation of two polymeric substrates is in intimate
contact. In the absence and presence of air, polymer lattice swollen with monomer

are irradiated.

In this thesis, only the direct grafting method is considered. The
direct or mutual irradiation is the simplest grafting method, involving the irradiation
of a polymeric substrate in the presence of a monomer and in the absence of oxygen.
Graft copolymerization of the monomer to the polymer is then initiated through the
free radicals generated in the latter.

A number of important factors must be considered, however,

before applying the direct radiation method to a given polymer-monomer system.

lonizing radiation as such is unselective. One must consider not only the effect of
irradiation on the polymeric substrate, but also the effect on the monomer, the
solvent, or any other substance present in the system. Together with the radiation
sensitivity of the polymer-monomer combination one must also consider the effect of

the radiation on the actual polymeric substrate. In general, polymer either degrade or
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crosslink under irradiation. If the polymer degrades then irradiation in the presence of

a monomer will lead predominantly to block-type copolymer; if the polymer

crosslinks, graft structures will result. This may be represented schematically as

follow:
p P M
p =t e 2 . (2.1)
5 4 f) > 2
: M P
P P
p o 3 R t ”.’\! jN\T . .\ll| (7 7)
P p
Here P and P P represent polymeric free radicals derived from
P P, and R® represents a low molecular weight radical or hydrogen atom.

The homopolymer (M) arises from initiation by small radicals R" and also by

radiolysis of the monomer M.

M—> R> —> R(M,)

(2.3)

Kinetic Features of Radical Grafting
For the simplest case of polymer swollen by or immersed in a

monomer, the polymeris completely insoluble in‘the monomer. If one assumes that

the graft copolymerization occurs by a radical chain process, then, the overall reaction

scheme can be divided into three main stems: initiation, propagation, and termination.

This:may be represented as follows.

Initiation:

(2.4)

(2.5)



Addition of the first monomer to initial radical:

P+ M —» PM’

li = ki [P.] [M]

Propagation:

PM.n gt M PM.n+1

o= Kp[M*][M]

Termination by two growing radicals:

PM'n + PM% —» PMpgs, of PMy +PM,

rt = 2 kt[PM'm] [PM.n]
~ 2 k{PM"*,]?
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(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

If one makes the normal assumption that the length of the polymer

chains is long, then the reaction (2.6) can be neglected with respect to the reaction

(2.8), and one obtains the following relation for the rate of graft copolymerization.

o= Kp[PM][M]

(2.12)

Introducing the conventional steady-state assumption that the rate of

change of the radical concentration is small compared to its rates of formation and

disappearance, then

K[P'IIM] = 2 kJPM*.]?

(2.13)
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i = 2k{PM"J? (2.14)

[PM*]

(ril2ky) * (2.15)

On combining equation 2.12 and 2.15, one obtains for the rate of graft
copolymerization:

o= ko[M] (ri/2ks)* (2.16)

Where
I = intensity of radiation
P = backbone polymer
P* = polymer radical
PMn, PMy, P = graft copolymer
M = grafting monomer
r = rate of initiation of polymer radicals

ri = rate of initation of graft reaction
rp, It = rate of propagation and termination, respectively

K = rate constant for initiation of polymer radicals

ki-= rate constant for initiation of - graft reaction

s, [t = propagation and termination rate constant, respectively

In practice, however, the situation is not quite as straightforward as
this, because of the number of specific features resulting from the special reaction
condition also prevailing in most grafting systems. The gel effect, chain transfer,

phase separation, and diffusion effects are, but a few of the many factors, which can

seriously affect the reaction kinetics.
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2.1.3.2 Esterification of carboxylic acid group [7, 8]

The formation of a carboxylic acid ester (usually called simply
an ester) can be prepared by treatment of a carboxylic acid with an alcohol in the
presence of an acid catalyst. The acids most commonly used are sulfuric acid,

hydrochloric acid as a gas bubble in the reaction medium and p-toluenesulfonic acid.
The conversion of carboxylic acid and alcohol to an ester is given the special name

Fischer esterification after the German chemist Emil Fischer (1852-1919).

The general reaction equation is presented as follow:

0 0
4 7
R_C + R'OH e — R—C + H,0 (2.17)
\ Strong acid N
OH catalyst OR
Carboxylic acid Aleohol Carboxylic acid Water

ester

Fischer esterification is a reversible reaction, and generally appreciable
concentration of both the carboxylic acid and ester are present at equilibrium.
Therefore, to obtain a good yield of ester, it Is necessary to force the reaction to

completion either by removing the water as it is formed or using excess of the
reactants. The equilibrium is frequently shifted to product using an alcohol as both a

solvent and a reactant.

2.1.3.3 Starch Etherification [9]

Starch: molecule can be etherified at the reactive hydroxyl

group in the presence of alkaline catalyst. There are three principal methods for the
etherification, the ring opening of epoxides, the nucleophilic displacement of aliphatic
halogens or sulfate groups (the Williamson synthesis), and the Michael-type addition.
The most widely known method is ring opening of epoxides. This procedure proceeds
by the attack of polysaccharide anion to epoxides. The most common of epoxide used

is ethylene oxide. The reaction mechanism is shown below:



Starch-OH + OH~ S Starch-O™ + H,0

0 g
/ N\ H . N\
Starch-O”  + H,C—CHy; ———= /(.:FCHZ
H
Starch-O~

- » Starch-OCH;CH-0O"

Starch-OCH,CH,0™ + HsOQ === Starch-OCH.CI1-OH + OH™
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(2.18)

(2.19)

(2.21)

At high degree of substitution, some polyoxyethyl groups are

formed.

0

7N\ -
Starch-OCH,CH,OH  + nH,C'— CH, —2H—» Starch-O[CH,CH, |,CH,CH, OH (2.22)

If starch reacts with propvlene oxide. two difterent starch ethers

may result depending on whether the nucleophilic attack takes place at the primary or

at the secondary carbon atoin.
(I)H
> Starch-OCH>-CH-CH;

0 ;
/ \ OH'
Starch-OH + H,C—CHCH; —

| I Starch-O([,‘ H-CH,OH
CH;

I
]
‘s

(

(2.24)

The major and usually the only product is that resulting trom a

nucleophilic attach at the least-hindered (primary) carbon.
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2.2 Terminology and Definition

In order to make several points in the thesis clear, some specific terms must be

clarified.

2.2.1 Gelatinization of Starch
Gelatinization of starch occurs either by chemical or thermal treatment.
In this thesis, the latter is considered.

When starch granules are heated continuously, they absorb water,
increase many folds in size, and gelatinize. Consequently, the initially thin and
opaque, and finally transparent. As a result of cooking, starch forms a continuous
system, referred to as starch cook or starch paste. In a starch cook or paste, there is a
mixture of hydrates; swollen granules and granule particles, held together by a typical
maize of associative forces. The temperature at which this drastic change occurs is
usually termed the gelatinization or, more correctly, the pasting temperature of starch.
More exactly, the gelatinization temperature is recorded as a temperature range in
which the starch granules loss their birefringence when observed under the
microscope. The gelatinization temperature is a characteristic property of starch. For

cassava starch, it ranges about 60-85 °C

2.2.2 Percentage of Homopolymer
Homopolymer is the ungrafted polymer, in this case, poly(Acrylic

acid). Homopolymer formed can be obtained by subtracting the weight before and
after soxhlet extraction of graft copolymer and homopolymer with methanol. The

different weight is poly(Acrylic acid) which is soluble in methanol.

%homopolymer = (Weight before extraction — \Weight after extraction) x 100 (225)

Weight before extraction
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2.2.3 Percentage of Add-on
The percentage of add-on is the percent of the grafted polymer in the

graft copolymer, determined as follows:

%add-on = Weight of Polymer Grafted x 100 (2.26)
Initial Weight of Graft copolymer

2.2.4 Percentage of Conversion
The conversion of monomer is the change of monomer charged to

polymer, which comprises homopolymer and graft copolymer. In this research, the

conversion of acrylic acid monomer is polymerized into the form of poly(Acrylic
acid) and grafted poly(Acrylic acid)(Starch-g-poly(Acrylic acid)). This parameter can
be calculated by:

%conversion = Weight of Polymer formed x 100 (2.27)

Weight of Momomer charged

2.2.5 Percentage of Grafting Efficiency
This term is used to describe graft copolymerization reactions and
defined as the percentage of the total synthetic polymer formed that has been grafted
on starch. High grafting efficiency would afford mainly a physical mixture of grafted

starch and a small amount of homopolymer. It can be calculated as follows:

%grafting efficiency = Weight of Polymer grafted x 100 (2.28)
Weight of Homopolymer +Weight of Polymer grafted
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2.2.6 Percentage of Grafting Ratio
This term is defined as the percentage ratio between grafted polymer

and starch. After doing acid hydrolysis, it can be calculated as follows:

%grafting ratio = Weight of Grafted polymer x 100 (2.29)
Weight of Substrate (Starch)

2.2.6 G Values
G values are the term used to measure the chemical yields or free
radical yield from high-energy radiation. A G value is the number of molecules
formed or reacted per 100 e.V. of energy absorbed per gram. The G value of an

irradiated system is sometimes markedly altered by the presence of another species.

2.3 Literature Survey

Nai-Hong and Micheal William [10] prepared a new hydrogel(HG) from
polyglycol and an organic acid without crosslinking. They used this new material as a
filler for a commercial grade of linear low density polyethylene(LLDPE). The blend
of 1%HG and LLDPE was carried out by using a Brabender mixer. After

characterization by DSC they found that the two polymers were phase-separated in
the blend, with T, of the. LLDPE and various HG transitions almost unchanged.
Moreover, the tensile testing of solid-state specimens showed that the tensile strength
and modulus of the blend were also superior to those of the LLDPE, the former by
20% and E by 40%. Despite a major improvement in these measures of strength in
solids, no changes were observed in the dominant crystal structure, and ductility was

also unchanged at 14% strain to break.

Reyes et al. [11] investigated the grafting of acrylic acid(AA) to starch with
gamma-preirradiated starch and agqueous solution of acrylic acid. The rate of grafting

increased initially with time, then decreased, and approached zero when the
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percentage grafting reached a maximum value. At a given radiation dose, the rate of

grafting was proportional to the first power of the concentration of the irradiated

starch and the 1.5 power of the initial concentration of acrylic acid. Solvent effects on
degree of grafting, molecular weight, and number of grafted branches were evaluated.
Higher degrees of grafting were achieved with electron-irradiated starch at radiation

doses lower than those used with gamma rays.

Zaharan et al. [12] grafted acrylic and methacrylic acid to rayon and cotton
using the irradiation technigue with *°Co y-rays. They found that the rate of grafting
increased with increasing temperature and monomer concentration, as did the final
degree of grafting. The amount and rate of grafting also increased with the total
irradiation dose, but they tended to level off at higher doses, in agreement with the

leveling off of the radical content reported previously. Methacrylic acid grafted more

and faster than acrylic acid to both rayon and cotton. Methacrylic acid grafted more
with rayon than cotton, but acrylic acid gave somewhat similar yields with both

fibers. The water absorbancy of the grafted fibers depended strongly on their
posttreatment. Decrystallizing with 70% zinc chloride or with hot sodium hydroxide

developed supersorbency. The two treatments in succession gave the highest value.
Methacrylic acid, which brought about less sorbency could be readily and practically

achieved by the method described.

Gulten et al. [13] grafted acrylic acid(AA) to cellulose using ceric ammonium
nitrate(CAN) as an initiator in aqueous nitric acid solution at 30, 50, 70, and 90°C
during reaction periods of 30 to 180 minutes. About 45% of the AA was polymerized
at 90°C after 180 minutes. The grafted polymer and homopolymer were isolated by

acetone from the reaction mixture, dried, and subjected to soxhlet extraction with

dioxane to separate the homopolymer, poly(acrylic acid) , from the graft copolymer.
The water absorption capacities and grafting value of grafted cellulose were also
determined. The maximum grafting yield was obtained at 30°C. It was also observed

that poly(acrylic acid)-grafted cellulose produced at 30°C had the highest water
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retention capacity. The time dependence of AA conversion allowed a calculation of
first-order reaction rate constants. These rate constants were then used to determine

apparent activation energy.

Athawale et al. [14] graft-polymerized methacrylic acid(MA) onto starch

using Ce*" initiator in aqueous medium. The dependence of grafting on the reaction
variables, such as monomer and initiator concentrations, and time and temperatures,
was studied in detail. Acid hydrolysis and infrared (IR) spectroscopy were used for
the confirmation of graft copolymer formation. Further, representative graft
copolymer was characterized by x-ray diffraction(XRD), thermogravimetric

analysis(TGA), and differential scanning calorimetry(DSC).

Goni et al. [15] carried out the study on the graft copolymerization of methyl
acrylate, ethyl acrylate and n-butyl methacrylate on the linear fraction of
starch(amylose), initiated by ceric ammonium nitrate. The results were compared with
those obtained previously for methyl methacrylate and butyl acrylate. They obtained
the following maximum grafting efficiency = 99% for poly(methyl acrylate), percent

grafting = 338% for poly(ethyl methacrylate) and percent total conversion = 97% for
poly(n-butyl methacrylate).

Mingzhu et al. [16] carried out a study of ceric ammonium nitrate(CAN)
initiated graft copolymerization of metha acrylate(MA) onto potato starch. The

variables affecting the graft were investigated. The optimum condition for the
copolymerization was obtained; they were the concentrations of MA, CAN and nitric
acid(HNO3) (108, 50x10%, and 8.1 x 10° mol/L, respectively). The reaction temperature
was ca. 50°C and the reaction time was 2 hours. The molecular weight of grafted
poly(methyl acrylate) had been determined. On the basis of experimental results, the
mechanism of grafting had been explored, a new kinetic equation of the grafted

copolymerization was consequently established.
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lyer et al. [17] prepared superabsorbant polymers using acrylonitrile grafted
to corn starch employing low levels of gamma ray radiation as an initiator. Various
grafting parameters were studied at these two dosages. Absorbancy values for the
final products were reported. Use of the above superabsorbant as a dessiccant were
evaluated. The product was used in a final application where dispersions of low

viscosity and high water absorbance are desired.

Hallden and Wesslen [18] prepared a graft copolymer containing
poly(ethylene oxide) side chains attached to a polyethylene backbone by coupling of
poly(ethylene-co-acrylic acid) (PEAA) and poly(ethylene oxide) monomethyl ethers
(MPEOQ) by esterification in o-xylene at 140°C. The MPEO side chains had molecular
weights of 750-5000. The chemical composition of the graft copolymers was analyzed
by NMR and FT-IR spectroscopy. The weight fraction of the MEPO grafts in graft
copolymers was found to be around 0.4. The graft copolymers exhibited a phase-
separated morphology with the backbone and the MPEO grafts forming separated
crystalline phases. The MPEO phase had a melting point temperature of 8-25°C,
lower than the corresponding MPEO homopolymers, as determined by DSC. The
melting point of the crystalline phase formed by the PEAA main chains was close to

that of the pure PEAA. Crystalinity was also determined by x-ray diffraction.

Kiatkamjornwong et al. [19] prepared the degradable polyethylene film by
blending with 0-20%w/w of cassava starch, 0-2%w/w of soya oil and 0-0.1%w/w of

ferric stearate. The dispersing agent used was Epolene wax. The oxidative

degradation of the film was measured by outdoor weathering testing in comparison
with indoor testing, and soil burial testing for six month. Biodegradation was

determined by measurements of the populations of Aspergillus niger and Penicillium

pinophilum fungi. All degradation processes were followed by monitoring chemical
and physical changes of the samples by infrared spectroscopy, average molecular
weights by viscosity method, and tensile properties. They found that the

concentrations of the carbonyl groups were high in iron stearate starch-filled PE film,

and there were high populations of Aspergillus niger and Penicillium pinophilum
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fungi on the samples. For indoor-outdoor exposure test, the iron-stearate starch-filled
PE films lost their physical properties after two months of outdoor exposure, while

the films kept indoor remained unchanged for alonger than 6 months. For soil burial

test it took a long time than that outdoor test to degrade.

Goheen and Wool [20] produced the binary polymer films containing different
percentages of corn starch and low-density polyethylene(LDPE), which were exposed
to soils over a period of 8 months and monitored for starch removal and chemical
changes of the matrix using FTIR spectroscopy. A standard curve using the area of
C-O stretch band and empirical second-degree polynomial to fit the data made it
possible to calculate the starch concentration over a wide range(0-46% by mass).
Starch removal was found to proceed rapidly during the first 40 days and to near
completion in very high starch blends(52% and 67% by weight). Starch removal was
slower, consisting of mostly surface removal in 29% starch blends. Weight loss data
supported spectroscopic data showing similar gross features. Weight loss and
spectroscopic data were consistent with percolation theory and suggested that starch
removal continued past 240 days. Degradation rate in different soil containing
different amounts of organic matter were approximately the same after the period of a
few weeks. IR analysis did not show significant chemical change in the polyethylene
matrix after 240 days. However, the matrix did show evidence of swelling, an

increase in surface area, and removal of low molecular weight components.

Willet [21] studied the mechanical properties of composites of granular starch
and LDPE as functions of starch volume fraction &J, granule size, and presence of
compatibilizer. Property-volume fraction relationships were. interested using various
theories of composite properties. The dependence of elongation (E ~' @) and tensile
strength(c ~ @Y%) agree with the theoretical predictions, although the proportionality
constants are less negative than theoretical values. The addition of
compatibilizer(ethylene-co-acrylic acid copolymer,EAA) did not significantly
affected the elongation or tensile strength, but significantly increased the composite
tensile modulus. The corn starch/PE moduli could be described by the Kerner or

Halpin-Tsou equations. Analysis of the composite moduli data using the Halpin-Tsou
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equations. Analysis of the composite moduli data using the Halpin-Tsou equations
allowed the estimation of the moduli of granular starch. The value obtained, 15 GPa,
is considerably greater than most unfilled synthetic polymers of importance, but
significantly lower than the modulus of cellulose. It is also greater than a previously

reported value of 2.7 GPa.

Thiebaud et al. [22] prepared starch cotanoates OCST1.8 and OCST 2.7 with
degree of substitution(d.s.) of 1.8 and 2.7, respectively, and dodecanoate DODST 2.7
(d.s.=2.7) by esterification of native starch with fatty acid chlorides. Their analyzes,
including elemental analysis, FTIR, contact angle, DSC, and TGA measurements
confirmed the esterification reaction of starch and the degree of substitution. The ester
group was found to act like an internal platicizer, with increases in the number and the

size of fatty acyl chain grafted onto starch. These starch esters were mixed with low-
density polyethylene(LDPE) at various portions in a Haake Rheo-mixer. Water and
moisture absorption, thermal and mechanical properties and biodegradation were

investigated as a function of blend composition. The DODST2.7/LDPE blends

showed the general better thermal stability and higher elongation, but lower tensile

strength and water absorption, than did corresponding OCST/LDPE blends. The

addition of starch esters to LDPE led to a very slow rate of biodegradation of these
blends.

Arvanitoyannis et al. [23] studied the mechanical- properties and gas/water
permeabilities of extrudates of LDPE, wheat starch and ethylene acrylic acid(EAA) or
polycarpolactone(PCL) after . their. conditioning at - various relative. humidities.
Satisfactory agreement was found between the experimental values, pertaining the
mechanical properties, and estimates obtained by applying several semi-empirical
equations. The presence of starch contents (>30%) or PCL had an adverse effect on
the mechanical properties of LDPE/starch blends, whereas EAA acted as a
compatibilizer by increasing the percentage elongation of the blends. Gas
permeability and water vapor transmission rate increased proportionally to the

starch/PCL content in the blend. Several theoretical and semi-empirical calculations
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were also applied for gas permeabilities and possible interpretations were provided for

the occasionally observed deviations between the experimental and theoretical values.

Sagar and Merrill [24] examined the properties of starch esters for their

possible application as environmentally degradable thermoplastics. The rheological
thermal, and mechanical properties of a series of fatty-acid esters of the high-amylose
strach(as well as the effects of adding plasticizer on some selected properties) were

evaluated. The ester group, which acts like an internal plasticizer makes these starch-
based materials more processable and more ductile. However, their properties and

cost, compared to commodity thermoplastics lead us to believe that their commercial

applications are likely to be limited.

Aburto et al. [25] prepared and studied a series of starch and amylose ester

with different degrees of substitution and side-chain length. The esters were prepared
by acylation of the polysaccharide with the appropriate acid chlorides, such as
octanoic, docanoic, and octadecanoic. The degrees of substitution were 0.54, 1.8, and
2.7, respectively. After preparation, the resulting esters were characterized by
elemental analysis, "H nuclear magnetic resonance (‘H-NMR), Fourier transform
infrared spectroscopy (FT-IR), differential scanning (DSC), thermogravimetric
analysis (TGA), and water uptake measurements. Their mechanical properties and, in
particular, the tensile strength and elongation at break depend on the side-chain length
and on the degree of substitution. The extent of their biodegradability, after exposure
to activated sludge, was assessed by weight loss measurement and scanning electron

microscopy(SEM). It was found that these new materials are biodegradable, and the

biodegradation rate decreases with increasing degree of esterification.

Kang et al. [26] modified starch into a more hydrophobic material by an
introduction of a cholesterol unit, and the different starch-composition high-density

polyethylene(HDPE) film were prepared with an addition of either native starch or
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modified starch to compare the physical properties. The addition of either native
starch or modified starch resulted in decreased crystallinities in all the different

composited films containing starch. Interestingly, HDPE-blown films containing



CHATER Il

EXPERIMENT

3.1 Chemicals, Equipment, and Glassware
3.1.1 Chemicals
Tapioca starch was kindly supplied from Thai Wah Public Company

Limited. It was the super high-grade flour, which contained 13.5% of moisture. Its

properties also consisted of a pH value of 4.00-7.00, pulp of 0.20 ml. max., 0.20% ash
and viscosity of 550 B.U..

Acrylic acid, AA, was provided by Thai Mitsui Chemical Company

Limited and was used without further purification. The purity of this monomer is 99.5

min. percent by weight.

Maleic acid, purum >98%(HPLC)

Fluka, Buchs, Switzerland

Acetic acid glacial ~100% min. assay 99.8%
BDH, Poole, England

Perchloric acid 65%, Analysis grade min. assay 64%

Carlo Erba, Milan, Italy

Hydrochloric acid 37%, RPE

Carlo Erba, Milan, Italy

Poly(ethylene glycol) 4000, Lab grade

Fluka, Buchs, Switzerland

p-Toluene sulfonic acid, Analysis grade

Fluka, Buchs, Switzerland
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Methanol, Analysis grade

Merck, Darmstadt, Germany

Propylene oxide, purum>99%

Fluka, Buchs, Switzerland

Sodium hydroxide anhydrous pallet, Analysis grade min.assay 98%
Carlo Erba, Milan, Italy

Isopropanol alcohol, Analysis grade min. assay 99.9%

Carlo Erba, Milan, Italy

Sulfuric acid 96%, Analysis grade
Carlo Erba, Milan, Italy

Ninhydrin crystal, Analysis grade

Merck, Darmstadt, Germany

Propylene glycol, Analysis grade

Merck, Darmstadt, Germany

Sodium bisulfite, Analysis grade

Merck, Darmstadt, Germany

Acetone and methanol, Commercial grade

Arsom Co., Ltd., Bangkok, Thailand

Polyethylene (LDPE) ST1018
Liack Seng Trading Co., Ltd., Bangkok, Thailand

Physical properties of the material are listed in Table 3.1.

Ethylene-bis-stearamide (EBS wax)
Supplied from Chemmin Corporation Ltd., Bangkok, Thailand

Properties of EBS wax are presented in Table 3.2.



Table 3.1 Physical Properties of Linear Low Density Polyethylene
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Property Unit Test Method Value
Melt Index(2.16 kg/190°C) 9/10 min. ASTM D1238 30.00
Density glem® ASTM D1505 0.916
Tensile Strength at Yield N/mm? ASTM D638 9.0
Tensile Strength at Break N/mm? ASTM D628 7
Ultimate Elongation % ASTM D638 300
Vicat Softening °C ASTM D1525 83

Remark: 1. The values presented on the above table are typical laboratory averages.

2. All grades meet F.D.A. requirements as listed in food additives regulation 21
CFR 177.1520 for use in direct contact foods.

Table 3.2 Typical Properties of Ethylene-bis-Stearamide (ARMOWAX EBS SF)

Parameter Property

Acid Value 6.0 max
Amine Value 3.0 max
Color Gardner 3 max
Water Content (%) 0.20 max
Ash (%) 0.10 max
Melting Point (°C) 141.5-145.0
Volatile Matter (%) 0.5 max
Particle Size

200 mesh pass 85 min
Average Particle Size (um) 45
Odor Slight fatty odor
Appearance Fine powder

Remark: Armowax is a registered trade mark of Lion Akzo Co. Ltd., used by Palmaminde

under licence.
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3.1.2 Equipment and Glassware
4-necked reactor, water bath circulator, stirrer, mechanical stirrer,
aluminium tubes, hot plate and magnetic stirrer, heating mantle, analytical balance,
centrifugator, grinder, Soxhlet extraction glassware and other general laboratory
glassware and equipment
Cobalt-60 Irradiator (Gammabeam 650 Unit, Serial No. 18R)
Nordian International Inc., Canada
Two-roll Mill Compounding Machine, Model LRM 110
Lab Tech Engineer Co., Ltd., Thailand
Crushing Machine
Bosco Engineering Co., Ltd., Thailand
Compression Moulding Machine, Model LP20
Lab Tech Engineer Co., Ltd., Thailand
Fourier Transform Infrared Spectrophotometer, Model 1760
Perkin Elmer, USA.
UV-VIS-NIR Scanning Spectrophotometer, Model UV-3101PC
Shimadzu, Japan
Tensile Testing Machine, Model 1011 Serial No. 1353
Instron, USA.
Hardness Tester, Model 716
Instrument & MFG Co., USA.
Scanning Electron Microscopy, JSM-6400
JEOL, Japan
Nuclear Magnetic Resonance Spectrometer, Model DPX-300
Bruker, Switzerland
Thermal Gravimetry Analyzer, Model TGA 7
Perkin Elmer, USA.



29
3.2 Preparation Scheme

CH2OH

51

Gelatinized Starch

CH=CH

OOH
Acenvlic acid momomer
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Graft Copolymer Characterization Esterification of
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4 Propy lene oxide

%homopolymer " Blending with LDPE
%eadd-on ‘ |
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Yegrafting efficiency

Ygrafing ratio - Tensile Testing

- Water Absorption Testing
- Degradation in Soil Burial Testing

Figure 3.1 Overall schematic experimental process
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3.3 Procedure

3.3.1 Graft copolymerization

3.3.1.1 Gelatinization of Cassava Starch

The amount of 20 g of cassava starch was dissolved in 400 ml

of distilled water, taken into the reactor and kept stirring at 400 rpm for 1 hour. The
system temperature was maintained at around 85 + 3 °C. After this treatment, the

paste-like slurry was formed, and it was then cooled to room temperature. The

gelatinization and cooling processes were carried out in the atmosphere of nitrogen in

order to get rid the entrapped oxygen in the gelled starch.

3.3.1.2 Grafting of Acrylic Acid onto Gelatinized Cassava Starch by

Simultaneous Irradiation Technique

Acrylic acid, 20 g, and 2% (W w") of maleic acid were
dissolved in 50 ml of distilled water. The mixture was then added into the gelatinized
starch. The gelatinized starch-acrylic acid mixture was stirred at 400 rpm for 45

minutes. Bubbling of nitrogen gas through the mixture was continued for the duration
of mixing. After the desired mixing time had elapsed, the mixture was transferred to

an aluminium tube and was purged with nitrogen gas for 5 minutes. The tube was

tightly closed with a lid and paraffin film and then irradiated by gamma-ray irradiator.

3.3.1.3 Effect of Total Dose(kGy) and Dose Rate(kGy/hr) on Graft

Copolymerization

There were 3 values of dose rate used. in-this. section, which
were 2, 5, and 12 kGyhr. Each dose rate was given to obtain the total dose of 2, 4, 6,
8, 10, and 12 kGy. These dose rates and total doses were used to irradiate the
gelatinized starch-acrylic acid mixture as described in Section 3.3.1.2.

After the irradiation, the irradiated product was dispersed in
acetone in order to remove an unreacted acrylic acid monomer. The mixture was

continuously stirred for 20 minutes and was left overnight. After that, it was
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centrifuged to separate an insoluble poly(acrylic acid), a homopolymer, and the
starch-g-poly(acrylic acid), graft copolymer. The precipitants were washed with 2
portions of acetone and were then dried in a vacuum oven at 65 °C for 24 hours.

The dried sample was inspected with an FT-IR spectrophotometer
(Perkin Elmer, Model 1760) and was consequently measured for %homopolymer,
%add-on, %conversion, %grafting efficiency, and %grafting ratio. The higher %add-

on and the lower %homopolymer indicate the appropriate total dose and dose rate for
studying the effect of acrylic acid/starch ratios on graft copolymerization in the next

section.

3.3.1.4 Effect of Acrylic acid/Starch Ratios on Graft Copolymerization

Various amounts of acrylic acid (2% of maleic acid) solution
were added to the gelatinized starch to obtain the acrylic acid/starch ratios of 0.5:1,
1:1, 1.5:1, 2.0:1, and 5.0:1. The experimental procedure was carried out as described
in Section 3.3.1.2, and the optimum total dose and dose rate were obtained from
Section 3.3.1.3. The dried sample was also characterized as mentioned in Section
3.3.1.3 to determine the optimum ratio of acrylic acid/starch for further chemical

modification.

3.3.1.5 Homopolymer Extraction with Methanol

The exact weight of dried homopolymer and graft copolymer
(in a dried powder form, 5.0 g) was subjected to extraction with methanol in a Soxhlet
apparatus for 24 hours to separate homopolymer of poly(acrylic acid). The extracted
product was dried.in a vacuum oven at 65 °C for 24 hours. After that it was weighed
to determine the amount of homopolymer by subtracting the weight before and after

extraction. All products were detected with FT-IR spectrophotometry.
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3.3.1.6 Hydrolysis of Starch and Side-chain Recovery

The graft copolymer (1.0 g) was accurately weighed and added
to 100-ml glacial acetic acid, which was heated to 90-100°C. The sample was stirred
for 1 hour. After that, 2 ml of 65%perchloric acid was added dropwise, and the

mixture was allowed to continuously stir for 2 minutes. The reaction mixture was

immediately poured into cold acetone to precipitate the acrylic acid polymer side
chain. The acetone-insoluble polymer was filtered, washed with cold acetone until

neutral, and then it was dried in a vacuum oven at 50°C for 24 hours.

3.3.1.7 Characterization of Graft Copolymer

3.3.1.7.1 Determination of Percentage Homopolymer

The weights obtained from Section 3.3.1.5 were the
weight before and after Soxhlet extraction, which were used for the following

calculation. The difference between these two weights was the amount of poly(acrylic

acid) polymerized as a by-product.

3.3.1.7.2 Determination of Percentage Add-on

The weights of the side chain polymer and graft
copolymer obtained from Section 3.3.1.6 were used to compute the percentage add-on

for starch.

3.3.1.7.3 Determination of Percentage Conversion

The experimental procedures described in Sections
3.3.1.5 through 3.3.1.6 were carried out. The weight of grafted polymer along with

homopolymer was regarded as the total conversion of acrylic acid monomer.

3.3.1.7.4 Determination of Percentage Grafting Efficiency

The percentage of grafting efficiency was calculated by
comparing the weight of grafted polymer to the total weight of grafted and ungrafted

polymers obtained from the experimental procedures in Section 3.3.1.5 and 3.3.1.6.
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3.3.1.7.5 Determination of Percentage Grafting Ratio

The experimental procedures in Section 3.3.1.6 gave the
weights of polymer in the graft copolymer, and the substrate (starch), which were

regarded as the percentage grafting ratio.

3.3.2 Esterification of Starch-g-polyacrylic acid
Starch-g-polyacrylic acid (30.0 g) and poly(ethylene glycol) 4000

(PEG 4000, 41.75 g) were allowed to react under nitrogen atmosphere at 70°C in
methanol (300 ml) in the presence of p-toluene sulfonic acid (6.67 g) for 8 hours. The
reaction was carried out in a 5-necked glass flask equipped with a stirrer,
thermometer, nitrogen gas inlet, condenser and column packed with molecular sieve.
The starch-g-poly(acrylic acid) was first dispersed in methanol, and then the catalyst,
and the PEG 4000 were added respectively. After the time of reaction had elapsed, the
reaction mixture was left cool. The mixture was filtered on a suction filter, washed

with methanol, and dried at 50°C in a vacuum oven for 24 hours.

3.3.2.1 Acid Hydrolysis for Side-chain Recovery
The accurate weight (1.00g) of esterified starch-g-polyacrylate was

added in to 100 ml of 1 N hydrochloric acid. The mixture was stirred and refluxed for

6 hours. The insoluble polymer was filtered, washed with distilled water until neutral,

and dried in a vacuum oven.

3.3.3 Etherification of Esterified Starch-g-polyacrylate

A suspension..comprising. 50. g of the obtained. esterified starch-g-
polyacrylate from Section 3.3.2, 1.5 g of sodium hydroxide, 4 g of distilled water,
100 g of iso-propanol, and 50 ml of propylene oxide was agitated in a closed vessel at
50°C for 48 hours. After that, the suspension was neutralized with acetic acid and
filtered on a suction filter. The product was washed with an excess amount of
methanol and dried at 50°C in a vacuum oven for 24 hours. This product was later

called the modified starch.
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3.3.3.1 Spectrophotometric Determination of the Hydroxypropyl
Group in the Modified Starch

3.3.3.1.1 Preparation of Calibration Curve

Propylene glycol, 10 ml, was transferred to a 100-ml
volumetric flask, diluted with distilled water to a volume of 100 ml. The volumes of

0.0, 0.10, 0.15, 0.20, 0.25 and 0.30 ml of standard solution were transferred to each
100-ml volumetric flask and diluted to the desired volume with distilled water. The
solutions for a preparation of calibration curve contained 0.00, 1.04, 1.56, 2.08, 2.60
and 3.12 mg of propylene glycol, respectively. Each solution of 0.5 ml was pipetted to
12.5-ml graduated test tubes. The 4 ml of 83% sulfuric acid was added dropwise to
each flask. The solution was mixed well, and placed in a boiling water bath for
exactly 3 minutes. After that the tubes were transferred to an ice bath until chilled. A
portion of 0.3 ml of 3% ninhydrin in a 5% aqueous sodium bisulfite solution was
carefully allowed to run down the wall of the test tubes. The mixtures were
immediately shaken well and placed in a 25°C water bath for 100 minutes. After that
the volume in each tube was adjusted to 12.5 ml with 83% sulfuric acid and mixed by
inverting the tubes several times. They were transferred to a cell and the absorbance at
590 nm was measured. The amount of hydroxypropyl group can be determined by
applying the factor 0.7763 to convert micrograms of the glycol to hydroxypropyl

group equivalent.

3.3.3.1.2. Measurement of Hydroxypropyl Group Equivalent in
the Modified Starch

The accurate weight (0.10 g) of modified starch was put
into a 50-ml conical flask. The 25.00 ml. of 1 N sulfuric acid was added. The sample
of esterified starch-g-polyacrylate was prepared in the same manner. The flasks were
then immersed in a boiling water bath for 1 hour and left cool. Each solution was
filtered and the content was diluted to 100 ml with distilled water. A portion of 0.50
ml of each solution was pipetted into 12.5-ml graduated test tube, the experiments

were carried out in the same manner for the preparation of a calibration curve.
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3.3.4 Compounding of Plastic Materials (Blend Preparation)
The low density polyethylene (LDPE) and modified starch was

blended in a two-roll mill, of which front roll and back roll temperatures were set at

165 and 175 °C, respectively. The modified starch was dried in avacuum oven at 50 °C
for 24 hours prior to mixing. The LDPE were poured on the rolls and preheated for 5
minutes. The rolls were allowed to rotate while the plastic was melted. The required
quantity of the modified starch and EBS wax were hand mixed in a plastic beaker and
gradually added into the molten plastic. The blending time was 20 minutes. While
blending a brass scrapping knife and a wood scrapper were used for manual mixing in
order to increase good homogeneity in all directions. After the compounding, the
LDPE/modified starch sheet was removed from the two-roll mill. The composition of
each formula was shown in Table 3.3. Sample codes used in this section were selected
to explain the meaning:

LDPE : Low density polyethylene contained only 2 g of EBS wax

LDPE/ST1 : LDPE contained starch 1 g and EBS wax 2 g

LDPE/MS1 : LDPE contained modified starch 1 g and EBS wax 2 g.

Table 3.3 Composition of Starch- and Modified Starch Polyethylene (LDPE) Sheets

Formula Sample Code LDPE(g) Starch(g) Modified EBS Wax

(ST) Starch (g) (@)
(MS)

1 LDPE 100 - - 2
2 LDPE/ST1 100 1 - 2
3 LDPE/ST5 100 5 - 2
4 LDPE/ST10 100 10 - 2
5 LDPE/ST20 100 20 - 2
6 LDPE/MS1 100 - 1 2
7 LDPE/MS5 100 - 5 2
8 LDPE/MS10 100 - 10 2
9 LDPE/MS20 100 - 20 2
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3.3.5 Compression Molding
The obtained modified starch-LDPE sheet was cut into small chips by
a crushing machine. Before placing the chips in the mould (150 x 150 x 2.5 mm), it
was preheated for 5 minutes. The chips were then placed in a mould and preheated for
5 minutes. The temperature used in this process was set at 170°C. The time for
compression was 5 minutes with the pressure of 6895 kN/m?. After the time had
elapsed, the compressed sheet was removed to the cooling part and cool for 5 minutes

with a constant pressure of 6895 kN/m?.

3.3.6 Mechanical Properties Test

The sheets obtained from Section 3.3.5 were then cut to fit the standard
test method for mechanical properties, tensile strength and elongation, of plastic

according to ASTM D638-96 [28]. The test was performed on an Instron mechanical
tester (Model 1011). The crosshead speed of 500 mm/min was used. Five specimens

were tested for each blend.

3.3.7 Hardness Measurement
The hardness of material was measured using a hardness tester (Model
716). The plastic sheets were pressed for 15 seconds with a weight of 5 kg (Shore D).

The median values were used for analysis.

3.3.8 Soil Burial Test
The soil burial test is:an outdoor experiment, which provides a realistic
environment with seasonal changes, less control of soil wetness and temperature, and
in the presence of macro-organisms. The test was carried out from July through
September 2000 for 3 months. The plastic sheets were buried at a depth of 7-9 inches,
staked of for further ease in relocating samples. After the plastic sheets were
removed, their surfaces were then wiped with water. They were then dried at 50°C for

24 hours in a vacuum oven and kept in dark before tensile testing.
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3.3.9 Water Absorption Test

The water absorption test was measured using a plastic sheet of 25 x
25 x 25mm dimension according to ASTM D570-98 [29]. The test specimens were
first dried in a vacuum oven for 24 hours at 50°C, cooled in a desiccator, and
immediately weighed. The conditioned specimens were entirely immersed in a
container of distilled water. At a regular time interval, each sample was removed from
the water tank, dried by wiping with cloth, and subsequently weighed to determine
the water uptake. The samples were placed back in water after each measurement.
The water absorption was calculated as the weight difference between the

substantially saturated weight and the dry weight.

3.3.10 Morphology Property Analysis
A JSM-6400 scanning electron microscope (SEM, JEOL) was used to
observe the morphology of the blends. The polymer blends were fractured in liquid

nitrogen and the fractured surfaces were sputter coated with a thin layer of gold before

observation.

3.3.11 Thermal Property Analysis
Thermalgravimetry analysis was performed on Perkin Elmer
Thermogravimetric analyzer (TGA 7). The sample was heated with a heating rate of

20 °C/min in a nitrogen atmosphere up to 500 and 700 °C. Prior to thermal analysis,

the samples were dried in a vacuum oven at 65°C for 24 hours.

3.3.12 Contact Angle Measurement
The contact angle between the water droplets and polymer films of
esterified starch-g-polyacrylate, etherified modified starch, EBS wax, and LDPE were
measured using the contact angle goniometer (FACE, Japan). The values were later

used to calculate for the work of adhesion.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Proof of Grafting by Fourier Transform Infrared Spectroscopy

In order to prove the graft copolymerization of acrylic acid monomer onto the
starch backbone, the mixture of gelatinized starch and acrylic acid monomer after
irradiation polymerization was characterized by Fourier transform infrared (FT-IR)
spectroscopy, which could be used to demonstrate the changes in graft
copolymerization. The Fourier transform infrared spectra of cassava starch,
poly(acrylic acid) , the cassava starch-g-poly(acrylic acid) before and after
homopolymer extraction with methanol, and starch-g-poly(acrylic acid) after acid

hydrolysis of starch with glacial acetic acid are shown in Figures 4.1 through 4.5,

respectively. The Fourier transformed infrared vibrations and assignments of
spectrum are shown in Table 4.1.
The infrared spectrum of cassava starch in Figure 4.1 manifests the

characteristic peak of C-O stretching (C-O-C and C-O-H) at 1000-1100 cm™. After
grafting of starch with acrylic acid -monomer, the three distinguished peaks can be
observed, which attributed to the presence of the carboxylic acid group (Figure 4.3) in
the graft copolymer. The spectrum in Figure 4.5 is the spectrum of starch-g-
poly(acrylic acid) after hydrolysis of starch with perchloric method, resembled the

spectrum of poly(acrylic acid) (Figure 4.2). It can be seen that the characteristic peak
of starch was drastically decreased and there was a slightly decrease in the peak area

of the stretching peak of the O-H group at 3450 cm™.
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Table 4.1 Fourier Transform Infrared Vibrations and Assignment for Cassava Starch,

Poly(acrylic acid), the Cassava Starch-g-poly(acrylic acid) before and

after homopolymer extraction with methanol and Starch-g-poly(acrylic

acid) after acid hydrolysis of starch with glacial acetic acid (perchloric

method)

Major IR bands

Frequency (cm™)

of Components

Assignments and Remarks

Starch
3435(s,br)
2933(m)
1648(w-m)
1460(m)
1422,1369(m)
1019(s,br)
Poly(acrylic acid)
3100(br)
2950(s)
1700(s)
1450,1425(m)
1300,1150(m)
Starch-g-poly(acrylic acid)(additional peaks)
3425(w,br)
1727(s)
1244(m)
Grafted poly(acrylic acid)
3425(br)
2963(m)
1723(s)
1454,1412(m)

1243, 1168(m)

O-H Stretching

C-H Stretching

O-H Bending

CH, Bending

C-H Bending

C-O Stretching (C-O-C and C-O-H)

O-H Stretching of Carboxylic acid
C-H Stretching

C=0 Stretching of Carboxylic acid
C-H Bending

C-O Stretching of Carboxylic acid

O-H Stretching of Carboxylic acid
C=0 Stretching of Carboxylic acid
C-O Stretching of Carboxylic acid

O-H Stretching of Carboxylic acid
C-H Stretching

C=0 Stretching of Carboxylic acid
C-H Bending

C-O Stretching

w = weak, m = medium, s = strong, br = broad
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4.2 Graft Copolymerization of Acrylic Acid onto Cassava Starch by Simultaneous Technique

4.2.1 Effects of the Total Dose and the Dose Rate on Graft Copolymerization

After the gelatinized cassava starch and acrylic acid had been

irradiated under the gamma ray irradiator, the obtained product was then

characterized by extracting the homopolymer with methanol in a Soxhlet extractor

and subsequently splitting the anhydroglucose unit by Dennenberg and Abbott’s

method. The characterization of graft copolymer is presented in the terms of

%homopolymer, %add-on, %conversion, %grafting efficiency, and %grafting ratio as

shown in Table 4.2

Table 4.2 Effects of the Total Dose and the Dose Rate on the Graft Copolymerization

Dose Rate Total Dose HM(%) AO(%) CV(%) GE(%) GR(%)
2 2 48102 88404 141+08 637402 9.6+0.2
4 43+02 101404 155£06 69.2+0.6 11.240.2

6 54+03 13304 184406 69.840.5 15.3+0.4

8 22401 158402 214405 87.8+0.4 18.840.6

10 57402 21.8+0.9 362410 78.3+0.3 27.9+410

- 5.6+0.3 -~ 34.7+0.8 588407 - 855+0.7 53.2415

5 2 08103 18402 ~129+12° 14508 1.940.1
4 02403 . 34402  14.25+0.8 ~25.4+17 3.640.2

6 704047 62404 153411 448+18 6.640.2

8 6.240.5 107+06 19.3+13 62.0+0.8 12.0+0.8

10 18401 195105 2513+0.9 915+0.9 24.240.7

12 47402 225408 291413 821410 33.5+L0

HM = homopolymer, AO = add-on, CV = conversion, GE = grafting efficiency, GR = grafting ratio

Total Dose Unit: kGy
Dose Rate Unit: kGy h*
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Table 4.2 Effect of Total Dose and Dose Rate on Graft Copolymerization (Continued)

Dose Rate  Total Dose HM(%)  AO(%) CV(%) GE(%) GR(%)
1 2 91405  13+02 111408 11.6+0.8 1.3+0.1

4 106408 14401 132406 102403 14402

6 132404  24+03  17.840.5 13.3+0.9 24403

8 76+0.4  90+08 187407 522415 9.9+0.8

10 79403 101+06 202412 539420 112412

12 80+0.4  13.0403 240409 584+1.6 150+L.0

HM = homopolymer, AO = add-on, CV = conversion, GE = grafting efficiency, GR = grafting ratio
Total Dose Unit: kGy
Dose Rate Unit: kGy h*

4.2.1.1 Relationship between Total Dose and Dose Rate and %homopolymer

A direct grafting method is the radiation of a polymeric
substrate in the presence of a monomer. It should bear in mind that the ionizing

radiation is unselective, therefore not only the effect of radiation on polymeric

substrate but also the effect on the monomer, the solvent, or any substance is presence

in the system. So the homopolymer could be produced. The production of
homopolymer may arise from initiation by small radicals and also radiolysis of
monomer and the continuous phase.

From Table 4.2 and Figure 4.6, it was found that at a dose rate
of 2 kGy h, the percentage of homopolymer varied from 2.1 to 5.6% depending on
the total dose. The lowest homopolymer formation occurred at the total dose of 8 kGy
and the homopolymer content increased at total dose higher than 8 kGy. At the dose

rate of 5kGyh?, the range of the percentage of homopolymer is 1.8-9.8%. The lowest
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percentage of homopolymer was obtained at the total dose of 10 kGy. At the dose rate
of 12 kGy h™, the percentage of homopolymer increased from 7.6 to 13.2%. The

highest value is found at the total dose of 6 kGy.

%Homopolymer

14 S
12 —&— Dose Rate 2 kGy/h
—l— Dose Rate 5 kGy/h
10 4 —a&— Dose Rate 12 kGy/h
8
6 -
4 4
2?2 4
0 T T T T T ]

2 4 6 8 10 12
Total Dose (kGy)

Figure 4.6 Effects of the total dose and the dose rate on %homopolymer

It can be observed that the higher the dose rate, the more homopolymer

was polymerized. This result may be explained as that at the higher dose rate the

numbers of radicals were produced in a larger amount than- those at the lower ones.
Therefore, a great number of growing chains are generated and consequently they will

be rapidly terminated.
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4.2.1.2 Effects of the Total Dose and the Dose Rate on %add-on

The effects of the dose rate and the total dose on %add-on are
tabulated in Table 4.2 and illustrated in Figure 4.7. It can be seen that the highest

%add-on was obtained at the dose rate of 2 kGy h™. The percentage of add-on at this

dose rate varied from 8.8 to 34.7, the highest value was at the total dose of 12 kGy. At

the dose rate 5 kGy h™, the percentage of add-on was in the range of 1.8-22.5. The
percentage of add-on ranging from 1.3 to 13.0 was obtained at dose rate of 12 kGy h.
It can be concluded that at the same dose rate, the increasing in total dose leads to the
increase in the amount of grafted polymer on the starch backbone or it can be said that
the higher the total dose, the more the grafting sites on starch backbone. The contrary
effect is observed when the same total dose is considered: the grafted poly(acrylic
acid) on the starch backbone increases with the decrease dose rate. The reason is the
same as mention in Section 4.2.1.2.

Although G values of starch substrate (10.0) and acrylic acid monomer (9.6-
12.0) are not significantly different. So one anticipates that the formation of
homopolymer and grafted polymer should be equal. The experimental results did not
support this concept. It can be concluded that graft copolymerization took place more
than homopolymerization or it can be said that there were more radicals generated on

the starch backbone than on acrylic acid monomer. This phenomenon is called a
protective effect, which may occur, because the G value of an irradiated system is

sometimes markedly altered by the presence of another species [31].

%add-on
40 9 [—e—Dose Rate 2 kGy/h
35 4 |—#— Dose Rate 5 kGy/h
—aA— Dose Rate 12 kGy/h

30 +

25 4
20
15 4
10 1

5

2 4 6 8 10 12
Total Dose (kGy)

Figure 4.7 Effects of the total dose and the dose rate on %add-on
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4.2.1.3 Relationship between the Total Dose and the Dose Rate on %conversion

The relationship between the total dose and the dose rate on
%conversion is presented in Table 4.2 and Figure 4.8. It was found that the
percentage of conversion increased with the increasing total dose and with the
decreasing dose rate. Increase in the total dose enhances the formation of radicals in
the reaction mixture: monomer, starch and water, which are later used to convert
acrylic acid monomer to poly(acrylic acid) (homopolymer) and grafted poly(acrylic

acid) (grafted polymer). When the same total dose is used the percentage of
conversion decreased, when the dose rate increased. This may be presumably due to

the life-time of radicals generated.

%bconversion
70 —

—&— Dose Rate 2 kGy/h
60 4 |~ Dose Rate 5 kGy/h
—a— Dose Rate 12 kGy/h

50
40

30

20 H

10

2 4 6 8 10 12
Total Dose (kGy)

Figure 4.8 Effects of the total dose and the dose rate on %conversion
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4.2.1.4 Relationship between the Total Dose and the Dose Rate on

%grafting efficiency

The experimental data showing the effects of the total dose
and the dose rate on percentage of grafting efficiency are given Table 4.2 and Figure
4.9. The percentage of grafting efficiency at the dose rate of 2, 5, and 12 kGy h™* were
in the range of 63.7 to 87.8%, 14.5 to 91.5% and 10.8 to 58.4%, respectively. The
same reason described in Section 4.2.1.2 is considered, when the total dose and dose
rate increased, the grafting sites were increased, more monomer was used to form the
grafted polymer. Nevertheless, small fragments of H:, OH-, and ey still can initiate

homopolymer at the expense of grafted polymer.

%grafting
100 o efficiency
—&— Dose Rate 2 kGy/h
90 v | —m—Dose Rate 5 kGy/h
80 o |—&—Dose Rate 12 kGy/h

70 +
60 —
50 o
40
30 +
20 +
10

0 T B T T 1 1

12
Total Dose (kGy)

Figure 4.9 Effects of the total dose and the dose rate on %grafting

efficiency
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4.2.1.5 Relationship between the Total Dose and the Dose Rate on
%qrafting ratio

The data given in Table 4.2 and the curves Figure 4.10 present
the correlation between the dose rate and the total dose on the percentage of grafting
ratio. The results show that the ratio of the weights of grafted polymer to starch
increases with increasing both the dose rate and the total dose. At the dose rate of 12
kGy h™, the major composition in graft copolymer was starch and it was replaced
with grafted poly(acrylic acid) when lower dose rates were utilized. The same reason
mentioned in Section 4.2.1.1 is considered, that is the higher dose rate leads to the

higher amount of radicals, which rapidly terminate than graft.

%grafting ratio
60 —

—&— Dose Rate 2 kGy/h
—l— Dose Rate 5 kGy/h
50 4 | —a— Dose Rate 12 kGy/h

40 4

30 +

20

10 1

0 T T T T T 1

12
Total Dose (kGy)

Figure 4.10 Effects of the total dose and the dose rate on %grafting ratio
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4.2.2 Effect of the Acrylic acid-to-Cassava Starch Ratio on Graft
Copolymerization at the Dose Rate of 2 kGy h™ and the Total Dose of 10and 12 kGy

In this part, we studied 5 levels of acrylic acid and cassava starch

ratios, which were 0.5, 1.0, 1.5, 2.0, and 5.0 g g'l at both the total dose of 10 and 12
kGy. After the radiation exposure, the reaction mixture was characterized in the terms
of %homopolymer, %add-on, %conversion, %grafting efficiency, and % grafting

ratio. All of these results are presented in Table 4.3

Table 4.3 Effects of Acrylic acid-to-Cassava Starch Ratio on the Graft Copolymerization
at the Dose Rate of 2 kGy h™ and the Total Dose of 10and 12 kGy

Total Dose  Ratio HM(%) AO(%) CV(%) GE(%) GR(%)

10 05 2502  32:02 124+07 556£05 3.310.2
1.0 57:04 220408 369104 73.4+33 28.1+0.8
15 35+0.3  51.240.8 68.6+0.7 93.3+1.2 105.0+1.4
20 30403 614410 86,8409 952+1.0 159.040.9
50 10402 889409 082415 989+20 803.6+3.8

12 05  26£02 7.2¢030 210409 73.0£0.7 7.940.3
1.0  "56+05° 34.7+0.6 ~58.8+1.0 855:1.1 53.240.9
15 27403 52,6409 702+2.2 95.0+0.8 110.9+1.5
2.0 13101 - 544409 81517 97.640.9 119.1+1.2
80" " 55403 | 87.3+10 97.9¢41.8 97.1+16  630.7+2.5

HM = homopolymer, AO = add-on, CV = conversion, GE = grafting efficiency, GR = grafting ratio
Total Dose Unit: kGy

Ratio: acrylic acid to starch ratio (g g™)
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4.2.2.1 Relationship between Acrylic Acid-to-Cassava Starch Ratio on

Graft Copolymerization at the Dose Rate of 2 kGy h™ and the Total Dose of 10and 12 kGy

a) Homopolymer

The curve illustrated in Figure 4.10 and the experimental data
shown in Table 4.3 demonstrate the effect of acrylic acid-to-starch ratio on graft
copolymerization at the dose rate of 2 kGy h™* and the total dose of 10 and 12 kGy in
the terms of %homopolymer. At the total dose of 10 kGy, the percentage of
homopolymer increased to the highest value of 5.7% at the ratio of 1.0 and they
became decreased when the ratio was higher. The similar result is also found at the
total dose of 12 kGy. However, at the ratio of 5.0 the percentage of homopolymer
tended to increase. It can be found that the higher the total dose, the lower the
homopolymer formation. Because the higher total dose leads to the more grafting sites

[31].

8 %Homopolymer

—e— Total Dose 10 kGy
6 —— Total Dose 12 kGy
4 4
2
0 T T T T T |
0.5 1.0 1.5 2.0 5.0

Acrylic acid-to-starch Ratio
Figure 4.11 Effect of acrylic acid-to-cassava starch ratio on the graft
copolymerization at the dose rate of 2 kGy h™ and the

total dose of 10 and 12 kGy in terms of %homopolymer
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4.2.2.2 Relationship between Acrylic acid-to-Cassava Starch Ratio on
Graft Copolymerization at the Dose Rate of 2 kGy h™ and the Total Dose of 10 and 12 kGy
b) Add-on

The percentage of add-on of acrylic acid onto gelatinized
cassava starch is plotted between acrylic acid-to-starch ratio as shown in Figure 4.11.
It can be seen from Table 4.3 as well as Figure 4.11 that the percentages of add-on at
the total dose of 10 kGy were in the range of 3.2-88.9% and at total dose of 12 kGy its
range were 7.2-86.3%. It can be concluded that the percentage of add-on increased
with increasing acrylic acid monomer. This is presumably due to the fact that
increased in monomer enhanced the monomer accessibility. Moreover, gel effect may
occur in the viscous system, leading to graft copolymerization or increasing in the

percentage of add-on.

%add-on

90 A
80 A
70 A
60
50 A

40 —&— Total Dose 10 kGy
30 —il— Total Dose 12 kGy

20 A
10 A

0 T T T T L * 1

0.5 1.0 15 2.0 5.0
Acrylic acid-to-starch Ratio

Figure 4.12 Effect of acrylic acid-to-cassava starch ratio on the graft
copolymerization at the dose rate of 2 kGy h™ and the
total dose of 10 and 12 kGy in the terms of %add-on
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4.2.2.3 Relationship between Acrylic acid-to-Cassava Starch Ratio on

Graft Copolymerization at the Dose Rate of 2 kGy h™ and the Total Dose of 10 and 12 kGy

c) Conversion
It can be seen from Table 4.3 and Figure 4.12 that the
percentage of conversion significantly increased and generally approached 100%. At
higher amounts of acrylic acid (higher ratio), there were plenty of acrylic acid, which
could diffuse to the active sites on the starch backbone to form graft copolymers.

Under radiolysis, free radicals of acrylic acid were formed, which later generated

their homopolymers. Moreover, at the higher concentration of acrylic acid monomer,

gel effect may take place and accelerates graft copolymerization and also

homopolymerization to give a higher conversion.

%conversion
120 -~

100 ~

60 -

40 -

—&— Total Dose 10 kGy
20 1 —8— Total Dose 12 kGy

O T T T T T 1

0.5 1.0 1.5 2.0 5.0
Acrylic acid-to-starch Ratio

Figure 4.13 Effect of acrylic acid-to-cassava starch ratio on the graft
copolymerization at the dose rate of 2 kGy h™ and the

total dose of 10 and 12 kGy in the terms of %conversion
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4.2.2.4 Relationship between Acrylic acid-to-Cassava Starch Ratio on

Graft Copolymerization at the Dose Rate of 2 kGy h™ and the Total Dose of 10 and 12 kGy

d) Grafting efficiency
From Table 4.3 and Figure 4.13, it can be seen that at the total
dose of 10 kGy, the percentage of grafting efficiency increased from 55.6 to 98.9%,

and at the total dose of 12 kGy, it increased from 73.0 to 97.6%. It can be observed

that the percentage of grafting efficiency increased with increasing monomer-to-
starch ratio. This result suggested that the higher concentration of acrylic acid could
diffuse to reach the active sites on starch polymer. Gel effect could be the main reason
to reduce the termination reaction. Therefore, %grafting efficiency was markedly

increased.

%grafting
100 Efficiency

100

80

40

—&— Total Dose 10 kGy
—l— Total Dose 12 kGy

20

0 I T I I L 1

0.5 1.0 1.5 2.0 5.0
Acrylic acid-to-starch Ratio

Figure 4.14 Effect of acrylic acid-to-cassava starch ratio on the graft
copolymerization at the dose rate of 2 kGy h™ and the total

dose of 10 and 12 kGy in the terms of %ografting efficiency
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4.2.2.5 Relationship between Acrylic acid-to-Cassava Starch Ratio on

the Graft Copolymerization at the Dose Rate of 2 kGy h* and the Total Dose of 10 and 12 kGy

e) Grafting ratio

The effect of the amount of acrylic acid-to-starch ratio on
grafting ratio is shown in Table 4.5 and Figure 4.14. It indicates that the %grafted
poly(acrylic acid) increases straightly when more acrylic acid is added. This is caused
by the gel effect decribed in Section (d).

It can be seen that the increased acrylic acid-to-starch ratio
leads to the increased percentage of grafting ratio. The maximum value was 803.6%
when the ratio and the total dose were 5.0 g g™ and 12 kGy, respectively. That means
the obtained graft copolymer contained poly(acrylic acid) 8 times of starch or the
graft copolymer contained mainly poly(acrylic acid).

%grafting ratio
1000

800 -
600 -

400 -

200 4 —&— Total Dose 10 kGy
—l— Total Dose 12 kGy

0 I I I I I 1

0.5 1.0 1.5 2.0 5.0
Acrylic acid-to-starch Ratio

Figure 4.15 Effect of acrylic acid-to-cassava starch ratio on the graft

copolymerization at the dose rate of 2 kGy h™ and the

total dose of 10 and 12 kGy in terms of %grafting ratio
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4.3 Esterification of Starch-g-poly(acrylic acid)

The obtained starch-g-poly(acrylic acid) is a hydrophillic graft
copolymer because of the presence of carboxylic and hydroxyl groups, leading to
poor adhesion with synthetic polymers. Thus, the addition of this graft copolymer to

low-density polyethylene, leads to the reduction in mechanical properties. Therefore,

to enhance the compatibility between two immiscible polymers, the hydrophilicity of

the above mentioned functional groups should be maodified. This part is the step of the
carboxylic acid group modification by reacting with the hydroxyl group of
poly(ethylene glycol) 4000 (PEG4000) to form the ester linkage. Starch-g-polyacrylic
acid used in this section obtained from the irradiation graft copolymerization using
dose rate of 2 kGy h™ and the total dose of 10 kGy. The acrylic acid-to-starch ratio

was 1:1. The characterization of this graft copolymer is presented in Table 4.4.

Table 4.4 Characterization of Starch-g-poly(acrylic acid) for Esterification

Characterization Value
%homopolymer 2.7+0.2
%add-on 24.9+1.0
%conversion 40.0+0.8
%grafting efficiency 90.0+0.2
%grafting ratio 33.2+1.8

Dose rate 2 kGy h™, Total dose 10 kGy, Starch-to-acrylic acid ratio = 1:1
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4.3.1 Characterization of Esterified Starch-g-polyacrylate

After esterifcation, the appearance of starch-g-poly(acrylic acid)

was changed from the previous characteristics, which were the rigid, non-sticky, and

clearly white powder to the non-rigid, sticky, and opaque-white powder.

4.3.1.1 Characterization by Fourier Transform Infrared

Spectroscopy

The evidence of esterification was verified by utilizing
Fourier transfrom infrared spectroscopy. From Figures 4.4 and 4.16 it can be stated that

the carbonyl of carboxylic acid groups was converted to the carbonyl of ester groups.
There is a shift of the peak at 1727 cm™, which is attributed to carbonyl of the carboxylic
acid, to the peak at 1738 cm™, which is attributed to the carbonyl of ester group. The

standardization of the FT-IR spectrophotometry was done using the polystyrene (PS) film
as a standardized sample. The characteristic peak of the aromatic C=0 stretching is 1602

cm™, as depicted in Figure 4.17.

4.3.1.2 Characterization by *C- and *H- NMR Spectrometry

The solid state **C-NMR spectra of starch-g-poly(acrylic
acid) and esterified starch-g-polyacrylate are shown in Figures 4.18 and 4.19,
respectively. The peak assignments of *C- NMR spectrum are listed in Table 4.5. It can
be seen that there is a shift of the carbonyl carbon from 177.9 ppm t0175.6 ppm, which

also indicates the conversion of carboxylic acid groups into ester groups. The *H-NMR

spectra of cassava starch, side chains of starch-g-polyacrylic acid and esterified starch-g-
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polyacrylate are shown in Figures 4.20-4.22, respectively. The peak assignments of

'H-NMR spectrum are tabulated in Table 4.6. The side chains of starch-g-poly(acrylic

acid) and esterified starch-g-polyacrylate were obtained by acid hydrolysis with 1 N

hydrochloric acid for 6 hours. In Figures 4.21 and 4.22, it can be observed that the

peaks at 5.2-5.6 ppm of equatorial protons of starch were disappeared. The chemical

shift of 3.4-3.8 ppm in Figure 4.22 demonstrates the presence of poly(ethylene glycol)

4000 at the side chain of esterified starch-g-polyacrylate.

Table 4.5 Peak Assignments of solid state *C-NMR Spectra of Starch-g-poly(acrylic

acid) and Esterified Starch-g-polyacrylate

Chemical Shift (ppm)

Assignments

Starch-g-poly(acrylic acid)

41

61, 72, 82, 102

178

Esterified starch-g-polyacrylate

42

52

61, 72, 82, 103

175

Carbon of methylene group

Carbon of anhydroglucose unit of starch

Carbon of carbonyl of poly(acrylic acid)

Carbon of methylene group

Carbon of -C-O- on PEG 4000 chains

Carbon of anhydroglucose unit of starch

Carbon of carbonyl of poly(acrylic acid)

Remark : Frequency 75.5 MHz
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Table 4.6 Peak Assignments of "H-NMR Spectra of Cassava Starch, Starch-g-

poly(acrylic acid) and Esterified Starch-g-polyacrylate

Chemical Shift (ppm) Assignments
Cassava starch
3.3-4.2 Protons of anhydroglucose unit of starch
4.6-4.9 Protons of water
5.2-5.6 Equatiorial protons of anhydroglucose unit of starch

Side chain of starch-g-poly(acrylic acid)
1.5 Protons of methylene groups

4.3 Protons of methyl groups, which carbon

atom bonded with oxygen atom

7.2 Protons of chloroform

Side chain of esterified starch-g-polyacrylate

1.1-2.8 Protons of methylene groups
3.4-3.8 Protons of PEG 4000
7.2-7.3 Protons of chloroform

Remark: Frequency 50.0 MHz
Cassava Starch in D,O
Side chain of starch-g-poly(acrylic acid) in CDCl;

Side chain of esterified starch-g-polyacrylate in CDCl;
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4.3.2 Determination of Poly(ethylene glycol) 4000 on the Esterified

Cassava Starch-g-polyacrylate by Gravimetric Method
After the esterification of cassava starch-g-poly(acrylic acid) with
poly(ethylene glycol) 4000 (PEG 4000) to give the esterified cassava starch-g-
polyacrylate, the amount of poly(ethylene glycol) 4000 (PEG 4000) on the cassava starch-
g-polyacrylate was determined by gravimetric method of acid hydrolysis. The difference
between the percentage add-on of the cassava starch-g-poly(acrylic acid) and the esterified
cassava starch-g-polyacrylate after acid hydrolysis is counted as the amount of poly
(ethylene glycol) 4000 (PEG 4000) on the esterified cassava starch-g-polyacrylate. The
percentage add-on of the esterified cassava starch-g-polyacrylate was found 40.1+0.8%,

while that of cassava starch-g-poly(acrylic acid) was 24.9+1.0%. Therefore, the amount of

poly(ethylene glycol) 4000 (PEG 4000) was 15.2 +1.8%.
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4.4 Etherification of Starch-g-polyacrylate

The hydroxyl group on starch is etherified with propylene oxide in the
presence of sodium hydroxide as a catalyst. After etherification, the white powder of
esterified starch-g-polyacrylate became pale.

44.1 Characterization of Modified Starch by C-and *H-NMR Spectrometry

The purified modified starch was analyzed by *C- and *H- NMR

spectrometry. **C- and *H- NMR spectra of the modified starch are shown in Figures 4.23
and 4.24, respectively. The peak assignments are presented in Table 4.7. In Figure 4.23,

the presence of the peak of chemical shift at 14-23 ppm is indicative of the presence of

hydroxypropy! groups on modified starch. Furthermore, the occurrance of a distinct peak
at 1.1-1.3 ppm in *H-NMR spectrum (Figure 4.24), attributed to protons of hydroxypropyl

groups on the modified starch.

Table 4.7 Peak Assignments of **C- and *H-NMR Spectra of the Modified Starch

Chemical Shift (ppm) Assignments

®*C-NMR Spectra

20 Carbon of methyl groups

42 Carbon of methylene groups

52 Carbon of -C-O- on PEG 4000 chain
61, 73, 82, 103 Carbon of anhydroglucose unit of starch

176 Carbon of carbonyl of poly(acrylic acid)
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Table 4.7 Peak Assignments of **C- and *H-NMR Spectra of the Modified Starch (Continued)

Chemical Shift (ppm) Assignments

'H-NMR Spectra

1.2 Protons of hydroxypropyl groups

3.6 Protons of anhydroglucose unit of starch
4.6-4.9 Protons of water

54 Equatorial protons of anhydroglucose unit of starch

Remark : °C-NMR ; solid state , Frequency 75.5 MHz

'H-NMR ; solvent : D,0, Frequency 50.0 MHz

4.4.2 Spectrophotometric Determination of Hydroxypropyl Groups

on the Modified Starch
Spectrophotometric determination of the hydroxypropyl group
on the modified starch was done according to Jones and Riddick method [32]. This
method involves hydrolysis of the hydroxypropyl group to propylene glycol, which in
turn is dehydrated to propionaldehyde and to an enolic form of allyl alcohol. These
products are measured spectrophotometrically after they are reacted with ninhydrin to

from a product having a purple color.

4.4.2.1 Preparation of Calibration Curve

The solution of propylene glycol in distilled water was
used to prepare a calibration curve. The amount of the hydroxypropyl group can be
calculated by multiplying the factor 0.7763 to convert micrograms of the glycol to the
hydroxyl group equivalent. The results are shown in Table 4.8 and the calibration

curve is depicted in Figure 4.25.
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Table 4.8 Calibration Data for Determination of the Hydroxypropyl Equivalent Groups

Propylene glycol Hydroxypropyl Equivalent Absorbance

(mg 102cm) Group (mg 10%cm™)
1.04 0.81 0.0200
1.56 1.21 0.0244
2.08 1.61 0.0435
2.60 2.02 0.0670
3.12 2.42 0.0875
01000 " 7 i =
0.0800

= 0.0600

=

b=

&= *

ﬁ 0.0400 —

*
0.0200 *
0.0000 , , , ,
0.81 1.21 1.61 2.02 2.42

Hydroxypropyl Equiralent Group (mg 1072 cm'3]|

Figure 4.25 Calibration curve for determination of hydroxypropyl

equivalent group
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4.4 .3.2 Determination of Hydroxypropyl Equivalent Groups

on the Modified Starch

The experimental data obtained according to Section 3.3.3.1.2 are
listed in Table 4.9. Hydroxypropyl equivalent groups on the modified starch are reported

as the percentage of hydroxypropy! groups.

Table 4.9 Experimental Data of Determination of the Hydroxypropy!| Equivalent Groups

Sample Sample -~ Absorbanc Hydroxypropyl Hydroxypropyl
Weight (g) Solution No. 7 Equivalent Group Equivalent Group
(mg 10%cm™®) in Sample (%)
0.0864 1 0.0221 1.08 1.25
2 0.0244 1.12 1.30
3 0.0261 1.16 1.34
Average 1.30

The average value of the hydroxypropyl equivalent group on the

modified starch is found to be 1.30%. This relatively low value may be the result of the
steric hindrance of esterified starch-g-polyacrylate, which limits the accessability of

sodium hydroxide (catalyst) and propylene oxide.
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4.4.3 Overall Reaction Scheme

The reaction schemes of each procedure are proposed as follows:

CHoOH H
{ J@}
starch
y-ray irradiation nCH,=CHCOOH

Acrylic acid

CH,0H CH,OH
I
AN e HOOC
h OH ol CH,-CH-[CHy-CH]»-CH2-CH-CH-CH; (4.1
—0— N !. o—! COOH COOH COOH
OH OH starch-g-poly(acrylic acid)

pTS HO- [-CHz-CHz—O-]m-H
Poly(ethylene glycol) 4000

CHz OH
| ', HO-[- CHz-CHz-]m-Ot gl
OH CH;-CH-[CH-CH]o-CH,-CH-CH,-CH,  (4.2)
—o COOH  COOH  COOH |
OH v esterified starch-g-polyacrylate
N
NaOH | CH3CH CH;
propvlene oxide .
OH
CHoOH CH,0H-CHy-CH-CH3
c 0 ~
HQO-[-CH>-CH;-]w-C

J{OH OH CH,-CH-[CHz-CH]»-CH,-CH- CHz-gHg (4.3)
—0C

\ l o OOH COOH COOH

CH CH modified starch
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4.5 Contact Angle Measurement

The contact angle measurement of cassava starch, Esterified starch-g-
polyacrylate, the etherified modified starch, EBS wax, and low density polyethylene were
performed using a contact angle goniometer (FACE, Japan). The angles between water

droplets on polymer film surfaces were measured. The results are presented in Table 4.10.

Table 4.10 Contact Angles of Cassava starch, Esterified Starch-g-polyacrylate,
Etherified Modified Starch, EBS wax, and Low Density Polyethylene,
and the Calculated Work of Adhesion

Sample Contact Angle (°) Wag® (MN m™)
Cassava starch Dissolve (0°, hydrophilic) 145.6
Esterified Starch-g-polyacrylate 80+0.3 85.4
Etherified modified starch 82+0.8 82.9
EBS wax 93+1.2 68.5
Low density polyethylene 94+1.4 68.0

# work of adhesion, Wag="ypv(1+cos0-) where vy = surface tension of water (72.8 mN m?)

It can be seen that the water droplet spread on the starch film, which
indicated the hydrophilic nature of the starch. The contact angle of the modified starch
was 82°. This value is comparable to that of poly(methyl methacrylate) (PMMA), which
is a relatively synthetic polymerand has a contact angle of 85° [25]. The contact angles of
EBS wax and LDPE are not significantly different, which are 93° and 94°, respectively.
We may presumbly propose that the maodified starch can be mixed with LDPE without
using the dispersing agent (EBS wax) or the modified starch itself may behave like the
dispersing agent. In addition, the modified starch can be wetted by EBS wax, which is
well dispersed in the matrix of LDPE. Since the surface of the starch is of high surface
energy (high W,q4), we may anticipate that the blends of LDPE/Starch can exhibit a higher

value of tensile strength property in comparison to the modified starch/LDPE blends.
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4.6 Plastic Compounding and Characterization

4.6.1 Effect of Starch and Modified Starch Contents on Mechanical
Properties of Low Density Polyethylene (LDPE) Composite Sheets

The modified starch which contained 15.2% of poly(ethylene glycol)
4000 and 1.3% of hydroxypropyl group and unmodified starch was each blended
with low density polyethylene (LDPE). The effects of starch and modified starch
contents on mechanical properties of LDPE composite sheets are demonstrated as

tensile strength and percentage of strain. The measurements of these properties were
performed on an Instron mechanical tester, Model 1011, according to the ASTM
D683 method. Measurements were done using a 500 mm min™ crosshead speed. Five
measurements were conducted for each sample, and the results were averaged to

obtain a mean value and standard deviation.

Table 4.11 Tensile Strength and %Strain of Low Density Polyethylene (LDPE),

LDPE/ST, and LDPE/MS Blends at VVarious Compositions

Sample Tensile Strength (MPa) Strain (%)

LDPE 8.1+0.1 28.0+£2.5
LDPE/ST1 7.940.2 25.2+2.1
LDPE/ST5 8.4+0.2 17.3+15
LLDPE/ST10 8.6+0.3 15.8+1.0
LDPE/ST20 8.9+0.2 13.3£1.3
LDPE/MS1 7.7£0.2 21.0+£3.0
LDPE/MS5 7.5+0.4 14.4+1.7
LDPE/MS10 7.8+0.3 13.0£0.7

LDPE/MS20 8.210.4 12.3+0.6
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The effects of starch and modified starch contents in low-density
polyethylene (LDPE) composite sheets on their mechanical properties are presented
in Table 4.11 and Figures 4.26 - 4.27. The tensile strength and %strain of LDPE

sheets were 8.1+0.1 MPa and 28.0+1.0%, respectively. The relative lines were

prepared (Figure 4.27) in order to demonstrate the difference between the filled and
unfilled low-density polyethylene (LDPE) sheets. The tensile strength of LDPE sheet

was referenced as 100%. For starch and modified starch filled LDPE composite
sheets, the same conclusion of tensile strength properties can be reached. The tensile

strength of the LDPE composite sheets increased with increasing the starch and
modified starch contents. But the tensile strengths of starch filled LDPE composite
sheets were higher and became even higher than LDPE sheets when the contents of
modified starch were higher than 1%. This may be the effect of starch phase that

could enhance the strength of LDPE composite sheets. For modified starch filled

LDPE composite sheets, the tensile strength was found to be lower than both unfilled

and starch filled LDPE sheets, but it tended to be higher when the modified starch

concentration was up to 20%. This is probably due to the fact that their blends with
LDPE are still incompatible. This result may indicate that EBS wax might neither be a

good dispersing agent nor an appropriate concentration was used.

In Figures 4.29 and 4.30, the percentage of strain and the relative
percentage of strain values of LDPE/ST and LDPE/MS blends are presented. As
observed, the percentage of strain decreased with- increasing- starch and modified
starch contents in the blends. The addition of starch and modified starch to LDPE
significantly reduced the percentage of strain, and some: significant change was
observed between LDPE/ST and LDPE/MS blends. This is because starch and

modified starch mixed incompatibly with LDPE, leading the LDPE composite sheets

to become a brittle material, which has the low tensile strength and %strain.
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Figure 4.26 Tensile strength of LDPE, LDPE/ST, and LDPE/MS blends at

various compositions
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blends at various compositions
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Figure 4.28 Percentage Strain of LDPE, LDPE/ST, and LDPE/MS blends

at various compositions
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blends at various compositions
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4.6.2 Morphology of the Blended Samples

The plastic sheets of LDPE, LDPE/ST10, and LDPS/MS10 were

selected for the observation of the fractured surface, and their morphologies were

compared using scanning electron microscopy (SEM). The results are shown in

Figures 4.30 - 4.32. For the starch filled polyethylene sheet, the small particles were

observed. Some grains might be ruptured, which formed immiscibly with LDPE. For

the modified starch filled LDPE composite sheets, less particles were observed. These

results indicated that the modified starch improved the compatibility with LDPE

matrix.

Figure 4.30 SEM micrograph of the fractured LDPE



Figure 4.31 SEM micrograph of the fractured LDPE/ST10

Figure 4.32 SEM micrograph of the fractured LDPE/MS10
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4.6.3 Morphology of the Failure Samples
To elucidate the failure mechanism of these blends, the failure
surface morphology of the sample subjected to tensile strength at break is used

as a helpful method. The LDPE, LDPE/ST10, and LDPE/MS10 sheets were

chosen to tensile properties test. The SEM micrographs of those selected
plastic sheets are presented in Figures 4.33-4.35. For LDPE and LDPE/ST10
sheets, the failure surface morphology of tensile test at break seemed to be
similar. The surfaces after tensile failure test showed the presence of cavities
in the form of the ridges and valleys. A ridge is present on one fracture surface
and a corresponding valley on the other. The failure appeared to be a shear

tearing, which is an accepted mode of failure in metals and polymers [33]. The

observed fibril bundles were the result of a slow crack growth. It was also
found that the fibril bundle of LDPE/ST10 blend was shorter than that of
LDPE sheet. For LDPE/MS10 blend, there were less valleys which indicated
that materials snapped at the point of stress. The presence of the rough surface
indicated that the failure surface was similar to that of a planar fracture

surface. The phenomena were the evidence of no interfacial failure between

starch and LDPE, resulted from a faster crack growth.



Figure 4.33 SEM micrographs of the failure surface (inatensile test) of LDPE
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Figure 4.34 SEM micrographs of the failure surface (inatensile test) of LDPE/MS10
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Figure 4.35 SEM micrographs of the failure surface (in atensile test) of LDPE/ST10
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4.6.4 Hardness Measurement
The effects of starch and modified starch on the hardness property of
LDPE composite sheets were evaluated using a digital durometer. The results are
shown in Table 4.12 and Figure 4.36. The relative hardness value in Figure 4.37
shows the comparison of filled and unfilled low-density polyethylene sheets in terms
of percentage. It can be observed that an increase in starch and modified starch
content resulted in a slight increase in hardness. But no significant difference was

observed between starch and modified starch filled LDPE composite sheets.

Table 4.12 Hardness Values of LDPE, LDPE/ST, and LDPE/MS Blends at Various

Compositions

Sample Hardness Value

LDPE 41.0+1.4
LDPE/ST1 40.3+1.4
LDPE/ST5 41.2+1.2
LDPE/ST10 42.5+1.8
LDPE/ST20 44.9+0.6
LDPE/MS1 39.9+41.0
LDPE/MS5 40.7£2.1
LDPE/MS10 42.440.9

LDPE/MS20 43.8+0.7
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Figure 4.36 Hardness values of LDPE, LDPE/ST, and LDPE/MS blends at
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Figure 4.37 Relative hardness value of LDPE, LDPE/ST, and LDPE/MS

blends at various compositions
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4.6.5 Thermal Property Analysis

The thermogravimetric (TG) and differential thermogravimetric (DTG)

curves of starch, starch-g-poly(acrylic acid), esterified starch-g-polyacrylate, and

modified starch were shown in Figures 4.38 — 4.41, respectively. The samples were

heated up to 500 °C with a heating rate of 20°C min™. The TG and DTG curves of
cassava starch in Figure 4.38 were stable up to 275°C. The maximum decomposition

rate appeared at 375°C. The peak at 100°C indicated the presence of free water bound

with starch molecule. For the modified cassava starch, there were 2 stages of

decomposition. The first was starch moiety decomposition, and the second was

poly(acrylic acid) moiety decomposition. These second decomposition stages started

above 400°C and ended at about 550°C, giving an ash residue.

In Figure 4.42, LDPE was stable up to 350°C and reached the
maximum decomposition at 505°C. After blending with modified starch at various

contents (LDPE/MS1, LDPE/MS5, LDPE/MS10, and LDPE/MS20), the onsets of
decomposition temperature of plastic composite sheets were lower than LDPE sheets,

which started at about 300°C. This was attributed to the decomposition of modified
starch composition. The thermogravimetric (TG) and differential thermogravimetric
(DTG) curves of these blends are shown in Figures 4.42 through 4.46. The
decomposition temperature and the percentage weight loss of each sample are

presented in Table 4.13.
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Table 4.13 Decomposition Temperature and the Percentage of Weight Loss of Starch,

Modified Starch, and LDPE/MS blends at Various Composition

Sample %Weight Loss Decomposition Temperature (°C)
Cassava starch 99.688 375
Cassava starch-g-poly(acrylic acid) 99.966 316, 438
Esterified starch-g-polyacrylate 99.641 338, 435
Modified starch 99.909 351, 402
LDPE 100.001 505
LDPE/MS1 99.987 502
LDPE/MS5 99.987 513
LDPE/MS10 99.990 505
LDPE/MS20 99.994 500

4.7 Soil Burial Test

4.7.1 Mechanical Properties Measurements
In order to evaluate the degradation of LDPE composite sheets in a
realistic environment, a soil burial experiment was carried out. The LDPE and
composite LDPE sheets were buried in Saraburi soil for 2'months and removed every

2 weeks to determine the degradation in soil burial in the mechanical properties of
plastic sheets. After the removal, the dark spots of mold growths on the surface of
LDPE composite sheets were observed. The effects of soil burial test on the tensile

strength and %strain of LDPE and LDPE composite sheets are shown in Tables 4.14 -

4.15.
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Table 4.14 Tensile Strength of LDPE, LDPE/ST, and LDPE/MS blends after the Soil

Burial Test
Sample Burial Time  (weeks)
Control 2 4 6 8

LDPE 8.1+0.1 7.9+0.1 7.840.2 7.8+0.4 7.6+0.2
LDPE/ST1 7.9+0.2 7.7+0.1 7.5+0.2 7.4+0.3 7.3+0.1
LDPE/ST5 8.4+0.2 7.8+0.2 7.7+0.3 7.710.4 7.6+0.3
LDPE/ST10 8.6+0.3 7.6+0.4 7.310.3 7.210.4 7.0£0.2
LDPE/ST20 8.9+0.2 8.6+0.1 8.1+0.3 8.1+1.0 8.0+0.4
LDPE/MS1 7.7+0.2 7.6+0.1 7.3+0.4 7.2+0.3 7.1+0.2
LDPE/MS5 7.5+0.4 7.4+0.3 7.3+0.4 7.3+0.2 7.1+0.3
LDPE/MS10  7.840.3 7.610.3 7.5+0.2 7.4+0.4 7.0+0.2
LDPE/MS20  8.2+0.4 7.5+0.2 6.7+0.4 6.5+0.5 6.3+0.4

Table 4.15 Percentage Strain of LDPE, LDPE/ST, and LDPE/MS blends after the

Soil Burial Test

Sample Burial Time = (weeks)
Control 2 4 6 8
LDPE 28.0+25 26.5+2.2 25.1+1.7 25.0+1.2 24.8+2.3
LDPE/ST1 25.2+2.1 22.943.1 21.2+1.9 209415 20.5£1.2
LDPE/ST5 17.3+1.5 16.7+0.8 15.9+2.0 155414 14.0+1.5
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Table 4.15 Percentage Strain of LDPE, LDPE/ST, and LDPE/MS blends after the

Soil Burial Test (Continued)

Sample Burial Time  (weeks)

Control 2 4 6 8

LDPE/ST10 158+1.0 13.9+1.7 13.1+2.1 13.0+£1.2 12.7£1.9

LDPE/ST20 13.3+1.3 12.1+1.4  cam Wi 11.1+1.7 10.8+£1.2

LDPE/MS1  21.0+£3.0 19.7£1.3 18.8£1.0 18.5+1.3 18.0£1.2

LDPE/MS5  14.4+1.7 13.6+2.0 13.0£1.6 127411 12.0£1.2

LDPE/MS10  13.0+0.7  12.1+1.8 11.4+1.2 11.0+£1.0 10.9+1.1

LDPE/MS20 12.3+0.6  11.9+0.9 11.3£1.0 10.9+1.2 10.5£0.9

Figures 4.47 and 4.48 present the tensile strength and the percentage strain of
LDPE, LDPE/ST, and LDPE/MS blends after the soil burial test, respectively. The
results show that both the tensile strength and the percentage of strain decreased with
a slow rate. It shows that the soil burial had a weak effect on tensile property of LDPE
sheets. The decline of tensile strength and %strain was ‘the indicator of soil burial
efficiency, especially where large amounts of starch and modified starch were used.
The presence of the modified moieties of ester and ether led to the decrease in
mechanical properties, because they could absorb moisture in its surrounding, which
could then be attacked by microorganisms, such as fungi and bacteria, and resulted in

porosity and voids.
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Figure 4.47 Tensile strengths of LDPE, LDPE/ST, and LDPE/MS blends

after the soil burial test
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Not only the plastic sheet can be degraded by microorganisms, but it

also can be degraded by chemical reaction. Scott [34] had shown the degradation

mechanism as presented in Figure 4.49.
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Figure 4.49 Initiation of biodegradation in hydrocarbon polymers

4.7.2 Hardness Measurement

The results of hardness. measurements after the soil burial test are
shown in Table 4.15 and presented in Figure 4.50. It can be seen that the hardness

values of LDPE and LDPE composite sheets were slightly decreased.
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Table 4.16 Hardness Values of LDPE, LDPE/ST, and LDPE/MS blends after the Soil

Burial Test
Sample Soil Burial Time  (Weeks)
Control 2 4 6 8
LDPE 41.0+1.4 40.0£0.5 39.0+0.5 38.3¢1.5 38.0+0.7

LDPE/ST1 40.3t1.4 39.6+1.6 38.5+1.6 38.0+£0.5 37.8+0.9

LDPE/ST5 412412 40.6£1.0 39.310.4 39.0+£1.0 38.9+1.2

LDPE/ST10  42.5+1.8 41.1+0.4 40.2+1.4 40.0£1.2 39.5+0.7

LDPE/ST20  44.940.6 43.0£1.5 42.3£1.0 41.9+1.0 41.5+0.6

LDPE/MS1  39.9+£1.0 39.5+0.8 37.9+1.3 37.5+0.9 37.4+1.4

LDPE/MS5  40.7+2.1 39.9+0.4 38.91£1.0 38.2+0.9 38.0+2.1

LDPE/MS10  42.4+0.9 40.5+0.9 39.740.6 39.1+0.6 39.0+1.0

LDPE/MS20  43.8+0.7 41.140.9 40.9+0.8 40.4+0.6 40.0£0.5
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Figure 4.50 Hardness measurements of LDPE, LDPE/ST, and

LDPE/MS blends after soil burial test
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4.7.3 Surface Morphology of Samples

The surface morphologies of LDPE, LDPE/ST20, and LDPS/MS20

sheets were studied in order to follow the changes after the soil burial for 2 months.
The SEM micrographs are shown in Figures 4.51-4.56. It can be seen that the surface

of low-density polyethylene sheets after soil burial test became rougher with cavities
than the control sheet. For LDPE/ST20 and LDPE/MS20 plastic sheets, many holes
throughout the plastic sheets were observed. This occurrence may be caused by
microorganisms in soil, which utilized the starch and modified starch as a food source

or by the external influences of underground water and rainfalls leading to leaching of

the destroyed surface.



109

o — L2 LN B 1A
y, STREC, ~ 15KU~ & X3,50
/ :

" *
[

i \ _ .
S 18vm E1 L?l
2 ;STREC ~ 1SKU xz,saa 14m‘
f‘qﬁ'ﬂ:‘, S

Figure 4.52 SEM micrograph of the LDPE sheet at 2-month soil burial test
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4.8 Water Absorption Test

The water permeability of modified starch is another attribution to

degradation. The synthetic component appeared to be biodegraded by surface

absorption of moisture and microorganism, such as fungi and bacteria, because water

absorption on material triggers the microorganisms to grow and utilizes the material
as a carbon source of food. The results of water absorption test are presented in Table
4.17 and in Figures 4.57-4.58.

For LDPE, the percentage of water absorption is less than 0.5%, indicating the

hydrophobicity of LDPE. The water absorption of starch and modified starch filled

LDPE composite sheet increased with increasing the modified moiety contents.
However, the water absorption of the samples of this work is still low. It can be

observed that the water absorption of the modified starch filled LDPE sheets was
higher than those of the unmodified ones. This result implied that the former could
absorb more water and microorganisms in soil water and thus more weight increase of
water and more biodegradation of the filled LDPE sheets. The water absorption rate
of the blends increased with increasing the contents of starch and modified starch. The
highest water absorption rate was in the first day exposure. After that the water
absorption rate decreased slowly. This result implied that the blends became saturated

with water.
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blends after exposure to distilled water



CHAPTER 5

CONCLUSION AND SUGGESTION

The cassava starch-g-poly(acrylic acid) was prepared via graft

copolymerization by a simultaneous irradiation technique from ®°Co source. The graft
products are characterized in the terms of %homopolymer, %add-on, %conversion,
%grafting efficiency, and %grafting ratio by gravimetric method of homopolymer

extraction and acid hydrolysis. The grafting reaction of poly(acrylic acid) onto

cassava starch was proved using Fourier transform infrared spectroscopy. After the
homopolymer extraction of crude product, one can observe the strong peak at 1727 cm™,
which attributed to the C=0 stretching of the carboxylic acid of acrylic acid.

The three values of dose rates, 2, 5, and 12 kGy h™, were used to give the total
doses of 2, 4, 6, 8, 10, and 12 kGy. In these ranges of the dose rate and the total dose

studied, we found that %homopolymer increased with the increase in the dose rate.

Because the larger amount of radicals produced in the high dose rate were rapidly

terminated to give homopolymer instead of graft copolymer. The controversy was

found in the percentage of add-on, conversion, grafting efficiency, and grafting ratio.
That is, these terms increased with the decrease in dose rate. When compared with the
total dose, it can be seen that the percentage add-on, conversion, grafting efficiency,
and grafting ratio were increased with increasing the total dose. Due to the fact that,
the grafting sites are determined by the total dose. For the percentage of homopolymer,

there were the optimum total doses of each dose rate that the least amounts of OH-,
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H-, and e4q to initiate homopolymer were generated. When the acrylic acid-to-cassava
starch ratio was studied at the dose rate of 2 kGy h™* (Total doses of 10 and 12 kGy).
It was found that the percentage of add-on, conversion, grafting efficiency, and
grafting ratio increased with the increase of acrylic acid-to-cassava starch ratio. This
is presumably due to the fact that increase in monomer concentration enhanced the
monomer accessibility. Gel effect may occur in the viscous system, leading to graft
copolymerization.
The condition chosen for preparing starch-g-poly(acrylic acid) was the dose

rate of 2 kGy h™, total dose of 10 kGy, and acrylic acid-to-cassava starch ratio of 1:1.
The starch-g-poly(acrylic acid) obtained has 2.7% homopolymer, 24.9% add-on,

40% conversion, 90% grafting efficiency, and 33.2% grafting ratio. The esterification
between starch-g-poly(acrylic acid) and poly(ethylene glycol) 4000 was confirmed by

following the chemical shift of the function group C=0 from 1727 cm™ to 1738 cm™,

which corresponded to the acid and ester carbonyls, respectively. Moreover, the shift

of the carbonyl carbon in **C-NMR spectrum from 177.9 ppm to 175.6 ppm also
indicates the conversion of the carboxylic acid group into the ester group. There is an

additional peak at 52 ppm, which is attributed to the —C-O- on poly(ethylene glycol)

4000 chains. After etherification, the peaks at 20-and 1.2 ppm of the **C- and 'H-

NMR spectra, respectively, elucidate the presence of the hydroxypropyl group on the

modified starch. The amounts of poly(ethylene glycol) 4000 (PEG 4000)and the
hydroxypropy! group on the modified starch were found to be 15.25% and 1.30%,

determined by the gravimetric and spectrophotometric method, respectively.
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The modified starch was blended with LDPE in comparison with the
unmodified starch. It was found that at the same starch content, such as LDPE/ST10
and LDPE/MS10, the LDPE/ST blend series gave the higher in both tensile strength
and %strain. This result may indicate that incorporation of the modified starch could
possibly not be very well mixed with LDPE plastics. When increasing the modified
and unmodified starch contents, the same trends are observed. That is the increase in
tensile strength and the decrease in %strain. This may be the effect of the filler phase
that could enhance the strength of LDPE composite sheets. The hardness of LDPE
was also slightly enhanced by the incorporation of the modified starch. It was found
that the hardness increased with increasing the contents.

The thermal properties of the cassava starch, the modified starch, and the
blends were determined using thermogravimetric (TG) and differential
thermogravimetric (DTG) method. It was found that cassava starch was decomposed
at the temperature ranged from 275°C to 375°C. After the modification to modified
starch the second stage of decomposition was observed. The decomposition
temperature of this step ranged from 400°C to 550°C, which attributed to the moiety
of poly(acrylic acid). After blending the low-density polyethylene (LDPE) with the
modified starch, the onsets of the decomposition of LDPE composite sheets were
decreased from 350°C to 300°C.

The degradability of the LDPE composite sheets was examined by soil burial

test in the terms of tensile strength, %strain, and hardness value, and the ability in

absorption of water. It can be observed that tensile strength, %strain, and hardness

properties of the LDPE composite sheets were gradually decreased. The water
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absorption can also be used to indicate the biodegradation of plastic sheets by
microorganisms, because water absorption on the blended materials swells the
material surface to trigger the microorganisms to grow and utilizes the material as a
carbon food. It was found that the water absorption (%) increased with increasing the
amount of the modified starch contents, but the value was not higher than 2.5%.

This work shows that incorporation of the modified starch to LDPE did not
improve significantly the mechanical properties of the LDPE composite sheets.
Interestingly, this modified starch did not absorb too much moisture in the air, but

could absorb water in contact slightly not higher than 2.5% by weight. The inclusion

of the modified starch helps enhance the biodegradability of LDPE plastic sheets.

Suggestions and Future Works

1. The effect of the property of graft copolymer, such as the degree of crosslinking,
should be studied by comparing the properties of the modified starch prepared
from different initiation- method.

2. Levels of acrylic acid concentration on the cassava starch graft copolymer should
be used to esterify.

3. The effect of various amounts of the hydroxypropyl group on the modified starch

in the blends should be carried out.
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APPENDIX A

Radiation Dosimetry

Quantitative studies in radiation chemistry require a knowledge of the amount
of energy transferred from the radiation field to the absorbing material.

The absorbed dose or total dose is the quantity generally sought and is the
amount of energy absorbed per unit mass of irradiated material. The official unit of
absorbed dose is the rad, which is defined as the energy absorption of 100 erg g™ or
102 kg™, The absorbed dose is a direct measure of the energy transferred to the
irradiated material and capable of producing chemical or physical change in it; it is
determined both by the composition of the material and characteristics of the radiation
field.

The absorbed dose rate is the absorbed dose per unit time and has the unit
rads, eV g, eV.em?, or grays per unit time, e.g. rads min™, grays min™, eV g* min™.

Techniques for measuring ionizing radiation can be divided into absolute and
secondary methods. Absolute methods involve a direct determination of exposure or
absorbed dose form physical measurements of, for example, the energy absorbed (by
calorimetry), the ionization produced in a gas, or the charge carried by a beam of
charged particle of known energy. The absolute methods are often not suited to
routine use and, in practice, secondary dosimeters (e.g. thimble ionization chambers
and chemical dosimeters), whose response to radiation is known from comparison

with an absolute dosimeter, are generally used.
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1. Calorimetry

The most direct way of determining the amount of energy carried by a
beam of radiation is to measure the increase in temperature of a block of material
placed in the beam, the method originally used by Curie and Laborde to measure the
rate of energy released by the radioactive decay of radium. The material must be such
that all the absorbed energy is converted to heat, non, for example, being used to
initiate chemical reaction. Good thermal conductivity is also necessary and in practice
graphite or metals are generally used for this purpose. If the block is of sufficient size
to completely absorb the radiation, the rate of temperature increase is related directly
to the energy flux density or intensity (erg cm™ sec™) of the beam. With low intensity
radiation, such as that normally available for X- and y— ray sources, the temperature
rise is very small and it is important as a check on other, less direct, methods, since
the results are obtained directly in energy unit.

Radak and Markovic give the range of absorbed dose rate that can be
measured in this way as 107 W g (36 rads hr). Absorbed dose measurements with
calorimeter in which water is the absorbing material have been to calibrate the Fricky
and other aqueous chemical dosimeters described later in this chapter.

2. Chemical Dosimetry

In-chemical dosimetry, the radiation dose is determined from the
chemical change produced in a suitable substrate. Calculation of the dose requires a
knowledge of the G value for the reaction or product estimated, which is found by
comparing the chemical system with some form of an absolute dosimeter. Chemical
dosimeters are therefore secondary dosimeters and are used because of their greater

convenience. In order to facililate this conversion and to reduce errors, the dosimeter
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system is usually chosen so as to have the same atomic composition and density as the
sample to be irradiated, as far as this is possible. Aqueous dosimeters, for example,
are used if the sample is an aqueous solution, biological material, or organic
substance.

For a dosimeter in which radiation induces a chemical change, the
mean absorbed dose (Dd) over the volume occupied by the dosimeter is derived as
follows. For any system, by definition, G (product) is the number of molecule of
product formed per 100 eV energy absorbed and 1 rad corresponds to an energy
absorption of 0.01 J kg™ Then

Dd = moles of product formed per kg (mol)

(kg)

x 6.02x10%(molecule) x 100 (eV)

G(product) (molecule)

x 1.602x10™ (J) x 100 (kg rad)

(eV) )
= 9.467 x 10° x moles of product formed per kg rads (A-1)
G(product)
Or
Dd = 9.467 x 108 x moles of product formed per liter . rads (A-2)
pG(product)

where p is the density of the system(g cm™). Very often the yield of product

will be determined spectrophotometrically when, assuming Beer’s law to be obeyed,
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moles of product formed per liter = AA (A-3)

AEI

and

Dd=9.647x10% x AA  rads (A-4)

ElpG(product)

Where AA is the difference in absorbance (or optical density) between the
irradiated solution, E is the difference in molar extinction coefficient (liter mol™ cm™)
of reactant and product at the wavelength being used, and | (cm) is the optical path

length (i.e., sample thickness used when determining the absorbance).

2.1 Fricky (Ferrous Sulfate) Dosimetry

The reaction involved in the Fricky dosimeter is the oxidation of
an acid solution of ferrous sulfate to the ferric salts, in the presence of oxygen under
the influence of radiation. The standard dosimeter solution is one containing about 10°®
M ferrous sulfate or ferrous ammonium sulfate and 10° M sodium chloride in air-
saturated (2.5 x 10 MO,) 0.4 M sulfuric acid (pH 0.46). The quantities required to
prepare such a solution are 0.28 g FeSO, 7H,O [or 0.39 g Fe(NH,), (SO4)3; 6H,0]
0.06 g NaCl and 22 cm® concentrated (95-98%) H>SO, per liter. of solution; the
solution slowly oxidized and should not be stored longer than a few days.

To determine the absorbed dose (in 0.4 M sulfuric acid) using
the Fricke dosimeter, a sample of the dosimeter solution in a container thick enough to
ensure electronic equilibrium is placed in the radiation field ions to be measured. To

avoid under wall effects (i.e. so that practically all the secondary electrons contributing
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to the energy absorption originate of at least 8 mm where y-radiation is being
determined; Burlin using a modified cavity theory, has calculated that with a silica cell
and Co®-ray, a diameter of 6 cm is needed to reduce the wall effects to below 0.1%.
The most common method of measuring the ferric ions formed is by
spectrophotometric analysis, comparing the absorbance at the wavelength at which
ferric ions show maximum absorption (about 304 um). The optical readings should be
taken soon after the irradiation, so that adventitious oxidation of the solutions is
minimized. The mean absorbed dose (Dg) for the volume occupied by dosimeter

solution is given by Eq. A-3.

Reference

Swallow, A. J. Radiation Chemistry. London : John Wiley & Sons Inc.,1973. pp. 18-25.
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