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ABSTRACT

Starch is a major component of many of the world's food
supplies. 1In order to utilise these supplies effectively
the properties of starch must be fully understood.
Although starch systems have been investigated quite
extensively, there is relatively little information
concerning the physico-chemical behaviour of starch

under conditions relevant to food processing.

[

The texture of many fabricated foodstuffs is regulated
by adding starch. 1In many cases the addition of starch
causes food systems to behave as visctoelastic pastes.
In Australasia, wheat starches are generally used to
control texture. However starches from some wheat
cultivars do not impart the desired rheological
characteristics to foodstuffs and this thesis concerns
an investigation into this phenomenon which was

investigated in three sections.

In section I, a fundamental study of the rheological
properties of wheat starch pastes was performed.
Measurements were made of the flow behaviour of pastes

under both oscillatory and steady shear conditions.

Pastes formed under a range of experimental conditions

from various wheat varieties were studied. Both wheat
varieties and paste preparation conditions were found

to influence rheological behaviour. The results show

that differences in the pasting properties of starch

pastes may be attributed to two factors, namely the

swelling capacity of the starch (the volume which the starch
gel particles would occupy when close packed if excess solvent

were present) and the size distribution of the granules.
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The rheological properties depend on the source of starch
since this effects particle swelling capacities and size
distributions. Paste preparation conditions influence
rheological properties since they alter the volume

occupied by gelatinised granules.

The rheological behaviour of starch pastes changes with
time when the pastes are stored. The effect of storage
on dynamic rigidity was investigated and the results '
suggested that a crystallisation process is responsible
for the increase in dynamic rigidity with time. The

results were therefore evaluated using the Avrami equation.

In section II, an investigation was made of the degree

of crystallinity, that is the proportion of polymer chains
that are in an ordered state, in a number of wheat starch
varieties that have different swelling capacities.
Measurements of the X-ray crystallinity index, enthalpy
change and specific volume were used to investigate
crystallinity. The results show that higher swelling
capacities are associated with relatively disordered
arrangements of polymer chains within granules. The
crystallinity results for the various starch fractions
with narrow size ranges confirm previous studies showing
that small granules tend to be more crystalline. However
small granules were found to have higher swelling
capacities than large granules. In this instance the
increased swelling capacity of small granules as compared
to large is probably due to the decreased amount of lipid

per unit area at the surface of the small particles.



In section III, Proton (lH) and Carbon-13 (13

C) NMR were
used to investigate starch pastes made from different
wheat varieties that have different pasting properties.
lH spin-lattice (Tl) relaxation times, "H spin-spin
(Tz)lrelaxation times, polymer hydration coefficients (h)
and "H diffusion coefficients (D) of starch-water systems
were determined. Line-widths at half-heights (AV%) of
peak intensities at various carbon positions and total

13C liguid signals were also obtained.

In all cases the NMR parameters were not found to be -

dependent on wheat variety.

The polymer hydration coefficient, that is the amount of -
water molecules that are in the bound state, was
estimated from the ratio of the amplitude of the lH
signal due to unfrozen water at 258K to the amplitude of
the lH signal at 303K. A value of 0.34 gH20/g dry starch

was obtained.

The T, and T2 magnetisation recovery curves for starch
pastes were found to be single exponential functions.

This suggests a fast molecular exchange of water molecules
between different sites in the system. A two-state model
based on exchange between bulk and bound water was shown
to be adequate in describing the relaxation behaviour

of water protons in the system.

Diffusion measurements of water molecules show that there
is no restricted or barrier limited diffusion occuring in

starch pastes. The diffusion coefficients were interpreted
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using various models. The best model was found to be

one which takes into account both the obstruction and
hydration effects. This gives a shape factor for the
suspended gel particles which indicates that water is
diffusing through oblate ellipsoids. These are probably
amylopectin molecules present in the starch pastes. 1In

an attempt to confirm this possibility, lH NMR measurements
were repeated on a pure amylopectin-water svstem. The
diffusion coefficients of the amylopectin-water system were
interpreted using the same model and similar result was

obtained for the shape factor of amylopectin molecules.

The 13C liquid signal results confirm that sharp

resonances, which correspond to liquid-like behaviour on
the NMR time-scale of the polysaccharide chains, are only
observed when the starch is gelatinised. The decrease in
the line-widths at half heights of the peak resonances

at various carbon positions when the pasting temperature
is increased is probably due to an increase in mobility

of the polymer chains. In the various wheat starch pastes

13C liquid

studied, a loss of about one-third of the total
signal was observed. This was attributed to the
crystallisation of polymeric material, lipid-amylose
complexes and remnants of ordered structures in the

starch pastes.
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GENERAL LITERATURE REVIEW




A.]l Statement

The information considered in this review relates to all

three sections of this thesis.

A.2 Introduction

A number of textbooks and articles are available in which
the chemical properties and technological behaviour of
starch are described in detail (1-10). The objective of
the current review is to focus attention on those aspécts
of the literature that may be of relevance to an
understanding of the topic being investigated, namely the
factors that influence the rheological behaviour of starch
pastes. The review therefore seeks to present information
concerning the occurrence, composition and structure of
intact starch granules, the gelatinisation process and

the structure of pastes. Unless otherwise stated, the

information discussed relates to wheat starch.

A.3 The occurrence, composition and structure of intact

starch granules

A.3.1 Occurrence

Starch isolated from plant tissues occurs in the form of
discrete particles which are known as granules. Microscopic
examination suggests that in samples of wheat starch two
types of granules are present, namely large lenticular
granules with diameters of about 15 to 25/Mm and small
spherical granules with diameters primarily in the range

of 2 to 10 um (11, 12). Although there is still some
uncertainty as to whether spherical and lenticular

granules represent two distinct populations, recent work



suggests that this is the case (13, 14). Detailed
investigations of the particle size distributions of
wheat starches have been carried out using sedimentation
balances (15), air classifiers (16), micro-sieves (1l1)
and Coulter-counters (17). The contribution of
different size fractions to the total volume, number and
weight of starch particles has been calculated (18-20).
Results from such investigations suggest that small
granules (<10’ﬁnﬂ comprise about 80% of the total number
of granules and about 4% of the total weight of granules.
More recent work indicates that the small particles make
up about 30% of the total weight of starch (11).

The number of granules per gram of starch and the size
distribution of particles are known to depend on wheat
variety, so that the proportion of small and large
granules may vary from one cultivar to another (21).
There is also evidence that within a single cultivar of
wheat, the larger the kernel the greater is the proportion
by Qeight and by number of small granules (22). The size
distribution of granules is further affected by the stage
of kernel development (23), the number of small granules

per gram of starch increases as the kernel matures.

A.3.2. Composition

Samples of wheat starch normally contain about 90%
polysaccharide and 10% water (4). Part of the water forms
an integral part of the granule structure (24, 25). Trace
amounts of non-carbohydrate materials such as lipids (26)
and proteins (27) are also present. These are incorporated
in the granule during its botanical development, though

some may be absorbed during extraction procedures.



The polysaccharide component of granules has been the
subject of considerable research interest. Two main
polysaccharides have been identified; viz. amylose
and amylopectin. Amylose and amylopectin normally
constitute about 25% and 75% respectively of total

polysaccharides present in wheat starches.

Amylose is essentially a linear molecule consisting of
(1+4')-linked £-D-gluco-pyranose units (28). Branch

points are present in the molecule in about one per five
hundred glucose units and appear to be i-(1+6')—linkagES
(29). Amylose is characterised by a range

of molecular weights; the average degree of polymerisation
is typically of the order of 103 (29).

Amylopectin is a highly branched molecule consisting of
(1+4)-linked/-D-gluco-pyranose units (28). About one in
every twenty five monomer units forms a {-(1+6') branch
point. The shape of molecule that results from this
branching is uncertain, some investigatiors consider the
molecule to have a planar structure (30, 31). The
molecular weight of amylopectin varies but is generally
of the order of 10° Daltons (32).

The starch granule also contains about 3% of other
polysaccharide material which is intermediate between
amylose and amylopectin, however its exact structure is

currently not known (8).



The lipid content of granules has been investigated
extensively (21, 33-37). Two main types of starch lipids
have been reported, namely non-polar (neutral) lipids
which are mostly free fatty acids and phospholipids

which are mainly lysophosphatidyl choline. These are
distributed throughout the granule (33, 38) and constitue
about 1.0% of wheat starch. Much less attention has

been directed towards the protein component which

constitutes only about 0.3% (39).

A number of investigators have shown that the variety: and
maturity of wheat influence granule composition (40).

The average external chain length of amylopectin and the
degree of polymerisation of both amylose and amylopectin
increase with maturity. The composition of the granule
also depends on the size of the particle (16, 21, 41).
There is general agreement that small granules contain
less amylose and are usually associated with more lipid

and protein.

A.3.3. Structure

The precise structure of the starch granule is uncertain
(42, 43). Considerable evidence suggests that the structure
of the starch particle is similar to that of a polymer
spherulite (31, 44). Thus both crystalline and amorphous
arrangements of the polymers occur. Relatively little is
known about the conformation of the starch chains in the
granule. It has been suggested that the crystalline

regions are made up of oriented helixes of starch chains (44).
The water which forms an integral part of granule appears
to be involved in these areas (24, 45). The estimate for
the proportion of J[-D-glucopyranose units in the
crystalline assembly varies, results depend on the

measuring techniques used (46) and conditions of the



starch granule (47). Thus a range of crystallinities has
been reported, varying from a very low quantity to sixty
percent (46). There is some evidence that amylopectin is
the principal component of the crystalline regions (48)
and that amylose adds little to the crystalline nature

of the granule (49). The form in which amylose is present
in the granule is still uncertain, however one suggestion
is that it forms an inclusion complex with the starch

lipids present (33, 50).

The surface structure of intact granules has been stydied
by a number of investigators (20, 51-55). It has been
suggested that the intact granule is surrounded by a
membrane which may be composed of remnants of amyloplast
membrane (51), of protein (52), or of lipid (53). The
interpretation of these results is complicated by the fact
that different extraction methods have been used where
differential absorption of these materials onto the
surface of starch granule is likely to happen. Other
reports indicate that the surface structure is a
consequence of the molecular arrangement of polysaccharide
(54, 55) and have discounted a membrane system. Others
suggest that large granules have an outer shell, containing
a higher proportion of amylose-lysophospholipid complexes
with amylopectin (21). Clearly the surface structure of

the starch granule is incompletely understood.

The structure of the starch granule may be influenced by
composition and hence may vary with wheat variety and the
size and maturity of kernel, however this has yet to be

established. Granule structure also depends on particle
size, but there is very little information available on

this subject. Nonetheless it has been suggested that the
polymer chains in small granules occur in a more ordered

arrangement than in large granules (56).



A.4. The gelatinisation process

When intact starch granules are suspended in aqueous
solution at room temperature, a limited amount of water
absorption occurs. The uptake of this water is regulated
by the crystalline domains of the starch granule. The
absorption that does occur is an exothermic process, with
water penetrating only the amorphous zones of the starch
particle (57). However, on heating to 60°C a large amount
of swelling takes place in an endothermic transition (58).
At this temperature there are a number of other changes,

including:

(i) the loss of the birefrigence that characterises the
intact granules (59);

(ii) the development of a diffused V-type X-ray nattern due
to the formation of lipid and amylose complexes as
opposed to the original crystalline A-type pattern (60);

(iii) an increase in hydration and fluidity of polymer chains
(61) and

(iv) an increase in suspension viscosity.

On continued heating, the granule swells further and partly
disintegrates, some polymeric material is released, 'this
process results in the formation of a starch paste. This
further heating has a profound effect on the rheological
properties of starch-water systems (62). The conversion of
an aqueous suspension of starch granules to a viscous paste

is known as gelatinisation.

Since in the process of gelatinisation the crystalline order
of the granule is destroyed, an analogy can be made between
polymer melting and gelatinisation. Thus gelatinisation can
be viewed as crystalline - amorphous phase transition (59).
In the intact granule starch polymers are present in helical
forms whereas in solution it has been suggested that a
random coil configuration occurs (44, 63). This indicates
that gelatinisation-can also be described in terms of the

helix-coil transformation of the polymer chains.



The transition temperature of the crystallites is

depressed by the presence of water as in the classical
polymer-diluent melting (64). A number of mechanisms

for the crystalline-amorphous phase transition have been
proposed (9). The fact that a given starch granule
gelatinises over a narrow temperature range (1-2OC) may
indicate that the crystallites therein have similar

energy characteristics. The range of gelatinisation
temperatures of a whole population reflects therefore,

the different energy characteristics of different

granules (65). Another possibility is that the crystallites
within the granule have slightly different energy
characteristics so that upon gelatinisation the crystallites
with lower energy thresholds melt first, subsequent
reorganisation of these polymer chains modifies the

adjacent crystallites and brings about their transformation
in a semi-co-operative manner (65). While these
explanations are plausible, no conclusive evidence has been
established at the present time even though there is some
data which points to the latter explanation as being more

satisfactory (9).

The influence of lipids on gelatinisation has been studied
by a number of investigators (35, 37, 66). Results suggest
that defatted starch gelatinises at lower temperatures and
the paste so formed has higher viscosity. However, since
lipid on the surface is removed preferentially by such
defatting procedures, these results may only reflect
modifications to the surface of the starch granule. Firmly
bound lipid is retained in the interior, thus the role of

lipid within the starch granule is still not clear.

The effect of granule size distribution on gelatinisation
has also been examined (16). Small granules of wheat

starch have higher gelatinisation temperatures than

large granules. This has been attributed to the differences

in their structure described in A.3.3.



A.5 The structure of pastes

Starch pastes are disperse systems. At the temperature
of their formation the main components of the disperse
phase are swollen granule fragments and lipid-amylose
complexes. The swollen granules are in effect viscoelastic
gel particles (67). The continuous phase consists of an
aqueous solution of polymeric material that has exuded
from the granules. On cooling amylose crystallises out
rapidly in both phases of the starch dispersion. The
continuous phase then contains a colloidal dispersion

of polymeric material from the gelatinised granules. Thus
starch pastes are in many respects similar to polymeric
microgels, that is systems containing a dispersion of

gel particles in a solvent.

In the range of starch concentrations in which pastes are
formed in industry, swollen granules are close packed
throughout the volume of the paste. The close packed gel
particles form a weak network structure (103). The
volume of void in this case can be of the order of 70% of
the total volume of the system (68). When the
concentration of gel particles is increased, more rigid
networks occur and eventually self-supporting gels are
formed. It has been suggested that interparticle forces
such as entanglements between the surface molecules of
adjacent swollen granules play an important role in the
network structure (68). The nature of the interactive
forces between the instititial fluid and the swollen gel

particles is uncertain (67).



SECTION I

RHEOLOGICAL PROPERTIES OF STARCH PASTES




I.I Introduction

Recent investigations by Luxeﬂ et al. (41) have shown
that there are significant differences in the pasting
behaviour of different varieties of wheat starch. These
differences were investigated using an empirical testing
instrument (69). The precise behaviour of pastes also
depends on the experimental conditions used during

their preparation (70). An explanation of the above
differences in paste properties would be of interest to
the food industry. Despite the commercial significance
of starch pastes there is relatively little fundamental
information concerning their rheological properties. The
present section describes a fundamental investigation of

the rheological properties of pastes.

I.2 Literature review

Comprehensive reviews of the rheological properties of
starch pastes are available (7, 62, 67). The objective
of the present review is to focus attention on those
areas of the literature that are most relevant to the
subject under investigation. The information is
considered in two categories, these are measurements
obtained by empirical methods and measurements obtained
by fundamental techniques. Both methods of investigation
have been used to study the relationship between the

structure and properties of starch pastes.

I.2.1 Empirical measurements

A wide range of empirical testing devices are available
that have been used to measure the rheological properties
of starch pastes. Perhaps the most commonly used of these

is the Brabender Amylograph. This basically consists
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of a rotating metal beaker fitted with baffles plus a
stationary stirring system which is made of a set of
vertical rods. The starch-water system to be studied

is placed in the beaker which is then heated and

cooled under controlled conditions (usually at a heating
and cooling rate of 1.5°C/minute). During this process
the beaker is rotated about its vertical axis. The
resultant torque on the stirring rods is registered by a
dynanometer, so that a curve is obtained in which torque,
and so consistency, is plotted against time. Since a
controlled rate of heating and cooling is used the time
axis fixes the temperature. Consistency is measured in
the arbitrary units of Brabender units (B.U.). The
height of the peak obtained during the heating part of
the cycle is used to characterise the pasting behaviour
of starch paste. Other information can also be obtained
from the curve (7). Using this empirical measuring
technique, the contrasting rheological characteristics of
Australian and New Zealand wheat starches have been
demonstrated (41).

Various other empirical instruments have also been used

in industry to characterise the properties of starch,
including Corn Industries viscometers, Stormer viscometers,
MacMichael viscometers, Brook field viscometers and falling
sphere viscometers (67). These viscometers give
information about pastes that is similar to that obtained
from the Amylograph and in most cases the viscosity

results obtained have no fundamental significance.

Many attempts have been made to investigate factors that
influence starch paste behaviour as measured by empirical

methods. The interpretation of the results so obtained



is complicated by the arbitrary and undefined nature of
the testing instruments. However, these works do
suggest factors that may affect the rheological properties

of starch pastes.

All methods of paste measurement show that a marked increase
in viscosity occurs during paste formation and that the
temperature/time treatment used in pasting influences

the peak viscosity reached. The peak Amylograph viscosity
depends on paste composition and is proportional to the cube
of the starch concentration (69). Qualitative explanations
for the increase in consistency that occurs during pasting
have been suggested. Many investigators consider the
increase in paste viscosity results from the increase in

the hydrodynamic volume of starch granules, i.e., the
swelling, that occurs during gelatinisation. 1In this case
paste viscosity is considered to represent the work

required to move the expanded granules past each other (71).
On the other hand, a group of investigators have shown

that the peak viscosity reached by a starch-water system
during gelatinisation occurs after most of the granule
swelling ceases (72). Polymeric material is released from
gelatinised granules at this stage, and electron-microscopic
examination suggests this forms a filamentous network
structure in the paste. In this case the viscosity is

thought to arise from the presence of this network.

The peak viscosity reached during gelatinisation depends on
the variety of starch. Thus, -Loney et al. (41) have
shown that some starches form more viscous pastes than
others under comparable conditions. The cause of this
difference is uncertain, however Meredith et al. suggest
that it arises from a variation in the physical organisation

of the granule structure (21).

11



Measurements of Amylograph viscosities of pastes made from
small granules have demonstrated differences in pasting
properties compared with the unfractionated parent starch
(16). The consistencies of cold pastes made from small
granules are always less than those for the unfractionated
starch. This difference has been attributed to the fact

that small granules tend to disintegrate more on pasting.

The trace amounts of lipids in starch granules have a
marked effect on pasting properties (16, 35, 37). For
example, defatted wheat starches give pastes with higher
viscosities than controls (35). The addition to pastes

of extra lipids, of the type normally present in granules,
decreases viscosities (37). However evidence suggests
that neither the differences in the viscosities of pastes
made from starches from various sources, nor the
differences in the viscosities of pastes made from starches
with controlled size ranges, can be directly attributed to
lipids (16). Thus the variation in paste viscosity with
source of starch and size of starch granule still holds
for defatted starch.

I .2j. 2. Fundamental measurements

I.2.2.1. Steady shear conditions

A wide variety of rotational viscometers employing
uniform shear rates are available for steady shear
measurements (73). The virtually uniform shear
encountered throughout the sample arises from the design
of the testing system in the form of a co-axial cylinder

or a cone-and-plate.

12
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A number of investigators have studied the steady shear
behaviour of pastes (68, 74-76). Earlier measurements
obtained using co-axial cylinder viscometers (74-76)
showed that gelatinised starch-water systems exhibit shear
thinning properties. Power law equations of the form

N app = RKY" [1.16
describe their non-Newtonian flow properties, where K and
m are constants,ftapp is the apparent viscosity and %/is
the shear rate. The results of these investigations
indicated the absence of yield stress in starch pastes,
suggesting that adjacent gel particles are not permanently
bonded to each other in any way. Hence it was concluded
that swollen starch granules were responsible for paste
behaviour rather than a permanent gel network. These
studies did not lead to a gquantitative expression
relating the structure and rheological properties of

pastes.

Since the completion of the present study, Evans and
Haisman (68) have reported the steady shear properties
of pastes made from starches from a variety of plant
species, namely corn, potato and tapioca. 1In addition
wheat flour was studied. The results of fhis investigation
also demonstrated that pastes obey Equation Ci.l@ at high
shear rates. However the presence of yield stress was
detected at low shear rates. The yield stress was found
to be governed by the equation

I =Ty + KY" [1.18]
where K and n are constants, I' is the shear stress and Tg
is the yield stress. Evans and Haisman also developed
empirial equations to describe the concentration
dependence of both the apparent viscosity at a given shear
rate and the yield stress. However no attempt was made to
reconcile the differences in rheological properties of

various starch pastes.
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I.2.2.2. Oscillatory shear conditions

The structure of pastes suggests they are likely to be
viscoelastic fluids or weak gels. 1In this case, steady
shear measurements reveal only part of the information
required for rigorous characterisation of pastes.
Viscoelastic fluids and weak gels may be fully
characterised by measurements of dynamic viscosity and
rigidity as a function of frequency (77). These
measurements in some instances can give information about
the structure of the system under test. The measurements
of dynamic viscosity and rigidity may be made using

co-axial cylinder or cone-and-plate viscometers.

Two approaches have been used to study the dynamic
rheology of starch pastes. In the first approach, the
frequency dependence of dynamic viscosity and rigidity

S used to characterise rheological behaviour (78).
Nakagaki and Muragishi (79) used this approach to obtain
dynamic parameters of pastes made from potato, sweet
potato and rice starches. Their results show that the
precise behaviour of these pastes depends on concentration,
type of starch and method of paste preparation. The
frequency response of these pastes suggest they exhibit
the viscoelastic behaviour characteristic of weak gels.
Attempts to account for paste behaviour using mechanical
models were unsuccessful and the authors suggested that
this may indicate the fact that structural changes in

the pastes occur as frequency changes.

Since the completion of the present study, Evans and
Haisman (68) reported dynamic measurements on corn, potato
and tapioca starches and on wheat flour. The frequency
dependence of dynamic parameters again suggests that these
pastes exhibit characteristcs of weak gels. Empirical
equations were established that describe the concentration

dependence of dynamic rigidity for a given paste.



In the second approach, a single value of dynamic viscosity
and rigidity ‘s obtained from measured parameters at the
observed resonant frequency of the starch-water system,

that is the frequency where maximum amplitude is observed
(80). This approach has been applied to studies of

modified starches of white milo starch and corn starch (70).
Characteristics of gel were clearly evident from the dynamic
response of these pastes. Although this method is

simpler, it is less rigorous as a viscoelastic model must
be assumed to represent the mechanical behaviour of pastes

in order to calculate the dynamic parameters.

I.3 Scope of the present investigation

Consideration of the structure of pastes suggests factors
that may account for their rheological behaviour. Starch
pastes are disperse systems (8l) and the main components

of the disperse phase are swollen gel particles of varying
sizes, lipid-amylose complexes and crystallised amylose.
The continuous phase consists of dissolved polysaccharides
predominantly amylose and some amylopectin. Some
investigators consider that swollen granule fragments are
responsible for the rheological characteristics of pastes
(71) , though others have suggested that the starch exuding
from gelatinised granules is significant in this respect (72).
In both cases a quantitative explanation is lacking. If
starch pastes behave like disperse systems in general, then
their properties are likely to be related to the volume
fraction, number and size distribution of the swollen
particles they contain. These various possibilities were

therefore investigated.

The information so obtained was used in an attempt to
establish reasons for differences in the rheological
properties of pastes made from various wheat sources and
for the variation in paste behaviour with sample

preparation conditions.

15
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It is well known that properties of gelatinised starch-
water systems change with time on storage. The change
in characteristics may be followed by measuring the
variation in their rheological behaviour . This
possibility was therefore investigated in the present

study.

I.4. Experimental approach

Industry routinely monitors the rheological behaviour

of starch pastes using empirical instruments in which
undefined non-uniform shear conditions exist (67).

This allows the determination of a viscosity-based
number that is used to characterise the flow behaviour
of the pastes. While technigues of this kind may be
useful in predicting the properties of pastes in
particular applications, they are not designed to give
information of a fundamental nature. The rheological
behaviour of starch pastes may be more vigorously
characterised by steady or oscillatory shear methods that
employ well defined shear conditions. This approach was

therefore used in the present study.

The volume occupied by a bed of swollen granules was
determined by swelling capacity measurements. Two

approaches have been used, namely gravitational (82)

and centrifugation (83) settling. Syneresis normally occurs
during the course of settling in the gravitational

technique. 1In the present investigation, swelling capacities
of starches were determined by a centrifugation settling
method. The amount of polymeric material released from
gelatinised granules was determined by drying an aliquot

of supernatant of a centrifuged sample. Microscopic
observation confirms that it is not possible to measure the
size distribution of gelatinised starch granules directly (84).
The numbers and size distributions of particles were therefore
examined prior to pasting on the assumption that they bear
some relationship to the corresponding figures for swollen

granules.
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I.5. Experimental

I.5.1. Materials

I.5.1.1. Origin and variety of wheat

Six different varieties of wheat were used in this
research; the New Zealand cultivars Karamu, Hilgendorf

and Aotea and the Australian cultivars Gamenya, Raven

and Gamut. All these cultivars were grown commercially
throughout New Zealand. The samples of Karamu, Hilgendorf,
Aotea and Gamenya wheats were grown in 1977. Raven was
harvested in 1973 and Gamut in 1976. These wheats were

stored at -20.0°C before used.

I1.5.1.2. 1Isolation of wheat starch

Starch was isolated according to the method of Meredith
et al. (21), air-dried at ambient temperature to a
moisture content (85) of about 10% and stored at 5°C (86).
Air-drying conditions were standardised as they can
influence granule structure (47). The moisture content
of starch was determined by an oven-drying method (85).
The protein (87) and lipid contents (88) were measured

by standard methods.

I.5.1.3. Size fractionation

Fractions of wheat starch with narrow size ranges were
obtained by the sedimentation technique described by
Meredith et al. (21). The range of particle sizes

within each fraction was checked by microscopic observations.
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I.5.1.4. Damaged starch

Commercial wheat starches normally contain small
percentages of 'damaged' granules. These are starch
particles that have been modified by mechanical forces
entailed in milling (89). Starch samples containing
such granules were obtained by ball-milling. The
percentage of 'damaged' granules in a sample was

determined by microscopic observations (90).
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I.5.2. Method of paste preparation

Unless otherwise stated, the following procedure was

used as the standard method for preparing pastes.

A starch suspension (4-16g starch/200g water), contained
in a conical flask (250ml) fitted with collapsible 1link
stirrer operating sufficiently fast to prevent the
suspension settling out, was placed in a water-bath

at 95.0° £ 0.5°C for 1 hour. The weight of the paste

so formed was checked and water added if required. The
paste was then transferred to a water bath at 30.0°C and
equilibrated at this temperature for 0.5 hour. Thiomersal
(0.01mM) was incorporated into pastes to inhibit microbial

growth.

In experiments in which paste preparation conditions were
varied, temperatures ranging from 70.0 - 95.0°C and times
ranging from 5 to 60 minutes were employed. These
conditions are in accord with those used in industry to

form pastes (91).

Some pastes were formed in a typical commercial test

instrument, the Amylograph, for comparative purposes.
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I.5.3. Measurement of the viscoelastic behaviour of

wheat starch pastes

I.5.3.1. Introduction

The study of viscoelastic behaviour requires the
determination of the relations among stress, strain
and time for a particular type of deformation and a
particular loading pattern (77). 1In so far as the
viscoelastic behaviour is linear, this reduces to
determining the time dependence of the shear modulus.
The desired simplification of linear behaviour can be
achieved by keeping the stresses sufficiently small.
To find the time dependence of the shear modulus,

the stress is usually varied in a sinusoidal manner at
an angular frequency (rads_l), The relationship between
the stress and strain which is used to establish

viscoelastic behaviour may be states as follows (77):-
G* =G'+ G .1

or G* =G'+ iCJﬂj 1.2
G' s e loss modulus
where G* is the complex rigidity, G' is the dynamic
rigidity,ftis the dynamic viscosity and w is the angular
frequency. For linear viscoelastic systems, the response
to sinusoidal stress is depicted in Figure I.1l as a

function of time.

- T4

/C;::::l\Q\Strain
’ N—" )
Stress

Figure I.1 Sinusoidally varying stress
and strain for periodic
deformation of a linear
viscoelastic system.
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The ratio of peak stress to peak strain is the amplitude
ratio (m). The distance between these peaks in the time
scale, multiplied by the frequency (w) is the phase

angle (@) in radians. Oka (92) has devised equations to
describe the response of a linear viscoelastic system

to the shear conditions encountered in a coaxial cylinder
viscometer. In the present case, these simplify into the

following forms:-

k sin @
TL! = 1 ‘1_ - .1_-] (————) I-I.3I]
47L rlz rZZJ m W
gr =1 L _ 1| k(e 20y, 1w?) [1.4)
4L | r1?  r,? J m
where
r;, r, = radius of inner and outer cylinders respectively

= moment of inertia of inner cylinder-
L = immersion depth of inner cylinder

k = torsional constant of wire

The assumption made in deriving the simplified equations
contribute less than 1% error (see Table I.1l). Since
the derivation of Equations [i.ﬂ and [i.@ hias not been

documented elsewhere, a treatment is given in Appendix Ia.
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Table I.1 Sample calculations of the percentage error
in determining fC and G' using Equations [i.g and [E.E

Equations

o 0] m  Equation !I.9 [i.ﬂ and L}.Q % error
m G T\ G n ¢

0.037 11.40 0.586 16.05 1.184 15.94 1.175 0.7 0.8
0.115 14.77 0.515 7.58 1.544 7.52 1.535 0.8 0.6
0.319 20.00 0.434 4.35 2.070 4,32 2.054 0.7 0.8
0.890 28.00 0.348 2.673 2.857 2.648 2.831 0.9 0.9
1.974 37.52 0.265 2.053 4.236 2.034 4.197 0.9 0.9

'écLuo_t;gr\LE.ﬁ\ see puge ')

1.5.3.2. Z&Apparatus

A top-drive oscillatory co-axial cylinder viscometer was
~used to measure the dynamic visceolastic properties of
starch pastes. The design of the instrument was based on
that of Nakagawa and Seno (78). The instrument was
constructed in the Food Technology Department Workshops,
Massey University. A description of the apparatus is
given in Appendix Ib since it is a non-standard piece of

equipment.

The instrumental parameters of the viscometer are as follows:

Radius of the inner cylinder, r, = 0.0207 m

Radius of the outer cylinder, r, = 0.0265 m

Moment of inertia of inner cylinder, I = 4.015 x 10 “kg.m?

Thickness of suspending wire, d = 0.0007 and 0.001m

Immersion depth of inner cylinder, L = 0.157 m

Amplitude of driving ascillation, 0 = 0.0434-0.0576 rad

Torsional constant of wires, k = 0.136 x 10 _* and
0.382 x 10 ~° Nm

Range of angular frequency, = 0.02 - 5 rads !
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I.5.3.3. Experimental procedure

When measuring the frequency dependence of the dynamic
viscosities and rigidities of wheat starch pastes,
measurements were made at the lowest frequency first.
Measurements were completed within 2 hours of paste
formation, this time scale assured that results were not
influenced by the crystallisation of polymer that occurs
on paste storage. A very thin film of oil was placed on
top of the paste to prevent evaporation (68), a check was
made to show that this did not influence results through
oil-paste interaction. Determinations were made at
30.0°C.

The variation of dynamic viscosities and rigidities during
paste storage was measured using a single frequency

(W= 0.02 rads !) and a range of ageing temperatures
(10.0° to 30.0°C) and ageing times of up to 150h. During
the course of these experiments, the pastes were stored

in the viscometer.

I.5.3.4. Treatment of data

All recorded traces of input and output signals were
analysed by the method described by Walters (93). Dynamic
viscosity and rigidity were then calculated according to
Equations [I.3] and [I.4] respectively.



I.5.4. Measurement of the rheological properties of

wheat starch pastes under steady shear conditions

I.5.4.1. Apparatus

A Ferranti-Shirley cone-and-plate viscometer was used to
measure the flow behaviour of starch pastes under steady
shear conditions. The theoretical principles underlying
the measurements of shear stress and apparent viscosity
using a cone-and-plate geometry have been described in a
number of texts (73, 95). The cone used in the present
study was designed to make measurements of systems
containing a disperse phase with particle sizes similar
to those found in starch pastes. The instrumental

parameters used were:-

Cone angle, VY = 0.02618 rad

Radius of cone, R = 0.035 m

Torque spring constant, T = 2.453 Nm/Division

Shear stress constant . = 3T/2]'[R3= 27 .32

Shear rate constant = 21 1l =14.0
60 * ¥

I.5.4.2. Experimental procedure

In experiments in which the shear rates were varied,
measurements were made at the lowest shear rate first.
A range of rates of shear from 0.4 to 4000S” ! was

employed. All measurements were made at 30.0°C.

I1.5.4.3. Treatment of data

Shear stress and apparent viscosity were calculated as

a function of shear rate according to standard methods (96).

24
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I.5.5 Determination of the number of particles per gram

of sample and the size distribution of starch granules

Particle size distributions of starch granules were
determined using the Coulter-Counter Model B with a

100/Mm orifice tube attachment. The apparatus was
calibrated using mono-sized polystyrene latex (diameter =
12.45/Am) according to the standard procedure described
in the Coulter-Counter manual. During a routine counting,
corrections were made for the coincidence loss by using
the Coulter-Counter coincidence correction chart and
corrections for background particles were also carried out
but neglected if counts were less than 100. The raw data
obtained from the Coulter-Counter was in the form of total
number of particles greater than a given particle volume
against particle volume. Particles less than lgﬂm3 in
volume could not be counted accurately due to a significant

noise level.

The raw data from the Coulter-Counter was transformed to
give the relative distribution of weight or number against
the particle diameter. Several assumptions were made in
the transformation; firstly, all particles were considered
to be spherical and secondly, all particles were considered
to be of uniform density. These assumptions have been

used elsewhere (17). The steps involved in transforming
the Coulter-Counter raw data into relative weight or

number against particle diameter are demonstrated for one
starch in Appendix Ic. In all cases triplicate determinations
were made for the various wheat starches and a mean value

obtained after transformation of the raw data.
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I.5.6 Determination of the swelling capacity of, and the

exudate from, gelatinised granules

Preliminary measurements of swelling capacities were made
using the standard procedure of Schoch (83). This entails
centrifuging a paste at high speed and measuring the

weight of the bed of particles so formed. However it was
found that the results obtained by this method were
influenced by the contrifugal conditions and hence the
procedure is unsatisfactory for the present purposes. The
possibility of using a gravitational settling technique (82)
was therefore investigated. 1In this method, a paste is
allowed to settle to a constant value. However, as wheat
starches contain small granules, it takes about a week for
particles to settle. During this period, syneresis and
compression of the particle bed would occur and hence the
results obtained would not refer to the original condition
of the paste. A centrifugation settling technique was
therefore developed to measure the swelling capacity without
the effect of syneresis and with a correction for the

particle bed compression.

In this centrifugation settling technique, 10.0g aliquots
of a dilute paste in graduated centrifuging tubes were
centrifuged for different times (in minutes) and speeds
(xq ) to give volumes of sedimented particles at 3000 ° Cr:
Extrapolation techniques were then used to obtain the
volume of sediment at zero time and at zero speed. The
steps involved in the extrapolation technique to obtain
the swelling capacity of a starch sample are demonstrated

for one case (Appendix Id).
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1.6 Results

I.6.1. Viscoelastic behaviour of wheat starch pastes

I.6.1.1 Linear viscoelastic behaviour

The procedure for analysing the observed quantities of
Equations [I.3] and [I.4] is based on the assumption
that linear viscoelastic behaviour is occurring, and so
the shear stress ' and the shear strain X’satisfy the

relationship:-
r= c*Y [1.15]

in which complex rigidity G* should not depend upon T and

Y but it is a function of frequency «w. Linear viscoelastic
behaviour was demonstrated for the range of conditions
examined by varying the shear amplitude in the standard
manner as shown in Table I.2. The results in this table
show that, as required, the magnitude of the shear

amplitude has no significant effect on the dynamic

viscosity and rigidity. Similar results were found at

other frequencies.

Table 1.2 Representative measurements of dynamic viscosity

Tt and rigidity G' as a function of the shear amplitude

at an angular frequency of 0.1 rads ! for pastes made from

Aotea wheat starch.

Shear amplitude Dynamic viscositny Dynamic rigidity G'

rad Nsm 2 Nm 2
0.0576 4,40 2.10
0.0499 4,30 1.95
0.0476 4,60 2 215
0.0433 4,20 2.05
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I.6.1.2. Frequency dependence of dynamic viscosity and

rigidity

The frequency dependence of the dynamic viscosity and
rigidity of pastes formed from various wheat starches

under a variety of conditions was determined. Figure I.3
shows plots of dynamic viscosity and rigidity as a

function of angular frequency for pastes containing different
concentrations of Aotea starch. Similar plots were obtained
for starch pastes made from the other wheat varieties.

The decrease in dynamic viscosity and increase in dynamic
rigidity as the angular frequency increases is the
characteristic viscoelastic behaviour shown by both
concentrated solutions of polymers of high relative molar
masses and of weak gels (77). A similar frequency
dependence was obtained by Nakagaki and Maragishi (79) for
dynamic viscoelastic behaviour for potato, sweet potato

and rice starch pastes.

I.6.1.3. Effect of starch concentration

The effect of starch concentrat}on on the frequency
dependence of dynamic viscosity and rigidity is evident
in Figure I.3. This can also be illustrated by plotting
the variation of dynamic viscosity and rigidity at
representative frequencies as a function of starch
concentration as shown in Figures 1.4 and I.5 respectively.
A similar concentration dependence was observed by
Nakagaki and Muragishi (79). The results in Figures 1.4
and I.5 show that the dynamic viscosities and rigidities
of starch pastes made from the Gamenya wheat variety are
much higher than from the Aotea variety at any given
starch concentration. According to Amylograph tests,
Gamenya starches have much more desirable pasting
characteristics than Aotea (41). The oscillatory

measurements demonstrate the same trend.
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The results in Figures I.4 and I.5 suggest that gelatinised
starch-water systems are characterised by three different
modes of behaviour. At lower concentration of starch,
the dynamic viscosity has a comparatively small value
while the dynamic rigidity tends to zero. A certain
minimum concentration of starch is needed before rigidity
is apparent. The second type of behaviour occurs at
intermediate concentrations, where both dynamic viscosity
and rigidity are readily detected. These concentration
ranges are of most interest in the present study as they
give pastes whose rheological properties are similar to
those formed in the Amylograph under standard conditions.
Above the upper limits of these ranges the starch-water
systems change from viscoelastic fluids to viscoelastic
solids and self-supporting gels are formed. Both dynamic

viscosity and rigidity then increase markedly.

I.6.1.4. Effect of paste preparation condition and starch

damage

Figure I.6 shows the frequency dependence of dynamic
viscosity and rigidity for pastes formed from Gamenya wheat
starch under different temperature/time treatments. The
dynamic viscosities and rigidities at any given frequency
are reduced as a result of decreases in pasting temperature
or time. Other wheat varieties studied follow the same
trend. Figure I.7 shows the frequency dependence of
dynamic viscosity and rigidity for pastes made from Aotea
wheat starch that has been damaged to different extents.
The dynamic viscosities and rigidities at any given
frequency decrease with increasing starch damage. Other
wheat varieties studied give similar results. Figure I.8
shows the frequency dependence of dynamic viscosity and
rigidity for pastes formed from Aotea wheat variety prepared
in the Amylograph. The results show that pastes formed

in the Amylograph have reduced dynamic viscosities and
rigidities compared with controls. Other wheat varieties

studied show similar variations.
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I.6.2 Rheological properties of wheat starch pastes under

steady shear conditions

I.6.2.1. High shear rate (10-4000S !)

Figure I.9 shows typical log-log plots of apparent
viscosity against shear rate for various starch pastes.
Clearly the pastes are shear thinning fluids that obey
the law

"app = kY™ [T.16]

where ' app is the apparent viscosity, Y is the shear rate
and K and m are constants. K and m are a function of the
concentration and variety of starch and of the temperature/
time treatment used during paste preparation. These

results are consistent with those reported for starches from

other plant species (68).

I1.6.2.1.1. Effect of starch concentration

Figure I.10 shows the apparent viscosity of pastes as a
function of the shear rate for given concentrations of
Gamut wheat starch. Other wheat varieties studied follow
the same trend. The slopes of the log-log plots are
strongly dependent on starch concentration. A plot of the
pseudoplasticity constant (-m) against the starch
concentration, as shown in Figure I.11, indicates that it
increases to a constant value as the concentration is
increased. In the lower concentration range, it decreases
sharply extrapolating back to zero at some finite
concentration (c,) characteristic of each veriety of
wheat starch. A linear relationship between the
pseudoplasticity constant and the starch concentration can

be obtained using the following standard equation (68):-

1
1 1 K T 17
m TTh. ‘Y CoCs e
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The concentration at which the pseudoplasticity constant
equals to zero can be calculated according to Equation
E.lﬂ by a trial and error procedure so that the best
least squares fit of the data is obtained. The results
of using this procedure for data such as that in Figure

I.11 are shown in Table I.3.

Table I.3 Values of C, , - ™o , K, and correlation

coefficient of the least squares fits to Equation 'I.17

for various starch pastes.

Wheat variety

used to Co - Mg Kj Correlation
prepare starch % coefficient
Karamu 3% 210 0.51 0.60 0.998
Aotea 3.10 0.71 2,52 0.998
Hilgendorf 2.00 0.93 3.10 0.998
Gamut 2.40 0.86 3.77 0.994
Raven 1.40 0.77 3.01 0.998

The variation of the apparent viscosity of pastes at a
given shear rate, 1\5, with starch concentration is shown
in Figure I.12 for Karamu and Raven wheat varieties. The
same trend was obtained at other shear rates and with the
other starch varieties. The results show that there is an
abrupt change in apparent viscosity at a certain starch
concentration characteristic of each wheat variety. The
results in Figure I.12 also show that the apparent viscosity
of starch pastes formed from the Raven wheat variety are
much higher than from the Karamu wheat variety at any
given starch concentration, this is consistent with

Amylograph measurements (41).
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I.6.2.1.2. Effect of paste preparation condition

The effect of varying pasting temperature, with a constant
heating time of 1 hour, on the apparent viscosity of pastes
is demonstrated in Figure I.13 for Gamut wheat variety. The
slopes of the log-log plots are dependent on the pasting
temperature. Plots of the pseudoplasticity constant of

the pastes against the pasting temperature for several
starch concentrations (Figure I.14) shows that the
pseudoplasticity constant decreases constantly when the
pasting temperature is reduced. Plots of the apparent
viscosity of the pastes at a given shear rate as a

function of the pasting temperature (Figure I.15) show that
the apparent viscosity decreases markedly when the pasting
temperature is decreased. Other wheat varieties studied give

similar pattern of variation.

Figure 1.16 shows the effect of varying pasting time, at a
constant temperature of 95.0°C, on the apparent viscosity
of pastes made from the Hilgendorf wheat starch. It can be-
seen that the slopes of the log-log plots are dependent

on the pasting time. The pseudoplasticity constant of the
pastes drops sharply when the pasting time is less than 10
minutes as shown in Figure I.17. Plots of the apparent
viscosity of the pastes at a given shear rate as a

function of the pasting time (Figure I.18) show that the
apparent viscosity decreases slightly when the pasting time
is reduced from 60 minutes to 15 minutes and drops sharply
thereafter. A similar pattern of variation was obtained

with other wheat varieties examined.

I.6.2.2. Low shear rate (0.4 -10S !)

Figure I.19 shows typical log-log plots of shear stress
against shear rate for various wheat starch pastes. Clearly

the flow curves are non-linear on the logarithmic scale and
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approach finite values at very low shear rates, suggesting
that yield stresses are present. This behaviour can be

described by the following equation (73)

=T+ Ky 1.18

where K3; and n are constants and T, is the yield stress.

The values of T, are determined by extrapolation.

The values of T'y, K3 and n depend on the concentration and
variety of starch and on paste preparation conditions. The
results are consistent with those reported for starches from
other plant species. Equation [@.l@ applies to starch -
pastes which are above certain minimum concentrations and
have received sufficient heat treatment, otherwise yield

stresses are not apparent.

I1.6.2.2.1. Effect of starch concentration

Figure I.20 shows the flow curves of pastes for given
concentrations of Gamut wheat pastes. Other wheat varieties
studied follow the same trend. The variation of the yield
stress values of pastes with starch concentration for

Karamu and Raven wheat varieties is shown in Figure I.21.
The results show that the yield stresses of starch pastes
made from the Raven wheat variety are higher than from

the Karamu wheat variety at any given concentration. In all
cases it was found that the higher is the value of the

yield stress the higher is the Amylograph viscosity. When
the starch concentration is too low, a stage is reached where
either the yield stresses are too low to be detected by the
viscometer or no yield stresses occur as an insufficient
quantity of swollen gel particles is present to be packed

throughout the paste volume.
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I.6.2.2.2. Effect of paste preparation condition

The effect of varying pasting temperature, at a constant
heating time of 1 hour, on the flow curves of pastes is
demonstrated in Figure I1.22 for Gamut wheat variety. The
variation in the yield stress values with pasting
temperature is shown in Figure I.23 for several
concentrations of the Gamut wheat starch. The results show
that the yield stress value decreases when the pasting
temperature 0is reduced. When the pasting temperature is
less than 90 C, a stage is reached where yield stresses

are no longer apparent (see Figure I.22). A similar pattern
of results was obtained for all the other wheat starches
examined. Figure I.24 shows the effect of varying pasting
time, at a constant temperature of 95.0%,on the flow
curves of pastes made from the Hilgendorf wheat starch.

The variation in the yield stress values of pastes with
pasting time is shown in Figure I.25 for several concentrations
of the Hilgendorf wheat starch. The results show that the
yield stress is about constant after a pasting time of 20
minutes. When the pasting time is less than 10 minutes, a
point is reached where yield stresses are no longer apparent.

Similar results were obtained with other wheat varieties.

I.6.3. Total number of particles per gram of sample and

the size distribution of starch granules

Figures I.26a-f show plots of relative weight-diameter
distribution curves for the various wheat starches studied.
The bimodal size distributions described by other
investigators (13, 14) are clearly evident. The
corresponding graphs of cumulative mass fractions for
granules less than a given hydrated particle diameter are
shown in Appendix Ie. The results in Figures I.26a-f

(and in Appendix Ie) indicate there are few granules with

diameters between 9 and l3/um, the minimum number generally
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occurs at 12 um. Hence the figure of 12£um hydrated
diameter has been used to classify granules as either
small or large. The percentages by weight of granules
under 12 um hydrated diameter for various wheat starches
are tabulated in Table I.4. This percentage varies quite
considerably between the various starches examined. These
results are in general in agreement with other recent data
(11, 20) giving the percentage by weight of small granules
in a starch sample. The Australian wheat starches have
consistently lower percentages by weight of small granules
than New Zealand starches, this is in accordance with the
results of Meredith et al (13). The total number of
granules per gram of starch and the number of large
granules per gram of starch, both determined from the
relative number per gram - diameter distribution curves
(Figures I.27 a-f) are presented in Table I.5. The values
for total number of granules per gram of starch are in the
range reported by other investigators (23). The results in
Table I.5 show that the total number of granules differ
considerably between the Australian and New Zealand wheat
starches. Australian wheat starches contain higher number

fraction of large granules.

Table I.4 Percentage by weight of small granules in the

various wheat starches.

Wheat variety used to

prepare starch ¢ weight ( <12/um)
Karamu 26.0
Aotea 24.4
Hilgendorf 16.9
Gamut 15.0
Gamenya 10.0
Raven 12.8




Table I.5 Total number of granules per gram of sample
and number of large granules per gram of sample in the

various wheat starches.

60

Number of Number

Wheat variety large granules Total number fraction of
used to >12.m per of granules per large granules
prepare starch gram of sample gram of sample P

Karamu 2.49 x 10° 3. 82| 2= m0R 0.075

Aotea 2.87 x 10° 3.01 x 10° 0.095

Hilgendorf 2.64 x 10°8 2.52 x 10° 0.105

Gamut 2.77 x 10°® 2.41 x 10° 0.115

Gamenya 3.04 x 10°® 1.44 x 10° 0.211

Raven 2.78 x 10° 1.86 x 10° 0.145

I.6.4 Swelling capacity of, and the exudate from,

gelatinised granules

I.6.4.1 Swelling capacity

I.6.4.1.1. Effect of wheat variety

Table I.6 give results showing that the Australian wheat
starches have consistently higher swelling capacities than
the New Zealand varieties. All the results are about

20% higher than the values obtained using the standard
procedure of Schoch (83). Evans and Haisman (68) have
described an alternative method of obtaining the swelling
capacities of starches. In their method, different
concentrations of starch pastes are allowed to settle out
under gravity and the levels of the sedimenting interface

are recorded at given time intervals using a TV camera.
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The minimum concentration of starch at which the initial

rate of sedimentation is less than 0.lmmhr !

is found,

and so the swelling capacity. Since wheat starches contain
small granules, the method is unsuitable for the present
study. However the fact is stressed that an absolute
method of determining the swelling capacity of wheat starch
is not available, and different procedures will give

different results .

Table I.6 Swelling capacities of the various wheat starches
at 95.0°C/1h.

Wheat variety used Swelling capacity
to prepare starch ml/g f 5%
Karamu 25.50
Aotea 26.25
Hilgendorf 2{7 . 810
Gamut 28.00
Gamenya 34.30
Raven 35.50

I.6.4.1.2. Effect of paste preparation condition

Figure I.28 shows the variation in the swelling capacity
of Gamut wheat starch as a function of the pasting
temperature. The swelling capacity increases rapidly
above 85.0°C. The other wheat starches studied show the
same trend. Figure I.29 shows the swelling capacity of
Hilgendorf wheat starch as a function of the pasting time.
The swelling capacity increases markedly for the first 10

minutes and then remains about constant thereafter. A
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similar pattern of variation was observed for the other
wheat starches examined. The influence of the extent of
starch damage on the swelling capacity of starch is
demonstrated in Table I.7. As the extent of starch

damage increases, swelling capacity decreases appreciably.
Table I.7 also shows that formation of pastes in the
Amylograph reduces the value of the swelling capacity.
Pastes formed in the Amylograph receive a slightly greater
heat treatment than pastes formed by the standard procedure
described herein, but the reduction in swelling capacity
would not be expected on the basis of this difference. The
Amylograph also subjects samples to high shearing forces,
this results in granule disintegration (16) and hence is
probably the cause of the reduction in swelling capacity
shown in Table I.7.

Table I.7 Swelling capacities of various wheat starches

formed in the Amylograph and of samples containing damaged

granules.

Wheat variety used Swelling capacity

to prepare starch ml/g
Karamu' 25.50
Karamu? 16.50
Aotea' 26.25
Aotea? 17.65
Gamenya' 34.30
Gamenya? 21.26
Raven' 35.50
Raven? 22.85
Aotea (10% damaged)'! 24.00
Aotea (25% damaged)' 18.50
Gamenya (10% damaged)! 30.80

1) the paste was formed by standard method
2) the paste was formed in the Amylograph




I1.6.4.1.3. Effect of fractionation of starch particles

according to size

Table I.8 gives the swelling capacities of fractions of
Karamu and Raven wheat starches with narrow particle size
ranges. The swelling capacities of unfractionated starch
samples of Karamu and Raven wheat varieties are included
for comparison. The values for the swelling capacity of
the unfractionated starch are similar to the values for the

large granules; this would be expected since large granules

comprise the bulk of the weight of the sample (see Table I.4).

However, the swelling capacities of pastes does not simply

obey the following relationship:-

where S is the swelling capacity of a starch sample, Wi is
the weight fraction of size fraction i and S5 is the
swelling capacity of size fraction i . This is because in
an unfractionated starch sample,the large granules pack so
as to give a significant void volume (68). The voids can
be occupied by small particles without markedly increasing
the volume occupied by the total bed of granules. Thus

the swelling capacities of starches reflect granule size
distributions and samples with greater fractions of small
granules swell less. However Table I.8 also shows that
within the same size range, the swelling capacities of Raven
wheat starch fractions are always higher than Karamu, hence

factors other than size distribution influence results.

68
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Table I.8 Swelling capacities of the various starch
fraction with narrow size ranges of Karamu and Raven

wheat starches.

Starch Particle Swelling capacity
diameter ml/g
Mm Karamu Raven
Unfractionated 25.50 35.50
19.5 23.65 30.55
14.7 23.90 31.60
Fractionated 7.1 28.00 35.40
4.3 34.40 41.55
30 40.90 56.70

1.6.4.2. Exudate

I.6.4.2.1. Effect of wheat variety

Table 1.9 gives the percentage of starch exuding from
gelatinised granules of the various wheat starches studied.
The results show that there is no definite trend in the
variation between the Australian and New Zealand wheat

starches.

I.6.4.2.2. Effect of paste preparation condition

Figure I.30 shows the variation in the percentage of starch
released from gelatinised granules of Gamut wheat variety
as a function of the pasting temperature. The polymeric
material exuding from gelatinised granules increases

markedly above 87.5°C. The other wheat varieties studied



Table I.9

of the various wheat starches.

Percentages of exudate from gelatinised granules

Percentage exudate,

%

Wheat variety used to prepare starch £ 5%
Karamu 37.20
Aotea 35.20
Hilgendorf 30.78
Gamut 35.24
Gamenya 35.80
Raven 42.61

Table I.10

of various wheat starches formed in the

Amylograph and of samples containing damaged

particles.

Percentages of exudate from gelatinised granules

Percentage exudate,

%

Wheat variety used to prepare starch * 5%

Karamu' 37.20
Karamu ? 42.26
Aotea ! 35.20
Aotea ? 44.97
Gamenya' 35.80
Gamenya? 32.87
Raven' 42.61
Raven? 48.75
Aotea (10% starch damage)! 45.90
Aotea (25% starch damage)'! 60.20
Gamenya (10% starch damage)'! 46.50

)
%)

pastes were formed by the standard method.

pastes were formed in the Amylograph.
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show the same trend. Figure I.31 shows the variation in
the percentage of starch released from gelatinised granules
of Hilgendorf wheat variety as a function of the pasting
time. The polymeric material exuding from gelatinised
granules increases for the first 10 minutes and then remains
about constant thereafter. A similar pattern of variation

was observed for the other wheat starches examined.

The influence of the extent of starch damage on the quantity
of starch exuding from gelatinised granules is

demonstrated in Table I.10. As the extent of starch

damage increases, the percentage of starch released from
gelatinised granules increases appreciably. Table I.10 also
shows that the formation of pastes in the Amylograph increases
the amount of polymeric material released with the aqueous
medium. This may possibly be due to the high shearing forces

encountered in the Amylograph causing granule disintegration.

I1.6.4.2.3. Effect of fractionation of starch particles

according to size

Table I.11 shows that the percentages of exudate from
unfractionated Karamu and Raven samples are similar to the
corresponding values for large granules, this would be
expected since large granules comprise the major weight
fraction of starch. The results also show that the amount
of starch released from small granules is consistently higher
than from large granules, this is contrary to results
obtained by some other investigators (16, 98). One factor
which may account for this discrepancy is the amount of
damaged granules present in starch samples. This damage
normally occurs to large granules (89). 1In the present
study, the extraction procedure used does not cause starch
damage. If the samples studied by other investigators

contained damaged granules, this would explain the difference.
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Another possible reason for the discrepancy between

results relates to the fact that small granules are more
prone to disintegration than large granules above about
90°C (16), and hence yield higher percentage of exudate

in this range. The results in Table I.1ll apply to pastes
that have been formed at 95.0°C/lh, this has a greater

heat treatment than that used by investigators who found
large granules to release more exudate. Table I.11 also
shows that within the same particle size range, the exudate
from Raven wheat starch fractions is greater than from

Karamu starch fractions.

All the results obtained in this section of the present
study show that the more a starch sample swells, the more

polymeric material is released from the gelatinised granules.

Table I.11 Percentage of starch exuding from gelatinised
granules of the various starch fractions with narrow size

ranges of Karamu and Raven wheat starches.

Starch exuding from

Starch Particle gelatinised granules
diameter % g/g
/um Karamu Raven
Unfractionated 37.20 42.60
19.5 36.20 38.40
14.7 39.10 41.60
Fractionated 7.1 44,70 45.70
4.3 44 .90 53.70

3y 43.20 52.90
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I.6.5. Structural features of starch pastes characterised

by different dynamic viscosities and rigidities

Table I.12 gives the characteristics of pastes formed from
the various wheat starches that may be related to their
varying rheological behaviour. The data suggests that pastes
with relatively high dynamic viscosities and rigidities are
formed from starches with higher swelling capacities and
number fractions of large granules. Table I.12 also gives
the characteristics of pastes as influenced by preparation
conditions and the presence of 'damaged'granules. The
results indicate that decreases in swelling capacities are
associated with reductions in dynamic viscosity and
rigidity and vice versa, this is consistent with the trend
in the variation of rheological measurements with starch
source. The data in Table I.12 suggests that variations in
the cuantity of starch exuding from swollen granules do

not account for variations in paste behaviour under the

conditions reported in this table.

I.6.6. Structural features of starch pastes characterised

by different steady shear properties

Table I1.13 gives the characteristics of pastes from the
various wheat starches that may account for their varying
steady shear properties. The data suggests that pastes
with relatively high apparent viscosities and yield stresses
are formed from starches with higher swelling capacities.
Table I.13 also gives the characteristics of pastes as
influenced by the different temperature/time treatments
during paste preparation. The results indicate that
decreases in swelling capacity are associated with
reduction in both the apparent viscosity and the yield
stress and vice versa, this is consistent with the trend
in the variation of steady slow property with source of

starch.



Table I.12

Dynamic viscosities and rigidities at representative

frequencies and other characteristics of pastes made

from different wheat starches under a range of

conditions.

$2§?Zt Temp Number
./ time Fraction Starch w= 0.05 w= 0.10 w= 0.50 W= 1.00
Used to  Starch  p ..t swelling of Exu- rads ! rads ! rads™! rads” !
gigESEe ;?;i' Tent Capacity Large date ﬂ'_z Glz '_2 LZ TL'_2 G’' 11‘_2 lz
C/h ml/g Granules %g/g Nsm Nm Nsm Nm Nsm Nm Nsm Nm
Karamu 0.0480 95.0/1.0 25.50 0.0750 37.20 2.12 0.10 1.42 0.12 0.64 0.19 0.50 0.30
0.0525 95.0/1.0 25.50 0.0750 37.20 4.70 0.39 3.30 0.48 1.35 0.72 1.00 0.87
0.0571 95.0/1.0 25.50 0.0750 37.20 9.00 0.70 5.80 0.87 2.50 1.40 1.90 14270
0.0616 95.0/1.0 25.50 0.0750 37.20 18.00 2.00 11.20 2.47 5.00 3.90 3.80 4.90
0.0641 95.0/1.0' 16.50 0.0750 42.26 3.30 0.30 1.90 0r 33 0.73 0.48 0.54 0.62
Aotea 0.0433 95.0/1.0 26.25 0.0953 35.50 1.44 0.04 0.87 0.05 0.33 0.10 0.27 0.14
0.0480 95.0/1.0 26.25 0.0953 35.50 2.85 0.14 2.00 0.16 0.80 0.28 0.74 0.38
'0.0525 95.0/1.0 26.25 0.0953 35.50 5.40 0.23 335 0.28 1.42 0.60 5. 10 0.85
0.0571 95.0/1.0 26.25 0.0953 35.50 7.40 0.58 4.85 0.72 2.17 1.20 1.62 1.60
0.0616 95.0/1.0 26.25 0.0953 35.50 12.50 1.30 7.80 8512 3.50 279815 2.62 3.15
0.0480 95.0/0.5 23.21 0.0953 26.50 1.90 0.07 1.25 0.09 0.50 0.12 0.35 0.15
0.0525 97.5/0.5 29.16 0.0593 45.00 12.50 1.90 7.80 200 28,5715 2.85 1.85 3.40
0.0681 95.0/1.0! 17.63 0.0953 44.97 7.00 0.44 4.15 0.56 1555 1.02 1.15 N329
0.0723 95.0/1.0" 17.65 0.0953 44 .97 8.40 0.75 5.02 0.96 1.75 1.88 1.28 2re35)
0.0571 95.0/1.0 23.96 0.0953 45.90 4.25 0.30 3.20 0.40 1.65 0.57 15325 0.74
0.0616 95.0/1.0 23.96 0.0953 45.90 0.80 0.68 5.30 0.78 2.55 1.10 1.85 1.35
conty/ivT:

SL



Hilgen-
dorf

Gamut

Gamenya

Raven

0.0387
0.0433
0.0480
0.0387
0.0433
0.0457
0.0480
0.0293
0.0340
0.0363
0.0387
0.0277
0.0293
0.0343
0.0387
0.0375
0.0480
0.0480
0.0520
0.0576
0.03632
0.03872
0.0293
0.0340
0.0387

95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/0.5
95.0/0.5
95.0/0.5
92.5/0.5
95.0/0.5
92.5/1.0
95.0/0.5
95.0/1.0!
95.0/1.0!
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0

27.32
2109312
27.32
28.02
28.02
28.02
28.02
34.30
34.30
34.30
34.30
32.34
32.34
32.34
32.32
32.34
32.33
28.11
21.26
21.26
30.80
30.80
35.50
35.50
35}. .50

0.1048
0.1048
0.1048
0.1017
0.1017
0.1017
0.1017
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.2111
0.1495
0.1495
0.1495

30.78
30.78
30.78
35.23
35.23
35.23
35r23
37.50
37.50
37.50
37.50
33.85
32.85
33.85
26.55
33.85
26.55
21.35
32.87
32.87
46.50
46.50
42.61
42.61
42.61

3.80
7.00
10.00
1.30
4.90
7.70
14.00
2.00
4.00
6.20
10.70
1.10
1.1%
4.17
8.50
4.70
25.00
21.00
10.00
15.20
3.80
6.40
1.50
5.00
13.50

0.95
1995!5
2.50
0.08
0.44
1.00
1.70
3.60
1.20
2.40
4.40
0.12
0.19
1.15
3.05
2.50
8.50
7.00
3.50
4.18
1.60
2.50
0.40
1.40
3.70

2.45
4.00
6.70
0.79
2.80
4.70
8.50
-1.10
2.10
3.95
6.40
0.70
0.73
2.30
5.00
3.40
14.50
11.00
5.70
9.70
2.10
4.85
0.92
3.10
8.50

0.96
1.60
2.55
0.10
0.52
1.13
2.20
0.38
1.30
2.80
4.60
0.20
0.21
1.17
3.20
2.55
9.70
8.80
3.66
4.60
2.10
2.60
0.43
1.48
4.10

N O O H O W = & U H# M O O O +H H O O W iN K+ O NN +H O

.95
.80
.30
.30
0dbd]
.10
.00
.40
.80
w28
.70
.38
.40
.80
.60
.40
.60
.20
.94
.26
.85
.50
.27
.90
.20

1.22
2.04
3.70
0.15
0.77
1.80
3.30
0.47
1.40
3.00
4.70
0.28
0.30
1.20
3.30
2.70
13.0
11.50
4.20
5.80
2.50
3.05
0.48
1.70
4.80

0.76
1.50
1.70
0.23
0.86
1.60
2,125
0.29
0.47
0.82
1.10
0.20
0.23
0.70
1.00
1.00
4.00
3.60
1.40
2.23
0.60
0.84
0.20
0.60
1.30

1.43
2.40
4.70
0.19
1.00
2.40
0.50
0.55
1.63
3.20
4.90
0.31
0.37
1.22
3.60
2.90

16.00

14.00
4.60
6.40
2.85
3.40
0.50
1.90
5.60

!  the paste was formed in the Brabender Amylograph

2

the sample contained 10%

*damaged’

starch
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Table I.13 Apparent viscosities at specified shear rates,
yield stresses and other characteristics of
pastes made from different wheat starches under
a range of conditions.
Wheat Number Yield
Variety Starch Temp/Time Swelling Fraction Apparent Viscosity Stress
To Prepare conc. Treatment Capacity of Large . 1 To
Starch g/ml °c/h ml/g Granules \J/=205-1 Y :120s7! ¢=1200¢ " Nm~ 2
Karamu 0.0427 95.0/1.0 25.50 0.0750 0.07 0.05 0.03 -
0.0471 95.0/1.0 25.50 0.0750 0.17 0.09 0.04 1.20
0.0535 95.0/1.0 25.50 0.0750 0.31 0.17 0.06 2.00
0.0575 95.0/1.0 25.50 0.0750 0.46 0.21 0.08 3.00
0.0615 95.0/1.0 25.50 0.0750 0.60 0.26 0.10 4.20
0.0661 95.0/1.0 25.50 0.0750 0.73 0.31 0.11 5.60
0.0704 95.0/1.0 25.50 0.0750 1.20 0.36 0.15 6.50
0.0760 95.0/1.0 25.50 0.0750 1.30 0.42 0.18 8.30
Aotea 0.0380 95.0/1.0 26.25 0.0953 0.06 0.04 0.02 -
0.0432 95.0/1.0 26.25 0.0953 0.16 0.08 0.04 -
0.0487 95.0/1.0 26.25 0.0953 0.22 0.13 0.06 1.10
0.0517 95.0/1.0 26.25 0.0953 0.37 0.17 0.07 2.00
0.0574 95.0/1.0 26.25 0.0953 0.61 0.27 0.09 3.50
0.0958 95.0/1.0 26.25 0.0953 0.83 0.34 0.12 5.40
0.0649 95.0/1.0 26.25 0.0953 1.05 0.50 0.16 7.00
Raven 0.0309 95.0/1.0 35.50 0.1495 0.05 0.04 0.02 0.00
0.0324 95.0/1.0 35.50 0.1495 0.05 0.05 0.02 0.00
0.0340 95.0/1.0 35.50 0.1495 0.07 0.06 0.03 0.00
0.0384 95.0/1.0 35.50 0.1495 0.20 0.12 0.05 0.00
0.0433 95.0/1.0 35.50 0.1495 0.44 0.21 0.08 0.90
0.0464 95.0/1.0 35.50 0.1495 0.57 0.26 0.10 2.00

cont/...
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Raven

Gamut

Hilgendorf

0.0531
0.0558
0.0338
0.0390
0.0419
0.0480
0.0525
0.0584
0.0607
0.0670
0.0480
0.0480
0.0571
0.0571
0.0571
0.0610
0.0610
0.0610
0.0398
0.0439
0.0462
0.0526
0.0569
0.0623
0.0387
0.0387
0.0480
0.0480
0.0480
0.0480
0.0550
0.0550
0.0550
0.0550
0.0550

95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
92.5/1.0
90.0/1.0
95.0/1.0
92.5/1.0
90.0/1.0
95.0/1.0
92.5/1.0
90.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/1.0
95.0/0.75
95.0/1.0
95.0/0.75

.95.0/0.5

95.0/0.53
95.0/1.0

95.0/0.75
95.0/0.50
95.0/0.33
95.0/0.25

35.50
35.50
28.02
28.02
28.02
28.02
28.02
28.02
28.02
28.02
24.00
19.30
28.02
24.00
19.30
28.03
24.00
19.30
29.00
29.00
29.00
29.00
29.00
29.00
29.00
28.30
29.00
28.30
27.50
25.60
29.00
28.30
27.10
25.60
24.20

.1495
.1495
.1017
.1017
.1017
1017
.1017
.1017
.1017
.1017
.1017

.1017
.1017
.1017
.1017
.1017
.1017
.1048
.1048
.1048
.1048
.1048
.1048
1048
.1048
.1048
.1048
1048
1048
.1048
.1048
1048
.1048
0.1048

O O O O O O O O O O O O O O O 0O O O 0O O O O O O O o O o o o o o o o

.1017 -

0.82
1.13
0.17
0.27
0.38
0.69
0.85
105u b1
1.40
1.67
0.20
0.11
0.78
0.55
0.38
1.93
1.04
0.70
0.17
0.28
0.41
0.07
0.99
1.50

0.38
0.35
0. 35
0.30
0.96
0.86
0.82
0.64
0.59

0.41
0.55
0.05
0.10
0RA'5
0.26
0.35
0.48
0.55
0.69
0.11
0.06
0.48
0.25
0.19
0.77
0.46
0.30
0.09
0.14
0.19
0.27
0.43
0.56
0.11
0.10
0.24
0.20
0.20
0.16
0.43
0.41
0.41
0.31
0.26

0.13
0.20
0.04
0.05
0.06
0.09
0.11
0.13
0.15
0.19
0.05
0.03
0.13
0.10
0.07
0.16
0.15
0.10
0.04
0.06
0.08
0.08
0.12
0.12
0.06
0.05
0.08
0.07
0.06
0.05
0.13
0.12
0.11
0.08
0.05

3.60
6.40
0.00
1.50
2.00
3.40
4.80
6.40
8.20
10.00
0.26
0.00
3.50
1.85
0.05
4.50
3.00
0.50
0.00
0.82
1.65
2.80
4.00
5.30
0.00
0.00
1.80
1.60
1.60
1.10
3.50
3.20
3.00
2.00
1.30

8L
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I.6.7. Effect of paste storage on dynamic viscosity

and rigidity

Figures I.32 and I.33 show the development of dynamic
rigidity at various ageing temperatures as a function

of time for pastes made from Gamenya and Aotea wheat
starches respectively. Figures I.34 and I.35 give the
corresponding dynamic viscosity data. These results show
that as temperature increases the equilibrium values
reached when ageing is completed increase for dynamic
viscosity but decrease for dynamic rigidity. 1In general,
the change in the rheological properties of pastes with
time is similar to that recorded for concentrated wheat
starch gels (99). However there are certain differences
between the ageing processes of starch pastes and gels.
For example the former has a period of slow development
in dynamic viscosity or rigidity which is dependent on

ageing temperature, giving a sqmoidal curve.
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1.7. Discussion

I.7.1. Viscoelastic behaviour under oscillatory shear

conditions

The relationship between dynamic rigidity G' and starch
concentration C as shown in Figure I.5 is, in some respects,
similar to the effect of cellulose concentration on the
viscoelastic properties of dilute suspensions of cellulose
fibres. For the latter system Steenberg, Thalen and

Wahren (100) established the following empirical relationship

governing the concentration dependence of dynamic rigidity:-

G'=GO'(C-C)KGforC>C '1.19
s S

G' =0 for C <C_ _ 20

where C is starch concentration (. %) and G,' and K. are

G
constants at any given frequency characteristic of each

fibre suspension. Equation @.l@ is analogous to that

used to describe the steady shear properties of

microgels (101). Values of Cs’ Go' and KG can be
established so that Equation @.lﬂ fits the data in Figure
I.5 closely when C > l.lCS.Figure I.36 shows plots of log G'
against log (C - CS) for two varieties of wheat starch
pastes. The corresponding correlation coefficients are 0.97
and 0.98 for Gamenya and Aotea respectively. The other
varieties in Table I.12 give similar results, in all cases
Cs’ Go' and KG vary from sample to sample. Figure I.36
shows that there is a discontinuity in the variation of
dynamic rigidity with concentration which occurs when C =

1. il CS, below this point dynamic rigidity declines less
rapidly with decreasing concentration. When C = 0.9 Cs

the dynamic rigidity is zero.
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An equation of similar form fits the dynamic viscosity
measurements in Figure I.4 when the CS values established

in Equation {i.lﬂ are used,

._ﬁ.l K [-
], _11\{J (c—CS) for C2 l.lCS g-zi

where Kn andTlo' are frequency dependent constants that
have different magnitudes for different starches. 1In this
case, the correlation coefficients are 0.98 and 0.99 for
Gamenya and Aotea respectively, the other varieties give
similar results. Figure I.37 shows the discontinuity in
dynamic measurements at C = l.le, below this value the
decrease in dynamic viscosity with concentration is less
marked. 1In contrast to the dynamic rigidity, dynamic

viscosity still has a finite value when C <O.9Cs.

Suspensions of cellulose fibres undergo an elastic response
on deformation when a three dimensional network of
suspended material is present. In these conditions the
term Cs has been shown to correspond to the minimum *
concentration of fibres needed to form this structure (102).
It has been suggested that as swollen granules are in
effect gels that exhibit viscoelastic behaviour, a network
with elastic properties could be formed in a paste by
random packing of such particles throughout the volume of
the system (103). CS would then be the concentration of
starch needed to do this. 1In all cases CS was found to be
equal to the minimum concentration at which gelatinised
granules would be expected to form a close packed network
on the basis of swelling capacity measurements. The
observation of an inflexion point when the concentration
level is approached, at which the continuous phase is in
excess, has also been shown in steady shear measurements

of microgels (101). The fact that dynamic rigidity

tends to zero when C = 0.9Cs rather than C = Cs and that



86

1-0—1
*
L J
L ]
L ]
L4 @
0.0 e
¢ ®
F L Y
= " s
s @
2 ~1.0= .
o
(o]
~
o
@
L
=2.0
| ] - | ] | ] 1
-3.0 -2.5 -2.0 -1.5
log (c-C.)

Figure 1.36 Plots of the_log of the dynamic rigidity at a frequency
of 0.05 rads ! versus log (C-C_) for pastes made from
Gamenya (4 ) and Aotea (@) wh8at starches.

o
1.0 °
" o
" o
08
~ = o (@)
i
E
00
2 0 o
= ¢ o
o) @]
o)
—
-1.0
T T T T T T T
-3.0 -2.5 -2.0 -1.5
log (C—Cs)

Figure 1.37 Plots of the_log of the dynamic viscosity at a frequency
of 0.05 rads ! versus log (C-C_.) for pastes made from
Gamenya (¢) and Aotea (O) wReat starches.
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there is a discontinuity in viscoelastic behaviour when

C = l.le, suggests that in this range networks can

exist that are more porous than the close packed assembly
of particles occurring when C> l.le. The porosity of
networks could increase as a result of the system dilating
at lower starch concentrations in the presence of shear
(104).

Since the completion of the present study, a similar
empirical equation has been used to describe the
concentration dependence of dynamic rigidity of pastes
made from tapioca, corn, potato starches and wheat
flour (68).

While Egquationsg @.lq and {?.2; account for the variation
of dynamic rigidity and viscosity with concentration for

any given starch, the values of the parameters, Go' , KG'
110' and Kn vary from sample to sample. Hence these
expressions were modified in an attempt to obtain more
general relationships. Gelatinised starch-water systems

are dispersions that are, in many respects, analogous to
microgels (101, 105). The rheological properties of such
systems are known to depend on the volume fraction, number
and size distribution of dispersed particles (106). These
factors were therefore built into Equation [E.lg] and {i.Zi]
in a number of different forms of which the following are

most successful in describing the experimental data.

n

where S is the swelling capacity of starch, this also gives

K - M . ’
o' [(ccps] € [p] @ for c>1.1c, [1.22)

r Kn Mn f-
ﬁLo' : (C—CS)S] [P] for CJ>l.lCS L;.Zﬂ

CS which is now expressed in units of g/ml, P is the number
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fraction of large granules ( >12}xm hydrated diameter) and
MG and Mn are constants whose values depend on frequency.
The results of the statistical analysis of the application
of Equations(1.22 and1.23] to the relevant data in

Tables I.12 are given in Table I.14. The correlation
coefficients in Table I.14 demonstrate that these empirical
expressions can account for much of the variation in the
experimental data using single value of Go' ,/fLoﬂ KG and Kn .
Hence the differences in the dynamic mechanical properties
from a number of wheat cultivars may be attributed to
variations in both their swelling capacities and the number
fractions of large granules they contain. The results also
indicate that the behaviour of pastes depends on the
conditions employed during their preparation as these
conditions influence the volume of swollen particles

occurring after gelatinisation.

The general relationship derived to predict the rheological
behaviour of wheat starch pastes in terms of swelling capacity
and size distribution of starch granules only applied to the
range of experimental conditions detailed in Table I.12.
Cases were found where experimental results did not conform
to Equations E.Zé] and [ﬁ.zj , these are shown in

Table I.15. There are several factors that may account for
these variations. In these cases the results show clearly
that less swelling of granules occurs when compared to the
values obtained using standard pasting conditions. Thus to
obtain the same volume fraction as in controls, the starch
concentration is increased. Hence the increase in the
number of swollen gel particles may explain the increase in
dynamic viscosity. During the pasting of starch - water
system, it has been shown that granule disintegration is
reduced as a result of less heat treatment (84), this effect
may also contribute to the increase in dynamic viscosity.

On the other hand, the decrease in dynamic rigidity of
pastes may be attributed to the nature of the network

structure formed in the system when the temperature/time



treatment is reduced.

forces such as entanglements between the surface

A weakening in the inter-particle

molecules of adjacent swollen granules may results from

a reduced heat treatment leading to a decrease in
dynamic rigidity.
reduced synergistic interactions between the swollen

granules and the polymeric material in the continuous

phase as less starch is released.

Table I.14

05
rads
logﬁlo' 3.00
K .20
n
M 0.564
n
Correlation
Coefficient 0.894
log Go' 3.89
KG 1.44
MG 2.29
Correlation
Coefficient 0.885

results in Table

Another possible reason may be the

coefficients for the fits of Equations [j.2i

and [1.25 at specified frequencies to the

I.12.

W= 0.1 w= 0.5 w = 1.0

rads ! rads rads
2.70 2.09 1.83
1.19 1.21 1.17
0.469 0.250 0.145
0.904 0.907 0.889
3.88 3.68 1.49
1.45 1.44 1.49
2.20 1.82 1.69
0.885 0.870 0.877

89

Values of regression coefficients and correlation
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Table I.15 Dynamic viscosities and rigidities at a
representative frequency and other
characteristics of pastes formed from
various wheat starches outside the range

of experimental conditions in Table I.12.

Wheat
Variety Temperature/ _
Used to Starch Time Swelling W= 0.1 rads !
Prepare conc. Treatment Capacity n'_ G'
Starch g/ml °C/h ml/g Nsm 2 Nm 2
Gamenya 0.0480 89.5/1.0 218 .88 8.98 0.85
95.0/1.0 34.30 (2.20) (1.25)
0.0525 87.5/1.0 20.93 4.53 0.12
95.0/1.0 34.30 (2.00) (1.25)
0.0571 88.5/1.0 21.63 6.04 0.20
95.0/1.0 34.30 2+ 2/0)) (1.25)
Aotea 0.0661 89.5/1.0 17.07 4.20 0.05
95.0/1.0 26.25 (1.52) (0.15)
0.0705 89.5/1.0 17.07 5.40 0.08
95.0/1.0 26.25 (2.00) (0.20)

Figures in parenthesis indicate values for pastes containing
the equivalent volume fractions of gelatinised granules

formed by the standard pasting conditions.
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I.7.2. Rheological properties under steady shear conditions

An expression of a similar form to that used in the analysis
of dynamic viscoelastic data may be useful in explaining
the variation in apparent viscosity between various starch
pastes measured under steady shear conditions. Thus

K,

=1 (c~C) T.24

where]lo and K11 are constants at any given shear rate whose
magnitudes depend on wheat variety and paste preparation
conditions. A similar equation has been used to describe
the steady shear behaviour of some microgels (101).

Figure I.38 shows the results in Figure I.12 conform to
this expression where C > 1.1 Cs’ or log (C - Cs)z - 2.5
and - 2.4 for Karamu and Raven wheat starches respectively.
The discontinuity in the results when C = l.le also
occurs. This may possibly be due to the fact that below
this concentration paste structure changes and more porous
arrangements of packed starch particles can exist, perhaps
as a result of system dilating.

Although Equation @.2@ accounts for the variation in the
apparent viscosity of any given paste with starch
concentration, the parameters K, andTb depend on starch
variety and sample preparation conditions. This equation
was therefore modified in an attempt to establish a more
general relationship. A number of investigators have
suggested methods of unifying rheological data from steady
shear measurements for systems consisting of dispersed

gel particles (101, 107, 108). These methods relate
rheological measurements to the volume that the bed of gel
particles would occupy when close paced if excess was present.
In the present study, this is determined by the swelling
capacity of the starch and therefore depends on sample
variety and paste preparation conditions. The work on the

dynamic rheological behaviour of wheat starch pastes
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reported herein suggest that it may also be necessary to
make reference to the size distribution of particles to
unify results. With the present viscosity data, see
Table I.13, a general relationship was found without
including a term for the particle size distribution
V=T | (C-C_)S ]

g w 15

@ 108 .29

llcand K; are constants at any given shear rate. The
regression coefficients of the fits of the logarithmic form
of Equation i§.2§. at given shear rates to the experimental
data in Table I.13 are given in Table I.1l6. A term for the
particle size distribution was not included in Equation ﬁ.Zi
as this increased the correlation coefficient by only about
0.02, and this is not statistically significant at the 5%
level.

Taylor and Bagley (10l1) suggest a different method of
unifying steady shear data such as that in Figure I.12,
namely by .relating viscosity values to the viscosity at the
point at which the disperse particles are just close packed
throughout the entire system. In the present context this
leads to an equation of the form

T C

X = K, (=) [1.26]
Tes Cs

-

whereﬂ'CS is the apparent viscosity at a shear rate‘x and
concentration CS, K, and M are constants. The fit of the
logarithmic form of this expression to the results in

Table I.13 at a shear rate of 1205_1gives a correlation
coefficient of 0.99, similar values of the correlation
coefficient were obtained at other shear rates. Although
Equation [i.Zﬂ unifies paste viscosity data more
successfully than Equation ﬁ.2§] , the relationship is
less general as it requires knowledge of11cs for each starch

variety used and for each set of paste preparation conditions.



Table I.16 Values of regression coefficients and
correlation coefficients for the fits of

Equation [i.Zi] at specified shear rate.

Y= 208"' VY= 12087 Y= 1200s"!
109]L0 0.03 -0.313 -0.885
K, 1.33 1.18 0.80
Correlation
Coefficient 0.95 0.95 0.94

The variation of the yield stress with concentration and
variety of starch, and paste preparation conditions, can
be described by a general expression which is analogous

to that established previously for the dynamic mechanical

behaviour of wheat starches:
_ - 1Ky }'N
T = T [ (e=¢_ )5l [P .55

where TC, Ky and N are constants and P is number fraction
of large granules in the starch. Since the sensitivity of
the viscometer used was such that C must be greater than
l.lCS to detect a yield stress, it is not clear whether
this equation applies when the starch concentration is
decreased below this 1limit. Statistical analysis of the
application of the logarithmic form of Equation [?.27] to
the yield stress results in Table I.13 was found to give

a correlation coefficient of 0.93, the values of IE, Ke
and N being -0.05, 1.33 and -0.794 respectively. Without
the term for the number fraction of large granules the
correlation coefficient reduces to 0.64. The inverse
relationship between yield stress and the number fraction
of large granules is consistent with the variation of
yield stress with particle size distribution established

by Erdi et al. for certain microcrystal gels (105).
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Hence the variation in the steady shear behaviour due to
concentration and variety of starch and paste preparation
conditions can be attributed to two parameters, namely the
volume which the gel particles would occupy when close
packed if excess water were present and the size
distribution of dispersed particles. The values of the
apparent viscosity and yield stress depend on the source

of starch since this effects particle swelling volumes and
size distributions. Paste preparation conditions influence
rheological properties since they alter the volume occupied
by gelatinised granules. The lack of theory dealing with
viscoelastic particles in suspensions, combined with the
fact that starch pastes have complicated structures,

precludes a more fundamental interpretation of the results.

I.7.3. Effect of paste storage on dynamic viscosity and

rigidity

The results in Figures I.32 - I.35 show that the rate of
change of dynamic rigidity and viscosity with respect to
time decreases with increasing temperature in a manner that
is characteristic of crystallisation in polymer-diluent
systems (109). The Avrami equation has been extensively
applied to the crystallisation of polymer systems including
starch gels (99). By analogy with starch gels, changes in
dynamic rigidity may be assumed to be a linear measure of
the extent of crystallisation. In this case the ageing of
starch pastes can be described, according to the Avrami

equation, as follows:

N = - exp (-Kt?) 1.2

199}

where G, is the equilibrium dynamic rigidity, Gt is the
dynamic rigidity at time t and Go is the dynamic rigidity
at zero time. K is the rate constant and a is the Avrami
exponent. The value of the Avrami exponent depends on
the number of dimensions in which crystallisation takes

place and the mode of nucleation (110).

95



96

Figures I.39 and I.40 show plots of log ‘-1n ( gm—;—gg— )]

o
against log t for Gamenya and Aotea starch pastes

respectively. Two values of the Avrami exponent are
obtained for each temperature, an initial slope of 1 and
a final slope of 2. The 95% Confidence Interval for the

slopes are shown in Table I.1l7.

Table I.17. 95% Confidence Intervals of the Avrami exponents
from the fits of the dynamic rigidity measurements

Gamenya and Aotea starch pastes to Equation [i.Z@.

Wheat variety Ageing

used to prepare temperature Initial Final

starch °c slope slope
10.0 0.85% 1.85%0.10

Gamenya 15.0 1.00%0.05 1.91%0.10
20.0 1.03%.03 1.98%0.11
30.0 1.03%0.01 2.02%0.08
10.0 1.18%0.01 1.91%0.10

Aotea 20.0 1.06%0.03 1.87%0.04
30.0 0.97%0.02 1.98%0.03

* only 2 data points

The results of the Avrami analysis can be interpreted in a
number of ways. A slope of 1, as in the initial part of
Figures I.39 and I.40, indicates that crystallisation is
instantaneous and that the growth of crystallites is in one

dimension only. The occurrence of instantaneous nucleation



g7

is possible in starch-water systems as remnants of ordered
structures are present after gelatinisation which can act

as nuclei for subsequent crystal growth (125). Concentrated
wheat starch gels also give a slope of 1 when crystallisation
results are interpreted according to the Avrami equation
(110). A change from a slope of 1 to a slope of 2, as found
in the final part of Figures I.39 and I.40, suggests a

change from one-dimensional to two-dimensional crystal
growth. This corresponds to a change from rod-like to
disc-like growth. The fact that one dimensional crystal
growth occurs before two dimensional crystallisation may
possibly be related to the fact that amylose crystallises
faster than amylopectin (111). In this case, one-dimensional
growth corresponds to amylose crystallisation and two-

dimensional growth to amylopectin crystallisation.

Another interpretation for the initial slope seen in
Figures I1.39 and I.40 is that it represents a lag phase

of the type often observed during crystallisation of
polymer systems (109). If this is the case, the main
crystallisation occurs when the Avrami plot has a slope of
2, the interpretation of this section of the graph would
still be as before. However a value of 2 for the Avrami
exponent can also indicate sporadic nucleation with
crystal growth in one dimension, this possibility can not

be rigorously excluded on the basis of the present results.

Although the variation in the dynamic rigidity with time
obeys the Avrami equation, the mechanism of crystallisation
of starch pastes remains uncertain. The Avrami plots could
have no fundamental significance as empirical methods of
measuring crystallisation were used. Furthermore, some
evidence suggests the Avrami equation does not actually

demonstrate crystallisation in polymer systems (112).
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Figure 1.39 The fits of dynamic rigidity measurements for
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Gamenya starch pastes to Equation 11.2@ at
various ageing temperatures.
@ 10.0°C ¢ 15.0°C A 20.0°C W 30.0°C



T T T T T
-0.5 0 0.5 1.0 1.5 o

log, t, h

Figure 1.40 The fits of dynamic rigidity measurements for

Aotea starch pastes to Equation
ageing temperatures.

® 10.0°C A 20.0°C m 30.0°C

(I.28

at various

99



SECTION II

THE RELATIONSHIP BETWEEN THE PHYSICAL

STRUCTURE AND THE SWELLING CAPACITY

OF STARCH GRANULES.

TAASSEY UNIVERSITY
LIBRARY



100

II.1 Introduction and scope of the investigation

In the previous section, it was demonstrated that the

flow behaviour of starch pastes depends on the volume
which the gel particles would occupy when close packed

if excess water were present, that is the swelling
capacity of the starch. This applies to both oscillatory
and steady shear conditions. It was further shown that
when a range of granule sizes is present, as is the case
with wheat starch, this also influences rheological
behaviour. Differences in the rheological characteristics
of pastes formed from starches from various wheat varieties
may be attributed to differences in the volume fractions
and size distributions of swollen granules they contain.
The present chapter describes an investigation of physical
characteristics of starch granules that may influence the

swelling capacity of starch.

The volume occupied by close packed swollen granules when
excess water is present is clearly influenced by the size
distribution of the gelafinised particles. However, in a
previous section, it was shown that the change in the
swelling capacity of starch with wheat variety does not
simply reflect changes in size distributions. This is
because samples from different cultivars with the same
narrow range of diameters still give a similar pattern of
variation in swelling capacity with source. This suggests
that other factors such as the composition and structure
of granules must be influencing their swelling capacities.
In regard to composition, differences in amylose to
amylopectin ratios and in lipid components could influence
granule swelling, but investigations suggest
that these are not primarily responsible for the observed
variations in swelling (21, 113). Some evidence suggests
that the degree of physical organisation of polymer
constituents within the granule, that is their
crystallinity, may regulate particle swelling (114). This

possibility was therefore investigated in the present section.
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II.2 Experimental approach

Various methods of measuring polymer crystallinity are
available and have been reviewed (115). The
different methods do not necessarily give the same
results because they measure different aspects of polymer
structure. Therefore a combination of techniques is

normally used to check results obtained.

X-ray diffraction provides a potential means of
determining the absolute polymer crystallinity and

starch crystallinity has been measured by this technique
(46) . However, theoretical difficulties are normally
associated with this absolute method (116). As an
alternative, polymer crystallinity can be determined by a
relative crystallinity method. This method compares the
crystalline content of a sample with that of crystalline
and amorphous standards (116, 117). This technique has
already been applied to starches (47, 118).

In some polymer systems, the enthalpy change associated with
the melting of polymer can be used as a measure of
crystallinity (115) and this can be determined by
Differential Scanning Calorimetry (DSC) methods. 1In pure
starch systems, the polymer decomposes before it melts

(119), but it is possible to depress the melting point by
addition of a diluent (59). 1In this case, a solvent assisted
melting of crystallites occurs. The enthalpy change
associated with this order-disorder phase transition has

been used to give an indication of starch crystallinity (47).

Any change in the degree of physical organisation in a
polymer system is associated with a change in specific
volume (115), this can be determined by standard methods
(120).
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The above techniques were used in the present study to
evaluate the crystallinities of starches with different

swelling capacities.

II.3 Experimental

I1.3.1 Materials

Starches were extracted from six different wheat varieties
as in I.5.1.2 and fractions of defined size ranges were
obtained as in I.5.1.3. As the presence of moisture in
samples influences crystallinity measurements (25), the
moisture contents of starches were adjusted to 12% by
equilibrating at a relative humidity of 33.0% and a
temperature of 20°C for three weeks. This relative
humidity was obtained using a saturated solution of

magnesium bromide.

II.3.2 DSC Measurements

Measurements of the enthalpy changes occurring during
gelatinisation of starch samples were made using a
Perkin-Elmer DSC-1B.

An accurately weighed sample of wheat starch was

thoroughly mixed with an known amount of distilled water

in a small glass bottle with an air tight 1id. Portions

(15 mg) of the starch-water suspension were then transferred
into previously weighed aluminium DSC pans using a
micropipette. The pans were immediately sealed using a
volatile sample sealer. Sample weights were then

determined.

DSC traces were obtained using the following conditions:

1 minute equilibration time for the samples in the
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sample holder; heating rates of 2°, 4° and 8° min'; and

dry nitrogen flushing through DSC head (30 ml miﬁly

At least three replicate runs were made for all samples.

By using Indium as a standard, the measurement of the
area under the DSC trace could be used to provide the
direct basis for calculating the enthalpy change during

gelatinisation (cal/g).

II.3.3. X-ray measurements

Measurements of the relative crystallinity of starch
samples were made using an X-ray diffractometer, consisting
of a PW1l0ll X-ray generator with goniometer attachment.

A starch sample that had been ball milled for 72 hours

was used as the amorphous reference and a sample of

Karamu starch as the crystalline standard.

X-ray diffractometer traces were obtained using the following
experimental conditions: CoKg radiation, voltage (40 KV),
current (30 mA), scanning speed (28=2o min !), recorder

speed (1200 mmh '), range (2000 counts S !) and a time
constant of 2. Diffraction angles were taken from

29=12o to 310, most of the peak intensities occur in this

region (56).

Measurements were made at least in triplicate.

Diffraction patterns were analysed for discrete values

of intensity at angular increments of 0.2° from 12° to 31°.
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The resultant data was then normalised by dividing the
intensity at any diffraction angle by the scatter
integrated over the total angular range. Crystallinities
were then calculated using the correlation and integral
methods (116).

IT1.3.4. Specific volume measurements

Specific volumes of starches were determined using
standard methods (120).

Determinations were made in triplicate.

No measurements were made on fractions with narrow size
ranges. However, it is known that small granules have

lower specific volume than large granules (56).

II.4 Results

IT1.4.1 Enthalpy change during gelatinisation

Thermograms such as that shown in Figure I1.l1 were obtained
for the order-disorder phase transition that occurs during
gelatinisation. Figure II.2 shows plots of average
enthalpy change as a function of water/starch ratio for
two varieties of wheat starch. The DSC results show

that the endotherm measured during gelatinisation at

first increases as starch concentration decreases and then
reaches a maximum value and remains constant thereafter.
Similar results have been reported for potato starch
(121). Since there is no significant variation in the
enthalpy change for systems when the water to starch

ratio is above 4 to 1, this data has been pooled for each
individual wheat starch to obtain the maximum enthalpy

change. The magnitude of the maximum enthalpy change was
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not found to be affected by heating rate in the range

of starch concentration studied, this is in contrast to
results reported for higher starch concentrations (122).
The explanation for the decline in enthalpy change with
increase in starch concentration as shown in Figure II.2
is uncertain. The phenomenon may reflect a fundamental
change in gelatinisation mechanism (121) or simply a
redistribution of water (123). 1In any case, there is
general consensus that the enthalpy change measured when
excess water is present reflects starch granule
crystallinity since it measures the enthalpy of melting
of crystallites plus the enthalpy change accompanying
hydration (56).

The combined results in Table II.1l show that significant
differences exist between the maximum enthalpy change
recorded for the various wheat starches. One way
analysis of variance, means and 95.0% Confidence Intervals
for the enthalpy change of various starches are shown in
Appendix IIa. The variation in the enthalpy change with
particle size shown in Table II.2 is similar to that
reported previously (56), that is smaller granules have
consistently higher enthalpy changes than large granules.
The DSC results in Table II.2 also show that significant
differences exist between the maximum enthalpy change
recorded for the Karamu and Raven fractions of the same
size range. The enthalpy change for the Karamu size
fraction is consistently higher than the comparable Raven

size fraction.

ITI.4.2 Relative crystallinity

All the samples studied gave the crystalline 'A' pattern
characteristic of all cereal starches (124) unless
crystallinity had been disrupted by ball milling.

Typical normalised diffractometer traces in the 20 range
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of 12° to 31° for a starch sample and for an extensively
milled amorphous sample are depicted in Figure II.3.

The X-ray crystallinity values for the various wheat
starches obtained from such traces are given in Table II.1l.
The results show that the polymer material in some wheat
starch samples is in a more ordered state than in others.
One way analysis of variance, means and 95.0% Confidence
Intervals for the relative crystallinity index of various
wheat starches are shown in Appendix II b. The X-ray
results for fractions of limited size ranges shown in
Table II.2 confirm earlier work (56) demonstrating that
compared with large particles, polysaccharide chains in
small granules are in a more crystalline arrangement.

The X-ray results in Table II.2 also show that significant
differences exist between the relative crystallinities

for the Karamu and Raven fractions of the same size range.
The relative crystallinity for the Karamu size fraction

is consistently higher than the comparable Raven size

fraction.

IT1.4.3. Specific volume

Table II.1 gives the specific volumes of various wheat
starches studied. The results show that only small
differences exist between the specific volumes and in
most cases these differences are not significant. The
amorphous reference sample gives a considerably higher
value of the specific volume (0.680) than the other

samples as would be expected (56).
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Table II.1 Enthalpy change, relative crystallinity index,
specific volume and number fraction of small
granules for the various wheat starches.

Wheat DSC X-ray

variety maximum Crystallinity Number

used to enthalpy Index, % Specific fraction

prepare change, Correl- Inte- volume of small
starch Cal/g ation gral ml/g granules

Karamu 4.99%0.08 100.0%1.3 100.0 0.636%0.005 0.925

Aotea 4.96%0.08 97.3%¥3.4 97.9 0.634%0.005 0.905

Hilgendorf 4.49%0.05 91.8%1.5 92.0 0.630%0.005 0.895

Gamut 4.5110.05 90.7-2.0 091.4 0.63010.005 0.889

Gamenya 4.38%0.06 88.3%¥2.3 90.4 0.639%0.005 0.789

Raven 4.34i0.08 85.9-2.1 87.4 0.645t0.005 0.851

Table II.2 Enthalpy change, relative crystallinity index
and swelling capacity for the various size
fractions of Karamu and Raven wheat starches.

Wheat DSC

Variety Maximum X-ray

Used to Particle enthalpy correlation Swelling

Prepare Diameter chaige Crystallinity Capacity

Starch M cal/g Index, % ml/g

+ +

Karamu i L] 4.75-0.07 96.2-2.4 17.8

14.7 5.24%0.02 98.2%3.1 18.8
7.1 5.56i0.20 99.5i3.3 21.0
a8 6.4520.33 100.4%1.7 25.9
3.0 6.7920.20 101.4%2.4 30.9

Raven 19.5 8 9550, 106 85.2%3.4 26.2

14.7 4.22%0.15 86.7%1.9 27.0
7.1 4.97%0.09 87,9 2L12 28.4
4.5 5.3720.25 89.0%3.2 5.6
3.1 6.43%0.07 92.8%0.5 46.7

= (0
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II.5 Discussion

The trend in the X-ray and DSC results is the same, thus
starch samples having a greater crystallinity as
measured by X-ray methods also exhibit a greater
enthalpy change on gelatinisation. This is consistent

with previous work (47).

The fact that only small, and in most cases insignificant,
differences exist between the specific volumes of the
wheat starches studied, suggests that specific volume as
determined herein is a less sensitive probe of starch
crystallinity than DSC or X-ray measurements. In any
case, work on synthetic polymers shows that different
methods of measuring crystallinity can give different
results (115).

Figure I1I1.4 shows plots of relative crystallinity as a
function of swelling capacity for the various wheat
starches. The results show that increases in the
crystallinity of starch samples are associated with
decreases in .swelling capacity. This partly reflects the
fact that starch samples with high swelling powers

contain lower fractions of the more crystalline small
granules as shown in Table II.1l. Nevertheless, the
results for samples containing granules with similar
diameters still show a significant decrease in crystallinity
with increase in swelling power (see Table I1II1.2). This
suggests that the results in Figure II.4 do not simply
reflect differences in particle size distributions.
However, the interpretation of the variation in swelling
capacity with crystallinity is complicated since within
any given starch type, small granules are more crystalline

and yet have higher swelling capacities than large granules.
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The gelatinisation of starch entails a solvent assisted
melting of polysaccharides in the crystalline domains of
granules to give an essentially amorphous arrangement (59).
The fact that when this crystalline-amorphous transition
occurs the polysaccharides of starch granules form swollen
gel particles rather than going into solution, indicates
that structures must be present in the gelatinised

granules that act as crosslinks, so preventing the
dissolving of all the polymeric material. These structures
could arise from polymer chain entanglements (64), from
lipid-amylose complexes (33, 50), or from remnants of
crystalline material (125). It has been shown that as

the number of crosslinks increases in gel particles,
swelling decreases (64). Thus one possible interpretation
of the present results is that the more ordered the

initial state of the starch granule, the more order remains
after gelatinisation and so the less swelling occurs.

This is consistent with work performed on the heat moisture
treatment of starches (114). If the above explanation is
correct, then small granules of any grain starch type
should have lower swelling capacity than large granules.
However the results obtained, as shown in Table I1I.2, are
to the contrary. These results only apply to pastes made
with the heat treatment used in the present study, at
temperatures below about 90°C small granules have lower
swelling capacities than large granules (16). The relative
increase in the swelling capacity of small granules above
about 90°C could arise if the packing and deformai~tity of
large and small granules changes in this range. Another
possible explanation relates to the fact that small
granules have a much greater surface area per gram of
starch than the large granules, though the guantities of
lipid in each size fraction are approximately similar (21).
In this case the small granules would have less lipid per
unit area at the surface, and as such lipid inhibits
swelling (35), they would therefore be expected to swell

more.
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The results presented in this section demonstrate
differences in the crystallinity of starches from
different wheat varieties that have contrasting swelling
capacities. While the change in crystallinity may
contribute to a change in swelling capacity, other
mechanisms may also be responsible for the observed

effects.



SECTION III

NUCLEAR MAGNETIC RESONANCE STUDIES

OF WHEAT STARCH PASTES.
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III.1 Introduction

NMR spectroscopy has been used to study polymer and
biological systems at a molecular level. This section of
the thesis describes 'H and '3C NMR investigations of

starch-water systems.

IIT.2 Literature review

'H NMR spectroscopy is a powerful technique for studying

the structure, mobility and degree of ordering of water
molecules in biological systems (126-131). 1In general,
water relaxation times and diffusion coefficients are

lower than those for pure water and reflect the reduced
mobility of hydrated or bound water in the system. Water
molecules in the bound state exhibit distinctively different
properties from those observed for free or bulk water.
Furthermore, the behaviour of the bound water molecules

has been shown by various investigators (132, 133) to depend

strongly on the structure of the hydrated species.

In order to explain 'H relaxation results from 'H NMR
experiments, models have been developed to interpret the

variations of TlObS and T20bs

bulk and bound water (134). These models relate the

in terms of exchange between

observable relaxation rates and populations to those of the
bound and free water molecules. In many biological

systems (132, 133) at least two ordered states of water

have been shown using these models. In many of these cases,
a 2-state model has been shown to be successful in explaining
the relaxation data. However it has been stressed that (135)
due to the complicated nature of many of the biological
systems, these models are inadequate to draw conclusive

inferences based on the relaxation data at a single

frequency and a single temperature.
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'H NMR relaxation studies have been carried out on starch-
water systems by a number of investigators (61, 136-138).
Two states of water molecules have been observed in a fried
product containing a high percentage of starch, characterised
by their different mobilities (136). The relaxation
behaviour of water molecules absorbed on intact starch
granules have also been investigated (137). The existence
of two states of water with different mobilities has been
shown to be clearly evident. Other researchers have studied
the relaxation behaviour of water protons during the
gelatinisation of starch-water systems (61, 138). A marked
change in the spin-spin relaxation time (T,) has been
observed during the process. Increases in mobility and
hydration of the polymer chains, associated with the melting
of the crystalline ordered structure of the starch granule,
have been suggested for the variation. Similar observations
have been reported for water protons relaxation behaviour
using steady state NMR during gelatinisation (138). The
line-width of the water signal of the starch suspension

decreases with increasing temperature.

Measurements of diffusion constant of water have provided
information concerning the degree of ordering of water
molecules in various biological systems (139,140). The
diffusion coefficient of water in macromolecular systems
is slower than that found in pure free water. Various
diffusion models have been developed to interpret the
decrease in diffusion coefficient of water. For example,
a direct binding and retardation of some small fraction
of water present and from the increased diffusion paths
transversed by the water molecules to bypass the
macromolecules has been used (140). Other investigators
have considered results in terms of an infinite network
obstruction model (141). Although NMR provides an
elegant technique for determining diffusion coefficients ,
only a few studies have been made on starch-water systems

(142) employing this method of measurement.



The advent of Fourier Transform techniques has made
possible the use of !3C NMR spectroscopy as a means of
studying the mobility of macromolecules and obtain
information about their architecture in the network of
various types of gels, such as those of polysaccharides
(143-145). Notable success has been achieved, especially
in elucidating the gel structure of a number of gelling
systems including carrageenan (143), alginate (143),
agarose—(l46)-and gelatin-(1l47). It has been shown

that in the !3C spectra of gross plant tissues containing
starch, sharp resonances are not evident until the starch

has been gelatinised (148).

I111.3. Scope of the investigation and experimental approach

While there have been a number of studies on starch-water
systems by NMR (61, 136-138, 142, 148), starch pastes have
not been investigated. It has been suggested that the
exchange-averaged spin-lattice relaxation times (T;) and

spin-spin relaxation times (T,) of water can, in some cases,

be related to the rheological properties of the system (131).

It has also been shown that certain information such as the
structure of macromolecules (140, 141) and the occurrence
of restricted or limiteddiffusion process (149) can be

obtained from diffusion measurements. These various

possibilities were therefore investigated. Measurements were

made of water H relaxation times and diffusion coefficients
in starch pastes formed from various wheat varieties having

different rheological properties. 'H measurements were also
made on a pure amylopectin-water system in an attempt to

confirm some of the results obtained for starch pastes.

The polysaccharide chain mobility of starch pastes made
from various wheat varieties was further investigated

by the use of !3C NMR.
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II1.4 Theoretical principles of the NMR experiment

III.4.1. Quantum mechanical description

Nuclear magnetic resonance spectroscopy is based on the
fact that the nuclei of most atoms behave as though they
have spin angular momentum. The angular momentum is
quantised and is governed by the spin gquantum number I.
It can adopt (2I + 1) orientations with respect to a

reference direction, i.e.

P, = FmI [f11.]
where my = (+I, +I-1, ...., -1I)
PZ = angular momentum along a
reference (2) direction
t = ©lanck constant /21

As a consequence of spin and charge, these nuclei posses

a nuclear magnetic moment (A ) given by

g = “ﬁﬁml @11,@

where LL; nuclear magnetic moment along a

reference (3) direction

= magnetogyric ratio (ratio of magnetic
moment to angular
momentum)

In the presence of an external field (BO), applied along

% direction, the components of/iﬁ have two possible

energies given by

E = - j(ﬁml B, which for nuclei of spin % (I=)%)

becomes

= Ty %BO | [111.3]

Both nuclei investigated in the present study, i.e., 'H

and '3C have spin %. At equilibrium, nuclei are
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distributed among the energy levels according to a

Boltzmanndistribution given by

P(m) = ©XP (-E . /kT) / 8 [111.4]

(m)

where 38 = Zm P(m) and P(m) is the population of

energy state E(m)
In the case for 'H in 1.4T magnetic field

0.5 + 2.4 x 10 ®

Py

0.5 ~ 2.4 x 10 €

d
Il

In other words, there is a small excess population in the
lower energy state. This population distribution can be
disturbed by irradiating with electromagnetic radiation of

the appropriate frequency

Vo

AE/h
YhBo/n
¥ Bo/2m [111.5]

or Wy, = 21 Qo = YB, (rad s !) [III.G]

where wy = Larmor frequency

I11.4.2. Classical description

This is a more useful description for explaining the
phenomena associated with pulsed NMR. By classical
mechanics, the torque exerted on giﬁganetic moment by a
magnetic field inclined at an angle § relative to the
moment causes the nuclear magnetic moment to precess about
the direction of the field with a frequency u% = ‘{BO.

For a macroscopic sample some of the spins will be
orientated against the field direction (m_ = -%) and a

I
small excess will be orientated along the field direction



(rnI = +%). The summation of all the nuclear magnetic
moments results in a net magnetisation along the field

direction.

Application of a radio frequency pulse of frequencytgb at
right angle to BO will appear as stationary in a frame

rotating atcgo (the rotating reference frame). On

absorption of energy from B;, the magnetic moment precesses

about B; at an angular frequency given by
w = YB, (111.7]
In a time t (s), the angle through which the magnetisation
vector will precess is given by
€= w,; -t
7,(131' t [III.S]
For II/2 pulse, then
S 1/2% B,

= 20 us for'’cC (Fx - 60)
After the II/2 pulse, the return to equilibrium of the

magnetisation is characterised by two relaxation times

T, and T,. T, is the spin-lattice or longitudinal

relaxation time and is the time constant for the restoration

of equilibrium magnetisation along the 2 axis. T, is the
spin-spin or transverse relaxation time and is the time
constant for the restoration of equilibrium magnetisation

in the X, Y plane.

Since the NMR apparatus is normally arranged to examine
magnetisation following an rf pulse along an axis
perpendicular to Bo direction (i.e. in XY plane), the

magnitude of M, determines the strength of the observed

Y :
signal. It can be shown that (150) following a II/2 pulse
along the X-axis the decay of the x and y components of

the magnitisation (FID) are given by
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M, (t) = M, exp ((T/T,) sin w_t [T11.9)]
-t

M, (£) = Mg exp (C°/T;) cos ot [T11.10]

i.e. MX’B - o0 at t = o9

The free induction decay for Mx (FID) is shown in
Figure III.1.

Mx(t)

\/ \//\\//-\

Figure III.1 Free Induction Decay (FID)

In practice the oscillation frequency of the FID is not
g but the difference between the r.f. irradiation

frequency and the Larmor precessional frequency

ie. W o= w -Orf . (111.1]]
where & = oscillation frequency
k% = Larmor frequency for nuclei under study
Wrf = rf frequency (rotating frame frequency)

The time constant of the FID is T, if BO is homogenous.
Field inhomogeneity will cause a dephasing of M?’T since
not all the nuclei will be precessing at(Oo. This will

result in an apparent T,*, related to the time T, by

0 _ g Y8, [T11.12]
T,* T, 2

where OBy 1is the field spread over the sample volume.

In order to overcome the problem of magnetic field
inhomogeneity in the measurement of T,, multipulse
techniques have been evolved (151). The modified spin-echo
technique by Hahn consists of the application of a 90t3,

T, 180°3 sequence and the observation at a time 2T of the

121



o
mMS
echo.  for a pulse separation (t) \is given by

T 2
A (echo at 2T) o< exp E{%—‘;‘- -3 5 @t D’c{] [III.13:]
where G = magnetic field gradient

D Diffusion coefficient

Provided that the second term can be ignored, a plot of

InA against 2T will yield a straight line whose slope is
-1/T,. The spin-echo method is very much dependent on ¢,

so that the effect of diffusion becomes pronounced for

large values of T. Consequently the Carr-Purcell Meiboom-
Gill technique (152) was evolved by using the pulse sequence
90°, — T-180°  —T —eche 1, . It can be shown that the
magnitude of the echo at time t is

A (echo at t) oc exp [—(% _ _;)—_ (2 g2 tht:l [III.14:|
It is apparent that by choosing 7. short enough the

diffusion term may in principle be made as small as possible,
then a plot of 1nA against t will give a straight line

whose slope is -1/T,.

The diffusion coefficients can also be determined as a
special case of T, measurements. The magnitude of the
spin-echo at 2T in the absence of field gradient is (using

Hahn echo sequence)
= 2.
A, (2T) o< exp(- T?) @II.li

In a fixed field gradient, the magnitude is given by
Equation [iII.lﬂ . Thus

A _ 202 98 ~
mocexp l: 3\K D G u.] at constanty . [:III.16]

Provided G is known, D can be obtained from the slope of

a plot of 1n A/A, against'{2G2®3. This is known as the
steady field gradient technique and is limited in the
dynamic range of D it can measure. A better technique,
known as the pulse field gradient method has been developed
(153). The experiment is described in Figure BIT. 20 . Rt

can be shown that (150) for such an experiment
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B = exp [— ¥2G232D (A - L a)} [T11.17]
Aq 3
2 A | %
Y T
e T )I

H %

90° Fleld 180° _ Field Echo at =pc
Gradient Gradient 2iE
Pulse Pulse

Figure III.2 Pulse Field Gradient method.

Then a plot of 1n A/A, against¥?G?3% (s -2/3 ) will give
a straight line whose slope is D. An additional advantage
of pulse field gradient technique is that diffusion can

be investigated over various diffusion times (A-2/3 ).

The evolution of Mz following a 1/, pulse is given by
(150)

M, (t) = My (l-exp (—%1)) [111.1@

T, relaxation times are usually measured by firstly

applying a I pulse where

M, (£) =M, (1 - 2exp (- ;—1)) [111.19)

and the evolution of Mz with time is depicted in
Figure III.3
FMO -

Figure II1.3 The evolution of M as a function
of time.
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T:s may be measured by the inversion recovery pulse

sequence 180x,t , 90x'

The magnitude of T, and T, depend on the mobility of the
molecules which is usually measured by correlation time

Tc. Tc can be regarded as the time interval during which
fixed spatial relaxation of the nuclei can be expected.

The connection between the relaxation times and the
correlation time is depicted in Figure III.4. For small
correlation times corresponding to high molecular

mobility, T, and T, are equal. With increasing correlation
time, T; goes through a minimum and T, decreases steadily

and becomes constant for long Tc.

T

T: T,
—
o
1

[
o

Relaxation time,

—
(=]
1

-

YoraH 100710 10

Correlation time, 4%

Figure III.4 The relationship between the 'H
relaxation times and the correlation
time of water molecules.

In a system that contains several nuclei of the same
species that differ in resonance frequencies because of
chemical shifts and/or spin-spin couplings, a complex
waveform called an interferogram is observed following an
rf pulse. By performing a Fourier transform on the FID
it is possible to separate the complex waveform into its

frequency components.
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The time constants (T;) of the FID's appear as line

widths at half-heights of the peaks in the frequency
domain spectrum (AQ g & ﬁ%;)’ Similarly the initial
amplitudes of the FID components which are proportional

to the total number of spins are proportional to the total
area under the corresponding peaks of the frequency domain

spectrum.
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ITI.5. Experimental

ITI.5.1. Apparatus

JEOL
All measurements were made on the, FX-60 spectrometer,

a pulse Fourier Transform spectrometer operating at a
constant field strength of 1.4 T. The pulse sequences

for T; and T, were set up using the FX-60 computer
software. The apparatus for pulse field gradient technique
used for diffusion measurements was developed at Massey
University (154). Temperature control was achieved through
a thermocouple hot air feed-back system and temperatures
were measured with a quartz-oscillator calibrated
thermometer encased in an NMR tube. Temperatures were

accurate to 0.5°C over the sample volume.

I11.5.2. Paste preparation

Pastes were formed as in I.5.2. for various wheat starches

in the range of concentrations from 0.005g/gH,0 to

0.08g/gH,0. Samples of pastes were carefully transferred

to NMR tubes and for the !'®C work the weights of the

samples were recorded. Amylopectin samples were also prepared
accordingly for a range of concentrations from 0.01g/gH;0

to 0.12g/gH,0.

III.5.3. Experimental procedure and treatment of data

For T, measurements, the spin-lattice relaxation for the

'H nuclei of various starch pastes and the amylopectin-water
system was observed by recording the initial height of

the FID after the 90° pulse in a 180°x, t, 90°x pulse
sequence as the pulse spacing (t) was varied. The

amplitude (a) is directly proportional to the magnetisation
(M) and from Equation [iII.lg] , for a 180°x, t, 90 °x pulse

sequence,
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A=20 (1-2exp- (t/Tl}) [111.20}
. t
i.e. A - Ao = - 270 exp (-7/
T1)
t
ln (A-A0) = - 1n2Ao + /T
1
or lIn (Ao-A) = - t/T + 1ln2Ao0 [iII.ZE
1

from which it can be seen that a plot of 1ln (Ao-A) against

t will give a straight line of slope = (- 3 ). Typical

T
plots of 1n (Ay,-A) against t for the determination of T,

are shown in Figure III.5.

Spin-spin relaxation times for the 'H nuclei of various
starch pastes and the amylopectin-water system were
measured by the Carr-Purcell/Meiboom Gill technique (152)
with 2T'=8ms which is sufficiently small so that the second
term in Equation @II.IQ can be neglected. To evaluate
the T, time constant, the intensity of the FID was plotted
semi-logarithmically as a function of t and the spin-spin
relaxation time was determined from the slope (- %;).
Typical plots of 1nA against t for the determination of T;

are shown in Figure III.6.

Diffusion coefficients of water molecules in various starch
pastes and the amylopectin-water system were determined
with the pulse-field gradient spin-echo technique of
Stejskal and Tanner (153). It can be seen from Equation

[iII.lﬂ that by keeping ¥ , 9, and A constant, A/Ao will
be a function of G and D only. G is proportional to the
current (I) applied to the field gradient coils. A plot
of 1ln (A/Ao) against I? gives a straight line shown in
Figure III.7.
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Figure III.5 Plots of 1n (Ao - A) against
time for two concentrations of
Gamenya starch pastes.
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The slope of this line is -32 X(A - %a ) Dx 1.6 x 102

where the factor 1.6 x 10° takes into account the constant

’

of proportionality between I and G and the value of ¥?

for the proton. For 3and A in ms D has units of cm?s !,
Hence D can be readily calculated. For determination of the
concentration dependence of diffusion coefficient, A, 3, and
repetition time were kept constant at 10 ms, 2 ms and 12
seconds respectively. By investigating the dependence of
diffusion coefficient on field gradient pulse separation
(pA), it is possible to detect the occurrence, within the
appropriate time scale, of restricted or barrier limited
diffusion. For this determination, the field gradient pulse
separation was varied from 10 ms to 560 ms, equivalent to a
root mean square diffusion distance in the measuring
direction from 7,000 nm to 50,000 nm.

Measurements of the signal attenuation upon freezing were
made by recording the initial height of FID at

temperatures of 258K and 303K. The ratio of the height at
258K to the height at 303K gave the fraction of non-freezing

component.

Spectrum accumulation was necessary to observe the !3C
spectra of various wheat starch pastes and maltose
solutions. The FID's following the 90° pulses (ZS/AS) were
stored and accumulated in the computer. Repetition times
greater than 5T,;'s were used and the total number of
accumulations depended on the starch concentration, as
shown in Table III.1. The FID was then Fourier transformed.
Typical FT !3C NMR spectra for a wheat starch paste and
a maltose solution are shown in Figure III.8. The total

13C liquid signal was obtained by summation of all

intensities under a spectrum.
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Table III.1. Number of 90° pulses required for a

satisfactory spectrum at various starch

concentrations.
Starch concentration Number of accumulations
g/gH:0
0.08 2,000
0.07 2,000
0.06 2,000
0.05 2,000
0.04 4,000
0.03 8,000
0.02 16,000

0.01 32,000
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III.6. Results

ITII.6.1. FID signal attenuation upon freezing

Figure III.9 shows plots of the relative 'H signal
anplitude at 258 K against the starch concentration for
Aotea and Gamenya wheat varieties. The relationship is
linear (correlation coefficient = 0.979 and 0.970 for
Gamenya and Aotea respectively) with zero intercepts.
The gradients which correspond to the hydration
coefficients (h) (130) give values of 0.347 and 0.331 g
H,0/g starch on a dry weight basis for Gamenya and Aotea
wheat starches respectively. No significant differences
were found for the slopes of the regression lines within
the 95.0% confident limits.

Figure III.10 shows a plot of the relative 'H signal
amplitude at 258 K against the amylopectin concentration.
A slope of 0.254g H,0/g amylopectin which corresponds to
the hydration coefficient of the polysaccharide is
obtained. The lower extent of hydration as compared with
starch molecules probably arises from an increase in the

overall branching per unit mass of polymer.

The non-freezable water, observed in frozen starch pastes
and amylopectin samples is attributed to water associated
with the polysaccharide chains. These water molecules are
unable to participate in the formation of an ice-like

lattice.
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Figure III.9 Plots of the relative 'H signal amplitude of
pastes at 258K against the starch concentration
for Aotea ([OJ) and Gamenya (M) wheat varieties.
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258K against the amylopectin concentration
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ITII.6.2. Self-diffusion

The concentration dependence of water diffusion coefficient
(D) in starch pastes made from Aotea and Gamenya wheat
varieties is shown in Figure III.1ll. Statistical analysis
of the experimental results show that the differences

in diffusion coefficients between the two starches are not
significant within the 95.0% confidence limits. 1In an

effort to detect the occurrence of restricted diffusion,

135

D was measured for a range of A values between 10 and 560 ms.

It was found that D did not change significantly up to

560 ms, equivalent to a root mean square distance travelled
by water molecules of 50,000 nm, that is, water molecules
diffused 50 pm without significant restriction on its patch
and thus no restricted diffusion was indicated. The fact
that diffusion coefficients for starch pastes are only
slightly less than that for pure water for the concentration
range studied indicates that a major portion of water

molecules are not in the bound or modified state.

Figure III.1l2 shows a plot of the concentration dependence
of diffusion coefficient of water in the amylopectin-water
system. These experimental results are similar to those
obtained for the starch-water system, indicating that

diffusional processes in both systems are similar.

The problem of diffusion in a complex system has been treated

quantitatively by Wang (140) and Mackie and Meares (141).
Wang discussed two mechanisms that decrease the observed D
below that of pure water, the "obstruction effect", which
is caused by the longer path transversed by water diffusing
around the macromolecules and the "direction hydration and
obstruction effect", which arises because some water
molecules spend part of the time in the slowly moving
"hydration layer" of the macromolecules. Mackie and Meares
treated the analogous problem as an infinite network of
obstruction medium. Mathematically, these obstruction

models are represented by the following equations:-
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D
- =1-15¢ [111.22]
Do

Wang "obstruction effect" model.

D :
- — b4 =1+ 4, - [L{\'ff do + h) h:J W [111.23
Do

Wang "direct hydration and obstruction" model

D 1 -9
—_— = (—
Dy 1+ 9

) 2 [T11.24]

Mackie and Meares "infinite obstruction
effect" model.

Do = Diffusion coefficient of pure water
%) = Volume fraction of polymer
I- = shape factor for polymer
?o = apparent specific volume of dry polymer
= !/ density of dry polymer
dy = density of pure water
h = hydration coefficient
W = weight fraction of dry polymer
by = L pdo (Vpdo -1)W? [T11.29)

1+ (\7/0 do -1) W

- yom h P——
A, = cLh_(Yo do - 1) - — 4 £ e +h) W2
1+(Vey.do -1) W 1-W 1+ (Ve do -1)W(1-W

[T11.26
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It may be noticed from Equations EII.2§ and [iII.2é that
the magnitude of both A, and A, increase with polymer
concentration. However, it can be shown that (Appendix IIIa),
even for the most concentrated starch paste, the magnitudes
of A, and A, are still very small as compared to the other
terms in Equation [III.23 Thus over the concentration
range of this study, A; and A, may be neglected, so that
Eguation [iII.Zg reduced to:

D - —
— =5 [a;(vo d, + h) +h] W [111.27)
Do

Figure III.13 shows a plot of the experimental results
(D/Dy) for Gamenya starch pastes against the volume fraction
of polymer (@). The theoretical models of Wang

"obstraction effect” and Mackie and Meares "infinite
obstruction effect" are shown as straight lines in Figure III.13.‘
It can be seen that the Wang "obstruction effect" model
cannot account for the observed behaviour. Neither the
results can be fitted to the Wang "hydration only" model
(140). For example, at a starch concentration of 8%, the
experimental value of D/Dy, is 0.825 compared with the
theoretical value of 0.97. Mackie and Meares "infinite
obstruction effect" theoretical values give a better fit

but is consistently below that of the experimentally

determined values.

The experimental results were then fitted to the Wang
"direct hydration and obstruction effects" model as shown
in Figure II1I1.14. The linear relationship between the
experimental results and the weight fraction of dry
polymer is encouraging. From Equation EII.Zﬂ it can
be seen that the slope of the best fit line is

- [ £V do + n) + h] where Vo is 0.645 and the



139

hydration coefficient h is 0.34 g H,0/g dry starch as
determined by freezing experiments. Linear regression
analysis of the results in the form of Equation BII.Zﬂ

gives the least squares slope of -2.64 i 0.13. This

gives a best fit i.value of 2.3 i 0.1. This value of
i indicates that water is diffusing through oblate

ellipsoids (140) with axial ratios of 6.0 to 1.0,

Figure III.15 shows a plot D/D,for the amylopectin-water
system as a function of the weight fraction of dry
polymer. Linear regression analysis of the results gives
the least squares slope of -2.5 i 0.10. This gives a
best fit <L value of 2.6 i using a §ﬁ of 0.62 (155) and
an h of 0.255 g/g amylopectin (freezing experimeﬁts).
This value of { for amylopectin molecules indicates that
water is diffusing through oblate ellipsoids with axial

ratios of 8.0 to 1.0 (140).
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II1.6.3. Spin-lattice and spin-spin relaxation times

Figure III.16 shows the 'H relaxation times, T, and T,

of pastes made from Aotea and Gamenya wheat varieties as

a function of the starch concentration at 30.0°C while
Figure III.17 shows the corresponding data for the
amylopectin-water svstem. The T; values of both starch
pastes and amylopectin samples are slightly less than that
of pure water but are still relatively long at higher
concentrations, indicating only small changes from bulk

water behaviour.

The contrasting shape for T, behaviour shows clearly that
different factors are affecting the T, and T, relaxation
behaviour in both starch-water and amylopectin-water
systems. The T, values fall rapidly in the initial stages
and then begin to level off. The results also show that
both starch pastes and the amylopectin-water system have
T, relaxation times of the order of 100 ms at higher
concentrations. , In the intermediate range, starch pastes
have longer T, values, this is probably an effect of the
presence of linear and lower molecular weight amylose
fraction in the starch molecules. The characteristic

T, relaxation behaviour exhibited by starch pastes and
the amylopectin-water system has been observed for other

systems such as agarose gels (129).

The minor differences in the T; values for pastes made from
Aotea and Gamenya wheat starches are probably not real.

T, measurements were repeated for pastes made from Karamu
and Raven wheat starches, which also have contrasting
rheological properties, at concentrations of 2% and 6%,

but no significant variation was obtained. There are

also no significant differences in the T, values for pastes
made from Aotea and Camenya wheat starches. It is
therefore evident that T: and T: are not very useful in

characterising the differences in rheological behaviour
of starch pastes made from various wheat sources.
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The T, and T, magnetisation recovery curves for both
starch pastes and amylopectin samples were observed to
be single exponential functions (see typical results
in Figures III.5 and III.6), indicating that there is
only one type of water present or that they are two or
more types of water in the sample with rapid molecular

exchange between different sites such that an average

relaxation time is observed (129). Evidence from the FID

attenuation upon freezing suggests that the latter
explanation is the most probable cause. Evidence from
the diffusion measurements also indicates that most

of the water has a mobility equal to that of pure water
and there exists only a small fraction of bound water
molecules of which they may be many types, which has a
much lower mobility (127). This minor fraction of water
can alter molecular properties because of its strong
interaction with the starch polymer and the amylopectin
molecule, as has been observed to be the case with other

polymer systems (127).

Expressions have been developed relating the observable
relaxation rates and populations to those of the free

and bound sates for all rates of exchange between

different sites. If ( 1) were to be composed of a number

Tobs
of components of bound water in rapid exchange with free

water, then (134)

- IR S Y (— [111.28
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b & f refer to bound and free species respectively

P 1is the mole fraction

i is the ith component of the population of bound water

For a two-state model, Woesnner and Zimmerman (156) and
Derbyshire and Duff (130) have shown that

1 il hc il -
(—— ) EII.2§
Tobs Tf 1-hc Tb + Tc

where Tb is the relaxation time of bound water molecules,
Tc is the correlation time, describing the average time
that a water molecule stays in the bound phase, ¢ is the
polymer concentration and h is the hydration coefficient
of polymer. T can be spin-lattice relaxation time or

spin-spin relaxation time.

1 1 hc/
) and ( ) against (1-hc) for
T,obs T.obs

Plots of (

pastes made from Aotea and Camenya wheat starches are
shown in Figures III1.18 and III.1l9 respectively. The
excellent fits of the results of the linear regression
analyses (r = 0.97, 0.97) show that the data fits the
two-state model well. The straight line relationship
also indicates that there is no change in hydration
behaviour within the concentration range examined.

Figures III1.20 and III.21 give plots of ( L ) and
il Ti10bs

) against (hc/l-hc) for the amylopectin-water

(

T20bs
system. Linear relationships were also observed
(r=0.95, 0.91). Table II.2 summarises the results of
linear regression analyses of both starch pastes and

the amylopectin-water system.
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Table I1I.2 Values of regression coefficients of the
fits of experimental results in Figures II1I.16 and
III.17 to Equation [III.29

Wheat variety

used to T ¥t (T;b+Tc) T,f (T,b+Tc)
prepare starch S ms S ms

Aotea 3.1%0.3 180f18  2.5%0.1 8.8%0.4
Gamenya 3.8%0.3  216%16 2.5%0.1 8.9%0.4
Amylopectin 2.9%.4 120%15  2.7%0.4 3.3%0.5

From Table III.2, it can be seen that the values of T)f
and T,f of water protons in starch pastes estimated from
the intercepts of lines in Figures III.18 and III.1l9 are
comparable to those of pure water which has a value of
2.60s and 2.60s for T, and T, respectively (157). The

T,f and T,f values obtained for water protons in the
amylopectin-water system are also similar when compared
with those of pure water. The T;b and T,b values obtained
for water protons in the amylopectin-water system are

shorter than those of the starch-water system.
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I111.6.4 '3C liquid signal

Figure III.22 shows plots of '3C liquid signal per

unit mass of starch against concentration for various
starch pastes at 30.0°C. Included also is a plot of

3¢ 1liquid signals of maltose solutions at various
concentrations. The results show that the '3C liquid
signals of various starch pastes studied appears to be
independent of wheat variety and concentration. It is
observed that the '°®C liquid signal per unit mass of
starch for various starch pastes is only two-thirds
that of the maltose solution at equivalent solute
concentration. This suggests that not all the polymer
chains in starch molecules are liquid-like with short
correlation times. In fact, some of the polymer chains
have very long correlation times so that on the NMR
time scale, they are regarded as solids and therefore
give reduced peak intensities at the various carbon
positions on the '®C spectra. Table III.3 gives
measurements of the line-widths at half height, A\)% of
the peak intensities at various carbon positions of

the !®C spectra for pastes of varying starch concentrations.
The results show that Av % values are not dependent on

starch concentration.

Table III.3 Line widths at half-height of the peak
intensities at various carbon positions of !3C spectra

for several concentrations of Gamenya starch pastes.

Starch

CONCEN~ carbon-1 Carbon-2 Carbon-3 Carbon-4 Carbon-5

tration

g/g H20
0.02 9.77 7.34 7.32 14.65 7.32
0.03 13.43 7.52 10.98 14.65 9.76
0.04 9.76 8.54 12.20 15.87 7.32
0.05 8.54 9.77 12.20 15.87 7.32
0.06 8.54 10.98 8.54 14.65 8.54
0.07 8.54 8.52 9.76 15.87 9.73
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Figure II1I1.23 shows plots of the total '3C liquid signal

for Karamu and Raven starch pastes (7.0%) as a function

of the pasting temperature, at a constant heating time

of one hour. The results show that in both starches

there is no liquid signal (solid on NMR time-scale)

observed for the starch-water system when the pasting
temperature is below 50.0°C. However, when the pasting
temperature is increased to 55.0°C, a !'3C liquid signal

is readily observed. The !'3C liquid signal continues to
increase until about 75.0°C and remains constant thereafter.
Within experimental variations, no difference is observed
between the two starches examined. These results are
consistent with the observations reported for starches
contained in the gross plant tissues of white potato,

corn kernel and chestnut. Figure III.24 shows the variation
of AQ L values of the various carbons of the !3C spectra

of Karamu starch pastes as a function of the pasting
temperature. The results show that AQ % values decrease

with increasing pasting temperatures.
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III.7. Discussion

IIT.7.1. Self-diffusion

The results obtained from the diffusion coefficient
measurements of water molecules in starch pastes and

the amylopectin-water system are interpreted using
various models. The best model to describe the linear
relationship between D/D, and the weight fraction of dry
polymer is one which takes into account both the
obstruction and hydration effects of the polymers in the
aqueous continuous phase. As a result of this analysis,
shape factors ({) are established for the starch
molecules in the paste and for the amylopectin molecules
in the amylopectin-water system. This gives & values of
2.3 and 2.6 for the starch molecules and the amylopectin
molecules respectively which are consistent with water

diffusing through oblate ellipsoids.

The conformation of amylopectin molecules in ammonium
thiosulphate solution has been reported to be prolate
ellipsoids of axial ratios similar to that of globular
proteins (158). This indicates that amylopectin molecules
are spherical in shape. The results obtained in the
present investigation thus contradict earlier reports.

For some time investigators have suggested that in order
to understand the behaviour of starch the amylopectin
component must be planar. The concept of folded
amylopectin chains (159) to form planar molecules has been
suggested. However there is no firm evidence to
substantiate this suggestion. The results in the present
investigation prggigﬁafirect experimental evidence
demonstrating that,gelatinised starch (which
contain 75% amylopectin) and amylopectin molecules are

two-dimensional.



I1I.7.2. Spin-lattice and spin-spin relaxation times

The results of T, and T, measurements of water protons in
starch pastes and the amylopectin-water system are
interpreted using a two-state fast exchange model.

This model is adequate in describing the relaxation
behaviour of water molecules in both systems. The T:f
values estimated from the intercepts for starch pastes
and the amylopectin-water system are similar to the

value obtained for agarose gels (129). However, unlike
agarose gels, the T,;f values of starch pastes and the
amylopectin-water system which are similar to pure water,
are 3. orders of magnitude higher than the value for the
agarose gel. This discrepancy has been attributed to the
presence of paramagnetic impurities in the agarose
samples. The T, values for the bound water in starch

pastes and the amylopectin-water system are much higher

than the values reported for agarose gels (T2b=lst) (129).

However they are still much shorter than T,f (400X). On
the other hand, the T, values for the bound water in
starch.pastes and the amylopectin-water system are of the
same order of magnitude reported for agarose gels (100ms)
(129). The difference between T,;f and T;b of starch
pastes and the amylopectin-water systems is about 20X
which is much less than the difference between T,f and
T:b (400X). Any change in the amount of bound water
will therefore has a much greater influence in T,
relaxation behaviour. This explains the contrasting

shape of T, and T; relaxation data obtained.

158
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IIT1.7.3. !'3C liquid signal

The results in Figure III1.22 show that there is a loss
of about one-third of the total '?C liquid signal from
pastes. This loss is probably due to crystallisation
of amylose, to lipid-amylose complexes and to remnants
of ordered granule structure. Figure III.22 also shows
that the observed total !'3C liguid signals per unit mass
of starch do not vary with increasing concentration. If
the polysaccharide chains in the pastes are in closer
proximity when the starch concentration is increased,
this could lead to a greater amount of crystallisation so
that the total '3C liquid signals- would decrease. However,
this did not occur in the present case. One possible
explanation for this relates to the fact that the gel
particles in pastes pack so as to give a significant void
volume. As the concentration increases, further granules
fill these voids, hence the environment within any given
gel particle is not altered by this process. For this
reason the '°C liquid signals of the polysaccharide chains
may be unaffected. Another possible explanation could be
that the mechanism of crystallisation involves a constant
ratio of the polymeric components in the system, this
* would give a constant '®C solid-liquid signal, irrespective

of the starch concentration.

The !'3C liquid signal results observed as a function of

the pasting temperature indicate that the '3C liquid

signal is only observed when the starch is gelatinised.

This is consistent with the view that mobility of the
polysaccharide chains in starch granules increases during
gelatinisation so that the !3C's making up the polysaccharide
chains have liquid-like behaviour. The decgase 5 in

&\)% values wi€ﬁfgﬁéhpasting temperature could be either

due to an increase in T, relaxation times of the various

carbons on the polysaccharide chains or to a decrease in
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the spread of chemical shift values for the various
carbon nuclei (150). If the former is regarded as the
explanation, then the results are in accord with the
view that an increase in mobility of the polymer chains
during gelatinisation results in longer T, relaxation
times (61).
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Appendix Ia Derivation of the simplified equations for

the calculations of 7' and G' wusing Oka's

quadratic equations.

Oka (92) has derived quations to describe the response of
a linear viscoelastic system to the shear conditions
encountered in a coaxial cylinder viscometer. The equations

are of the form:-

(Bo +By) G *? - (MBj- (B2 + By )0 r;?) G*
i B%,U/szrlz =0 [I.Sj
where
. A 2 k i &
M= ampers (1900 K+ ) ER
where
M* = me 1P :;.i
where

/° = density of starch paste

r; = radius of inner cylinder

L = length of the immersed portion of the inner cylinder
I = moment of inertia of inner cylinder _

k = torsional constant of the suspending wire used

M* = complex amplitude ratio

m = A/0, !}.g
where

A = amplitude of the output

Oy = amplitude of the input
From Equation [__I”/]

r _ *
M* m

= % [cos g + i sin d] by expansion [i.@
Bo, B;, B, and B3 are geometric factors of the coaxial

cylinders.
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oo Lt (1+x)? T
0 2 (1+x)
_ X (2+x) 2
B: = [T.11
1 2 3 y | !
B, = T6 [:— 4 (1+4x) 1ln (1l+4x) + 4x -6x°“+ 2x° - 3x [i.l%
1+x |
B; = L 4 (1+x) 1n (1l+4x) - 4x -2x% -2x° + Ei ] [i li]
6 1+x | :
Yo— Ir) . .
where x = LI r, = radius of outer cylinder

Equation [5J which is of quadratic form, can be solved

to obtain G*. It can be shown that the geometric factors are
such that B; and (B, + B3 ) << (B + B; ), and at small
frequency, can neglect higher order of <« in Equation [ﬁ],
Thus

(Bo + By1) G*? - (WB;) G* =0
solving G* = 0
MB,
* =
or G BoF B,
. n - 1 B kcosg kisin¢]
v+ G + leL " Bo+ B [2HL r12(1w kot *

G

Equating all real terms for G'

B) i 5 kcosg
] — =
G' = g8, |amry2 (I -kt —(/—)

B: i ] cosg
=~ Bo+ B, |20Lr;° ( T - K ( m - D

B, 2 .. 2
but = _££__§L
Bg+ B1 23.’2



471L 2 m
1 r:

1 1 1 cosg
J. G' = [ - - (k ( -1) + Iw?) LI.4],
r

Equating all imaginery terms forTr

i B, { 0 k sing ]
w| = —_— " —
P(L Bo+B; 2HLr12 m
1. 1 1 k sing
L L L
L 4L [ r,? Bt m w

Thus from the foregoing, rigorous evaluation of dynamic
viscosity and rigidity involves the separate
determination of two variables, namely the amplitude

ratio m and the phase angle d&.
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Appendix Ib

A description of the top-drive oscillatory

coaxial viscometer.

Plate I.1l gives a picture of the instrument which consisted
of three major components, the structural framework plus
cylinder assembly, the driving mechanism and the sensing

devices.

The structural framework of the instrument consisted of a
triangular brass base plate, three vertical pillars and

an aluminium top end plate. The outer cylinder was

secured into a recess at the geometric centre of the base
plate. The inner cylinder was suspended by a steel piano
wire from the bearing ferrule situated at the top bearing
assembly. The outer and inner cylinders could be aligned
by means of a fine thread screw. A water jacket vessel was
incorporated onto the outer cylinder to control the
temperature. The driving mechanism consisted of a variable
speed driving motor, three series of reduction gear train
and a bearing assembly. Rotational motion from the driving
wheel was changed into oscillatory motion by the eccentric
coupling mechanism. This assembly made it possible to
obtain the driving oscillation whose period could be

changed from 1ls to about 300s.
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An optical system (94), coupled with a light dependent resistor

(LDR) and U.V. recorder was used to monitor the input and
output oscillations. The set-up of the measuring devices

were such that nearly identical sinusoidal oscillations

were observed for both input and output signals when there was

no sample in the annular space between the inner and outer

cylinders. The signal response dead time was shown to be
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negligible. The input and output voltage signals
which were dependent on the amount of light picked up by
the LDR's were amplified through an amplifying circuit,

see Figure 1.2 and recorded onto U.V traces.



Driving Wheel

Eccentric
Coupling
Mechanism
Reduction
Variable Gea;
Speed Train
Motor Laght
Dependent
Resistor
Suspension
Wire
Outer
Cylinder
Inner
Cylinder
U.Vv. C
Recorder Amplifier
Plate I.1. The top-drive oscillatory co-axial viscometer.
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Figure 1.2 Amplifier circuit diagram for the oscillatory co-axial viscometer.
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A sample calculation in determining the relative weight-size distribution curve of

Gamut wheat starch from Coulter Counter raw data.

Coulter Slope
counter by
volume 1n 1n numerical Relative Relative
%gm}3 Diameter cumulative|Diameter'cumulative d;ffgrent— Cumulative Relative number/g weight?
(calibrated) (Fm) number ) 9”” number) iation number number x10¢ [mgéum/g)
18 35%72/5 10.514 2 10.95 0.390 56,950 22,210 1110.0 3.57
24 3.56 10.364 3 10.68 0.344 43,475 14,955 747.8 8.1l
30 3.86 10.356 4 10.26 0.315 28,625 9,017 450.9 11.59
36 4.10 10.225 5 9i. 917 0.320 21,380 6,842 342.1 17.17
42 4.31 10,156 6 9.62 0.325 15,060 4,895 244.8 21.23
48 4.51 10.099 7 9.32 0.27 11,155 3,012 150.6 20.74
60 4.86 10.015 8 9.08 0 2115 8,780 1,888 94.4 19.40
72 5.16 9.945 9 8.89 0.160 7,260 1,162 58.1 17.00
84 5.43 9.828 10 8.76 0.100 6,375 638 31.9 12.80
96 5.68 9,744 19! 8.69 0.070 5,945 416 20.8 11.12
120 6.12 9.612 12 8.62 0.060 5,540 332 16.6 11.52
144 6.50 9.465 13 8.57 0.060 5,270 316 15.8 13.94
168 6.85 9.363 14 8.50 0.083 4,915 405 20.3 22.30
192 7.16 9.283 15 8.40 0.100 4,470 447 22.4 30.29
240 7.71 9.155 16 8.30 0.118 4,020 472 23.6 38.82
288 8.20 9.044 17 8.17 0.140 3,533 495 24.8 48.83
336 8.63 8.952 18 8.02 0.173 3,040 524 26.2 61.36
384 9.02 8.883 19 7.83 0.200 2,502 500 25.0 68.86
480 9l 47h1! 8.796 20 7.62 0.223 2,040 454 22.7 72.93
576 10.32 8.767 200! 7.38 0.245 1,604 393 197 73.08
672 10.87 8.71 22 IRy133 0.255 1,248 318 15}.,9 67.99
768 11.36 8.666 23 6.87 0.265 963 255 12.8 62.30
960 12.24 8.603 24 6.60 0.285 735 209 10.5 58.01
1152 13.00 8.572 25 6.30 0.300 545 164 8.2 51.45
1344 13.69 8.523 26 6.00 0.320 403 129 6.5 45.53
1536 14.32 8.474 20 5.66 0.338 287 97 4.9 38.34
1920 15.36 8.369 28 S8 0.330 205 68 3.4 29.97
2304 16.39 8.258 29 5.00 0.338 148 50 2115 24.49
2688 17.25 8.114 30 4.65 0.345 105 36 1.8 19.52
3672 18.04 8.020 31 4.31 0.330 75 25 1.3 14.96
3840 19.43 7.720 32 3.99 0.330 55 18 0.9 11.84
4608 20.65 7.432
5376 21.74 7.200
5401 21.77 7.244
6482 23.13 6,835
7562 24.35 6.540
8642 25.46 6.110
9720 26.48 5.860
10752 27.38 5.521
12288 28.63 5.075
13824 29.78 4.700
15360 30.84 4.250
16896 31.84 3.690

From plot of 1ln cumulative number against diameter

Relative weight =

correction factor.

relative number/g x density of hydrated starch x particle volume x
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Appendix Id Extrapolation technique to obtain the swelling

capacity of a starch sample.

Step 1 Obtain volumes of sediment at zero time from plots of
the volume of sediment versus the centrifuging time for

various centrifuging speeds (rpm).

Volume of —_—
sediment, e O,
ml e e e LSS

0 T T 10 L1005 T2
Centrifuging time, min

Step 2 Plot volumes of sediment at zero time versus centrifuging

speeds.

[N

-

3

Volume of —
L ]

sediment .
at zero 2 e
time, ml

T T L] 1 1
500 1000 1500 2000 2500

Centrifuging speed, rpm

200+x
o ] ml/g

where y = volume of sediment at zero time and at

Swelling capacity, S = Y

Step 3 Calculate swelling capacity .
X (

Zero rpm

x
I

weight of starch sample
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Appendix IIa One-way analysis of variance, means and 95%

Confidence Intervals for the enthalpy changes

of various wheat starches.

One-way analysis of variance

Source of variance Sum of squares d.f. Mean squares F-ratio
Between starches 4.3665 5 0.8733 SIRC) TS kil
Error 0.4659 53 0.0879
Total 4.8324

= * % % 1 1 1
FO.Ol, > Ep 3.43 1.0% significance level

Means and 95% Confidence Intervals

—e—Aotea
———0———Hilgendoff
—a— Gamenya
—%— Gamut
—{O—Karamu
—#@—Raven
i T 1 T T L
4.00 4.25 4.50 4.75 5.0 5.25

Enthalpy change, cal/g



Appendix IIb One-way analysis of variance, means and

95% Confidence Intervals for the X-ray

correlation crystallinity indexes of

various wheat starches.

One-way analysis of variance

173

Source of variation Sum of squares d.f. Mean squares F-ratio
Between starches 0.075 8 0.015 ICCT 5 SRR
Error 0.031 30 0.00102
Total 0.105 35

_ - . S w
F0.01,5’30 3P, 10% significance level

Means and 95% Confidence Intervals

——{}— Karamu
—4—— Aotea
——@———— Hiligendoxif
—»—— Gamut
— =& —— Gamenya

—#— Raven

T T T T 1 1
82.0 86.0 90.0 94.0 2i8l, 0 102.0 106.0

Correlation Crystallinity Index, $%
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Appendix IIIa A sample calculation showing the percentage

of variation in using the simplified form
of Equation -jII.2éj.

%0 = Ny o= 1 % b= LV @5 # B) @ h] W I11.23
0 _dVU.ds (Vodo -1)W? 111.25
1 - ) =)
1+ ('\éodo -1)w
a2=[6"'~h (Bodo-l) . n, _ L@ s h ] >
1+ (Vedo-1)W 1-w 1+ (Vedo-1) W (1-W)
III.26
For w = 0.07
4 =2.3, V. = 0.645, do = 1 and h = 0.34
1 A D/Dy -4, D/Dg % variation
0.07 -0.00265 0.8287 0.826 0.3
L L 3
W ¥ 1+8z- [L(Vedoth)+h]W 1- [{(V+h)+h]W variation

0.07 0r00640 0.824 0.8176 0.2%
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