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A B S T R A C T 

Starch i s  a ma jor component o f  many of  the wor ld ' s  food 

supplies . In  order to util ise  these supplies  ef fective ly 

the properties of  s tarch must be ful ly under stood . 

Although starch systems have been inve stigated quite 

extens ive ly , there is re lative ly l ittle information 

concerning the phys ico-chemical  behaviour of starch 

under conditions re levant to food proce ss ing . 

The texture of  many f abr icated foodstu f f s  i s  regulated 

by adding starch . In many cases the addition of starch 

causes food systems to behave as vis coelastic  pastes . 

In  Aus tralasia , wheat s tarche s are generally  used to 

control texture . However starches from some wheat 

cultivars do not impart the des ired rheological  

characteristics to  foodstuf fs  and thi s  the s i s  concerns 

an inve stigation into thi s  phenomenon which  was 

investigated in three sections . 

In  section I ,  a fundamental study o f  the rheo logical  

properties of  wheat starch pastes was per formed . 

Measurements were made o f  the f low behaviour of  pas te s  
under both osc i l latory and s teady shear conditions . 

Pastes formed under a range of  exper imental conditions 

f rom various wheat var ieties were s tudied . Both wheat 

varieties and paste preparation condition s  were found 

to i n f luence rheolo gical  behaviour . The results show 

that d i f ferences  i n  the pasting properties o f  s tarch 

pastes may be attr ibuted to two factors , namely the 

swe l l ing capac i ty o f  the starch ( the volume which the s tarch 
gel partic les  would occupy when close  packed i f  exces s so lvent 

were present ) and the s i ze distribution of the granule s .  
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The rheological propert ies depend on the source of  starch 

s ince thi s e ffects particle swell ing capacities  and s i ze  

d i s tr ibuti ons . Paste preparation conditions influence 

rheo logi ca l properties s ince they alter the volume 

occupied by ge latinised granules .  

The rheological behaviour o f  starch pastes changes with 
t ime when the pastes a re s tored . The e f fect  o f  storage 

on dynamic rigidi ty was investigated and the results 

suggested that a crystal l i sation process  i s  responsible 

for the increase in dynamic r igidity with time . The 

results we re there fore eva luated us ing the Avrami equation . 

I n  section I I ,  an investigation was made o f  the degree 

o f  crystall inity , that is the propo rtion o f  polymer chains 

that a re in an ordered state , in a numbe r  of wheat starch 

varieties  that have d i f ferent swe l l ing capacities . 

Measurements of  the X-ray c rystall inity index , enthalpy 

change and spec i f ic volume were used to inve stigate 

crystal l inity . The results show that highe r swe l l ing 

c apacities  are a s soc iated with relative ly di sorde red 

arrangement s o f  polymer chains within g ranules . The 

c rysta l l inity results  for the va rious starch f ractions 

wi th narrow s i z e  ranges con f i rm previous s tudies showing 

that sma l l  granules  tend to be more crysta l l ine . However 

sma l l  granules were found to have h1gher swe l l ing 

capac i ties than l a rge granules . In  this  instance the 

inc reased swe l l ing capac ity of sma l l  g ranules  as compa red 

to la rge i s  p robably due to the decreased amount of  l ipid 

per unit  area at the su rface of the sma l l  partic le s .  
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In  section Ill , Proton ( 1H )  and Carbon- 1 3  ( 1 3c )  NMR were 

used to investigate s tarch pastes made from d i f ferent 

wheat var ieties that have different pasting properties . 
l . 1 t' ( T  ) 1 t . . l . . H sp1n- at lce 1 re axa lOn tlmes , H spln- spln 

( T2 ) relaxation times , po lymer hydration coe f f ic ients ( h )  

and 1H d i f fus ion coe f f ic ients ( D )  of  s tarch-water systems 

were determined . Line-widths at hal f-heights (6V�) of 

peak intens ities at various carbon pos itions and total 
1 3c l iquid signals  were also  obtained . 

I n  a l l  cases  the NMR parameters were not found to be · 

dependent on wheat var iety . 

The polymer hydration coeffic ient , that is  the amount of. 

water mo lecules that are ln the bound state , was 

estimated from the ratio of the amplitude o f  the 1H 

signal due to unfrozen water at 2 5 8K to the ampl itude of  

the 1H signal at 3 0 3K .  A value o f  0 . 3 4 gH20/g dry starch 

was obtained . 

The T1 and T2 magnetis ation recovery curves for s tarch 

pastes were found to be s ingle exponential functions . 

Thi s  suggests a fast  molecular exchange o f  water molecules  

between d i f ferent s i te s  in the system . A two- state model 

based on exchange between bulk and bound water was shown 

to be adequate in  describing the relaxat ion behaviour 

of water protons in the system . 

D i f fus ion measurements of  water molecules show that there 

is no restricted or barrier l imi ted diffusion occuring in 

s tarch paste s . The d i f fus ion coe f f icients were i nterpreted 
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us i ng various models . The best model was found to be 

one which takes into account both the obstruction and 

hydration e f fects . Thi s  gives a shape factor for the 

suspended ge l particles  which indicates that water i s  

d i f fus ing through oblate e l l ipsoids . The se are probably 

amylopectin mo lecules present in the starch pas tes . In 

an attempt to conf irm thi s  pos s ibility , 1H NMR mea surements 

were repeated on a pure amylopectin-water sys tem . The 

d i f fus ion coe f f icients o f  the amylopectin-water sys tem were 

interpreted us ing the same model  and s imilar result was 

obtained for the shape factor o f  amylopectin mo lecules . 

The 1 3c l iquid signal results confirm that sharp 

resonances , which correspond to liquid- like behaviour on 

the NMR t ime- scale of the polysacchar ide chains , are only 

observed when the starch is  gelatinised . The decrease in 

the l ine-widths at hal f  he ights of  the peak resonances 

at  various carbon pos it ions when the pasting temperature 

is increased is  probab ly due to an increase in  mobi l i ty 

o f  the po lymer chains . In  the various wheat s tarch pas te s  

s tudied , a loss  of  about one-th ird of  the total 1 3c l iquid 

s igna l wa s observed . Thi s  was attr ibuted to the 

crystal l is ation of polymeric material , l ipid-amylose 

c omplexes and remnants of ordered structure s  in  the 

s tarch pastes . 
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GENERAL LITERATURE REVIEW 



A . l Statement 

The information considered in thi s  review re lates to a l l  

three sections o f  this thesis . 

A . 2 I ntroduction 

A number of  textbooks and artic les are available in which 

the chemical properties and technological behaviour o f  

starch are described i n  deta il  ( 1- 1 0 ) . The obj ective o f  

the current review i s  to focus attention on those aspects 

of  the l iterature that may be of  re levance to an 

understand ing o f  the topic being investigated , name ly the 

factor s that influence the rheo logical  behaviour o f  s tarch 

pastes . The review there fore seeks to present information 

concerning the occurrence , compos ition and s tructure of 

intact starch granules , the ge latinisation process  and 

the structure of pastes . Unless otherwise stated , the 

information d i s cus sed relates to wheat starch . 

A . 3 The occurrence , composition and structure o f  intact 

starch granules 

A . 3 . 1  Occurrence 

Starch isolated from plant tissues occurs in the form o f  

discrete partic les  which are known a s  granules . Microscopi c  

examination suggests  that i n  samples  of  wheat s tarch two 

types of  granules  are present , name ly large lenticular 

granules with diameters of  about 15  to 2 5�m and sma l l  

spherical  granules  with diameters pr imari ly in  the range 

o f  2 to 1 0  �m ( 1 1 ,  1 2 ) . Although there is s ti l l  s ome 

uncertainty a s  to whether spherical  and lenti cular 

granules represent two dis tinct populations , recent work 
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suggests  that this is  the case  (1 3 ,  14 ) . Detai led 

inve st igations o f  the particle  s i ze di str ibutions of  

wheat s tarches have been carr ied out us ing sedimentation 

balance s (15 ) , air  cla s s i f iers  (16 ) , micro-s ieves (11 ) 

and Coulter-counters (1 7 ) . The contr ibution o f  

different s i ze fractions to the total volume , number and 
weight o f  starch particles  has been calculated (1 8 - 2 0 ) . 

Results  from such investigations suggest  that smal l  

granules  {<10  )�m) comprise  about 8 0 %  o f  the total  number 

of  granules and about 4%  of the total we ight of granules . 

More recent work indicates that the sma l l  particles  make 

up about 3 0 %  of the total we ight of starch (11 ) . 

The number o f  granules per gram o f  s tarch and the s i ze 

distr ibution of  particles  are known to depend on wheat 

var iety , so that the proportion of smal l  and large 

granules may vary from one cultivar to another ( 21 ) . 

There i s  a l so evidence that within a s ingle cultivar o f  

wheat , the larger the kernel the greater i s  the proportion 
by we ight and by number of sma l l  granules ( 2 2 ) . The s i z e  

distribution of  granules  i s  further af fected b y  the s tage 

of kernel deve lopment ( 2 3 ) , the number of sma l l  granules  

per gram o f  s tarch increa ses as  the kernel  matures . 

A . 3 . 2 .  Composition 

S amples o f  wheat starch normal ly conta in about 9 0 %  

polysaccharide and 1 0 %  water (4 ) . Part o f  the water forms 

an integra l  part of  the granule structure ( 24 ,  2 5 ) . Trace 

amounts of non- carbohydrate mater ials  such as l ipids ( 2 6 )  

and proteins ( 2 7 )  are a l so present . These  are incorporated 

in  the granule during i ts botanical deve lopment ,  though 

some may be absorbed during extraction procedure s .  
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The polysaccharide component o f  granules  has been the 

subject  of cons iderable research interes t .  Two mai n  

polysaccharides have been identi f ied ; viz . amylose  

and amylopectin . Amylose and amylopectin normal ly 

constitute about 2 5 %  and 7 5 %  respectively of  total 

polysaccharides present in wheat starches . 

Amylose is  e s s ential ly a l i near molecule cons i sting of  

( 1� 4' ) - l inked £-D-gluco-pyranose units ( 2 8 ) . Branch 

points are present in  the molecule in  about one per five 

hundred glucose units and appear to be £- ( 1� 6 ' ) - l inkages 
( 2 9 ) . Amy lose is characterised by a range 

of mo lecular weights; the average degree of  po lymerisation 

is  typically of the order of 1 0 3 ( 2 9 ) . 

Amylopectin i s  a highly branched molecule cons i s ting of  

( 1� 4 ) - linked[-D-gluco-pyranose units ( 2 8 ) . About one in  

every twenty five monomer uni ts forms a L- ( 1� 6 ' )  branch 
point . The shape o f  molecule that results f rom this  

branching is  uncerta in , some inves tigatiors cons ider the 

mo lecule to have a planar s tructure ( 3 0 ,  3 1 ) . The 

molecular weight o f  amylopectin varies  but i s  genera l ly 
o f  the order of  1 08 Daltons ( 3 2 ) . 

The starch granule a l so contains about 3 %  o f  other 

polysacchar ide material  whi ch is intermedi ate between 

amylose and amylopectin , however its  exact s tructure is 

current ly not known ( 8 ) . 
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The l ipid content o f  granules has been investigated 

extens ively ( 2 1 , 3 3- 3 7 ) . Two ma in types of s tarch l ipids  

have been reported , name ly non-polar ( neutral )  l ipids  

which are mos tly free fatty acids and phosphol ipids 

which are mainly lysophosphQtidyl chol ine . These  are 

dis tributed throughout the granule  ( 3 3 , 3 8 )  and constitue 

about 1 . 0 % o f  wheat starch . Much less  attention has 

been directed towards the protein  component which 

constitute s only about 0 . 3 % ( 3 9 ) . 

A number o f  inve stigators have s hown that the variety· and 

matur ity o f  wheat inf luence granule composition ( 4 0 ) . 

The average external chain length o f  amylopectin and the 

degree of polymerisation o f  both amylose and amylopectin 

increa se with maturity . The composition of  the granule 

also depends on the size  of the particle ( 1 6 ,  2 1 ,  4 1 ) . 

There is  general agreement that sma l l  granules  contain 

less  amylose  and are usua l ly as sociated with more l ipid 

and prote in . 

A . 3 . 3 .  S tructure 

The prec ise  s tructure of the s tarch granule is uncertain 

( 4 2 , 4 3 ) . Cons i derab le evidence suggests that the s tructure 

of  the s tarch particle  is s imilar to that of a polymer 

spherul i te ( 3 1 ,  4 4 ) . Thus both crysta l l ine and amorphous 

arrangements of the polymers  occur . Re latively l ittle is  

known about the conformation o f  the starch chains  in  the 

granule .  It has been sugges ted that the crysta l l ine 

regions are made up of or iented he lixes of s tarch chains ( 4 4 ) . 

The water which forms an integral part o f  granul e  appears 

to be involved in these  areas ( 2 4 , 45 ) . The estimate for 
the proportion of  }:D-glucopyranose units in  the 

crystall ine a s semb ly var ie s , results depend on the 

measuring techniques used ( 4 6 )  and conditions o f  the 
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s tarch granule  ( 4 7 ) . Thus a range of  crysta l l inities  has  

been reported , varying from a very low quantity to s ixty 

percent ( 4 6 ) . There is some evidence that amylopectin  i s  

the princ ipal component of  the crystal l ine regions ( 4 8 )  

and that amylose adds l i ttle to the crystall i ne nature 

of  the granule  ( 4 9 ) . The form in which amylose  is present 

in the granule is  s t i l l  uncertain , however one suggestion 

is  that i t  forms an inc lus ion complex with the s tarch 

l ipids present ( 3 3 , 5 0 ) . 

The sur face s tructure of  intact granules has been s t�died 

by a number of investigator s ( 2 0 , 5 1- 5 5 ) . It has been 

suggested that the intact granule  is  surrounded by a 

membrane which may be composed o f  remnants o f  amyloplast 

membrane ( 5 1 ) , of  protein ( 5 2 ) , or  o f  lipid ( 5 3 ) . The 

interpretation of these  re sults  is complicated by the fact  

that d i f ferent extraction methods have been used where 

d i f ferential  absorption of  thes e  materials  onto the 

surface o f  starch granule is l i kely to happen . Other 

reports indicate that the surface structure is a 

consequence of  the molecular arrangement of  polysaccharide 

( 5 4 , 5 5 )  and have discounted a memb rane sys tem . Others  

sugges t  that large granules  have an  outer shel l ,  containing 

a higher proportion of amylose- lysophosphol ipid complexes 

with amylopectin ( 2 1 ) . C learly the sur face s tructure o f  
the s tarch granule i s  incompletely understood . 

The s tructure o f  the starch granule may be influenced by 

compos ition and hence may vary with wheat variety and the 

s i ze and maturity of kerne l , however thi s  has yet to be  

estab l i shed . Granule s tructure a l so depends on particle  

s i z e , but  there i s  very l i ttle  information ava i l ab le on 

this  �ub j ect . Nonethel e s s  it  has  been sugges ted that the 

polymer chains in sma l l  granules occur in a more ordered 

arrangement than in large granules  ( 5 6 ) . 
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A . 4 .  The ge lQtini sation process  

When intact s tarch granules  are  suspended in aqueous 

solution at room temperature , a l imited amount of water 

absorption occur s . The uptake of  thi s  water i s  regulated 

by the crys tal l ine doma ins of the starch granule . The 

absorption that does  occur i s  an exothermic proce s s , with 

water penetrating only the amorphous zones o f  the s tarch 

parti c le ( 5 7 ) . However ,  on heating to 6 0°C a large amount 

of swe l l ing takes place in an endothermic trans ition ( 5 8 ) . 

At this temperature there are a number of other changes , 

inc luding : 

( i )  the loss  of the bire f r�gence that character ises  the 

intact granules  ( 5 9 ) ; 
( i i )  the development of  a d i f fused V- type X-ray �attern due 

to the formation of l ipid and amylose complexes as  

opposed to the or iginal  crysta l l ine A-type pattern ( 6 0 ) ; 

( i i i )  an increase in hydration and f luidity o f  polymer chains 

( 6 1 )  and 

( iv )  an increase in suspens ion vi scos ity .  

On continued heating , the granule swells  further and partly 

d i s integrates , some polymeric  mater ial  is re leased , 'th i s  

proce s s  results in the formation o f  a starch paste . Thi s  

furtheF heating has a pro found e f fect o n  the rheological  

properties o f  starch-water systems ( 6 2 ) . The convers ion of  

an aqueous suspens ion of  s tarch granules to  a vi scous paste 

is  known as  ge latinisation . 

S i nce in the process  o f  gelatini sation the crysta l l ine order 

of the granule is destroyed , an analogy can be made between 
polymer mel ting and ge latini sation . Thus gelatinisation c an 

be viewed a s  crystall ine - amorphous phase transition ( 5 9 ) . 

I n  the intact granule s tarch polymers  are present in helical  

f orms whereas in solution i t  has  been sugges ted that a 
r andom coil  configuration occurs ( 4 4 , 6 3 ) . Thi s  ind icates 

that gelatinisation·can a l so be descr ibed i n  terms o f  the 

hel ix-coi l  trans formation of the polymer chain s . 
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The trans ition temperature o f  the crystal lites i s  

depres sed by the presence of  water as in the c lassical 

polymer-d iluent me lting ( 6 4 ) . A number of  mechani sms 

for the crys tal line- amorphous phase trans ition have been 

propo sed ( 9 ) . The fact that a given s tarch granule 

gelatinises over a narrow temperature range ( l-2°C )  may 

indicate that the crystall ites there in  have s imilar 

energy characteristic s . The range of  gelatinisation 

temperatures of  a whole  population re f l ects there fore , 

the d i f ferent energy characteri s tics o f  d i f ferent 

granules ( 6 5 ) . Another pos s ibil ity is that the crystall ites 

within the granule have s l ightly dif ferent energy 

character i stics  so that upon gelatini sation the crysta l l ites 

with lower energy thresholds me lt firs t ,  subsequent 

reorganisation of the se po lymer chains  mod i f ies  the 

adj acent crystallite s  and brings about the ir trans formation 

in a semi- co-operative manner ( 6 5 ) .  While these 

explanations are plaus ible , no conc lus ive evidence has been 

established at the present time even though there is some 

data wh ich points to the latter explanation a s  being more 

satis factory ( 9 ) . 

The inf luence of  lipids  on gel atini sation has been studied 

by a number of inves tigators ( 3 5 ,  3 7 , 6 6 ) . Results suggest  

that  defatted starch gelatini ses at lower temperature s and 

the paste so formed has  higher visco s i ty . However , s ince 

l ipid on the surface i s  removed pre ferent i a l ly by such 

defatting procedures , these  results may only re f lect 

modi fications to the surface of the s tarch granule . Firmly 

bound lip id is reta ined in the interior , thus  the role o f  

l ipid within the s tarch granule is  s t i l l  not c lear . 

The e ffect  of  granule  s i z e  distribution on gelatinisation 

has  a l so been examined ( 1 6 ) . Smal l  granules  o f  wheat 

s tarch have higher gelatini sation temperatures than 

large granules . Thi s  has been attributed to the d i f ferences 

in  the ir structure described in A . 3 . 3 .  
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A . S The structure of  pastes 

Starch pa ste s  are di sperse sys tems . At the temperature 

of their formation the main  components of  the disperse  

phase are swollen granule fragments and lipid-amylose 

complexes. The swol len granules  are in ef fect viscoelastic 

ge l parti cles  ( 6 7 ) . The continuous phase cons ists  o f  an 

aqueous solution of polymeric material  that has exuded 

from the granules . On cool ing amy lose crystal lises  out 

rapidly in both phases  of the starch disper s ion . The 

continuous phase then conta ins a colloidal di spers ion 

of polymeric  material  from the ge l atinised granules . Thus 

starch pa stes are in many respects s imilar to polymeric 

microge l s , that is systems contai ning a di spers ion o f  

gel particles  i n  a solvent . 

In the r ange o f  starch concentrat ions in which pastes are 

formed in indus try , swol len granules  are c lose packed 

throughout the volume of  the pas te . The c lose packed gel 

partic les  form a weak network structure ( 1 0 3 ) . The 

vo lume o f  void in this  case  can be of  the order of 7 0 %  o f  

the total vo lume of  the system ( 6 8 ) .  When the 

concentration of gel particles  i s  increased , more r igid 

networks occur and eventual ly s e l f- supporting gel s  are 

formed . I t  has been suggested that interparticle  forces 

such as  entanglements between the sur face molecules of 

adj acent swol len granules  play an  important role in  the 

network structure ( 6 8 ) . The nature of  the interactive 

forces between the instititial  f luid and the swol len gcl 

particles  i s  uncertain ( 6 7 ) . 
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SECTIO N I 

RHEO LO GICAL PRO PERTIES O F  STARCH PASTES 



I . I  Introduction 

Recent inve st igations by et a l . (41 )  have shown 

that there are s ign i ficant d i f ferences in the pasting 

behaviour o f  d i f ferent varieties of  wheat starch . The se 
d i f ferences  were investigated us ing an empirical  te s ting 

instrument ( 6 9 ) . The prec ise  behaviour of pastes a l so 

depends on the experimenta l conditions used dur ing 

the ir preparation ( 7 0 ) . An expl anation of the above 

d i f ference s  in paste properties would be of interes t  to 

the food industry . Despite the commercial s igni fi cance 

of starch pastes there is  relatively l i ttle fundamentp l  

information concerning their  rheological  propertie s . The 

present section describes a fundamental inve stigation of  

the rheological properties of  paste s . 

1 . 2  Literature review 

Comprehens ive reviews of  the rheological properties  of 

starch pastes  are avai lable ( 7 , 6 2 , 6 7 ) . The obj ec tive 

of the present review is  to focus attention on those  

areas o f  the l i terature that are  mos t  relevant to  the 

subj ect under investigation . The information i s  

considered i n  two categories , these are mea surements 

obtained by empirical  methods and measurements obtained 

by fundamenta l  techn iques . Both methods of  inves tigation 

have been used to s tudy the relationship between the 

structure and properties of s tarch pastes . 

1 . 2 . 1  Empirical measurements 

A wide range of  empirical  tes t ing devices are avai l able  

that have been used to  measure the rheological  properties 

of  starch pastes . Perhaps the mos t  commonly used o f  these  

i s  the Brabender Amylograph . Thi s  basically cons i s t s  
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o f  a rotating metal beaker f i tted with baf fles  plus a 

stationary stirring system which i s  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 control led conditions ( usually at a heating 

and cooling rate of  1. 5 ° C/minute ) .  During this  process  

the beaker i s  rotated about its  vertical  axi s . The 

resultant torque on the s tirr ing rods  is regis tered by a 

dynanometer , so  that a curve is  obtained in which torque , 

and so con s i s tency , is  plotted against time . S ince a 

control led rate o f  heating and cooling is used the time 

axi s  fixes the temperature . Cons istency is  measured in 

the arbi trary units of  Brabender units (B . U . ) .  The 

height o f  the peak obtained dur ing the heating part of  

the cyc le  i s  used to  character i se the pasting behaviour 

of starch pa s te . Other informat ion can also be obtained 

from the curve ( 7 ) . Us ing th is  empirical measuring 

technique , the contras ting rheo logical character istics  of  

Austra l i an and New Zealand wheat starches have been 

demons trated ( 4 1 ) . 

Var ious other emp irical instruments have a l so been used 

in industry to characteri se the properties of  s tarch , 

inc luding Corn I ndustr ies viscometers ,  Stormer viscometers , 

MacMichael  viscometers , Brook f ield viscometers and fall ing 

sphere v i scometers ( 6 7 ) . These  viscometer s  give 

informat ion about pastes that is s imi lar to that obtained 

from the Arnylograph and in mos t  cases the viscos ity 

results obta ined have no fundamental sign i f ic ance . 

Many attempts have been made to investigate factors that 

inf luence s tarch paste behaviour as measured by empirical  

method s . The interpretation of  the results so obtained 
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is  complicated by the arbitrary and undef ined nature o f  

the testing instruments . However , the se works do 

sugge st factors that may af fect the rheological  propertie s  

o f  starch pastes . 

Al l methods o f  paste measurement show that a marked increase  

in  vi scosity occurs dur ing pas te formation and  that the 

temperature/time treatment used in pasting inf luences 

the peak viscos ity reached . The peak Amylograph viscos ity 

depends on paste compos it ion and i s  proporti onal to the cube 

o f  the starch concentration ( 6 9 ) . Qualitative explan�tions 

for the increase in cons istency that occurs during pasting 

have been s uggested . Many investigators cons ider the 

i ncrease in paste v i scos ity results f rom the increase in 

the hydrodynamic volume of s tarch granules , i . e . , the 

swe l l ing , that occurs during gelatini sation . In  thi s  case 

paste viscos ity i s  cons idered to represent the work 

required to move the expanded granule s past each other ( 7 1 ) . 

On the other hand , a group of  investigators have shown 

that the peak viscos ity reached by a starch-water system 

during ge latini sation occurs after most  of the granule 

swe l l ing ceases ( 7 2 ) . Polymeric material  i s  released from 

gelatinised granules  at this  s tage , and electron-microscopic  

examination suggests  thi s  forms a f i l amentous network 

s tructure in the paste . In  thi s  case the vi s cosity i s  

thought to arise from the presence of  this network . 

The peak v i scosity reached during gelatinisation depends on 

the variety of starch . Thus , --lonej·· et a l . ( 4 1 )  have 

shown tha t  some starches form more viscous pastes than 

others under comparable conditions . The cause of thi s 

d i f ference i s  uncertain , however Meredith et  al . suggest  

that it  arises  f rom a variation in  the phy s i cal  organi s ation 

o f  the granule s tructure ( 2 1 ) . 
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Measurements of  Amylograph viscosities  of  pas tes  made f rom 

smal l  granules  have demonstrated d i f ferences in  pasting 

properties  compared with the unfractionated parent s tarch 

( 1 6 ) . The cons i stenc ies of  cold pastes made from sma l l  
granules  are always less  than those for the unfractionated 

starch . Thi s  d i f f erence has been attr ibuted to the fact 

that sma l l  granules  tend to dis integrate more on pasting . 

The trace amounts of  lipids in  starch granules  have a 

marked e f fect on pasting properties ( 1 6 ,  3 5 , 3 7 ) . For 

example , defatted wheat starches give paste s  with higper 

vi scos i ties  than contro ls  ( 3 5 ) . The addition to pastes  

of  extra l ipids , of  the type normal ly present in granules , 

decreases  viscosities ( 3 7 ) . However evidence sugge sts  

that neither the dif ference s in the vi scos ities  of  pastes 

made from starche s from various sources , nor the 

dif ferences in the viscos ities  of pastes made from s tarches 

with control led s i ze ranges , can be directly attributed to 

l ipids ( 1 6 ) . Thus the variation in paste viscosity wi th 

source o f  s tarch and s i ze o f  starch granule s ti l l  ho lds 

for de fatted s tarch . 

1 . 2 . 2 .  Fundamental measurements 

1 . 2 . 2 . 1 .  Steady shear conditions 

A wide var iety of rotationa l viscometers employing 

uni form shear rates are ava i l able for steady shear 

measurements ( 7 3 ) . The virtua l ly uni form shear 

encountered throughout the s ample  arises  f rom the des ign 

o f  the testing sys tem in  the form of  a co-axial cyl inder 

or a cone-and-plate . 
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A number of  investigator s have s tudied the steady shear 

behaviour of pastes ( 6 8 ,  7 4 - 7 6 ) . Earl ier measurements 

obtained us ing co-axial cylinder viscometers ( 7 4 - 7 6 )  

showed that gelatinised starch-water systems exhibit shear 

thinning propertie s . Power law equations of  the form 
11 K ...y m a · \.. app = tJ [_]: . 1� 

describe their non-Newtonian flow properties ,  where K and 

m are constants , 1jl app is the apparent viscos ity and i( i s  

the shear rate . The results of  these  investigations 

indicated the absence of  yield s tress  in starch paste s , 

sugge sting that adj acent gel particles  are not permanent ly 

bonded to each other in any way . Hence it was conc l�ded 

that swollen s tarch granules were respons ible for pas te 

behaviour rather than a permanent gel  network .  The se 

s tudies did not lead to a quantitative expres s ion 

relating the s tructure and rheological  properties of  

pas tes . 

S ince the completion of  the present s tudy , Evans and 

Haisman ( 6 8 )  have reported the s teady shear propertie s 

o f  pastes made f rom s tarche s f rom a variety of  plant 

species , name ly corn , potato and tapioca . In  addition 

wheat flour was s tudied . The results of  thi s  investigation 

a l so demonstrated  that pastes obey Equation �- 1� at  high 

shear rates . However the presence o f  yield s tres s  was 

detected at low shear rate s . The y ield stress was found 

to be governed by the equation 

r = r o + 1<-.�n [r . l8J 
where K and n are constants , r i s  the shear stress and r o 

is  the yield stress . Evans and Hai sman also deve loped 

empirial  equations to describe the concentration 

dependence of both the apparent v i s cos ity at a given shear 

rate and the yield stress . However no attempt was made to 

reconc ile the d i fferences in rheological properties o f  

various s tarch pastes . 
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I . 2 . 2 . 2 .  Oscil latory shear conditions 

The structure of  pastes sugges ts they are likely to be 

vi scoelastic  fluids or weak gels . In  thi s  case , s teady 

shear mea surements reveal only part of  the information 

required for rigorous characterisation of  paste s . 

Vi scoelastic  f luids  and weak ge ls may be ful ly 

characteri sed by measurements of dynamic viscos ity and 

rigidity as  a funct ion o f  frequency ( 7 7 ) . The se 

measurements in some ins tances can give information about 

the structure o f  the system under te s t .  The measurements 

of dynamic viscos i ty and rigidity may be made using 

co-axial  cyl inder 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 vi scos ity and rigidity 

� used to characterise rheological behaviour ( 7 8 ) . 

Nakagaki and Muragi shi ( 7 9 )  used this  approach to obtain 

dynamic parameter s of pas tes made from potato , sweet 

potato and rice s tarches . Their results show that the 

prec i se behaviour of these pastes  depends on concentration , 

type o f  starch and method of  paste preparation . The 

frequency response  of the se pastes sugges t they exhib i t  

the viscoelastic  behaviour characteristic of  weak gel s . 

Attempts to account for paste behaviour us ing mechanical  

mode l s  were unsucce s s ful and the authors suggested that 

thi s  may indicate the fact that s tructura l changes in 

the pastes occur a s  frequency changes . 

S ince the completion o f  the present study , Evans and 

Haisman ( 6 8 )  reported dynamic measurements  on corn , potato 

and tapioca s tarches and on wheat f lour . The f requency 

dependence of dynamic parameters again suggests that the s e  

pastes exhibit characteri stcs o f  weak ge l s . Empirical  

equations were established that descr ibe the concentration 

dependence of dynamic r igidity for a given paste . 
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In  the second approach , a s ingle value of  dynamic vi scosity 
0 and rigid ity , s  obtained f rom measured parameters at the 

observed resonant frequency of the starch-water sys tem , 

that is  the frequency where maximum ampl itude is  observed 

( 8 0 ) . Thi s  approach has been appl ied to studies  of  

modi fied starches o f  white mi lo starch and corn starch ( 7 0 ) . 

Characteristics  of  gel were clearly evident f rom the dynamic 

re sponse of these paste s . Although thi s  method is 

s impler , it  is less  rigorous as a viscoelastic model must  

be  assumed to  repre sent the mechanical  behaviour of  pastes 

in order to calculate the dynamic parameter s .  

I . 3  Scope of  the present investigation 

Cons ideration of the s tructure of  pastes suggests factors 

that may account for the ir rheological behaviour . Starch 

pastes  are di sperse systems ( 8 1 )  and the main components 

of the di sperse phase are swo llen ge l particles  of varying 

s i zes , l ipid-amylose complexes and crysta l l i sed amylose . 

The continuous phase consists of  dissolved polysaccharides 

predominantly amylose and some amylopectin . Some 

investigators cons ider that swol len granule  f ragments are 

re spons ible for the rheological character i stics  of  pa stes 

( 7 1 ) , though others have suggested that the starch exuding 

from gelatini sed granules  is s igni f icant in  thi s  respect ( 7 2 ) . 

In  both cases a quantitative explanation i s  lacking . I f  

starch pa stes behave l ike di sperse systems i n  general , then 

their properties are l ikely to be related to the volume 

f raction , number and s i ze distribution of  the swo l len 

particles  they contain . These  various pos s ibi lities  were 

there fore investigated . 

The information s o  obta ined was used in an attempt to 

e stab l i sh reasons for d i f ferences in the rheological  

properties  of  pastes made from various wheat sources  and 

for the variation in  paste behaviour with s ample 

preparation condi tions .  
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I t  i s  we l l  known that properties of  gelatinised s tarch­

water systems change with t ime on s torage . The change 

in character istics  may be followed by measuring the 

variation in the ir  rheological behaviour . Thi s  

pos s ib i l i ty was therefore investigated in  the present 

s tudy . 

I . 4 .  Experimenta l approach 

Industry routi ne ly monitor s the rheo logical behaviour 

of s tarch pastes us ing empirical instruments in which 

unde f ined non-uni f orm shear conditions  exi s t  ( 6 7 ) . 

This  a l lows the determination of  a viscos i ty-based 

number that is  used to characterise  the flow behaviour 

of  the pastes . While  techniques of thi s  kind may be 

use ful  in predicting  the properties of pastes  in 

particular app l ications , they are not des igned to give 

information of a fundamenta l nature . The rheological 

behaviour of  s tarch pastes may be more vigorous ly 

characterised by s teady or osci llatory shear methods that 

employ wel l  de f ined shear conditions . Thi s  approach was 

there fore used in  the present study . 

The volume occupied by a bed of  swol len granules was 

determined by swe l l ing capacity measurement s . Two 

approache s have been used , name ly gravitational ( 8 2 )  
and c entri fugation ( 8 3 )  settl ing . Synere s i s  normal ly occurs 

during the cours e  of settling in the gravitational 
technique . In  the present investigation , swe l l ing capacities  

of  s tarches were determined by a centri fugation settl ing 

method . The amount o f  polymeric material  released f rom 

gelatinised granules  was determined by drying an a l iquot 

1 6  

o f  supernatant o f  a centri fuged s ample . Microscopic  

observation con f i rms that it  i s  not pos s ib le to measure the 

s i z e  distribution of gelatinised starch granules  d irectly ( 8 4 ) . 

The numbers and s i ze d i str�butions o f  particles  were there fore 

examined prior to pasting on the a s s umption that they bear 
some relationship to the corresponding f igures for swol len 
granules . 



1 . 5 . Experimenta l 

1 . 5 . 1 . Mater ial s 

1 . 5 . 1 . 1 . Origin and variety of wheat 

Six d ifferent varieties  of wheat were used in this  

research ; the New Zealand cultivars Karamu , Hilgendorf 

and Aotea and the Austra lian cultivars Gamenya , Raven 

and Gamut . All  these cul tivars were grown commercially 

throughout New Zealand . The samples  of Karamu , Hilgendorf , 

Aotea and Gamenya wheats were grown in 1 9 7 7 . Raven was 

harve sted in 1 9 7 3  and Gamut in 1 9 7 6 . These wheats we�e 

stored at - 2 0 . 0 ° C bef ore used . 

1 . 5 . 1 . 2 .  I s olation of wheat starch 

Starch was i solated according to the method of Mered ith 

et al . ( 2 1 ) , ai r-dried at ambient temperature to a 

moi s ture content ( 8 5 )  of about 1 0 %  and stored at 5 ° C ( 8 6 ) . 

Air-drying condi tions were standardi s ed as they can 

inf luence granule structure ( 4 7 ) . The moisture content 

of s tarch was determined by an oven-drying method ( 8 5 ) . 

The protein ( 8 7 )  and lipid contents ( 8 8 )  were measured 

by s tandard methods. 

1 . 5 . 1 . 3 .  S i ze f r actionat ion 

Fract ions of wheat  s tarch with narrow size  ranges were 

obtained by the s edimentation technique described by 

Meredith et a l . ( 2 1 ) . The range of particle  s i zes 

within each f raction was checked by microscopic observations . 
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1 . 5 . 1 . 4 .  Damaged starch 

Commercial wheat starches norma l ly contain sma l l  

percentages o f  ' damaged ' granules . The se are s tarch 

partic les that have been modified by mechanical forces 

entai led in mi l l ing ( 8 9 ) . Starch samples containing 

such granules  were obtained by ba l l -mi l l ing. The 

percentage o f  ' damaged ' granules  in a sample wa s 

determined by microscopic observations ( 9 0 ) . 
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1 . 5 . 2 .  Method of  pa ste preparation 

Unless otherwi se s tated , the fol lowing procedure wa s 

used as the standard method for prepar ing pastes . 

A starch suspens ion ( 4 - 1 6 g  s tarch/ 2 0 0g water ) ,  contained 

in a conical  flask  ( 2 5 0ml ) f i tted with col laps ible l ink 

stirrer operating suffic iently fast to prevent the 

suspens ion settl ing out , was placed in a water-bath 

at 9 5 . 0 ° � 0 . 5 ° C for 1 hour . The we ight of  the paste 

so formed was checked and water added if  required . The 

paste was then trans ferred to a water bath at 3 0 . 0 ° C and 

equil ibrated at thi s  temperature for 0 ._ 5  hour . Thiomersal 

( 0 . 0 1�1 ) was incorporated into pastes to inhibit  microbial 

growth . 

In  experiments in  which paste preparation cond itions were 

varied, temperatures rang ing f rom 7 0 . 0  - 9 5 . 0 ° C and times 

ranging f rom 5 to 6 0  minutes were employed . The s e  

cond itions are 1n accord with tho se used in indus try to 

form pastes ( 9 1 ) . 

Some pastes were  formed in  a typical  commercial  test 

instrument , the ��ylograph , for comparative purpos es . 
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I . 5 . 3 .  Measurement of  the vi scoelastic behaviour o f  

wheat s tarch pas tes  

! . 5 . 3 . 1 .  Introduction 

The s tudy of  viscoelastic behaviour requires the 

determination o f  the relations among stres s ,  s train 

and time for a particular type of  de formation and a 

particular load ing pattern ( 7 7 ) . I n  so far as  the 

viscoe lastic behaviour is l i near , this  reduces to 

determining the time dependence of the shear modu l us . 
The des ired simpl i f ication o f  linear behaviour can be 

achieved by keeping the s tresses sufficiently sma l l . 

To find the time dependence of  the shear modulus ,  
the stress  i s  usually var ied in a s inusoidal manner at 

an angu lar frequency ( rad s- 1 ) .  The re lationship between 

the s tres s and strain which is used to estab l i sh 

viscoelastic behaviour may be states as fol lows ( 7 7 )  · -

G* = G' + G"  

or G* = G '  + i W l( 
(r ., I S  nle l o s s  ff\ () du \.u S 

where G*  is  the complex rigidity , G '  is  the dynamic 

rigidity , ·fl is  the dynamic viscosity and w i s  the angular 

frequency . For l inear vi scoe lastic  systems , the response 

to s inusoidal s tress  is depicted in  Figure I . l  as  a 

function of  time . 

�----- T ------.t 

Figure I . l  S inusoida l ly varying stres s  
and strain f o r  per iodic 
deformation of a l inear 
v � scoelastic  system . 

Strain 

Stre s s  
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The ratio of  peak stress to peak strain is  the amplitude 
ratio (m )  . The di stance between these  peaks in the t ime 
scale , multiplied by the frequency (w) is the phase 
angle ( 0 )  in radians . Oka ( 9 2 )  has devised equations to 
describe the response of a l inear viscoelastic system 
to the shear conditions encountered in a coaxial cyl inder 
vi scometer . In the present case , these simpl i fy into the 
fol lowing forms : -

1 1\._' = 4 TIL 

k s in 0 
( ) 

m w  

G ' = 
1 

4 TIL [ �1 2 - �, 2 J ( k  ( cos 0 l ) + Iw 2 ) 
m 

where 

r 1 , r 2 = radius of  inner and outer cylinders  
I = moment of inertia of  inner cylinder · 
L = immersion depth of  inner cyl inder 
k = torsional constant of  wire 

respectively 

The assumption made in deriving the s impl i f ied equations 
contribute less than 1%  error ( see Table I . l ) .  S ince  
the derivation of  Equations [I . �  and [1: . 4)  has  not been 
documented elsewhere , a treatment is given in Appendix Ia . 
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Table I . l  Sample calculations of the percentage error 
in determining fl1 and G '  us ing Equations � .  � and 

Equations 
w m Equation Lr . 5J [} .  � and [r . �  % error 

11.' G ' 1\_ G •  1( G ' 

0 . 0 3 7  l l .  4 0  0 . 5 8 6  1 6 . 0 5 l .  1 8 4  15 . 9 4 1 . 1 7 5  0 . 7  0 . 8  
0 . 1 1 5  1 4 . 7 7 0 . 5 1 5  7 . 5 8 l .  5 4 4  7 . 5 2 1 . 5 3 5  0 . 8  0 . 6  
0 . 3 1 9  2 0 . 0 0 0 . 4 3 4 4 . 3 5 2 . 0 7 0  4 . 3 2 2 . 0 5 4  0 . 7  0 . 8  
0 .  8 9  0 2 8 . 0 0 0 . 3 4 8  2 . 6 7 3  2 . 8 5 7 2 . 6 4 8  2 . 8 3 1  0 . 9  0 . 9  
l .  9 7 4  3 7 . 5 2 0 . 2 6 5  2 . 0 5 3  4 . 2 3 6  2 . 0 3 4  4 . 1 9 7  0 . 9  0 . 9  

I . 5 . 3 . 2. Apparatus 

A top-drive oscillatory co-axial cylinder viscometer was 
used to measure the dynamic visceolastic properties o f  
starch pastes . The des ign of  the instrument was based on 
that of Nakagawa and Seno ( 7 8 ) . The instrument was 
constructed in the Food Technology Department Workshops , 
Massey Univers i ty .  A description of  the apparatus i s  
given i n  Appendix  I b  s ince it  i s  a non-standard piece of  
equipment . 

2 2  

The instrumental parameters o f  the vi scometer are a s  follows : 

Radius of  the inner cylinder , r l = 0 . 0 2 0 7  m 
Radius of the outer cylinder , r 2 = 0 . 0 2 6 5  m 
Moment of  inertia of  inner cylinder , I = 4 . 0 1 5  X 1 0- 4 kg . m2 

Thickness  o f  suspending wire , d = 0 . 0 0 0 7  and O . O O lm 
Immersion depth of  inner cylinder , L = 0 . 1 5 7  m 
Amplitude of  driving ascil lation , G o = 0 . 0 4 3 4 - 0 . 0 5 7 6  rad 
Tors ional constant of  wires , k = 0 . 1 3 6  X 1 0  

- z and 
0 . 3 8 2  1 0  - 2 Nm X 

Range of  angular frequency , w = 0 . 0 2 - 5 rads- 1 



1 . 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 firs t .  
Measurements were completed within 2 hours o f  paste 
formation , this time scale as sured that results were not 
influenced by the crystallisation of polymer that occurs 
on paste storage . A very thin fi lm of  oil  was placed on 
top of  the paste to prevent evaporation ( 6 8 ) , a check was 
made to show that thi s  did not influence results through 
oil-paste interaction . Determinations were made at 
3 0 . 0 ° C .  

The variation of  dynamic vi scos ities and r igidities during 
paste s torage was measured us ing a single frequency 
(W = 0 . 0 2 rads - 1 ) and a range of ageing temperatures 
( 1 0 . 0 ° to 3 0 . 0 ° C )  and ageing times of  up to l 5 0h . During 
the course of  these experiments , the pastes  were stored 
in the viscom�ter . 

1 . 5 . 3 . 4 .  Treatment of  data 

All  recorded traces  o f  input and output s ignal s  were 
analysed by the method described by Walters ( 9 3 ) . Dynamic 
viscosity and rigidity were then calculated according to 
Equations Q: .  � and [}: .  4J respective ly . 
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1 . 5 . 4 .  Measurement of  the rheological  properties  of  

wheat starch pastes  under steady shear conditions  

1 . 5 . 4 . 1 . Apparatus 

A Ferranti-Shir ley cone-and-pl ate viscometer was used to 

measure the f low behaviour o f  starch pastes under steady 

shear conditions . The theoretical principles underlying 

the measurements o f  shear s tress and apparent vi scos i ty 

us ing a cone-and-plate geometry have been descr ibed in  a 

number of  texts ( 7 3 ,  9 5 ) . The cone used in the present 

study wa s des igned to make measurements of  systems 

containing a d isperse phase wi th particle  s i zes s imi lar 

to those found in  s tarch pastes . The instrumental 

parameters used were : -

Cone angle , ljl = 

Radius of  cone , R = 

Torque spr ing constant , T = 

Shear stres s constant = 

Shear rate constant = 

1 . 5 . 4 . 2 .  Exper imental procedure 

0 . 0 2 6 1 8 rad 

0 . 0 3 5  m 

2 . 4 5 3  Nm/Divis ion 
3T/ 2 ITR 3 = 2 7 . 3 2 

2 IT  1 = 4 . 0  
6() X �  

In  experiments in  which the shear rates were varied , 

measurements were made at the lowest  shear rate fir s t . 

A range of  rates o f  shear from 0 . 4  to 4 0 0 0 S- 1 was 

employed . A l l  measurements were made at 3 0 . 0 ° C .  

1 . 5 . 4 . 3 .  Treatment of  data 

Shear stress  and apparent visco s i ty were calculated a s  

a function o f  shear rate according t o  standard method s  ( 9 6 ) . 
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1 . 5 . 5  Determination of  the number o f  partic les  per gram 

of sample and the s i ze distribution o f  starch granules  

Particle s i ze  distributions of  s tarch granules  were 

determined us ing the Coulter-Counter Model B with a 

1 0 0  )!m ori fice  tube attachment . The apparatus was 

cal ibrated us ing mono- sized polystyrene latex ( diameter = 

12 . 4 5 �m )  according to the standard procedure de scribed 
in the Coulter-Counter manua l .  Dur ing a routine counting , 

corrections were made for the coinc idence loss  by us ing 

the Coulter-Counter coinc idence correction chart and 

corrections for background particles  were a l so carr ied out 

but neglected i f  counts were less  than 10 0 .  The raw data 

obta ined from the Coulter-Counter was in the form o f  total 

number of partic les  greater than a given particle  vo lume 

against particle volume . Particles  less  than 1 2Jm 3 in  

volume could not be  counted accurate ly due to a s igni f icant 

noise leve l . 

The raw data from the Coulter-Count�r was tran s formed to 

give the relative distribution of we ight or number against 

the partic le diameter . Several assumptions were made in 

the tran s f ormation ; firstly , a l l  particles  were cons idered 

to be spherical and secondly , all  partic les  were cons idered 

to be o f  uni form density . These assumptions have been 

used e l sewhere ( 1 7 ) . The s teps involved in  trans forming 

the Coulter-Counter raw data into re lative weight or 

2 5  

number against particle diameter are demonstrated for one 

starch in Appendix I c . In  a l l  cases tripl icate determinations 

were made for the various wheat starches and a mean value 

obtained a f ter trans formation of  the raw data . 



I . 5 . 6  Determination of  the swe l l ing capac i ty o f , and the 

exudate from , ge latinised granules 

Prel iminary measurements of  swelling capacities  were made 

us ing the s tandard procedure of Schoch ( 8 3 ) . Thi s  enta i l s  

centri fuging a paste a t  high speed and measur i ng the 

we ight of the bed of particles  so formed . However it was 

found that the results obtained by this  method were 

inf luenced by the centri fugal condi tions and hence the 

procedure is unsatis factory for the pre sent purposes . The 

pos s ibility o f  us ing a gravitational settling technique ( 8 2 )  

was therefore inves tigated . In this  method , a pas te i s  

a l l owed t o  settle t o  a constant value . However , as  wheat 

starches contain sma l l  granules , it takes about a week for 

part ic les to settle . Dur ing this  period , synere s i s  and 

compre ss ion of  the particle  bed would occur and hence the 

results  obta ined would not refer to the or iginal  condition 

of  the paste . A centri fugation settl ing technique wa s 

there fore deve loped to measure the swe l l ing c apac ity wi thout . 

the e f fect o f  syneresis  and with a correction for the 

particle bed compres s ion . 

I n  this centr i fugation settl ing technique , l O . Og al iquots 

o f  a di lute paste in graduated centri fuging tubes were 

centri fuged for dif ferent times ( in minutes ) and speeds 

( � g · )  to g ive volume s of sedimented partic l e s  at 3 0 . 0 ° C .  

Extrapolation technique s were then used to obtain the 

vo lume of sediment at zero t ime and at zero speed . The 

s teps involved in the extrapolation technique to obtain 

the swell ing capaci ty of a s tarch sample are demonstrated 

for one case (Appendix I d ) . 

2 6  



I .  6 Results 

1 . 6 . 1 . Viscoelas tic behaviour of  wheat starch pa stes 

1 . 6 . 1 . 1  Linear viscoelastic behaviour 

The procedure for analys ing the observed quantities o f  

Equations � .  � and Q: .  4] is  based o n  the as sumption 

that l inear viscoelastic behaviour is occurring , and so 

the shear stres s  r and the shear strain � satisfy the 

re lationship : -

r = G* Y 

in wh ich complex rigidity G*  should not depend upon r and 

� but it is a function of  frequency w .  Linear vi scoelastic 

behaviour was demon strated for the range of  conditions 

examined by varying the shear amp l i tude in the standard 

manner as  shown in  Table 1 . 2 .  The results in thi s table  

show that , as  required , the magnitude of the shear 

amplitude has no s igni ficant ef fect on  the dynamic 

viscosity and rigidity . S imi lar results were found at 

other frequenc i e s . 

Table 1 . 2  Representative measurements of dynamic viscosity 
-11 ' ' l  and rigidity G •  as  a f unction o f  the shear amp l i tude 

at an angular f requency o f  0 . 1  rads - 1  for pastes made from 

Aotea wheat s tarch . 

Shear ampl itude 

rad 

0 . 0 5 7 6  

0 . 0 4 9 9  

0 . 0 4 7 6  

0 . 0 4 3 3  

Dynamic . . ' 
V l S C O S l  ty 1\. 

Nsm- 2 

4 . 4 0 

4 . 3 0 

4 . 6 0 

4 . 2 0 

Dynamic rigidity G '  

Nm- 2 

2 . 1 0 

1 .  9 5  

2 . 2 5 

2 . 0 5 

2 7  



1 . 6 . 1 . 2 .  Frequency dependence of  dynamic viscosity and 

rigidity 

The frequency dependence of  the dynamic viscosity and 

rigid ity of pas tes formed from various wheat s tarches 

under a variety of condi tions was determined . Figure 1 . 3  

shows plots of  dynamic viscos ity and rigidity as  a 

function o f  angular frequency for pastes containing d i f ferent 

concentrations of Aotea s tarch . S imilar plots were obtained 

for starch pastes made from the other wheat varietie s .  

The decrease in dynamic viscosity and increase in dynamic 

rigidity as the angular frequency increases is the 

character is tic vi scoelastic behaviour shown by both 

concentrated solutions of polymers  of high re lative molar 

ma sses and of  weak ge ls  ( 7 7 ) . A s imi lar frequency 

dependence wa s obtained by Nakagaki and Maragi shi ( 7 9 )  for 

dynamic viscoelastic  behaviour for potato , sweet potato 

and rice starch paste s . 

1 . 6 . 1 . 3 . E f fect o f  starch concentration 

The e f fect of  s tarch concentration on the f requency 

dependence of dynamic viscos ity and r igidity is evident 

in  Figure 1 . 3 .  Thi s  can a l so be i l lus trated by plotting 

the variation of dynamic viscosity and rigid ity at 

repre sentative f requenc ies  a s  a function of s tarch 

concentration as shown in Figures  1 . 4  and 1 . 5  respectively . 

A simi lar concentration dependence was observed by 

Nakagaki and Muragishi ( 7 9 ) . The results in Figures  1 . 4  

and 1 . 5  show that the dynamic vi scos ities and rigidities 

o f  starch paste s  made from the Gamenya wheat variety are 

much higher than f rom the Aotea var iety at any given 

s tarch concentration . According to Amylograph tests , 

Gamenya starches have much more des irable pasting 

characteristics  than Aotea ( 4 1 ) . The osc i l latory 

measurements demonstrate the same trend . 
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The re sults in F igures I . 4  and I . S  suggest that gelatinised 

starch-water sys tems are characteri sed by three dif ferent 

modes of  behaviour . At lower concentration of starch , 

the dynamic vis cos ity has a comparatively sma ll  value 

whi le the dynamic rigidity tends to zero . A certain 

minimum concentration of starch is  needed be fore rigidity 

i s  apparent . The second type o f  behaviour occurs at 

intermediate concentrat ions , where both dynamic viscos i ty 

and r igidity are read i ly detected . These concentration 

ranges are of  mos t  interest in the present study as they 

give pastes whose  rheological properties are s imi lar to 

those  formed i n  the Amylograph under standard condition s . 

Above the upper l imits o f  these ranges the starch-water 

sys tems change f rom vi scoelastic f luids to viscoelasti c 

solids  and s e l f - s upporting ge ls  are formed . Both dynamic 

vi scosity and r igidity then increase markedly . 

1 . 6 . 1 . 4 .  E f fect  o f  paste preparation condition and s tarch 

damage 

Figure I . 6  shows the frequency dependence of dynamic 

viscosity and r i gidity for pastes formed from Gamenya wheat 

starch under d i f ferent temperature/time treatments .  The 

dynamic visco s i ties  and rigidities at any given frequency 

are reduced as a result  of decreases  in pasting temperature 

or t ime . Other wheat varieties s tudied fol low the same 

trend . Figure I . 7  shows the f requency dependence o f  

dynamic visco s i ty and r igidity for pa stes made from Aote a  

wheat  starch that has been damaged to d i fferent extents .  

The dynamic v i s co s ities  and rigid ities  at any given 

frequency decrease with increas ing starch damage . Other 

wheat varieties  s tudied give s imilar results . Figure I . 8  

shows the f requency dependence o f  dynamic viscos ity 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 viscos itie s and 

r igidities compared with controls . Other wheat var ietie s 

studied show s imi lar variations . 
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1 . 6 . 2  Rheological properties of  wheat starch paste s under 

steady shear conditions 

1 . 6 . 2 . 1 . High shear rate ( 1 0- 4 0 0 0 8- 1 )  

Figure 1 . 9  shows typical  log- log plots of  apparent 

viscos ity against shear rate for various starch pa s tes . 

Clearly the pastes are shear thinning f luids that obey 

the law 

[! . 1� 

where l \_app i s  the apparent viscosity , l i s  the shear rate 

and K and m are constants . K and m are a function of the 

concentration and var iety of starch and of the temperature/ 

time treatment used dur ing paste preparation . The se  

results  are consistent with  those reported for starches from 

other plant species ( 6 8 ) . 

1 . 6 . 2 . 1 . 1 . E f fect of  s tarch concentration 

F igure I . l O shows the apparent v i scosity of pastes as a 

f unction o f  the shear rate for g iven concentrations of  

Gamut wheat starch . Other wheat varieties s tudied fo l low 

the same trend . The slopes of  the log- log plots are 

s trongly dependent on s tarch concentration . A plot o f  the 

pseudoplasticity cons tant ( -m )  aga inst the s tarch 

concentration , as  shown in  Figure I . ll ,  indicates that it 

increases to a constant value a s  the concentration is  

increased . In  the lower concentration range , it  decreases  

sharply extrapolating back  to zero  at some finite 

concentration (c 0 ) characteristic  of each veriety o f  

wheat starch . A l inear relationship between the 

pseudoplastic ity constant and the s tarch concentration c an 

be obtained us ing the fol lowing standard equation ( 6 8 )  : -

1 1 + m = - -
m co 
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The concentration at whi ch the pseudoplasticity cons tant 

equals  to zero can be calculated according to Equat ion 

� - 1� by a trial  and error procedure so that the best  

least squares fit of  the  data i s  obta ined . The results 

o f  us ing thi s  procedure for data such as  that in Figure 

1 . 1 1 are shown in Tab le 1 . 3 .  

m Table 1 . 3  Va lues o f  C 0 , - oo ,  K 1 and corre lation 

coef fic ient of the lea s t  square s fits to Equation � - l L 
for various starch pastes . 

Wheat variety 

used to 

prepare s tarch 

Karamu 

Aotea 

Hilgendor f 

Gamut 

Raven 

C o 
% 

3 . 2 0 

3 . 1 0 

2 . o o 
2 . 4 0 

l .  4 0  

m - 00 

0 . 5 1 

0 . 7 1 

0 . 9 3 

o : 8 6 

0 . 7 7 

0 . 6 0 
2 . 5 2 

3 . 10 

3 . 7 7 

3 . 0 1 

Correlation 

coe f f icient 

0 . 9 9 8  

0 . 9 9 8  

0 . 9 9 8  

0 . 9 9 4  

0 . 9 9 8  

The variation o f  the apparent vi scos ity o f  pastes a t  a 

given shear rate , 1\.)· , \vi th starch concentration i s  shown 
in Figure 1 . 1 2 for Karamu and Raven wheat varietie s . The 

same trend was obtained at other shear rates and with the 

other s tarch var ietie s . The results show that there is  an 

abrupt change in appar ent viscosity at a certain s tarch 

concentration characteristic of each wheat variety . The 

results in Figure 1 . 1 2 also  show that the apparent vis cos i ty 

of  starch pastes formed f rom the Raven wheat  var iety are 

much higher than f rom the Karamu wheat variety at any 
given s tarch concentration , this  is cons i stent with 

Amylograph measurement s  ( 4 1 ) . 
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1 . 6 . 2 . 1 . 2 .  Ef fect o f  paste preparation condition 

The e f fect of  varying pasting temperature , with a constant 

heating time of 1 hour , on the apparent viscosity of  pastes 

is demons trated in Figure 1 . 1 3 for Gamut wheat variety . The 
slope s of the log- log plots are dependent on the pas ting 

temperature . P lots of the pseudoplasticity cons tant of 

the pastes against  the pas ting temperature for several 

starch concentrations ( Figure 1 . 1 4 )  shows that the 

pseudoplasticity constant decreases  constantly when the 

pasting temperature is reduced . P lots o f  the apparent 

viscos ity of  the pa stes  at a given shear rate as  a 

functi on of the pas ting temperature ( Figure 1 . 1 5 )  show that 

the apparent vi scosity decrea ses marked ly when the pasting 

temperature i s  decreased . Other wheat varieties studied give 

simi lar  pattern of variation . 

Figure 1 . 1 6 shows the ef fect o f  varying pasting time , at a 

constant temperature of  9 5 . 0 ° C ,  on the apparent viscosity 

of pastes made f rom the Hi lgendor f wheat starch . I t  c an be ·  

seen that the s lopes o f  the log-log plots  are dependent 

on the pasting. t ime . The ps eudoplastic ity cons tant of  the 

pa ste s  drops sharply when the pasting time is l e s s  than 1 0  

minutes a s  shown i n  Figure 1 . 1 7 .  P lots of  the apparent 

visco s i ty of  the pastes  at a given shear rate as a 

function o f  the pasting time ( Figure 1 . 18 )  show that the 

apparent vi sco s i ty decreases s lightly when the pasting t ime 

i s  reduced from 6 0  minutes to 1 5  minutes and drops sharply 

thereafter . A s imi lar pattern of  variation was obtained 

with other wheat  varieties examined . 

1 . 6 . 2 . 2 .  Low shear rate ( 0 . 4  - l O S  - 1 ) 

Figure 1 . 1 9 shows typical  log- log plots of shear stre s s  

against shear r ate for various wheat starch pas tes . C learly 

the flow curves are non- l i�ear on the logar ithmic scale and 

4 2 
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approach f in ite va lues at very low shear rate s , sugges ti ng 

that yield s tresses are present . This  behaviour can be 

described by the fol lowing equation ( 7 3 )  

[_I .  1� 
where K 3 and n are constants and r 0 i s  the yield  stre s s . 

The values o f  T0 are determined by extrapolation . 

The values of  f 0 , K 3 and n depend on the concentration and 

variety o f  starch and on paste preparation cond itions . The 

results are cons is tent with those reported for starches from 

other plant spec ie s . Equation � - 1� applies  to s tarch 

pa stes  whi ch are above certain minimum concentrations and 
have received suf fi c ient heat treatment , otherwise yield  

s tres ses are  not apparent . 

1 . 6 . 2 . 2 . 1 .  E f fect o f  starch concentration 

Figure 1 . 2 0 shows the f low curves of pastes for given 

concentrations of Gamut wheat pastes . Other wheat varietie s 

s tudied fol low the same trend . The variation o f  the y ield 

s tres s values of  pastes  with s tarch concentration for  

Karamu a nd Raven wheat varieties  i s  shown i n  F igure 1 . 2 1 .  
The results  show that the yield  stres ses of  s tarch pastes 

made f rom the Raven wheat variety are higher than f rom 

the Karamu wheat variety at any given concentration . In a l l  

cases i t  was found that the higher i s  the value o f  the 

yield s tress  the higher i s  the Amylograph viscos i ty . When 

the s tarch concentration i s  too low , a stage is reached where 

either the yie ld  stres ses  are too low to be detected by the 

viscometer or no yield s tresses  occur as an insu f f ic ient 

quantity of swol len gel particles  i s  present to be packed 

throughout the paste volume . 

4 8  
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1 . 6 . 2 . 2 . 2 .  E f fect of  paste preparation condition 

The e f fect of varying pasting temperature , at a constant 
heating time of 1 hour , on the flow curves of pastes is 
demonstrated in F igure 1 . 2 2 for Gamut wheat variety . The 
variation in the yield stress values with pasting 
temperature is  shown in Figure 1 . 2 3 for several 
concentrations of the Gamut wheat starch . The results show 
that the yield s tress value decreases when the pasting 
temperature is  reduced . 

0 
When the pasting temperature is 

less than 90 C ,  a stage i s  reached where yield stresses 
are no longer apparent ( see Figure 1 . 2 2 ) . A s imi lar pattern 
of results was obtained for a l l  the other wheat starches 
examined . Figure 1 . 2 4 shows the ef fect of varying pasting 
time , at a constant temperature of 9 5 . 0 °c . on the flow 
curves of  pastes made from the Hilgendorf wheat starch . 
The var iation in the yield stress values of pastes with 

5 5  

pasting time i s  shown in  Figure 1 . 2 5 for several concentrations 
of the Hi lgendorf wheat starch . The results show that the 
yield stress i s  about constant after a pasting time of  20  
minutes . When the pasting time is  less  than 10  minutes , a 
point i s  reached where yield stresses are no longer apparent . 
Simi lar results were obtained with other wheat varieties . 

1 . 6 . 3 .  Total number of  particles per gram of sample and 
the s i ze distr ibution o f  starch granules 

Figures 1 . 2 6a- f show plots of  relative weight-diameter 
distr ibution curves for the various wheat starches studied . 
The bimodal s i ze distributions described by other 
investigators ( 1 3 , 1 4 ) ar� c learly evident . The 
corresponding graphs o f  c umulative mass fractions for 
granules less  than a given hydrated particle diameter are 
shown in Appendix 1e . The results in Figures 1 . 2 6a- f 
( and in Appendix 1e )  indicate there are few granules with 
diameters between 9 and 1 3  ;un ,  the minimum number genera l ly 
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occurs at 12  rm ·  Hence the figure o f  1 2  ,r
tL m hydrated 

diameter has been used to class i fy granules  as either 

sma l l  or large . The percentages by we ight of granules  

under 12  gm hydrated diameter for various wheat starche s 
I 

are tabulated in  Table 1 . 4 .  Thi s percentage var ies qui te 

considerably between the various s tarches examined . The se 

resul ts are in general in agreement with other recent data 

( 1 1 , 2 0 )  giving the percentage by we ight of  smal l  granules 
in a starch sample . The Austral ian wheat starche s have 

consi stently lower percentages by we ight of smal l  granules 

than New Zealand s tarches , thi s i s  in accordance with the 

results of Meredith et al ( 1 3 ) . The total number of  

granules per gram of  starch and the number of large 

granules per gram of s tarch , both determined from the 

relative number per gram - diameter d i stribution curve s 

( Figures 1 . 2 7 a- f )  are presented in Table 1 . 5 .  The values 

for tota l number of  granules per gram of  starch are in the 

range reported by other investi gator s ( 2 3 ) . The results in 

Tab le 1 . 5  show that the total number of granules  dif fer 

considerably between the Austral ian and New Zealand wheat 

s tarches . Aus tr a lian wheat s tarche s contain higher number 

fraction of  large granules .  

Table 1 . 4  Percentage by we ight o f  sma l l  granules  in  the 

var ious wheat  s tarche s .  

Wheat variety used to 

prepare starch 

Karamu 

Aotea 

Hi lgendor f 

Gamut 

Gamenya 

Raven 

% we i ght ( < 12 �m)  

2 6 . 0  

2 4 . 4  

1 6 . 9  

1 5 . 0  

1 0 . 0  

1 2 . 8  

5 9  



Table  1 . 5  Total number of  granules per gram o f  s ample 

and number of  large granules per gram of sample in the 

var ious wheat starches . 

6 0  

Wheat var iety 

used to 

prepare s tarch 

Number of  

large granules  

> 1 2 /tm per 

gram of s ample 

Total number 

of granules per 

gram of sample 

Number 

f raction of  

large granules  

p 

Karamu 2 . 4 9 X 1 0 8 3 . 3 2 X 10 9 

Aotea 2 . 8 7 X 1 0 8 3 . 0 1 X 1 0 9 

Hi lgendor f 2 . 6 4 X 1 0 8 2 . 5 2 X 1 0 9 

Gamut 2 . 7 7 X 1 0 8 2 . 4 1 X 1 0 9 

Gamenya 3 .  04  X 1 0 8 1 .  4 4  X 1 0 9 

Raven 2 . 7 8 X 1 0 8 1 .  8 6  X 1 0 9 

1 . 6 . 4  Swell ing capacity o f , and the exudate from , 

gelatini sed granules  

1 . 6 . 4 . 1  Swel l ing capacity 

1 . 6 . 4 . 1 . 1 . Ef fect of  wheat variety 

0 . 0 7 5  

0 . 0 9 5  

0 . 1 0 5  

0 . 1 1 5  

0 . 2 1 1 

0 . 1 4 5  

Tabl e  1 . 6 give results showing that the Aus tral ian wheat  

starches have con s i s tently higher swe l l ing capac i ties than 

the New Zea l and varieties . All the results are about 

2 0 %  higher than the values obtained us ing the standard 

procedure of Schoch ( 8 3 ) . Evans and Haisman ( 6 8 )  have 

described an al ternative method of obtaining the swe l l ing 

capac ities of s tarches . In  their  method , d i f ferent 

concentrations  o f  s tarch pastes are a l lowed to settle out 

under gravity and the levels  of the s ed imenting interface  
are  recorded at  given time intervals  us ing a TV camera .  
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The minimum concentration of starch at  which the initial  

rate of sedimentation i s  less  than O . lmmhr- 1 is  found , 

and so the swe l l ing  capac ity . Since wheat s tarches contain  

smal l  granules , the method i s  unsui table for the pre sent 

study . However the fact i s  stre ssed that an absolute 

method of determining the swell ing c apacity of wheat s tarch 

is not available , and d i f ferent procedures wi l l  give 

dif ferent resul t s . 

Table 1 . 6 Swe l l ing capac ities of the various wheat s tarches 

at 9 5 . 0 ° C/lh . 

Wheat variety used 

to prepare starch 

Swe l l ing capac ity 
+ ml/g 5 %  

Karamu 2 5 . 5 0  

Aotea 2 6 . 2 5 

Hi lgendorf 2 7 . 3 0 

Gamut 2 8 . 0 0  

Gamenya 3 4 . 3 0 

Raven 3 5 . 5 0  

1 . 6 . 4 . 1 . 2 .  E f fect o f  pas te preparation condition 

Figure 1 . 2 8 shows the variation in  the swe l l ing capacity 

of Gamut wheat s tarch as  a function of  the pas ting 

temperature .  

above 8 5 . 0 ° C .  

The swe l l ing capacity increases  rapidly 

The other wheat s tarches s tudied show the 

s ame trend . Figure 1 . 2 9 shows the swe l ling capac i ty o f  

H i lgendor f wheat  s tarch as  a function o f  the pasting t ime . 

The swell ing c apac i ty increases marked ly for the f i r s t  1 0  

minutes and then remains about constant thereafter . A 

6 4  
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s imi lar pattern o f  vari ation was observed for the other 

wheat starches examined . The influence of  the extent o f  

s tarch damage o n  the swe l l ing capacity o f  starch i s  

demonstrated in  Table I . 7 .  As the extent o f  s tarch 

damage increas e s , swe l l ing capac ity decreases appreciab ly . 

Table I . 7  a l so shows that formation o f  pastes  in the 

Amy lograph reduces  the value of the swe l l ing capac i ty . 

Pastes formed i n  the Amylograph rece ive a s l ightly greater 

heat treatment than pastes formed by the standard procedure 

descr ibed herein , but the reduction in  swell ing capacity 

wou ld not be expected on the bas i s  of thi s  di f ference . The 

Amy lograph a l s o  subj ects samples to high shearing force s ,  
thi s  results i n  granule dis integration ( 1 6 )  and hence i s  

probably the cause o f  the reduction i n  swell ing capac i ty 

shown in Table I . 7 .  

Tab le I . 7  Swe l l ing capacities o f  var ious wheat s tarches 

formed in the Amylograph and of  samples  containing damaged 

granu les . 

Wheat variety used 

to prepare s tarch 

Karamu 1 

Karamu 2 

Aotea 1 

Aotea 2 

Gamenya 1 

Gamenya 2 

Raven 1 

Raven 2 

Aotea ( 1 0 %  d amaged ) 1 

Aotea ( 2 5 %  d amaged)  1 

Gamenya ( 1 0 %  damaged ) 1 

Swell ing capacity 

ml/g 

2 5 . 5 0  

16 . 5 0 

2 6 . 2 5 

17 . 6 5 

34 . 3 0 

2 1 . 2 6  

3 5 . 5 0 

22 . 8 5 

2 4 . 0 0 

18 . 5 0 

30 . 8 0 

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

6 7  



1 . 6 . 4 . 1 . 3 .  Ef fect o f  fractionation o f  s tarch particles  

accord ing to size  

Table 1 . 8  g ives the swelling capacities  o f  fractions of  

Karamu and Raven wheat starches with narrow particle s i ze 

ranges . The swe l l ing capac ities of unfractionated s tarch 

samples of  Karamu and Raven wheat varieties are inc luded 

for compar ison .  The va lues for the swe l l ing capac ity of 

the un fractionated s tarch are s imilar  to the va lues  for the 

l a rge granules ; thi s  would be expected s ince large granules  

compri se the bulk o f  the wei ght of the sample ( see Table  1 . 4 ) . 

However ,  the swe l l ing capac i ties of  pastes does not s imply 

obey the fol lowing relationship : -

i S = L W .  S . l l 

where S � s the swe l l ing capac ity of  a starch s ample , Wi i s  

the we ight fraction o f  s i ze f raction i and S i i s  the 

swe ll ing capacity o f  s i ze fraction i Thi s  i s  because i n  

a n  unfractionated s tarch sample 1 the large granules pack s o  

as  to give a s ign i f icant void volume ( 6 8 ) . The voids can 

be occupied by sma l l  particles  without markedly increas ing 

the vo lume occupied by the total bed of granules . Thus 

the swe l l ing capac ities  of starches ref lect granule s i z e  

d i s tr ibutions and s amples with greater f ractions o f  sma l l  

granules  swe ll  les s . However Table 1 . 8  also shows that  

within the s ame s i ze range , the swe l l ing capac i ties  o f  Raven 

wheat s tarch fractions are a lways higher than Karamu , hence 

factors  other than s i ze di stribution inf luence result s . 

6 8  



Table I . 8  Swelling capacities o f  the various s tarch 

f raction with narrow s i ze ranges of Karamu and Raven 

wheat starches . 

Starch Particle 

diameter 

Swell ing c apacity 

ml/g 

;t m 

Un fractionated 

19 . 5  

14 . 7  

Fractionated 7 . 1  

4 . 3  

3 . 1  

I . 6 . 4 . 2 . Exudate 

Karamu 

2 5 . 5 0 

2 3 . 6 5 

2 3 . 9 0 

2 8 . 0 0 

3 4 . 4 0 

4 0 . 9 0 

I . 6 . 4 . 2 . 1 .  Ef fect o f  wheat variety 

Raven 

3 5 . 50 

3 0 . 5 5 

3 1 . 6 0  

3 5 . 4 0 

4 1 . 5 5  

5 6 . 7 0 

Table  I . 9  gives the percentage o f  s tarch exuding from 

gelatinised granules o f  the various wheat starches studie d . 

The results show that there i s  no definite trend in  the 

variat ion between the Aus tra lian and New Zealand wheat 

starches . 

I . 6 . 4 . 2 . 2 .  Ef fect o f  pas te preparation condi tion 

F i gure I . 3 0 shows the variation in the percentage o f  starch 

released f rom ge latinised granules of  Gamut wheat variety 
as  a function o f  the pasting temperature . The polymeric 

material  exuding from ge latinised granules  increases 

marked ly above 8 7 . 5 ° C .  The other wheat varieties s tudied 

6 9  



Table I . 9  Percentages o f  exudate f rom gelatini sed granule s 

o f  the various wheat s tarche s . 

Wheat variety used to prepare s tarch 

Karamu 

Aotea 

Hi lgendor f 

Gamut 
Gamenya 

Raven 

Percentage exudate , % 
+ 5 %  

3 7 . 2 0 
3 5 . 2 0 

3 0 . 7 8 

3 5 . 2 4 

3 5 . 8 0 

4 2 . 6 1  

Tab le I . l O Percentages o f  exudate f rom gelatinised granules  

of  various wheat s tarche s formed in the 

Arnylograph and o f  s amples  containing damaged 

parti c les . 

Wheat variety used to prepare s tarch 
Percentage exudate , % 

+ 5 %  

Karamu 1 

Karamu 2 

Aotea 

Aotea 2 

Gamenya 1 

Gamenya 2 

Raven 1 

Raven 2 

Aotea ( 1 0 %  s tarch damage ) 1 

Aotea ( 2 5 % s tarch damage ) 1 

Gamenya ( �0 %  s tarch damage ) 1 
1 ) pastes  were formed by the s tandard method . 
2 ) pastes  were formed in  the Arnylograph . 

3 7 . 2 0 

4 2 . 2 6  

3 5 . 2 0 

4 4 . 9 7 

3 5 . 8 0 

3 2 . 8 7 

4 2 . 6 1 

4 8 . 7 5 

4 5 . 9 0  

6 0 . 2 0 

4 6 . 5 0 

7 0  
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show the same trend . Figure I . 3 1 shows the variation in  

the percentage of  s tarch released from ge latini sed granules  

o f  Hi lgendor f wheat variety as  a funct ion of  the pas ting 

t ime . The polymeric material  exuding from gelatinised 

granules increases for the first  1 0  minutes and then remains 

about constant therea fter . A s imi lar pattern o f  var iation 

was observed for the other wheat s tarches examined . 

The influence of  the extent o f  starch damage on the quantity 

o f  s tarch exuding f rom ge latini sed granules i s  

demonstrated in Table I . lO .  As the extent o f  s tarch 

7 2  

damage increases , the percentage o f  s tarch released from 

ge latini sed granules increases  apprec i ably . Table I . lO a l so 

shows that the formation of  pastes in the Arnylograph increases  

the amount o f  polymeric  material  released with the aqueous 

med ium .  This  may pos s ibly be due to the high shear ing forces 

encountered in the Arnylograph caus ing granule dis integration . 

I . � . 4 . 2 . 3 . Effect of  fractionation o f  s tarch particles  

according to s i ze 

Table I . l l shows that the percentages of exudate from 

unfractionated Karamu and Raven samples  are s imilar to the 

corre spond ing values for large granule s , thi s  would be 

expected s ince large granules  compr ise  the maj or weight 

fraction of starch . The results also show that the amount 

o f  s tarch re leased from sma l l  granules  is con s i s tently higher 

than f rom large granules , thi s  is contrary to results  

obtained by some other investigators ( 16 ,  9 8 ) . One factor 

which may account for thi s  d i screpancy is the amount of 

damaged granules present in s tarch samp les . Thi s  damage 

norma l ly occurs  to large granules ( 8 9 ) . In  the present 

s tudy , the extraction procedure used does not cause s tarch 

damage . I f  the samples  s tudied by other inves tigators 

contained damaged granules , this would explain the d i f ference . 



Another pos s ible reason for the d i screpancy between 

resul ts rel ates to the fact that small  granule s are more 

prone to d i s integration than l arge granules above about 

9 0 ° C ( 1 6 ) , and hence yield higher percentage of exudate 

in thi s  range . The results  in Table I . l l apply to pastes 

that have been formed at 9 5 . 0 ° C/lh , this  has a greater 

heat treatment than that used by investigators  who found 

large granules to release more exudate . Table  I . l l a l so 

shows that within the same particle  s i ze range , the exudate 

from Raven wheat starch fractions is greater than from 

Karamu s tarch fractions . 

All  the results obtained i n  thi s  s ection of the present 

7 3  

study show that the more a s tarch sample swe l l s , the more 

polymer i c  material  is re leased from the ge l atinis ed granules . 

Table I . l l Percentage of  s tarch exuding from gelatini sed 

granules  of the various s tarch fractions with narrow s i ze 

ranges o f  Karamu and Raven wheat  starches . 

Starch exuding from 

Starch Particle  ge latini sed granule s 

diameter % g/g 

pm Karamu Raven 

Unfractionated 3 7 . 2 0 4 2 . 6 0  

1 9 . 5  3 6 . 2 0 3 8 . 4 0 

1 4 . 7  3 9 . 1 0 4 1 . 6 0  

Fractionated 7 . 1  4 4 . 7 0 4 5 . 7 0 

4 . 3  4 4 . 9 0 5 3 . 7 0  

3 . 1  4 3 . 2 0 5 2 . 9 0 
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I . 6 . 5 . Structural  features of  starch pastes character ised 

by di f ferent dynamic vi s cos ities and r igidities 

Table 1 . 1 2 give s the characteristics  of  pastes formed f rom 

the var ious wheat  s tarches that may be re lated to their  

varying rheologi cal  behaviour . The data suggests that pastes 

with re lative ly high dynamic viscos ities  and rigidities are 

formed from s tarches with higher swe l l ing capac ities  and 

number fractions of large granules . Table 1 . 12 also  g ives 

the characteri s t ics  of  pa stes as  inf luenced by preparation 

condit ions and the presence of  ' damaged ' granules . The 

results  indicate that decreases in swe l l ing 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 s tarch 
source . The data in  Tab le 1 . 1 2 sugge sts  that var iations 1n 

the quantity of s tarch exuding from swo l len granules  do 

not account for variation s  in paste behaviour under the 

conditions reported in thi s . table . 

1 . 6 . 6 .  Structural features of  s tarch pastes characteri sed 

by d i f ferent s teady shear properties 

Table 1 . 1 3 gives the characteristics  of  pastes f rom the 

various wheat s tarches that may account for their  varying 

steady shear properties . The data suggests that pastes 

with re lative ly high apparent vi s cosities and yield stres s e s  

are f ormed from s tarches with higher swelling capacitie s .  

Table 1 . 1 3 a l so g ives the characteristics  of  pastes a s  

influenced by the d i f ferent temperature/time treatments  

during paste preparation . The results  indicate that 

decreases in swe l l ing c apaci ty are as sociated with 

reduct ion in both the apparent vi scos i ty and the yield  

stre s s  and vice  versa , thi s  is  cons i s tent wi th the trend 

in the variation of steady s low property with source of  
starch . 



Table I . l 2 Dynamic viscosities  and rigidities at  representative 

frequencies  and other characteristics  o f  pastes made 

from d i fferent wheat s tarche s under a range o f  

conditions . 

Wheat Temp Number Va r i ety t ime F r a c t i on S t a r c h  W =  0 . 0 5 w = 0 . 1 0 w = 0 0 5 0  U s e d  t o  S t a r c h  Swe l l i n g  o f  Exu - - , rad s - 1 r a d s - 1 T r e a t- r a d s  cone . 

w = 1 .  0 0  
r a d s - 1 

P r epare me n t  C a p a c i ty Large d a t e  '1\. '  G '  1\. '  G '  1\._ '  G '  1' ' G '  
S t a r c h  g/m1 ° C/h m1/g G r a n u l e s  % g/g N sm- 2 Nm- 2 Nsm- 2 Nm- 2 N sm- 2 Nm- 2 N�m- 2 Nm- 2 

K a r amu 0 . 0 4 8 0  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0 3 7 . 2 0 2 . 1 2 0 . 1 0 1 .  4 2  0 . 1 2 0 . 6 4 0 . 1 9 0 . 5 0 0 . 3 0 

0 . 0 5 2 5  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  3 7 . 2 0  4 0 7 0  0 0 3 9  3 . 3 0 0 . 4 8 1 .  3 5  0 . 7 2 1 .  0 0  0 . 8 7 

0 . 0 5 7 1  9 5 . 0/ 1 . 0  2 5 . 5 0 0 . 0 7 5 0 3 7 . 2 0  9 . 0 0 0 . 7 0 5 . 8 0 0 . 8 7 2 0 5 0  1 .  4 0  1 .  9 0  1 .  7 0  

0 . 0 6 1 6  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  3 7 . 2 0  1 8 . 0 0 2 . 0 0 1 1 . 2 0 2 . 4 7 5 . 0 0 3 . 9 0 3 . 8 0 4 . 9 0 
0 . 0 6 4 1 9 5 . 0 / 1 .  o '  1 6 . 5 0 0 . 0 7 5 0  4 2 . 2 6 3 0 3 0  0 . 3 0 1 .  9 0  0 0 3 3  0 . 7 3 0 . 4 8 0 0 5 4  0 . 6 2 

Ao tea 0 . 0 4 3 3  9 5  0 0 / l . 0 2 6 . 2 5  0 . 0 9 5 3  3 5 . 5 0  1 .  4 4  0 . 0 4 0 . 8 7 0 . 0 5 0 . 3 3 0 . 1 0 0 . 2 7 0 . 1 4 

0 . 0 4 8 0  9 5 . 0/ 1 . 0  2 6 . 2 5  0 . 0 9 5 3  3 5 . 5 0 2 . 8 5 0 . 1 4 2 . 0 0 0 . 1 6 0 . 8 0 0 . 2 8 0 . 7 4 0 . 3 8 

0 . 0 5 2 5  9 5 . 0 / 1 . 0  2 6 . 2 5 0 . 0 9 5 3  3 5 . 5 0 5 . 4 0  0 . 2 3 3 . 3 5 0 . 2 8 1 .  4 2  0 . 6 0 1 . 1 0 0 . 8 5 

0 . 0 5 7 1  9 5 . 0 / 1 . 0  2 6 . 2 5 0 . 0 9 5 3  3 5 . 5 0  7 . 4 0 0 . 5 8 4 . 8 5  0 . 7 2 2 0 1 7  1 .  2 0  1 .  6 2  1 .  6 0  
0 . 0 6 1 6  9 5 . 0 / 1 . 0  2 6 . 2 5 0 . 0 9 5 3  3 5 . 5 0  1 2 . 5 0 1 .  3 0  7 . 8 0 1 .  5 2  3 0 5 0  2 0 3 5  2 . 6 2 3 . 1 5 
0 . 0 4 8 0  9 5 . 0/ 0 . 5  2 3 . 2 1 0 . 0 9 5 3  2 6 . 5 0  1 .  9 0  0 . 0 7 1 .  2 5  0 . 0 9 0 . 5 0 0 . 1 2 0 . 3 5 0 . 1 5 

0 . 0 5 2 5  9 7 . 5 / 0 . 5  2 9 . 1 6 0 . 0 5 9 3  4 5 . 0 0 1 2 . 5 0 1 .  9 0  7 . 8 0 2 . 1 0 2 . 7 5 2 0 8 5  1 .  8 5  3 . 4 0 

0 . 0 6 8 1  9 5 . 0 / 1 . 0 1 1 7 . 6 3  0 . 0 9 5 3  4 4 . 9 7 7 . 0 0 0 . 4 4 4 . 1 5 0 . 5 6 1 .  5 5  1 .  0 2  1 . 1 5 1 .  2 9  

0 . 0 7 2 3  9 5 . 0 / 1 . 0 1  1 7 . 6 5 0 . 0 9 5 3  4 4 . 9 7 8 . 4 0 0 . 7 5 5 . 0 2 0 . 9 6 1 .  7 5  1 .  8 8  1 .  2 8  2 . 3 5 

0 . 0 5 7 1  9 5 . 0 / 1 . 0  2 3 . 9 6 0 . 0 9 5 3  4 5 . 9 0 4 . 2 5 0 . 3 0 3 . 2 0 0 . 4 0 1 .  6 5  0 . 5 7 1 .  2 5  0 . 7 4 

0 . 0 6 1 6  9 5  0 0 / l . 0 2 3 . 9 6 0 . 0 9 5 3  4 5 . 9 0 0 . 8 0 0 . 6 8 5 . 3 0 0 . 7 8 2 . 5 5 1 . 1 0 1 .  8 5  1 .  3 5  

cont/ . . .  
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H i l g e n -
d o r f  0 . 0 3 8 7  

0 . 0 4 3 3  

0 . 0 4 8 0  

Gamut 0 . 0 3 8 7  

0 . 0 4 3 3  

0 . 0 4 5 7  

0 . 0 4 8 0  

Gamenya 0 . 0 2 9 3  

0 . 0 3 4 0  

0 . 0 3 6 3  

0 . 0 3 8 7  

0 . 0 2 7 7  

0 . 0 2 9 3  

0 . 0 3 4 3 

0 . 0 3 8 7  

0 . 0 3 7 5  

0 . 0 4 8 0  

0 . 0 4 8 0  

0 . 0 5 2 0  
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Table 1 . 1 3 Apparent viscosities  at spec i f ied shear rates , 

yield s tresses  and other characteristics  o f  

pastes made from d i f ferent wheat s tarches under 

a range of conditions . 

Whe a t  Number 
V a r i e ty S t a r c h  Temp/Time Swe l l i ng F r a c t ion Appa r e n t  V i s c o s i ty 
To P r e p a r e  cone . Tr e a tment C a p a c i t y  o f  Large 
S ta r c h  g/ml ° C/h ml/g Granu l e s  i = 2 0 s - 1 Y : l 2 0 s - 1 3 = 1 2 00 �  I 

K a r amu 0 . 0 4 2 7  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  0 . 0 7 0 . 0 5 0 . 0 3 

0 . 0 4 7 1  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0 0 . 1 7 0 . 0 9 0 . 0 4 

0 . 0 5 3 5  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  0 .  3 1  0 . 1 7 0 . 0 6 

0 . 0 5 7 5  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  0 . 4 6 0 . 2 1 0 . 0 8 

0 . 0 6 1 5  9 5 . 0 / l . 0 2 5 . 5 0 o .  o i5 o 0 . 6 0 0 . 2 6 0 . 1 0 

0 . 0 6 6 1  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0 0 . 7 3 0 . 3 1 0 . 1 1 

0 . 0 7 0 4  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  l .  2 0  0 .  3 6  0 . 1 5  

0 . 0 7 6 0  9 5 . 0 / 1 . 0  2 5 . 5 0 0 . 0 7 5 0  l .  3 0  0 . 4 2 0 . 1 8 

Aot e a  0 . 0 3 8 0  9 5 . 0 / l . O  2 6 . 2 5 0 . 0 9 5 3  0 . 0 6 0 . 0 4 0 . 0 2 

0 . 0 4 3 2  9 5 . 0 / l . O  2 6 . 2 5 0 . 0 9 5 3  0 . 1 6 0 . 0 8 0 . 0 4 

0 . 0 4 8 7  9 5 . 0 / 1 . 0  2 6 . 2 5 0 . 0 9 5 3  0 . 2 2 0 . 1 3 0 . 0 6 

0 . 0 5 1 7  9 5 . 0 / l . O  2 6 . 2 5 0 . 0 9 5 3  0 . 3 7 0 . 1 7 0 . 0 7 

0 . 0 5 7 4  9 5 . 0 / l . O  2 6 . 2 5 0 . 0 9 5 3  0 . 6 1 0 . 2 7 0 . 0 9 

0 . 0 9 5 8  9 5 . 0 / l . O  2 6 . 2 5 0 . 0 9 5 3  0 . 8 3 0 .  3 4  0 . 1 2 

0 . 0 6 4 9  9 5 . 0/ 1 . 0  2 6 . 2 5 0 . 0 9 5 3  l .  0 5  0 . 5 0 0 . 1 6 

Raven 0 . 0 3 0 9  9 5 . 0 / l . O  3 5 . 5 0  0 . 1 4 9 5  0 . 0 5 0 . 0 4 0 . 0 2 

0 . 0 3 2 4  9 5 . 0 / l . O  3 5 . 5 0 0 . 1 4 9 5  0 . 0 5 0 . 0 5 0 . 0 2 

0 . 0 3 4 0  9 5 . 0 / 1 . 0  3 5 . 5 0  0 . 1 4 9 5  0 .  0 7  0 . 0 6 0 . 0 3 

0 . 0 3 8 4  9 5 . 0 / 1 . 0  3 5 . 5 0 0 . 1 4 9 5  0 . 2 0 0 . 1 2 0 . 0 5 

0 . 0 4 3 3  9 5 . 0/ 1 . 0  3 5 . 5 0 0 . 1 4 9 5  0 . 4 4 0 . 2 1 0 . 0 8 

0 . 0 4 6 4  9 5 . 0/ l . O  3 5 . 5 0  0 . 1 4 9 5  0 . 5 7 0 . 2 6 0 . 1 0 

Y i e l d  
S t r e s s  

f o  
Nm- 2 

l .  2 0  

2 . 0 0  

3 . 0 0 

4 . 2 0 

5 . 6 0  

6 . 5 0 

8 . 3 0 

1 . 1 0 

2 . 0 0 

3 . 5 0 

5 .  4 0 

7 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

o . oo 
0 . 9 0 

2 . 0 0 
-...J 

cent/ . . .  
-...J 



Raven 0 . 0 5 3 1  9 5 . 0/ l . O  3 5 . 5 0 0 . 1 4 9 5  0 . 8 2 

0 . 0 5 5 8  9 5 . 0 / l . O 3 5 . 5 0 0 . 1 4 9 5  1 . 1 3 

Gamut 0 . 0 3 3 8 9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  0 . 1 7 

0 . 0 3 9 0  9 5 . 0 / l . O  2 8 . 0 2 0 . 1 0 1 7  0 . 2 7 

0 . 0 4 1 9 9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  0 . 3 8 

0 . 0 4 8 0  9 5 . 0 / l . O  2 8 . 0 2 0 . 1 0 1 7  0 . 6 9 

0 . 0 5 2 5  9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  0 . 8 5 

0 . 0 5 8 4  9 5 . 0 / l . O  2 8 . 0 2 0 . 1 0 1 7  1 . 1 1 

0 . 0 6 0 7  9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  l .  4 0 

0 . 0 6 7 0  9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  1 .  6 7  

0 . 0 4 8 0  9 2 . 5/ l . O 2 4 . 0 0 0 . 1 0 1 7 0 . 2 0 

0 . 0 4 8 0  9 0 . 0 / 1 . 0  1 9 . 3 0  0 . 1 0 1 7  0 . 1 1 

0 . 0 5 7 1  9 5 . 0 / 1 . 0  2 8 . 0 2 0 . 1 0 1 7  0 . 7 8 

0 . 0 5 7 1  9 2 . 5 / 1 . 0  2 4 . 0 0 0 . 1 0 1 7 0 .  5 5  

0 . 0 5 7 1  9 0 . 0 / 1 . 0  1 9 . 3 0  0 . 1 0 1 7  0 . 3 8 

0 . 0 6 1 0  9 5 . 0 / 1 . 0  2 8 . 0 3 0 . 1 0 1 7  1 .  9 3  

0 . 0 6 1 0  9 2 . 5 / 1 . 0  2 4 . 0 0 0 . 1 0 1 7  l .  0 4  

0 . 0 6 1 0  9 0 . 0 / 1 . 0  1 9 . 3 0  0 . 1 0 1 7  0 . 7 0 

H i 1gend o r f  0 . 0 3 9 8  9 5 .  0 / l . 0 2 9 . 0 0 0 . 1 0 4 8  0 .  1 7  

0 . 0 4 3 9  9 5 . 0/ 1 . 0  2 9 . 0 0  0 . 1 0 4 8  0 . 2 8 

0 . 0 4 6 2  9 5 . 0 / 1 . 0  2 9 . 0 0 0 . 1 0 4 8  0 . 4 1 

0 . 0 5 2 6  9 5 . 0/ 1 . 0  2 9 . 0 0 0 . 1 0 4 8  0 . 0 7 

0 . 0 5 6 9  9 5 . 0/ 1 . 0  2 9 . 0 0 0 . 1 0 4 8  0 . 9 9 

0 . 0 6 2 3  9 5 . 0 / 1 . 0  2 9 . 0 0 0 . 1 0 4 8  1 .  5 0  

0 . 0 3 8 7  9 5 . 0 / 1 . 0  2 9 . 0 0  0 . 1 0 4 8  -

0 . 0 3 8 7  9 5 . 0 / 0 . 7 5 2 8 . 3 0  0 . 1 0 4 8  -

0 . 0 4 8 0  9 5 . 0 / 1 . 0  2 9 . 0 0 0 . 1 0 4 8  0 . 3 8 

0 . 0 4 8 0  9 5 . 0 / 0 . 7 5 2 8 . 3 0  0 . 1 0 4 8  0 . 3 5 

0 . 0 4 8 0  . 9 5 . 0 / 0 . 5  2 7 . 5 0 0 . 1 0 4 8  0 .  3 5  

0 . 0 4 8 0  9 5 . 0 / 0 . 3 3 2 5 . 6 0 0 . 1 0 4 8  0 . 3 0 

0 . 0 5 5 0  9 5 . 0 / 1 . 0  2 9 . 0 0 0 . 1 0 4 8  0 . 9 6 

0 . 0 5 5 0 9 5 . 0 / 0 . 7 5 2 8 . 3 0  0 . 1 0 4 8  0 . 8 6 

0 . 0 5 5 0  9 5 . 0 / 0 . 5 0 2 7 . 1 0 0 . 1 0 4 8  0 . 8 2 

0 . 0 5 5 0  9 5 . 0/ 0 . 3 3 2 5 . 6 0 0 . 1 0 4 8  0 . 6 4 

0 . 0 5 5 0  9 5 . 0 / 0 . 2 5 2 4 . 2 0 0 . 1 0 4 8  0 . 5 9 

0 . 4 1 0 .  1 3  

0 . 5 5 0 . 2 0 

0 . 0 5 0 . 0 4 

0 . 1 0 0 . 0 5 

0 . 1 5 0 . 0 6 

0 . 2 6 0 . 0 9 

0 . 3 5 0 . 1 1 

0 . 4 8 0 . 1 3 

0 . 5 5 0 . 1 5 

0 . 6 9 0 . 1 9 

0 . 1 1 0 . 0 5 

0 . 0 6 0 . 0 3 

0 . 4 8  0 .  1 3  

0 . 2 5 0 . 1 0 

0 . 1 9 0 . 0 7 

0 . 7 7 0 . 1 6 

0 . 4 6 0 . 1 5 

0 . 3 0 0 . 1 0 

0 . 0 9 0 . 0 4 

0 . 1 4 0 . 0 6 

0 . 1 9 0 . 0 8 

0 . 2 7 0 . 0 8 

0 . 4 3  0 . 1 2 

0 . 5 6 0 . 1 2 

0 . 1 1 0 . 0 6 

0 . 1 0 0 . 0 5 

0 . 2 4 0 . 0 8 

0 . 2 0 0 . 0 7  

0 . 2 0 0 . 0 6 

0 . 1 6 0 . 0 5 

0 . 4 3 0 . 1 3 

0 . 4 1 0 . 1 2 

0 . 4 1  0 . 1 1 

0 .  3 1  0 . 0 8 

0 . 2 6 0 . 0 5 

3 . 6 0 

6 . 4 0 

0 . 0 0 

l .  5 0  

2 . 0 0 

3 . 4 0 

4 . 8 0 

6 . 4 0 

8 . 2 0  

1 0 . 0 0 

0 . 2 6 

0 . 0 0 

3 . 5 0 

1 .  8 5  

0 . 0 5 

4 . 5 0 

3 . 0 0 

0 . 5 0 

0 . 0 0 

0 . 8 2 

1 .  6 5  

2 . 8 0 

4 . 0 0  

5 . 3 0 

0 . 0 0 

0 . 0 0 

l .  8 0  

1 .  6 0  

1 .  6 0  

1 . 1 0 

3 . 5 0 

3 . 2 0 

3 . 0 0 

2 . 0 0 

l .  3 0  

.....:J 
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1 . 6 . 7 .  E f fect of  paste storage on dynamic vis cos ity 

and rigid i ty 

Figures 1 . 3 2 and 1 . 3 3 show the deve lopment o f  dynamic 

r igidity at various age ing temperatures as a function 

of time for pastes made from Gamenya and Aotea wheat  

starches respectively . Figures  1 . 3 4 and 1 . 3 5 give the 

corresponding dynamic viscosity data . These results show 

that as  temperature increases  the equil ibrium va lues  

reached when ageing is  completed increase for dynamic 

viscosity but decrease for dynamic r igidity . In general , 

the change in  the rheological  properties of  pastes with 

time i s  s imi lar to that recorded for concentrated wheat 

s tarch ge l s  ( 9 9 ) . However there are certain d i f ferences 

between the ageing processes  of starch pas tes and ge l s . 

For example  the former has a per iod o f  s low development 

in dynamic vi scos ity or rigidity which is dependent on 

age ing temperature , giving a s�moidal curve . 

7 9  
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1 . 7 .  Discus s ion 

1 . 7 . 1 . Vi scoe lastic  behaviour under oscillatory shear 

cond itions 

The relationship between dynamic r igidity G '  and starch 

concentration C as shown in Figure 1 . 5  i s , in some re spects , 

s imi lar to the e f fect o f  cel lulose concentration on the 

viscoe lastic  properties of di lute suspensions of cel lulose 

f ibres . For the latter sys tem Steenberg , Thalen and 

Wahren ( l O O )  establ i shed the following empirical  relationship 
governing the concentration dependence of dynamic rigidity �-

G '  = G ' ( C  - C ) KG for C > C 0 s s 

G '  = 0 for C < C s 

J . l � 

:1 . 2 0' '-- -

where C i s  sta'rch concentration ( . % )  and G 0 '  and KG are 

cons tants at any g iven frequency characteri stic  of each 

f ibre suspension . Equation � - 1� is analogous to that 

used to describe the s teady shear properties  o f  

microge l s  ( 1 0 1 ) .  Va lues o f  Cs , G o • and KG can be 

e s tablished so that Equation � - 1� fits  the data in Figure 

1 . 5  c losely when C � l . lC . Figure 1 . 3 6 shows plots of log G '  s 
against log ( C  - C ) for two varieties of  wheat s tarch s 
pastes . The corre sponding correlation coe f f ic ients are 0 . 9 7 
and 0 . 9 8 for Gamenya and Aotea respective ly . The other 

varieties in Table 1 . 1 2 give s imi lar results , in a l l  cases  

Cs ' G 0 '  and KG vary from s ample to sample . F i gure 1 . 3 6 
shows that there i s  a d i scontinuity in the variation of 

dynamic 

1 . 1 c ' s 
r?pidly 

rigidity with concentration which occurs when C = 

be low this point dynamic rigidity decl ine s less  

with decreas ing concentration . When C � 0 . 9  C s 
the dynamic rigidity i s  zero . 

8 4  



An equation of  s imi lar form fits the dynamic viscos ity 

measurements in Figure I . 4  when the C values establi shed s 
in Equation [I . l � are used , 

for C� l . lC s [I . 2"!] 

where K and 1l 0 '  are frequency dependent constants that n 
have d i f ferent magni tudes for dif ferent starches . In  thi s  

case , the correlation coe f fic ients are 0 . 9 8 and 0 . 9 9 for 

Gamenya and Aotea re spectively , the other varietie s give 

s imi lar results . Figure I . 3 7 shows the discontinuity in 

dynamic measurements at C = l . lC , be low this  value the s 
decrease  in  dynamic viscosity with concentration i s  le s s  

marked . I n  contrast to the dynamic rigidity , dynamic 

viscos ity still  has a f inite value when C �0 . 9C . s 

Suspens ions of  cel lulose f ibres undergo an el astic re spons e  

o n  deformation when a three dimens ional network o f  

suspended material  i s  present . In  the se conditions the 

term C has been shown to correspond to the minimum s 
concen tration o f  fibres needed to form this structure ( 10 2 ) . 

It  has been suggested that as swol len granules  are in 

e f fect ge ls that exhibit vi scoelastic  behaviour , a network 

with e l astic properties could  be formed in a paste by 

random packing o f  such particles  throughout the vo lume o f  

the system ( 1 0 3 ) . C would then be the concentration o f  s 
s tarch needed to do this . In all  cases  C was found to be s 
equal to  the min imum concentration at  which gelatini sed 

granules  would be expected to form a c lo se packed network 

on the bas i s  of  swe l l ing capacity measurements . The 

observation of an inf lexion point when the concentration 

leve l is approached , at which the continuous phase  is  in 

excess , has also  been shown in s teady shear measurements 

of microge ls  ( 1 0 1 ) . The fact that dynamic r igidity 

tend s to zero when C = 0 . 9C rather than C = C and that s s 

8 5  
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there i s  a discontinuity i n  viscoelastic behaviour when 

C = l . lC , suggests that in thi s  range networks can s 
exi s t  that are more porous than the c lose packed assembly 

of  particles  occurring when C > l . lC . The porosity of s 
networks could increase as a result o f  the system di lating 

at lower starch concentrations in the presence of shear 

( 1 0 4 ) . 

S ince the completion o f  the present study , a s imi lar 

empirical  equation has been used to describe the 

concentration dependence o f  dynamic rigidity o f  pas tes 

made from tapioca , corn , potato starches and wheat 

f lour ( 6 8 ) . 

Whi l e  Equations � - 1� and � - 2 � account for the variation 

of  dynamic rigidity and v i s cosity with concentration for 

any g iven starch , the va lue s of the parameters , G o ' , KG , 

� a ' and Kn vary from s ample to sample . Hence these 

express ions were mod i f ied i n  an attempt to obtain more 

general  relationships . Ge l atinised s tarch-water systems 

are d i s pers ions that are , in many respects , analogous to 

microge l s  ( 1 0 1 ,  1 0 5 ) . The rheological  properties of such 

systems are known to depend on the volume f raction , number 

and s i ze distribution o f  di sper sed particles ( 1 0 6 ) . These  

factor s were therefore bui l t  into Equation � . 1 9] and � .  2 i]  
i n  a number o f  d i f ferent forms of  which the fol lowing are 

mos t  success ful  in des cribing the exper imental data . 

G '  = G o ' 

'fl' = � Q I 

MG 

M n 

for c > l . lc s 

for C > l . lC s (J . 2 � 

where S i s  the swelling capacity o f  starch , thi s  a l so gives 

C which is  now expres sed in  units of  g/ml , P i s  the number s 
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fraction of  large granules ( > 1 2
1
u m  hydrated diameter ) and 

MG and Mn are cons tants whose values depend on frequency . 

The results  of the statistical  analys is  of  the appl ication 

of  Equations CI . 2 2� and [1 . 2 3] to the rel evant data in 

Tables  1 . 1 2 are given in Table 1 . 14 .  The correlation 

coefficients in Table 1 . 1 4 demonstrate that these empir ical 

express ions can account for much of the var iation in the 

experimental data us ing s ingle value o f  Go ' , 1l o ', KG and K
n 

Hence the d i f ferences in the dynamic mechanical  properties 

from a number of  wheat cultivars may be attributed to 

variation s  in both the ir swe l l ing capac ities and the number 

fractions o f  large granules they conta in . The results a l so 

indicate that the behaviour o f  paste s depends on the 

conditions employed during the ir preparation as these 

condition s  influence the volume of  swol len particles  

occurring after ge latini sation . 

The general re lationship derived to predict the rheological  

behaviour o f  wheat starch pastes in terms of  swel l ing capacity 

and s i z e  dis tribution of  starch granules only applied to the 

range o f  experimental conditions detai led in Table 1 . 1 2 .  
Cases were found where experimental results d id not conform 

to Equations [1 . 2 2] and [r . 2 � , these are shown in  

Table 1 . 1 5 .  There are several  factors that may account for 

these variations . In these cases  the results show c learly 

that less swe lling of  granules  occurs when compared to the 

values obtained us ing standard pasting conditions . Thus to 
obtain the s ame vol ume fraction a s  in contro l s , the starch 

concentration is  increased . Hence the increase in the 

number o f  swo llen gel  parti cles  may explain the increase in 

dynamic vi scosity . During the pasting of  starch - water 

system , it ha s been shown that granule dis integration i s  

reduced a s  a result o f  l e s s  heat treatment ( 8 4 ) , thi s  e f fect 

may also c ontr ibute to the increase in dynamic viscosity . 

On the other hand , the decrease in dynamic rigidity o f  

pastes may be attributed to the nature of  the network 
structure formed in the system when the temperature/time 

8 8  



treatment i s  reduced . A weakening in the inter- particle 

forces such as entanglements between the surface 

molecules o f  adj acent swo l len granules may result s  from 

a reduced heat treatment leading to a decrease in 

dynamic rigidity . Another pos s ible reason may be the 

reduced synergi stic interactions between the swol len 

granules  and the polymeric  material  in the continuous 

phase as less  s tarch is re lea sed . 

8 9  

Table  1 . 1 4 Values o f  regress ion coeff icients and correlation 

coe f ficients for the fits  of  Equations � . 2 � 

log 'lo 1 

K n 
M n 
Corre lation 
Coe f f ic ient 

log G o  1 

KG 
MG 
Corre lation 
Coe f ficient 

and � . 2 l at spec i f ied frequenc ies to the 

results in Tab le 1 . 1 2 .  

w = 0 .  0 5  
rads - 1 

3 . 0 0 

1 .  2 0  

0 . 5 6 4  

0 . 8 9 4  

3 . 8 9 

1 . 4 4 

2 . 2 9 

0 . 8 8 5  

W =  0 . 1  
rads - 1 

2 . 7 0 

1 . 1 9 

0 . 4 6 9  

0 . 9 0 4  

3 . 8 8 

1 .  4 5  

2 . 2 0 

0 . 8 8 5  

W =  0 .  5 
rads - 1  

2 . 0 9 

1 .  2 1  

0 . 2 5 0  

0 . 9 0 7  

3 . 6 8 

1 .  4 4  

1 .  8 2  

0 . 8 7 0  

w = 1 . 0 
rads - 1  

1 .  8 3  

1 . 1 7 

0 . 1 4 5  

0 . 8 8 9  

1 .  4 9  

1 .  4 9  

1 .  6 9  

0 . 8 7 7  



Table 1 . 1 5 Dynamic viscos ities  and r igidities at a 

representative frequency and other 

characteristics  of  paste s formed from 

various wheat s tarches outs ide the range 

of exper imental conditions in Table 1 . 1 2 .  

Wheat 
Variety Temperature/ 
Used to Starch Time Swe l l ing w = 0 . 1  
Prepare cone . Treatment Capac ity 1\_ I -
Starch g/ml °C/h ml/g Nsm 2 

Gamenya 0 . 0 4 8 0  8 9 . 5/1 . 0  2 3 . 8 3 8 . 9 8 
9 5 . 0/1 . 0  3 4 . 3 0 ( 2 . 2 0 )  

0 . 0 5 2 5  8 7 . 5/1 . 0  2 0 . 9 3 4 . 5 3 
9 5 . 0/1 . 0  3 4 . 3 0 ( 2 . 0 0 )  

0 . 0 5 7 1  8 8 . 5/1 . 0  2 1 . 6 3  6 . 0 4 
9 5 . 0/1 . 0  3 4 . 3 0 ( 2 . 2 0 )  

Aotea 0 . 0 6 6 1  8 9 . 5/1 . 0  1 7 . 0 7  4 . 2 0 
9 5 . 0/1 . 0  2 6 . 2 5 ( 1 . 5 2 )  

0 . 0 7 0 5  8 9 . 5/1 . 0  1 7 . 0 7 5 . 4 0 
9 5 . 0/1 . 0  2 6 . 2 5 ( 2 . 0 0 )  

rads- 1 
G '  

Nm- 2 

0 . 8 5 
( 1 . 2 5 )  

0 . 1 2 
( 1 .  2 5 )  

0 . 2 0 
( 1 . 2 5 )  

0 . 0 5 
( 0 . 1 5 )  

0 . 0 8 
( 0 . 2 0 )  

Figures in  parenthes i s  indicate values for pastes containing 

the equivalent vol ume fractions o f  ge latinised granules  

formed by the s tandard pasting conditions . 
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1 . 7 . 2 . Rheological  properties under s teady shear conditi ons 

An express ion of a s imilar form to that used in the analysis  

of  dynamic viscoe lastic  data may be  useful  in explaining 

the var iation in apparent vi scosity between various starch 

pastes measured under steady shear conditions . Thus 

1 I . = y, ( c-c ) K 1 
'-' \ 0 s 

where ·� o and K 1  are constants at any given shear rate whose 
1.. 

magnitudes depend on wheat variety and paste preparation 

conditions . A s imi lar equation has been used to describe 

the s teady shear behaviour of some microgels  ( 1 0 1 ) . 
Figure I . 3 8 shows the results in Figure I . l 2 conform to 

thi s  express ion where C � 1 . 1  C , or log (C - C ) > - 2 . 5  s s 
and - 2 . 4 for Karamu and Raven wheat starches respectively . 

The d i s continuity in the results when C = l . lC a l so s 
occurs .  Thi s  may possibly be due to the fact that be low 

this c oncentration paste s tructure changes and more porous 

arrangements of packed starch particles  can exi st , perhaps 

as  a result of sys tem d i la ting . 

Although Equation � - 2� accounts for the variation in  the 

apparent viscos i ty of any given paste with s tarch 

concentration , the parameters K 1 and 1� depend on starch 

vari ety and sample  preparation conditions . Thi s  equation 

was there fore mod i f ied in an attempt to establi sh a more 

general  relationship . A number of investigators have 

suggested methods of uni fying rheological data f rom s teady 

shear measurements for sys tems con s i sting o f  di spers ed 

9 1  

ge l particles  ( 1 0 1 , 1 0 7 , 1 0 8 ) . Thes e  methods re late 

rheological measurements to the vo lume that the bed of gel 

particles  would  occupy when c lose paced i f  excess  was present . 

In the present s tudy , thi s  i s  determined by the swe l l ing 

capacity of  the s tarch and there fore depends on sample  

var iety and paste preparation conditions . The work on  the 

dynamic rheo logical  behaviour o f  wheat starch pastes 
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reported herein suggest  that it may a l so be necessary to 
make reference to the s i z e  distribution of particles to 
unify results . With the present viscosity data , see 
Table I . l 3 ,  a general relationship was found without 
including a term for the particle s i ze distr ibution 

C � l . lC s G: .  2 5] 

9 3  

ll c and K t  are constants a t  any given shear rate . The 
regress ion coe f ficients of  the fits  o f  the logarithmic form 
of Equation � - 2 � at given shear rates to the exper imental 
data in Table I . l 3 are given in Table  I . l 6 .  A term for the 
particle s i ze di stribution was not included in Equation � - 2� 
as this increased the correlation coef f icient by only about 
0 . 0 2 ,  and this i s  not statistical ly s i gnificant at the 5 %  
level . 

Taylor and Bagley ( 1 0 1 )  suggest a d i ff erent method of  
uni fying steady shear data such as  that in  Figure I . l 2 ,  
namely by -relating viscos ity values to the viscosity at the 
point at which the di sperse particles  are j ust close packed 
throughout the entire system . In  the present context thi s  
leads to an equation of  the form 

c 

c s 

M 
[I . 2 6] 

where � i s  the apparent viscosi ty at  a shear rate ) and lcs  
concentration C , K 2 and M are constants . The f it  o f  the s 
logarithmic form of  this express ion to the results in  
Table I . l 3 at a shear rate of 1 2 0 s- 1 gives a correlation 
coefficient o f  0 . 9 9 ,  s imilar values of  the correlation 
coefficient were obtained at other shear rate s . Although 
Equation � - 2 �  unif ie s  paste viscos ity data more 
success fully than Equation � .  2 5] the re lationship i s  
l e s s  general a s  i t  requires knowledge of � for each starch Lc s  
variety used and for each set o f  paste preparation conditions . 



Table I . l 6 Values of  regress ion coe f f icients and 
correlation coefficients for the fits  of 
Equation [r . 2 � at specified shear rate . 

"£ = 2 0 S- 1 1 = 1 2 0 S- 1 • ( ""(, = 1 2 0 0 8- 1 

log f. o \., 0 . 0 3 - 0 . 3 1 3  - 0 . 8 8 5  

K 1 1 .  3 3  1 . 1 8 0 . 8 0 

Corre lation 
Coe f ficient 0 . 9 5 0 . 9 5 0 . 9 4 

The variation of  the yield stress  with concentration and 
variety of starch , and paste preparation conditions , can 
be described by a general express ion which is analogous 
to that establi shed previously for the dynamic mechanical 
behaviour of  wheat starches : 

I .  2 7  

whe re r , K 4 and N are constants and P i s  number fraction c 
o f  large granules  in the starch . Since the sensitivity of  
the viscometer used was such that C must be  greater than 
l . lC to detect a yield stres s , it i s  not c lear whether s 
thi s  equation applies  when the starch concentration i s  
decreased be low this l imit . Statistical analysis  o f  the 
appl ication o f  the logar ithmic form of Equation [}: .  2 7] to 
the yield stress  results in Table I . l 3 was found to give 
a correlation coefficient of 0 . 9 3 ,  the values of  r , K4 c 
and N being - 0 . 0 5 ,  1 . 3 3  and - 0 . 7 9 4  respectively . Without 
the term for the number fraction of large granules the 
correlation coe fficient reduce s  to 0 . 6 4 .  The inverse 
r e lationship between yield stress  and the number fraction 
of large granules i s  consistent wi th the variation of 
yield stre s s  with particle s i ze  di stribution establ i shed 
by Erdi et  a l . for certain microcrystal gel s  ( 10 5 ) . 

9 4  



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 s i ze 
di stribution of  d i spersed particles . The values of the 
apparent viscosity and yield stress  depend on the source 
of  starch s ince this e f fects particle swel l ing volumes and 
size  distributions . Paste preparation conditions inf luence 
rheological properties s ince they alter the volume occupied  
by ge latinised granules .  The lack o f  theory deal ing with 
viscoelastic particles in suspensions , combined with the 
fact that starch pastes have complicated structures ,  
precludes a more fundamental interpretation of  the results . 

1 . 7 . 3 .  Effect o f  paste storage on dynamic vi scosity and 
rigidity 

The results in  Figures 1 . 3 2 - 1 . 3 5 show that the rate of  
change of  dynamic rigidity and viscos ity with respect to 
time decreases with increas ing temperature in a manner that 
is  characteristic  of  crystallisation in polymer-di luent 
systems ( 1 0 9 ) . The Avrami equation has been extensively 
applied to the crysta l l i sation of  polymer systems including 
starch ge ls  ( 9 9 ) . By analogy with s tarch gel s , changes in 
dynamic r igidi ty may be assumed to be a linear measure of  
the extent o f  crysta l l i sation . In  this case the ageing o f  
starch paste s  c a n  b e  described , according to the Avrami 
equation , as fol lows : 

Cb, - Gt 
Cb, - Go 

= exp 

where G00 i s  the equil ibrium dynamic r igidity , Gt i s  the 
dynamic rigidity at t ime t and Go is the dynamic rigidity 
at zero t ime . K i s  the rate constant and a i s  the Avrami 
exponent . The value of  the Avrami exponent depends on 
the number o f  d imensions in which crystallisation takes 
place and the mode o f  nucleation ( 110 ) . 

9 5  



r G - Gt 1 Figures I . 3 9 and 1 . 4 0 show plots of  log . - ln ( G� _ Go ) 
against  log t for Gamenya and Aotea s tarch pastes 
respectively . Two value s o f  the Avrami exponent are 
obtained for each temperature ,  an initial s lope of l and 
a f inal  s lope o f  2 .  The 9 5 %  Confidence Interval for the 
s lopes are shown in Table I . l 7 .  

9 6  

Table  I . l 7 .  9 5 %  Confidence Interval s  of  the Avrami exponents 
from the f its of the dynamic rigidity measurements 
Gamenya and Aotea starch pastes to Equation � - 2� . 

Wheat variety 
used to prepare 
starch 

Gamenya 

Aotea 

* only 2 data points 

Ageing 
temperature 

0 c 

10 . 0  
1 5 . 0  
2 0 . 0  
3 0 . 0  

1 0 . 0  
2 0 . 0  
3 0 . 0  

Initial 
s lope 

0 . 8 5 *  
+ 1 . 0 0 - 0 . 0 5 
+ 1 . 0 3 -0 . 0 3 
+ l .  0 3- 0 . 0 1  

+ 1 . 1 8 - 0 . 0 1 
+ 1 . 0 6- 0 . 0 3 
+ 0 . 9 7- 0 . 0 2 

F inal 
s lope 

+ 1 . 8 5 - 0 . 10 
+ 1 . 9 1- 0 . 1 0 
+ 1 . 9 8 - 0 . 1 1 
+ 2 . 0 2 - 0 . 0 8 

+ 1 . 9 1- 0 . 1 0 
+ 1 . 8 7- 0 . 0 4 
+ 1 . 9 8- 0 . 0 3 

The results of  the Avrami ana lysi s  can be interpreted in a 
number of  ways . A s lope of  l ,  a s  in the initial part o f  
F igures 1 . 3 9 and 1 . 4 0 ,  indicates that crystalli sation i s  
instantaneous and that the growth o f  crystal l ites i s  in one 
dimens ion only . The occurrence of instantaneous nucleation 



is  pos s ible in starch-water systems a s  remnants of  ordered 
structures are present a fter ge latini sation which can act 

9 7  

a s  nuclei for subsequent crystal growth ( 12 5 ) . Concentrated 
wheat s tarch gels  also give a s lope of l when crysta l l i sation 
results are interpreted according to the Avrami equation 
( 1 1 0 ) . A change from a s lope of l to a s lope of  2 ,  as found 
in the f inal part of Figures I . 3 9 and I . 4 0 ,  suggests  a 
change from one-dimensional to two-dimens ional  crystal 
growth . Thi s  corresponds to a change from rod-like to 
disc- l ike growth . The fact that one dimensional crystal 
growth occurs before two dimensional crystal l i sation may 
pos s ibly be related to the fact that amylose crystal l i ses  
faster than amylopectin ( 1 1 1 ) . In  this case , one-dimensional 
growth corresponds to amylose crysta l l i sation and two­
dimens ional growth to amylopectin c rystallisation . 

Another interpretation for the initial s lope seen in 
Figures I . 3 9 and I . 4 0 is  that it  represents a lag phase  
o f  the type o ften observed dur ing crystalli sation of  
polymer systems ( 1 0 9 ) . I f  thi s  i s  the case , the main 
crystalli sation occurs when the Avrami plot has a s lope of 
2 ,  the interpretation of  this  section of  the graph would 
sti l l  be a s  be fore . However a value of  2 for the Avrami 
exponent can a lso indicate sporadic nuc leation with 
crystal growth in one dimens ion , this  poss ibility can not 
be rigorously excluded on the basi s  of  the present results . 

Although the variation in the dynamic rigidity with time 
obeys the Avrami equation , the mechanism of  crystal l isation 
of  starch pastes remains uncertain . The Avrami plots could 
have no f undamental s igni ficance as  empirical  methods of 
measuring crysta l l i sation were u sed . Furthermore , some 
evidence s uggests the Avrami equation does not actua l ly 
demonstrate crystal l isation in polymer systems ( 11 2 )  . 
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I I . l  Introduction and scope of  the investigation 

In the previous s ection , i t  was demonstrated that the 
flow behaviour of starch pastes  depends on the volume 
which the gel particles would occupy when close packed 
if exces s  water were present , that is the swel l ing 
capacity of  the s tarch . This  applies to both osc i l latory 
and steady shear conditions . I t  was further shown that 
when a r ange of granule s i zes  i s  present , as i s  the case 
with wheat starch , this also inf luences rheological 
behaviour . Dif ferences in the rheological characteristics 
of pastes formed from starches from various wheat varieties 
may be attributed to differences  in the volume fractions 
and s i ze distributions of  swol len granules they contain . 
The present chapter describes an investigation o f  phys ical 
characteristics  of starch granules  that may influence the 
swe l l ing capac ity of starch . 

The volume occupied by c lose  packed swol len granules  when 
exces s  water is present i s  c learly inf luenced by the s i ze 
distribution of  the gelatini sed particles . However , in a 
previous section , it  was shown that the change in the 
swel l ing capacity of starch with wheat variety does not 
simply ref lect changes in s i ze distributions . Thi s  i s  
because sample s  from dif ferent cultivars  with the same 
narrow range of  diameters  sti l l  give a s imilar pattern of  
variation in swel l ing capacity with source . Thi s  suggests 
that other factors such as  the composition and structure 
of granules  must be influencing their  swell ing capacitie s . 
In regard to compos ition , d i f ferences  in amylose to 
amylopectin ratios and in l ipid components could influence 
granul e  swe l l ing , but : ·  investigations suggest  
that these  are  not primarily responsible for  the observed 
variations in swel l ing ( 2 1 ,  1 1 3 ) . Some evidence suggests 
that the degree of  physical  organisation of  polymer 
constituents within the granule , that is their  

1 0 0  

crystal l inity , may regulate particle swell ing ( 1 1 4 ) . This  
pos s ibi l ity was therefore investigated in  the present section . 



I I . 2  Experimental approach 

Various methods of measuring polymer crystall inity are 
available and have been reviewed ( 1 1 5 ) . The 
dif ferent methods do not necessari ly give the same 
results because they measure different aspects of polymer 
structure . Therefore a combination of techniques i s  
normal ly used t o  check results obtained . 

X-ray di f fraction provides a potential means of  
determining the absolute polymer crystallinity and 
starch crysta l l inity has been measured by this  technique 
( 4 6 ) . However ,  theoretical dif ficulties are normal ly 
associated with thi s absolute method ( 1 1 6 ) . As an 
alternative , polymer crysta l l inity can be determined by a 
relative crystall inity method . Thi s  method compares the 
crystal l ine content of a sample with that of crysta l l ine 
and amorphous standards ( 1 1 6 , 1 1 7 ) . This technique has 
already been applied to starches ( 4 7 , 1 1 8 ) . 

In some polymer systems , the enthalpy change as sociated with 
the me lting of  polymer can be used as a measure of  
crysta l l inity ( 1 1 5 )  and thi s  can  be determined by 
Dif ferential Scanning Calorimetry ( DSC ) methods .  In  pure 
starch systems , the polymer decomposes before it melts  

1 0 1  

( 1 1 9 ) , but i t  i s  poss ible t o  depress  the melting point by 
addition of a di luent ( 5 9 ) . I n  this  case , a solvent a s s i sted 
melting of c rystal lites occurs . The enthalpy change 
as sociated with this order-disorder phase trans ition has 
been used to give an indication o f  starch crystal l inity ( 4 7 ) . 

Any change in the degree of  physical  organisat ion in a 
polymer system i s  assoc iated with a change in speci f ic  
volume ( 1 1 5 ) , this  can be  determined by s tandard methods 
( 1 2 0 ) . 



The above techniques were used in the present study to 
evaluate the crysta l l inities of starches with di f ferent 
swe l l ing capacities . 

I I . 3  Experimental 

I I . 3 . 1  Materials 

Starches were extracted from s ix dif ferent wheat var ieties 
a s  in 1 . 5 . 1 . 2  and fractions of  def ined s i ze ranges were 
obtained as in 1 . 5 . 1 . 3 . As the presence of moisture in 
samples influences crystall inity measurements ( 2 5 ) , the 
moisture contents o f  starches were ad j usted to 1 2 %  by 
equi librating at a relative humidity of 3 3 . 0 % and a 
temperature of 2 0°C for three weeks . �his re lative 
humidity was obtained using a saturated solution of 
magnesium bromide . 

1 1 . 3 . 2  DSC Measurements 

Measurements of the enthalpy changes occurring during 
gelatinisation of starch samples were made us ing a 
Perkin-Elmer DSC- lB . 

An accurately weighed sample of  wheat starch was 
thoroughly mixed with an known amount of d i sti l led water 
in a sma l l  glass bottle  with an air tight l id . Portions 
( 1 5 mg ) of the s tarch-water suspension were then trans ferred 
into previous ly weighed aluminium DSC pans us ing a 
micropipette . The pans were immediately sealed using a 
volatile sample sealer . Sample weights were then 
determined . 

DSC traces  were obtained us ing the fol lowing conditions : 
1 minute equil ibration time for the samples in  the 
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sample holder ; heating rates of  2° , 4° and 8° mi� 1 ; and 
dry nitrogen f lushing through DSC head ( 3 0 ml min 1 ) .  

At l east  three replicate runs were made for a l l  samples . 

By u s ing 1ndium as  a standard , the measurement of the 
area under the DSC trace could be used to provide the 
direct bas i s  for calculating the enthalpy change during 
gelatini sation ( cal/g ) . 

1 1 . 3 . 3 .  X-ray measurements 

Measurements of the relative crystal linity of  starch 
samples were made using an X-ray diffractometer , consi sting 
of a PWl O l l  X-ray generator with goniometer attachment . 
A starch sample that had been bal l  mi l led for 7 2  hours 
was used as  the amorphous re ference and a sample of  
Karamu starch as  the crystall ine standard . 

1 0 3  

X-ray diffractometer traces were obtained using the fol�owing 
experimental conditions : CoK� radiation , voltage ( 4 0  KV) , 
current ( 3 0 mA ) , scanning speed ( 2 8=2° min- 1 ) ,  recorder 
speed ( 1 2 0 0  mmh- 1 ) ,  range ( 2 0 0 0  counts S- 1 ) and a time 
constant of  2 .  Di f fraction angles were taken from 
2 9=1 2° to 3 1° , most o f  the peak intensities occur in this 
region ( 5 6 ) . 

Measurements were made at least in triplicate . 

D i f fraction patterns were analysed for di screte values 
of intensity at angular increments of 0 . 2° from 1 2° to 3 1° . 



The resultant data was then normali sed by dividing the 
intens ity at any diffraction angle by the scatter 
integrated over the total angular range . Crystal l inities 
were then calculated us ing the correlation and integral 
methods ( 1 1 6 ) . 

I I . 3 . 4 .  Spec i fic volume measurements 

Specific  volumes of starches were determined using 
standard methods ( 1 2 0 ) . 

Determinations were made in tr iplicate . 

No measurements were made on fractions with narrow s i ze 
range s . However , i t  i s  known that small  granules  have 
lower specific  volume than large granules ( 5 6 ) . 

I I . 4  Results 

I I . 4 . 1  Enthalpy change during· gelatinisation 

Thermograms such as that shown in Figure I I . l  were obtained 
for the order-disorder phase trans ition that occurs during 
gelatinisation . Figure I I . 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 
reache s a maximum value and remains constant thereafter . 
S imilar results have been reported for potato s tarch 
( 1 2 1 ) . S ince there is no s igni ficant variation in the 
enthalpy change for systems when the water to s tarch 
ratio is  above 4 to 1 ,  thi s  data has been pooled for each 
individual wheat s tarch to obtain the maximum enthalpy 
change . The magnitude of  the maximum enthalpy change was 

1 0 4  



4 0  5 0  

Figure I I . l  

... ... .. ... - - -I _ .,.  

.... . ... ... 

6 0  

Temperature , ° C 

7 0  8 0  

Typical DSC thernograrns of s tarch s amples .  

1 0 5  

9 0  



5 . 0 

tr> 4 . 0  
"'-.. 
r-i 
rO 
0 

Q) 
tr> 
s:: 
rO 

..c:: 
0 

:>t 
0.. 3 . 0  r-i 
rO 

..c: 
+J 
s:: 
� 

2 . 0  

t 

2 . 0 

?/? 
6� 0__,-- . + I +----/ + ----

4 . 0  6 . 0 

Water : s tarch ratio , g/g 

9-� 

• 

8 . 0  

Figure I I . 2  P lots of  the average enthalpy change 
as a function of the water : starch ratio 
for Raven (e) and Kararnu (0) wheat 
s tarche s . 

1 0 6  



not found to be a f fected by heating rate in the range 
of  s tarch concentration studied , this is in contrast to 
results reported for higher starch concentrations ( 1 2 2 ) . 
The explanation for the decl ine in enthalpy change with 
increase in starch concentration as shown in Figure I I . 2  
is  uncertain . The phenomenon may ref lect a fundamental 
change in gelatinisation mechanism ( 1 2 1 )  or s imply a 
redi stribution of  water ( 12 3 ) . In  any case , there i s  
general consensus that the enthalpy change measured when 
excess  water i s  present reflects starch granule 
crystallinity s ince it  measures the enthalpy of  melting 
of  crystal lites  plus the enthalpy change accompanying 
hydration ( 5 6 ) . 

The combined results in Table I I . l  show that significant 
di f ferences exist between the maximum enthalpy change 
recorded for the various wheat starches . One way 
analysis  of variance , means and 9 5 . 0 %  Confidence Interval s  
for the enthalpy change o f  various s tarches are shown in  
Appendix I I a . The variation in the enthalpy change with 
particle s i ze  shown in Table I I . 2  i s  s imilar to that 
reported previously ( 5 6 ) , that is smaller granules have 
consistently higher enthalpy changes than large granules . 
The DSC results in Table I I . 2  a lso show that s igni f icant 
d i f ferences exist between the maximum enthalpy change 
recorded for the Karamu and Raven fractions of  the same 
s i ze range . The enthalpy change for the Karamu s i ze 
fraction i s  consistently higher than the comparable Raven 
s i ze fraction . 

I I . 4 . 2  Relative crystallinity 

All  the samples  studied gave the c rystall ine ' A '  pattern 
characteri stic of a l l  cereal starches ( 1 24 ) unless  
c rystal l inity had been disrupted by bal l  mil l ing . 
Typical normal ised di f fractometer traces in the 2 8 range 
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of 1 2 ° to 3 1 ° for a starch sample and for an extensively 
milled amorphous sample  are depicted in Figure I I . 3 . 
The X-ray crystal l inity values for the various wheat 
starches obtained from such traces are given in Table I I . l .  
The results show that the polymer material  in some wheat 
starch samples is in a more ordered state than in others .  
One way analysis  o f  variance , means and 9 5 . 0 %  Confidence 
Intervals for the re lative crystall inity index of various 
wheat starches are shown in Appendix II b .  The X-ray 
results for fractions o f  l imited s i z e  ranges shown in 
Table I I . 2  confirm earl ier work ( 5 6 )  demons trating that 
compared with large particles , polysaccharide chains in 
small  granules are in a more crysta l l ine arrangement . 
The X-ray results in Table I I . 2  a lso show that signif icant 
dif ferences exist  between the relative crystall inities 
for the Karamu and Raven fractions of the same s i ze range . 
The re lative crystall inity for the Karamu s i ze fraction 
is  consistently higher than the comparable Raven s i ze  
fraction . 

I I . 4 . 3 . Speci f ic volume 

Table I I . l  gives the specific  volumes of various wheat 
starches studied . The results show that only small  
d i f ferences exist  between  the speci f ic volumes and in 
most cases these  d i f ferences are not s igni ficant . The 
amorphous reference sample gives a considerably higher 
value of  the speci fic volume ( 0 . 6 8 0 )  than the other 
samples as would be expected ( 5 6 ) . 
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Table I I . l  Enthalpy change , relative crystal l inity index , 
specific volume and number fraction o f  small  
granules for the various wheat starches .  

Wheat DSC X-ray 
variety maximum Crystal l inity Number 
used to enthalpy Index , % Specific  fraction 
prepare change , Carrel- Inte- volume of  small  
starch Cal/g at ion gral ml/g granules 

Karamu + 4 . 9 9 - 0 . 0 8 + 1 0 0 . 0- 1 . 3  10 0 . 0  0 . 6 3 6: 0 . 0 0 5  0 . 9 2 5  
Aotea + 4 . 9 6 - 0 . 0 8 + 9 7 . 3- 3 . 4  9 7 . 9  0 . 6 3 4: 0 . 0 0 5  0 . 9 0 5  
Hi lgendorf + 4 . 4 9 - 0 . 0 5 + 9 1 . 8 - 1 . 5  9 2 . 0  0 . 6 3 0:0 . 0 0 5  0 . 8 9 5  
Gamut + 4 . 5 1-0 . 0 5 + 9 0 . 7 - 2 . 0  9 L 4 0 . 6 3 0:0 . 0 0 5  0 . 8 8 9  
Gamenya + 4 . 3 8 - 0 . 0 6 + 8 8 . 3- 2 . 3  9 0 . 4  0 . 6 3 9: 0 . 0 0 5  0 . 7 8 9  
Raven + 4 . 3 4 - 0 . 0 8 + 8 5 . 9- 2 . 1  8 7 . 4  0 . 6 4 5: 0 . 0 0 5  0 . 8 5 1 

Table I I . 2  Enthalpy change , relative crysta l l inity index 
and swel l ing capacity for the various s i ze 
fractions of  Karamu and Raven wheat starches . 

Wheat DSC 
Variety Maximum X-ray 
Used to Particle enthalpy correlation Swell ing 
Prepare Diameter chaJJge Crystal l inity C apacity 
Starch �m cal/g Index , % ml/g 

Karamu 1 9 . 5  + 4 . 7 5- 0 . 0 7 + 9 6 . 2 - 2 . 4  1 7 . 8  
14 . 7  + 5 . 2 4 - 0 . 0 2 + 9 8 . 2- 3 . 1  1 8 . 8  
7 . 1  + 5 . 5 6 - 0 . 2 0 + 9 9 . 5- 3 . 3 2 1 . 0  
4 . 3  + 6 . 4 5- 0 . 3 3 + 1 0 0 . 4 - 1 . 7  2 5 . 9  
3 . 0  + 6 . 7 9- 0 . 2 0  + 1 0 1 . 4 - 2 . 4  3 0 . 9  

Raven 19 . 5  + 3 . 9 2 - 0 . 0 6 + 8 5 . 2- 3 . 4  2 6 . 2  
1 4 . 7  + 4 . 2 2- 0 . 1 5  + 8 6 . 7 - 1 . 9 2 7 . 0  
7 . 1  + 4 . 9 7 - 0 . 0 9 + 8 7 . 9- 2 . 2  2 8 . 4  
4 . 5  + 5 . 3 7 - 0 . 2 5 + 8 9 . 0- 3 . 2  3 5 . 6  
3 . 1  + 6 . 4 3- 0 . 0 7 + 9 2 . 8- 0 . 5 4 6 . 7  

----- -

1 1 0  



I I . S  Discussion 

The trend in the X-ray and DSC results is  the same , thus 
starch samples having a greater crystal linity as 
measured by X-ray methods a l so exhibit a greater 
enthalpy change on gelatinisation . This is cons istent 
with previous work ( 4 7 ) . 

The fact that only small , and in most cases insigni ficant , 
dif ferences exist between the speci fic volumes of  the 
wheat starches studied , suggests that speci fic volume as 
determined herein is a less  sensitive probe of starch 
crystall inity than DSC or X-ray measurements .  In any 
case , work on synthetic polymers shows that di f ferent 
methods of measuring crystal l inity can give di f ferent 
results ( 1 1 5 ) . 

Figure I I . 4  shows plots of  relative crystal linity as  a 
function of  swell ing capac ity for the various wheat 
starches . The results show that increases in the 
crystal l inity of starch samples are associated with 
decreases in .swel l ing capacity . This  partly reflects the 
fact that starch samples with high swell ing powers 
contain lower fractions of  the more crysta l l ine small  
granules as  shown in  Table I I . l . Nevertheless , the 
results for samples containing granules with s imi lar 
diameters still  show a s ignif icant decrease in crystal l inity 
with increase in swe l l ing power ( see Table I I . 2 ) . Thi s 
suggests that the results in Figure I I . 4  do not s imply 
ref lect d i f ferences in particle  s i ze distr ibutions . 
However ,  the interpretation of  the variation in swel l ing 
capacity with crystal l inity is complicated s ince within 
any given s tarch type , small  granules are more crysta l line 
and yet have higher swell ing capacities than large granules . 
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The gelatinisation of  starch entails  a solvent assi sted 
melting of  polysaccharides in the crystalline domains of  
granules to  give an  essentially amorphous arrangement ( 5 9 ) . 
The fact that  when this  crystal l ine-amorphous trans ition 
occurs the polysaccharides of  starch granules form swo llen 
gel particle s  rather than going into solution , indicates 
that structures must  be present in the gelatinised 
granules that act a s  crossl inks , so preventing the 
di s solving o f  all  the polymeric material . These structures 
could arise from polymer chain entanglements ( 6 4 ) , from 
l ipid-amylose complexes ( 3 3 ,  5 0 ) , or from remnants of  
crystall ine material ( 1 2 5 ) . I t  has been shown that as 
the number of cros s l inks increases in gel particles , 
swel l ing decreases ( 6 4 ) . Thus one pos s ible interpretation 
of the pre sent results is  that the more ordered the 
initial state of  the starch granule , the more order remains 
after ge latini sation and so the less  swell ing occurs . 
This is consistent with work per formed on the heat moisture 
treatment of starches ( 1 14 ) . I f  the above explanation i s  
correct ,  then sma l l  granules o f  any grain starch type 
should have lower swel l ing capacity than large granules . 
However the results obtained , as  shown in Table I I . 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 9 0 ° C small  granules have lower 
swell ing capacitie s  than large granules ( 1 6 ) . The relative 
increase in the swe l l ing capacity of small  granules above 
about 9 0  ° C could arise i f  the packing and deformab�� -'"t� o f  
large and small  granules changes in thi s range . Another 
pos s ible explanation relates to the fact that small  
granules have a much greater surface area per gram of 
starch than the large granules , though the quantities of  
l ipid in each size fraction are approximately s imilar ( 2 1 ) . 

In  this case  the small  granules would have less  l ipid per 
unit area at the surface , and as  such lipid inhibits 
swell ing ( 3 5 ) , they would therefore be expected to swel l  
more . 
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The results presented in this section demonstrate 
differences in the crystal l inity of starches from 
dif ferent wheat varieties that have contrasting swel l ing 
capacities . Whi le the change in crystal l inity may 
contribute to a change in swell ing capacity , other 
mechani sms may also be respons ible for the observed 
ef fects . 
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SECTION I I I  

NUCLEAR MAGNETIC RESONANCE STUDIES 

OF WHEAT STARCH PASTES . 



I I I . l  Introduction 

NMR spectroscopy has been used to study polymer and 
biological systems at a molecular level . This section of  
the thesis  describes 1 H and 1 3 C NMR investigations of  
starch-water systems . 

I I I . 2  Literature review 

1 H  NMR spectroscopy is  a powerful technique for studying 
the structure , mobil ity and degree of ordering of water 
molecules in biological systems ( 1 2 6 - 1 3 1 ) . In general , 
water relaxation times and di f fusion 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 di f ferent 
properties from those  observed for free or bulk water . 
Furthermore , the behaviour of  the bound water molecules 
has been shown by various investigators ( 1 3 2 , 1 3 3 )  to depend 
strongly on the structure of the hydrated species . 

In order to explain 1 H  re laxation results from 1 H  NMR 

experiments , model s  have been developed to interpret the 
variations of  Tlobs and T2obs in terms of  exchange between 
bulk and bound water ( 1 3 4 ) . Thes e  models  relate the 
observable re laxation rates and populations to those  of the 
bound and free water molecules . In many biological 
systems ( 1 3 2 , 1 3 3 )  at least two ordered states o f  water 
have been shown us ing these model s . In many of these  cases , 
a 2- state model has been shown to be succes s fu l  in explaining 
the relaxation data . However it has been stres sed that ( 1 3 5 )  
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 s ingle 
frequency and a s ingle temperature . 
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1 H NMR relaxation studies have been carried out on starch­
water systems by a number of investigators ( 6 1 , 1 3 6- 1 3 8 ) .  

1 1 6  

Two s tates of  water molecules have been observed in a fried 
product containing a high percentage o f  starch , characterised 
by their dif ferent mobilities ( 1 3 6 ) . The relaxation 
behaviour of water molecules absorbed on intact starch 
granules have a l so been investigated ( 1 3 7 ) . The exi stence 
of two states of  water with dif ferent mobilities has been 
shown to be c learly evident . Other researchers have s tudied 
the relaxation behaviour of water protons during the 
gelatinisation of starch-water systems ( 6 1 ,  1 3 8 ) . A marked 
change in the spin- spin relaxation time ( T 2 ) has been 
observed during the proces s .  Increases in mobil ity and 
hydration of  the polymer chains , associated with the melting 
of the crystal l ine ordered structure of  the starch granule , 
have been suggested for the variation . S imilar observations 
have been reported for water protons relaxation behaviour 
us ing steady state NMR during gelatinisation ( 1 3 8 ) . The 
line-width of  the water signal o f  the starch suspens ion 
decreases with increasing temperature . 

Measurements o f  di ffusion constant of  water have provided 
information concerning the degree of ordering of  water 
molecules in various biological systems ( 1 3 9 , 1 4 0 ) . The 
diffusion coef f ic ient of water in macromolecular systems 
is  s lower than that found in pure free water . Various 
dif fusion models  have been developed to interpret the 
decrease in d i f fusion coefficient of water . For example , 
a direct binding and retardation of  some small  fraction 
of  water present and from the increased di ffusion paths 
transversed by the water molecules  to bypass  the 
macromolecules  has been used ( 1 4 0 ) . Other investigators 
have considered results in terms of  an infinite network 
obstruction model ( 1 4 1 ) . Although NHR provides an 
e legant technique for determining d i f fusion coefficients 
only a few studies have been made on starch-water systems 
( 1 4 2 )  employing this method of measurement . 



The advent of Fourier Trans form techniques has made 
possible the use  of 1 3 C NMR spectroscopy as a means of  
studying the mobi l ity of  macromolecules and obtain 
information about their  architecture in the network of  
var ious types of  gels , such as  those of  polysaccharides 
( 1 4 3 - 1 4 5 ) . Notable success  has been achieved , especially 
in e lucidating the gel structure of  a number of gel ling 
systems inc luding carrageenan ( 1 4 3 ) , a lginate ( 1 4 3 ) ' 
agaross (146) and gelatin (147) . I t  has been shown 
that in the 1 3 C spectra of  gross  plant tissues containing 
starch , sharp resonances are not evident until  the starch 
has been gelatinised ( 14 8 ) . 

I I I . 3 .  Scope o f  the investigation and experimental approach 

Whi le  there have been a number of studies on starch-water 
systems by NMR ( 6 1 ,  1 3 6- 1 3 8 , 1 4 2 ,  1 4 8 ) , starch pastes have 
not been inves tigated . I t  has been suggested that the 
exchange-averaged spin- lattice relaxation times (T 1 ) and 
spin- spin relaxation t imes ( T 2 ) of water can , in some cases , 
be re lated to the rheological properties of the system ( 1 3 1 )  . 
It  has also been shown that certain information such as the 
structure of macromolecules ( 1 4 0 ,  1 4 1 )  and the occurrence 
of  restricted or l imited diffus ion process  ( 1 4 9 )  can be 
obtained from d i f fus ion measurements . These various 
pos sibilities were therefore investigated . Measurements were 
made of  water � relaxation times and diffus ion coefficients 
in starch pas tes  formed from various wheat var ieties having 
di f ferent rheological  properties . � measurements were a l so 
made on a pure amylopectin-water system in an attempt to 
con f irm some o f  the results obtained for starch pastes . 

The polysaccharide chain mobility o f  s tarch pastes made 
from various wheat varieties was further investigated 
by the use o f  1 3 C NMR . 
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I I I . 4  Theoretical principles of  the NMR experiment 

I I I . 4 . 1 . Quantum mechanical description 

Nuclear magnetic resonance spectroscopy is based on the 
fact that the nuc lei  of  most atoms behave as though they 
have spin angular momentum . The angular momentum i s  
quantised and is  governed by the spin quantum number I .  
It can adopt ( 2 I + 1) or ientations with respect to a 
reference direction , i . e .  

PI? = timi [I I I . � 
I.J 

where m I = (+ I I + I- 1 ,  • • • • I - I )  
Pz 

= angular momentum along a 
reference u � )  direction 

t = Planck. constant /2TI 

As a consequence of  spin and charge , these nuc lei posses 
a nuclear magnetic moment (jt ) given by 

where .U r = nuclear magnetic moment along a 
reference ( � )  direction 

---1 --0 magnetogyric ratio ( ratio of magnetic 
moment to angular 
momentum) 

lii r . 2_] 

In  the presence o f  an external f ield  ( B ) ,  appl ied along 0 
� direction , the components of }l� have two pos s ible 
energies g iven by 
E = �hm 1 B0 which for nuclei  o f  spin � ( I=� )  
becomes 

+ = � 'itB 0 � I I . 3] 

Both nuclei  investigated in the present study , i . e . , 1 H  
and 1 3 C have spin � - At equilibrium ,  nuclei  are 
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distr ibuted among the energy levels  according to a 
Bol t zmann distribution given by 

[I I I .  4] 
where .g = L: P (m )  c_, ,-,c\ p (m)  is  the population of  m 
energy state E (m) 
In the case for l H  in 1 .  4T magnetic field 

p ( � )  = 0 . 5  + 2 . 4  X 1 0  - 6  

I n  other words , there i s  a sma l l  excess  population in the 
lower energy state . This  population distribution can be 
d i sturbed by irradiating with electromagnetic radiation o f  
the appropriate frequency 

Yo = 6E/h 
= 'ifill o /h 
= '( B o/2IT  [_iir . s] 

or Wo = 2 IT  Vo = '( B o ( r ad s- 1 )  [} I  I . �  
where W o  = Larmor frequency 

I I I . 4 . 2 .  Classical  description 

Thi s  is a more useful description for explaining the 
phenomena as sociated with pulsed NMR . By c las s ical 

s?i"{'\ '(\S mechanics , the torque exerted on a �magnetic moment by a 
magnetic f ie ld incl ined at an angle e relative to the 
moment causes the nuclear magnetic moment to precess  about 
the direction of the f ield with a frequency W = -{ B . 

0 0 

For a macroscopic sample some of  the spins wil l  be 
orientated against  the field direction ( mi = - � )  and a 
small  excess  wil l  be orientated a long the field  direction 
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(mi = +� )  . The summation of  a l l  the nuclear magnetic 
moments results in a net magnetisation along the f ield 
direction . 

Application o f  
right angle to 
rotating at w 

0 

a radio frequency pulse of  frequency w 
0 B will  appear as  stationary in a frame 

0 

( the rotating reference frame ) . On 

at 

absorption of energy from B 1 , the magnetic moment precesses  
about B 1 at an angular frequency given by 
w1 = '{ B 1 Q: I I . 7] 
In a time t ( s ) , the angle through which the magnetisation 
vector wil l  precess i s  given by 
B = W 1  · t 

= ({B 1 • t Q= I r . B] 
For TI/2 pulse , then 
t = n12 -{B 1  

= 2 0  fs for 1 3 C  ( F,A. - 6 0 ) 

After the TI/2  pulse , the return to equil ibrium of the 
magnetisation is characteri sed by two relaxation times 
T 1 and . T 2 • T 1 is  the spin- lattice or longitudinal 
relaxation t ime and is  the time constant for the restoration 
of equilibrium magneti sation along the � axi s .  T 2 is  the 
spin-spin or transverse relaxation time and i s  the time 
constant for the restoration of equilibrium magnetisation 
in the X ,  Y plane . 

S ince the NMR apparatus i s  normally arranged to examine 
magnetisation following an rf pulse along an axis  
perpendicular to  B direction ( i . e .  in XY plane ) , the 

0 

magnitude o f  M�� determines the strength of  the observed 
s ignal . I t  can be shown that ( 1 5 0 )  fol lowing a TI /2 pulse 
along the X-axis the decay of  the x and y components of 
the magnitisation ( F ID )  are given by 
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M >(  ( t ) = s in w t 
0 

i . e .  M x , �  -1 o at t -'! oa 

The f ree induction decay for Mx ( F ID )  i s  shown in 
Figure I I I . l .  

Figure I I I . l  

1 1 <  -- ·-- - ----) I  
W o  

Free Induction Decay ( F ID )  

[} I r . 9] 
[r i r . lO] 

In practice the osc i l lation frequency of  the FID is  not 
w but the dif ference between the r . f .  irradiation 

0 

frequency and the Larmor preces s ional frequency 
i .  e . w = w - Wr f []: I I .  1 :g 

0 

where w = oscil lation frequency 
w = 

0 

Wrf = 

Larmor frequency for nuclei  under study 
rf frequency ( rotating frame frequency ) 

The time constant of  the FID i s  T 2  i f  B i s  homogenous .  
0 

F ield inhomogeneity wi l l  cause a dephas ing o f  M� , � - since 
not all the nuclei wi l l  be precessing at W . This  wil l  

0 

result in an apparent T 2 * ,  related to the t ime T 2  by 

1 l + 'tt:.B o = [i i i  . l� 
T 2 *  T 2  2 

where !:.B o is  the f ie ld spread over 
In order to overcome the problem of 

the sample volume . 
magnetic f ield 

inhomogeneity in the measurement of  T 2 , multipulse 
techniques have been evolved ( 1 5 1 ) . The modi f ied spin-echo 
technique by Hahn con s i sts of the application of  a 9 0 °x.' ' 
� '  1 8 0 °j sequence and the observation at a time 2t of  the 

1 2 1  



tn\ S 
echo _ ror a pul s e  separation (� ) � i s given by 

I 2"" 
A ( echo at 2 �) � exp [ ( T� ) -

2 
3 

where G = magnetic f ield  gradient 

D = D i f fus ion coe f f ic ient 

[I I I  . 1 3] 

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

lnA against 2 � will  yield  a s traight line whose s lope is  

- l/T 2 . The spin-echo method i s  very much dependent on � '  

so that the e f fect o f  d i f fus ion becomes pronounced for 

large va lues of � .  Consequently the Carr-Purcell  Meiboom­

Gi l l  technique ( 1 52 ) was evolved by us ing the pulse  sequence 

9 0 \ - 'C-lt- 8 0 °� -;- 1:: - ed-)o l f\ . _ It  can be shown that the 

magnitude o f  the echo at time t i s  

A ( echo a t  t )  oc exp � (�
2

) - j- Y 2 G 2 D L.2 t] Q: I I . l 4] 
It  is  apparent that by choos ing � short enough the 

d i f fus ion term may in pr inc iple be made as sma l l  as pos s ible , 

then a plot o f  lnA against t w i l l  give a straight l ine 

whose slope i s  - l/T 2 . 

The diffus ion coe f f i c ients can a l so be determined as a 

special  case  o f  T 2 measurements . The magnitude of  the 

spin-echo at 2� in the absence o f  f ie ld gradient i s  ( us ing 

Hahn echo s equence ) 

A o ( 2t:) ex:. exp ( - 2· ) T 2 

I n  a fixed f i e ld gradient , the magnitude i s  given by 

Equation []: I I  . 1� Thus 

!2.__ oe exp [ � ') 2 D G 2 'C � at  constant l;:.. A o [ 3 J 

[I I I  . 1� 

[) r i  . 1� 

Provided G i s  known , D can be obtained from the slope o f  

a p lot o f  ln  A/A 0 against 12 G 2� 3 • Thi s  i s  known a s  the 

steady f ie l d  gradient technique and i s  limited in the 

dynamic range of D i t  can mea sure . A better technique , 

known as  the puls e  f ield gradient method has been developed 

( 1 5 3 ) . The exper iment is described in  Figure I I I . 2  . I t  

can be shown that ( 1 5 0 )  for such a n  experiment 

1 2 2  



A [1 1 1 . 17] 
A o 

.._ ____ I: ----� 

� � d � � 
����------�������----�--L-��----�t 9 0 ° F ield 1 8 0 ° F ield  x Gradient Y Gradient 

Pulse Pulse 
2e: 

F igure 1 1 1 . 2  Pul se  Field Gradient me thod . 

. Then a plot o f  ln A/A o aga inst62 G 2 8 2 ( 6  -o/3 ) will  give 

a s tra ight l ine whose s lope i s  D .  An additional advantage 

of pul s e  f ield gradient technique is that d i f fus ion can 

be i nve stigated over various d i f fus ion times ( 6- a/ 3  ) . 

The evo lution of  M fol lowing a n / 2  pulse is given by z 
( 1 5 0 )  

M z 
t ( t )  = M 0  ( 1-exp ( -T 1

) )  [i 1 r . 1B] 

T 1 relaxation times are usua l ly measured by f irstly 

applying a n pul se where 

M ( t )  = M 0  ( 1 - 2 exp (- �) ) 
z T 1 

and the evolution o f  M with time i s  depicted in  z 
Figure 1 1 1 . 3  
+M o 

[} 1 1 . 1� 

Figure 1 1 1 . 3 The evolution of  M as  a function 
of time . 2 

1 2 3  



I 
T 1 � may be measured by the invers ion recovery pulse  

sequence 1 8 0  , t , 90  . 
X X 

The magnitude of  T 1 and T 2 depend on the mobil ity of  the 

molecules which is usua l ly measured by correlation time 

�c . �c can be regarded as  the time interval dur ing wh ich 

fixed spatial relaxation of  the nucle i can be expected . 

The connection between the relaxation times and the 

corre lation time is depicted in Figure I I I . 4 .  For sma l l  

correlation times corre sponding to high mo lecular 

mob i l ity , T 1 and T 2 are equal . With increas ing corre lation 
time , T 1 goes through a minimum and T 2 decreases  steadily  

and becomes cons tant for  long r e . 

� l .  0 
E-< 

-
ClJ 
E ..... 
..... 
c 
0 ..... 
..... 
Ill 
X 
Ill ...... 
<ll 0: 

1 0  

F igure I I I . 4  

1 0  - I  0 1 0  - � 

Cor r e l a t i on t i me , �c 
1 . 0  

The relationship between the 1 H 
relaxation times and the correlation 
time o f  water molecules .  

I n  a system that contains s everal nuc lei  o f  the same 

species that d i f fer i n  resonance frequenc ies  because o f  

chemic a l  shi fts and/or spin- spin coupl ings , a complex 

wave form cal led an inter ferogram i s  observed fol lowing an 

r f  pulse . By per forming a Fourier trans form on the F I D  

it  i s  pos s ible t o  separate the complex wave form into its  

f requency components . 

1 2 4  



The t ime cons tants ( T 2 ) o f  the FID ' s  appear as  l ine 

widths at hal f-heights of the peaks in the frequency 

domain spectrum (6 Y � = rr;2 ) . S imi larly 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 domai n  

spec trum . 

1 2 5  



I I I . 5 .  Experimental 

I I I . 5 . 1 . Apparatus 

..T ;:::O L  
A l l  measurements were made o n  the AFX- 6 0  spectrometer ,  

a pul s e  Fourier Trans form spectrometer operating at a 

constant field strength o f  1 . 4  T .  The pulse  s equences  

for T 1 and  T 2 were set  up  us ing the FX- 6 0  computer 

software . The apparatus for pulse  f ield gradient technique 

used for d i f fus ion measurements was developed at Mas sey 

University ( 15 4 ) . Temperature control wa s achieved through 

a thermocouple  hot air feed-back system and temperatures  

were measured with a quart z-osc i l lator cal ibrated 

thermometer encased in an NMR tube . Temperatures were 

accurate to 0 . 5 ° C over the s ample volume . 

I I I . 5 . 2 .  Paste preparation 

Pastes were formed as in 1 . 5 . 2 .  for various wheat starches 

in the range o f  concentrations from 0 . 0 0 5g/gH 2 0 to 

0 . 0 8 g/gH 2 0 .  Samples of  pastes were care ful ly trans ferred 

to NMR tubes and for the 1 3 C work the weights o f  the 

1 2 6  

samples  were recorded . Amylopectin samples were a l so prepared 

accordingly for a range of concentrations from O . O lg/gH 2 0 

to 0 . 1 2 g/gH 2 0 .  

I I I . 5 . 3 . Experimental procedure and treatment of data 

For T 1 measurements , the s pin- lattice relaxation for the 
1 H nuc lei  of various starch pas te s  and the amylopectin-water 

sys tem was observed by recording the initial  height of  

the F ID a fter the 9 0 ° pul s e  in a 1 8 0 ° x ,  t ,  9 0 ° x pul s e  

sequence as  the pulse  spac ing ( t )  was varied . The 

amp l itude ( A) is directly proportional to the magnetisation 

(M)  and from Equation [}: I I . l � , for a 1 8 0 ° x ,  t ,  9 0 °x pul s e  
sequence , 



i . e .  A - Ao 

ln (A-Ao ) 

or ln (Ao-A) []r r . 2 j] 
from which it  can be seen that a plot of  l n  (Ao-A ) against 

1 t wi l l  give a s tra ight l ine o f  s lope = ( - T 1 ) .  Typical 

plots of  ln  ( A 0 -A ) against t for the determination o f  T 1 
are s hown in Figure I I I . 5 .  

Spin- spin relaxation time s for the 1 H nuc lei  of  var ious 

starch pastes and the amy lopectin-water sy stem were 

measured by the Carr-Purce l l /Me iboom Gill  technique ( 1 5 2 )  

with 2 f= Bms whi ch i s  suf f i c iently small  so that the second 

term in Equation � I I . l� c an be neglected . To evaluate 

the T 2 t ime constant , the inte.nsity of the FID  was plotted 

semi- logarithmically as a function of t and the spin- spin 
1 relaxation t ime was determined f rom the slope ( - T;) . 

Typical  plots o f  l nA against  t for the determination of  T 2 
are shown in F igure I I I . 6 .  

Dif fus ion coe f f ic ients o f  water molecules in  various starch 
pastes  and the amylopectin-water system were determined 

with the pulse- field gradient spin-echo technique o f  

Ste j skal and Tanner ( 1 5 3 ) . It  c a n  b e  seen from Equation 

Q:r r . li) that  by keepi ng '( ,  a , and !-:. constant , A/Ao wi l l  

be a function o f  G and D only . G i s  proportional to the 

current ( I )  applied to the field  gradient coi l s . A plot 

of ln (A/Ao ) against 1 2 gives a s traight l ine shown in 

Figure I I I . 7 .  
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1 . 0  

0 . 8  

0 . 6  

0 . 4  

0 . 2  

0 . 1  

0 . 0  1 . 0 

Figure I I I . 5  

2 . 0  3 . 0  4 . 0  5 . 0  6 . 0 

Time , S 

Plots of  ln (A o - A)  against 
time for two concentrations of 
Gamenya starch pastes . 

e O . O Sg/gH 20  

0 O . O lg/gH 2 0  
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1 0 , 0 0 0  

8 , 0 0 0  

6 , 0 0 0  

4 , 0 0 0  

2 , 0 0 0  

1 , 0 0 0  

0 5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  2 5 0 0  3 0 0 0  

Chan•1 < ' l ( time ) 

Figure I I I . 6  P lots o f  ln A against time for two 
concentrations  o f  Gamenya s tarch pas tes . 

e 0 .  0 1 g/gH 2 0 
0 0 . 0 7 5g/gH 2 0 

1 0  

8 . 0  

6 . 0  �0 
-� 4 . 0  

2 . 0  

1 . 0  

0 . 8  
0 

Figure I I I . 7  

�0 -� 

5 . 0  1 0 . 0  2 Current , I , �1"1\P . 

:� 
1 5 . 0  

Plots of ln A against I 2 for two 
A o  

concentrations o f  Gamenya s tarch 
pas te s . 

0 O . O lg/gH2 0 
• 0 . 0 8 g/gH 2 0 

0 

• 
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The s lope of  this line i s  - a 2 X ( � - �a ) D x 1 . 6 x 1 0 2 , 

where the factor 1 .  6 x 1.0 2 take s into account the constant 

of proport ionality between I and G and the value of j2 

for the proton . For a and � in  ms D has units of cm 2 s- 1 •  

Hence D can be readily ca lculated . For determination of  the 

concentration dependence o f  di ffus ion coe ffic ient , � '  a , and 

repetition t ime were kept constant at 10 ms , 2 ms and 12  

seconds respective ly . By inve stigating the dependence of 

d i f fus ion coeffic ient on f ield gradient pul s e  s eparation 

( � ) ,  it  is pos sible to detect the occurrence , within  the 

appropriate time scale , o f  restr icted or barrier  l imited 

d i f fus ion . For this determination , the field gradi ent pul se 
separation was varied from 1 0  ms to 5 6 0  ms , equivalent to 
root mean square d i f fus ion d i s tance in the mea suring 
direction from 7 , 0 0 0  nm to 5 0 , 0 0 0  nm . 

Mea surements of the s igna l  attenuation upon freez ing were 

made by recording the initial  height of FID at  

a 

1 3 0  

temperatures o f  2 5 8K  and 3 0 3K . The ratio of  the height  at 

2 5 8K to the height at 3 0 3K  gave the fraction of non- freez ing 

component . 

Spectrum accumulation was neces s ary to observe the 1 3C  

spectra of  various wheat starch pastes and maltose 

solutions . The FID ' s  fol lowing the 9 0 ° pul se s  ( 2 5 fl s )  were 

s tored and accumulated in the computer .  Repetition times 

greater than 5T 1 ' s  were u sed and the total number of 

accumulations depended on  the s tarch concentration , as  

shown in Table I I I . l . The FID  was then Four ier trans formed . 

Typical  FT 1 3C NMR spectra for a wheat starch paste and 

a ma ltose s olution are shown in Figure I I I . B .  The total 
1 3C liquid s igna l was obta ined by summation of a l l  

intensities  under a spectrum . 



Table I I I . l . Number o f  9 0 ° pulses  required for a 

satis factory spectrum at various starch 

concentrations . 

Starch concentration 
g/gH 2 0  

0 . 0 8 

0 . 0 7 

0 . 0 6 

0 . 0 5 

0 . 0 4 

0 . 0 3 

0 . 0 2 

0 . 0 1 

Number of accumulations 

2 , 0 0 0  

2 , 0 0 0  

2 , 0 0 0  

2 , 0 0 0  

4 , 0 0 0  

8 , 0 0 0  

1 6 , 0 0 0  

3 2 , 0 0 0  

1 3 1  
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1 1 1 . 6 . Res ults 

1 1 1 . 6 . 1 . F 1D signal attenuation upon freez ing 

Figure 1 1 1 . 9  shows plots of the relative 1 H s i gnal 

anplitude at  2 5 8  K against the starch concentration for 

Aotea and Gamenya wheat varieties . The relationship is 

l inear ( correlation coef fic ient = 0 . 9 7 9  and 0 . 9 7 0  for 

Gamenya and Aotea respective ly ) with zero intercepts . 

The gradients which correspond to the hydration 

coe f f icients ( h )  ( 1 3 0 )  g ive va lues of 0 . 3 4 7  and 0 . 3 3 1  g 

H 2 0/g s tarch on a dry we ight basis  for Gamenya and Aotea 

wheat starches respectively . No signi f icant dif ferences 

were found for the s lope s of the regre s s ion l ines within 

the 9 5 . 0 % conf ident l imits . 

F igure 1 1 1 . 1 0 shows a plot of the relative 1H signal 

amplitude at 2 5 8  K aga inst the amylopectin concentration . 

A s lope o f  0 . 2 5 4 g  H 2 0/g amylopectin which corresponds to 

the hydration coeff ic ient of the polysaccharide is 

obtained . The lower extent of hydration as compared with 

s tarch molecules probab ly arises  from an increase in the 

overal l  branching per unit  mass  of polymer . 

The non- f reezable water , observed in fro zen starch paste s  

and amylopectin samples  is  attributed t o  water associated 

with the polysaccharide chains . The se  water molecules are 

unable to participate in  the formation of an i ce-like 

lattice . 

1 3 3  



0 . 0 2 5  

0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 

Starch concentration , g/g H 2 0  
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Figure I I I . 9  P lots o f  the re lative 1 H s ignal amplitude o f  
pastes a t  2 5 8 K  against the starch concentration 
for Aotea ( 0 )  and Gamenya ( • )  wheat var ietie s . 

0 0 . 0  
� 
-....... 
� 

Q) 
'"Cl 
::l 
+J 
·..-t 
.--1 0 .  0 ./ ./. � 
cU 

Amylopectin concentration , g/g H 2 0  
Figure I I I . l O Plot o f  the relative 1 H s ignal ampl itude at 

2 5 8K aga inst the amylopectin concentration 
for the amylopectin - water sys tem . 



I I I . 6 . 2 . Self-d i f fus ion 

The concentration dependence of water diffusion coe f f icient 

( D )  in  s tarch pastes made from Aotea and Gamenya wheat 

varietie s i s  shown in Figure I I I . l l .  Stati stical analys i s  

o f  the experimental resul ts show that the dif ferences  

in diffusion coeffic ients between the two starches are  not 

signi f i cant within  the 9 5 . 0 % confidence limits . In an 

ef fort to detect the occurrence of restricted d i f fus ion , 

1 3 5  

D was measured for a range o f  6 values between 1 0  and 5 6 0  ms . 

It  was found that D did not change s ignificantly up to 

5 6 0  ms , equivalent  to a root mean square distance trave l led 
by wa ter mo lecules  of 5 0 , 0 0 0  nm , that is , water mo lecules 

diffused 50  ym without significant restriction on its  patch 

and thus no re s tr icted diffusion was indicated . The fact 

that d i f fus ion coefficients for s tarch pastes are only 

s l ightly less  than that for pure water for the concentration 

range s tudied indicates that a ma j or portion of water 

molecul e s  are not in the bound or modi fied s tate . 

Figure I I I . l 2 shows a plot of the concentration dependence 
of d i f fus ion coe f ficient of  water in the amylopectin-water 

system . These experimental results are simi lar to thos e  
obtained for the s tarch-water system , indicating that 

diffusional proces ses  in both sys tems are s imi lar . 

The problem of  d i f fus ion in a complex system has been treated 

quantitative ly by Wang ( 14 0 )  and Mackie and Meares  ( 14 1 ) . 

Wang d i s cus sed two mechanisms that decrease the observed D 

below that of  pure water , the " obstruction e f fect " , whi ch 

i s  caused by the longer path transversed by water d i f fusing 

around the macromolecules  and the " d i rection hydration and 

obstruction effect " , whi ch arises  because some water 

molecules spend part of the t ime in the slowly moving 

" hydration layer '' of  the macromolecules . Mackie and Meares  

treated the ana logous problem as  an infinite network of  

obstruction medi um .  Mathematically , the se obs truction 

model s  are represented by the fol lowing equations : -
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2 . 5 0 • � 
• 
0 

• 
0 • 

0 0 0 
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2 . 0 0 

1 .  5 0  

0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 
Starch c oncentration , g/g H 2 0 

Figure I I I . l l Plots o f  the. d i f fus ion coeffic ient o f  water in  
pa stes against  the s tarch concentration for 
Aotea ( 0 )  and Gamenya ( . ) wheat varietie s . 
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Amylopectin concentration , g polymer/gH 2 0  

Figure I I I . l2 Plot o f  the d i f fus ion coeffic ient o f  water in  the 
amylopectin-water system against  the amy lopectin 
concentration . 



D 
= 1 - 1 . 5  0 

D o 

Wang " obstruction ef fect"  mode l .  

D 

D o 
Wang " direct hydration and obstruction " model  

D 1 - � 
= ( - ) 2 

D o 1 + � 

Mackie and Meares " infinite  
e f fect "  mode l .  

obstruction 

D o = Di f fus ion coe f f ic ient o f  pure water 

0 = Volume fraction o f  polymer 
£ = shape factor for polymer 

� = apparent spec i f ic volume of  dry polymer 
= 1 /  dens ity o f  dry polymer 

d 0  = density of  pure water 

h = hydration coe f f i c ient 

W = we ight fraction o f  dry po lymer 
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It  may be noticed from Equations [j: I I . 2�  and g i i .  2 �  that 
the magnitude of both 6 1 and 6 2  increase with polymer 
concentration . However ,  it can be shown that (Appendix I I Ia ) , 
even for the most concentrated starch paste , the magnitudes 
of  6 1 and 6 2 are still  very small  as compared to the other 
terms in Equation � I I . 2 � Thus over the concentration 
range of thi s  study , 6 1 and 6 2 may be neglected , so  that 
Equation [J I I . 2 l] reduced to : 

D 
= 1- [ l ( V  o d a + h )  +h J w [_]: I  I .  2 iJ 

D o 

Figure I I I . l 3 shows a plot of  the experimental results 
( D/D 0 ) for Gamenya starch pastes against the volume fraction 
of polymer ( 0 )  . The theoretical models of  Wang 
"abstraction e ffect" and Mackie and Meares " infinite 
obstruction e f fect " are shown as  straight lines in  Figure I I I . l 3 .  
I t  can be seen that the Wang " obstruction ef fect "  model 
cannot account for the observed behaviour . Neither the 
results can be fitted to the Wang " hydration only " model 
( 1 4 0 ) . For example , at a starch concentration o f  8 % , the 
experimental value of  D/D o i s  0 . 8 2 5  compared with the 
theoretical value of 0 . 9 7 .  Mackie and Meares " infinite 
obstruction e f fect " theoretical values give a better fit  
but i s  cons istently below that of  the experimental ly 
determined values . 

The experimental results were then fitted to the Wang 
" direct hydration and obstruction ef fects " model as shovm 
in Figure I I I . l4 .  The l inear relationship between the 
experimental results and the weight fraction of dry 
polymer i s  encouraging . From Equation � I I . 2 ?)  i t  can 
be seen that the s lope of the best fit  line is 

[ -
+ h] !... (v,P d o  + h )  where V;o i s  0 . 6 4 5  and the 



hydration coe f f icient h i s 0 . 3 4 g H 2 0/g dry starch as  

determined by  free z ing exper iments . Linear regression 

analysis  of the results in the form of  Equation gi i . 2 �  
+ gives the least  squares s lope o f  - 2 . 6 4 - 0 . 1 3 .  Thi s - + gives a bes t  f i t  L va lue of  2 . 3  - 0 . 1 .  This va lue o f  

£ indicates that water is  d i f fusing through oblate 

e l l ipsoids ( 1 4 0 )  with axial ratios of  6 . 0  to 1 . 0 . 

Figure I I I . l 5 shows a plot D/D 0 for the amylopectin-water 
sys tem as a function of  the we ight fraction of  dry 

polymer . Linear regress ion analys i s  of  the results gives 
+ the least squares s lope o f  - 2 . 5  - 0 . 1 0 .  This  gives a 

- + -
best fit  L va lue o f  2 . 6  - us ing a Vr of  0 . 6 2 ( 1 5 5 )  and 

an h of  0 . 2 5 5  g/g amylopectin ( free z ing experiments ) .  

This va lue o f  £ for amylopectin molecules ind icates that 

water is d i f fus ing through oblate e l l ipsoids wi th axial  

ratios of  8 . 0  to  1 . 0  ( 1 4 0 ) . 
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Weight fraction o f  dry starch , W 
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I I I . 6 . 3 .  Spin- lattice and spin- spin relaxation times  

Figure I I I . l 6  shows the 1 H relaxation t imes , T 1 and T 2 
o f  pastes made from Aotea and Gamenya wheat varieties a s  
a function of  the starch concentration at 3 0 . 0 ° C whi le 
Figure I I I . l 7 shows the corresponding data for the 
amylopectin-water system . The T 1 values of both starch 
pastes and amylopectin samples are s l ightly less than that 
of  pure water but are sti l l  re latively long at higher 
concentrations , indicating only sma l l  changes from bulk 
water behaviour . 

The contrasting shape for T 2 behaviour shows clearly that 
dif ferent factors are affecting the T 1 and T 2 re laxation 
behaviour in both starch-water and amylopectin-water 
systems . The T 2 va lues fall  rapidly in the initial stages 
and then begin to level o f f . The results a l so show that 
both starch pastes  and the amylopectin-water system have 
Tz re laxation t imes of the order of l O O  ms at higher 
concentrations . In  the intermediate range , starch pastes 
have longer Tz  values , this is  probably an ef fect of  the 
presence of l inear and lower molecular weight amylose 
fraction in the starch molecules . The characteri stic 
Tz  re laxation behaviour exhibited by starch pastes and 
the amylopectin-water system has been observed for other 
systems such as agarose gel s  ( 1 2 9 ) . 

The minor di f ferences in the T 1 values for pastes made from 
Aotea and Gamenya wheat starches are probably not real . 
T 1 measurements were repeated for pastes  made from Karamu 
and Raven wheat starches , which a l so have contrasting 
rheological properties , at concentrations of  2 %  and 6 % , 
but no significant variation was obtained . There are 
also no s igni ficant d i f ferences in the T 2 values for pastes 
made from Aotea and Camenya wheat  starche s . I t  i s  
there fore evident that T 1 and Tz are  not very useful in  
characterising the di f ferences in  rheological behaviour 
of s tarch pastes made f rom various wheat sources . 
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The T 1 and T 2 magnetisation recovery curves for both 
starch pastes and amylopectin samples were observed to 
be single exponential functions ( see typical results 
in Figures I I I . S  and I I I . 6 ) , indicating that there i s  
only one type of  water present or that they are two or 
more types of water in  the sample with rapid molecular 
exchange between di f ferent s ites such that an average 
re laxation time is observed ( 12 9 ) . Evidence f rom the FID  
attenuation upon free z ing suggests that the latter 
explanation is  the most probable cause . Evidence from 
the d i f fus ion measurements also indicates that most  
o f  the water has a mobil ity equal to  that o f  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 ( 12 7 ) . 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 ( 1 2 7 ) . 

Expres sions have been developed relating the observable 
relaxation rates and populations to those  of  the free 
and bound sates for all rates of exchange between 
d i f ferent s ites . I f  � ) were to be composed of a number 

Tobs 
of  components o f  bound water in rapid exchange with free 
water , then ( 1 3 4 ) 

1 P f  Pbi 
= + I ( � I I . 2@ 

Tobs Tf Tbi 

P f  + I Pbi = 1 

14 5 



b & f refer to bound and free species  respectively 
P is  the mole fraction 
i i s  the ith component of the population of bound water 
For a two-state model ,  Woesnner and Z immerman ( 1 5 6 )  and 
Derbyshire and Duf f  ( 1 3 0 )  have shown that 

l l 
= 

Tobs Tf 

he 
+ 

1-hc 

l 

Tb + re 

where Tb is the re laxation t ime of bound water molecules ,  
�c i s  the correlation time , describing the average time 
that a water molecule stays in the bound phase , c i s  the 
polymer concentration and h is the hydration coefficient 
of polymer . T can be spin-lattice relaxation time or 
spin- spin re laxation time . 

l l he 
) against / ( 1-hc )  for P lots of and ( 

pastes made from Aotea and Camenya wheat starches are 
shown in Figures I I I . l 8 and I I I . l9 respectively . The 
excellent fits o f  the results o f  the l inear regress ion 
analyses ( r  = 0 . 9 7 ,  0 . 9 7 )  show that the data fits  the 
two- s tate model wel l . The straight l ine relationship 
also indicates that there is no change in hydration 
behaviour within the concentration range examined . 
Figures I I I . 2 0 and I I I . 2 1 give plots o f  (--1-- ) and 

1 T 1 obs 
( --- ) against ( hc/1-hc ) for the amylopectin-water 

T 2 obs 
system . Linear relationships were a l so  observed 
( r= 0 . 9 5 ,  0 . 9 1 ) . Table I I . 2  summarise s  the results o f  
l inear regress ion analyses o f  both starch pistes and 
the amylopectin-water system . 
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Table I I I . 2  Values o f  regress ion coef f icients of  the 
fits  of exper imental results in Figures I I I . l 6 and 
I I I . l7 to Equation � I I . 2� 

Wheat variety 
used to 
prepare starch 

Aotea 

Gamenya 

Amylopectin 

T d 
s 

+ 3 . 1- 0 . 3  

+ 3 . 8- 0 . 3  

+ 2 . 9- 0 . 4  

( T 1 b+ fc ) 
ms  

1 8 0::!:: 1 8  

2 1 6::!:: 1 6  

T 2 f 
s 

+ 2 . 5- 0 . 1  

+ 2 . 5- 0 . 1  

+ 2 . 7 - 0 . 4  

( T 2 b+fc ) 
ms 

+ 8 . 8 - 0 . 4  

+ 8 . 9 - 0 . 4  

+ 3 . 3 - 0 . 5  

From Table I I I . 2 ,  i t  can be seen that the values o f  T 1 f 
and T 2 f of water protons in starch pastes estimated from 
the intercepts o f  l ines in Figures I I I . l 8 and I I I . l 9  are 
comparable to those  of pure water which has a value o f  
2 . 6 0 s  and 2 . 6 0 s  for T 1 and T 2  re spectively ( 1 5 7 ) . The 
T 1 f and T 2 f values obtained for water protons in the 
amylopectin-water system are a l so s imilar when compared 
with those of pure water . The T 1 b and T 2 b values obtained 
for water protons in the amylopectin-water system are 
shorter than those of the starch-water system . 
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F igure I I I . 2 0  P lot o f  l/T 1 obs o f  1 H in the amylopectin­
water system as  a function o f  (hc/1-hc ) . 
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I I I . 6 . 4  1 3 C liquid signal 

Figure I I I . 2 2 shows plots of 1 3 C liquid s ignal per 
unit mass  of starch against concentration for various 
starch pastes  at 3 0 . 0 ° C .  Inc luded also is  a plot of 
1 3 C liquid s ignals  of maltose solutions at various 
concentrations . The results show that the 1 3 C liquid 
s ignals  of various starch pastes studied appears to be 
independent of wheat variety and concentration . I t  i s  
observed that the 1 3 C l iquid 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 l iquid- like with short 
correlation t imes . In fact , some of  the polymer chains 
have very long correlation times so that on the NMR 
time scale , they are regarded as  sol ids and therefore 
give reduced peak intensitie s at the various carbon 
positions on the 1 3 C spectra . Table I I I . 3  gives 
measurements of  the line-widths at hal f  height , 6 V � of  
the peak intensities  at  various carbon positions of  
the 1 3 C spectra for pastes o f  varying starch concentrations . 
The results show that 6�  � values are not dependent on 
starch concentration . 

Table I I I . 3  Line widths at hal f- height of the peak 
intensities  at various carbon positions of 1 3 C spectra 
for several  concentrations of  Gamenya starch pastes . 

Starch 
concen- Carbon-1 Carbon- 2 Carbon- 3 Carbon- 4  
tration 
g/g H z O  

0 . 0 2 9 . 7 7 7 . 3 4 7 . 3 2 14 . 6 5 
0 . 0 3 1 3 . 4 3 7 . 5 2 1 0 . 9 8 14 . 6 5 
0 . 0 4 9 . 7 6 8 . 5 4 1 2 . 2 0 15 . 8 7 
0 . 0 5 8 . 5 4 9 . 7 7 1 2 . 2 0 15 . 8 7 
0 . 0 6 8 . 5 4 10 . 9 8 8 . 5 4 14 . 6 5 
0 . 0 7 8 . 5 4 8 . 5 2 9 . 7 6 15 . 8 7 

Carbon- S 

7 . 3 2 
9 . 7 6 
7 . 3 2 
7 . 3 2 
8 . 5 4 
9 . 7 3 
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Figure I I I . 2 3 shows plots of  the total 1 3 C l iquid s ignal 
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 

1 5 4  

there i s  no  l iquid s ignal ( solid on  NMR time-scal e )  
observed for the starch-water system when the pasting 
temperature is below 5 0 . 0 ° C .  However ,  when the pasting 
temperature is increased to 5 5 . 0 ° C ,  a 1 3 C liquid signal 
is readily observed . The 1 3 C l iquid s ignal continues to 
increase until  about 7 5 . 0 ° C and remains constant thereafter . 
Within experimental variations , no d i f ference is  observed 
between  the two s tarche s examined . These results are 
consistent with the observations reported for starches 
contained in the gross  plant tissue s o f  white potato , 
corn kernel and chestnut . Figure I I I . 2 4 shows the variation 
of 6 )  � values o f  the various carbons o f  the 1 3 C spectra 
of Karamu starch pastes as a function of the pasting 
temperature . The results show that 6 �  � values decrease 
with increas ing pasting temperatures . 
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1 1 1 . 7 . Discuss ion 

1 1 1 . 7 . 1 . Sel f-diffus ion 

The results obtained from the d i f fus ion coe f f i c ient 
measurements of  water molecules in starch pastes and 
the amylopectin-water system are interpreted us ing 
var ious mode ls . The best model to describe the l inear 
relationship between D/D o and the weight fraction of  dry 
polymer is one which takes into account both the 
obstruction and hydration ef fects of the polymers in the 
aqueous continuous phase . As a result of thi s  analys i s , 
shape factors ( l )  are e stabli shed for the starch 
molecules in  the paste and for the amylopectin molecules 
in the amylopectin-water system . This gives L values of 
2 . 3  and 2 . 6  for the starch molecules and the amylopectin 
molecules respectively which are cons istent with water 
di f fus ing through oblate e l l ipsoids . 

The conformation of amylopectin molecules in  ammonium 
thiosulphate solution has been reported to be prolate 
e l l ipsoids of axial ratios s imilar to that of globular 
proteins ( 1 5 8 ) . Thi s  indicates that amylopectin molecules 
are spherical  in shape . The results obtained in  the 
present investigation thus contradict earl ier 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 fo lded 
amylopectin chains ( 1 5 9 )  to form planar molecules has been 
suggested . However there is no f irm evidence  to 
substantiate this suggestion . The results in  the present 
inve stigation provide direct experimental evidence mol� c: u..\e� ;1\ 
demonstrating thatA gelatinised starch (which 
contain 7 5 %  amylopectin ) and amylopectin molecules are 
two-dimens ional . 

1 5 7  



1 1 1 . 7 . 2 .  Spin- lattice and spin- spin relaxation times 

The results of T 1 and T 2 measurements of water protons in 
starch pastes and the amylopectin-water system are 
interpreted us ing a two- state fast  exchange model . 
This model i s  adequate in describing the relaxation 
behaviour o f  water molecules in both systems . The T 1 f 
values estimated from the intercepts for starch pastes 
and the amylopectin-water system are s imi lar to the 
value obtained for agarose ge l s  ( 1 2 9 ) . However , unl ike 
agarose gel s , the T 2 f values of starch pastes and the 
amylopectin-water sys tem which are s imi lar to pure water , 
are 3 ·  order� of  magnitude higher than the value for the 
agarose gel . Thi s discrepancy has been attributed to the 
presence of paramagnetic impurities in the agarose  
samples . The T 2 va lues for  the bound water in starch 
pastes  and the amylopectin-water system are much higher 
than the values reported for agarose gels ( T 2 b= l0fs )  ( 1 2 9 ) . 
However they are still  much shorter than T 2 f ( 4 0 0X ) . On 
the other hand , the T 1 va lues for the bound water in 
starch . pastes  and the amylopectin-water system are of the 
same order of magnitude reported for agarose gels  ( l O Oms ) 
( 1 2 9 ) . The dif ference between T 1 f and T 1 b o f  starch 
pastes and the amylopectin-water systems is about 2 0X 
which i s  much les s  than the d i f ference between  T 2 f and 
T 2 b ( 4 0 0X ) . Any change in the amount of  bound water 
wi l l  therefore has a much greater inf luence in T 2 
relaxation behaviour . This  explains the contrasting 
shape o f  T 1 and T 2 re laxation data obtained . 
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I I I . 7 .  3 .  1 3 C l iquid signal 

The results in Figure I I I . 2 2 show that there is  a loss 
of about one-third of the total 1 3 C liquid s ignal from 
paste s . This  loss is probably due to crysta l l i sation 
of  amy lose , to lipid-amylose complexes and to remnants 
of ordered granule structure . Figure I I I . 2 2 also shows 
that the observed total 1 3 C l iquid s igna� per unit  mas s  
o f  starch do not vary with increas ing concentration . I f  
the polysaccharide chains i n  the pastes  are in closer 
proximity when the starch concentration is increased , 
thi s  could lead to a greater amount of crystal l i sation so 
that the total 1 3 C liquid s igna� would decrease . However , 
this  d id not occur in the present case . One pos sible 
explanation for this  relates to the fact that the gel 
particles  in pastes pack so as to give a signi f icant void 
volume . As the concentration increases , further granules 
fill  these  voids , hence the environment within any given 
gel particle is not altered by thi s process . For this  
reason the 1 3 C liquid s ignal s  of  the polysaccharide chains 
may be unaffected . Another possible  explanation could be 
that the mechanism of  crystal l i sation involves a constant 
ratio of the polymeric components in the system , thi s  
would give a constant 1 3 C solid-l iquid s ignal , irrespective 
of the s tarch concentration . 

The 1 3 C l iquid signal results observed as a function o f  
the pasting temperature indicate that the 1 3 C l iquid 
s ignal is only observed when the s tarch is gelatini sed . 

1 5 9  

This  i s  consistent with the view that mobil ity of  the 
polysaccharide chains in starch granules increases during 
gelatini sation so that the 1 3 C ' s  making up the polysaccharide 
chains have l iquid-l�ke behaviour . The - dec�0� 1 in 

- '  ,..,c:�c.se \ ,..., 
6 Y �  values with the pasting temperature could be e i ther .� 

due to  an increase in T 2 relaxation times o f  the various 
carbons on the polysaccharide chains or to a decrease in 



the spread of chemical shi ft values for the various 
carbon nuc lei ( 1 5 0 ) . If the former is regarded as the 
explanation , then the results are in accord with the 
view that an increase in mobil ity o f  the polymer chains 
during gel atinisation results in longer T 2 relaxation 
times ( 6 1 ) . 
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APPENDICES 



Appendix Ia Derivation of  the s impl i fied equations for 
the calculations of "('l 1 and G 1 using Oka 1 s 
quadratic equations . 

Oka ( 9 2 )  has derived quations to describe the response o f  
a l inear vi scoelastic system to the shear conditions 
encountered in a coaxial cylinder viscometer . The equations 
are of  the form : -

( B o +B d G * 2 - (jL B l - ( B 2 + B 3 ) ;OW2 r 1 2 ) G* 
2 2 - B y;OW r 1 = 0 

where 

}-= 2 TI�r l '2.- ( I w 2 - k + �* 
where 

- i,( M* = me )l.J 

where 

fJ = density o f  starch paste 
r l = radius o f  inner cyl inder 
L = length o f  the immersed portion of the 
I = moment o f  inertia of  inner 
k = torsional constant of  the 
M* = complex amplitude ratio 
m = A/G o  
where 
A = amplitude of the output 
G 0  = amplitude o f  the input 
From Equation [i .  fJ 
1 e i!6 
M* = m 

1 [cos !6 + i s in !6] = 
m 

by 

cyl inder 
suspending 

expansion 

[r . � 

inner cylinder 

wire used 

lr . 8 '--

[r .  � 
B 0 , B 1 , B 2 and B 3 are geometric factors of  the coaxial  
cylinders . 
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B o = 

B I  = 

B 2 = 

1+ ( l+x ) 2 
2 ( l+x ) 

X ( 2+x ) 
2 ( l+x ) 

1 [ - 4 l6 

1 

( l+x ) ln ( l+x ) + 4x - 6x 2 + 2x 3 3x 4J 
-

l+x 

B 3 
[

4 ( l+x ) ln ( l+x ) - 4x - 2x 2 - 2x 3 x 4 J = 1 6  + -l+x 

r 2 - r 1 where x = --- - r 2 = radius o f  outer cylinder r 1 

Equation [ sj which i s  o f  quadratic f orm , can be solved 

'r l tY  
-

. � 

[] . 1 � 

[_I . 1?] 

0: .  lij 

to obtain G* . It can be shown that the geometric factors are 
such that B 3 and (B 2 + B 3 ) < <  ( B o  + B 1 ) , and at small  
f requency , can  neglect higher order of w in  Equation [s] .  
Thus 

( B o  + B 1 )  G* 2 - ( .,IJ... B d G* = 0 
so lving G* = 0 

or G*  = )..tB 1 
B o +  B 1  

G '  + iw"fl.: = - �  [2 n� r l 2 ( rw2 - k + . .  B o + B 1  

Equating a l l  real terms for G '  

B 1  bn�r , 2 kcosflS � G '  = ( IW2 - k  + B o + B I  m 

B 1  [2n�r , '  cosflS 
- 1� = ( r w2 - k ( --B o+ B 1  m 

but = 

kcosflS + ki�inflS J 
m [I .  1-D 
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• 0 G '  = 
1 

4TIL 
cosszS 

(k (-- -1 )  + rw2 ) m 

Equating a l l  imaginery terms for 1'\.' 

1 1 k s in� 
i . e .  

4 TIL m w  
[i . � 

Thus from the foregoing , r igorous evaluation of  dynamic 
viscos i ty and r igidi ty involves the separate 
determination of two variables ,  name ly the amplitude 
ratio m and the phase angle � -
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Appendix Ib 

A description of  the top-drive oscil latory 
coaxial vi scometer . 

Plate I . l  gives a picture of  the instrument which consis ted 
of three maj or components , the structural  framework plus 
cylinder assembly , the driving mechani sm and the sensing 
devices .  

The structural framework o f  the instrument consisted of a 
triangular brass  base plate , three vertical pil lars and 
an aluminium top end plate . The outer cylinder was 
secured into a recess at the geometric  centre o f  the base 
plate . The inner cylinder was suspended by a steel piano 
wire from the bearing ferrule s ituated at the top bearing 
as sembly . The outer and inner cyl inders could be a l igned 
by means of a f ine th�ead screw .  A water j acket vessel was 
incorporated onto the outer cyl inder 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 osc i l latory motion by the eccentric 
coupling mechanism .  This  assembly made it pos s ible  to 
obtain the driving oscillation whose period could be 
chqnged from ls to about 3 0 0 s . 

1 6 4  

An optical system ( 9 4 ) , coupled with a l ight dependent res i stor 
( LDR) and U . V .  recorder was used to monitor the input and 
output oscil lations . The set-up of  the measuring devices 
were s uch that nearly identical  s inusoidal o sci l lations 
were observed for both input and output s ignal s  when there was 
no sample  in  the annular space between  the inner and outer 
cyl inders . The s ignal response  dead time was shown to be 



negligible . The input and output voltage signal s  
which were dependent on  the amount of  l ight picked up by 
the LDR ' s were amplif ied through an ampli fying circuit , 
see Figure I . 2  and recorded onto U . V  traces . 
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Append i x  I c . A sample c a l cu lation i n  determi n i ng the r e l ative we igh t - s i z e  d i s t r ibution curve o f  
Gamut wheat s tarch from Coul ter Counter raw data . 

S l ope 

1 6 8  

Cou l ter 
counter 
vo l ume 

Ui m ) 3 D i ameter 
( e a !  ibra ted ) <f ml 

l n  ln 
cumu l a t ive D i ameter 1 cumu lative 

number )  �m) number )  1 

by 
n umer ical 
d i f ferent­

i a t i on 
Cumu l a t ive 

number 
Re l a t ive 

number 

Re l at ive Re l a t ive 
number/g w e i ght2 

x l 0 6  (mgf;um/g ) 

1 8  

2 4  

3 0  

3 6  

4 2  

4 8  

6 0  

7 2  

8 4  

9 6  

1 2 0  

1 4 4  

1 6 8  

1 9 2  

2 4 0  

2 8 8  

3 3 6  

3 8 4  

4 8 0  

5 7 6  

6 7 2  

7 6 8  

9 6 0  

1 1 5 2  

1 3 4 4  

1 5 3 6  

1 9 2 0  

2 3 0 4  

2 6 8 8  

3 6 7 2  

3 8 4 0  

4 6 0 8  

5 3 7 6  

5 4 0 1  

6 4 8 2  

7 5 6 2  

8 6 4 2  

9 7 2 0  

1 0 7 5 2  

1 2 2 8 8  

1 3 8 2 4  

1 5 3 6 0  

1 6 8 9 6  

3 . 2 5 

3 . 5 6 

3 . 8 6 

4 . 1 0 

4 . 3 1 

4 . 5 1 

4 . 8 6 

5 . 1 6 

5 . 4 3  

5 . 6 8 

6 . 1 2 

6 . 5 0  

6 . 8 5  

7 . 1 6 

7 . 7 1 

8 . 2 0  

8 .  6 3 

9 . 0 2 

9 . 7 1  

1 0 . 3 2 

1 0 . 8 7  

1 1 . 3 6  

1 2 . 2 4  

1 3 . 0 0 

1 3 . 6 9 

1 4 . 3 2 

1 5 . 3 6  

1 6 . 3 9  

1 7 . 2 5 

1 8 . 0 4 

1 9 . 4 3  

2 0 . 6 5  

2 1 . 7 4  

2 1 . 7 7  

2 3 . 1 3  

2 4 . 3 5  

2 5 . 4 6  

2 6 . 4 8  

2 7 . 3 8  

2 8 . 6 3  

2 9 . 7 8  

3 0 . 8 4  

3 1 . 8 4  

1 0 . 5 1 4  

1 0 . 3 6 4  

1 0 . 3 5 6  

1 0 . 2 2 5  

1 0 , 1 5 6  

1 0 . 0 9 9  

1 0 . 0 1 5  

9 . 9 4 5  

9 . 8 2 8  

9 . 7 4 4  

9 . 6 1 2 

9 . 4 6 5  

9 . 3 6 3  

9 . 2 8 3  

9 . 1 5 5  

9 . 0 4 4  

8 . 9 5 2  

8 . 8 8 3  

8 . 7 9 6  

8 . 7 6 7  

8 . 7 1 

8 . 6 6 6  

8 . 6 0 3  

8 .  5 7 2  

8 . 5 2 3  

8 . 4 7 4  

8 . 3 6 9  

8 . 2 5 8  

8 . 1 1 4  

8 . 0 2 0  

7 . 7 2 0  

7 . 4 3 2 

7 . 2 0 0  

7 . 2 4 4  

6 , 8 3 5  

6 . 5 4 0  

6 . 1 1 0  

5 . 8 6 0  

5 . 5 2 1  

5 . 0 7 5  

4 . 7 0 0  

4 . 2 5 0  

3 . 6 9 0  

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

1 8  

1 9  

2 0  

2 1  

2 2  

2 3  

2 4  

2 5  

2 6  

2 7  

2 8  

2 9  

3 0  

3 1  

3 2  

1 0 . 9 5 

1 0 . 6 8 

1 0 . 2 6 

9 . 9 7 

9 . 6 2 

9 . 3 2 

9 . 0 8 

8 . 8 9 

8 . 7 6 

8 . 6 9 

8 . 6 2 

8 . 5 7 

8 . 5 0 

8 . 4 0 

8 . 3 0 

8 . 1 7 

8 . 0 2 

7 . 8 3 

7 . 6 2 

7 . 3 8 

7 . 1 3 

6 . 8 7 

6 . 6 0 

6 . 3 0 

6 . 0 0 

5 . 6 6 

5 . 3 3 

5 . 0 0 

4 . 6 5 

4 . 3 1 

3 . 9 9 

0 . 3 9 0  

0 . 3 4 4  

0 . 3 1 5  

0 . 3 2 0  

0 . 3 2 5  

0 . 2 7 

0 . 2 1 5  

0 . 1 6 0  

0 . 1 0 0  

0 . 0 7 0  

0 . 0 6 0  

0 . 0 6 0  

0 . 0 8 3  

0 . 1 0 0  

0 . 1 1 8  

0 . 1 4 0  

0 . 1 7 3  

0 . 2 0 0  

0 . 2 2 3  

0 . 2 4 5  

0 . 2 5 5  

0 . 2 6 5  

0 . 2 8 5  

0 . 3 0 0  

0 . 3 2 0  

0 . 3 3 8  

0 . 3 3 0 

0 . 3 3 8  

0 . 3 4 5  

0 . 3 3 0 

0 . 3 3 0 

From plot of l n  c umu l at ive number against d i ameter 

5 6 , 9 5 0  

4 3 , 4 7 5  

2 8 , 6 2 5  

2 1 , 3 8 0  

1 5 , 0 6 0  

1 1 , 1 5 5  

8 , 7 8 0  

7 , 2 6 0  

6 , 3 7 5  

5 , 9 4 5  

5 , 5 4 0  

5 , 2 7 0  

4 , 9 1 5  

4 , 4 7 0  

4 , 0 2 0  

3 , 5 3 3  

3 , 0 4 0  

2 , 5 0 2  

2 , 0 4 0  

1 , 6 0 4  

1 , 2 4 8  

9 6 3  

7 3 5  

5 4 5  

4 0 3  

2 8 7  

2 0 5  

1 4 8  

1 0 5  

7 5  

5 5  

2 2 , 2 1 0  

1 4 , 9 5 5  

9 , 0 1 7  

6 , 8 4 2  

4 , 8 9 5  

3 , 0 1 2  

1 , 8 8 8  

1 , 1 6 2  

6 3 8  

4 1 6  

3 3 2  

3 1 6  

4 0 5  

4 4 7  

4 7 2  

4 9 5  

52 4 

5 0 0  

4 5 4  

3 9 3  

3 1 8  

2 5 5  

2 0 9  

1 6 4  

1 2 9  

9 7  

6 8  

s o  
3 6  

2 5  

1 8  

1 1 1 0 . 0  

7 4 7 . 8  

4 5 0 . 9  

3 4 2 . 1  

2 4 4 . 8  

1 5 0 . 6  

9 4 . 4  

5 8 . 1  

3 1 . 9  

2 0 . 8  

1 6 . 6  

1 5 . 8  

2 0 . 3  

2 2 . 4  

2 3 . 6  

2 4 . 8  

2 6 . 2  

2 5 . 0  

2 2 . 7  

· 1 9 . 7 

1 5 . 9  

1 2 . 8  

1 0 . 5  

8 . 2  

6 . 5  

4 . 9  

3 . 4  

2 . 5  

1 . 8  

1 . 3  

0 . 9  

Re l a t ive weight 
correct ion factor . 

r e l a t ive number/g x dens i ty o f  hydr a ted s tarch x part i c l e  vol ume x 

3 .  5 7  

8 . 1 1 

1 1 . 5 9 

1 7 . 1 7 

2 1 . 2 3 

2 0 . 7 4 

1 9 . 4 0 

1 7 . 0 0 

1 2 . 8 0 

1 1 . 1 2 

1 1 . 5 2 

1 3 . 9 4  

2 2 . 3 0  

3 0 . 2 9 

3 8 . 8 2 

4 8 . 8 3 

6 1 . 3 6 

6 8 . 8 6 

7 2 . 9 3  

7 3 . 0 8 

6 7 . 9 9 

6 2 . 3 0 

5 8 . 0 1 

5 1 . 4 5  

4 5 . 5 3 

3 8 . 3 4 

2 9 . 9 7  

2 4 . 4 9 

1 9 . 5 2 

1 4 . 9 6 

1 1 . 8 4 



Appendix Id Extrapolation technique to obtain the swel l ing 
capacity o f  a starch sample . 

Step l Obtain volumes of sediment at zero time from plots o f  
the volume of  sediment versus the centri fuging time for 
various centri fuging speeds ( rpm ) . 

Volurre of 
sedirrent1 
ml 

4 
-

3 

----· - · - · - · 
{). -- � -!'. -..::. - · 2 - v��� -· - = ===- • -- � 

1- v- v --

0 
0 5 I 1 0 1 5 

Centrifuging tirre 1 min 
I 2 0 

1 6 9  

Step 2 P lot volumes o f  sediment at zero time versus centri fuging 
speeds . 

4 

Volurre of 
sedirrent 
at zero 
tirre l I!1l 

3 

2 

Step 3 

0 
�0----.-----�------r-----;r-----.--1 5 0 0 2 0 0 0 2 5 0 0 5 0 0 1 0 0 0 

Centrifuging speed 1 rpn 

Calculate swe l l ing capacitl . J 11 . . S Y. 2 0 0+x l/  Swe 1ng  capac1ty 1 = 
x 1 0  m g 

where y = volume o f  sediment at zero time and at 
zero rpm 

x = weight o f  starch sample 
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1 0  
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9 0  
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Appendix I I a  One-way analysi s  of  variance , means and 9 5 %  
Confidence Intervals  for the enthalpy changes 
o f  various wheat starches . 

One-way ana lys i s  of  variance 

1 7 2  

Source o f  variance Sum o f  squares d . f .  Mean squares F-ratio 

Between starche s  4 . 3 6 6 5  5 0 . 8 7 3 3  

Error 0 . 4 6 5 9 5 3  0 . 0 8 7 9  

Total 4 . 8 3 2 4  

F = 3 . 4 3  0 . 0 1 ,  5 ,  5 3  * * *  1 . 0 % s igni f icance level 

Means and 9 5 %  Confidence Intervals  

4 . 0 0 4 . 2 5 

• Hi lgendorf 

,. Gamenya 

"" Gamut 

• Raven 

4 . 5 0 4 . 7 5 

--+- Aotea 

--o----Karamu 

5 . 0  5 . 2 5 

Enthalpy change , ca l/g 

9 . 9 3 5 * * *  



Appendix I Ib  One-way analys is  of  variance , means and 
9 5 % Confidence Intervals for the X-ray 
correlation crystall inity indexes of  
various wheat starches . 

One-way analys is  of variance 

1 7 3  

Source of  variation Sum of  squares d . f .  Mean squares F-ratio 

Between starches 
Error 
Total 

0 . 0 7 5  
0 . 0 3 1  
0 . 1 0 5  

5 
3 0  
3 5  

0 . 0 1 5  
0 . 0 0 1 0 2  

F 0 . 0 1 , 5 , 3 0 = 3 . 7  * * *  10% s igni f icance level 

Means and 9 5 %  Confidence Intervals  

• Aotea 

• Hilgendor f 

---'1'--- Gamut 

Gamenya 

• Raven 

Karamu 

8 2 . 0  8 6 . 0  9 0 . 0  9 4 . 0  9 8 . 0  1 0 2 . 0  1 0 6 . 0  
Correlation Crysta l l inity I ndex , % 

1 4 . 5 9 * * *  
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Appendix I l ia A sample calculation showing the percentage 
of variation in using the s impl ified form 

I ;l of Equation :.J I I . 2 3..J . 

t: q  = cl �e d o  (V.o d o  - 1 )  w 2 

1 + < vr d o - 1 ) w 

For W = 0 . 0 7 

h 
1-W 

+ 

J.__ = 2 . 3 1 V,-__, = 0 . 6 4 5 1 d 0 = l and h = 0 . 3 4 

w D/D o 

0 . 0 7 - 0 . 0 0 2 6 5  0 . 8 2 8 7  0 . 8 2 6  

r: .., 

J: I I . 2 l 

) I  I .  2 � 

% variation 

0 . 3  

% 
W 6 z  l+6 z - [J ( V.;, d o +h ) +h] w 1- [i<� +h ) +h] w variation 

0 . 0 7 0 .oo 0 6 4 0 0 . 8 2 4 0 . 8 l 7 6 0 /� '6 
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