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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 iIs primarily a study of the mechanical and thermal
properties of starch-filled high density polyethylene and
attempts to i1dentify 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
filler 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 1

INTRODUCT I ON



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 (1 - 7 ).
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 benefité from a
product which for the same price may be lighter 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 usua! commercial form is totally unsuited for use
with plastics. The starch must first be selected for the
apprOpriaté 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, poiyurethane, 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 sclutions. 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 application must be carefully examined to find 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 (369 ). 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:

| f 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 compostite.

In the case of a crystalline polymer like low density polyethylene,
the most important facts ére 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 fillers 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. I[n order to
measure the particle size of starches, a study using light 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 fibres 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.



CHAPTER 2

GENERAL REVIEW



2.00 General Review

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 (11,12) and
major industries have been created dealing with their utilization.
In starch the units are (X-linked, whereas in cellulose they are
j}-]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

@
starch from different botanical sources.

Amylose is a linear polymer whereas amylopectin is a branched
rolymer (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



(a) cellulose

(b) amylose

CHOH |
H H AI — O y — O n |
_o AN H Ok?“____f\o ¢ (c) amyIOp?ctin -
) on B O branching point
C
Lx

R, o

d 7 (d) Cl1 conformation

Fig (2.1) Amylose is a linear polymer of 1-4 linked
a- D - glucose residue in the Cl conformation whereas
a mylopectin contains additional a-(1-6) - glycosidic

branching 1ink.
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co-workers (14) using x-ray crystallography, to have a helical

structure in its crystalline compjexes. This establishment of a
helical conformation in starch was not well received at the time,
but is currently accepted for many natural products. Unit-cell
dimensions would indicate a helix containing about 6 D-glucose
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

amy lopectin, 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

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

Despite the differences in the content of linear and branched
components, the starches are fairly 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.



_9_

Table (2.1) showing Amylose content and Gelation temperature

of 109 varieties of Taro ( 18)

Class Horticultural Varieties Amy lose Gelation
No. Content Temp.
(%) S
l Tsurunoko 23 74
2 Akado 28 /0
3 Miyako 28 71
L | 1 iuaua 18 72
5 Bun-Long 22 /]
6 Awau 18 72
7 Kakakura-Ula 22 ]2
I 1 Mana Uliuli 28 7]
12 Mana Ulaula 43 7]
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 /0
22 Piko Eleele 10 69
23 Elepaio 40 70
24 Uahiapele 22 63
25 Manapiko 20 69
26 Tahitian 20 70
27 Kai Uliuli 27 72
28 Kai Ala 23 /2
29 Kai Kea 43 /0
30 Apuwai 28 70
31 Apu 33 /1

32 Pitalii 27 ]2



Class Horticultural Varieties Amy lose Gelation
No. Content Temp.
(%) (°c)
33 Paaka 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
L2 Lauloa Keokeo 3] 74
43 Eleele Makoko 21 72
L Eleele Naioea 29 72
L g Manini-Owali 28 70
46 Kumu eleele 29 72
L7 Nawao 29 /0
43 Ulaula Kumu 27 70
49 Ulaula poni 19 70
50 Ulaula Moano 30 71
51 Niue - Ulaula 25 71
52 OQopukai 29 71
53 Manini Uliuli 26 70
o4 Manini Kea 28 70
55 Manini Toretore 32 69
56 Papakolea - Koae 2] 69
58 Nihopuu 25 /1
59 Manini- Opelu 29 69
62 Ohe 16 73
63 Lehua Maoli 26 /2
64 Lehua Keokeo 9 /5
66 Lehua Palaii 19 ]2
67 Apowale 26 70
63 Wahiwa 16 69
69 Papapeuo 25 70
70 Kuoho 25 73
71 Leo 20 /2



Class Horticultural Varieties Amy lose Gelation

No. Content Temp.
(%) (°c)
72 Maea 23 69
/3 Haokea 21 72
74 Kalalau 14 70
/5 Hapuu 20 70
79 Mana Eleele 24 70
80 Mana Okoa 24 69
81 White Moi 2 | 69
84 Pololu L2 /0
85 Piialii Ula 16 /0
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 /0
108 Mana Lanu-Mahata | 22 71
109 Atalii 22 /1
110 Pula Mumu 39 /3
111 Vaevae ula-uki 23 63
113 Falan 23 /5
114 Sasa Paepae 23 72
115 Matale | 43 69
117 Katuangamea | 28 /2
118 Katuangamea || 28 72
119 Teatea | 19 69
120 Teatea || 27 69
121 . Yan 614 27 /0
128 Pilipino Red-stem 24 74

129 Pilipino short-stem 28 70
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Class Horticultural Varieties Amylose Gelation

No. Content Temp.
(%) (°c)

131 Fai Fassi | 16 7]
132 Taro Hoia g 74
133 L73-365 3 74
135 L73-369 |7 /5
137 Manu Lanu-Mehata || 21 74
139 Fa Eleele 27 /0
142 KBS Bun-Long 16 /0
148 Sawa Pah-Uetata 22 74
149 Burra 29 /3
151 Fai Fassi || 28 /]
153 Yellow Benahi 26 /3
155 Pang Daga 22 70
157 Kaladao 22 /3
159 Purple Manalua 25 69
165 N3-396 20 /0
167 N365-1 31 /0
171 N7-391 15 70
173 N8-398 23 74
1 74 N7-398 26 ]2

175 N330 21 63
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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. |t was possibie
to draw some conclusions regarding the structures responsible for
them. Certain questions arose out of the crystallographic studies
of Bear and 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
di ffraction 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 i1s, 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-crystalline and possesses a smaller degree of crystallinit
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 type pattern teing characteristic for cercal
stai'ches, the B type pattern being characteristié 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 obtain fibre diffraction diagrams, and this has not been



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‘fhat V-amylose, a sixfold helical structure
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 slight variations in the starch chain organization. These
authors assumed that in going from an A to a B 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 similar structures.

2 2 Acid treatment of Starch

'n 1874, Nageli (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 amylodeXtrin, has been prepared and

described in varying degrees of detail by other authors (30,31) .
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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,
amy lodextrin can give A, B. or V-type patterns of exceptional
sharpness ( 34 ).

(3) 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 diffractton
pattern (35) of the parent starch.

(4) The average molecular size, as indicated by the number of groups
reducing is in the range of 15-30 glucose uni ts.

(5) Degradation by B-amylase gives about 80% hydrolysis to maltose.
(6) Although the native amylodextrin granules stain weakly, i1f at
all, with dilute iodine solution, dissolved amylodextrin gives a

red or purple iodine stain.

(7) The specific Totation of anhydrous amy lodextrin is about

(‘a)D - 195 (HZO).
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(8) 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. |t 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
granule (36 ) whether they be at the surface or in the interior.
The crystalline portions are 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
anions. 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 similar 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

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

~-re held in a crystalline matrix, such a conformational change wou | d
require a very high energy of activation, and hence would have a very
low probability. 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 ''runs'

of ordered association, necessary for good polymer crystallization.
However, the disordered 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 regtons 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
nsoluble 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
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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 amy lose 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 vel low.

Amy lose 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-amylose 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

vet 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 '"'mormal'' and low-amylose starches. These observations
suggest that it cannot be solely crystalline organization that
protects the starch chains from attack. Rather, whatever organtzation

protects starch chains against an acidic hydrolysis also gives them

a high tendency to aggregate.
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2.3 Microscopy of starches
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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 ( { x100) is useful in assessing
such methods as extent of aggregation or purity, medium power

(x100 to xL400) is suitable for the identification and study of
individual and small arrays of granules. Higher powers (up to
x1500) may be required for studying granule surface details and
contaminants in gels. The modern microscope generally has a

turret carrying several objectives, permitting easy change of

magni fying power.

Light microscopy offers a ready means of observing starch and

several text books (43 - 45 ) have been written to provide full

descriptive data on starch.

Leeuwenhock (46), in 1719, seems to be the first to have studied
starch granules microscopically, and made fascinating observations

on the swelling phenomena shown by the starch granule when heated

in water.



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 light most starch grains show a characteristic
''"Maltese cross'' and the location of the hilum. For examination under
the light microscope the starch sample should be mounted in diluted
glycerol or Canada Balsam. The following features may be observed:
. presence of foreign matter

2. the nature of aggregates or '' lumps'' of particles iIf these are

present
3. the size and shape of the granules
L. the presence of layers or ''rings"
5. the position of the hilum
6. the presence of fissures and cavities
7. the response to various stains and reagents
8 the gelatinization temperature

9. the appearance of the granules in polarized light
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Electron microscopy may be used to help in the determination of

the structure of materials.

2.3.2 Conventional Transmission Electron Microscopy (CTEM)

Iln 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 small 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 earliest applications of the CTEM was to study the size, 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 i1nstrument 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.
Hall and Sayre (49) have reported in recent publications 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
sev§ral cereal grain and tuber crops. Molecular composition and
inherent properties of the native starches are related to their
origin; however, physical as well as chemical properties may be
altered by the recovery process and by physical modification if

the preparation of chemical derivatives are both applied to the

isolated starch.

Analytical methods in the following sections are divided into two

categories: i) general methods, ii) physical 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 equi librium value,

Moisture or volatile contents of unmodified and modified starches

are most commonly determined by drying to constant weight in a

vacuum oven at 100-120°C( 50-52. Air oven techniques ( 53) are

sometimes employed although less accurate. Reference is usually

made to the iodemetric titration method to calibrate these procedures. The
Karl Fischer Method ( 54 ) method is frequently applied to starch
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 volatiles 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 pastes, most unmodified starches are adjusted to a pH level of
about 5.0 during the final stages of processing. Some modified and

derivatized starches, on the other hand, may be adjusted to a



_25_

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

trhe Munsel colour disks (56).

2.4.4 Density

Commercial starches are obtained in powder, ''erystal'', flake 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 Schochand teach ( 57).

Using either water or xylene depending on sample characteristics,
Linero (9 ) calculated the densities of potato, tapioca, maize,

rice and taro, 1.425, 1.515, 1.202, 1.424, 1.591, g c:m_3 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 itslands as

well as the West Indies and the Ortent.

Since Taro is propagated almost exclusively by vegetative means,
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