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ABSTRACT 

Rapid advances continue in the acquisition 6f new fundamental 
knowledge of starch and a vigorous expansion in the use of 
starch is proceeding in both food and non-food applications. 
Results are here reported on starch-filled high density 
polyethylene which reveal reinforcement effects of starch on 
the thermoplastic. This significant development makes starch 
a most promising organic filler. 

This work is primarily a study of the mechanical and thermal 
properties of starch-filled high density polyethylene and 
attempts to identify changes caused in the structure of this 
polymer due to starch filler. Particular attention has also 
been given to changes in crystallinity and microscopic appearance. 

Because preliminary studies showed that enhanced effects were 
obtained when using starches of small particle size, much effort 
was given to developing a simple method of extraction of starches 
from the many varieties of Taro (Colocasia esculenta) plants in 
order to get the best possible yield and freedom from agglomerates. 
Because of the absence of recorded data it was necessary to study 
the physical properties of these starches. 

The theory and application of small-angle light scattering was 
reviewed because of its value as a technique for the characterizatior 
of starches and spherulitic polymer studies. One hundred and 
twelve Taro starches were characterized in terms of average particle 
sizes by the above technique. Starches with particle sizes ranging 
from 3 micron to 50 micron were investigated in order to establish 
the size/effect relationship in starch polymer composites. 

Methods of increasing the adhesion between filler and polymer matrix 
have also been studied, as has also the stripping of amylopectin 
from starch grains by cold acid treatment. Acid treatment, 
surprisingly, produced composites of increased mechanical strength 
in high density polyethylene, implying that a true reinforcing 
fi1 ler has been created. 

Results from differential scanning calorimetry and x-ray diffraction 

studies revealed that an increase in degree of crystallinity in 
high density polyethylene was associated with the presence of starch, 
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CHAPTER 

INTRODUCTION 



1.0 Introduction 

Organic plastics additives offer advantages to the plastics 

processor, to the user, and to society as a whole. A wide range 

of these additives may be used to give plastic products improved 

mechanical properties, better surface quality for some 

applications and when desired, biodegradability 

Additional benefits may include lower product cost, processing 

energy savings and reduced wear on processing machines. 

The use of these additives makes it possible to replace a part 

of the polymer which is an ever more costly petrochemical product, 

by starch, an easily renewable natural product available in 

nearly every country. In many cases the user benefits from a 

product which for the same price may be I ighter and have a better 

appearance. Some of the additives are formulated to trigger and 

accelerate the biodegradation process of plastic bags and disposable 

articles when they are based underground and in refuse dumps, or 

simply discarded as litter. 

Starch in its usual commercial form is totally unsuited for use 

with plastics. The starch must first be selected for the 

appropriate grain size according to the application. Then it must 

be carefully dried and rendered hydrophobic. The excellent 

compatibility of these additives with manydifferent plastics and 

the ease and simplicity of processing makes it possible to use 

starch in a variety of uses on different polymers. Specially 
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treated starch has been tested in polyethylene, polypropylene, 

polystyrene, polyurethane, ethylene vinylacetate copolymers, 

polyester, PVC and ABS. Plastic containing the additives have 

been made into film for bags, mulch film, injection mouldings, 

blow mouldings, sheets for thermoforming, and foams, plastisols, 

and polymer solutions. The latter are used for coating fabrics, 

paper, cellophane, etc. and have not only given a better surface 

with starch additive, but in some cases the starch has made it 

possible to increase the speed of the coating process. 

Each new appl i cat i on must be ca ref uIIy exami ned to f1 nd the proper 

balance of physical and chemical properties, appearance, material 

cost, processing cost and other factors required. Starch particles 

from different plants have different sizes and shapes, making it 

possible to choose the best-suited type of starch for each use. 

For every thin film, small particle size starches like rice or 

taro may be needed, whereas wheat and maize starch give good 

results with most blown films. 

Several detailed investigations of the properties of starch-filled 

plastics have already been carried out (I &9). However, some 

questions have been raised concerning the relationship between 

structure/composition of the starch-filled plastics and the 

physico-chemical properties of these materials which have been 

investigated in the present work. Emphasis is placed, in this 

thesis, on experiments designed to elucidate the mechanisms by 
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which means starch-polymer interactions result in properties of 

the composite markedly different from the unfilled polymer 

properties. In particular attention has been directed towards 

increasing our understanding of the thermal, and mechanical 

properties of starch-filled HDPE and the way in which the 

microscopic structure of the starch-polymer interface affects 

these properties. An extensive tabulation of mechanical 

properties of starch-filled LDPE has been presented in the 

thesis of Linero (9). 

Linero in his work has drawn several conclusions about starch 

fillers and their possible influence on the matrix polymer. We 

can summarise his experimental results on starch filled plastics 

in three different systems, as follows: 

If the matrix polymer is amorphous like polystyrene, the starch 

acts as an extender, and the transformation of the starch 

character from hydrophilic to hydrophobic increases substantially 

the compatability of the two materials. It is also expected that 

particle size and particle size distribution should play a 

fundamental role in determining the properties of the composite. 

In the case of a crystalline polymer like low density polyethylene, 

the most important facts are particle size and particle size 

distribution. It is therefore advisable to use small particles 

and a narrow particle size distribution. A hydrophobic coat 

around the particles also helps processability and leads to a 

material with a higher yield strength (the increase in yield strength 
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appeared to be abnormally high and suggest a significant change 

in the physical properties of the matrix polymer itself). 

Linero concluded that when working with resins with active groups 

like an acidic unsaturated polyester resin, for example, the most 

important fact to consider is the chemical compatibility at the 

interface. It is preferable to treat the granules with sodium 

hydroxide solution under very mild conditions to increase their 

wettability by the resin. Mild alkaline treatment avoids weakening 

the starch granular structure. 

Following Linero's work, the present work was aimed at obtaining 

a deeper understanding of the effect on the starch fiI lers on the 

properties of high-density polyethylene (HDPE). The first step 

was to choose particle sizes and shapes, recommended by Linero as 

producing optimal properties with the aim of testing some of Linero's 

speculation in the composite and to study such systems. fn order to 

measure the particle size of starches, a study using I ight scattering 

on the basis of the Stein's technique (10), utilizing radiation of 

one wavelength in the range of visible light has been undertaken. 

The physical and mechanical properties of polymers are profoundly 

dependent on their degree of crystallinity, for example, the tensile 

strength and stiffness of polymer f ibres are directly related to 

the degree of alignment of the molecular chains parallel to the 
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fibre axes and hence to the degree of crystallinity. Likewise 

the stress at which the polymer starts to cold-draw (yield 

strength) increases with the degree of crystallinity. The 

changes in crystallinity have been studied by differential 

scanning calorimetry (D. S. C. ). This technique has been widely 

used to determine the crystallinity of semi crystalline polymers. 

Morphological changes of starch-filled plastic have been 

investigated using light microscopy, scanning electron microscopy 

(S. E. M. ) and transmission electron microscopy. 
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GENERAL REVIEW 
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2.00 General-Review 

1 Structure_of_starch 

Starch and cellulose are both naturally occurring polymers composed 

of the same structural unit D-glucose (fig. 2.1 ). Their physical 

and chemical properties have been studied extensively 01 12) and 

major industries have been created dealing with their utilization. 

In starch the units are U-1inked, whereas in cellulose they are 

, 
0. -I inked and consequently the polymer structures are different 

in conformation. The cellulose occurs in plant cell walls in 

fibrillar form and is now a fairly well understood structure both 

on the molecular as well as on the supermolecular (ultra structural) 

level . Starch, however, occurs in granular form and its internal 

ultrastructural organization is not well known; nor has exact 

determination of its molecular conformation been achieved. 

2.1.1 Native Starch structure 

Most starches consist of two chemically distinct components, amylose 

and amylopectin, and these two are present in varying amounts in 

0 
starch from different botanical sources. 

Amylose is aI inear polymer whereas amylopectin is a branched 

polymer (fig. 2.1 ). Most common cereal starches of the non-waxy 

types contain about 25% amylose. The amylose stains bright blue 

with iodine, and it has been shown by Bear (13) and by Rundle and 
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co-workers (14) using x-ray crystallography, to have a helical 

structure in its crystalline complexes. This establishment of a 

helical conformation in starch was not we] I received at the time, 

but is currently accepted for many natural products. Unit-cell 

dimensions would indicate a helix containing about 6 D-glucose 
a 

residue per turn. These dimensions are such that the iodine 

molecule (15) could be accommodated within the helix; this 

suggestion has been offered previously by Hames (16) and by 

Freudenburg and associates (17). Various methods can be used to 

determine the ratio of amylose to amylopectin ( 11). However, in 

order to study the composition a breakdown of the matrix structure 

is always necessary and it is difficult to ascertain whether a 

complete characterization of the two fractions, amylose and 

amylopectin, is possible in view of chemical hydrolysis occurring 

during the analysis procedure. The ratio of two fractions varies 

depending on the starch variety. Table (2-1) shows some of these 

ratios which were calculated by C. Ogbonna (18 ) for taro starches. 

The most common starch yielding plant species, as for example 

potato, corn or wheat, contain 70-80% of amylopectin, but certain 

II waxy" varieties of rice and corn are nearly 100% amylopectin. 

Despite the differences in the content of linear and branched 

components, the starches are fai rly uniform in microscopic appearance. 

The size and the shape of the granules are dependent on their 

growth conditions ( 14) and thus, to a certain extent dependent 

on the starch variety. 
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Table (2.1) showing Amylose content and Gelation temperature 

of 109 varieties of Taro ( 18) 

Class Hort i cul tura I Va ri et i es Amy I ose Gelation 
No. Content Temp. 

-------- ----------------------------- ------------- 

(o 
C) 

-------------- 

I Tsurunoko 23 74 

2 Akado 28 70 

3 Miyako 28 71 

4 Iliuaua 18 72 

5 Bun-Long 22 71 

6 Awau 18 72 

7 Kakakura-U Ia 22 72 

11 Mana Uliuli 28 71 

12 Mana Ulaula 43 71 

13 Mano Lauloa 20 69 

14 Mano Keokeo 22 70 

16 Piko Lehua-apei 32 69 

17 Piko Ulaula 18 69 

18 Piko Kea 33 69 

19 Piko Keokeo 19 69 

20 Piko Uaua 27 70 

22 Piko Eleele 10 69 

23 Elepaio 40 70 

24 Uahiapele 22 68 

25 Manapiko 20 69 

26 Tahitian 20 70 

27 Kai Uliuli 27 72 

28 Kai Ala 23 72 

29 Kai Kea 43 70 

30 Apuwai 28 70 

31 Apu 33 71 

32 Piialii 27 72 
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Class Horticultural Varieties Amylose Gelation 
No. Content Temp. 

-------- ----------------------------- 

M 

------------- 
(OC) 

--------------- 

33 Paakai 23 70 

34 Moana 29 70 

38 Lauloa Palakea-eleele 23 70 

39 Lauloa Palakea-ula 16 72 

40 Lauloa Palakea-papamu 29 72 

41 Lauloa Palakea-keokeo 21 72 

42 Lauloa Keokeo 31 74 

43 Eleele Makoko 21 72 

44 Eleele Naioea 29 72 

45 Manini-Owali 28 70 

46 Kumu eleele 29 72 

47 Nawao 29 70 

48 Ulaula Kumu 27 70 

49 Ulaula poni 19 70 

50 Ulaula Moano 30 71 

51 Niue - Ulaula 25 71 

52 Oopukai 29 71 

53 Manini Uliuli 26 70 

54 Manini Kea 28 70 

55 Manini Toretore 32 69 

56 Papakolea - Koae 21 69 

58 Nihopuu 25 71 

59 Manini- Opelu 29 69 

62 Ohe 16 73 

63 Lehua Maoli 26 72 

64 Lehua Keokeo 19 75 

66 Lehua Palaii 19 72 

67 Apowale 26 70 

68 Wahiwa 16 69 

69 Papapeuo 25 70 

70 Kuoho 25 73 

71 Leo 20 72 



Class Horticultural Varieties Amylose Gelation 
No. Content Temp. 

-------- ----------------------------- 

M 

------------- 
(0 C) 

--------------- 

72 Maea 23 69 

73 Haokea 21 72 

74 Kalalau 14 70 

75 Hapuu 20 70 

79 Mana Eleele 24 70 
80 Mana Okoa 24 69 

81 White Moi 21 69 

84 Pololu 42 70 

85 Piialii Ula 16 70 

86 Red Moi 26 69 

87 Kai KBS 9 69 

101 Pola Samoa 28 69 

103 Talo Manua 23 73 

104 Lauloa Dala 28 72 

105 Manakea Mata 24 71 

106 Matangi Fauna 28 70 

107 Sasa Uliuli 23 70 

W Mana Lanu-Mahata 1 22 71 

109 A'alii 22 71 

110 Pula Mumu 39 73 

III Vaevae ula-uki 28 68 

113 Falan 23 75 

114- Sasa Paepae 23 72 

115 Matale 1 43 69 

117 Katuangamea 1 28 72 

118 Katuangamea 11 28 72 

119 Teatea 1 19 69 

120 Teatea 11 27 69 

121, Yan 614 27 70 

128 Pilipino Red-stem 24 74 

129 Pilipino short-stem 28 70 
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Class Horticultural Varieties Amylose Gelation 
No. Content Temp. 

-------- ----------------------------- 

M 

------------- 
(OC) 

--------------- 

131 Fai Fassi 16 71 

132 Taro Hoia 9 74 

133 L73-365 3 74 

135 L73-369 17 75 

137 Manu Lanu-Mehata H 21 74 

139 Fa Eleele 27 70 

142 KBS Bun-Long 16 70 

148 Sawa Pah-Uetata 22 74 

14q Burra 29 73 

151 Fai Fassi 11 28 71 

153 Yellow Benah! 26 73 

155 Pang Daga 22 70 

157 Kaladao 22 73 

159 Purple Manalua 25 69 

165 N3-396 20 70 

167 N365-1 31 70 

171 N7-391 15 70 

173 N8-398 23 74 

174 N7-398 26 72 

175 N330 21 68 
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2.1.2 (X-ray diffraction patterns obtained from starch granules) 

In contrast to the situation with cellulose, little information 

regarding the structure of starch has been gained from 

application of X-ray diffraction methods ( 20). However, Katz 

and his co-workers (21 ) have shown that starches offer a variety 

of diffraction patterns, and much can be expected from the study 

of this diffraction data. Most X-ray investigations of starches 

have been limited to powder patterns which indicate in many 

instances a surprising degree of crystalline organization, are 

relatively weak and diffuse and have offered no great wealth of 

information. In the absence of knowledge concerning geometrical 

relationships between visible structure and diffraction pattern, 

and between separate diffractions, the problem has been a very 

difficult one. Bear and French ( 13) made progress by obtaining 

accurate information for a number of related patterns and by 

comparing line positions and intensities in these. It was possible 

to draw some conclusions regarding the structures responsible for 

them. Certain questions arose out of the crystallographic studies 

of Bearand French ( 13). These are stated below and some answers 

are indicated. Since starch granules are not in the ordinary sense 

pure crystalline materials, is it necessary to assume that all the 

diffraction rings are caused by a single crystalline starch 

component. The answer seems to be, yes. Although crystalline 

structures might perhaps be present in the parts of the granule, the 

major fraction of the granule is far less ordered as shown by 

Sterling ( 22) on the basis of X-ray diffraction analysis, the 
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granule as a whole might best be described as a mesomorphic 

structure, that is, a structure which is intermediate between the 

crystalline and the amorphous and in which the polymer chains 

tend to align parallel to the radial direction but with far less 

ordering in tangential direction ( 23). The granular growth 

progress by apposition ( 24) and is regulated by various enzymes 

which may determine the size and shape of granules ( 25). The 

growth processes are still not fully understood, when more 

information regarding the growth of the granule becomes available, 

the morphology of the mature granule may be better understood. 

X-ray diffraction analysis has shown that the starch granule is 

poly or crypto-crystal I ine and po&sesses a smaller degree of crystal linit 

than native cellulose such as, for example, cotton cellulose ( 22). 

Originally, X-ray patterns obtained from starch were designated 

A, B and C. the A týpe pattern being characteristic for cereal 

:; tarches, the B type pattern being characteristic for tuber starches 

and the intermediate C type pattern being characteristic for bean 

and root starches ( 26). These different crystalline structures 

are interconvertible by heat/moisture treatment (27 ) and it is 

suggested that the degree of hydration determines the molecular 

conformation and associated obtained in the native granule ( 19) . 

The branched amylopectin is able to crystallize (as is the linear 

amylose). The waxy starch varieties show as strong a crystalline 

pattern as other starches. In order to determine the exact 

crystalline conformation for each case, A, B, or C, it is necessary 

to obtair fibre diffraction diagrams, and this has not been 
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achieved for the native starch grain. Crystalline patterns 

similar to or identical with the B-type pattern of the native 

granule have been obtained from oriented amylose film (26 ). 

The quality and quantity of data on these patterns may make it 

possible to determine the structure of B-amylose ( 28). On 

the basis of work done it has been proposed that the B- 

conformation is a helix with six glucose residue patterns. It 

has also been proposed that V-amylose, a sixfold helical structure 
N 

obtained by precipitation of amylose from solutions of organic 

solvents, is directly convertible to B-amylose on hydration. The 

other question which arises out of the work of French ( 13) concerns 

the relation between the A and B types of diffraction pattern. 

They may represent very different modifications or be indicative 

of only sl ight variations in the starch chain organization. These 

authors assumed that in going from an A to aB pattern only 

relatively slight alterations in unit cell dimensions and angles 

are necessary. As a consequence diffraction rings in corresponding 

locations on the two patterns are taken to have arisen from the 

corresponding atomic planes of the simi lar structures. 

2.2 Ac i d_t reatment 
-of -Starch 

In 1874, Nagel i (29) described the preparation of an acid-resistant 

polysaccaride by protracted heterogeneous hydrolysis of potato 

starch granules by aqueous sulphuric acid at room temperature. 

Material obtained by heterogeneous aqueous and hydrolysis of starch 

granules, which was called amylode*trin, has been prepared and 

described in varying degrees of detail by other authors (30,30- 
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Kainuma and French (32 ) have assembled the following list of 

properties for amylodextrin: 

(1) Amylodextrin dissolves readily in hot water to form a true 

solution rather than a paste. The Lintner process (33 ) for 

making soluble starch, by heterogeneous aqueous acidic hydrolysis 

in the cold, is simply an abbreviated Nageli type treatment. 

(2) Amylodextrin can be recrystallized either from an aqueous 

solution in the cold, especially by freezing, or by adding organic 

agents such as methanol, ethanol, or acetone to a concentrated 

aqueous solution. Depending on the style of recrystallization, 

amylodextrin can give A, B. or V-type patterns of exceptional 

sharpness ( 34 )- 

Native potato amylodextrin (i e. the insoluble residue of the 

original starch granules that has not been dissolved or re- 

crystallized) retains the external microscopic form, polarization 

cross, birefringence, retardation pattern, and X-ray diffraction 

pattern ( 35 ) of the parent starch. 

The average molecular size, as indicated by the number of groups 

reducing is in the range of 15-30 glucose units. 

(5) Degradation by B-amylase gives about 80% hydrolysis to maltose. 

(6) Although the native amylodextrin granules stain weakly, if at 

all, with dilute iodine solution, dissolved amylodextrin gives a 

red or purple iodine stain. 

The specific rotation of anhydrous amylodextrin is about 

(a)D- 195 (H2 0) . 
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Amylodextrin is exceedingly resistant to further heterogeneous 

hydrolysis at room temperature, a portion of it remaining 

undissolved after years of acid treatments. 

The heterogeneous hydrolysis of starch granules by aqueous acid 

is clearly a complicated process. It certainly cannot be regarded 

as the simple, uniform erosion of material from the granule 

surface. Rather this heterogeneous hydrolysis preferentially 

attacks the more amorphous, gel-like portions of the starch 

g ranu Ie( 36 ) whether they be at the surf ace or in the i nter ior. 

The crystal I ine portions are protected against acidic attack by 

at least two factors. First, the packing of the starch chains 

within the crystal I ine regions may be so dense that it does not 

permit the ready penetration of hydrated protons and accompanying 

an i ons. The gel-like, amorphous part of starch granules can 

readily take up acid molecules, with consequent local glycosidic 

hydrolysis. The crystallites would only be attacked at the surface 

of the crystallite or at its junction with an amorphous region. 

Such a picture is simi lar to that advanced for heterogeneous 

hydrolysis of cellulose (37,38). 

The second factor is that, for hydrolysis to occur, it is necessary 

for the glucosidic unit to undergo a change in conformation from 

a chair to a half chair (39,40). As long as the glucose units 

are held in a crystal I ine matrix, such a conformational change would 

requ i re a very hi gh energy of act i vat i on, and hence wou Id have a very 

low probabi I ity. This argument would still hold to some degree even 

for a glucosidic unit at the crystallite surface. 
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A high tendency to aggregate, as with amylose and the high-amylose 

starches, does not induce a high perfection of crystallinity. 

Here, the amylose molecules form strong and numerous inter- 

molecular bridges which mitigate against forming long 11runs'' 

of ordered association, necessary for good polymer crystallization. 

However, the disor. dered regions again form an amorphous gel so 

that they can be penetrated by acid. Cleavage of just a few 

molecular chains permits extensive ''annealing'' or, at least, 

ordering of the newly released chain ends. Such processes are well 

known in the case of cellulose where it is reported that a small 

amount of heterogeneous hydrolysis markedly sharpens the X-ray 

crystallinity of a sample (41,42 ). The iodine reaction of starch 

granules probably involves amylose molecules that run through the 

amorphous or gel regions. When iodine penetrates into these regions, 

it can react readily and energetically with the amylose, possibly 

even tearing some of it out of the ordered structures. 

However, with the amylodextrins, the gel regions have been 

substantially removed, and there is no point of initiation for an 

iodine complex, even though there are still many long molecules 

present in the crystalline arrangement. The native amylodextrins 

from low-amylose starches (potato or waxy maize) are virtually 

insoluble in cold water, but dissolve readily in hot water to give 

clear solutions. Dilute (1%) solutions remain clear on cooling to 

room temperature, but more concentrated solutions (10% deposit part 



- 19 - 

of the amylodextrin in solid form. 

As remarked by Nageli, dilute solutions of potato amylodextrin 

stain a purple colour with iodine. Such a reaction indicates 

that there are some fairly long amylose chains present, in the 

neighbourhood of 40 glucose units or more. However, the 

proportion of such long chains may be very small and they would 

still tend to dominate the iodine stain, in comparison with 

the more weakly reacting shorter chains that stain red or yel low. 

Amylose on heterogeneous acid hydrolysis gives a degraded product 

that is almost insoluble in boiling water. On cooling the heated 

suspension, the insoluble residue settles out and may be readily 

removed by centrifugation, leaving a clear supernatant. The 

high-amy-lose starches (wrinkled pea) behave similarly. 

Kainuma and French (32) found that amylose and the high-amylose 

starches give the weakest and most diffuse x-ray pattern, 

indicative of a low degree and perfection of crystallinity, and 

yet these same starches are still very insoluble even after 

prolonged acid treatment. Moreover, the extent of erosion of 

the amylose material during acid treatment is very much less than 

that of the ''normal'' and low-amylose starches. These observations 

suggest that it cannot be solely crystalline organization that 

protects the starch chains from attack. Rather, whatever organization 

protects starch chains against an acidic hydrolysis also gives them 

a high tendency to aggregate. 
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2.3 MicroscOHALýtarches 

Microscopy has been widely and beneficially applied in the study 

of starches. 

2.3.1 Light microscope 

In its simplest form, the light microscope is used in conjunction 

with a tungsten filament lamp which can provide either reflected 

or transmitted illumination. The latter is generally the more 

useful . Lower power magnification (< xlOO) is useful in assessing 

such methods as extent of aggregation or p, urity, medium power 

WOO to x400) is suitable for the identification and study of 

individual and small arrays of granules. Higher powers (up to 

x 1500) may be requ i red for study i ng g ranu Ie su rf ace deta iIs and 

contaminants in gels. The modern microscope generally has a 

tu r ret ca r ry i ng seve ra I obj ect i ves, pe, rmi tt i ng easy change of 

magnifying power. 

Light microscopy offers a ready means of observing starch and 

seve ra I text books (43 - 45 ) have been wr it ten to p rov i de fuII 

descriptive data on starch. 

Leeuwenhock (46) ,in 1719, seems to be the fi rst to have stud i ed 

starch granules microscopically, and made fascinating observations 

on the swelling phenomena shown by the starch granule when heated 

in water. 
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Nageli (47) on the basis of light microscopic studies, developed 

intuitively the concept of ''micelli" as a grade of organization 

of starch molecules, with a crystalline character, in the 

construction of the starch granule. Several other concepts and 

models of starch granules have been based on microscopic 

observation, so our knowledge of the physical structure and behaviour 

of the starch granule has grown parallel to the development of 

microscopy techniques. 

The microscope has also been traditionally employed for identifying 

the species of unknown starch, to detect adulteration and to provide 

information on granule aggregation. 

Under polarized I ight most starch grains show a characteristic 

"Maltese cross'' and the location of the hi lum. For examination under 

the light microscope the starch sample should be mounted in diluted 

glycerol or Canada Balsam. The following features may be observed: 

1. presence of foreign matter 

2. the nature of aggregates or " lumps" of particles if these are 

present 

the size and shape of the granules 

the presence of layers or ''rings'' 

the position of the hilum 

the presence of fissures and cavities 

the response to various stains and reagents 

the gelatinization temperature 

the appearance of the granules in polarized light 
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Electron microscopy may be used to help in the determ[nation of 

the structure of materials. 

2.3.2 Conventional Transmission Electron Microscopy (CTEM) 

In most cases the CTEM can be used to derive information of several 

different kinds which extend right across the various areas of 

science concerned with elucidating micro-structure. The external 

surface of a body can be studied and information obtained concerning 

the external morphology of the specimen and also microscopic details 

of the surface roughness can be investigated. Materials of interest 

here are smal I particles in which the form of the natural surface 

has a direct bearing on the properties and uses of the material. 

However, even in material in which surface properties are not 

important, much information about the constitution of the material 

can be obtained by studying a prepared surface. Possibly one of 

the ea r1i es t app 1i ca ti ons of the CTEM was to s tudy the si ze, shape 

and dispersion of small particles. Here, of course, transmission 

of electrons is not essential and the microscope is used as super 

optical microscope of great magnifying power and depth of focus, 

avoiding the problem which shadow micrographs of particles and 

fibres involve. 

2.3.3 Scanning Electron Microscopy (SEM) 

In contrast to CTEM, the field of application of SEM is wide. The 

requirements for suitable specimens are much less stringent than 

for TEM and virtually anything that does not decompose in the 

vacuum of the instrument can be examined. 
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Yamachi and French (48 ) have examined starch crystallites by 

electron microscopy to learn details of the structure of starch- 

forming molecules and their organization in starch granules. 

The SEM has also been used to study the shape, size and surface 

topography of various starches as well as the internal morphology. 

Hal I and Sayre (49) have reported in recent pub] ications the 

sizes and surface details of a great variety of starches from 

different sources, using SEM. 

2.4 Characterization and analysis of starches 

Starches used by food and non food industries were obtained from 

several cereal grain and tuber crops. Molecular composition and 
0 

inherent properties of the native starches are related to their 

origin; however, physical as well as chemical properties may be 

aI tered by the recove ry p rocess and by phys i ca 1 mod ifi ca ti on if 

the preparation of chemical derivatives are both applied to the 

isolated starch. 

Analytical methods in the following sections are divided into two 

categor i es: i) genera I methods, ii) phys i ca I property methods. 

With exceptions, these methods can be applied to all starch products. 

i) General Methods 

2.4.1 Moisture 

Under normal ambient temperature and humidity conditions, the 
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equilibrium moisture content of most unmodified cereal starches 

is about 12%, whereas that of some of the root starches, notably 

potato starch, is considerably higher - up to 18%. The value 

for modified and derivatized starches often varies from those 

of the parent starches, and most manufacturers dry their products 

so that final moisture contents are near the equilibrium value, 

thus preventing significant weight change during storage and 

trans i t. 

Moisture or volatile contents of unmodified and modified starches 

are most commonly determined by drying to constant weight in a 

vacuum oven at 100- 1 2CPC( 50-5ý -Air oven techn i ques ( 53 )a re 

sometimes employed although less accurate. Reference is usually 

made to the iodemetric titration method to calibrate these procedures. The 

Ka rIFi sche r Method ( 54 ) method isf requen tIy app Ii ed to s ta rch 

products containing other volatiles which would be included in 

the weight loss obtained by oven drying, and it is similarly 

applied to those products showing evidence of decomposition at 

customary drying temperatures. Karl Fischer moisture value on 

starch products containing no other volati les are in good agreement 

with the air oven results (55). 

2.4.2 pH 

Since the pH of a starch product affects the physical properties 

of pas tes, mos t unmod ifi ed s ta rches a re adj us ted to a pH I eve I of 

about 5.0 during the final stages of processing. Some modified and 

derivatized starches, on the other hand, may be adjusted to a 
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somewhat higher pH value. pH is measured in the conventional 

manner by ph meters. Above ph 11 alkali metal substitution 

in the surface hydroxy groups reduces hydrogen bonding to the 

point of rapid swelling in water with eventual gelation. At 

the other extreme, pH values of starch slurries much below PH5 

lead to progressive hydrolysis and destruction of the starch 

structure. These limits, associated with temperature, set 

important conditions upon the handling conditions for wet starch. 

ii) physical property 

2.4.3 Colour 

Starches produced in commercial plants are isolated from cereal 

and root crops which contain significant amounts of protein, fibre, 

fat and other minor components. The colour of corn (maize) starch 

the major starch produced in the United States, is related primarily 

to non starch residues, particularly pigments associated with 

protein (glutin). The colour is minimized by processing methods 

that give products having the lowest possible concentrations of 

non starch components, or by bleaching starches recovered from corn 

or other pigment-free crops. 

Starch colour is often assessed by visual comparison with a standard 

product, or by matching against certified colour standards such as 

the Munsel colour disks (56). 

2.4.4 Density 

Commercial starches are obtained in powder, ''crystal'', f lake and 
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lump forms by several commercial methods resulting in a variety 

of agglomerate sizes and shapes. These physical differences, 

together with differences in origin and type and/or degree of 

modification or derivation, affect absolute density of starch 

products to a minor degree, but they affect bulk density to 

a large degree. 

Densities of starches can be determined by the liquid displacement 

technique of $chochand Leach ( 57). 

Using either water or xylene depending on sample characteristics, 

Linero (9 ) calculated the densities of potato, tapioca, maize, 
-3- 

rice and taro, 1.425,1.515,1 . 202,1 . 
424,1.591, g cm respectively 

This variation could be explained in terms of the creation of a 

void in the starch granule during drying. 

2.5 Starch varieties and their properties 

Taro, one of the oldest cultivated crops in the world, has long 

been a staple food of the natives of all the Polynesian islands as 

well as the West Indies and the Orient. 

Since Taro is propagated almost exclusively by vegetative means, 

each locality has tended to perpetuate its own forms, or 

''horticultural varieties''. Some of these forms have remained 

localized; others have spread, and many of them have been given 

new names ( 58). 
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Taro is a member of the Arum familyý Araceae, which contains 

about 100 genera and 1500 species, most of which are subtropical 

or tropical. They tend to be aquatic, but some are epiphytic. 

Among the more familiar plants in this family are the callalily, 

the anthurium, and the ornamental caladiums. 

Taro belongs to the genus Colocasia, a word which has been 

connected through the Greek with the ancient Egyptian name of 

Taro "culcas''. The scientific name of Taro is Colocasia esculenta. 

Taro literature was examined for information about Taro starch, and 

as a guide to the growth of interest in the material worldwide. 

The properties of Taro starch are presented, as available from 

the literature and supplemented by new observations. The significance 

of particle size is considered as it relates to the fields of 

application of starches other than as foods, and especially in 

the plastics and related industries. 

2.5-1. (a) Properties of Taro starch 

Apart from occasional descriptions of particle size, there was 

little detailed published information on the properties of Taro 

starch itself prior to the publication of the paper by Higashihara, 

Umeki, and Yamaoto (59). Working with colocasia antiquorum Schott 

va r, exu I en ta eng Ier, they sepa ra ted the irs ta rch f rom g ra ted 

coat with 0.2M sodium chloride, at pH 8.6, washed it with water 

and finally deproteinized it by steeping for 24 hours these times 

in 0.3 percent sodium hydroxide. 
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The particle size as determined by electron microscopy, was 

I to 2 microns, where Radley (60) quotes figures of I to 3 

micron obtained by optical microscopy. The gelatinization 

temperature was high (73 0C to 740C) compared with rice (63 0C 

to 640C). Earlier figures are quoted by Radley (60) as part 

of an argument that particle size alone does not determine 

gelation temperature by starches in water. 

2.5.1 . 
(b) Thermal Stability of Taro 

The ability of starches to withstand exposure to elevated 

temperatures as dry powders is of little interest to the starch 

industry at present, but it is crucial to the successful 

application of starches as fillers in plastics. This has now 

been investigated using standard (Stanton & Co. ) differential 

thermal analysis apparatus by Griffin, and some of his results 

are recorded in f igure (2.2 ), for a series of common starches 

and Taro. The odd exothermic behaviour of Taro starch when treated 

in air was immediately apparent. No other starch in this group 

of common commercial materials exhibited the same behaviour, even 

a sample of 1 micron particle size starch from saponaria vaccaria 

followed the familiar pattern. A re-run of the DTA of Taro in 

an atmosphere of oxygen-free nitrogen showed an inverted curve 

i gu re 2.3), clearly implying that the effect was one of 

accelerated oxidation. 

As far as plastics applications are concerned, there is no special 

difficulty because the common polymers are seldom processed at 

temperatures exceeding 230 0C and air is largely excluded. 
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2.6 Starch as ý_S2Tp2nent of plastic compositions ---------- -------- 

2.6.1 Achieving compatibility 

The technical literature contains many hundreds of references to 

the preparation of chemical derivations of starches which owe 

their origin to the exploitation of the plentiful reactive groups 

on the chemical structure of the starch molecule. In most cases 

the procedures described involve taking the starch into solution 

followed by chemical reaction, then precipitation of the 

derivative, followed in turn by filtration and drying operations 

to recover the product. Simple as this sounds, it proves 

impossible to create a dry "ready'' product at a cost approaching 

that of the common plastics materials because of the expense 

involved in chemical reagents, process water energy, and handling 

costs, even though the starting material , starch, may be obtained 

at one half of the cost of the polymers. 

Recently Griff in (61) reported a treatment of starch which was 

acceptable to the plastics industry with the minimum of added cost. 

Primarily, the lack of compatibility of normal commercial starch 

with plastics is determined by the proportion of free water commonly 

present (9 to 17 percent) , and in the physicochemical antipathy 

between the starch surface and the polymer. The former is 

remediable by a straightforward drying operation. The latter offers 

more difficulty because the polysac&erides are intrinsically polar 

and hydrophyl ic materials in contrast to the polymers, which are 

low in polarity and are essentially oleophilic, or hydrophobic. 

This problem has been overcome by chemically modifying the starch 



- 31 - 

surface so as to obscure the influence of the hydroxyl groups, 

but the modification is restricted to the surface layer only, 

this being the only part in contact with the polymer matrix. 

By using this approach to the interface problem the desired 

effect can be achieved with the most minute amount of chemical 

additive. The net effect is to produce a polymer-compatible 

starch filler at reasonable cost. 

Linero (9) examined several physical and chemical methods of 

treatment of starches with reagents that should form a hydrophobic 

coat and should increase the wettabi I ity of the starch granules by 

the polymer melts. He prepared starch granules with a hydrophobic 

surface by a dry process using the following coating agents: 

Formula 

Coating agents 

polymethyl hydrogen 

siloxane (DC 1107) 

CH 3 CH 3 CH 3 
CH 3- Si -o Si -o -Si - CH 

CH 3H 

Jn 

CH 3 

Al ky I 

succinic 

anhydrides 
(Kg, K]2, Ni8 & j18) 

0 

CH -R 

ý-CH 2 
0 

The catalysts used to accelerate the cure of DC1107, which was 

recommended by Watt 62) and Dow Corning ( 63) were as follows: 
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a. 

b. 

Fatty acid salts of lead, zinc or calcium 

Tin salts in form of a stabilised stannous octoate 

(Stannous 2-ethyl hexoate) solution with a trade name of 

Nuocure - 28. 

2.6.2 The effect of tropical starches on the physical properties 

of polyethylene. 

Griffin reported (64) the physical benefits to be achieved are 

illustrated by a typical set of test results on injection moulded 

samples of starch filled low density polyethylene (fig 2.4 ). 
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2.6.3 The effect of DC]107/Zn - stearate surface treatment 

on tapioca starch filled polystyrene. 

Linero (9 ) analyzed the mechanical properties of the starch/ 

polymer composite mouldings as a function of the nature of the 

starch-polymer interface in order to understand the factors which 

determined the strength of the mouldings at starch concentration 

of 30 phr. He showed the variation of flexural strength of 

tapioca-starch filled polystyrene injection moulding as a function 

of the coating concentration and it is illustrated in (figure 2-5)- 

The peculiar variation of the flexural strength of the composite 

mouldings with the rubbery silicone layer at the interface is a 

demonstration that the effect of filler on the mechanical properties 

of an amorphous and unreactive polymer is determined principally 

by the thickness and physical properties of the coating agent around 

the filler. It has been said that the presence of a monolayer of 

liquid between carefully polished contacting solids will result in a 

strong adhesion ( 65). 

This statement could describe the variation in flexural strength 

of (figure 2-5). 

Linero ( 9) also reported on the effect of starch on the tensi le and 

yield properties of ethylene/vinyl acetate co-polymers. He selected 

a variety of commercial ethylene/vinyl acetate co-polymers to cover 

a broad range of ductilities. 
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Table (2.2) Tensile and yield properties at 230C. of tapioca starch 
filled polyethylene at various percentages of vinyl acetate (%VA) 

Polymer Starch Tensile Yield Elongation 

('%0 VA strength strength at break 

(30 phr) T6 of .v 
(PSI) VYV (PSI) 00) 

LDPE Q13B8 

Petrothene 

294 (4") /0 

Ultrathene 

UE631 (20%) 

Tapioca A: 

Tapioca B: 

Tap'ioca C: 

Tapioca 

None 2376 1461 57 

Tapioca-A 2204 1660 34 

Tapioca-B 2363 1800 36 

Tapioca-C 2317 1771 38 

Tapioca-D 2290 1883 30 

None 2041 1145 92 

Tapioca-A 1797 1250 69 

Tapioca-B 1827 1300 59 

Tapioca-C 1896 1385 59 

None 2115 - 98 

Tapioca-A 1608 - 94 

Tapioca-B 1702 - 76 

Tapioca-C 1722 - 97 

Untreated tapioca starch with less than l, 4a 

moisture. 

Tapioca starch dry-coated with 0.12 gr. Silox- 

ane/0.12 gr. Zn-stearate for each 100 gr. star 

Tapioca starch dry- coated with 0.3 gr. J-18/ 

100 gr. starch. 

Tapioca starch wet-treated with J-18. 
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Table ( 2.2)shows the tensile strength at break, yield strength 

and elongation at break, for three grades of resin containing 

0%, 4% and 20% of vinyl acetate (VA) as co-monomer. These 

polymers were filled with a loading of 30 phr. Tapioca starch, 

tapioca starch treated with siloxane, and also two other 

treatments were evaluated such as, J18 using a wet or dry process. 

His results, table (2-2) shows the tensile strength at break of 

the filled polymer was reduced by all the starches, but most of 

all by the untreated starch, whereas the siloxane treated starch 

filler in polyethylene Q1388 had a relatively slight effect on 

t is property. 

The treated and untreated starch increased the yield strength of 

their respective composites. Because of the success of these 

trials he extended his work to find out the influence of starch 

concentration and particle size distribution on the properties of 

the LDPE. His result shows the smaller the granule size the 

greater the yield point. 

2.7 Small angle light scattering for measurement of particle size. 

Radiation methods of analysis are among the most useful for obtaining 

information on structural ordering in crystalline polymers. One of 

the newest of such methods is small angle light scattering (SALS) 

(66) which utilizes radiation of wavelengths in the range of visible 

light (4000-800OR ). Structural aggregates of the order of 0.1 micron 
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can be investigated and important knowledge regarding the 

structure of the material may often be acquired from the 

distribution of the scattered light or the scattering envelope. 

The latter can be obtained in a rapid and convenient manner by 

using high intensity lasers as light sources and photographic 

film for collecting the scattered light (67). The scattering 

method is fast and non-destructive and allows the following of 

deformations in solid material which may take place in a fraction 

of a second (68). It is useful in elucidating the structure of 

materials and relating it to physical properties of the polymer. 

Consequently, more and more investigators are utilizing light 

scattering methods in conjunction with other structural methods 

such as optical and electron microscopy and electron and x-ray 

diffraction for obtaining supramolecular structural information. 

Crystallization in high polymers may be followed by observing the 

change in the scattering envelope during the process (69). 

Unoriented polymer often contains small crystalline regions which 

are roughly spherical in shape and where the crystal I ites have their 

optic arcs in a fixed orientation with respect to the radius of 

the sphere (70). Such spherulitic systems have been extensively 

explored by the scattering technique. Stein et al (10,71,72) have 

shown how distinct scattering envelopes are created which are 

dependent on the orientation of the spherul ites optic arcs. For 

example, on the basis of scattering data they have recently proposed 

an internal organization of polytetra f luoroethylene spherul i tes (72). 

Samuels (73) has used the technique to distinguish between different 

kinds of spherulites of the same polymer. The shape of the 
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scattering envelope depends on the shape of the scattering bodies. 

Thus, Picot ( 74) distinguished disc-] ike spherul ites from 

spherical ones, purely on the basis of scattering envelopes. 

One of the most extensive scattering studies of spherulites is 

due to Keijzers (75). He showed how much systems might be 

characterized by means of ''correlation'' distance, as originally 

introduced by Debye and Bueche (76) for the characterization of 
I) 

density fluctuations, in solids, and later extended by other authors 

(77,78) to include anisotropy fluctuations as well. It is, 

however, often necessary to record absolute scattered intensities 

by means of a photometer in order to obtain the required information. 

Unfortunately, this eliminates the advantages of the rapidity of 

the photographic procedure. 

Natural polymers have also been investigated by light scattering 

(79,80). Among these, starch is spherulitic and it has been 

demonstrated (81) that scattering envelopes, comparable to those 

produced by spherulitic synthetic polymer films, can be obtained. 

In a sample of starch the spherul ites, are separate and are not part 

of a polymer matrix as is the case for synthetic polymer films. 

Thus, various aspects of the scattering theory of Stein et al 

(10,71) investigated by Borch (23) , and the scattering bodies, were 

irradiated singly as well as collectively. This allows a convenient 

isolation of the scattering area and the obtaining of scattered 

intensities without interference from other structures in the 

scattering beam; a procedure which is normally difficult to achieve 

using a solid polymer film. 
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2.7.1 Theory of SALS 

theory describing the observed small-angle light scattering 

SALS) from optically anisotropic spheres was first derived 

in the 1960's (10 ). This theory described the scattering 

behaviour under two experimental optical conditions denoted 

Hv SALS and Vv SALS. The first, Hv SALS, occurs when an analyzer 

and polarizer are crossed. Here scattering is dependent only on 

the size and shape of the scattering particle. The second Vv 

SALS, requires that the polarizer and analyzer be parallel - 

Scattering is much more complicated under Vv SALS conditions, 

as it depends on factors other than the size of the birefringent 
0 

scatterers. 

A spherul ite is a three-dimensional, spherically symmetrical 

aggregate of crystalline and non crystalline polymer. Thus any 

theory which purports to describe SALS behaviour of spherulites 

must use as its model the known three-dimensional structure of the 

spherulite as observed by light and electron microscopy. The 

amplitude method for calculating the intensity envelope of scattered 

radiation is most useful for the theoretical smal I angle 1i ght 

scattering approach since it requires a model for its derivation. 

By choosing a model which realistically represents the known 

morphological characteristics of the spherulites, the observed SALS 

behaviour from spherulites should be predictable. 

Since the underformed spherul ite is spherical , the simplest model 

to which to apply the amplitude method to describe the observed 
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scattering behaviour would be that of a uniform isotropic sphere 

of polarizability cyo and Radius Ro. Starting with this model, 

the following expression is obtained for the scattering intensity (82) 

I= Alocro'[(3/(, ll) (sin U-U cot U)II 

where I is the in tens i ty, A is a proportj ona Ii ty constant, and 

Vo is the volume of the isotropic sphere. The shape factor is 

u= (4 7r Ro/ XSin (0/ 2) (2.0) 

#1 X denoting the wavelength of light in the medium, and 6 the 

polar scattering angle fig (2.6) 
, 

The undeformed spherulite is not isotropic, instead it has different 

radial and tangential re4ractive indices due to the ordered 

arrangements of anistropic crystal I ites along its radii. Thus a 

more reasonable model with which to represent the undeformed 

spherulite is that of an anisotropic sphere. 

I 
(10) 

Stein and Rhodes /first considered the problem of the SALS patterns 

to be expected from a homogeneous anisotropic sphere in an isotropic 

or anisotropic medium. They assumed in their derivation that the 

optic axis was parallel to the radial fibril axis, and that there 

was rotational symmetry in the plane perpendicular to the f ibri I 

axis (a uniaxial indication). Later, Van Aartsent (83) rederived 

the ir equat i ons and extended them to i nc I ude the case where the 
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angle between the optic axis and the radial fibril direction 

(defined as 0) could be 900. The correct form of the equations 

relating the intensity of the scattered light to the optical 

parameters, for the case where the optic axis is parallel to 

the radial f ibri I axis (this corresponds to Stein and Rhodes 

original restrictions, inc., ý 
=0 0 are: 

I 
ae) =A P'I"o(3/U)'[ (ai - a,, ) (SiU - sin U) + (a2 - 

X (2 Rin U-Ur, 6§ U- Si U) + (ai - aý) [cos' (0/2)/cos 01 cos! A 

X (4 sin U-U cos U- 3Si U) 12 

A pl Vo2 (3/ U')'[ (al -C(2) 
[COSI (0/2) /cos 61 sin p Cos p 

X (4 sin U-U coq U- 3SiU) ) 

where V0 is the volume of the anisotropic sphere, 0 and Y 

are the radial and azimuthal scattering angles, and A is a 

(2.1) 

(2.2) 

proportionality constant. SiU is 
U 

SiU = 

fo 
(S inXdr, (2-3) 

and is solved as a series expansion sum for computational purposes. 

U has the same def initi on as in the i sot rop ic sphe re mode I 

(eg (2 
. 0) with Ro now the radius of the anisotropic sphere. U has 

the same def initi on f or both the i sot rop ic and an i sot rop ic sphere 

models, since U depends only on the shape of the model. P is a 

geometric polarization correction term defined as 
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c. os 6 (cosl' 8+ sin2 0 Co-s2 IA) - "' (2.4) 

The term a,, a. 2, and a.. 2 are polarizability terms. 

In Van Aartsen's derivation, (83 ) the polarizabi I ities of the 

cylindrically symmetrical volume elements are ck, , in the 

direction of the optic axis and a., perpendicular to it. 

The symbols cr., , and ci, 2 represent here the polarizability of the 

surrounding medium in the a, and a2 directions respectively. 

When p, the angle between the optic axis and the spherulite 

radial-fibril direction is zero (i. e. the optic axis is parallel 

to the radial fibril direction), a, = a, where ais the 

polarizability parallel to the radial fibril direction, and 

21-- where a, is the polarizability perpendicular to the 

radial fibril direction. Thus, for the case of ft == O*the 

polarizability term in the expression for Hv SALS (equation 2.2 

becomes (a,, - "'), , while the polarizability terms in the Vv 

SALS expression (eg 2.1 ) are: 

Cial) = (ar - cier) 

ai) = (at - ait) 

(at aý, ) = (ar - a, ) 
(2-5) 

Here ai,,. and a,, are the polarizabi Ii ties of the surroundings in the 

radial and tangential directions, respectively. The distinction 

CO equal s (a, was overlooked by 
that the term f 

Van Aartsen 8ý and thus he concluded that equations (2.1 and 
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( 2.2) were "directly comparable'' to that derived by Stein and 

Rhodes earlier. However, in the Stein-Rhodes equations for 

IHv and I 
VV the term s wr it ten as (at - a, )- Though 

tFis small error will have no effect on the evaluation of Hv 

SALS patterns, it has serious consequences for the evaluation 

of Vv SALS, patterns (84). 

The equations describing the intensity distribution of scattered 

light for the case when the optic axis is perpendicular to radial 

f ibri I di rection (0 = goc, ), , have the form (84): 

U Cos U) 1 '. ') "I a--2) (S U 
AIP11,020/ -1 

+ (a, a. 1)(2 sin U-U Cos U- SiU) (2.6) 

(Cf2 
- al) [co, -,? (0/2) /cos 0] cos2 p (4 Rin U-U cog U- 3Si U) 

I,, = Ap'l'o'2(: 31U')21 (a2 
- cri) lCos' (0/2)/eos 0] sin p cos y (2-7) 

X (4 sin U-U cos U- 3SiU) 12 

0 
When 90 9 the radial polarizabi Ii ty lar equals 

Novi, however, since the polarizabi Ii ty is in the di rection of 

the optic axis, and the optic axis is perpendicular to the radius 

and rotates random] y about i t; then wi II be two pol ari zab iIiti es 

perpendicular to the radius, a, in the optic axis direction, and a2 

in the direction Perpendicular to the radius and to the optic axi5, 

with random rotation of the optic axis about the radius. The 
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effective tangential polarizabil ity will therefore be + a. -. 
)/2, 

If this substitution is made, it then follows for the case where 

Cf. ii ý-- Cial 

(a--' - a. ) = 

(ct, + aý,, )/'-" 

2at - a, 

(al - a. ) = (2at - a, ) - a. = 2(a, - a. ) - (a,, - a., ) 

(a. 
-, - a, ) = a,. - (2at - a, ) = (a,. - 2a, + a,. ) = 2(a, - a, ) 

Thus, for the case =go-,, the polarizability term in the 

expression for Hv SALS (eq. 2.7 becomes 2(ar - at) while the 

first two terms in the V SALS expression (eq. 2A, ) becomes: 
v 

a-) (S'U -U COS U) + a. ) [2 sin U- U COS U - SiU 

(a, - a. )(SIU U cos U) + [2(a ,-a. ) 

- (a,. - a. )] 12 si nU-U Cos U' - SiU'j 

(a, a. ) [SiU -U Cos U-2 sin U+U Cos U+ SiU] 

+2 (at - a. ) [2 sin U- U Cos U- Si Uj =2 (a,. - a. ) 

X (Sit! - bin U) + 2(a, - a. )(2 sin U-U cos U- Sit! ) 
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Since (a. - a, ) - 2(a, - at), 
Iv, = A'pVo'(3/P)'j2(a, - a. )(SiU - sill U) 

+ 2(at - a. )(2 sill U' - V' co-, U- SiU) + 2(a, - a, ) 

X [cos" (6/2)/cos 0] cos! ; z(4 Kill 11 -U co-, U- 3', Rit') 

The constant multiplier A' in eqs. (2.6 ) and (2.7 ) is defined by 

Van Aartsen 4 (A /4) = A, fi iid 

Ap'l7e'(3/Ul)'t(a, - a. )(SW - sin U) 

+ (a, - a. ) (2 si iiU-U co-, II-Si U) + 

X [(cos2 (0/2)/cos 6)) cos" p(4 sin U-U cos U- 3Si(, 7)12 (2.8) 

Also, eq. (2-7 ) is now 

A p2V02 (3/U')'[ (a, - at) [cos' (0/2)/cos 0) 1 sin g cos A (2.9) 
X (4 sin U-U cos U- '%-')SiU) 12 

Equation (2.1) and (2.8), for I and eqs (2.2) and 2.9) for IH Vv v 

are now identical when examined in terms of the f ibri I polarizabi I it ies 

and 

in the Hv SALS relations, eqs. (2.2) and (2.9 the magnitude of 

A and ' (a,, - at) aff ect on Iy the abso I ut e r-nagn it ude of the 

calculated intensity and not the position of 0 max. 
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Thus these parameters do not influence the calculation of 

spherulite size from the Hv SALS patterns. 

Therefore the correct form of three dimensional small-angle 

light scattering equations for anisotropic spheres are equations 

(2.8 and (2.9). 

The characteristic behaviour of the Hv SALS pattern is determined 

theoretically by the form of the shape factor, U. 

In an undeformed film the spherulite is spherical in shape and the 

shape factor takes the form of eq. (2.0). Owing to the dependence 

of the terms ( 3/U3)(4 sinU - UCOSU - 3SiU) in the Hv equation 

on U, a maximum intensity will always be observed at a value of 

U=4.09. This means the average spherulite radius can be 

obtained from the Hv SALS pattern, since the distance from the 

centre of the Hv SALS pattern to the intensity maximum of one of 

the lobes, in conjunct i on w! th the known sampl e- to fiImdi stance, 

is a measure of the polar angle Omax. Once the value of the 

polar angle, Omax has been obtained, the value of Ro can be 

calculated by using the equation; 

Ro(sphere)=1.025/\/7rsin(Omax/2) 
(2.10 ) 

Since the po--lar angle Omax, at which maximum intensity appears, is 

inversely proportional to the radius Ro, of the spherulite, small 

spherul ites will have a clover-leaf pattern with maxima at large 

radial angles while large spherulites will have maxima at small 

radial angles. These Hv SALS patterns were obtained by keeping the 

sample-to-film distance constant during the experiment. 
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z 

CIO- 

Fig. (2-6) Schematic diagram of the SALS system 

2.8.0 Thermal analysis and the influence of thermal history on 

polymer fusion curves. 

The technique of differential thermal analysis has been applied to 

many problems related to the melting behaviour of polymers. 

Melting points are usually derived by this means and the crystal I ite 

size distribution qualitatively inferred from the overall breadth 

and shape of the curves (85-87). However, due to the influence of 

kinetic factors in bulk crystallization, the temperature-crystallinity 

dependence of a semi crystalline polymer is not uniquely determined 

by its component structures and may be varied over a wide range 

according to the thermal pretreatment of the sample. Nevertheless, 

a proper understanding and interpretation of the effect of thermal 

history on polymer melting phenomena can lead to the determination 

of thermodynamically significant quantities which cannot be measured 

directly. The true maximum melting point, for example, can be 

obtained by extrapolation of observed melting points as a function 

of successively increasing annealing temperature (88,89). The 

PHOTOGRAPHIC 
Fl LM 
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wealth of structural information which is, in principle, 

extractable from the shape of a fusion curve (90,91), might 

similarly be obtained in practice if the inevitable influence 

of thermal history were sufficiently well understood. 

A common application of differential scanning calorimetry is the 

determination of the weight fraction of crystalline material in 

semi-crystalline polymers. The method is based upon the 

measurement of the polymer samples heat of fusion AHf, in calories 

per gram and the plausible assumption is made that this quantity 

is proportional to the crystalline content. If by some process of 

extrapolation, estimation, or analogy with model compounds, the 

heat of fusion, Allfoof a hypothetIcal 100% crystalline sample 

is known, then the weight-fraction crystallinity is taken as 

AHf / AHfo 

2.8.1 Application of Differential Scanning Calorimetry (D. S. C. ) 

The applications of differential scanning calorimetry are described 

in a great number of studies described in the literature, since all 

the applications of conventional differential thermal analyses are 

directly applicable to the calorimetric technique of DSC (provided 

they are within the operating range of the instrument) . 

Most of these applications can be extended by the use of DSC to 

include quantitative as well as qualitative observations. 
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Polymer research and characterization is one of the major 

applications of DSC. As a consequence of the research carried out 

to date, routine methods have been developed for the determination 

of thermodynamic projections, particularly specific heats (92) 

and heats of fusion (93); for the qualitative and quantitative 

analysis of polymer blends and copolymers (94) ; for distinguishing 

folded-chain from extended-chain morphologies (95) ; for determining 

the effect of comonomers or chain substituents on morphology and 

general thermal behaviour (96); for evaluating the effects and 

effectiveness of additives such as plasticizers, antioxidants, 

and accelerators, catalysts, nucleating agents (97) etc; for 

determining the degree of cure of thermosets (98); for the 

determination of crystallinity (99) 
, thermal stability (100) and 

crystallization rates (101) 
, and for control of textile fibre and 

other polymer processing operations. 
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3.0.0 Sources of raw materials 

All the starches used were commercial except Taro starches, 

which are not yet commercially available. Dry slices of taro 

starches were obtained from the Department of the Food Science 

and Technology of the University of Hawaii, Honolulu, USA; the U. S. 

Department of Agriculture Field Station at Kauai, and the 

Department of Botany at North Eastern University, Boston. 

Sources of the starting starches are listed in table ( 3-1). 

High density polyethylene was obtained from British Petroleum 

trade name Rigidan, Grade 002-40 

Table 3.1 

----------------------------------------------------------- 

Starch Source 
----------------------------------------------------------- 

Potato Tunnel-Avebe Ltd. 

Maize CPC (UK) Ltd. 

Rice CAT (UK) Ltd. 

Taros Dr. Ramon de la Pena, 
U. S. Dept. of Agriculture, 
Kauai Branch Station 
Kapaa, Kauai, Hawaii: USA 

and Prof. M. S. Strauss, 
Dept. of Botany 
North Eastern University, 
Boston, USA 
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3.1.0 Extraction and purification of starch granules from plants 

of the yams. 

In the search for other sources of small starch granules to continue 

the study of the effect of granule size on the properties of 

thermoplastics, it was found that taro root which contained the 

desired small granules size starch was readily available as a cheap 

food crop in named tropical countries. Out of 112 different Taro 

starches which were examined, four could be manufactured commercially 

from Taro cultivars, currently grown as commercial crops, these 

be i ng: 

1. Colocasia esculenta var. Bun Long 

2. Un-named cultivar ex W. Samoa 

Colocasia esculenta var. Lehua Moai. 

Colocasia esculenta var. White Moi. 

The raw materials were provided as dried slices of corm. 

kg samples were ground to a fine powder using a pin mill made 

by Kek & Co. Ltd. The resulting powder was suspended in water and 

stirred thoroughly for half an hour. It was then screened through 

a sieve of mesh size (120 p) in order to remove the cellulose 

fibres. The starch was then recovered from the sieved suspension 

by the use of a simple continuous bowl-type centrifuge with repeated 

wash i ng. The starch was resuspended in water and then st. -irred for 

four hours with the addition of hydrogen peroxide as a bleach. The 

slurry was al ]owed to settle overnight, the suspenatent was removed 

and the moisture content of the starch paste was measured. The 

moisture content was further reduced by using a bucket-centrifuge 
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0 

(6000 rpm for 15 min) and the pellet was dried in an air- 

circulating oven at 500C for 24 hours to reduce the moisture 

content to below 8%. The resulting pellet was further dried 

in an oven at 100 0C for 72 hours. The extraction method is 

shown schematically in flow sheet (1). 

The other three starches were prepared in the same way, Other 

Taro starches were prepared for the author on a much smal ler scale 

by C. Ogbonna using a similar method. 

Flow-sheet_(I)__Taro_extraction 

Taro corm slices 
Pin Mi 11 

powdered Taro corm 

Water +si trring for 30 minutes 

DiIu te sIur ry 

ýS i ev i ng 
fibre and all debris 

Refined 

Starch slurry 

Raw Starch paste 
centrifuging and washing 

--ýResuspended, add H202 

Bleached starch slurry 

SettIing 

: ý-Concentrated starch slurry 
Centrifugation 

Damp starch cake 
0 Oven (50 C) drying 

Further drying (100, C) 

Product starch 
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3.2 Modification procedures required to render starch granules 

compatible with polyethylene. 

Dry treatment of starch with silicone coating agents. 

Starch granules with a hydrophobic surface were prepared by a dry 

process using silicone coating agents as suggested by Griffin (61 ). 

Polydimethyl hydrogen siloxane (DC1107) was chosen, a polydimethyl 

siloxane in which some of the methyl substituents have been replaced 

byhydrogen atoms in order to confer greater reactivity to the 

aliggimer. This was obtained from Dow Corning International Ltd. 

It is a colourless liquid with a density of I gcm-3 and viscosity 

at 25 0C of 3 centistokes. 

The catalysts which can be used to accelerate the cure of DC1107, 

recommended by the manufacturers, are fatty and soaps of lead, zinc 

or calcium. 

First trials with rice starch and DCI 107 were carried out in order to 

disclose the optimum processing conditions. 

100 gms of commercial rice starch in dry granular form was mixed with 

0.5 gm of DCI 107 and 0.5 gm of zinc stearate. The mixture was placed 

in a 750 ml reaction flask, fitted with electric sttrrer and 

thermometer and clamped in an oil bath set at 150 0 C. This temperature 
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was high enough to keep the reaction mixture at about 135 0 C. 

The coating action was taken to be complete after 20 minutes. 

After this period of time there was a clear change in the 

visible flow-properties of the starch powder. When a pinch of 

the powder was added to water, it remained on the surface of the 

water as an unwetted mass when the system was subject to Ii ve Iy 
1ý 

agi tat ion. 

The treatment was extended to Taro starch, using the above 

procedure with some modification. The amount of DC1107 and zinc 

stearate was increased as the particle size decreased, to a] low 

for the relative increase in surface area. In the case of Taro 

starches it was found experimentally that stirring for 40 minutes 

was required to complete the coating reaction. 

3.3 Mo i stu re_ content 

3-3.1 Test Method. 

The apparatus used was a Townsend and Mercer direct reading vacuum 

moisture-tester (f igure I This instrument uses infra-red heating 

and a torsion-wire balance for the zero adjustment. The scale was 

set at 0% with 5 gm weight placed on the pan, zeroingknob was turned 

so as to bring the two index pointers in line. The weight on the 

pan was then replaced by an equal amount of starch sample so that 

the pointers were brought back to the same level. The sample was 

then subjected to heating under vacuum for about 20 minutes. The 

scale disc was then rotated until the pointers were again in line, 
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Fig (1) Townsend and Mercer direct-reading vacuum 

moisture tester 



- 56 - 

whereupon the percentage weight loss could be read directly from 

the scale. This- was taken as a measure of water content of the 

starch. 

3.4 Spray-drying technique. 

Acid treated rice starch was dried using a spray dryer (Anhydro 

size 1) figure (2). 

The principle of spray drying may be described as follows (102). 

A suspension is dispensed into a mist by an air-atomizer. The 

nozzle of the atomizer is situated in the middle of a drying chamber 

so as to spray upwards, thus giving the particles the longest 

trajectory obtainable in a compact plant. This method of 

atomization has the advantage that no high pressure hydraulic pump 

is necessary to atomize the fluid. Hot air is mixed continuously 

with the mist of atomized liquid, and a practically instantaneous 

evaporation of the volatiles takes place. The non-volatile part 

is left in the form of small dry particles of powder. On account 

of the rapid evaporation, the heat in the air is absorbed so quickly 

that the temperature in the drying zone is very low throughout the 

entire period of drying. It is only when the particles are dry 

that their temperature gradually rises towards the temperature of 

the outlet air. The ambient air is heated by passing over an 

electric heater mounted close to the ai r distributor on the upper 

part of the chamber. The temperature of the drying air is controlled 

from the instrument panel by varying the electrical power input to 

the heater. The temperature can be varied between 125 0C and 300 0 C. 
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Fig (2) "Anhydro" laboratory spray dryer, laboratory model 



- 58 - 

The powder falls down towards the outlet aperture in the conical 

bottom of the chamber and from there it goes with the outlet air 

to the cyclone separator. Then the powder falls into a container, 

while the drying air is discharged from the top of the cyclone. 

The cyclone outlet is equipped with an air lock allowing a full 

powder container to be exchanged during the operationjof the 

spray drier. 

Us i ng the ''Anhyd ro'' piI ot un it sp ray drier, the d ry 1 ng chamber 

hot air supp Iy was fi rs t sw i tched on and adjus ted up to the des i red 

inlet temperature of 130 0 C. Then distilled water was drawn in to 

the drying chamber, by adjusting the compressed ai r pressure to 

the atomizer unti I the corrected outlet temperature of 70 0C was 

constant, the starch suspension was fed into the drying chamber 

in the place of the water without interruption. When the last of 

the starch suspension to be drie .d was about to pass through, distilled 

water was introduced in inpurge the feeding tube and atomizer. The 

reason for this is that the residue of starch suspension should 

rapidly form a gel when heated and thus clog the atomizer and block 

the feeding tube. At this stage the current for the heating elements 

was swi tched of f, and the suppi y of water was aI so gradua I ly reduced, 

so that the temperature of the outlet was kept at the same level 

af ter the inI et air temperature had d ropped to about 130 0 C, the water 

supply was cut off. When the inlet temperature fell to 80 0 C, the 

plant was stopped by turning the master switch back to the zero 

pos iti on. 
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The following spray drying conditions were chosen for preparing 

spray dried, acid treated starch; 

inlet temperature I 300C 

outlet temperature 70 0c 

atomizer - spray air-pressure 4 kg cm -2 

electrical input to air heater 3 kW 

The powder obtained by spray drying under these conditions was 

further dried in a vacuum oven for a period of 72 hours at a 

temperature of 100 0 C. 

3.5 Light-scattering technique for particle size measurement. 

The experimental arrangement was as shown in figures 

). The light source was a He-Ne gas laser model B17/L with 

the following specifications: 

power output I milliwatt uniphase 

wavelength 6328 A 

Mirror configuration one spherical and one plane mirror 

forming a himeisPherical resonator 

Laser tube D. C. incited 

Beam diameter 2 mm at exit amperture 

manufactured by Scientific and Cook Electronics Ltd. 

The laser was mounted on an optical bench and with laser beam 

parallel to the bench axis so that its vertical position could be 
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Fig (3) Apparatus used in the small-angle light-scattering 

experiments 
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adjusted. As it was difficult to obtain an incident beam of 

reasonably uniform intensity profile, the scattering sample was 

positioned at a relatively long distance (50 cm) from the light 

source and a pinhole used to eliminate extraneous scattering 

from the main beam itself. The sample holder was adjustable in 

a plane normal to the beam axes by means of adjustable mountings 

with vertical and horizontal travel motions. The scattered ray 

passed through a polaroid analyzer attached to the sample holder. 

Small-angle light scattering patterns are obtained when a beam 

of laser light is directed in a perpendicular manner at a thin 

flat sample of a dispersion of a spherulitic substance in liquid 

of matching refractive index. It is necessary to place an analyzer 

between the sample and the screen or detector system. 

To process the result quickly an apparatus was devised to automate 

data-collection. Electronics were designed and constructed by 

G. Griffin with the Electronics Service Facility of the Electrical 

Engineering Dept. at Brunel University. The principle of the 

design of the apparatus was to arrange for a photodetector to scan 

the image and to convert the detector intensity signals together 

with detector coordinates into a binary 8-bit ASC IJ code so as to 

drive a paper type punch. 

Figure (4) is a schematic diagram of the involved electronics. 

The detector output particularly for a weak diffraction pattern was 
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rather small, sometimes only a few microvolts. In order to provide 

high amplification of these weak signals a tuned A. C. amplifier 

was used. This necessitated converting the D. C. signal from the 

detector to an A. C. signal which was achieved by chopping the 

laser beam at the frequency of the tuned amplifier (2,200 HZ), 

using a rotating chopper disc driven by a Synchronous motor. 

The final stages of the amplifier converted the A. C. signal back 

to a D. C. one which was then at the level (0-IOV) required to drive 

an AID converter. 

Digital circuits in the control-box provide drive signals for a 

stepping-motor that positioned the horizontal axis of the photo- 

detector. The position of the photodetector horizontal was 

manually adjusted and its numerical value was entered into the 

control-box by a thumb-wheel -operated decimal to binary encoder. 

All the information was then in binary form with two characters 

for each of the horizontal and vertical positions and three 

characters for the photo-detector signal. Each of the seven 4-bit 

binary characters as multiplaned would then be added to four extra 

bits of information, three of which indicate numerals and are 

fixed and one parity bit for error correction as required. The 

information was then fed, bit-paral lel , character-serial to a. -- 

paper tape punch. Each act of encoding (seven characters sampled 

and printed) was initiated by an internal clock derived from the 

horizontal axis counter. The logic programming in the control-box 

consisted of various counters and gates which controlled the 

sequence of events and responded to any manual input signals from the 
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control buttons and also to signals, from the limit switches on 

the horizontal traverse. 

Sample preparation for light-scattering studies. 

The starch samples were all available in the form of dry 

granular powders. Th. ey were further dried in a vacuum-oven before 

mounting for the light-scattering experiments. The suspensions 

of the starch were prepared by adding a weighed amount of the 

starch to a known weight of tung-oil selected because it possessed 

a refractive index of 1.54. This value was close to the average 

refractive index of the starch granules (other mounting fluids 

were used under some conditions). Either a microscope slide and 

a cover-slip or two microscope slides were used to mount a sample 

of starch granules suspended in tung-oi I and the sl ides were sealed 

off using ohu adhesive. 

The ref ract i ve i nd i ces of the s ta rch g ranu I es we re measu red by 

optical microscopy using the Becke test (103). The refractive 

index of the immersion I iquids were measured in a Bausch and Lamb 

Abbe refractometer. 

3.6 Acid treatment of Rice starch 

Linero (9) found that the blending of starch with polyethylene 

could give rise, under certain circumstances, to an increase in 

the yield strength of the composite material. In the present work 

an attempt has been made to explain this result by investigating 
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the nature of the starch-polymer interface. One possibility 

to be considered was that the crystalline regions of the starch 

might act as nucleating sites for polymer crystallization and 

thus affect the mechanical properties of the composite. [t 

was decided to acid-etch the starch before compounding in order 

to remove, preferentially, the amorphous regions of the starch 

granules. 
v 

3.6.1 Procedure 

Reagent-grade concentrated sulphuric acid was mixed with f ive 

parts of water (on a weight basis) to make 16% sulphuric acid. 

This was used to treat starch as follows: 

50 grm of rice starch was suspended in one litre of 16% 

sulphuric acid). The mixture was kept inside an incubator at a 

temperature of (39-40 0 C) and resuspended by occasional shaking 

by hand. After 24 hours and 48 hours, the starch was collected 

by filtration. The starch was then weighed with water until the 

washings were acid-free. After washing with water the starch 

residue was resuspended in a mixture of 25 ml of water and 25 ml of 

alcohol . The starch was collected by filtration and was dried by 

washing with a few ml of alcohol. The residue was kept in a 

vacuum oven for 18 hours at a temperature of 80 0 C. When large 

quantities of rice starch were treated the residue was dried using 

the spray drier as described under section (3-4 
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3.7 Compounding of thermoplastics and starch 

The incorporation of dried starch into the appropriate thermo- 

plastics was accomplished by pre-blending the powder such that a 

blend of randomly distributed particles resulted. The blended 

materials were placed in the nip of a two-roll mill heated and 

subjected to shear and mixing until the starch was thoroughly 

dispersed. After an average milling time of 25 minutes the 

material was taken off as a hide, about 3 mm thick, using the 

stripping knife and allowed to cool. Strips of materials were 

granulated and stored in polyethylene bags. Masterbatches of 

starch and HDPE prepared by this method. The roll-temperature was 

1650C for the front roll and 180 0C for the back roll. 

3.8 Injection Moulding 

Injection moulding is a process for producing identical articles 

using a hollow mould. Because of their high viscosity, polymer 

melts cannot be poured into such a mould; that is, gravitational 

forces are inadequate for affecting appreciable flow rates. Thus 

the melt must be injected into the mould cavity by generating 

high pressures in it with a plunger. 

The injection moulding machine used in the present study was made 

by the Sandretto Co., (figure 5 It consists of two parts: 

the injection unit and the clamping unit. The function of the 

former is to melt the polymer and inject it into the mould, while 
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Fig (5) Injection-moulding machine used (Sandretto Co. ) 

in preparation of tensile and flexural test specimens 
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the clamping unit supportsthe mould, opens and closes automatically, 

and ejects the finished products. This machine was provided with 

a modern injection unit of the in-] ine reciprocating screw type. 

The screw both rotates and undergoes axial reciprocal motion. 

When it rotates, it acts like a screw extruder, melting and 

pumping the polymer. When it moves axially, it acts like an 

injection plunger. The screw is, in general, rotated by a 

hydraulic motor and its axil mortron is activated and controlled 

by a hydraulic system. 

3.8.1 Test specimen preparation 

The preparation of the required number of test specimens for the 

evaluation of mechanical properties, x-ray analysis, microscopy 

observation, and thermal analysis was carried out under optimal 

conditions in an injection moulding machine as described in the 

previous section. The machine was set with a multiple cavity 

mould to make under normal production conditions three mouldings 

with different test piece shapes at each cycle (figure 6,. ýt, b) 

The ''dumb-be 11 ''shaped tens iIe test-p i ece mou Idi ngs conformed to 

the dimensions and recommendation specified in the relevant ASTM 

Standard D638-64, for the material . The conditions under which 

the injection moulding process is carried out determines the f inish 

of the mould test-pieces. Changing the injection moulding 

parameters may thus have dramatic effects on the physical properties 

of the moulding test-pieces. 
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ASTMD 790 

ASTMD 638 

Fig (6a) Flexural modulus 

test specimen 

Fig (6b) Tensile test specimen 

To sca Ie 
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PI - Between-cycle time 4 

P2 - Mould-closed time after injection 20 

P3 - End of total mould open ing stroke position 70 

P4 - End of high-speed mould opening stroke 

position 56 

P5 - End of slow-speed mould opening stroke 

position 36 

P6 - End of preferred forwar d stroke position 80 

P7 - End of first high-speed mould closing 

stroke position 70 

P8 - End of first slow-speed mould closing 

stroke position 56 

Pq - Mould protection low pr essure commencement 

position 50 

PTO - High-speed phase mould opening speed 30 

PIT - High-speed phase mould closing speed 80 

P12 - Slow-speed phase mould opening and closing 

speed 83 

P13 - Reduction mould protection pressure 96 

P30 - Air blow time 40 

P31 - Air blow start position during mould 

opening 0.00 

P32 - Hydraulic ejector control start position 

during mould opening 70 

P33 Time preceding hydraulic ejector and 

stroke 0.00 

Table (3.1) -(I) 
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P34 Ejector out time (repeat ejectors) 0.30 

P35 - Nozzle heating (time %) 0.0 

P36 - Forward zone temperature 185 

P37 Middle zone temperature 

P38 - Supply zone temperature 

F8 - Parameter change entry 

165 

149 

65 

Table (3-1) 
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Table (3.2) illustrates the conditions under which the injection 

machine was operated. 

3.9 Description of light and electron microscopy of starch 

and polymers. 

3.9.1 Light microscopy: 

A] though starches from various plants have simi lar chemical 

composition the form of the individual granules varies from sample 

to sample so that a microscopical examination is a valuable 

diagnostic procedure for any laboratory deal ing with the starches 

and starch products. Microscopical examination enables one to 

determine among other features, granule shape and granule size- 

distributions. 

Two light microscopes were used, one a Zeiss universal microscope 

which formed part of the optimax image analyzing system, and was 

fitted with mechanical stages, polarizer and analyzer. This 

microscope was used for particle size distributions and measurements. 

The other microscope used was a Reichert for study of polymer 

morphology and taking photographs. 

3.9.2 Sample preparation 

Mounting the starch for examination is a very simple procedure. 

A small drop of glycerol-water (1: 1) solution as recommended by 
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MacMaster ( lQ4), is placed on a microscope slide and a smal I 

quantity of the starch sample is transferred on the point of a 

knife to the drop and thoroughly mixed by means of a needle. 

The drop is then covered with a cover glass. The sample is then 

ready for observation. The quantity of starch taken should be 

such that whi Ist the field of view shows numerous granules, 

these should not be so crowded together as to overlap since this 

would interfere with observation and with measurement. 

For most of the starch-filled polyethylene mouldings the mounting 

medium was a drop of Canada balsam placed on a microscope stick. 

3.9.3 Preparation of thin sections for microscopy using the 

microtome. 

The importance of ensuring that the compounding process has produced 

an adequate dispersion has long been real ised. In most cases visual 

examination of the compound does not discriminate between a good 

and a poor dispersion unless extremely thin sections are available 

for microscopic examination. The technique of preparing microtome 

sections and studying the dispersion of the filler under the 

microscope is not new. A conventional microtome was used to cut 

sections between 10-12 microns thick for observation, using light 

microscopy, of starch-filled HDPE. It is well known that the 

condition of the knife is one of the most important factors 

controlling the production of a good section. Experience with the 

microtomy of starch-filled HDPE proved no exception to the rule. 
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The microtome knife was sharpened for every series of sections 

cut from a single sample. 

3.9.4 Scanning Electron Microscopy (S, E. M. ) 

The scanning electron microscope (S. E. M. ) is one of the latest 

too Isfor exam ini ng, photog raph i ng and, mo re recen tIy, chem i ca IIy 

analyzing small particles. The S. E. M. uses secondary electrons 

emitted from the surface of a sample to form seemingly three- 

dimensional images. it bridges the gap between light microscopy 

and T. E. M., and, in addition, performs some functions of the 

electron microprobe. The S. E. M. has a wide range of electron 

microprobes. The S. E. M. has a wide range of magnification (20 

to 100, OOOX) and a depth of field approximately 300 times that of 

the light microscope. Resolution of better than 20 nm is possible 

on commercially available instruments, as compared with resolution 

for the visible light microscope of 250 nm. Although this does not 

compare with the resolution possible with the T. E. M. , ultrahigh 

resolution is not usual ly necessary for the examination of starch 

particles. Sample preparation for S. E. M. is more straightforward 

than for T. E. M. and makes the S. E. M. particularly useful for 

examining starch particles and polymer matrices containing starch 

particles. 

Scanning electron micrographs were taken on stereoscan instrument 

(Cambridge S250) (f igure 7). 
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vm 

Fig (7) Scanning electron microscope used Stereoscan S250 

(Cambridge Instruments Ltd. ) 
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3.8.5 Sample preparation for S. E. M. 

Only minimal sample preparation is necessary for S. E. M. The 

sample as a whole may be simply glued to a specimen stub and 

coated with a conducting material to prevent the accumulation of 

local electrostatic charge on the sample. 

A thin coating of the sample with gold-palladium, one of the most 

effective methods for S. E. M. sample coating, has a high yield of 

secondary electrons and will give more information on surface 

structure. 

To ensure that the particles did not fall off in the vacuum, a small 

piece of double-sided adhesive was placed on the specimen stub 

and the starch sample sprinkled on to the tape. Excess particles 

could then be removed simply by tapping the specimen stub lightly. 

After the particles were mounted the substrate was placed in a 

vacuum evaporator and then was coated with gold-palladium for 

12 minutes. 

Samples of high density polyethylene containing starch were prepared 

in a similar way. After etching the sample according to the method 

(3-9-5) it was placed on the specimen stub with the aid of double 

sided adhesive tape and then coated for 15 minutes with gold- 

palladium using vacuum evaporator. 
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3.9.5 Solvent-Etching 

The solvent-etching technique is based on the principle that 

amorphous polymer chains are more soluble than the crystallized 

ones. A solvent will remove molecules as a whole from the amorphous 

regions without breaking covalent bonds. When a polymer is 

crystallized from the melt, crystalline structures like spherulites 

are covered by a thin layer of almost amorphous chains. The 

crystalline structures can therefore be revealed by selection 

dissolution of the amorphous material. 

To prepare starch filled HDPE for viewing by scanning electron 

microscopy, the following etching process was employed. Injection 

moulded samples of polyethylene and starch filled polyethylene 

were placed into a 50 ml beaker containing the etching reagents 

which consisted of a solution of 54 parts (by weight) of sulphuric 

acid, 22 parts chromic acid and 72 parts water. The beaker was 

then placed in an ai r-ci rculating oven at a temperature of 70 0C 

for periods varying from 20-40 minutes. The etched samples were 

thoroughly washed in water and then air-dried. 

The other etching reagents reported by 01 ley and Bassett ( 105) were 

prepared by dissolving a given weight percentage of potassium 

permanganate in a known volume of acid. This is either concentrated 

sulphuric acid or a mixture of one or two parts by volume of 

concentrated sulphuric acid and one part of orthophosphoric acid. 

The acid was placed in a conical flask and sti rred with a glass 
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3.9.6 Transmission Electron Microscopy (T. E. M. ) 

T. E. M. can be used to help in the determination of the structure 

of materials. In most cases the T. E. M. can be used to derive 

information of several different kinds which relate to most of 

the sciences concerned with elucidating microstructure. The 

external surface of a body can be studied and information obtained 

concerning the external morphology of the specimen and also 

microscopic details of the surface roughness can be investigated. 

Materials of interest here are HDPE and starch particles in HDPE. 

The electron microscope used in the present study was a JEOL lOOCX, 

chosen because of its ready accessibility in the laboratory 

(figure 8-) 
. 

3.9.7 Replication 

n some i nstances itis des i rabl e to exami ne the surface of a bu I k, 

fractured or etched sample, the sample was etched as described in 

section (2.9.8). Replicas of etched samples were prepared as 

follows: The technique was to cover the acetone-moistured surface 

of the etched sample with a ready-prepared collodion film (Bex 

film). Following evaporation of the solvent, the plastic replica 

was peeled off, and coated with a carbon film using a standard 

vacuum coating apparatus. The carbon film then was placed on a 

metal support grid, plastic side down, and exposed to a film of 

solvent (Acetone) which slowly dissolves the plastic leaving only 

the carbon replica. The replica was then shadowed with gold- 

palladium at an angle of 20 0 C. 
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Fig (8) Transmission electron microscope used 

(JEOL 100 CX) 
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covered magnetic stirrer. The potassium permanganate is shaken 

into the swirling acia, the flask stoppered, and the mixture 

stirred until all the permanganate is dissolved. The time taken 

to dissolve the phosphoric acid containing reagent may be up to 

one hour. Dissolution of the permanganate is faster if dry 

phosphoric acid is used. 

Injection moulded samples of polyethylene and starch filled 

polyethylene was placed in the above reagent in a glass tube and 

heated in water bath at 70 0C for 20 minutes. 

The sample was washed successively with hydrogen peroxide (to 

reduce any manganese dioxide or permanganate present) several 

changes of distilled water and finally acetone. 2 minutes is 

generally an adequate time for each washing. 

3.10 Measurement of Mechanical properties of polymer samples in 

uniaxial tension ( 106 . 

A standard method of determining the tensile properties of plastics 

is specified by ASTM Standard D638-64. The specimen may be 

rectangu Iar or ci rcu Iarin cross sect i on and usua 11 y has a reduced 

section at the centre and larger dimensions at the ends, where the 

specimen enqaqes the grips of the apparatus that applies the stress. 

The elongation in the specimen at various values of the applied load 

or stress, is measured over a constant gauge-length of the specimen 
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by means of mechanical gauges, optical gauges, or electrical 

strain gauges. The resulting measurements are plotted in the form 

of a nominal stress - nominal strain plot. If the cross-sectional 

area is monitored, one can plot the data in terms of nominal 

stress (106) given by -P 0"-- 

A 

where p is the applied load and A is the original cross-sectional 

area. 

The elongation (e) is given by e=I- lo where I is the instantaneous 

length of the gauge section at any moment the lo the original length. 

The uniaxial tensile strain, 6' 
, is defined as the elongation per 

unit of length, and hence 
UO. - 

1--lo 

lo. 

A typical tensi le stress-strain curve for a thermoplastic polymer 

is given in (figure Over some finite range of strain the 

plot is essentially linear, hence over this range we may write 

a= Ee 

Where E, the so-called Young's modulus of elasticity is given by 

the slope of the initial portion of the stress-strain curve. 
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The important mechanical properties in a flexural list are the 

modulus of elasticity, Eb and flexural strength, Sb. For a 

simply supported beam of span length L subjected to a central 

load the deflection at the centre is given by: 

PO 

48 Eb I 

where I is the moment of inertia of the beam cross-section and, 

for a rectangular beam of width b and depth d, is given by 

bd3/12. Thus the modulus of elasticity in bending Eb may be 

calculated from the initial slop 

of the load deflection curve. 

dimensions, Eb is given by: 

mL3 E L4 bd3 

m=f 

In terms of this slope and the 

At any value of P within the linear portion of the load deflection 

curve, the maximum fibre-stress is given by the usual strength of 

materials formula 

PL 

2 bd 

where p load 

L support span 

b width of beam tested 

depth of beam tested 
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Fig (9) "Typical stress-strain curve for semicrystalline polymers" 

The "dumb-bell" shaped (figure 6b ) samples were firmly 

attached to the cross head of an "Instron" using the standard 

specimen grips and elongated at a constant rate of 50 mm/min, until 

the ultimate tensile strength of the material was reached. Load- 

extension curves were automatically recorded by the instrument in 

each case under an appropriate chart speed of 5" min-' . 

3.10.1 Mechanical properties of polymer samples in flexure. 

Standardized procedures for determining flexural properties of 

plastics are given in ASTM Standard D790-86. The specimen is required 

to be in the form of a rectangular bar which is loaded at the centre 

and simply supported at or near the ends. 

Measurements are made of the deflection 6 of the beam at the centre, 

usually with a micrometer dial gauge, as the load p is applied by the 

test machine. The experimental data is then generally plotted in 

the form of a load-elongation plot. 
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3.11 Differential Scanning Calorimetry (D. S. C. ) 

It was decided to obtain information about the thermal characteri'stics 

of starch-filled polymers using differential scanning calorimetry 

S. C. ) 

A small sample specimen (between I and 20 mg) was subjected to a 

controlled series of temperature changes. By maintaining the 

temperature of the sample holder equal to that of an identical 

reference holder, heat evolved or absorbed as the result of physical 

or chemical changes in the sample may be detected and recorded. 

Figure ( 10. ) shows the Perkin-Elmer Model DSC-2 which was used in 

the present study. Th-ist incorporates certain features which 

rendered it particularly convenient for the present study, notably 

the computer control and automatic recall facility of the thermal 

programming and the ease with which data from D. S. C. scans could 

be stored on magnetic discs. 

The instrument may be calibrated in K0ýC0 or F0, and the sample 

temperature may be programmed to increase or decrease at rates as 

slow as 0.31250/min or as fast as 320 0 /min and may also be maintained 

isothermally to within a few hundredths of a degree. In addition 

both upper and lower limit switches can be terminated or reversed 

at any desired temperatured. The instrument is capable of operating 

from -175 to 715 0C at sensitivities that are variable from 2 to 0.01 

mcal/sec per inch of chart paper. 
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Fig (10) Differential scanning calorimeter used 

(Perkin-Elmer Model D. S. C. 2) 
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3.11.1 Sample preparation for D. S. C. 

Injection moulded samples of starch-filled polyethylene were 

thermally characterized by the D. S. C. technique. The bulk 

mouldings were hand-sliced using a sharp razor blade and thin 

rectangular pieces of material from the centre part were then 

sectioned until sample weight (about 8 mg) was obtained. These 

thin slices were then placed in a sealable aluminium pan in order 

to achieve thermal contact between the sample and the pan. Care 

was taken to cut the slices always from the same central part of 

the moulding (perpendicular to the direction of injection flow). 

The sealing of the slices was performed using a Perkin 

sample pan crimper which crimps an aluminium pan cover on the pan 

and sample to provide a convenient encapsulated sample with high 

thermal contact and minimum gradients within the samples. 

The operational conditions for D. S. C. as carried out in the present 

work were: 

Minimum temperature 3230K 

Maximum temperature 

Heating rate 

Cooling rate 

458 0K 

20 degree/min. 

320 degree/min. 
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3.12.0 X-ray diffraction methods used to study starch and 

starch-polymer composites. 

3.12.1 The Debye-Scherrer Method 

This method of powder analysis is also referred to as the Hull- 

Debye-Scherrer method because it was independently devised 

by Hull (107) in the United States and Debye and Scherrer (108) 

in Germany between 1915 and 1917. The characteristic geometrical 

features of this technique are portrayed in fig (11). 

Fig(H) Geometrical features of the Debye-Scherrer technique 

The incident beam is usually passed through a filter F to eliminate 

the characteristic KO radiation, after which the Ka rays are 

collimated by the pin-hole system C. The resulting narrow pencil 

- 
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of rays impinges on the small cylindrical sample X, and sections 

of the various diffraction cones are intercepted by the cylind- 

rically disposed strip of photographic film p. This arrangement 

makes it possible to record, not only sections of the halos 

diffracted in the forward direction, but also most of those in 

the back-reflection region (for which 20> 900) . The powder 

specimen is customarily rotated about the cylindrical axis in 

order to increase the number of particles contributing to each 

reflection. The features shown in (figure 11) are typical of 

the Debye-Scherrer techniques, but some, such as location of the 

filter, nature of the collimator, and positions of the ends of the 

film, may be varied in order to achieve particle advantages. 

The invariant features of the method include a collimated beam 

of monochromatic x-rays impinging upon a small powder sample which is 

located at the centre of a cylindrically arranged strip of film. 

The chief merits of the Debye-Scherrer method are: 

1. the small amount of sample powder required (as little as 0.1 

mg can be used) 

2. the almost complete coverage of all the reflections produced 

by the specimen, and 

the relative simplicity of the apparatus and techniques required. 

The Debye-Scherrer method was used in the present study to investigate 

changes in the crystallinity of starch due to acid treatment. 
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3.12.2 Sample preparation for the Debye-Scherrer camera. 

Starch samples were mounted on a fine glass tip cemented into 

the standard pin. The pin, together with the sample was 

inserted in its usual place in the 57.3 mm powder camera. 

The camera with its beam-trap removed, was placed on the 

specimen centering device. A strong light was shone through 

the exit-port to give a good image of the mounted particle. 

The sample must be centered accurately in the x-ray beam in 

order to obtain sharp lines and thus short exposure times. The 

insert, pre-loaded with x-ray film, was then placed in the 

camera, and exposed for 24 hours. The x-ray source (Cu target, Ni 

filtered Ka). The tube was run at 20 MA beam current and 40 KV. 

3.12.3 Brief Description of the wide-angle or flat-film camera 

These cameras are sometimes referred to as Lane, monochromatic- 

pin hole, or transition cameras. The experimental arrangement 

is shown in figure (12 ) 

S3 

S2 ýs 

m 

Fig(12) Forward-ref lection arrangement of the monochromatic- 

pinhole technique 
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The direct beam passes through the B-filler M; is collimated by a 

pinhole system with apertures S, and 82 and S3; penetrates the 

polymer specimen P; and is finally intercepted by the small 

concave lead button B. Air-scattered x-rays tend to darken the 

central region of the film around B. This darkening can be either 

reduced by placing the beam stop as close as possible to specimen 

without obscuring any significant details near the centre of the 

diffraction pattern or else eliminated by evacuating the camera 

of ai r. 

With reference to fig (12 ), it can be seen that the values of 

20 corresponding to particular diffraction effects on the film 

can be determined accurately only if the distance D is known 

precisely, since tan 20 -- r/D. However, because of the wide 

physical variability of polymer specimens, in practice it is 

difficult to measure D with high accuracy or to maintain it during 

the location of subsequent specimens that one of the same thickness 

and mounted in an identical manner it is possible to obtain a 

reproducible sample-to-film distance with the aid of a special 

gauge block (in this case 3 cm). 

The x-ray source (CU target, Ni-filtered Ka radiatron). The 

tube was run at 20 MA beam current and 40 KV. 



CHAPTER 
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4.0.0. Introduction 

Starch is the reserve food-substance for many plants. Even when 

the adult plants contain sugars only, as is the case for a number 

of monocotyledons, they often produce starch in the early stages 

of development. The storage of starch by plants in the form of 

granules is a convenient method since starch is an insoluble 

source of energy. 

The fact that chemical composition, crystalline pattern, and shape 

of starch granule and particle size has got significant importance 

in the starch industries makes it a fascinating object to study. 

Of the starches, taro root crops have long been a staple food of 

the natives of all the Polynesian islands as well as in the West 

Indies and the Orient. Since Taro is propagated almost exclusively 

by vegetative means, each locality has tended to perpetuate its 

own forms, or ''horticultural varieties''. Some of these forms have 

remained localized; others have spread, and many of them have been 

given new names. In the past the valuation of the various Taros 

in Hawaii has been based on their quality as cooked table Taro or 

in making poi. A few are raised primarily for their leaves, used 

for luau and the early Hawaiians had varieties for medicinal 

purposes and for religious ceremonies. The two types of Taro 

cultivation common in Hawaii have formed another basis for segregating 

varieties; Wetland varieties (submerged culture), all of which are 

good for poi : and upland varieties (non-submerged culture) which 

are used primarily as table Taro, only a few of them being suitable 

for poi . 
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Within recent years, numerous scientific investigations (109,110) 

have indicated the superiority of Taro over other starchy crops, 

particularly polished rice, which are stable foods in the Pacific 

regions. The superiority of Taro starches in applications as 

a filler for plastics will be discussed in the next chapter. 

The emphasis on this fact by local physicians and nutritionists 

and use of Taro starch in the plastics industry led to an increased 

demand for Taro and a new interest in the cultivation of the crop. 

With commercial development, a need has arisen for varieties 

particularly adapted to the production of Taro flour, beverage 

powders, and other dried Taro products. 

In addition, the problems involved in Wetland culture particularly the 

menace of disease - and the necessity of extending plantings by 

utilizing new iands have made important the selection of varieties 

which will grow well in the moist, cool uplands. 

Experiments have recently been conducted by the Hawaii Agricultural 

Experimental Station on selection and development of desirable 

varieties through cross-pollination (11 I/J as well as through 

natural vegetative mutation (111). Systematic work along these lines 

must, however, be preceded by a classification of the many varieties 

present in Hawaii. In 19 14, MacCaughey and Eme rson (113 )Ii sted 

about 300 varietal names of Taro in Hawaii. 

Experiments have also been conducted in this department on the 

gelatinization temperature and the ratio of Amylose to Amylopectin ( 18 )- 
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Considerable interest exists, therefore, in studying the peculiar 

differences which exist among these many varieties. In the 

present study wehave attempted to extend this line of 

investigation by characterizing some of the physical properties, 

of 112 Taro starch varieties, with particular attention to the 

measurement of granule size by narrow angle light-scattering. 

Section I 

1.0 Starch preparation 

Generally, different starches are isolated from their sources, such 

as seeds, tubers, or other carbohydrate reservoirs of plants, by 

various processes that are determined by the sources and the end 

uses of the individual starches. Most of the industrial procedures 

disintegrate the starch source before suspension in water for 

further processing. Apart from the removal of shells, seed coats, 

brans, germs and/or other obvious major impurities, the success of 

starch production can be enhanced by the use of physical and/or 

chemical means that aim to weaken the physical and/or chemical bonds 

that hold starch granules. More specifically, the efficiency or 

starch isolation depends on the success of separating individual 

starch granules from the proteinacious matrices in which they are 

produced. In working with Taro starch, it was found that processes 

which we adopted for extraction of Taro starch not only gave good 

yield but also we were able to get free lump starch: of course a 

later one depends on the method of drying, which will be discussed 

later. 
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4.1.1. Drying 

Drying is an important part of starch technology because starch 

derivatives and starch by-products are usually manufactured by 

treatment with water which afterwards has to be removed. This 

is usually done in two stages. The first of these is dewatering, 

i. e. the removal of moisture by centrifugation or filtration; 

removal of moisture by heat, follows at the second stage after the 

removal of moisture by mechanical means. 

After centrifugal dewatering, Taro starches were dried in an air- 

circulating oven at 50 0 C, to a moisture content of about 8%. They 

were further dried atlOO 0C for 72 hours to a moisture content of 

less than 1%, and then ground in a coffee grinder. Microscopical 

observation showed no damage to starch granules. 

However, in the case of acid-treated starch, it was noticed that 

this method of drying produced starch granules which were clumped 

into large aggregates which were unsuitable for use as fillers in 

plastics. 

Consequently, it was necessary to decide upon another method of drying 

which would minimise the hydrogen bonding and other forces tending 

to increase the tenacity with which the starch retained water. One 

way in which this could be accomplished was by chemical dehydration, 

i. e. dehydration of the dewatered starch cake by successively 

washing with ethyl alcohol, followed by filtering and air-drying to 

eliminate the volatile solvent. 
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Another method to avoid lumping in the acid-treated starch was 

to keep the starch granules in a state of movement at the same 

time as drying takes place. This last procedure was adopted for 

acid-treated starch by using a spray-drying machine. This method 

of drying also had the advantage of simplicity. 

The principle of spray-drying is explained in section ( 3.4 ). 

Finally, it is important to point out that the starches dried with 

the spray-dryer were then post-dried in a vacuum oven at 100 0C for 

a minimum period of 72 hours, because it was found that the spray 

dried starches had a moisture content about S'% which was too high 

for their intended use as fillers for thermoplastics. 

4.1.2 Moisture 

Starch moisture contents, above a certain level, have a catastrophic 

effect on the strength of several composites as observed by Sharafi 

(113 ). All the commercial starches and most of the treated starches 

were moisture analyzed and kept in an air-circulating oven atlO, O 0C 

for a period of 72 hours, before compounding with the appropriate 

thermoplastic. This method of drying produced a lump-free starch with 

a moisture content below 1%, in a relatively short time, providing 

that the sample to be dried had a moisture content low enough to 

show signs of being powdery, otherwise it will form agglomerates or 

cakes. The moisture content of Taro starches after extraction is 

33-38%. Table ( 4.1 ) shows the moisture content of various starches 

before and after drying. 
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Table ( 4.1 ) 

Determination of moisture by the ''Townsend, Mercer '' vacuum 

moisture tester. 

a. Initial moisture content (%) of the commercial starches 

Potato Maize Rice 

13.4 11.4 9.8 

Moisture content of Taro starches after drying at 40 0 C. 

Bun_Lonq Lehua_Maloi White_Masi West-Samoa 

8.1 8.3 8.3 7.9 

c. Final moisture content (%) of samples that were dried in an 

air-circulating oven at 80 0C for 72 hours 

before being mixed with polymer. 

Potato Maize Rice Acid-treated_Rice Lehua_Mahe 

0.5 0.5 0.5 0.9 0.7 

Moisture content of acid-treated rice after spray-drying is 

8.2 
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4.1.3 pH Determination of starch 

The pH's of suspensions prepared by dispersing 2.5 g of the 

appropriate starch in 50 ml. distilled water was measured with 

a laboratory pH meter, and were found to be as follows: 

Potato Maize Acid-treated Rice 

------ ----- after_washing____ 

5.7 5.4 5.8 

4.1.4 Starch surface preparation 

Lehua Maoli 

5.1 

The reinforcing effect of starch particles on the mechanical strength 

of thermoplastics should depend primarily on the interface between 

the starch granules and the matrix polymer. Since the starch 

particles have a hydrophilic surface which mostly does not possess 

the properties that would permit sufficiently strong bonds between 

the individual granules and the non-polar thermoplastics, Linero (5) 

examined several physical and chemical methods to treat starches with 

reagents that should form a hydrophobic coat and thus increase the 

wettability of the starch granules by the polymer melts. Potato, 

ma i ze and ri ce starch were ava iI abl eina surface treated form, but 

Taro starch had to be surface treated in the laboratory using the 

dry-treatment method described below. 

4.1.5 Dry treatment 

Methyl Hydrogen Polysiloxane (DCI]07) 

Spreading-times of the coating agent around the starch granules and 



- 98 - 

the optimal thickness of the resulting coatings were studied 

by Linero ( 3). His studies give valuable information regarding 

treatment cost and the interaction to be expected between filler 

and matrix polymer. Linero observed that calcium and lead 

stearates showed a low catalyst effect. Even at high concentration 

these metal soaps did not accelerate appreciably reaction of the 

silicone with the starch surface. On the basis of his information 

the zinc stearate was adopted as a wetting agent and catalyst 

to DC1107. See section (2.6.3) chapter 2. 

4.1.6 Acid treatment of rice starch 

In an attempt to explain the results of Linero (9 ) where the 

addition of starch to polyethylene gave unexpected increases in 

the yield strength, attempts have been made to increase this effect 

by acid-etching the surface of the starch granules to remove 

amorphous materials and possible thus encourage any epitaxial 

growth-influence on the crystal nucleation of the polymer melt. 

Native rice starch granules were treated with 16% sulphuric acid 

at 40 0 for one, two, three, four, five, six and seven days. 

X-ray diffraction patterns were obtained using a Debye-Scherrer 

powder camera. The samples were exposed for 20 hours to the X-ray 

beams (40 KVP, 20 mA). Samples were sealed in thin-walled glass 

capillaries to prevent moisture changes in the samples during 

i rradiation. 
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Result and discussion. 

The heterogeneous hydrolysis of starch granules by aqueous acid 

cannot be regarded as the simple, uniform erosion of material 
(32) 

from the granule's surface. Dexter French /conjected that this 

heterogeneous hydrolysis takes place preferentially at the more 

amorphous, gel-like portions of the starch granule, whether they 

be at the surface or in the interior. It is believed that 

crystalline portions 6re protected against acidic attack by at 

least two factors. First, the packing of the starch chains within 

the crystalline regions may be so dense that it does not permit 

the ready penetration of hydrated protons and accompanying axions. 

The gel-like, amorphous part of starch granules can readily take 

up acid molecules with consequent local glycositic hydrolysis. 

The crystallites would only be attacked at the surface of the 

crystallite or its junction with an amorphous regions. 

The second factor is that for hydrolysis to occur, it is necessary 

for the glucose residues to undergo a change in conformation from 

a chair to half chair (39). As long as the glucose units are held 

in a crystalline matrix, such a conformational change would require 

a very high energy of activation, and hence would have a very low 

probability. 

Such processes of hydrolysis sharpen the crystallinity of starch 

samples, (figure 1) as judged by x-ray diffraction. 
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(a) 

(b) 

(c) 

Fig (1) (a) x-ray diffraction pattern (Debye-Scherrer) of rice 
starch granules 

x-ray diffracticn pattern (acid treated) of rice starch 
for 24 hours 

(c) x-ray diffraction pattern (acid treated) of rice starch 
for 48 hours 
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Plate (a) shows the diffraction pattern of native rice starch 

granules. Plate (b) is the diffraction pattern of acid-treated 

rice starch (one day's acid exposure), it is evidence that 

crystallinity of treated starch has increased as can be seen 

from microdensitometer trace of plates (a), (b),, (c). 

Plate (c) is the diffraction pattern of rice starch which has 

been treated for two days; it shows that the rings are sharper 

than in plate (a) and plate (b). However, further treatment of 

rice starch for longer periods did not make any significant 

difference to that of plate (c). It can be concluded that most 

of the erosion of the amorphous or gel-phase starch granule takes 

place in the first two days and any further hydrolysis processes 

are very slow. 

It has been reported (32) that during acid hydrolysis at room 

temperature (24-250C) , the amorphous gel phase is gradually eroded, 

leaving the crystalline amylodextrin. This process is very slow 

and takes up to 90 days to complete. However, it can be 

accelerated by treating starch granules at the higher temperature 

of 40 0 C. 

4.1.7 Microscopical examination 

Although starches from various plants may have similar analytical 

data the form of the individual granules varies from sample to 

sample; and a microscopical examination is a valuable diagnostic 
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procedure for any laboratory deal ing with starches and starch 

products. Microscopical examination includes the study of 

characteristic shape and granule size-distribution. 

4.1.8 Optical microscopy observation 

4.1.9 Potato starch 

/ 

The granules of potato starch vary greatly in size and shape: the 

largest are often egg-shaped and are visible to the unaided eye. 

The majority are flattened ellipsoids and the smallest may be 

perfectly spherical C plate I The granules generally occur 

singly. Granules' size ranges from 15 micron to 100 micron. 

The eccentric hilum towards the narrow end of the grain is normally 

well marked and surrounded by numerous concentric rings; these 

being very distinct on some grains. The cross observed with 

crossed polari s. er and analyser is we] I def ined. 

4.1.10 Maize starch 

Maize exhibits the polygonal type of starch granule (plate 2 )9 

which is usually 4- or 5- sided. A striking point is the 

greater uniformity in size of the maize starch granules, generally 

10 micron to 15 micron. 
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Plate (1) Optical photomicrograph of starch granules from 

commercial potato starch (xlOO). 

(top): normal light (bottom): polarized light 
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Plate (2) Optical photomicrograph of starch granules from 

commercial maize starch (x220) 

(top): normal light (bottom): polarized light 
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11 Rice starch see plate 

The granules of rice starch are small. Table (4.2) shows particle 

size distribution. The central hilum is difficult to observe 

and the hilum is visible only after treatment with dilute acid. 

Compound grains comprising several granules are sometimes 

observed owing either to inadequate steeping or to improper drying 

during manufacture, and have relatively low birefringence. 

Table ( 4.2) particle size distribution of rice starch 

Size_class Mean_size Number_of_22fticles 

2.5 - 3.5 

3.5 - 4.5 

4.5 - 5.5 

5.5 - 6.5 

6.5 - 7.5 

100 

80 
.0 

C 
60 

a) u fu . - 4J 4J 

40 
u OL 
I- 
(p 

0.0 20 

3 237 

4 278 

5 229 

6 137 

7 106 

2345 

particle diameter ( A) 
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Plate (3) Optical photomicrograph of starch granules from 

rice starch (c420) 

(top): normal light (bottom): polarized light 
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Mountant was glycerol/water (1: 1) 
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4.1.12 Taro starches see plate (4-9) 

Of the 112 Ta ro sta rches ava iI ab I e, Bun- I ong, Wh i te Mao i, Lehua 

Maol i, and West Samoa, were observed under optical and S. E. M. 

microscope. The reason for choosing these starches is that they 

can be produced commercially. 

4.1-13 Bun-long 

Bun-long is the smallest among these four. Table (4-3) shows 

particle size distribution. The granules are mostly polygonal. 

Table (4.3 ) particle size distribution of Bun-long 

Size_class Mean_s i ze Number_of_e2rjicjes 

1.5 - 2.5 

2.5 3.5 

3.5 - 4.5 

4.5 - 5.5 
loo 

6 80 

60- 
(o - 

40 

cL 0 20 

2 521 

3 223 

4 101 

5 60 

particle diameter 



Plate (4) Optical photomicrograph of starch granules from 

Colocasia esculenta var, Bun Long x(420) 

(top): normal light (bottom): polarized light 
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4.1.14 Lehua Maoli 
0 

The granules are very similar to those of Bun-long and have 

polygonal shape. Table (4.4 ) shows particle size distribution 

of Lehua Maoli. 

TE bIe (4.4) Particle size distribution of Lehua Ma6,1. i 

Size_class_ Mean size Number_of_e, ý[ticles 

1.5 - 2.5 

2.5 - 3.5 

3.5 - 4.5 

4.5 - 5.5 

5.5 - 6.5 

100 

.0 80 E 
3 
C 
0 60 
mu M . - 4-0 4J 

r- s- 40 
w (a 
u 

0-0 20 

2 1058 

3 503 

4 231 

5 99 

6 55 

t 

0246 

particle diameter 
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Plate (5) Optical photomicrograph of starch granules from 

un-named cultivar ex. W. Samoa (x420) 

(top): normal light (bottom): polarized light 
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Plate (6) Optical photomicrograph of starch granules from 

Colocasia esculenta var. Lehua Moai (A70) 

(top): normal light (bottom): polarized light 
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4.1.15 White Maoi 

White Maoi is very similar to Lehua Maoli. The granules are 

mostly polygonal. Table (4-5 ) shows particle size distribution 

of White Maoi. 

Table (4.5) particle size distribution of White Maoi 

Size_class Mean_size Number Of. 22Elicles 

1.5 - 2.5 2 527 

2.5 - 3.5 3 309 

3.5 - 4.5 4 183 

4.5 - 5.5 107 

100 

.m 80 E 
Z 
r- tn 

60 
cm 

40 0 0- 
20 

0246 

particle diameter 
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Plate (7) Optical photomicrograph of starch granules from 

Colocasia esculenta var. White Moi x(420) 

(top): normal light (bottom): polarized light 
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Plate (8) S. E. M. view of Colocasis esculenta var. Bun Long 

starch granules (top) 

Un-named cultivar ex W. Samoa (bottom) 
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Plate (9) S. E. M. view of Colocasis esculenta var. Lehua Moai 

starch granules (top) 
. 

Colocasis esculenta var. White Moi (bottom) 
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Section 2 

4.2.0 Starch sample analysis 

Small-angle light-scattering can replace certain microscopic 

starch sample analysis methods. The scattering envelope from a 

sample of granules is the result of contributions from all the 

granules in the scattering beam whereas in the optical microscope 

the granules are viewed individually and in ''optical sections" 

projected on to the plane of focus. Scattering analysis is 

therefore faster whenever collective properties of the granular 

collection are sought and when it can be demonstrated that this 

property, as derived from scattering analysis, is a reliable 

average measure. This has been shown for the average size of 

a granular sample 

The size of a spherulite obtained by scattering may be derived 

as shown on page (45) and it is often used as an approximation 

for the average size of spherulites in polymeric film 

(]U', -il 73,75 ). 

A spherulite must be characterized optically as an anisotropic 

sphere. This is because the crystallites have preferred orientation 

along the spherically arranged fibrils and impart optical anisotropy 

to them. Realizing this, Stein and Rhodes developed the small-angle 

light-scattering theory based on a model of an anisotropic sphere 
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immersed in either an isotropic or an anisotropic medium. An 

accurate experimental test of the validity of their equations 

would have required availability of individual, separable 

spherulites that could be immersed in media of different 

refractive indices. Unfortunately separable spherulites were 

not available, and investigators had to use spherulitic polymer 

films and fibres as substitutes (10,114,115). A comprehensive 

examination of the SALS scattering from polymer films was 

published in 1965 (116). In this study Vv SALS patterns were 

obtained from both negative and positive spherulites of 

polypropylene, nylon 610, polyethylene terophalate) and nylon 66, 

as well as from spherulites of polyethylene and penton. The 

experimentally observed Vv SALS patterns were then compared with 

patterns calculated by using the Vv SALS equation of Stein and 

Rhodes. On the basis of these observations, Samuels (84 ) 

0 

concluded from a theoretical study that patterns corresponding in 

form to these observed experimentally could be produced by changing 

the anisotropy of the spherulite surroundings while keeping the 

magnitude and sign of the spherulite birefringence constant, In 

other words, the spherulite surroundings had to be assumed 

anisotropic in order to fit the existing theoretical equations to 

the experimental patterns. 

In a polymer film the spherulites are space filling. This means 

that the background environment of any spherulite in the film 
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would be the average polarizability of all Me surrounding 

spherulites. Thus, if there is an equivalent number of spherulites 

in all directions, the average background polarizability is 

expected to be approximately isotropic. However, since polymer 

films are not ideal systems experimentally, it was possible to 

rationalize the theoretically required anisotropic character of 

the background on the basis that (1) the spherulites are not 

independent scatterers as required by the theory (2) internal 

strains might be produced during cooling to produce an anisotropic 

background, (3) multiple-scattering and interparticle interference 

effect might predominate, or (4) orientation of noncrystalline 

chains might occur during crystallization, a factor not 

considered in the theory. Though these rationalizations might 

explain the theoretically required background anisotropy a 

careful examination the magnitude of. the background anisotropy 

that was theoretically required to produce acceptable patterns 

made this approach physically untenable. For in order to produce 

acceptable patterns from the theoretical Vv SALS equation, Samuels 

( 84) assumed that the background anisotropy was greater than that 

of the spherulite. A re-evaluation of the Vv SALS equation was 

reported by Samuels ( 84), and the conclusion of the study was 

that there was an error in the sign in the original Vv SALS 

equation (2.1 ) which was corrected but unrecognized ina later 

rederivation of the theory (8'3) 

Due to tilis error, the polarizabi I ity anisotropy term, which is 

listed in equation (2.1as (a 
I-a2) had the incorrect form of 
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(a 
2-aI). It should be noted that, as a consequence of the 

Samue Is study, Ste in et aI (I 10 had re-exami ned the ir ea rIi er 

derivation and agree with Samuels that there was an error in 

the original SALS equation. 

Starch granules. The similarity between the shape of the 

theoretical Vv SALS patterns calculated by using the corrected 

equa ti on, wh i ch conta i ns the phys i ca IIy reasonabl e assumpt ion 

of background isotropy, and the Vv SALS pattern observed 

experimentally from polymer films, suggests that the anisotropic 

sphere model can now be used to describe the observed small-angle 

light scattering from a spherulitic system. Still needed, 

however, to test the theory, is a quantitative characterization 

of the correspondence between theoretical and observed changes 

in the Vv SALS patterns. This required observation of the 

scattering from separable spherulites of known optical character, 

as the refractive index of the surrounding isotropic medium is 

changed. Fortunately, a second study by Borch and Marchessault 

(23) has shown that starch granules which grow as isolated 

spherulites, produce Hv SALS and Vv SALS patterns. Thus, by using 

starch granules immersed in media of known refractive index as 

an ideal scattering system, it is possible to test quantitatively 

the anisotropic sphere scattering theory. 

Samuels (84) examination of a large number of starch systems (maize, 
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wheat, rice, tapioca, waxy rke, and potato) 5howed that rice 

starch yields the most uniform scattering patterns when immersed 

in silicone oil. The average diameter of the rice starch 

spherulites ranged from 3 to 6 micron. Their average refractive 

index was determined as 1.530; the radial refractive index was 

1.533; the tangential refractive index was 1 . 527; and the average 

birefringence was Ix 10- 2. The average refractive index of the 

medium was calculated from the measured average refractive index 

of both the silicone oil and the rice starch by using the 

Gladstone-Dale relation (117) as MAV = 1.5295 

pp Am 

where iv, wpiv, are the sample, polymer, and solvent weights 

and P) PPY Pe are the sample, polymer, and solvent densities, 

Ir 
1 

17P, V. are the sample polymer, and solvent volume 

(e. g. V= wlp).. ' This relation can be rewritten as RAV = MID + (I 
- 

Mfl" 

whe re VP/V, is the volume fraction of polymer. The densities 

of the rice starch and silicone oil were taken as 1.50 g/cc 

and 1.156 g/cc respectively. By substituting the measured 

refractive index values of both the spherul ite and the background 

for the appropriate polarizability terms in the theoretical Vv SALS 

equation, it was possible to compute theoretical Vv SALS patterns 

and compare them directly with experimental patterns produced under 

the same optical conditions. 
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Other experimental conditions required by the anisotropic sphere 

theory, is that the spherulites should be present at a 

concentration low enough for them to act as independent 

scatterers. At the same time, the concentration must be high 

enough to obtain maximum information from the Vv SALS pattern. 

Clearly, from the point of view of independence of spherulites, 

the lowest concentration of spherulites is preferred, while from 

an experimental point of view the highest concentration is 

des i rab I e. Samuels (84) solved this problem experimentally. The 

ti me requ i red for the most in tense reg i on of the Vv SALS pa tte rn 

to reach a given intensity was plotted against the weight fraction 

of starch in the sample. The time taken to reach a given intensity 

would be expected to decrease as a direct function of the 

concentration of starch in the region where the spherulites act 

independently (i. e. direct addition of intensities). When the 

sca t te re rFno I on ge r act i ndependen tIy the in tens i ty wiII not be 

proportional to the fraction of scatters and the rate of change 

of the time to a given intensity as a function of concentration 

will decrease. Different concentrations of starch immersed in 

three media were examined by Samuels. The media consisted of 

silicone oil mixtures of low (n 
S=1.5090), 

high (n. = 1.5350)9 

and intermediate (n 
S=1.5290) refractive indices. The data was 

plotted, the highest concentration of starch sti II present on 

the initial linear region of the plot (weight fraction of 0.20) was 

chosen as the concent rat ion used to tes t the sma IIIi ght scatte ri ng 

theory. 
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Samue Is( 84 ) resu I ts demonst rate conc I us i ve Iy that the SALS 

theory of anisotropic spheres, as represented by equation t. 
-I) 

correctly represents the observed scattering from spherul ites. 

4.2.1 Hv scattering from starch granules. 

The Hv scattering pattern was obtained when polarizer and 

analyser were crossed. The intensity of the scattered light 

was measured as explained in the experimental sections. 

Using the granule-backing obtained by measurement in the optical 

microscope (R=I-l 
, 1.25,1.64,2.5,5) , the scattering intensity 

predicted by equation (2,9) page 44 was calculated and is plotted 

in figures (2,3,4,5 The intensity for only one lobe was 

calculated since the pattern is fourfold symmetric. 

The similarity with the experimentally recorded intensity is 

obvious in f igures (2,3,4,5)and the conclusion is therefore drawn 

that the Stein-Rhodes equation (equation2.9 ) accurately predicts 

the scattering envelope of the starch granules. However, the 

direct application of equation (2.9 ) is always complicated by 

the presence of a distribution of particle sizes and the necessity 

of adopting average value of R. 

For a collection of granules the complication that arises because 

larger granules contribute more to the scattering envelope is 
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illustrated in figures(4,5). The figures indicate that the 

value of R obtained experimentally is slightly higher than the 

theory predicts. However the analysis of the single-granule 

scattering envelope by Borch (. 34 ) demonstrates that the 

disagreement is not due to an inadequacy of the scattering theory 

(there is, however, a discrepancy due to anisotropy fluctuations, 

wh i ch depend upon the g ranu Iesi ze) . 

Borch ( 34) in comparing the scattering envelopes of single 

granules and granular samples showed that for the single granule 

the envelopes appear much more ''grainy'' or non-homogeneous. 

The non homogeneity of the pattern is dependent on the number 

of scattering bodies in the beam, since it is not observable for 

a granular sample. It was proposed that this effect is due to 

an interaction between the incoming and the scattered beams (I IE, 119) 

When several bodies are located in the scattering beams the 

effect is destroyed because of the random positions of the particles 

which partially destroy distinct phase relationships created by 

a single particle. 

4.2.2 Influence of granule shape on the Hv scattering. 

The Stein-Rhodes equation is derived for a perfect spherical body 

possessing a centre of symmetry, However, many starch varieties 

consist of granules of nonspherical shape due to the occurrence 

of preferred growth directions. Potato-starch samples which 

contain a significant number of such deformed granules produce 
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the fourfold symmetric cloverleaf like the much more spherical 

shaped granules of Taros. 

4.2.3 Granule structure 

Although the scattering technique represents a significant advance 

in analysis of the starch granules the information regarding the 

granular structure which may be derived from Hv scattering 

envelope is limited. The structure of the native granule is at 

present unknown and many conflicting hypotheses have been 

proposed in the past. Small-angle light-scattering techniques 

at least contributed towards eliminating some of these hypotheses 

even if it is unable to produce concrete evidence for a 

particular structure. However, Rv scattering proved to be quite 

good for measurement of average particle size. 

Table (4.6) 1 ists the average particle size of one hundred and 

twelve types of Taro starches calculated by the I ight-scatteri-ng 

technique. 

[ntensities obtained from experiments were analysed by computer to 

obta inaI east-squa res fit to an equat ion of the form 

y- ax n+ bx n-I + cx n-2 
... Since the curve was assumed to be 

roughly parabolic around the maxi-mum so that the above equation 

2 
could be reduced to the equation y= ax +bx+c (1). F rom 

equation (1) the maximum was calculated as part of the computer 

programme used in the above curve fitting analysis. This meant 
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that average spherulite radius could be obtained from the 

Hv SALS pattern. The distance from the centre of Hv SALS 

pattern to the intensity maximum of one of the lobes, in 

conjunction with the known sample to film distance, can be 

used to calculate the polar angle. Once the value of the polar 

angle, Gmax, has been obtained, the value of Ro can be calculated 

by using the equation (2.10) see section ( 2.7.1). 

Ro = 1.025X/Tsin( Omax/2) 
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Table ( 4.6) 

No. Horticultural varieties Average particle 
diameter At 

--------------------------------------------------------------- 

I A'Al ii 3.37 
2 Akado 4.96 

3 Apowale 2.88 
4 Apu 2.62 

5 Apuwai 4.135 

6 Aweu 3.8 

7 Bun-Long 2.46 
8 Burra 3.10 

9 Eleele Makoko 3.02 

10 Eleele Naidea 2.78 

11 Elepaio 3.38 

12 Fa i Faas i2 2.92 

13 Fa Eleele 3.16 

14 Fai Faasi 1 3.05 

15 Falan 3.34 

16 Haokea 2.77 

17 Hapuu 3.98 

18 Iliuaua 1.75 
19 Kakaura Ula 3.20 

20 Kai-Uliulu 3.379 

21 Kai Ala 3.6 

22 Kai Kea 2.64 

23 Kala Lau 3.36 

24 Kai KBS 3.368 

25 Kaladao 3.04 

26 KBS Bun-Long 3.73 

27 Ketuangamea 2 2.82 

28 Ketuangamea 1 2.97 

29 Kuoho 2.69 

30 Kumu Eleele 3.07 

31 Lauloa Keokeo 3.04 

32 Lauloa Dala 2.96 
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No. Horticultural varieties Average Particle 
diameter 4 

---------------------------------------------------------------- 

33 Leo 3.44 
34 Lehua Palaii 4.02 

35 Lehua Keokeo 2.96 
36 Lehua Maoli 2.72 
37 Lauloa Palakea Keokeo 2.89 
38 Lauloa Palakea Papa Mu 2.85 
39 Lauloa Palakea Ula 3.06 
40 Lauloa Palakea Eleele 2.8 
41 Uahiapele 3.12 
42 L73-369 2.42 
43 L73-365 3.37 
44 Manua Lanu Memata 2 3.5 
45 Manua Lanu Mehata 3.52 
46 Manakea Mata 5.1 
47 Mana Okoa 4.8 

48 Mana Eleele 3.45 
49 Manini Opelu 3.72 

50 Manini Toretore 3.08 

51 Manini Kea 4.32 

52 Manini Uliuli 3.35 

53 Manini Owali 2.89 

54 Manapiko 4.03 

55 Matangi Fauna 3.64 

56 Matale 1 3.97 

57 Mana Uliuli 3.94 

58 Mana Ulaula 5.1 

59 Mana Lauloa 3.48 

60 Mana Keokeo 3.18 

61 Miyako 3.77 

62 Moana 2.7 

63 Naea 2.62 

64 Nawao 3.1 

65 Nihopuu 3.54 

66 Niue Ulaula 3.463 
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No. Horticultural varieties Average particle 
diameter A 

-------------------------------------------------------------- 
67 No 330 3.71 
68 No 7- 398 4.27 
69 No 8- 398 3.497 
70 No 7- 391 2.746 
71 No 365 -1 3.28 
72 No 3- 396 3.37 
73 OHE 2.67 
74 OOPUKAI 3.095 
75 Pang Daga 2.85 
76 Papapueo 3.85 

77 Papakoloa Koae 2.93 

78 Paakai 3.07 

79 Piko Uaua 2.87 
80 Piko Elele 3.2 
81 Piko Keokeo 3.13 
82 Piko Keo 2.63 
83 Piko Ulaula 2.83 
84 Piko Lehua Apei 3.5 

85 Piialii 3.089 

86 Piialii Ula 2.84 

87 Pilipino Short Stem 3.63 

88 Pilipino Red 3.18 

89 Pola Samoa 3.16 

go Pololu 4. ig 

91 Pula Mumu 3.99 

92 Purple Manaluo 4.08 

93 Red Moi 3.77 

94 Sawa Pah Uetata 3.34 

95 Sasa Uliuli 3.08 

96 Sasa Paepae 2.92 

97 Sasa Uliuli 3.95 

98 Taro Hoia 2.92 

99 Talo Manua 3.35 



- 132 - 

No. Horticul tural varieties Average particle 
diameter u 

-------------------------------------------------------- 
100 Tahitian 3.28 

101 Teatea 2 3.11 

102 Teatea 1 4.27 

103 Tsurunoko 3.21 

104 Ulaula Moano 3.58 

105 Ulaula Poni 3.3 

106 Ulaula Kumo 3.55 

107 Vaevae Ula Uli 3.8 
108 Weh i wa 2.93 
109 West Samoa 3.82 

110 White Moi 2.94 

III Yen 614 3.71 

112 Yellow Benahi 3.38 

Table (4.6 )iI lustrates average particle sizes of 112 Taro 

varieties obtained from light scattering technique. 
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Section-3 

4.3.0 Particulate-filled polymers 

4.3.1 Introduction to the various types of composite systems. 

A composite material may be defined as a material made up of 

two or more components and consisting of two or more phases. 

Such material must be heterogeneous at least on a microscopic 

scale. Composite materials may be divided into three general 

classes: 1. particulate-filled materials consisting of a 

continuous matrix phase and discontinuous filler phase made up 

of discrete particles. 2. fibre-filled composite 3. skeletal 

or interpenetrating network composite consisting of two 

continuous phases. 

Many commercial polymeric materials are composites, although their 

composite nature may not be obvious. Examples include polybiends 

and ABS materials, foams, filled polyvinyl chloride formulations 

used in such applications as floor tile and wire coating, filled 

rubber, thermosetting resins containing a great variety of fillers, 

and glass fibre-filled plastics. There are many reasons for using 

composite materials instead Of the simpler homogeneous polymers. 

Some of these reasons are: 

I. [ncreased stiffness, strength, and dimensional stabi I il, ty 

[ncreased toughness or impact strength 

Increased heat-distortion temperature 

Increased mechanical damping. 
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Reduced permeability to gases and liquids 

Modified electrical properties 

Reduced cost. 

Not all of these desirable features are to be found in any single 

composite. The advantages that composite materials have to 

offer must be balanced against their undesirable properties, 

which can include complex and difficult-to-predict rheological 

behaviour and the need for different fabrication techniques as 

well as a reduction in some physical and mechanical properties. 

The properties of composite materials are determined by the 

properties of the components by the shape of the filler phase, 

by the morphology of the system, and by the nature of the interface 

between the phases. Thus, a great variety of properties can be 

obtained with composites. By alteration of the morphological 

or interface properties an important property of the interface which 

can greatly affect mechanical behaviour is the strength of the 

adhesive bond between the phases. 

In order to i mp rove the adhes i on itis necessa ry to know aII the 

interactions at the interphase. Types of interaction between filler 

and polymer can be divided into four groups depending on the type 

of filler and its interaction with the matrix . 

I. The simple physical inclusion of filler particles oe their 

agglomerates in a non polar polymer matrix causes weakening of the 
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system by acting is a diluent. 

2. Physical inclusion of filler particles with a simultaneous 

wetting of the particle surface by the polymer causes some 

stiffening of the system, i. e. it increases the Young's modulus 

and decreases the ultimate elongation. 

Strong physical adhesion of the polymer to the surface of 

the fiI ler particle which causes a considerable reinforcement 

of the system. 

Chemical bonding of the matrix to the filler particles. 

When selecting a filler for a given polymer types 3 or 

interactions are obviously preferred since the strongly-bonded 

systems have relatively good mechanical properties. Basically 

there are four ways to improve the adhesion between polymer 

and filler: 

a. to increase the total adhesion forces by reducing the size 

of filler particles and/or the treating of the surfaces to increase 

the surface area of each particle (increasing roughness or 

porosity). 

b. increasing the adhesion forces by improving the wetting of the 

filler particles by the polymer matrix (type 2 or 3 interaction). 

This may be achieved by the introduction of the third component 

which adheres well to the filler and to the polymer. If each 

particle of the filler is surrounded by a thin layer of this 

third component, it acts as a kind of adhesive bond between 

iI ler and polymer. 
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Many and various types of fillers are used for the filling of 

the plastic materials (12G, 121). In the case of polyolefines 

the following fillers have been used: talc (122), asbestos 

(123,124) 
, Kaolin (125,12-6) 

, metal powders, (127,128), metal 

oxides (129), mica (130,130, aluminium hydroxide (132), carbon 

black (133), silica (134), glass (in the form of spheres or fi,, bres 

(135,136), cellulose (1371, straw with wood chips, wood sawdust 

and gypsum (138), lignin (139) 
, wood flour (140), peanut shells 

Usually one finds an increase of the Young's modulus, or 

an increase of hardness but a decrease of tensile strength and an 

increase in the brittleness of a composite. Such properti%es would 

seem likely to result from the adhesive bond formed at the interface. 

The interaction at the interface can be changed in various ways with 

an improvement in physical properties. (n the case of polyolefines 

the covering of the filler particles with carefully chosen materials 

is often effective. 

Organo-titanate layers 

Organo-titanate layers are used for most fillers to polyolefi, nes 

(142,143) 
- If app I ied in amounts ranging from 0.5% to 3% 

they cause an increase of adhesion between polyolefine and filler 

followed by an increase of the elastic modulus and a decrease 

of the impact strength and the ultimate elongation C144). 

Silane layers are used as coating agents for the mineral fi-Ilers, 

polymers and Organosilanes (145-147). The silanes have two 
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functional groups RI and OR, usually RI is a reactive organic 

group such as an amine H2 N-CH 2- CH f- CH T- (OC 
2H5 

)3, vinyl 

CH 2- CHSi-(OCH 3) 3' or methyacrylate. 

CH 3 1 
CH C- COO-CH CHf-CH Si(OCH group bonded to the 2 2- 2T33 

silicon atom via a short aliphatic chain. OR group is hydrolysing 

alcoholate groups white RI groups react with the polymer matrix 

and OR groups are chosen to suit each particular filler and 

po I yme r. 

Organiclayers 

Stearic acid and stearates of calcium, sodium and barime and 

their compositions are the popular modifiers. These compounds 

function as coupling agents between the organic and mineral phase. 

They also show a lubricating property in processing. 

Methods for improving the strength of the composite by modifying 

starch fillers in order to obtain adhesion between the filler and 

its matrix was reported by Sharafi (113). The use of various 

si lane derivated starch brought about some useful improvements 

in-,. the strength of polystyrene composite reported by Sharafi. 

Linero studied the effect of adhesion further in order to find the 

optimal conditions for the surface treatment of starch for a 

variety of uses. 

An attempt was made to increase adhesion of starch and polymer by 

acid treatment of rice starch. It is believed that acid attacks 
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the amorphous part of starch, and causes rouqhness on the 

surface of the granule. 

4.3.2 Mechanical properties of HDPE containing various starches 

with different particle sizes have been measured. (see section 

3.10.0 ). Table (4.7 ) shows these properties. 

4.3.3 Strength and stress-strain behaviour of starch-filled 

HDPE. 

Although particle-size alone has little, if any, effect on the 

modulus of a composite in the absence of agglomeration, particle 

size has a large effect on tensile strength, fig (6 Tensile 

strength increases as particle size decreases. The reason for this 

is not entirely clear, but the increase in interfacial area per 

unit volume of filler as particle size decreases must be an 

important factor (148). A second factor may also be important, 

and that is the creation of voids in the polymer, the larger the 

particle the bigger the voids, as is shown schematical ly in 

(f ig 7 ab) . 
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Finure 7a) shows the state of the polymer in the neighbourhood 

of a starch particle before the tensile stress is applied. 

The dotted lines depict the region of polymer which will 

experience the maximum stress concentration once the tensile 

stress is applied. Fig ( 7)b shows that voids may form at 

these regions of high stress concentration along the direction 

of stress. 

Particle agglomeration tends to reduce the strength of a filled 

material even though the agglomerate may be strong enough to 

increase the initial modulus. Agglomerates are weak points in 

the material and break fairly easily when a stress is applied to 

them. A broken agglomerate particle then behaves as a strong 

stress concentrator. In addition, sinc6-agglomerates are larger 

than the primary fiI ler particles, they produce weaker materials 

than composites containing the dispersed particles. 
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We have always attempted to use the rol-I milling process to 

eliminate starch agglomeration as is shown in plate (27,28) 

section ( 4.4.4). Thus, a given composite can have a range 

of stress-strain properties depending upon the intensity and 

time of mixing and upon thý kind of surface treatment given the 

filler particles for at least two reasons: 1. the mixing may 

break up agglomerates and change the degree of dispersion 

2. the mixing may change the amount of air entrapped in the 

composi e. 

4.3.4 Yield strength. 

The presence of fillers often causes the appearance of a yield 

point in the stress-strain curves of elastomers and ductile 

polymers. The yielding phenomenon might be due to a crazing 

effect or to a dewetting effect in which the adhesion between 

the filler and matrix phases is destroyed so that there is a 

drarratic decrease in the modulus of the material. At the same 

time, voids are created and the specimen undergoes dilation (149-151) 

Although pure LDPE and HDPE possess an intrinsic yield point 

fillers in these materials may cause changes in yield strength 

possibly by analogous mechanisms. 

The increase in yield strength in LDPE at high concentrations of 

starch filler was observed by Linero 
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In contrast to Linero's work with LDPE, the presence of starch 

in HDPE resulted in no increase in yield strength as shown in 

f ig (ý). Only acid treated rice starch at a concentration 

of 20% by weight resulted in slight increase in yield strength. 

4.3.5 Elongation at break. 

The decrease in elongation at break with rigid fillers arises 

from the fact that the actual elongation experienced by the 

polymer matrix is much greater than the measured elongation of 

the specimen (152). Fig (9 illustrates the elongation at 

break of starch filled HDPE as a function of filler concentration. 

Although the specimen is part filler and part matrix, all the 

elongation comes from the polymer provided that the filler is 

rigid and particles of filler do not fragment. 

4.3.6 Moduli of starch filled HDPE 

For polymers containing nearly spherical particles of any modulus, 

the Kerner equation (153) or the equivalent equation of Hashin 

and Shtrikman (159) can be used to calculate the modulus of a 

composite if there is good adhesion between the phases. 

It is assumed that starch is a rigid filler and that there is 

good adhesion between the starch and HDPE. The equation of 

Hashin can be used to predict the Young's modulus of the composite: 
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+3 
(1-Y) BY - 'Y) 

Em (1 +-Y) (4- 5Y F I' 'v 

whe re 

Ec- Young's modulus of composite 

Em- Young's modulus of matrix 

Cv - volume fraction of filler 

Poisson's ratio for the matrix 

The predicted Young's modulus Ec was calculated using above formula. 

Fig (10 ) illustrates the Young's modulus obtained experimentally 

calculated using literature values for -Y= . 
45, together with Ec 

predicted on the basis of Hashin's equation given above. I 

According to the formula the predicted moduli are slightly 

higher than the experimental results obtained by tensometry, 

However, moduli obtained from flexural testing matched those 

obtained from the theory of Hashin. It may be concluded that 

a good adhesive bond exists between filler and polymer in the 

cases studied. 

The theories of composite elasticity indicate that the elastic 

moduli of a composite material should be independent of the size 

of the fiI ler particles 0 55). However, experiments generally 

show an increase in modulus as the particle size decreases 

( 156 ) Fig (11 10 illustrates this effect. 
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There are several possible reasons for this discrepancy 

between theory and experiment: 1. As particle size decreases 

the surface area of a given mass of the particles increases. 

If the polymer is changed in some manner at the interface, 

then the properties should change with particle size because 

of the change in surface area provided that the elastic 

properties of the composite depend on the interfacial area. 

2. As particle size decreases agglomeration of powder tends to 

increase with a corresponding decrease in maximum packing 

vo I ume. Thus agglomeration may account in part for the difference 

observed between theory and experiment. In the case of the 

experiments reported here very Ii ttle agglomeration was al ]owed 

to occur suggesting that the first explanation is correct and 

the simple theory must be inadequate in some respect. 
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Section 

4.4.0 Microscopic observation of starch-filled HDPE 

Many methods have been suggested for assessing the degree of 
dispersion and extent of agglomeration of fiI lers in plastics and 

possible morphological modifications due to the presence of the 

filler in the polymer. The results of optical microscopy taken 

in conjunction with S. E. M. and T. E. M. results have been used for 

such studies. 

4.4.1 Light microscopy observation 

Thin sections, about 10 micron thick, of unfilled HDPE and 1% 

starch-filled HDPE were prepared by microtomy. Sections were taken 

from within a region of area 72 mm 
2 in the centre of the bar-shaped 

tensi le test moulding specimen (perpendicular to the flow direction) . 

Thin sections were observed using I ight microscopy and Canada 

balsam as a mounting medium. 

Plates (I Iý 13 ) show clearly that the starch granules do not change 

their apparent birefringent pattern or shape during compounding 

or moulding processes. Plate (10 ) shows the microstructure of 

unfilled HDPE observed using crossed polars (the striations visible 

in this photograph result from the effect of the knife-edge profile 

on the specimen). Plate 02,14 ) shows the microstructure of HDPE 

in the presence of starch comparing plate ( 12,14) with plate ( 10 ), 

there is evidently a significant difference between the filled and 

unfilled material. A white area around the starch granules can be 

observed in these photographs. The depth to which this region 
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extends seems to be dependent on the size of the starch granules. 

Chanzy and Reval ( 157 ) studied the morphology of the polyethylene 

shells encapsulating starch granules where the polymer had been 

chemically synthesized on the surface of potato starch granules. 

When the polyethylene encapsulated starch granules were observed 

with polarized I ight in an optical microscope, Chanzy and Reval 

showed that the polyethylene encapsulation shell was strongly 

birefringent and displayed the Maltese cross effect. Their 

conclusion was that the layer had a negative birefringence, i. e. 

in the bi ref ri ngent a rea the po I yethy I ene was ma in1y or i ented 

tangentially to the starch surface. This behaviour was correlated 

with the stretching of the encapsulation membrane during the growth. 
0 This stretching caused ruptures inside the polymer shell, and 

formation of dry cracks with edges I imited by an array of 

microf ibri Is. The cracks deepen towards the starch granule centre, 

whereas the microfibrils run tangentially to the encapsulated 

granule. These microfibrils contain highly oriented polyethylene and 

are responsible for the negative birefringence of the polyethylene 

she] I. Although the conditions of preparation of their samples were 

different from that used in the present work, similar observations 

were made. Here we are not concerned with the sign of the 

bi ref ringence of polymer contignous with the starch granule layer, 

but we bel ieve that microf ibri Is grow tangential ly to the starch 

surface, and orient the HDPE locally. Linero (9) suggested that 
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, 

Plate (10) Optical Photomicrograph of microtome cross-section 

of HDPE (polarized light ) (x 420) 

Mountant, Canada balsam 
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Plates (11 & 12) Optical photomicrograph of microtome cross-section 

of 1% potato starch filled HDPE (x 420) 

(Top) : normal light (bottom): polarized light, mountant Canada Balsam 
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Plate (13 & 14) Optical photomicrograph of microtome cross-section 

of 1% maize starch filled HDPE (X420 

(top): normal light (bottom): polarized light 
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polyethylene melt wet the starch granules very readily during 

the milling processes, then during the milling or injection process 

the polymer melt is forced to crystal Ii ne and orient around the 

starch granules. The above observations suggest that the final 

morphology of the matrix polyethylene, near the starch granules 

might be different to the unfilled polymer. These observations 

encouraged us to investigate these effects in greater detai I 

by electron microscopy. 

4.4.2 Observation of the starch filled KDPE by Scanning Electron 

Microscopy. 

To prepare the polymer surface for viewing by scanning electron 

microscopy, moulded samples were etched with hot chromic, 

sulphuric acid solution (see section 3.9-5)- This etching 

treatment on starch filled HDPE reveals a fibril lar substructure. 

The oxidative etching in hot chromic sulphuric acid has caused 

the amorphous material to be dissolved in part, leaving the f ibri I lar 

core which has resisted attach. Plates (15-18 ) show a sample 

of HDPE polymer containing potato starch which enables us to comment 

on the appearance of isolated granules in the matrix. As is 

evidenced by these photomicrographs, the morphology of the matrix 

polyethylene, near the starch granules, is different from the rest 

of the polymer matrix. Here the fibrillar structure displays a 

radially propagating pattern with the granules at its centre. 
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Plates (15 & 16) S. E. M. view of potato starch-filled HDPE 

etched with hot chromic and sulphuric acid showing microstructure 

of polymer in the presence of starch. 

The black areas respresent the location of starch granules before 

etching removed them. 
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Plates (17 and 18) S. E. M. view of potato starch-filled HDPE 

etched with hot chromic acid and sulphuric acid showing the 

microstructure of the polymer in the presence of starch 
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Plate 15-18 shows clearly the black area which represents the 

position where a starch granule existed in the polymer before 

the etching treatment removed it. 

Linero (9) suggested the possibility of formation of regions of 

trans crystallinity in the starch filled polyethylene. Wi de 

differences in the density of spherulite nuclei on the surface 

relative to the bulk may be observed so that in extreme cases 

a unidirectional or trans crystalline growth may occur leading 

to surfaces of different texture, orientation, and probably of 

crystalline perfection as well ( 158). Generally there is no 

disagreement that trans crystallinity is essentially spherulitic 

in character and originates from a crowding of primary nuclei 

at the surface (158). Considerable disagreement does exist 

concerning the factor which contributes to the formation of a 

relatively high nucleation density at the surface. 

In most crystalline polymers and especially in polyolefines, the 

formation of primary nuclei is dominated by the presence of foreign 

matter (present either by accident or design). 

Presence of starch at the melt surface therefore may we] I induce 

trans crystallinity. 
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4.4.3 The technique of permanganic etchings 

In order to reveal more lamellar structures present in polyethylene 

and other polyolefines a technique involving the use of 

permanganate as an etchant has been devised (105) which a] lows 

representatives of melt-crystallized morphologies to be studied 

with the electron microscope. Olley and Bassett (105) reported 

that artefacts of about 10 micron in diameter can develop if 

permanganic etching procedure was adopted (see section 3.9-5). 

etching recipe). 

It is necessary when using the permanganic etching technique to 

study the morphology of these artefacts so that they may be 

recognized as such should they occur in some particular 

experimental situation and to discover whether the presence of 

starch makes any difference to the morphology of the polymer 

matrix or the artefacts. 

This permangenic etching technique is a very sensitive monitor of 

surface topography. Plate (19,20ýhows the number and size of 

artefacts as a function of the length of time, over which etching 

was carried out. It was reported (105), that there are systematic 

variations in number and size of the artefacts with the 

concentration of the etchant (high concentrations resulting in 

large numbers of artefacts). The distribution of artefacts over 

the fieId of vi ew is gene ra IIy uneven, show i ng a tendency to f orm 

along surface scratches, knife-marks or similar irregularities. 
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and sulphuric acid, showing the creation of artefacts 

Plates (19 and 20) S. E. M. view of HDPE etched with permanganate 
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Injection moulding samples facing the smooth surface of the 

cavity have been chosen for etching in order to avoid surface 

scratches. 

Plate (21/2) shows starch-f iI led HDPE and it is clear that the 

artefacts are created in the presence and absence of starch. 

Itis appa ren tf rom pI ate (2 1 /2) that the st ructu re of po I ymer 

matrix is affected in the area near the starch granules where 

once again the round black area represents the position of 

starch granules as they were before etching treatment. Here the 

fibril lar structure has a radially propagating structure with the 

granules at the centre which tends to support the previous 

arguments. 

Olley and Bassett also reported an improved etchant for polyolefines, 

which avoids the creation of artefacts (see section 3.9-5) 

Plate ( 23 ) shows the matrix of HDPE without starch, the structure 

is uniform and there is no sign of variation in structure. However 

plate ( 24 ) shows that the structure of polymer matrix is 

different in the area which has been influenced by the presence of 

starch. It may be tentatively concluded from our microscopic 

investigations on the structure of starch-f iI led HDPE that the 

starch granules exert some effect on the morphology of polymer 

local ly. 

The various problems of interpretation of photomicrographs using 

different microscopy techniques are well known and it is necessary 

db 

to state that our conclusions need to be taken in conjunction with 
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Plates (21 and 22) S. E. M. view of maize starch-f i lied HDPE, 

etched with permanganate and sulphuric acid, showing the 

morphology of artefacts in the presence of starch 
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Plate (23) S. E. M. view of HDPE etched with permanganate, 

sulphuric acid and orthophosphoric acid. 

Plate (24) S. E. M. view of maize starch-filled HDPE etched 

as in plate (23) 
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with the substantiating evidence for starch polymer interaction 

provided the other investigations reported in this thesis and 

elsewhere. 

Several attempts have been made to prepare a replica of the 

polymer surface, see section (3.9. '7) for observation using TEM, 

although the replica method shows the structure of the surface 

of the polymer. 

We have not succeeded in finding the area of the field in which 

starch was present. The difficulty might be attributed to the 

method of sample preparation; when the sample is etched it is 

possible that the starch granule fal Is out of the polymer matrix. 

so that when acetone-softened the replica film material (BC)O 

on the surface of the polymer, the film does not penetrate the 

hole created by the loss of the starch. granule. Plate ( 25 ) 

shows a surface replica of HDPE etched with potassium permanganate 

and sulphuric acid. Although the presence of the artefacts 

mentioned above seen using the S. E. M. technique, it has been 

impossible to observe them under T. E. M. A comparison of plate (25,26) 

clearly shows that the presence of orthophosphoric acid causes a 

change in the appearance of the etched polymer under T. E. M. 

4.4.4 Dispersion of starch granules in HDPE 

injection moulding samples which were etched with hot-chromic 

sulphuric acid in order to observe morphological changes in polymers 
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PI ate (25) T. E. M. photomi crograph of rep] i ca of HDPE etched wi th 

9.2511 
permanganate and sulphuric acid. 

Plate 
. 
(26) T. E. M. photomicrograph of rep] ica of HDPE etched with 

0.1 A 

permanganate and sulphuric and orthophosphoric acid 



- 173 - 

etched with hot sulphuric and chromic acid showing the 

% 
qd 

lb 

dispersion of the filler in the polymer matrix. 

Plates (27 and 28) SEM view of rice starch-filled HDPE 



- 174 - 

could be used to see the dispersion of starch granules in the 

polymer matrix. Plates (27,28) illustrate the dispersion of rice 

starch in the polymer matrix. As can be seen from these plates 
(20% by weight of rice) it has been well dispersed in the HDPE 

matrix. Similar results have been obtained with the other 

starches-HDPE systems investigated. 

Section-5 

4.5.6 Thermal analysis of starch filled HDPE 

I ntroduct ion 

The science of thermal analysis of the melting behaviour has been 

developed over a long period of time, a recent review of the 

app Ii ca t1 on of the rma I ana I ys is to po I yme rs even as af undamen ta I 

reference cites the work of Le-Chatelier (1887) on differential 

thermal analysis (159). However, extensive applications of 

thermoanalytical techniques to polymers has taken place only during 

the past 15 years (1980) (160). The term "thermal analysts" 

appTies to a famiTy of techniques, aTl of which monitor primariTy 

physical properties as a function of temperature (or of time at a 

defined temperature). Applications of these techniques have been 

mentioned in section (2.8.0. 

[n this section we concentrate on differential scanning calorimetry 

(D. S. C. ), because the D. S. C. equipment available was particularly 

suited to the present study. An abundance of experimental 
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information on polymers has become available through the use 

of D. S. C., but little information is available on the effect 

of fillers on polymer thermal properties, and the section is 

largely devoted to study of starch filled polymers using D. S. C. 

4.5.1 Quantitative methods of thermal analysis of starch-polymer 

composites. 

Of primary importance in the characterization of semicrystalline 

polymers is the determination of the weight fraction crystallinity 

(x 
I) at a particular temperature T 1* This parameter (x 

I) 

influences a variety of polymer properties and hence its 

determination is fundamental in understanding and correlating 

polymer properties. One method of finding xI is based on the 

measurement of the heat of fusion of the polymer sample by D. S. C. 

Like most methods of crystallinity determination for polymers, a 

two-phase structural model is employed (amorphous-crystal I ine) . 

Use of this model requires that certain assumptions be made. 

These i nc I ude ( 16 1) . 

I. That the polymer consists of distinct amorphous and crystal line 

regions and that each may be assigned a particular heat capacity 

at any particular temperature. 

2. That the polymer exists in a stress-free state 

That the heat capacity of the amorphous regions can be 

extrapolated from or is identical to that of the melt 
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That the amorphous and crystalline heat capacities are 

additive by definition, 

AHf I/A lif 
I, (5.1) 

where &Hf 
I is the measured heat of fusion of the polymer at 

temperature TI and Aff, 09 is the heat of fusion of a notional 

100% crystalline polymer determined at T I' Practically, AHf 

is found as follows (160). First the melting curve of a known 

weight (Yr) of a pure, wel ]-characterized. material such as 

indium (Tm - 156.60C; Aff 
r=6.80 cal/g) is determined. The 

a rea unde r the me Iti ng endothe rm (Ar) can be dete rm i ned and the 

heat of fusion ( AHfr) found in the literature. It can be seen 

that: 

Yr( AHfr) = KAr 
(5.2) 

Where K is an instrumental constant that relates thermal energy 

to the area of recorded output. One can then solve for K. A 

polymer sample of known weight (Yp) is then scanned through its 

melting region. The area under the endotherm (Ap) is again 

determined. By analogy to 

Yp ( AHfp) = KAp (5-3) 

Where 4Hfp is the heat of fusion of the polymer. Since K is 

an instrumental calibration constant and Yp and Ap are known, 
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one can solve for AKfp. A problem that is frequently 

encountered with polymers is to decide how one def ines Ap, or 
in other words, to decide how to join the pre- and post- 

transition baselines 

Consider the general equation relating measured heat capacity 

to thermal measurement (162). 

H= XHC + (I-x)Ha + 
dx LHf 

dt (5.4) 

where H is the measured heat capacity (t) the temperature, and 

Hc and Ha the hea t capac iti es of the crys ta IIi ne and amorphous 

material, respectively. In the melting region the last term 

in (5.4) becomes dominant, but at least in the case of polyethylene, 

is a minor contribution to H up to 30 0C below the melting 

tempe ra tu re (162) 
. Hence it is customary to determine the last 

term in (5.4) from the heat capacity contributions by drawing 

an appropriate straight base line tangential to the pre- and post- 

melting baseline of the melting curve (fig 12). However, the 

construction of this baseline can be a somewhat subjective 

procedure. 

Several procedures have been suggested by different authors (163 )- 

However, since we are comparing polymers with and without fillers 

in the measurement of heat of fusion, and the base 1 ines are drawn 

in an identical way, in each case it is considered possible to 
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obtain a reasonably accurate measurement. 

The ''total AHf I" method for crystallinity will often involve 

the determination of smal I differences between large quantities, 

which is undesi rable from the point of view of accuracy. 

However, careful analysis of the data obtained on a variety of 

samples should lead to a greater understanding of the fusion 

process for each class of polymer and this in turn may even 

lead to a simple ''baseline'' means of measuring AHf 1* 

4.5.2 Melting point and percent crystallinity 

Polyethylene is a semi-crystalline thermoplastic polymer, which 

upon the application of heat, undergoes a process of fusion, or 

melting, where the crystalline character of the polymer is 

destroyed. While polymers melt over a temperature range due to 

difference in the size and regularity of the individual crystal I ites, 

the melting point of a polymer is generally reported as a single 

temperature where the me] ting of the polymer is complete. 

An additional parameter for the characterization of polyethylene is 

its percent crystallinity. Many important physical properties of 

polyethylene are dependent on the percent crystallinity. For 

example, low crystallinity polyethylene is characterized by high 

impact strength and optical clarity and high crystallinity 

polyethylene is characterized by stiffness. 
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Both the melting point and percent crystallinity may be 

determined from a single D. S. C. scan on the sample. Fig (13 ) 

illustrates a typical D. S. C. determination of the polyethylene. 

The melting point is taken at the peak temperature where melting 

is complete, or at least nearly so - in this case 401-17 0 K. 

The area under the melting peak is equal to the heat of fusion 

of the sample, generally abbreviated AHf,, in units of 

calories/gram. The D. S. C. method for determining the percent 

crystallinity of a semi -crystal I ine polymer is based upon the 

measurement of the heat of fusion, 4Hf,, and the reasonable 

assumption that this quantity is proportional to the percent 

crystallinity. If by some process of extrapolation, estimation 

or analogy with model compounds, the heat of fusion, AHf 0 of 

a hypothetical 100% crystalline sample is known, the percent 

crystallinity may be calculated from equation (2). 

Fortunately - for polyethylene at leat - this quantity, &Hf 
10 

has been determined by D. S. C. measurements on a 100% crystalline 

polyethylene ( 164) and found to be 68 calories/gram. 

With the aid of the computer system, the area under the curve, 

representing the heat of fusion, is directly printed out. 

Measurement of heat of fusion of starch filled HDPE. 

The heat of fusion calculated using the scan D. S. C. has first 
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been multiplied by the total weight of polymer and starch in 

the sample. The result was divided by weight of polymer 

present in the same sample. It was assumed that since starch 

does not melt, it does not contribute to the heat of fusion of 

the composite, i. e. the observed heat of fusion was attributed 

to thermal transitions of the polymer alone. Support for this 

assumption is provided by the comparison of the D. S. C. scan of 

starch filled polymer and starch alone, shown in figure ( 13). 

Percent crystallinity of starch filled HDPE was calculated using 

equation 5.1), and illustrated in figure ( 14 ). Table (4-5 ) 

shows 4Hfl, and mel ting point for HDPE and starch fiI led HDPE. 

Increasing the concentration of taro starch with an average 

particle size of 3.2 micron in HDPE caused a gradual increase in 

the total heat of fusion of the polymer calculated as explained 

above. 

However, increasing the concentration of potato starch with an 

average particle size 50 micron and maize starch (average particle 

size 15 micron) did not make any significant difference to the total 

heat of fusion regardless of the amount of the starch. It may 

be concluded that particle size does play a part in determining 

the thermal properties of the filled polymer (and in turn in 

determining the mechanical properties of the filled polymer, see 

section 
(4-3.0)) Although it is necessary to take into account the 
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Fig (14) Effect of various starches on percentage crystallinity 
of HDPE 

Symbols used are as given in table (4.7) 
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Tab Ie (4.8) 

Effect of different starches on the thermal properties of HDPE 

Fi I ler Starch Melting point Heat of %crystallinity 
concent- fusion 
ration K0 

-------- 

W/W 

------------ ----------------- 

Cal/gram 

------------ ------------------ 

None 401.12 33-57 49-36 
Lehua 
Mali 5 4o4 36.81 53.82 
starch 10 404 39-14 57-55 

15 404 39.48 58-05 
20 402 40.15 59-004 

Acid None 401.12 33-57 49-36 

treated 
Rice 5 400-39 36.64 53-95 
Starch 10 401-13 37.4 55 

15 405-73 38.2 56.176 
20 406.6 38.92 57.23 

None 401.12 35-57 49-36 

Rice 
Starch 5 404-31 37.08 54-52 

10 401.43 37.8 55-54 
15 403-19 38.92 57.23 
20 400-32 39-162 57-59 

None 401.12 35-57 49-36 

Maize 
Starch 5 403-91 36.4 53-52 

]a 400-57 35-96 52.88 
15 400-54 35.82 52.67 
20 400-77 35-33 51-95 

None 401.12 35-57 49-36 

Potato 
Starch 5 401.19 34.94 51.3 

10 400.0 34.5 50-73 
15 400-56 34.28 50.41 
20 400.99 34.12 50-17 
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fact that different starch types have somewhat different effects 

on the polymer into which they are blended. 

Increasing the concentration of rice starch with average particle 

size of 5 micron, acid-treated rice starch in HDPE causes a 

gradual increase in the total heat of fusion of the polymer. In 

the case of acid-treated rice starch it was expected that the 

effect of the filler on the total heat of fusion of the polymer 

would be greater than that observed with the other starches, 

because greater mechanical yield and tensile strength and hence the 

presumably increased starch-polymer interaction (see section 

but in fact differences we observed were rather small. 

It is interesting to compare and contrast these results on thermal 

properties of the starch-filled HDPE with the result obtained on 

the effect of starch granules on the mechanical strength of the 

filled polymer. 

Only in the case of acid-treated rice starch-f iI led HDPE was an 

increase in the mechanical yield strength observed. The effect of 

acid-treated rice starch on the heat of fusion of the filled 

polymer was, by contrast, quite similar to that of untreated rice- 

starch, which suggests that the mechanism which mediates the 

increase in yield strength as a result of blending acid-treated 

rice starch with HDPE has a different physical origin to that 

study involved in increased crystallinity in the polymer. 
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Fig ( 15) illustrates the D. S. C. thermograms of acid treated 

rice starch filled HDPE, indicating variation of melting points 

for various concentrations of starch. 

Sect i on_6 

4.6.0. X-ray diffraction studies of starch filled HDPE. 

I ntroducti on 

Sol id polymer can exist in an amorphous state characterized by 

a disorder arrangement of molecules and in a crystal line state 

characterized by three-dimensional order. Crystal I ization causes 

changes in the properties of polymers, e. g. in hardness, 

softening temperature, density and optical clarity. During the 

1940's and early 1950's polymer chemists considered all partly 

crystal I ine polymers to be two-phase systems made up of smal I 

crystallites embedded in an amorphous matrix. Each of these 

crystallites was supposed to consist of a bundle of parallel 

chains, shown schematically in (figure 16a ), with each crystall ite 

so small that a single molecule passed through several crystals ( 165). 

a b 

C 

Fig. 16 Various representations of chain conformation in crystalline 
i3o I vme rs. 
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This concept of polymer crystallinity, called the fringe 

micellar theory, predicted that a polymer could never become 

100 per cent crystalline because, as crystallization progressed, 

the portions of molecules in amorphous regions would become 

strained and this strain would finally prevent further 

crystallization (165 ). During the period when the fringe micellar 

theory was generally accepted, partly crystalline polymers were 

characterized by the percentage of crystallinity and various 

methods for determining the percentage of crystallinity were 

devi sed (165). However, as measurements and observations 

accumulated, it became apparent that the fringe micellar theory 

was inadequate. In the late 1950's sJngle crystals were prepared 

from solutions of various polymers, and the molecules in these 

crystals were shown to be arranged perpendicular to the broad 

face of the crystals and to be folded back on themselves accordian- 

wise, as shown in fig ( 16 )b and ( 16 )c. 

A modern view (166) would have us regard highly crystalline polymers 

in a simi lar way to that in which crystals of low molecular weight 

compounds have long been regarded, i. e. as a single crystalline 

phase with defects. Defects in polymers (167) may be lattice 

defects like the defects that occur in crystals of low molecular 

weight compounds, screw or edge dislocations, grain boundaries 

stacking disorders, etc. 
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Not a] I workers subscribe to the viewpoint that a partly 

crystalline polymer is a single (crystalline) phase with defects. 

These workers prefer to treat semicrystal I ine polymers, and even 
highly crystalline polymers, as mixtures of crystalline and 

amorphous phases (168). It seems probable that the truth lies 

somewhere between these two extreme views. 
0 

Experimental techniques that yield important information about 

crystal I ine po I ymers are: x-ray diff racti on, inf rare d absorption, 

density measurement, electron microscopy, electron diffraction, 

nuclear magnetic resonance spectroscopy and observation of 

birefringence (165). However, the presence of starch as a filler 

in polymers make it impossible for some of these techniques to 

be used. In the following paragraphs the feasibility of some of 

the above-mentioned techniques as means to examine the morphology 

of starch-filled polymers will be discussed. 

x-ray diffraction 

X-ray diffraction (169) is a most important technique for the study 

of crystallinity. When an x-ray beam strikes matter, the beam is 

scattered by electrons. If the matter were entirely without order, 

a photographic plate placed perpendicular to the beam would darken 

un i form] y. Amorphous so] ids and I iquids are, however, rarely devoid 

of order. There is even in liquids, transient short-range order 

over a distance of about 5ý. Even completely amorphous polymers 
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scatter x-rays and produce diffuse haloes on a photographic 

plate. 

When a beam of x-rays strikes a crystal in which the atoms are 

arranged in a three-dimensional lattice, the x-rays are reflected 

f rom different planes in the crystal and interfere with one 

another in the reflected beam. There are maxima in the intensity 

of x-rays scattered by a crystal when the relationship between 

the angle of incidence, or the reflected beam and distance 

between layers in the crystal, d, is such that reflections from 

different layers reinforce one another. These maxima occur 

when the following equation is satisfied: 

nX = 2d sin e(I) 

Where is the wavelength of the x-ray and n is an integer, 

1,2,3..... This is an expression of Bragg's law. The x-ray 

diffraction pattern from a single crystal consists of an array 

of spots symmetrically arranged. The intensities and positions 

of these spots can be used to map the distribution of electrons 

in a crystal and, hence, to determine the position of atoms (170). 

The prepa ra ti on of a map of eI ect ron dens i ty requ i res much I abou r 

and a highly crystalline sample. However, even if crystals are 

not large enough to be studied singly, much can be learned from the 

diffraction of x-rays by finely divided powders of crystalline 

mate ri aIs. 
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It is usually reasonable to assume such powders consist of a 

multitude of tiny crystals with faces oriented at a] I angles 

to the incident beam. Some of these crystals are oriented so 

that one set of parallel planes is at just the angle, () , 

to produce reflections. Because there are many crystals in the 

powder sample with this particular orientation of one crystal 

axis, and because the crystals are small, the point reflections 

arising from the individual, small crystals, coalesce on the 

photographic film to produce a ring. Since, in general , crystals 

have several sets of reflecting planes, many diffraction rings 

are produced. The centres of these rings are located at the 

point at which the undiffracted beam intersects the photographic 

plate, and the radi i of the rings are determined by the fact that, 

when the incident beam strikes the plane in a crystal at an 

ang Ie () , the beam is ref I ected at an ang Ie 28. Their geometry 

is iII ustrated diagramatical ly in section (3.12.2) 
. 

Samples of the 

thin film were prepared by melting the HDPE between two glass 

slides and cooled at room temperature. Attempts were made to work 

with identical samples under identical conditions. The thin film 

thus prepared was exposed to x-ray as explained in section (3-12-3) 

Plate ( 29 ) shows a comparison between the x-ray powder diffraction 

pattern obtained from HDPE and 1% rice starcý-filled HDPE. 

Plate ( 30 ) shows a comparison of the x-ray powder photographs 

of HDPE and 15% rice filled HDPE. 
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Plate 3j-. ") shows a comparison of the x-ray powder photographs 

of HDPE and 20% rice starch filled HDPE. 

The purpose of these studies was as follows: to attempt to 

discover whether or not there is any orientation in polymer 

resulting from the presence of starch filler in the polymer. 

Judging from the similarity between the x-ray patterns obtained 

from the samples with and without the filler, it appears that at 

least as far as it is possible to judge from the x-ray reflection 

observed, no induced orientation in particular direction is evident. 

To discover whether or not there is any change in the degree of 

crystallinity resulting from the presence of starch, it is difficult 

using the standard densitometer to trace all the x-ray diffraction 

Ii nes. Howeve r, f rom those Ii nes wh i ch cou Id be t raced, it seems 

that the line profile sharpens due to the presence of starch, and 

this can be seen visually in plate (31 ), despite the fact that 

the amount of HDPE has been reduced as the concentration of starch 

increases. 

The results from D. S. C. confirm that there is an increase in the 

heat of fusion of the polymer and in turn in the degree of 

crystallinity, see section (4-4-0). 



193 - 

Plate (29) Comparison of flat-plate x-ray diffraction pattern 

for HDPE and 10% rice starch-filled HDPE 

mr- 

A M- "all 
a 

Plate (30) Comparison of flat-plate x-ray diffraction pattern 

for HDPE and 15% rice starch-filled HDPE 
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Plate (31) Comparison of flat-plate x-ray diffraction pattern 

for HDPE and 20% rice starch-filled HDPE 
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Conclusion and Suggestions for further work 

The evidence offered in this thesis strengthens the conclusion 

from earlier work that whole grain starch is a most promising 

filler, for high density polyethylene. The results now show 

that certain varieties of starch can be used as true reinforcing 

fillers. When we consider the modest cost, wide botanical 

variety and its clear position as a renewal resource, it seems 

likely that starch will find many applications in such polymer 

composites. The new evidence shows that by controlled acid 

treatment of starch granules one can achieve better adhesion 

between the fiII er and the pol ymer matri x, and th isis most 

probably due to the increase in the surface roughness. This 

argument is based on the observed increase in mechanical strength 

of HDPEý when treated starch has been incorporated. 

It is a] ready known that the starch can perform better as a 

filler for polymers if the surface of starch granules have been 

treated so that they become more easi ly wettable by polymer melts. 

There seems to be only modest incentive to attempt to achieve fully 

covalent coupling between the starch filler and its matrix because 

of the close match in physical properties between this filler/ 

matrix pai r, not surprising when both elements are in fact organic 

polymers. It has been shown that Taro starches are much better 

fillers than other starches, because of their small particle size 

and corresponding larger specific surface area available to 
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interact with the matrix. 

The technique of small-angle laser light scattering proved 

to be of invaluable assistance in dealing with the very large 

number of different starches. Improvements in the experimental 

method have allowed reliable recording of the Hv scattering 

data from starches including the very small Taro, thus 

permitting an accurate evaluation of particle size from 

scattering data in terms of the Stein-Rhodes theory. This 

theory was originally devised for studying spherulitic 

crystalline polymers. On the basis of the excellent agreement 

between particle diameters calculated from scattering 

measurements using the theory and such diameters derived from 

microscopy using various starches, it is concluded that the 

theoretical Hv equation accurately describes the scattering 

from spherulites such as starch granules. Attempts to record Vv 

scattering from starch granules failed because of experimental 

limitations, so that certain aspects of particle structure could 

not be derived, however the Hv scattering analysis of starch 

samples was of obvious technical value and average particle size 

could be determined in a fast and convenient manner for any 

spherul itic granular sample possessing predominantly spherical shape 

shape. The main advantage of light scattering over microscopy 

is the ease and convenience of technique. However, it can only 

give average particle size and particle size distribution had to 

be measured by microscopy. 
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In order to seek some explanation of the unexpected physical 

changes in the polymer matrix, evidence obtained from x-ray 

diffraction patterns and differential scanning calometry was 

examined. There was definite indication of an increase in 

the degree of crystallinity. 

On the basis of the optical and electron microscopy work, it 

has been possible to see morphological changes on matrix 

polymer near to the starch particle. The results presented 

in this investigation are, admittedly, incomplete and contain 

some puzzling features which should be clarified by further 

work. Some suggestions are as follows: 

1. It would be interesting to investigate a series of different 

starches which contain different amounts of amylose because one 

aspect of the ac idt reatmen t process is that it removes amy I o- 

pectin from the starch grain surfaces and this could be more 

important then the development of surface roughness. There are 

starches available which contain up to 90% of amylopectin. 

2. It is still not known if there is any chemical reaction taking 

place between the filler and polymer, a closer investigation might 

reveal evidence of reactions at the interface which may help a 

better understanding of the relationship between the two components. 
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It would be useful to investigate the mechanical stress 

pattern created at the interface by transfer through the matrix 

polymers. Some guidance could be derived from other studies 

in the composites field involving stiff elastic particles 

embedded in a slightly stiffer polymer matrix. 

The technique of light scattering could be used for examining 

other aspects of these starch-composites, such as measurement 

of gelatihization temperatures of particles in sftu by providing 

the apparatus with programmed hot stage. 

Because of the known abnormal behaviour of very thin films of 

polyolefines, for example they exhibit semiconductor properties 

and higher permeability than the bulk material, it would be 

interesting to examine certain physical properties of the 

composites containing high loadings of the very small particle 

starches. There is considerable literature on the diffusion of 

water and gases through composit6s which would be applicable. 
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