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“What would you do if | sang out of tune,
Would you stand up and walk out on me?
Lend me your ear and I'll sing you a song,
And I will try not to sing out of key.
Oh I get by with a little help from my friends
| get high with a little help from my friends
Oh I'm gonna try with a little help from my friends

With a Little Help from My Friends, the Beatles
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Abstract

It has been seen that starch that remains in allgmaform when heated and
used in food systems offered better flavour peroapthan hydrocolloid thickened
products. It seems that starch that remains irgthaular form has a better mixing
ability in the mouth, leading to better releasetlod tastants to the receptor. A
suggested parameter to differentiate food thickenerdroplet break-up. In this
context, the flow behaviour of starch was studiediépth to better understand its
properties. First, a single swollen-in-water granwas studied using the rheo-
optical tool. The granule is suspended in an imibiscfluid and submitted to a
simple shear. Evidence of its deformation and ef tblease and ejection of the
solvent in the suspending matrix was shown andrprééed. The suspension of
swollen-in-water starch granules was charactenikedlogically and its continuous
phase was analysed. The behaviour of the suspemsdar flow was seen to depend
on the volume fraction occupied by the granules #melr deformability. The
analysis of the continuous phase revealed the presef solubilised low molecular
weight amylopectin. Finally a droplet of starch merssion suspended in an
immiscible matrix was compared to a model dropleta diydrocolloid solution. |
was shown that starch suspension droplet breaksmope easily than the
hydrocolloid droplet. An in depth study of the btag conditions of a starch
suspension droplet revealed a different mechanisan that observed for fluids.
Break-up occurred due to rearrangement of the ¢ganand the creation of thin
“zones”. The yield stress of the suspension was seelay a major role in the
break-up of the starch suspension droplets.
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Résumeé francais

Le but de ce travail de these est de comprendreoieportement sous
écoulement de particules molles a différents nixeala particule seule, la
suspension, et une gouttelette de cette suspendies.particules molles étudiées
dans ce travail sont les granules gonflés d’amidéamidon est un des polyméres
naturels les plus utilisés et est présent partansde monde végétal. On peut citer
parmi les plus connus, I'amidon de blé et de maisidqon de céréales), 'amidon de
pomme de terre, mais il en existe bien d'autresétés. Les applications pour
I'amidon sont nombreuses et diverses : dans laciion de tablettes en pharmacie,
comme agent de recouvrement dans la fabricatiopagesr et comme additif dans
les matériaux utilisé dans le batiment ou encormme épaississant dans les
produits cosmétiques. Derniérement, l'intérét s’astru pour I'utilisation de
I'amidon pour fabriquer des plastiques biodégraglmbNéanmoins, di a sa grande

valeur nutritionnelle, 'amidon est surtout utilidéns I'industrie agroalimentaire.

Contexte de I'étude

Les systémes comportant plusieurs phases, commeéntegsions et les
mélanges de polyméres sont utilisés dans de nomblie@uaines tels que I'industrie
cosmeétique, agroalimentaire ou encore l'industtastmjue. Pour comprendre leur
comportement sous cisaillement de nombreuses étselesont intéressées a la
déformation et a la rupture d’'une goutte plongéesdane matrice immiscible. Ce
type d’étude permet également de connaitre la notwgle des mélanges et la taille
des gouttes apres cisaillement.

Dernierement, il fut suggéré que la déformatiotaetupture de gouttelette
pouvait servir comme parametre physique pour coenpias systemes alimentaires.
I a été montré que des différences étaient perqasun panel d’analystes
sensoriels selon le type d’épaississant utiliséethblerait que les produits épaissi
par une solution de polymere (type Hydroxypropylmetellulose, HPMC) offrait
un godt diminué par rapport aux produits épaissiscade I'amidon et plus

particulierement ceux qui retenait une forme grainel apres préparation. Ces
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variations de godts semblent étre liées a la capdeis épaississants a se mélanger
en bouche. Avec un épaississant qui se mélange leeagents de flaveurs seront
mieux diffusés et donc seront plus rapidement prarés aux récepteurs sensoriels.
La capacité d'une goutte a se rompre semble éfe d la microstructure de
I'épaississant : une solution de polymere est uramge de macromolécules
emmélés tandis qu’une suspension d’amidon correspales granules, plus faciles
a séparer. Un parameétre physique qui pourrait @&retlée avec la capacité a se
mélanger en bouche serait la facilité d’'une goattse rompre dans un liquide
immiscible ; plus une goutte se casse facileméus, |p mélange en bouche est aisé.
Il serait donc possible de prévoir si un épaissisdannera une meilleure perception
en bouche que l'autre.

Problématique

Lors de cette these nous allons tenter de répanghesieurs questions qui se

posent lorsque I'on compare ces systemes alimestair

- Comment va se rompre une goutte de suspension ¢éenpaune goute
de solution ?
- Quel est I'effet de la microstructure sur les ctinds de rupture ?

- Quels sont les mécanismes de rupture d’une goetseisbension ?

Afin d'analyser la déformation et la rupture de tgeudans un milieu
immiscible il est nécessaire de bien connaitre clsctéristiques des systemes
étudiés, comme leur rhéologie ou encore leurs @#w de surface. De plus dans le
cas d'une suspension d'amidon ou les granules déftirmables, connaitre et
comprendre le comportement d’une seule particulg pe révéler intéressant pour
interpréter les résultats obtenus. Toutes ces @éraions soulévent les questions
suivantes:

- Comment comparer une suspension et une solutiordugpoint de vue

microstructure sont tres différents ?

- Comment définir les propriétés de surface d'un@eusion ?
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En résumé, I'objectif de cette thése est de caradier et d’analyser le
comportement sous écoulement d’'une suspension d'aton de mais cireux
modifié en vue de comprendre les différences potaalies entre les conditions
de rupture d’'une goutte de suspension d’amidon etne goutte de solution
d’hydrocolloide (HPMC).

Approche Expérimentale

Afin de réaliser cette étude, nous allons procéderois étapes :

- Caractérisation et interprétation du comportemehtin seul granule :
caractérisation au microscope optique, au micrasceépectronique a
balayage (MEB) et caractérisation de la surfacenayen de la microscopie
a force atomique (AFM). Le comportement d’'un gransegc et d‘'un granule

gonflé sera également étudié a l'aide de I'oudladoptique.

- Caractérisation et analyse de la suspenside comportement
rhéologique de la suspension d’amidon est étudiitetprété a diverses
concentrations. L'étude est réalisée en écouleraeein mode oscillatoire
avec un rhéomeétre rotationnel. La phase continudadsuspension est
eégalement analysée afin de déterminer si un pemateere polymérique
(type amylopectine) est solubilisée dans la phasetimue lors de la
préparation de [I'échantillon. L'ultracentrifugationa chromatographie
d’exclusion stérique sont parmi les méthodes atks

- La comparaison de goutte de suspension d’amidoreetsolution
d’'HPMC se fait a I'aide de I'outil rhéo-optique. 4 gouttes sont immergées
dans une matrice immiscible, de I'huile de silig@i2MS). Elles sont
ensuite soumises a un cisaillement simple appligoite deux plateaux
paralleles transparents tournant en sens inveesegbuttes sont comparees
autant que possibles, compte tenu de leur natuars dles conditions

similaires.
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Organisation de la these

La thése est organisée de la fagon suivante :

Chapitre | : Introduction

Le Chapitre | est consacré a l'introduction deHase. C’est une version
anglophone abrégée du résumé en francais ; ilndpte la méme facon, le contexte

de I'étude, I'approche expérimentale et 'organ@ate la these.

Chapitre Il : Contexte Scientifique

Le Chapitre 1l donne le contexte scientifique agute. Afin de permettre au
lecteur une bonne lecture de ce document, lesreliffés notions présentées dans
I'introduction sont reprises dans ce chapitre. Dans premiére partie, un bref
rappel sur la perception du godt en bouche ainsi lgmportance du choix de
I'épaississant et de sa viscosité est donné. Aa-deine concentration critique en
épaississant la perception diminue ; ensuite delchoix de I'épaississant, bien que
leurs viscosités soient identiques la perceptiont @gre différente. En ce sens,
I'amidon sous forme de suspension offre une me#lgerception qu’'une solution

de polymere ou les macromolécules sont entremélées.

C’est pourquoi la deuxieme partie de ce chapitre@ssacrée a I'amidon. Sa
composition, sa structure, ses propriétés et sonpodement rhéologiques sont
définie. L’amidon est en fait un mélange de deubyipéres dont I'unité monomeére
est le glucose, I'amylose et 'amylopectine maistda conformation dans I'espace
differe. L'organisation de ces molécules au seingdanule est une alternance
d’anneaux concentriques amorphes et semi-crisgationnant ainsi une structure
semi-cristalline a 'amidon. Selon les proportiaiamylose et d’amylopectine et

leur localisation dans le granule, I'amidon auras dwopriétés différentes et
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notamment celles de gonflement. En effet, une desctéristiques de I'amidon est
de gonfler lorsque ce dernier est chauffé danal'eaaude augmentant ainsi la
viscosité du milieu. Le gonflement dépend de laureatde I'amidon, de la
localisation de I'amylose et de I'amylopectine ddes granules, de la présence
d’'impuretés et des conditions de chauffage. Le lgorént des granules d’amidon
va influer sur les propriétés d’écoulement. Il seéoac nécessaire d'étre précis lors
de la préparation de nos échantillons. Si I'on we#re la rhéologie d'une
suspension d’amidon (granule + phase continuegpheportement dépendra de la
concentration en amidon. Si la concentration estiessous d’'une concentration
critique, la rhéologie est gouvernée par la phasgirmue et la fraction volumique
occupée par les granules. En revanche, si la ctnatien est telle que les granules
sont en contact, les propriétés rhéologiques dépendie la déformabilité des
granules. La caractérisation de ce systeme estssaioe pour 'étude de la

déformation de gouttelette.

Dans la derniére partie, on considere la déformagd la rupture de
gouttelettes plongées dans une matrice immisclelques modeéles et équations
utilisés pour I'analyse sont donnés. Deux hombdam@nsionnels sont utilisés pour
caractériser ce type de systéme. Le rapport deositgc p (viscosité de la
goutte/viscosité de la matrice) et le nombre caipdlCa qui est le rapport des forces
qui tendent a déformer la goutte (forces visqueusasles forces qui tendent a la
maintenir sphérique (forces interfaciales). Lesd&tes observées pour les
systemes newtoniens et les systémes viscoélassguésevus. Il semblerait qu'une
goutte viscoélastique a tendance a moins se défauigne goutte newtonienne. A
l'inverse une matrice viscoélastique tendra a déésrla goutte plus qu’'une matrice

newtonienne.

Chapitre Il : Matériaux et méthodes

Le troisieme chapitre est consacré a la descriptesnmatériaux et méthodes

utilisés au cours de notre travail.
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En premier lieu nous avons cherché a caractérammidon afin de préparer
au mieux les suspensions pour la suite de I'étugléempérature de gélatinisation et
son degré de gonflement maximal moyen ont été mié#és a I'aide d'un
microscope optique. La température de gélatinisaticeté définie comme étant la
température ou tous le granules ont perdu leutadlitsté et dans le cas de I'amidon
de mais cireux modifié, f; = 73°C. Son degré de gonflement maximal moyen est
de 12.5¢g/g. La concentration pour laquelle la faacvolumique est maximale, c'est-
a-dire que tout le volume est occupé par les gesnel ou ces derniers sont gonflés
a leur maximum est de 8%. Les suspensions sonttensé¢parées en ajoutant
'amidon a l'eau sous agitation; le mélange esaufl® au bain marie a la
température désirée (73°C) et laissé une minu&dta température afin de s’assurer
que tout les granules sont gonflés a I'équilibreurPcaractériser la phase continue
de la suspension, cette derniere est obtenue pdwnifegation ; le surnageant est
récupéré et analysé et le culot est jeté.

La caractérisation des huiles de silicone est domhéera nécessaire pour la
suite de I'étude ; des huiles de viscosité de 100mpour le mesures de tension
interfaciales), 25, 75, 170, 220, 1000Pa.s (pasirebgpériences de déformations de
gouttes) sont utilisées.

Les principales méthodes utilisées sont la rhémoetdans une cellule
contra rotative, la rhéologie et les mesures deideninterfaciales. Ces trois
méthodes sont décrites en détail dans le chayiitre |

L’outil rhéo-optique combine une action mécaniqwecaune observation
visuelle. Le systéeme a été développé au CEMEF x q#ateaux paralleles et
transparents sont montés sur un microscope. Les plateaux tournent en sens
opposé ce qui permet une visualisation constante I'dbjet lors de
I'expérimentation. Entre ces deux plateaux, sevigaine goutte de fluide suspendue
dans une matrice immiscible. En faisant tourneteplax, la goutte est soumise a un
cisaillement simple et se déforme. L'expérience @stegistrée a l'aide d'une
caméra CDD, et d'un enregistreur DVD raccordésyateme.

Le comportement rhéologiques est étudié en écarenet en mode
dynamique a l'aide de deux rhéomeétres rotation(MSR 301 d’Anton Paar et C-

VOR Bohlin de Malvern Instrument).
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La tension interfaciale entre I'huile et les systdnétudiés est mesurée a
I'aide d’'un tensiometre (PAT-1 de Sinterface) @améthode de la goutte pendante.

Enfin, les méthodes utilisées pour caractériseigtesules (MEB et AFM)
ainsi que celles mises en place pour l'analyse alephase continue (DSC,
Ultracentrifugation, SEC-MALLS) sont également di&s.

Chapitre 1V : Propriétés de surfaces d’'un grantdengdon et son

comportement sous cisaillement

Dans ce chapitre, les granules d’amidon de pomarterde et de mais cireux
modifiés sont comparés. L'amidon de pomme de testechoisi pour souligner les
variations selon la source botanique. De plusstilde trés grande taille et posséde
une grande déformabilité ; il présente donc unr@ttédans I'étude du comportement
du granule d’amidon sous cisaillement. L’étude aldorme des granules sec (par
MEB) a montré la polydispersité des granules quelsoit I'origine de I'amidon
mais surtout une grande variation de forme selosolarce. Les grains de mais
cireux modifiés ont une forme tres irréguliere, @age ressemblant un peu a des
silex taillés. En revanche, les rains d’amidon demme de terre présente une forme
homogene, patatoide et une surface plus lisseeG@d®AFM il a été possible de
quantifier cette rugosité de surface sub-microniopre observable par MEB. Tandis
que l'amidon de mais cireux présente une rugosiésurface élevée avec la
présence de pores et de crateres, 'amidon de paenterre posséde une rugosité
faible sans aspérités particulieres. Les impedeastide surface de 'amidon de mais
cireux modifié sont dues aux traitements thermiqaesuel il a été soumis.
L’analyse AFM sur des granules gonflés a révélé lquaeigosité du mais cireux
subsistait bien qu’étant plus faible. En revancéha,été impossible de réaliser des
mesures sur les granules de pomme de terre carccquesentaient une grande
élasticité et la pointe de I'AFM s’enfoncait dares Igranules. Une fois la pointe

retirée le granule retrouvait sa forme initiale igdiatement.
L’étude rhéo-optique sur granules secs a monteglegsl deux systémes se

comportaient plus ou moins comme des sphéres sigglel’'on prend en compte

I'erreur de l'outil. Sur des granules gonflés (arlenaximum), les expériences ont

13



Résume francais

révélé que les granules pouvaient se déformer jastpux fois leur taille initiale.
Lorsque les granules sont soumis a des cisaillsmsutfisamment élevés, du
solvant peut sortir des granules et rester attaahrrextrémités. Si le cisaillement
est encore augmenté, du solvant est éjecté danatltéce. Bien que ce phénoméne
ne soit pas visible lors de I'expérience, la pelevisibilité des granules due au
changement de densité et surtout la perte de volaemurée en fin d’expérience
indique que du solvant sort des granules. Ceteédst surtout qualitative car il est
difficile de pouvoir quantifier et comparer ce type systeme. En effet, nous avons
vu qu’il existait une grande diversité de taillerrpales granules d’une méme
population mais en plus le degré de gonflement patiér d’'une particule a l'autre.
Par conséquent, entre deux amidons d’origine @ifféer la comparaison n’est pas
évidente. Néanmoins quelques constatations impgedapeuvent étre faites. Les
deux granules sont censés étre gonflés a leur niaxinor le degré de gonflement
de la pomme de terre est supérieur a celui du niagax modifié. Il serait donc
logique d’avoir plus de solvant éjecté de la pomdee terre que du mais.
Néanmoins, la perte de volume semble montrer l&r@ioa. Une des hypothéeses est
que la présence de pores et de crateres a la suttagranule d’amidon de mais
cireux modifié permettraient une éjection plus l&acdu solvant. Une autre
possibilité est que la présence d’amylose en périghdu granule de pomme de
terre offrirait une barriére qui ralentirait la peide solvant. Une étude future plus
poussée sur de nombreux granules suivie d'une smatatistique des résultats

serait nécessaire pour conclure sur de tels résulta

Chapitre V : Propriétés d’une suspension d’amidon

Ce chapitre est dédié a la caractérisation d'uspension d’amidon de mais
cireux modifié. Nous avons considéré le comportéameréologique de la
suspension ainsi que les caractéristiques de laepbantinue. Il est important de
connaitre ces derniéres car la phase continuegweut un impact sur la rhéologie
de la suspension ; la phase continue sera en t@wec le milieu hydrophobe lors
des expériences de déformation de gouttelettgzaratonséquent il faut définir ses

propriétés de surfaces et sa composition.
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Dans un premier temps une suspension d’amidoncdraentration ou la
fraction volumique est 1 (pas ou peu de solvanbwlitet ou les granules sont
gonflés au maximum est étudiée. La suspension mstégime concentré, les
granules sont en contact. Nous avons montré ques da cas, la suspension
présentait un seuil d’écoulement. En dessous ddenimine contrainte, les granules
sont emprisonnés par les granules voisins. |l dépiasser une certaine énergie afin
gue les particules puissent bouger librement. Lasigs granules sont libres de
bouger ils s’organisent et se structure ce quig@endles propriétés rhéofluidifiantes
a la suspension. Ce phénomene est amplifié paéfl@rdation des granules sous
écoulement. Une certaine élasticité a pu étre rdesfpremiere différence de force
normale) au-dela de 300Pa. C’est précisément a cetitrainte que I'on observe
une déformation des granules gonflés d’amidon dé maeux modifié. En se
déformant, les granules stockent de I'énergie, Weegt a I'origine de I'élasticité
mesurée. Les mesures de viscoélasticité de suspemsimode oscillatoire montre
gu’a cette concentration la suspension a un commpant de type gel avec G'>G”
et G’ indépendant de la fréquence.

Lorsque l'on fait varier la concentration on petlserver I'émergence de
certaines caractéristiques selon que I'on se tremvetgime dilué ou semi-dilué (les
granules ne sont pas en contact) ou en régime ewéacfles particules sont en
contact). Cette concentration critique est de 5%lewr de concentration pour
laquelle un seuil d’écoulement est mesuré. Damsdmier cas (dilué), la rhéologie
du systéme est gouvernée par la phase continadrection volumique occupée par
les granules ; plus les granules sont nombreuxegpample, plus la viscosité sera
élevée. Cette étude a également montré que deasdtibeis entre particules qui
n'étaient pas en contact (semi dilué) pouvaienirsduire et augmenter la viscosité
attendue. Ces interactions ont lieu entre les mit#éca la surface des granules
adjacents.

Dans le deuxieme cas (régime concentré), la rhéoldg la suspension
dépend de la déformabilité des granules. Plushaatration augmente (tandis que
la fraction volumique reste maximale a 1), moirssgeanules ont d’eau pour gonfler
et plus ils sont rigides. Cette augmentation d#glidité provoque une augmentation
du seuil d’écoulement et de la viscosité. De phlgs il y a de granules, plus le

nombre de contacts est multiplié et plus les iotesas par ancrage mécanique
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(possible grace a la rugosité de surface) sontifeées, augmentant du méme coup

le seuil d’écoulement.

L’étude de la phase continue a montré que des milek@yant une petite
activité de surface étaient solubilisés dans Imageant. La matiére polymérique
présente dans la phase continue est en fait deylbgectine de bas poids
moléculaire (16g/mol). L'analyse quantitative indique que la camtcation en
amylopectine dépend de la concentration initialdadeuspension (de 0.63mg/ml a
6.67mg/ml pour des concentrations initiales d’amidte 10mg/ml et 50mg/ml
respectivement). La présence d’amylopectine dansphase continue peut
s’expliquer par deux phénomenes qui se produiseigblement en méme temps :

- De petites molécules d’amylopectine suffisammemédires pour sortir

du granule se solubilisent dans le milieu.

- Les molécules d’amlopectine en surface du graranéarachées lors de

la préparation des échantillons d’amidon.

Chapitre VI: Déformation et rupture sous cisaisr d’'une
goutte de suspension d’amidon : comparaison aveqaatte de
solution de polymere

L’étude comparative des gouttelettes de suspemsi@midon et de solution
d’HPMC est la finalité de cette these et constitumajeure partie de ce chapitre.

Avant de pouvoir analyser le comportement destglaites et de comparer
les deux systemes, la caractérisation d’'une sol@iBPMC est nécessaire. L'étude
a été realisée sur diverses concentrations, cecdafpouvoir choisir des solutions
d’HPMC ayant une viscosité équivalent a celle deslspension aux taux de
cisaillement étudiés. A 20°C, la solution d’hydribcime est rhéofluidifiante, non
thixotropic et possede un comportement en faibferd@tion entre le liquide et le
gel. L'HPMC possede une grande activité de surfaae il a des groupes
hydrophiles (hydroxypropyl) et d’autres hydropholjgeoupe méthyl). Sa tension
interfaciale dans I'huile est donc deux fois plaiblle que celle de I'eau dans I'huile
et est de 16,5mN/m. Cette value ne varie pas aeoricentration car on se trouve

au dessus de la concentration micellaire critique.
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L'observation visuelle en régime dilué et concéntles gouttes de
suspension d’amidon et d’HPMC révele des différengen seulement entre les
régimes de concentration mais aussi entre les dgstémes. En régime dilué, les
granules circulent dans la suspension avant degleagrer aux extrémités.
Quelques granules sont €jectés avec un peu dens@laapincement des extrémités,
formant ainsi une goutte concentrée en granules & augmente le cisaillement,
et donc la contrainte, plus les granules sont &gejetsqu'a ce qu'il ne reste qu’une
goutte de solvant. En régime concentré (la fractiolmmique est 1), les gouttes de
suspension se rompent en deux gouttes d’enviranélae taille. Pour la suite de
I'étude seul le cas concentré est considéré ; tegraintes appliguées sont en
dessous de contraintes de début de libération ldardal’'un granule. Pour 'HPMC
dilué, la goutte se casse par « tip-streaming st-@'@lire que de toute petites
gouttelettes sortent des par les pointes de lagdeour les concentrations d'HPMC
(régime semi-dilué c*<c<c**) pour lesquelles lacasité est comparable avec celui
de la suspension d’amidon, la goutte ’"HPMC neasse& pas.

La comparaison des deux systemes est difficila iiur microstructure : leur
comportement rhéologique et leur propriété de sarfont tres différents. Méme en
étudiant & une viscosité équivalente le nombrelleapi appliqué sera différent car
la tension interfaciale est différente. Nous avamsisi des concentrations en HPMC
qui donne des viscosités équivalentes a la suspeasmidon pour des values de
taux de cisaillement de 1.8 et 2!98&\éanmoins, comme les gouttes sont plongées
dans une huile de silicone de haute viscosité,idéres le taux de cisaillement n’est
pas tout a fait juste. A contraintes équivalentes,viscosités ne le sont plus les
mémes et les rapports de viscosité sont differébependant leur élasticité est la
mémeaux contraintes appliquée. L’étude comparativegaanhd méme réalisée aux
mémes contraintes. La comparaison de gouttes deertadlhe au méme cisaillement
a montré que la goutte de HPMC ne se casse pais gunl celle de la suspension
d’amidon se rompt. Ceci est un résultat inattendnsdce sens que le nombre
Capillaire appliqué a 'HPMC est plus élevé queucele I'amidon et de plus le
rapport de viscosité entre 'HPMC et I'huile deihe est également supérieur et
est tel que la rupture devrait se produire pluslgaent. Toutefois, la solution
d’HPMC suit les prédictions faites pour les fluidéscoélastiques. Cela suggére un
mode de rupture différent pour I'amidon que poduicde fluides. C’est pourquoi

une étude en profondeur sur le mécanisme et leditmors de rupture d’une goutte
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de suspension d’amidon a été meneée. Cette étudataeue le seuil d’écoulement
jouait un grand role dans la rupture de la goBtda contrainte ne dépasse pas ce
seuil, la goutte ne se rompt pas, elle agit commealide. Si la contrainte dépasse
tres lIégérement le seuil d’écoulement, mais queolarainte interne de la goutte
n'est pas suffisante, la goutte ne se casse pandla contrainte est suffisante, la
goutte casse comme les fluide Newtonien. Néannleimsécanisme est différent :
la contrainte interne est assez grande pour prarague circulation interne et donc
un réarrangement des granules. Ce réarrangemsse ldés zones peu concentrées
en granules ; la rupture ce produit a ce niveau dsque la contrainte est tres
élevée, les granules a l'intérieur de la gouttdé&ferment facilitant la circulation du
solvant et des granules ; la rupture est ainsi plaée. Dans ce cas les nombres
capillaires sont plus faibles que pour des fluidesvtonien. Néanmoins, il existe de
nombreux parametres encore inexplorés ; l'influededa taille des particules, de

leur nombre, de leur déformabilité.

Chapitre VII : Conclusions et perspectives

Les résultats principaux sont résumés dans ce tchagti des perspectives
scientifiques fondamentales ainsi que des appbicatindustrielles potentielles sont

présentees.
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Chapter I Introduction

The aim of this Ph.D. work was to understand tlogvfbehaviour of soft
matter at various levels: the soft particle, itspansion and finally a droplet of the
suspension. The soft matter considered here ishstdt is one of the most widely
used natural polymers and finds it sources in tlaatpworld. The main ones are
cereal starches from wheat and corn but starchalsanbe found in potatoes (tuber
starches), rice, peas and many more and can alsgemetically, physically or
chemically modified to enhance their propertiehids many applications in various
industries: to manufacture tablets in the pharm@caundustry, as a coating agent
in the paper-making field, as an additive in bunfglimaterials and as a thickening
agent in cosmetics. Lately, interest has been asing for the use of starch to
produce biodegradable plastics. However, due tonititional value, starch is

mostly used in food products as a texturing anckéming agent.

|.1 Motivation for the study

Many studies on flavour perception and mouth feamhf viscous solutions
containing thickening agents have been conductdie Theological variable
considered as one of the most important in tastieflamour perception is the shear
viscosity. For example Cook et al (2003) have satggkthat the Kokini shear stress
controls flavour perception in viscous foods.

Recently it was shown that systems with equivatdm@ar viscosities show
large differences in taste perception (Fegtyal., 2006). For pastes thickened by
starches which retain granular form, perception ardith feel are good. On the
other hand, for solutions thickened with hydroxypromethyl cellulose (HPMC),
perception and mouth feel are poor. Moreover, the af a non-crosslinked waxy
maize starch, where the granule disrupts easilingysrocessing, will result in a

reduction in perception.
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It has been suggested that the mechanisms thaihie¢s the frequently
reported reduction in taste perception with inceeldsydrocolloid-induced viscosity
Is restricted in-mouth mixing with saliva (Ferey al, 2006). Bad mixing reduces
the extent to which tastants are transported togbeptors (taste buds) and unmixed
material in the mouth also leads to poor mouthféRis restricted mixing would be
due to the entanglement of the polymer chains g®sgul to starch thickened
systems where the granular form is maintained, édientanglement cannot occur.

It is of interest to determine which structural aheological properties of
liquid foods correlate well with taste percepti@roplet break-up is thought to be a
possible parameter to differentiate hydrocolloidckbned systems from those
thickened with starch retaining granular form. Tdigective of this PhD study was

to answer the following questions, using modifieakyw maize starch:

- How will a suspension droplet break up compare@ wscoelastic model
droplet?

- What is the effect of droplet microstructure on ineak-up conditions?

- What are the break-up conditions for such systds#ifis a good parameter
to differentiate food thickeners?

To understand and analyse the deformation and huea&f a droplet
immersed in an immiscible fluid, their thorough derisation should be carried
out prior to experiments. The conditions for defation will depend on different
parameters such as the viscosity of each phasentdréacial tension between the

two phases. These issues lead to the followingtopunss

- How to compare a solution vs. a suspension in dugodl terms?
- What should be considered when measuring the adiatftension between a

suspension and another fluid?

To summarise, the objective was to study and unddend the behaviour
under flow of a modified waxy maize starch at the nular and the suspension
level, in view of understanding possible differensearising between the shear
induced break-up of starch suspension droplets andqueous polymer solution

droplets (HPMC).
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|.2. Experimental approach

In order to answer the questions listed abovegx@nts to characterise the
starch granules, the behaviour of starch suspemsam the break-up of starch
suspension droplets in an immiscible fluid wereiedrout. The experiments were

done as follows:

First, the modified waxy maize starch granules waharacterised in terms
of gelatinisation temperature, swelling degree,eneination of the shape and
surface properties using optical microscopy, Saamiilectron Microscopy (SEM)
and Atomic Force microscopy (AFM). The behaviourdo§ and swollen-in-water

granules was observed using the rheo-optical tool.

Secondly, the suspension of swollen-in-water stgreimules was analysed.
Prior to the analysis, a preparation procedure defshed in order to study the
system in identical conditions. The modified waxyire starch granules were
swollen in hot water (which will be called the sehi throughout the thesis) under
gentle stir at a specific temperature, the gelsdition temperature determined
previously. At this stage, all of the granules h&at their crystallinity and most of
them are swollen to their maximum but retain tlgganular form. The rheological
behaviour of the suspension was characterised wsingtational rheometer. The
continuous phase of the suspension was also adalgdee used in the suspension
droplet deformation study. The continuous phase widsained through
centrifugation of the suspension. Differential Stuag Calorimetry (DSC), iodine
staining, Analytical Ultracentrifugation (AUC) ar®ize Exclusion Chromatography
coupled with Multi Angle laser Light Scattering (SBMALLS) were used to carry
out the analysis of the continuous phase. The cteisation of the granules and the
suspension behaviour will allow analysis and imetgtion of the droplet

deformation data.

To compare the deformation of starch suspensioplei®to HPMC solution
droplets, the rheo-optical tool was used. The damesimmersed in an immiscible
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fluid between two counter rotating transparent ielrplates. Observation is done
through an optical microscope. The set-up allowsititn monitoring of the droplets.

The deformation and break-up of droplets of bothesyof system as a function of
drop/immiscible fluid viscosity ratio and appliettess was investigated in details

and compared. The criteria of starch suspensioplelrbreak-up were determined.

1.3. Organisation of the thesis

This thesis is organised in the following way.

The second Chapter will introduce the context armdngific background of
the study. First, a brief review will be given anrmouth flavour perception and the
implications of the viscosity and the choice otkaner, to guide the reader through
the motivations of the study. The second part oapZér 1l will be dedicated to
starch as it is the main material used in thisstlidhe composition and structure of
starch granules will be described. Swelling andgakation of starch in water will
be given as well as the influence of structure lo@ process. The swelling and
gelatinisation conditions have a great influencetlo@ rheological properties of
starch thickened samples as it will be seen. &lsepart of this literature review
will summarise the different findings on droplefatenation and breakup. Relevant
definitions and models will be given as well as thescription of the pioneering
works on the subject. Many studies have been choig on Newtonian systems,
I.e. where both the dispersed and the continuoaseplare Newtonian. Hence, the
global findings for such systems will be describéthwever, in most practical
applications one or both phases are viscoelasditing to different results. Finally,
systems where the dispersed phase is a suspemsatdvill be reviewed as it the
closest to the systems that will be studied in wngk. However, only one article
related to the subject was found, evidencing thk td research in the field and thus

showing the innovative angle of this Ph.D. work.

Materials and methods used for this study are desgtiin the third Chapter.
The used starches (modified waxy maize and pottdcly are presented and
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determination of the gelatinisation temperatureval as the maximum degree for
both starches is given. The preparation of the $snwill also be explained.
Hydroxypropylmethyl cellulose (HPMC) and siliconl avere also used for the
experiments and will hence be described in this@ecTo study the shear-induced
flow behaviour starch suspensions (and also the @EP#6lutions) two main
methods were used: the rheo-optical counter rafatirear cell (set-up developed in
CEMEF) and rotational rheometers. Both methods bellthoroughly described in
this Chapter. Surface tension measurements weredayut with a tensiometer
using the pendent drop method. Finally, many othethods were used to
characterise the starch granules (SEM, AFM) andctminuous phase of a starch
suspension (DSC, iodine staining, AUC and SEC-MA) la&d will be given in
Chapter III.

The first results Chapter (Chapter 1V) will be shiogvthe characterisation of
modified waxy maize and potato starch granules, their shape and surface
properties as well as their behaviour under sh€éhe SEM pictures and AFM
analysis will be given. Finally, the qualitativaigdy of the behaviour of swollen in
water starch granules under shear will be explaaretl interpreted along with the

difficulty arising when studying such systems.

The rheological properties of a modified waxy mastarch suspension will be
described in Chapter V. The first part of the ckapwill be dedicated to the
rheological properties of the suspension at differeoncentrations. Influence of
volume fraction and deformability of the granulellvide demonstrated. The data

obtained for the continuous phase will be analys®tidiscussed.

Once the starch suspension is fully characterigad,possible to study the
behaviour of a droplet submitted to shear. Compariwith an HPMC solution
droplet will be given in Chapter VI. First, the HRMsolution will be characterised
as it is needed for the analysis of droplet deftionadata. This data will be
analysed and differences between the systems aviliterpreted. Both systems will
be compared in terms of microstructure, droplepdeétion and break-up. An in
depth study on the break-up conditions of suspendroplets will be carried out.

Interpretation hypothesis for suspension breakriiprion will be given.
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The overall results of this study will be summadisand relations between
the chapters will be explained in the conclusiomd perspectives Chapter (Chapter

VII). Suggestions for future work and further applion will also be given.

This work was done and partly funded thanks to tharopean
Polysaccharide Network of Excellence (EPNOE).
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Résumé du chapitre |l

Contexte scientifique

Notre étude porte sur les suspensions d’amidomsoa un cisaillement et
plus précisément a la déformation et la rupturene’gouttelette de suspension
d’amidon soumis a un cisaillement simple. L'origie cette étude est la
détermination d’un parametre physique permettardoteparer divers épaississants
alimentaires qui offrent des différences dans legmion du godt bien qu’ils soient
a des viscosités et des concentrations en ardbmegatants. Pour que le lecteur
comprenne les différents implications de ce su@t,pour poser le contexte
scientifique, trois sujets ont été abordés au cdarse chapitre : sur les généralités
de perception du golt en bouche, sur I'amidon ettamt I'accent sur la rhéologie
des suspensions d’amidon et enfin sur le compenmnéisous cisaillement de gouttes

liquides dans une matrice immiscible.

Dans une premiere partie, une bréve récapitulagicgté présentée. Tout
d’abord quelques aspects généraux sur les arbniesrgierception ont été donnés
pour situer le contexte. La perception du godtietiencée par la viscosité du
produit : au-dela d’'une concentration critique, ¢4, perception est largement
diminuée. Il semblerait que cela soit di a un fartsréduit des agents de flaveur
vers les récepteurs sensoriels. De plus ce transpaait conditionné par le type
d’épaississant utilisé : une solution de polyméypd hydrocolloide) ne permet pas
une aussi bonne perception du godt que les sugpsndiamidon (les granules ont

gardé une forme de particules).

Pour mieux comprendre les spécificités de I'amjdanseconde partie est
dédiée a expliquer sa composition, sa structusepsmpriétés et son comportement
rhéologique. Grace a une grande valeur nutritidaretlses capacités de gonflement
dans I'eau, I'amidon est un ingrédient de premiegix dans I'industrie alimentaire.

Ce biopolymére a des origines diverses conféransi aine large palette de
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propriétés selon la source utilisée. L'amidon estimpgosé d'amylose et

d’amylopectine, deux polymeéres dont l'unité monoenest le glucose mais dont
'arrangement dans l'espace différe. L'organisatis ces molécules au sein du
granule est une alternance d’anneaux concentrigoesphes et semi-cristallins

donnant ainsi une structure semi cristalline a ithom. Les granules chauffés dans
I'eau gonflent et augmentent ainsi la viscositdo®ées conditions de préparation,
la concentration et la composition en amylose eylapectine, I'échantillon aura

différentes propriétés d’écoulement. En dessousmed’'gertaine concentration

appelée concentration critique (ou les granules ®oncontact), les propriétés
rhéologiques sont gouvernées par la fraction vajumioccupée par les granules.
Plus les granules sont gonflés, plus ils prenneriaglace et plus la viscosité sera
élevée. Dans le cas ou la concentration est swpéréela concentration critique, la
rhéologie dépendra essentiellement de la déforit@abides granules. Plus les
granules seront gonflés, plus ils seront défornzabée donc sensibles au
cisaillement ; par conséquent la viscosité sera fdible. Quand on considere la
rhéologie des suspensions d’amidon il est imporigntonnaitre les conditions de
préparations de I'’échantillon car ils influencemgbnflement des granules. De plus,
des interactions entre particules, encore largemetonnues, peuvent influencer
son écoulement. Néanmoins, pour étudier la déféomafune goutte de suspension

d’amidon il est nécessaire de connaitre sa rhéalogi

Dans la derniere partie, le comportement de gettits plongées dans une
matrice immiscible est considéré. Les modéles @éfiour les systemes purement
Newtoniens (goutte Newtonienne et matrice Newtamegrsont d’abord expliqué.
Deux nombres adimensionnels sont utilisés pourirgeta majorité des systemes
étudiés : le rapport de viscosité p qui équivautagyport de la viscosité de la goutte
sur la viscosité de la matrice et le nombre capl€a qui est le rapport de forces
qui tendent a déformer la goutte (forces visqueusasles forces qui tendent a la
maintenir sphérique (forces interfaciales). Unettgoaoumise a un cisaillement se
déforme ; si ce dernier est augmenté au-dela dartaio seuil la goutte peut se
rompre (lorsque les forces interfaciales sont tfa@ples par rapport aux forces
visqueuses). On parle dans ce cas de nombre a&pdidique. Il existe une relation
entre le rapport de viscosité et le nombre capélaritique, déterminée pour des

systemes Newtoniens. Selon la valeur du rappostist®sité il est plus ou moins
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difficile de rompre la goutte. Dans le cas ou uas deux phases est viscoélastique,
la déformation ainsi que les conditions de ruptobangent. Si la matrice est
viscoélastique, la goutte Newtonienne aura tendarse déformer plus et a rompre
plus facilement que dans le cas analogue Newtoliemevanche si la goutte est
élastique, elle se déformera moins et casseradfiilement. Finalement, dans le
cas ou les deux phases sont élastiques des rugiate®ent survenir pour des
rapports de viscosité tres élevés contrairement auses cas. De plus certaines
ruptures peuvent s’effectuer dans un axe diffégeretcelui de I'écoulement.

Pour finir, une petite partie a été consacree tade de la déformation et
rupture de gouttelette de suspension. Il semblepadt le comportement dépende

essentiellement de la fraction volumique occupédgsaparticules.
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Chapter II: Scientific background

Multi-phase systems such as emulsions are widedyg us cosmetics, food
and pharmaceutical applications and have therdiesn widely studied. Through
droplet break-up in simple shear flow it is possitd appreciate some of the factors
determining drop size distribution in polymer mirda and emulsions and
consequently have a better understanding of thie itnélology and overall mixture
properties. Such studies could contribute to anetstdnding of the differences
observed in the flavour perception between staneti lydrocolloid thickened
products at the same shear viscosity (Mitchell let2008). Because the idea of
correlating flavour perception in starch systemd droplet behaviour was at the
origin of this work, two main directions in the entific background will be
considered: starch as a thickening material andlerehaviour under shear.

The specific characteristics of starch are of ggein the food industry for
its great nutritional value but also for its thiokeg properties. Some starches allow
better flavour perception and mouthfeel than otleerthan hydrocolloid thickened
products and this is of importance as the use e$ehstarches could allow a
reduction of salt concentration in food productd #mus help current health issues.
Many phenomena are involved in flavour perceptiochsas chemical interactions
but also physical and structural characteristicthefproduct, such as the ability to
efficiently mix with saliva in the mouth. The mixgrability could be estimated by
studying the behaviour of a droplet of starch snosma under simple shear, i.e. its
deformation and break-up conditions and comparing the behaviour of
hydrocolloid droplets under similar conditions.

All of these intertwined notions are important tardy and in order to guide
the readers through this work, previous studiethese subjects will be explained in
this chapter. A first part will deal with the inBace of the viscosity of food products
on flavour perception; only the key conclusiond Wwé presented here as it is not the
main interest of this study. However, it seemedartgmt that the reader understood
the initial motivation for this research. As starnshpresent in all aspects of this

study, a second section on starch structure andhéslogical characteristics is
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presented here. Finally the last part is fully datkd to the theories and results

obtained to this day for droplet deformation anelairup.

[I.1 Flavour perception

I1.1.1 General aspects of flavour and its perceptio

Flavour can be considered as a mixture of non M@ledmpounds sensed on
the tongue (taste) and volatile compounds thatpareeived through the sense of
smell (aroma). Aroma seems altogether more impbttean taste; it can be easily
demonstrated by the difficulties of the subjectidentifying flavour with his/her
nose pinched (Taylor & Linforth, 1996).

Perceived flavour during consumption is due to station of three principal
sensory systems (Cerf-Duscastel & Murphy, 20015tetaolfaction and trigeminal
system. The latter is a somatosensory system foifdbe as it provides sensory
innervation to the oral cavity and motor innervatiim the muscle of mastication

(http://cancerweb.ncl.ac.uk/cgi-bin/omd?trigemingbktem consulted 30/07/08).

Aroma-taste interactions have been thoroughly stijciowever, what is happening
at the somatosensory/ taste/aroma level is notumelérstood (Cook et al., 2003).
Food can be consumed in many ways; different physimtes of the food products
may lead to many different studies. It is obviohattflavour perception in liquid
beverages will not be the same as for fat basedupte or low moisture content
products such as cereals. For example, a liquid mape diluted by saliva since it
is consumed rapidly whereas eating cereal indaee®ing and mixing with saliva
and will consequently stay longer times in the rhdiitaylor & Linforth, 1996). It is
possible to imagine that during consumption mamcyoid may influence the release
of volatile and non-volatile components such asucstre break-up during
mastication and mixing with saliva. Lately, an net& has been building on the
relationships that exist between flavour perceptia oral viscosity, texture and
structure of hydrocolloid or starch thickened pratduBayarri et al., 2007; Cook et
al., 2002; De Roos, 2003; Ferry et al., 2006; &mwtdiris et al., 2008).
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11.1.2 Influence of viscosity and texture on flavayperception

Baines & Morris (1987, 1988) studied the relatibbetween flavour
perception and viscosity of the product. They det@ reduced flavour perception
above the coil overlap concentration c* in hydrémd solutions. When the
viscosity of the solution was above this criticahcentration a decrease in flavour
perception was perceived. It was suggested thestdue to inefficient mixing with
saliva above c*, thus reducing transport of smadtdnts to the receptors on the
tongue. In contrast De Roos (2003) attributed thihenomenon to binding of
flavour compounds to the thickener and the eféédhe latter on mass transport.
Although there is strong evidence of flavour birgdilo thickening agents, such as
hydrocolloids and starches (Jouquand et al., 20Dzyquand et al., 2006;
Rutschmann & Solms, 1989), the reduction of tastamsportation to the receptors
by other mechanisms such as reduced mixing eftigies a preferred hypothesis.
Indeed, studies showed that although strong binbigtgveen protein and flavour
occurs, there is little or no effect on the releafethe compounds during
consumption (Le Guen & Vreeker, 2003; Weel et 2002). A further study by
Cook et al. (2003) showed through analytical meshibht there was no change in
retronasal release of aromas during consumptioniémous hydrocolloid solutions
above c* although a trained sensory panel cleaglgated a reduction in flavour
with increase of the product viscosity. It seena tinly the release of the tastants to
the receptors is delayed and that tastants ruleotrexall flavour perception
(Koliandris et al., 2008).

Studies on the relation between mechanical pragsedi gelled systems and
flavour perception (Bayarri et al., 2007; Koliaredet al., 2008) showed that the
lower the strain at rupture the higher the flavparception. The more brittle gels
will break-up more easily on the mouth hence cnggta higher surface area; it
allowed easier tastant release, suggesting thaitréfease to the receptors plays a
major role in flavour perception.

These studies also revealed an effect of the hptlood type on the
perception and mouthfeel.
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[1.1.3 Differences induced by the type of hydroaati/thickener

Ferry et al. (2006) assessed the flavour percemtidasil and salt in starch
and hydroxypropylmethyl cellulose (HPMC) thickenprbducts through sensory
tests and tried to correlate the results with nstrectural properties. The study
demonstrated that starches showed less flavoubiiidm than the HPMC. When a
large magnitude of decrease in perception was wbdewith increasing HPMC
concentration, the starches showed only a sligbtedse. Moreover, differences
occurred depending on the type of starch; waxy ena#fered lower flavour
perception than the cross-linked waxy maize. It \mgpothesised that a higher
flavour perception could be due to the way thekmed product mixes in the
mouth and releases the volatile and non-volatitemunds to the receptors (Baines
& Morris, 1987; Ferry et al., 2006; Mitchell et.,aR008). The ability of the
thickeners to mix in the mouth is linked to theircrostructure and their rheology.
In hydrocolloid solutions, polymer entanglementsildohamper mixing and thus
tastant release and transportation to the taste (Baines & Morris, 1987). The
studies mentioned above report a sharp decredl/aur decrease above c* where
the coils overlap, confirming the idea that polynestanglement might be a key
parameter (Baines & Morris, 1987; Cook et al., 200@0k et al., 2003). Ferry et al.
(2006) showed that modified waxy maize starch pagte/e better perception and
mouthfeel than the waxy maize ones. Visual obsEmatindicated that a waxy
maize paste was closer to a solution of random onaalecular coils with little
residual granular structure whereas cross-linkedywaaize retained good granular
form. Hence, the differences observed seemed tubeto the microstructure and
could explain the differences in mixing behavio8uggested physical parameters
related to flavour perception such as the degresheér thinningMitchell, 1979)
or Kokini oral stress do not directly relate toxmg (Cook et al., 2003). It was
hypothesised that extensional behaviour would tatee better with mixing
behaviour and thus with flavour perception and rfagl (Connelly & Kokini,
2004).

Part of this work is to study the extent of defotiora of starch and HPMC

thickened droplets; it is possible that the defdromaand break-up of such droplets
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correlate efficiently with mixing properties, ansgabreak-up suggesting a better
mixing ability.
However, before reviewing the aspects of dropleforteation and the

associated theories, it is necessary to understanch, its structure and properties.

II.2 Starch: a complicated matter

Starch is a natural polymer that can be found englant world; botanical
sources are abundant but the main ones are cdaip@nd wheat. Starches can also
be genetically, physically or chemically modifieditnprove their properties such as
resistance to heating for example. Starch apptinatare numerous; among others
are fillers and coatings in pharmaceutical produets a material for building
construction, in paper making and biodegradableéagiog to name only those.
However, its most common use is in the food inqustr

Starch is consumed for its nutritional value bualgo makes an important
contribution to texture. Because of the abilitytlod starch to swell in excess water;
it is and effective thickener and is used by thedfondustry to increase the viscosity
of liquid products. The intake of water by the skagranule is possible thanks to its

specific structure.

[1.2.1. Starch structure

Starch is the plant energy reserve and is founthénform of granules in
stems, roots and tubers. It is composed of a nexwir two polysaccharides:
amylose and amylopectin. These carbohydrates diffesize and shape, due to
different glycosidic bonds, but also in their prapms within the granule. The

monomer unit of both molecules, a glucose moledslpresented below.
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[1.2.1.1.The glucose unit
D-glucopyrannose exists in two anomeric forms reférto as “OHa-
anomeric” when the hydroxyl group is in the axiakjpion and “OHB-anomeric”

when in the equatorial position (Figure 2.1).

Figure 2.1: a-D-glucose and-D-glucose

The carbons of the glucose molecule are numbeced 1rto 6 starting from
the right of the oxygen atom; th& Barbon is linked to the oxygen and"aaom is
outside of the ring.

In the case of starch polymers, the monomer unthésa-D-glucose; the

other formB-D-glucose can be found for example in cellulose.

[1.2.1.2.Amylose
Most starches consist of 15 to 30% of amylose (£oli®88), this amount
differs with botanical source or possible modifioatand can vary from 0 to 70%.
The glucose units are linked in(1-4), i.e. the first carbon of a glucose moledsle
linked to the & carbon of another monomer unit (Figure 2.2). The/mper thus

obtained is linear and can count 500 to 6000 monaImi¢s.

HO o o
HO O HO HO o
% OH OH O OH O oH
HO HO O-
HO HO
n

Figure 2.2: Representative partial structure of amjose.
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Due to the conformation of glucose, the shape ef d@mylose chain is
arranged most of the time in a stiff left handedtixhdt is stabilized by hydrogen
bonds, with 7 or 8 units per revolution (Oates, 9719 Amylose chains can
sometimes form double helices (Shi et al.,, 199&tdreet al., 1998). The inner
surface of the helix is hydrophobic hence formingiplexes with lipids and iodine

I.. The latter is used for the determination of aragloontent.

[1.2.1.3.Amylopectin
Amylopectin is the larger fraction (70-100%) ofrstamainly because alone
it can generate granules. Glucose units are linked (1-4) but five percent are
linked in o (1-6) causing the amylopectin to be highly brancli@ates, 1997)
(Figure 2.3).

HO 5%%
» %ﬂ%ﬁgﬂ

Figure 2.3: Representative partial structure of amjopectin.

The arrangement of amylopectin is therefore difiefeom that of amylose;
instead of a long linear chain, amylopectin is cosgad of many shorter chains
organised in clusters. Current models for amyldpefihe structure suggest two
populations of chains: A- and B-chains present Imoat equal proportions. A-
chains are “outer” unbranched chains, attachetid¢ariolecule by a single linkage
while B-chains are linked to two or more chainse($égure 2.4), the first being
slightly more numerous than the “inner” branchedinh. Amylopectin molecules
will also possess one sinige C-chain each with duaeg group. The size
distribution of these chains can be separated timt®e groups (Han & Hamaker,
2001):
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- Small chains (degree of polymerisation, DP, betw&2nand 20 glucose
units), mainly A-chains and small B-chains linkitegp clusters.

- Longer chains (30 < DP < 47) mainly long B-chaimkihg three or more
clusters.

- Long chains (DP above 60 glucose units) comprigégtachains that connect
several clusters.
The cluster arrangement of amylopectin is respdmsior the semi-

crystalline organisation of the starch granule.

[1.2.1.4.Semi-crystalline structure and location afmylose and
amylopectin within the granule
Knowing the crystalline structure is of interestitawill give information on
the swelling capacity of a granule. The locationtled components within the
granule will also give information on the globatusture. However, location of
amylose and amylopectin remains unsure and seedeptnd on many parameters.
A starch granule observed under polarized lighiwsh a Maltese cross,
indicating through this birefringence phenomenonsemi crystalline structure.
Looking at acid hydrolysis treated starch (acid wilt the glucose bonds allowing
water to penetrate the granule more easily) unight microscope it is possible to
see concentric growth rings (mainly for large gitahuThe initial growth centre is
called the hilum. These growth rings are a sucoassf alternated amorphous and
crystalline zones (Figure 2.4a) thus suggesting #starch matures in a diurnal
rhythm, and that newly synthesized material is dépd on the surface as the

granule increases in size (Oates, 1997).
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Semi-crystalline (b) © C-Chain

(@) growth ring Amcrai:]pghous

Crystalline lamellag

Amorphous lamellg
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growth ring
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Figure 2.4: Schematic diagram of the structure of astarch granule. (a) Single granule
comprising concentric rings, each containing stackef amorphous and crystalline lamellae; (b)
amorphous and crystalline lamellae; (c) chains ofraylopectin arranged in a cluster structure
(adapted from Jenkins & Donald, 1995)

Semi-crystalline growth rings (Figure 2.4b), mainlgomposed of
amylopectin, are alternating amorphous and crys&allamellae. The ordered
regions (crystalline) are tightly packed glucosainh while the less ordered regions
are predominantly composed of branching pointsla@akt al. (1997) described the
structure as a “mozaic of hard and soft materiglg soft material being a semi-
crystalline shell (corresponding to the amorphowsez of Figure 2.4) and a
crystalline hard shell. The latter is alternatimgosphous and crystalline lamellae, in
agreement with the description of Jenkins & Dorn@@95). Visual observations of
starch granules using various microscopy tools sgowhat the crystalline hard
shells are composed of large blocklets of altengatrystalline and amorphous
lamellae giving new insight on granular organisati®his alternation corresponds
to what is described above, i.e. that the crysialliamella is composed of
amylopectin clusters in a double helical conformratand the amorphous part of
branching points. The softer layer (semi-crystallaone) also contains blocklets but

smaller in size.
Native starch granules contain between 15 and 4b@étystalline material.

X-ray diffraction gives two distinct patterns, AcaB (Figure 2.5). A third pattern
called C-type is a mixture of both A and B.
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" o
'

Figure 2.5: Crystalline patterns of starch. (a) A-ype; (b) B-Type (Zobel, 1988)

These two models for crystal polymorphs of staaithough they have the
same helical structure, are based on the diffesemcéhe packing configuration of
double helices and the water content (Gidley & Bhcil985; Imberty et al., 1991).
Both crystalline structures are the result of deuftlices paired and stabilized by
hydrogen and Van der Waals bonds.

The A-type pattern, seen mainly in cereal starchesa face-centred
monoclinic network composed of 12 glucose molecgulesated in left-handed
chains that contain four water molecules betweenhelices (Gidley & Bociek,
1985). The B-type crystallite (tuber starches nyst an hexagonal array formed
by two left-handed parallel stranded double helisdsere a unit cell contains 12
glucose residues and 36 water molecules. The ABamécking type depend on
storage conditions (moisture, temperature); e.g.BkHype can become an A-type
through heat moisture treatment allowing, in speabnditions, for the molecules
to rearrange, hence leading to a denser packingnonakmore difficult for water to
penetrate. This is one of the physical modificagidhat can be made to starch
granules and is called annealing (Jayakody & Hod2@08).

The structure of the starch granule is pretty wellerstood regarding the
location and conformation of amylopectin. Howewghere the amylose sits in the
granule is still subject to debate. It is of importe to know the location of amylose
and its relation to amylopectin as these parametéghbt influence the behaviour of
starch in excess water. On one hand, several stuellealed that more amylose was
located at the periphery of the granule (Gallanalet1997; Jane & Shen, 1993;
Sevenou et al., 2002) and that it contributed togh level of organisation at the
surface leading to resistance to enzymic attackdi$®u et al., 2002). On the other
hand, Kuakpetoon & Wang (2007) showed that amyleas not at the periphery
contradicting findings by Jane & Shen (1993). Wbah be said is that amylose
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location depends on the starch type (Atkin et E99). In any case, amylose is
present in the whole granule and is thought torbéundles among amylopectin
clusters (Jane et al.,, 1992; Oates, 1997), caudisigiption of the crystalline
formation (Cheetham & Tao, 1998). However, Banksl d&reenwood (1975)
showed that amylose could contribute to crystditimn high amylose starches by
forming different crystal polymorphs. As it can been it is hard to determine the
location of amylose and its influence on crystalindifficulties can arise from the
variety of starches avalaible. Moreover, differenoecur depending on the maturity
of the starch, the storage and growing conditiokls.of these differences will
acount for gelatinization behaviour. Other smalstduents, such as proteins and
lipids, can also influence the swelling of the gran

[1.1.2.5.Small components in starch granules
Some starches, mainly cereal starches, may conligids such a
lypophospholipids and free fatty acid or surfag@dé. They are able to form
complexes with amylose which melt at high tempegt&tarch may also contain
proteins and a small amount of minerals namely phaois (found mostly in potato
starch). These small “contaminants” have been wadeby Tester et al. (2004).

[1.2.2. Starch in water: swelling and gelatinizatroprocess

Dry starch, when heated in excess water, startdliegy as the water is
absorbed by the granules. Past a certain statgh#r@menon is irreversible and is
called gelatinization. This process is possiblenkisato a-(1-4) linkage; the
molecules can arange so as to allow water entesttheture. When the starch paste
is cooled and ages the polysaccharide chains repayathis process is called
retrogradation. Both gelatinization and retrogramfaaire presented below in Figure
2.5.
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Figure 2.5: General behaviour of starch upon heatig and cooling in excess water (from Boursier,

Technique de I'ingénieur)

In Figure 2.5, the empirical rheology data obtaineith a rapid visco-
analyser is compared to the granular scale. Thetarigemperature for which the
granules starts swelling is shown in Figure 2.5c&this temperature is reached the
viscosity increases rapidly as the swelling reachamaximum (viscosity peak).
During this process the amylose molecules leachobuhe granules creating a
medium around the particles composed of solventaangdose. The granules keep
swelling until they have reached equilibrium. Affteeximum viscosity is reached,
if the temperature continues to increase, the deanwill burst and disperse
completely. This explains the sharp decrease imogity called the viscosity
breakdown of the paste. Upon cooling the starchédshave different behaviours
depending on the amylose/amylopectin ratio. Stgpastes with amylose content
over 20% will see their viscosity increase at ambtemperature. This is due to re-
association of aligned amylose chains, usually itgpdto a water release
phenomenon called syneresis. The rather low iner@asiscosity after cooling is
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representative of “amylopectin behaviour”; the ampgctin re-crystallises at a
slower rate than amylose and therefore a few dagsnacessary to observe a
viscosity increase.

Most studies seem to agree on the fact that thdisgvéhrough hydration of
the granule is due to polymer rearrangement (Atiral., 1998; Chiotelli et al.,
2002; Gallant et al., 1997; Srichuwong et al., 2008ko & Hizukuri, 2002).
However, whether it is due to dissociation of thestallites favouring water/starch
interactions (Chiotelli et al., 2002; Ratnayake &kson, 2007; Srichuwong et al.,
2005) or to absorption of water by the amorphougores (Gallant et al., 1997;
Karapantsios et al., 2002) remains unclear. A ler&tudy shows that 2 elementary
reactions best describe the gelatinization profi€asapantsios et al., 2002) and it is
most probable that both events occur simultaneqiRdynayake & Jackson, 2007).
Nevertheless the swelling of the granules will depen the structure (crystallinity,
molecular arrangement...;A less crystalline starch will absorb water morsilga
and hence allow polymer rearrangement (Srichuwarad. €2005). The presence of
pores at the surface and amorphous channels clsol@dliow water to penetrate and
diffuse through the granule (Gallant et al., 199He long chain to short chain ratio
will also have an influence on swelling: a largencaunt of long B-chains will
increase the stability of crystalline packing aredagl the swelling (Srichuwong et
al., 2005). Finally, the presence of small comptsisach as phospholipids on the
surface of cereal starches will reduce the extenwhich the granules expand
(Padokhin et al., 2006; Srichuwong et al., 2005).

The rheology of starch pastes will depend on pagpar conditions and the

swelling of the granules. The rigidity of the gréasidepends on its swelling and is

hence correlated to its rheological behaviour.
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[1.2.3. Starch under mechanical stress

This section will show the multiple aspects of siharheology depending on
starch origin and preparation conditions. The b&havof a single swollen starch
granule under mechanical stress would shed lighthenbulk behaviour but only

one publication on the subject was found in thexditure.

[1.2.3.1 Behaviour of a single swollen starch gidanu

The viscoselastic properties are thought to be m@eeby the swollen starch
granules themselves (Evans & Lips, 1992). Howesteidies on the deformation of
single swollen granules are scarce. Fischer gt18D7) were able to make direct
measurements of the deformation of a starch graasila function of the applied
force using two micropipettes, one holding the gtanand the other, slightly
modified, applying the force. Compression, indeatat and hydrostatic
manipulation revealed that the swollen granule dkes an elastic body and is
highly deformable. Oates (1997) described rubbemgions (amorphous
amylopectin) that protect the granules from conmgivesforces, thanks to a greater
intramolecular mobility. Nevertheless, rubbery oe@ imply that some parts of the
granule are less elastic or less resistant to nméedlastress; this heterogeneity of
the granule deformation was demonstrated by Fisehal. (1997). Rheological
properties depend on the deformability of the saroljranules as it will be seen in

the following section.

[1.2.3.2 Rheological characterisation of starchtgss
Rheology of starch is a wide field of study assitaf interest for starch
processing in food, or even to “correlate” to in utib behaviour. However,
regarding the numerous variations in starch tymdsjctures and properties, it
renders the matter difficult. Throughout literatutike influence of type of starch
(Singh et al., 2006; Thebaudin et al., 1998), fmesinodification (Chamberlain &
Rao, 2000; Eerlingen et al., 1996; Morikawa & Nrsdri, 2000) and mostly pasting

procedure for a same starch (heating temperatoeayisng speed, choice of solvent)
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was put into light (Doublier, 1986; Doublier et,al987; Meng & Rao, 2005;
Nayouf et al., 2003; Rao & Tattiyakul, 1999; Tadthkyl & Rao, 2000; Velez-Ruiz et
al., 2006; Youn & Rao, 2003). Nevertheless, som@mon conclusions can be
drawn out of the rheological studies.

As it was said above, the rheology of the stardigdepends on the pasting
procedure. If the conditions are severe such as $iigear, high temperature or a
specific solvent (acid for example), the starchtgasill resemble a solution of
macromolecular matter, a mixture of amylose andlapggctin. In mild conditions
or if using physically or chemically modified sthradhe granular integrity can be
maintained; a general overview of the behaviouswth starch suspension will be
given in the following paragraphs. In this caseardt pastes are considered as a
suspension of swollen particles dispersed in a omaclecular medium; the
continuous phase would correspond to the solublilfzaction which in most cases
is amylose (Doublier, 1986).

As the system is considered as a suspension ofeswgdrticles, the overall
viscosity f)) can be estimated knowing the volume fractidr) ¢f the dispersed
phase and the viscosity of the macromolecular solwdround the granulegd (Eq
2.1).

n=nsf(¢ 2.1

The viscosity of the continuous phase is propodioto the amount of
leached out macromolecules. The tei(d) is a function of the quantity of the
granules themselves and depends on their swelkggee and their deformability.
Bagley & Christianson (1982) and Meng & Rao (20p&)posed that the volume
fraction of a suspension with no solubilized matedan be estimated from the
product of the starch concentration ¢ (%w/w) and #welling capacity of the
granules (Q in g/qg), i.eP = cxQ. In the case of a polymeric fraction dissedhn the
media, the volume fraction can be obtained throtnghfollowing expression (Eq
2.2) (Doublier et al., 1987):

-S
= == |xcx
(ﬂ‘(loo) Q 2.2
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where S is the solubility index (%). The equati@swanes that the sediment of a
centrifuged suspension is fully filled by swollemagules and that no solvent
remains around them (Bagley & Christianson, 1982).

It is obvious that above a certain volume fractithe swollen granules
occupying a certain volume will be in contact, tireg a “network”; this
concentration is referred to as the close packiagtibn or critical concentration c*
(Evans & Haisman, 1980). The rheological propertéshe system will strongly
depend on the suspension concentration whether @bove or below the close
packing fraction. Two different regimes, comparalite those determined for
random coil overlap in polymer solutions, dependargthe volume fraction and
thus on the concentration were defined (Doublielalet 1987; Eerlingen et al.,
1996):

- Dilute or semi dilute regime (c<c*): no contacttbeé granules, no network
created. The rheology of the system depends onvidleme fraction
occupied by the granules. At an identical conceioinamore swollen
granule will yield higher viscosities.

- Concentrated regime (above close-packing fracttnthe overall rheology
is governed by the granule, i.e. its ability toatei. The concentrated regime
is detected as the onset of a measured yield stiggisly swollen granules
will be more deformable and more fragile and lead more important shear

thinning behaviour.

As highly swollen starch granules are deformableé palydisperse all the
space can be taken up by the granules and maxinagking fraction values of 1
can be obtained. This is specific to this type @itenial. Nevertheless, considering
that a small or large amount of polymeric mateisateleased, it is not possible to
attain such a concentration even for cross-linkadckes since even in the latter
case a very small portion is solubilised in thetcwrous phase.The voulme fraction
of 1 is a theoretical value that can be approatihedot obtained.

The rheological properties of starch will dependvamether the system is
diluted or concentrated (above or below c*) and as the swelling ability of the
granules. In the following part a description oé ttheological behaviour observed

for starch suspensions (=swollen granules in cantis medium) will be given.
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* Flow behaviour

The viscosity of a gelatinised starch suspensioattisbuted to frictional
dissipation of energy between the granules (Scht@$9). Starch rheology depends
on many factors listed above; hence, difficultiesummarising global findings can
arise. Shear rate dependency, thixotropic behawdadrviscoelasticity are more or
less constantly discussed throughout the literat@arrent findings will be
summarised in the following part.

Dilatancy or shear thickening behaviour of starch suspensions was
reported by some authors (Bagley & Christianson8219rith & Lips, 1995;
Jacquier et al., 2006; Rao et al., 1997; Rao &iyattl, 1999). Frith & Lips (1995)
suggested that it is due to the particles tryingdoupy a greater volume than the
overall volume, forming a close packed structur@rédver, they thought that the
particle deformability could play a dominant roldowever, in all cases, this
phenomenon occurs in specific conditions: high ra@uractions of poorly swollen
granules. High shear during the measurement wassalggested as a condition for
observation of the dilantancy (Rao & Tattiyakul999 though if the granules were
further heated only shear thinning was observee. Sttear thickening behaviour is
thus dependent on the swelling degree of the geanubhear thickening was
reported in specific cases where the granules weoely swollen, however, many
studies also observe shear thinning behaviour sometimes prior to shear
thickening. Nguyen et al. (1998) studied the flovogerties of maize and waxy
maize starch and observed shear thinning of bo8pesnsions. However, the
concentration and swelling degree were not avalad it is hard to determine
whether it is expected behaviour or not. Nevertdgelthe absence of yield stress
suggests that the suspension is below close padkaugion; this explains the
absence of dilatant behaviour. A higher viscositgsweported for waxy maize
starch due to its higher swelling degree. In tleestec a higher volume is occupied by
the granules leading to higher viscosities. Effgfcstarch origin was investigated
using wheat, maize, waxy rice and modified waxyzeatarches (Thebaudin et al.,
1998). All starch pastes exhibited shear thinning different behaviours between
the non waxy and the waxy starches were detechedfitst ones displayed low
viscosities and thixotropic behaviours while the xwastarches showed high

viscosities and antithixotropic behaviour. Thebaudt al. (1998) attributed these
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differences to the swelling-solubility of the stardNVaxy maize starches do not
contain any amylose, hence less material is sadabliifrom the granule, explaining
the distinction between the normal starches anavthey starches.

Another important point to consider is the impaicthe pasting procedure on
the rheology of starch (Doublier, 1986; Doublierak, 1987). It seems that starch
pastes submitted to higher temperatures exhibidrigiscosities but also more
evident shear thinning behaviour. It was hypotteskighat highly swollen granules
(swollen to their maximum) were more deformable mgkthem sensitive to
mechanical stress. Further investigation showeddmatemperature combined with
high shear led to a higher viscosity of the pasteile high temperature and high
shear resulted in fragile granules and thus lowssrosities (Nayouf et al., 2003).
The influence of physical treatment such as anngalias also studied (Eerlingen et
al., 1996). Starches submitted to this type of rincattion swell less due to molecule
rearrangement; hence in the diluted regime the treated starches had a higher
viscosity than the treated starches whereas thesitepwas true in the concentrated
regime. It was inferred that in the first case, déuted regime, the rheological
properties were determined by the volume fractiosthy and the soluble fraction
(to a lesser extent) while in the second case ys&eem was fully filled and the
properties were governed by particle rigidity. Witalises shear thinning in the
concentrated regime? It is thought to be due todeareorientation in the flow,
reducing their resistance to flow (Jacquier et aD06). Ellis & Ring (1985)
determined the concentration for coil overlap fonyéose to be of 0.015¢/g;
accordingly a solubility of amylose of 0.02g/g wgteatly influence the overall
rheology (Doublier et al., 1987). On the contraagcording to Genovese & Rao
(2003), the continuous phase does not play a nrajer on the rheology of the
suspension. However, it is hard to determine when dolubility of amylose or
amylopectin will influence the rheology as it degeron the amount and type of
polymeric material released in the continuous plaaskconsequently on the heating
conditions and the granules themselves.

Another important matter considered in the stuidffoosv properties of starch
suspensions ishixotropic/antithixotropic behaviour . Thixotropic behaviour at
high shears and antithixotropic at low shears weeogh reported for a same
measurement in several studies (Genovese & Rad3; 2d@ng & Rao, 2005;
Nayouf et al., 2003; Rao et al., 1997; TattiyakuR&o, 2000; Tecante & Doublier,
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1999; Thebaudin et al., 1998; Velez-Ruiz et alJ80Again, this type of behaviour
can differ with starch origin and thus the chamasties of the dispersed phase
(Genovese & Rao, 2003; Thebaudin et al., 1998).w#s suggested that
thixotropic/antithixotropic behaviour depended ba swelling conditions and hence
on the deformability of the granules (Doubledral, 1987; Nayoutt al, 2003), but

also on the starch concentration (Nayeuél, 2003).

* Viscoelastic behaviour

In most studies, G’ and G” were seen to be bottependent on the
frequency; in addition G’ was higher than G” oftdry at least one decade
(Abdulmola et al., 1996; Eerlingen et al., 1996aky & Haisman, 1980; Morikawa
& Nishinari, 2000; Nguyen et al., 1998; Rao et 4D97; Rodriguez-Hernandez et
al., 2006; Singh et al., 2006; Tattiyakul & Rao0,080 Thebaudin et al., 1998).
Deviation from the Cox-Merz rule confirmed the ¢k behaviour of starch
suspensions above the close packing fraction (Rab.,e€1997; Tattiyakul & Rao,
2000). Above the close packing fraction, viscoétaand gel-like properties are
governed by the rigidity and deformability of theagules (Doublier et al., 1987;
Thebaudin et al., 1998). Below the close packirartion the volume fraction
occupied by the granules will play a major rold. whs suggested that a way to
access the rigidity of a single swollen granule lobe to consider the elastic
modulus of a suspension with a volume fraction pfinLthese conditions, it is
thought that the measured modulus would be thahefsingle swollen granule
(Steeneken, 1989; Nayouf et al, 2003). Neverthebledseving a volume fraction of
1 would be quite difficult due to the solubility sfarch molecules in the continuous
media (Doublier et al., 1987).

Other studies suggested that the origin of gel-liadaviour is granular
interactions (Evans & Haisman, 1980; Abdulmetaal, 1996; Nguyeret al, 1998;
Singhet al, 2006; Rodriguez-Hernandez al, 2006): indeed, a close network of
granules could allow interactions between the ocameylopectin chains of the starch
particle (Nguyeret al.,1998). It was later reported that starches coimgia higher
amount of short side chains (outer A-chains) hagetdoreakdown in moduli (Singh
et al., 2006), confirming previous assumptionsnbéractions between outer chains.
The influence of the amylopectin chains on granutderactions could be of

importance; indeed a study on acid hydrolysed amgiarch (amylopectin chains
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were debranched by acid hydrolysis) revealed aditjke behaviour, the moduli
increasing with increasing frequency and G”">G’ @tberlain & Rao, 2000). The
interactions occurring between granules are nottdonto close packing cases:
network behaviour has been seen in diluted regifies network can be created
through attractive interaction such as cohesive@ason giving that stringy aspect
to some starch pastes (Abdulmola et al., 1996). [&tter study confirmed that
granule association was possible at any volumetidraclevel, but that these
interactions remained obscure (Evans & HaismanPQL98gain, these are general
observation as it was shown that, depending orsthkch origin, the viscoelastic
properties as a function of the volume fractionldde slightly different (Evans &
Lips, 1992). The behaviour could be separatedviotlg 3 groups: cereal starches,

tuber starches (e.g. potato) and modified/crodsetirstarches.

To summarize, the rheological properties of staedpensions depend on:

- starch type,

- shear rate applied (Jacquier et al., 2006),

- granule volume fraction (Doublier et al.,, 1987; qlaer et al., 2006;
Rodriguez-Hernandez et al., 2006),

- pasting procedure (Doublier et al., 1987),

- starch concentration (Doublier et al., 1987),

- deformability/rigidity (swelling degree) (Doubliet al., 1987),

- size distribution of the granules (Nayouf et ab03),

- rheology of the continuous phase (Doublier etl#l87),

- entanglement between adjacent granules (Abdulnto#d.,e1996; Evans &
Haisman, 1980; Nguyen et al., 1998).
All of these parameters are to be considered ghaiying starch suspension

rheology.

As the rheology depends on starch origin, speaifiention will be given to

modified/cross-linked waxy maize starch in thedwling section.
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[1.2.3.3 The rheology of modified/cross-linked waxyaize (CLWM)

Cross-linked waxy maize starch will normally retaen granular form.
Moreover, as it is a waxy variety it does not contamylose; hence little of
polysaccharide is released from the granule. Howexeen in cross-linked starch a
small polymeric fraction can be released into tbatiouous medium (Tecante &
Doublier, 1999).

Dilatancy of the cross-linked waxy maize starcBtpavas observed (R&b
al., 1997; Tattyakul & Rao, 2000) but this tendencyrdased with increasing
granule swelling (Raet al, 1997). Tattyakul & Rao (2000) suggested thatalilay
was due to large amounts of amylopectin in theinaontuis phase forming shear
induced networks.

Studies on cross-linked waxy maize also reportéxbtiopic behaviour at
high shear rates and antithixotropic behaviouoat$hear (Genovese & Rao, 2003;
Nayoufet al, 2003; Racet al, 1997; Tattyakul & Rao, 2000; Tecante & Doublier,
1999; Velez-Ruizt al, 2006). It was suggested that antithixotropy widisee due
to rearrangement of starch granules enhanced bgrisbe(Nayouf et al., 2003;
Velez-Ruiz et al., 2006) or to leached out amyldpefrom ruptured granules
creating a more structured shear induced past@ ttieinitial one (Tattiyakul &
Rao, 2000). However, the latter hypothesis seenite gqulikely as the starch is
modified to maintain granule integrity when subetittto severe pasting treatments
(high shear, high temperature); consequently, remuye rupture should occur.
Finally, the viscoelastic properties indicate a ¢jke behaviour (G’>G” and
independent of the frequency) although it is ngeh(Abdulmolaet al, 1996; Rao
et al, 1997; Tecante & Doublier, 1999). It was reportibdit for a specific
frequency, a sharp increase of tdn(= G”/G’) could be observed (Tecante &
Doublier, 1999). It was thought that it could be thoundary between the elastic
response given by the granule and the viscous mespaf the aqueous phase. These
observations found in literature can also be seewnther starches but differ slightly
in as much as conditions such as close-packingidracswelling and granule
deformability will be different for other starch@&vans & Lips, 1992).
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[1.2.4. Conclusions

The amount of published information on starch igrerous. Throughout this

review, the multiple aspects and infinite posdiieii offered by starch have been
outlined. Although many advances were made in thecls domain (the granule

itself, starch rheology), some questions remainehswered, such as the location
of amylose in the starch granule and granular &ttesns for example. The structure
of this versatile biopolymer depends on the stayge and on the maturation

conditions. Subsequently, the gelatinisation preeé be different from one starch

to another. As the rheology is a function of grandeformability and hence the
pasting procedure, it is necessary to know theattearistics of the starch studied to
understand its behaviour under flow and to studypldt break-up.
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11.3 Droplet deformation

When a droplet is submitted to shear it either aefountil it reaches a state
where it no longer evolves (steady state) or iakseup if the shear applied is higher
than a critical value. The droplet may break-um itwo or more droplets and the
mechanisms are different (end-pinching, Rayleigétahilities, etc). The study of
multiphase systems, such as an isolated dropkat immiscible matrix has been the
subject of numerous experimental, theoretical aantherical publications. Many
papers have tackled the issue and the theorieshtoz been developed were
successfully verified experimentally and numericaly

Different cases can be found, depending on thelobeal characteristics of
the dispersed and continuous phases. The mosedtode is the fully Newtonian
system where both the dispersed phase and thenslisgefluid are Newtonian.
However, in many practical cases, at least onegyhfisot both, is hon-Newtonian
(shear thinning, viscoelastic). In these reportaskes the droplet is a solution but it
is possible to imagine similar situations when dheplet is a suspension in a fluid
matrix. In the following literature review, the tirees and models developed for
Newtonian and non-Newtonian systemifi be presented. Attention will be given to
the droplet deformation depending on its rheoldglm@haviour and that of the
matrix. An overview of the publication on a systemmere the dropolet is a

suspension of particles will also be given (Smitv&n de Ven, 1985).

[1.3.1 A few definitions and models

Research on the flow behaviour of two-phase syst@hspersed droplets in
continuous phase) has led to the observation giflelrdehaviour under shear flow.
When a droplet is immersed in an immiscible ligiticadopts a spherical shape;
when a flow is applied the droplet will deform. Tep in the suspending matrix
will be submitted to a force balance between trezaiis forces that deform the
droplet and the interfacial forces that will termdkieep the droplet spherical. If the

interfacial forces are overcome, the droplet widdk up.
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In the following case simple shear flow will be satered.

Simple shear flow is defined as a rotational flowhw
u=yy, v =0; w = 0;
whereu, v, w are the velocity components along the X, Y and &sapespectively
(Figure 2.6) and’ the shear rate.
Y

/O»8
R
* QL)/

Figure 2.6: Rotational shear flow applied to a drofet (from Rumscheidt & Mason, 1961).

v

Where L is the length of the droplet (large axis othe ellipsoid), B the breadth of the droplet
(first small ellipsoid axis) and & the orientation angle of the drop. W, which can nbbe seen

here, is the second small axis in the vorticity dection (Z axis).

The first to tackle the issue of droplet deformatio an emulsion was Taylor
(1932; 1934). He defined two dimensionless numit@rsNewtonian systems, i.e.
when both the droplet and the continuous phas®&lawdonian: the viscosity ratio p
and the Capillary number Ca. The value p is thie i@ tthe viscosity of the droplet

(na) to the viscosity of the matrixg) and is shown Equation 2.3.

Us!
p=—

The Capillary number (Equation 2.4) represents rdte of the viscous
forces (that tend to deform the droplet) to thecdsr that maintain the droplet

spherical (minimise droplet surface).

Ca:ﬂ

VF%) 2.4
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where y the applied shear rat€, the interfacial tension andyoRhe radius of the
undeformed droplet.
Taylor also defined the deformation of the drople{Equation 2.5):

_L-B
Dl'aylor‘ L+B 25

where L is the length of the droplet and B is theals axis in the flow gradient
gradient direction. This relation is applicable &k deformed droplets, although at
large deformations all Ryior Values asymptotically approach unity 1 (Bentley &
Leal, 1986). Taylor's model (2.6) states that teéodmation of an isolated droplet
in the small deformation limit (Ryior <0.2) is equal to the Capillary number.

DTaonr: D :Ca 2.6

When the Ca = 0 the resulting deformation is D=nd &e droplet is spherical.
Deformation occurs (Ryiorincreases) when the shear rate increases and tence
Capillary number.

Further work on droplet deformation and conditidos break-up will be

summarized in the following section.

[1.3.2 Newtonian systems

Cox (1969) developed a model for a Newtonian ldtopm a Newtonian
matrix that describes the deformation by relatitg tdimensionless terms p

(viscosity ratio) and Ca (Capillary number)(Equati7).

L-B_ K p+16
L+B 401+ p)J (20C32+ (LY)? 2.7
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Equation 2.7 is valid only if the resulting defortiva is small (D<0.2); in this case
p needs to be very large or Ca very small or botiditions fulfilled. Cox’s model
meets Taylor’s theory if p tends towards 0. Equafl/ was verified experimentally
by Torza et al. (1972), and was found to well diéscdeformation.

Later, Maffettone & Minale (1998) developed a phaeaological model
(referred to as the MM model) for a fully Newtonisystem. For small deformations
it is assumed that the droplet is ellipsoidal atiales and that the interfacial drag
forces are additive. The steady-state values ofthihee ellipsoid dimensions are
presented below (Equations 2.8 and 2.9); W iseghgth of the second ellipsoid axis
in the vorticity direction:

o= f,2+Ca + f,Cay f2+Ca®

(f2+C@)3(f,2+Ca - f,2c)%3

BZ _ f12+Ca2_ fzca\, f12+Ca2

B (f12+Ca2)1’3(f12+Ca2— f22Ca2)2/3 2.8

f,2+Ca - f,2Ce®

W2 =
(f,2+Ca®)3(f)2+Cae— f2Ca0)*'®
with
__ Aqpt)
L (2p+3(9p+16

2.9

5 ( 3Ca j
f2= +
2p+3 (2+6C&
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The term in §between brackets in the equation 2.9 was addedpmive the
predictions at high viscosity ratios and high dapy numbers. The model is no
longer valid if the deformation is too large and tiroplet no longer ellipsoidal.

At first the droplet is spherical; it then deformisllowing the models
described above. However, if a higher shear isiegpthe drop continues to stretch
and is no longer ellipsoidal. The droplet deforrhe\wee its steady-state value and
finally breaks up. The critical value for which bBkeup occurs is called the critical
capillary number (Ca*). It is determined by findiagcritical shear rate at which an
observed drop deforms until rupture occurs, indage of a time-dependent increase
of the shear rate. Rumscheidt & Mason (1961) detesdh four categories of

deformation and break-up depending on the viscoatty p (Figure 2.7).

aj i e
| 2 3 < 5

"D Bl g T 2 i e )

"D /=

4

P oo

Figure 2.7: Main deformation modes of a droplet sulnitted to a simple shear flow (Rumscheidt
& Mason, 1961, copied with authorisation of Elsevig. (a) p = 2*10~* (b) p = 1; (c) p = 0.7; (d)
p=6
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Figure 2.7 shows the four classes of deformatiah laneak-up. In all cases
when no shear is applied the droplet is spheridpbn shear the droplet deforms in
an ellipsoidal shape when the deformation is snaallthe shear rate is increased,
differences in break-up can be observed:

(a) Deformation class-A, low p: for a shear ratéal shear rate the droplet adopts
a sigmoidal shape with pointed ends, from whichlsdraplets are detached. This
phenomenon is called tip-streaming.

(b) Deformation class-B1, p = 1: above the criticapillary number, the droplet
forms a neck that disintegrates in three satadlitglet while the initial drop breaks
up into two daughter droplets.

(c) Deformation class-B2, p = 0.7: Ca>Ca*, the disgrawn into a cylindrical
thread which breaks-up into many smaller droplets.

(d) Deformation class-C, p > 4: no rupture is otsdr

When the drop is deformed it adopts an orientatidhe shear flow gradient
axis with a certain angl& (Figure 2.7). This angle depends on the sheararadehe
viscosity ratio p (Table 2.1). The angle formedwssn the major axis of the ellipse
and the flow direction (X axis) at the start of 8tesar rate is 45°. It has been shown
that the higher the shear rate, the smaller thentation angle i.e. the droplet tends
to orient in the flow direction (Rumscheidt & Masdr961).

Table 2.1: Effect of deformation on orientation antg (Adapted from Rumscheidt & Mason,
1961)

p Draylor 6 (°)
Class A 2.19 0.01-0.4 45-30
0.54 25
Class B (B & B») 1 0.1 45
0.2-0.58 30-15
Class C 17 0.29 0

The orientation angle can be calculated using €€f951) equation (2.10)
later corrected by Rumscheidt and Mason (1961),wkmp the deformation
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parameter and p. Good agreement was found betwesmsumements at small

viscosity ratios and the equation of Cerf (see, Rugnscheidt & Mason, 1961).

_ T 2p+3
0= Z I:)Taylor ( 5 j 2.10

In his study on immiscible fluid systems, Grace 82 found through
experimental data that the critical Capillary num@a* is a function of p (Figure
2.7), giving further information on the break-umddions. This curve, determined
for Newtonian systems was later fitted by De Bryg®89). It can be seen from
Figure 2.7 that Ca* varies with the viscosity ratie. the drop will break up more or
less easily depending on p if keeping constantha@lother parameters (interfacial
tension and droplet initial radius).

Ca

10000

1000

100

10
Break-up : Ca > Ca*
1
Steady-state deformation: Ca < Ca*
0.1 p
0.00001 0.0001 0.001  0.01 0.1 1 10

Figure 2.8: Effect of viscosity ratio on Ca’as determined by Grace (1982) and fitted by De
Bruijn (1989).

For very low values of p, it is hard to break-uje troplet and it is most
likely that it will undergo deformation. For exareplat p = 1.18, a capillary
number of a 100 would have to be reached to indueak-up. Figure 2.8 also

shows that it is easier to break up the droplptvklues are between 0.1 and 1: Ca*
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~ 0.5. Above a p value of 3.5-4 it is impossiblebteak-up the droplet; it confirms
the findings by Rumscheidt and Mason (1961) whordit report rupture for high
viscosity ratios. This type of curve can be obtdiy increasing the shear rate
stepwise, after reaching steady state for the pusvstep. The break-up mentioned
above corresponds to the fracture of the main dnbp two or more droplets.
However, another break-up mechanism of the drop oeayr, when p is low (<0.1)
and Ca*~ 0.5, and is called tip streaming (Taylor, 1934;nRaheidt & Mason,
1961; Grace, 1982; De Bruijn, 1989). The drop aslaptsigmoidal shape and a
stream of very small droplets are detached fromtifhe (See Figure 2.7a). It was
suggested that tip streaming was due to interfaeraion gradients at the surface of
the droplet, resulting in lower interfacial tensianthe tips (De Bruijn, 1993). Later
studies on the effect of surfactant on drop deftionashowed that the latter was
enhanced by the presence of surfactants for valu@scosity ratio between 0.3 and
3.3. For high p values (p =30), the effect was migsls pronounced. In both cases
the droplet aligned in the flow direction, inducirggmnaller orientation angles
(Bazhekov et al., 2006; Feigl et al., 2007).

Bentley & Leal (1986) and Stone & Leal (1989) waxnlkon the effect of step
changes in flow; they put into light a differenebk-up mechanism upon cessation
of flow. When a droplet is extended above a ciitibaformation and the flow is
abruptly stopped, it starts retracting to its alistate but then starts to fragment into
smaller droplets. What can be visualised is thatetids of the drop become rounded
and pinch off. This end-pinching is due to interd&dension driving the drop to
return to a spherical shape.

Cristini et al. (2003) have been interested indize distribution of the drop
fragments after break-up. The primary break-up peced two daughter droplets,
similar in size to the critical size drop (where more break-up of the droplet can
occur) and independent of the initial droplet siklee secondary break-up occurs by
end-pinching or capillary instabilities forming elite drops. Their size is
determined by the width of the neck after primamgai-up. They concluded that for
a given system the size distribution in diluted &siams depends only on the
average initial droplet size and the shear rateti@rother hand, a study by Lin &
Guo (2007) showed that the diameter of daughtepdwmas linearly correlated to
the inverse of the shear rate but was independehianitial drop size. They also

demonstrated that three break-up mechanisms coobtir odepending on the
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capillary number. If Ca~Ca*, break-up mechanismnecking, thus producing
daughter droplets of equal size, separated byligatétops. For Ca* < Ca< 2Ca*
end pinching preferentially occurs while the dominbreak-up for Ca > 2 Ca* is
capillary instabilities. Similar results were foubg Zhao (2007) who studied the
break-up mechanism and the final drop size disiobythe latter depending on the

capillary number and the viscosity ratio; his réesare summarized Figure 2.9.

100 |

- Drop re- breakin Capillary instabilities
I Polydisperse  [Monodiperse Bimodal
10 drops drops drops

Ca

No breal-up End pinching

0.1
0.001 0.01 0.1 1 10

p

Figure 2.9: Drop break-up mechanism as a functionfgp and Ca (From Zhao, 2007).

This study unravels new evidence on droplet brgakiowever these results
should be considered with care as the droplets tninglie been submitted to wall
effects promoting deformation (the ratio of the gled diameter to the gap varies
from 0.1 to 0.7, to prevent wall effects it shoblel 0.1). Recent studies (Cristini et
al., 2003; Vananroye et al.,, 2006a; Vananroye et 20l06b) have shown that
confinement enhanced deformation and orientation the flow direction;
interestingly, it was possible to break-up dropleith high viscosity ratios (p>3.5).
Confinement for p>1 decreased critical capillarynber values, and hence eased
break-up whereas for p< 1 Ca* increased. Sibillalef2006) found similar results
for p = 1; they showed that confinement, althoughemhanced deformation,
hampered break-up due to the closing of streamlines
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Deformation and break-up mechanism is a comgcassue and many
models have been developed. These numerous sthdws been extensively
reviewed by Rallison (1984), Stone (1994) and Tuék®&loldenaers (2002).

The studies on deformation and break-up of Newtomieoplets in a Newtonian
matrix have led to models that have proven efficien predicting the drop
behaviour. Nevertheless, in reality, most systerasnat Newtonian; the dispersed
or the continuous phase or both can be viscoelaBtie results obtained for these

types of systems will be discussed in the sectelav.

[1.3.3 Non- Newtonian systems

The very first attempt to study the behaviour oNewtonian drop in a
viscoselastic matrixin a Poiseuille flow was carried out by Gauthieak, (1971)
but they did not conclude on droplet deformation.

Flumerfelt (1972) measured deformation and breaksu@ Newtonian droplet in a
viscoselastic matrix. He found that the stressesiired to break-up a drop in a
viscoselastic fluid were lower than those neces$airya fully Newtonian system
under similar conditions (same viscosity ratio, sastresses applied). Deformation
of the droplets seemed to be enhanced by matrsti@ty (Elmendorp & Maalcke,
1985; Mighri et al., 1998). In fact, EImendorp & Meke (1985) showed that a
shear thinning matrix led to a more stable drom theewtonian ones but when
normal stress values increased the droplet washikséd, leading to earlier break-
up when compared to fully Newtonian systems. Altiouhis study gave new
insight on the influence of matrix elasticity, iddhot allow a full understanding of
the effect of elasticity and shear thinning of thatrix on the deformation of a
Newtonian drop.

A further study by Sibillo et al. (2005) determinéuht elasticity of the
matrix inhibits the drop deformation as comparedatsimilar Newtonian system
(same p). The droplet is also reported to orientemio the flow direction than in
Newtonian systems, i.e. smaller orientation angdssilt (Guido et al., 2003; Sibillo
et al., 2006). It is thought that droplet orierdatiis directly linked to the normal

stresses of the matrix fluid.
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De Bruijn (1989) studied extensively the behaviotiviscoelastic droplets
under shear, taking care of separating the conioibwf shear thinning fluids, with
no measured elasticity, as opposed to purely elfistds(Boger fluids). He showed
that in the case of shear thinning drops, for p<th& critical capillary number
could be correlated to the break-up criterion debeed for Newtonian fluids.
Critical capillary numbers started deviating frofmose repoted for Newtonian
systems for & 1, and continued to increase with increasing \aggaatio.

To study the effect of elasticity in droplet bel@awi, De Bruijn (1989) used
Boger fluids, i.e. fluids for which the viscositgpes not depend on the shear rate but
normal stresses can be measured. Many followindieguused the same type of
fluid (Lerdwijitjarud et al., 2004; Mighri et al1,998; Milliken & Leal, 1991, Sibillo
et al., 2005; Tsakalos et al., 1998; Varanasi.etl@94). De Bruijn (1989) reported
that drop elasticity resulted in higher criticalpdkry numbers, namely that it is
harder to break up an elastic drop in a Newtoniatrismithan a Newtonian drop in
similar conditions. Most studies agree with theibition of the drop deformation
and resistance to break-up caused by the dro@sti@ty when compared to fully
Newtonian systems (Mighri et al., 1998; Sibilloatt, 2005; Tsakalos et al., 1998;
Varanasi et al., 1994). These studies concludet ttie steady state Capillary
number increases with the first normal stress diffee of the dispersed phase.
Sibillo et al. (2005) showed that no deviation frdMewtonian droplet behaviour
could be observed for small deformation and theestbe small deformation limit
can be used to derive interfacial tension indepetiglef the viscoelasticity of one
or the other phase. For higher Capillary numbeng, droplets display a less
deformed aspect and a smaller orientation angle tbathe case of Newtonian
droplets, confirming mathematical predictions (@;e2002). Sibillo et al. (2005)
also reported an overshoot of the deformation leefeaching its steady state.

In some cases, break-up in the vorticity axis vegmorted for Boger fluid drops (Li
and Sundararaj, 2008). This type of behaviour igemaiten reported when both
phases are viscoelastic.

Deformation and break-up whéwth phases are viscoelastibave been
studied mainly to understand the morphology of pwy blends. It was reported

that the deformation of a drop in such systems migpenainly on the elasticity
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ratio, i.e. the ratio of the elasticity of the dieipto the elasticity of the matrix which
correponds to the ratio of the first normal strddterences (Mighri et al., 1998).
When this ratio is low (<0.37) and consequently ¢lssticity of the matrix is high,
the droplet deformation is higher than that obsgifee Newtonian systems. On the
other hand, when the droplet is highly elastic ggtaratio >0.37) deformation is
inhibited. This result is to be expected considgthre observations mentioned in the
previous sections. A more unusual deformation mgishawas observed consisting
of a widening of the drop perpendicular to the flowthe vorticity axis (Levitt &
Macosko, 1996; Tanpaiboonkul et al., 2007). Le&tMacosko (1996) were the
first ones to report this phenomenon; they founchmalytical relation between the
second normal stress difference of the phases haddegree of widening.
Tanpaiboonkul et al. (2007) divided the evolutiontime of droplet deformation
into three distinct sections. The first consistamelongation of the droplet in the
flow direction followed by a contraction, a secondfiow elongation and finally a
widening along the vorticity direction. It seemattla strong enough elasticity of the
droplet and/or matrix can hinder the break-up altmgflow direction leading to
break-up along the vorticity axis. The latter candeferred to much higher capillary
numbers than those observed in the flow axis. Kirsalater study showed that this
type of behaviour depended on the droplet sizeafid Sundararaj, 2008). The
primary break-up occurred in the flow direction laé obtained daughter droplet

broke up in the vorticity direction following anasion break-up mechanism.

Ghodgaonkar & Sundararaj (1996) developed a mofditle dispersed drop
diameter in polymer blends, based on the balanteele®a the viscous forces that
deform the drop and the forces that resist defaomaivhen the droplet is at
equilibrium (Equation 2.11). Equation 2.11 is basedhe capillary number. In this
case, two new parameters, matrix and droplet elgstwere added. The first which
is part of the forces that induce deformation (@isc forces) whereas the latter is

added to the interfacial forces.

’7my+2GmD2|7D+2Gd 2.11
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where G’ is the elastic modulus. Here G’ can belpas at low shear rates (<19s
the first normal stress difference can be approtéthlay 2G’. Above 105the first
normal stress difference is higher than 2G’ but dgo@ntities are proportional to
each other.

In the case of swollen polyelectrolyte particlesyidening and release of
solvent in the vorticity direction was observed whbe complex modulus of the
matrix became larger than the shear modulus ofsthellen gel (Vervoort &
Budtova, 2005).

Finally, break-up for viscosity ratios higher th&5 was observed in
polymer blends (Lin et al., 2003). The droplettfiermed a sheet along the flow
direction which then ruptured into smaller daughteoplets along the flow

direction; it was referred to as the “parallel lix-eg”.

[1.3.4 When the dispersed droplet is a suspension

Whereas literature is abundant on systems whetegdatses are liquid, what
happens in systems where the droplet is a suspemsia continuous liquid phase
has been rarely studied. To our best knowledge;, oné paper treats this subject
and does so in a qualitative way (Smith & Vandeid85). They studied droplets
of polystyrene beads dispersed in water; the pdatie system was then suspended
in silicon oil. The influence of the volume fraatiof the beads on deformation and
break-up was evaluated using a Couette countetimgtapparatus. When the drop
contained only a few spheres, the deformation &t dbear rates remained quasi
unchanged compared to that of water. The sphereslatied within the drop as the
shear rate increased disturbing the flow patteand,finally concentrated at the two
ends of the drop. After a while, spheres were detddrom the main droplet taking
along with them a small amount of surrounding watapture occurred through an
“end-pinching” mechanism. When the shear rate waseased, all the spheres
ultimately came out of the drop leaving only thepdirsing media, in this case the
water, which did not break up under these condti@mith and Van de Ven (1985)
also observed droplets with higher sphere volunaetisns (10% to 50%). At a

volume fraction of 10% they saw that there was ifigant rearrangement of the
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spheres leading to break-up resembling the B1 ifilztson described by
Rumscheidt & Mason (1961). A further increase & #olume fraction (20%) led
the droplet to deform into a thread following a 83assification mode. For a 50%
volume fraction the system no longer resembledbgldt at zero-shear but appeared
as an aggregate. Individual spheres or small agtgegcould be detached under
shear. To summarize, Smith and Van de Ven (1986hdothat an increase in
volume fraction showed similarities with an increas viscosity for fluid droplets
when considering their behaviour under flow. Thehats in this paper did not
quantify break-up, only observations were made lasy tnoticed that this
phenomenon was triggered by random patrticle regeraents. They also noted that
the capillary number required to break up systernth & relatively high volume
fraction were below the ones observed for fluidpdiets; at high volume fraction the
particles are in close contact leading to smaitgridl bridge volumes. Nevertheless,
it is important to note that the rheology of thepirsed phase (water+spheres) was
not considered.

[1.3.5. Conclusions on droplet deformation and brieaip

Droplet deformation and break-up in Newtonian/Nevida systems have
been extensively studied and various models haea fmind to determine droplet
shape and behaviour. Many of those can be appietstoelastic systems through
various modifications and adjustments. Nonetheldsgrmation and break-up of a
droplet remain a complicated matter as they dependthe type of system
(Newtonian or viscoelastic), the presence of stafas, confinement and the shear
rate. This literature review on droplet deformatsnd break-up also emphasises the
lack of studies for systems where the drop is @esusion rather than a liquid or a

solution.
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11.4. Conclusions for Chapter 2

The literature review covered a wide range of ordi from flavour
perception to droplet deformation, showing the ipldtaspects of this study.

General notions on flavour perception and thestatesearch that led to this
project were given in the first part. Understandoiglavour perception has many
aspects; one that can be considered is the relagbneen viscosity and tastant
release in the mouth. The latter was suggesteé tmlrelated to the microstructure
of the product, suspension thickened products hgath better in-mouth properties
as opposed to polymer solution thickeners.

Suspensions leading to better flavour perceptiod mouthfeel can be
obtained with some starches and thus, this biopefywas the focus of the second
part. A general review on starch revealed its nooeorigins and subsequently the
multiple properties of each starch. A general petwith common features was
drawn, showing the complex structure of alternatimmpgs of crystalline and
amorphous zones. The specificity of starch is logitg to swell in heated water,
increasing the viscosity and is therefore usedhmm food industry as thickening
agents. Swelling was seen to depend on the staratiige, on heating and shearing
process, leading once again to multiple paste ptiege The variation in starch
suspensions and their rheology can be consideradaéde field of study and many
guestions such as the influence of granular intenag remain obscure. Preparation
conditions of the starch suspension need to be kntwunderstand the flow
behaviour.

Rheological characterisation is an important feato study the deformation
and break-up of droplets in a suspending matrie Third part of this literature
review was focused on the theories developed aadliservation made for such
systems. Fully Newtonian systems are quite wellesstdod and good advances
have been made for cases where both phases ads twit one or both are
viscoelastic. However, the lack of information cemgng systems where one phase

is a suspension is highlighted.
In this PhD work, droplets of starch suspensioannmmiscible fluid were
studied to determine if conditions found for Newsonand viscoelastic systems

apply. The break-up was quantified using modekerdgned for fluid droplets.
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Prior to the study of droplet break-up behaviohe $tarch granules and suspension

was characterised.
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Résumé du chapitre Ill

Matériaux et méthodes expérimentales

Ce chapitre recense les produits utilisés pourenétude ainsi que les
méthodes utilisées pour les caractériser. L'étuddepsur le comportement de
I'amidon sous cisaillement et plus particulierement I'amidon de mais cireux
modifié (Novation 2600, National Starch, UK). Néasins a titre comparatif,
'amidon de pomme de terre (Potato starch, Natiosshrch, UK) et
I'hydroxypropylmethyl cellulose (HPMC K4M, Dow Checal, UK) sont
également utilisés. L’amidon est étudié sous fiamses différentes :

- Le granule d’amidon plongé dans I'huile de silicoest soumis a un
cisaillement (comparaison avec grain isolé de pomdenterre),

- L’amidon sous forme de suspension (granules god#és un solvant),

- L’amidon en tant que gouttelette de suspension igéeans un liquide
immiscible, I'huile de silicone (comparaison aveutielette d’'HPMC)

Les deux tests principalement utilisés sont la ldgie et la rhéo-optique
contra-rotative. Cette derniere méthode combirmeséiemécanique et I'observation
visuelle grace au montage de deux plateaux paaltéhnsparents tournant en sens
opposé sur un microscope optique. Il est donc plessiobserver la déformation
d’'une gouttelette ou d’'un grain d’amidon gonflé saisaillement, en temps réel. La
gouttelette ou le grain d’amidon sont plongé damdluide Newtonien, I'huile de
silicone, afin de soumettre le systeme étudié a cometrainte suffisamment
importante pour engendrer une déformation.

La rhéologie sert a la caractérisation de laosgé et de I'élasticité de la
suspension d’amidon, de la solution d’HPMC et dwmiile de silicone; elle est
nécessaire pour interpréter les résultats obteverslautil rhéo-optique. La tension
interfaciale entre I'huile et la goutte doit égatarh étre déterminée pour I'analyse
de données. A cette fin, des mesures de tensitersaiciales ont été effectuées en

utilisant la méthode de la goutte pendante. Pacisale mise en ceuvre, la phase
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continue de la suspension d’amidon a été recuatliatilisée pour les mesures.
Afin de définir ce qui est mesuré et de gquantifesr composants présents dans la
phase continue, cette derniere a été caractéridgée diverses méthodes
(spectrophotométrie, Differential Scanning Calotipme Ultracentrifugation,
Chromatographie d’exclusion stérique couplé affasion de la lumiere).

La forme des granules ainsi que de leur topogeaghisurface sont observés
a l'aide du microscope électroniqgue a balayage eetlad microscopie a force

atomique.
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Chapter Ill: Materials and methods

This chapter is dedicated to the materials anégxperimental methods used
for this study. In the first part (Materials), theain characteristics of the different
materials used in this work are presentéiree main materials were studied:
modified waxy maize starch, hydroxypropylmethyllglkise and silicon oilsThe
sample preparation is described in detail. In tregidds section, the techniques and
devices used for the study are explained with spatiention being paid to sample
loading and different sources of experimental efworheo-optic experiments. Flow
behaviour of the materials was characterized uaimgtational rheometer and the
rheo-optical counter rotating device and the iatgdl tension between the fluids
was assessed with a tensiometer. Greater attemtsnpaid to the starch itself
through an in-depth characterisation: the analgéithe continuous phase and its
constituents was carried out using analytical tephes such as Differential
Scanning Calorimetry, Analytical Ultracentrifugatio Size  Exclusion
chromatography and iodine staining. Finally, thegat granule itself was examined
using microscopy techniques to evaluate granulapeh(Scanning Electron
Microscopy), surface roughness and topography (Atdrorce Microscopy) and

behaviour under flow (counter rotating shear cell).

l1l.1. Materials: Their characterisation and sample preparation

[11.1.1. Starch

The starch used was a commercial sample of modifiedky maize
(Novation 2600, provided by National starch, UK)igthis physically modified

through a heat moisture treatment which inducesirdnbited swelling, thus
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mimicking a chemical cross-linking. As the swellipgoperties depend on the
botanical sources of the starch as well as itsipalysr chemical modifications, it

was important to determine the swelling conditigmecisely in order to prepare
reproducible suspensions, i.e. homogeneous withasimscosities. Another starch,
native potato starch (National Starch, UK) was udeda lesser extent, in a few
experiments on the behaviour of single granuleseuridw. As the study was
mainly carried out on the modified waxy maize dtarthe latter will simply be

referred to as starch. If potato starch is usedthiat case it will be specified.

I11.1.1.1. Starch characterisation

* Gelatinisation temperature

The gelatinisation temperature depends on thensitriproperties of the
starch and needs careful determination. In fact) eganule gelatinizes at a specific
temperature that can differ from granule to grantites variation is thus generally
referred to as a gelatinisation temperature rartd@wever, we generally talk about
a gelatinisation temperature rather than a rangg ianis considered as the
temperature for which most granules are gelatinised

The gelatinization temperature was determined uamg@ptical microscope
Metallux 3 (Leitz, Germany) fitted with a heatingge (Linkam TMS 91 hot plate,
Linkam Scientific Instruments, UK) in polarised Hig Starch granules were
dispersed in excess of water at 20°C followed bgtihg to 95°C at a rate of
3°C/min. The gelatinisation temperature was defiasdhe moment where 90% of
the observed granules had lost their birefringenee, Maltese crosses were no
longer visible under polarized light illuminatioRor modified waxy maize starch
used in this study a gelatinisation temperaturarotind 73+1°C was found (this
value was the mean of 3 replicates); using the sarathod, the gelatinisation
temperature of potato starch was determined todned 69+1°C.

At a given temperature, granules, depending orlsiargin, can continue to
swell. In a second set of measurements the effedteating time on granule
swelling was evaluated by heating a sample in exeester to the gelatinization
temperature (73°C or 69°C) and holding it for 30nainthis temperature. The

swelling of the granules was evaluated every 5Srbut, no further increase of
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granule size was observed for waxy maize starchis,Th can be concluded that
most of the granules were swollen to their maximam73°C, with no further

heating needed. For potato starch further sweltihghe granules was observed,
after 10min the maximum swelling at 69°C was atdir{and no bursting was

observed).

» Swelling degree and maximum concentratioR,{d = 1)

The lengths of the dry and the swollen granulesevmeeasured using optical
microscopy and image analysis software Ellix (Migstmon, France). Based on the
data acquired, the swelling degree, Q, was cakedlasing the following Equation
(3.1):

Q = (L swollen granulél— dry granul:)3 3.1
where Lswolien@nd Lary are the lengths of swollen and dry granules, respy.

Q is determined by weight considering that thesdgnof the granules
remains constant.

From the swelling degree it was possible to cateulshe critical
concentration, faax at which theoretically the suspension of swollenvater
granules contained no free water, i.e., all watas vaken up by the granules in the
process of swelling. Thus, the theoretical volumaction was 100%. &ax was

calculated as follows:

Chax=0/Q 3.2
where® is the volume fraction of the suspension (Douldieal., 1987).

Maximum concentration fx was also determined experimentally following
protocols previously published (Vandeputte et 2D03). Specifically, a starch
suspension (potato and modified waxy maize) wapgvezl at the gelatinization
temperature and then centrifuged for 10min at 27@H20°C. The supernatant was

removed and the sediment weighega@vas calculated following Equation (3.3).

Cmac= (dry matter starch weight x 100) / (sediment wéig 3.3

83



distribution %

Chapter Il : Materials and Methods

This measurement was repeated in triplicate anldedea similar value to the one
calculated with the swelling degree (see Table.3.1)

Table 3.1: Swelling degree and critical concentratin values. Values are to be considered with a
10% error.

Q (g/9) Calculated Geax Measured Gax
(Yow/w) (Yow/w)
Modified waxy 12.5 8 7.8
maize starch
Potato starch 20 5 54

It is important to consider these values with csdhey are average values.
As evident below, there was great polydispersitythia granule sizes and their
swelling ability. Swelling occurs at different rateand varies from one starch
granule to another. Consequently, the maximum cdraon might vary from one
sample to another.

* Granule size distribution

To underline the polydispersity of the starch gtasuthe size distribution of dry
and swollen starch particles was determined udiegsame optical microscopy
image analysis set-up as for the swelling degrésrahénation.

30 - a . b

15+

distribution
%
5

T T 1 0 ¢
0 10 20 30 40 0 50 100 150

Length (microns) Length (microns)

Figure 3.1: Modified waxy maize starch granule sizéistribution (a) in the dry state and (b)

swollen-in-water. Lines are given to guide the eye.
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Figure 3.1 shows a large polydispersity of the gkesm with a majority of
granules measuring @B and 3@m in diameter in the dry and swollen states
respectively. The size distribution of the swollgranules is wider than the size
distribution of the dry granules suggesting différeswelling rates and different
swelling degrees; e.g. two granules of the same \siit not reach the same final
diameter. Hence, the values for the swelling deguee the critical concentration
should be considered as an average value. The weolfraction is slightly
overestimated and does not reach the theoretitad wé 100%.

[11.1.1.2. Preparation of starch suspensions

Modified waxy maize starch suspensions were prephyeadding starch to
water while stirring vigorously for 10s to obtaimoper dispersion, i.e. with no
lumps. The mixtures (starch granules+water) weeddtkin a water bath and gently
stirred (250rpm) until they reached gelatinisattemperature (73°C) and held at
this temperature 1 min to ensure full swelling leé granules. Starch samples were
prepared at various concentrations ranging from Mdw 20%w/w. Concentrations
provided are on a dry weight basis which requiretenination of the moisture
content to the starch as received. Moisture comast determined by weighing the
sample before and after oven drying at 50°C. Theghteof the samples was
measured regularly until no more weight loss waseoked. Samples from 2
different batches and stored in different contangtass bottle, plastic flask) were

tested and results for the moisture content argepted in Table 3.2.

Table 3.2;Moisture content of starches. Results are the meaof triplicates

Type of container used for starch storage Moisture content (%)
Plastic flask 9.1+0.5
Glass bottle 11.2+0.5

From Table 3.2 it can be seen that the starch tgantontain naturally
around 10% of water (Nguyen et al., 1998; Rao &tiyakul, 1999). The starch
suspensions obtained give reproducible viscosasesvidenced in Chapter V.
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For potato starch a similar method was used. Whengelatinisation temperature
was reached, the suspension was held 10min at ®@9aow the granules to reach

maximum swelling. Suspensions were prepared ortlysamaximum concentration.
[11.1.1.3. Preparation of the continuous phase

It is well-known that when starch is heated, thangtes swell and amylose
leaches out. If the slurry (starch+water) is futheated the granules burst. Waxy
starches contain amylopectin in a great majori8.4%) and the inhibited swelling
through physical modification prevents the granuiesn bursting as it mimics
cross-linking of the amylopectin. Hence, the cambus phase of the suspensions
used in this study should be composed of the sblgaly, which is pure water.
Nevertheless, a few preliminary measurements shakagdoolymeric material was
dissolved in the continuous phase. The analysishefcontinuous phase of the
suspension in terms of type, concentration and cotde weight of the dissolved

polymer is presented in Chapter IV.

A schematic representation of how the continuoussphs separated from
the swollen granules is sketched in Figure 3.2tidlhy, starch suspensions of
different concentrations were prepared as described8.1.2 and centrifuged at
varying times and speeds to determine the influeacentrifugation on the release
of polymeric material in the solvent. The supernataas removed from the
centrifuge tube and set aside as the sediment waarded. The supernatant was
then centrifuged a second time for 20min at 27@grisure that there were no

remaining starch granules. The ‘final’ supernataas recovered for analysis.

R Remove
emove supernatant
supernatant Centrifugation >
Discard @ Discard
sediment sediment

Figure 3.2: Schematic representation of the separiain of granules from the continuous phase

Centrifugation

—
'

%

However, centrifugation might enhance polymer r&¢em the sample and
increase the release of dissolved material in tipematant. Based on experimental
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design and statistical analysis the impact of dewg@tion on the continuous phase
properties was quantified. The experimental teammiguill be described in the
Methods section.

[11.1.2. Linear polymer solution: Hydroxypropylmetyl cellulose

One of the goals of the PhD work was to comparerd¥ygpropylmethyl
cellulose (HPMC) solutions and modified waxy mastarch as thickening agents in
terms of their droplet deformation and breakup rae@m. In this section a general
overview of HPMC as a molecule and food thickersewall as a description of the

preparation of HPMC samples is provided.

[11.1.2.1. Molecular structure and general inforioat

The HPMC chosen for this work was Methocel grad&kstovided by Dow
Chemical (UK) with a zero shear viscosity of 4Pfs a 2%w/w solution (at
20.0°C), as given by the producer. The moleculaghteof this HPMC is nominally
95 000g/mol (given by the provider). The degreeswbstitution is specific to this
grade (K4M).

OH CH,

Figure 3.3: Theoretical structure of Hydroxypropylmethyl cellulose

Hydroxypropylmethyl cellulose is derived from cédise to make it soluble
in water; the modification leads to a product chléellulose ether. It is synthesised
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by making an alkyl molecule react totally or pdlyiavith the hydroxyl groups of
the glucose molecules forming ether functions (CHCH), see Figure 3.3 for the
molecular structure. Due to the alkyl chains théymer is amphiphilic and hence

lowers the interfacial tension between hydrophalid hydrophobic media.

[11.1.2.2. Sample preparation

HPMC solutions were prepared by dissolving the pay powder in
distilled water at 70°C while vigorously mixing Wwitan overhead stirrer (Eurostar
Digital, IKA, Germany). The powder was slowly addetb the vortex created by
the overhead stirrer. When it was fully dispergbd,solution was removed from the
heat and stirred until the viscosity increased pibyu Finally, the samples were
stored at 4°C overnight to allow full hydrationth® polymer chains. Measurements
were performed on samples that were at room teryera A range of

concentrations was prepared from 1 to 3.75%w/w dryaveight basis.

[11.1.3. PolyDimethylSiloxane

[11.1.3.1. Choice of suspending fluid

For rheo-optical study, carried out between twatiog plates combined
with an optical microscope, the droplet under soyuis embedded in a matrix. For
observation purposes this matrix needs to be teagsp It should also be liquid at
ambient temperature as the study is conducted’&. 20oreover, it should be inert
with respect to the studied system, i.e., thereilshoot be any affinity between the
droplet and the matrix, or physico chemical intécas and finally the infiltration
of the matrix polymer chains in the droplet sholédnegligible. In the present case
it means that the matrix phase should be hydroghdensities have to be similar
to prevent buoyancy. Finally, the viscosity shobl sufficiently high to induce

stresses capable of deforming the droplet.
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Silicon oils (polydimethylsiloxane, PDMS) fit alhése requirements and
were therefore chosen. The silicon macromoleculescamposed of carbon, silica

and oxygen. Their general formula is shown Figude 3

A S A A A

| | I
?i—'l]'—?i—'l}—ﬂli—'l:fl—?i—l'.]'—?i—'l]'—?i—'E!I'ﬁ'wW
R R R R R R

Figure 3.4: Chemical composition of silicon oil

Commercial oils of the type Rhodorsil (Rhéne PoajeRrance) of three
viscosity grades, 47 V 175 000, 47 V 200 000 and/4T 000 000 referred to as
PDMS 175, PDMS 200 and PDMS 1000, respectively,ewesed in this study.
PDMS1M and PDMS 100 (Sigma Aldrich, UK) were alsed. An overview of the

silicon oils and their viscosity is presented irblEa3.3.

Table 3.3: Silicon oils and viscosity at 2C

Name given by | Synonym used in thisViscosity given by Measured
provider report provider (Pa.s) viscosity'
(Pa.s)
47 V 175 000 PDMS 175 175 170
47 V 200 000 PDMS 200 200 220
47 V 1 000 000 PDMS 1000 1000 1100
PDMS 1M PDMS 1M 1 1.15
PDMS 100 PDMS 100 0.1 n/a
PDMS200/PDMS1M 75
75/25
PDMS200/PDMS1M 21
50/50

2Values are the mean of three measurements. Tigssthdeviation is less than 10% for all results

The flow curves acquired for the oils are providedhe following section
with the exception of PDMS 100; as the latter is used for the rheo-optical study,

the viscosity is not needed.
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[11.1.3.2. Flow properties of PDMS

The oils were characterised using a rotational mreter (Bohlin CVO-R,
Malvern Instruments, UK) fitted with a cone-plateoghetry. Measurements were
carried out at 20°C and shear rates varied fromd100s. PDMS 200 was mixed
with PDMS 1M in different proportions to obtain éninediate viscosities. Weight
based mixing ratios were PDMS200/PDMS1M = 75/25 20#0. The flow curves

of all oils used as continuous phase fluid in #tigly are reported in Figure 3.5.

10000 - ¢ PDMS 175
A PDMS 200
A PDMS 1000
W mix 75/25
100 AAAAAAAAAAAAAAM A‘:‘mi:50/50
«
g LESSSE0000000006060000
?; looillllllllllllllllllll
o
[&]
2
> DOo0O0oO0OoOO0O0O0O0OoO0OoOoOoOOoOoooaon
10 -
l T 1
0 1 10

Shear rate (1/s)

Figure 3.5: Viscosity of the silicon oils. Error bas are smaller than the points.

All measurements carried out on the rheo-optic aewere conducted in the
Newtonian region of each one of the silicon olls.
The first normal stress differences measured fa $iicon oil were

negligible and are consequently not presented.

90



Chapter Il : Materials and Methods

[11.2. Methods

[11.2.1 Rheo-optics

Rheo-optical systems combine visual observatiorcr@scopy, laser light
scattering) with a flow field. It allows the visusdtion of flow-induced structural
changes. In this study a device developed at CEMBEFconsists of a simple shear
flow and an optical microscope was used. The twalleh plates creating the flow
rotate in opposite directions, which is why it isifgy referred to as the counter

rotating shear cell.

[11.2.1.1. Description of the counter rotating sheall

The counter rotating shear cell, see Figure 3.@&fechematic representation,
iIs composed of two transparent plates with indigidcontrol of rotational speed.
Each plate has a diameter of 40mm and is drivemrbyndependent motor. The
velocities of the latter can be manually adjustedurn in the same or in opposite
directions. The sample composed of a matrix flgiicon oil) and a droplet of the
studied system (see 2, Figure 3.6) is loaded betlez two plates. The gap is set

using the computer, in our case it was 1mm.

—
]
%

Figure 3.6: Schematic representation of the transpant counter rotating device (Vervoort ,

2006) 1: glass plates; 2: sample; 3: Image acquisition in
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For visual observation the device has been fittedo a microscope
(Metallux 3, Leitz) equipped with a camera (Sony ®AO07 AP). The camera is
linked to a monitor and a DVD recorder acquiringl atoring 25 images per second
(component 3 in Figure 3.6). A time code is supposed to each of the recorded
images which allows accurate analysis of the eiaiuof flow-induced changes.
The system is also linked to a computer with sofém@gistering the velocities of
the plates, the radius at which the droplet sitthan observation window, and the
gap. The software then calculates and records ppéed shear rate from these

parameters.
[11.2.1.2. Principle

In the shear gap of the counter rotating plateeptbvice simple shear flow
iIs generated. For a Newtonian fluid, the resultimgperturbed flow velocity varies
linearly with the height betweem, and w, at the upper and lower plates
respectively, see Figure 3.7. The advantage ofyusicounter rotating shear cell for
the purpose of this study is demonstrated in Figure In a system with only one
rotating plate, see Figure 3.7a, the observed bhyeees with a certain speed which
depends on the speed of the upper moving plateségpently, the changes an
individual object may undergo as a result of thgliaption of simple shear flow can
not be monitored continuously since the objectésate stagnant observation area.
On the contrary, with the counter rotating plates abject is dynamically fixed, i.e.,
static in the laboratory reference and, thus, fioduced structural changes can be

observed throughout the measurement.

| B ‘ﬁﬁn [r

Fixed plate

Rotating plate

Figure 3.7a: Set-up with only 1 plate rotating Figure 3.B: Counter-rotating set-up (2 plates

rotating)

92



Chapter Il : Materials and Methods

wjandwy, are a 2D representation the angular velocitighefower and upper plates
respectively.
The shear stress is calculated as follows:

. —¢g) *r
T:ny:g% 3.4

where 1 is the shear stresg, is the viscosity of the matrix fluidy the shear rate

applied, h the gap between the 2 rotating platd® radial position of the droplet in

the flow-vorticity direction and finallywy, and aj are the angular velocities of the

upper and lower plates, respectively.

At a certain height h)(see Figure 3.7b), a selected droplet (see 2 &igL8)
has a velocity of zero for an observer in the fileabratory reference. It can hence
be kept in the field of view and its deformatiomcdae monitored continuously
throughout the experiment.

As much as possible, upper and lower velocitiesushbe equal to ensure
good experimental conditions. In that case, thaelaf observation is in the middle
of both plates and the droplet is not submittedvédl effects, if the drop size is
sufficiently small (wall effects will be discusseith the next section). The
experiments in this study were carried out for ¢tetgpat a radial position chosen
between 5 and 12mm in order to obtain reasonaldarstate (the closer to the
rotation centre the lower the shear rate) but alaking sure we are not too close to
the farther edge of the plate (plate radius is 29) nin the latter case, the shear rates

induced are high, leading to a difficult stabilieatof the droplet.

[11.2.1.3. Sample loading

A first layer of PDMS was placed on the lower pléBenall droplets of the
studied sample were added using a spatula. Thdetisopere then covered by a
second layer of PDMS. We are using here the temopldt” in the general sense; it
can be a droplet of a polymer solution, a droplesuspension or even a single

starch granule. When silicon oil viscosity is higir,is entrapped; hence, the system

93



Chapter Il : Materials and Methods

was let to relax before lowering the upper platéodihe sample and starting the
measurements. From the suspended droplets, oneandibmeter between gt
and 10@um was chosen. The droplet size was imposed to Walt effects; it has
been frequently reported, (De Bruijn, 1989; Bikatcal, 2006) that shear gaps less
than 10 times the size of the object under conataer affect its deformation
behaviour, usually enhancing it (Vananroye et2006; Vanaroye et al., 2007). In
order to fulfil this criterion, it was ensured thhe drops were located in the middle
of the shear gap which was controlled by only asialy drops that were
dynamically fixed at roughly equal angular veloafythe upper and the lower plate,
respectively. Also, it was ensured that the voldraetion of droplets in the oil was
such that the distance between the centres of lneiging drops was at least three
times the diameter of the largest drop in ordeavtoid flow perturbations that could
influence deformation.

For the observation of single swollen-in water ctagranules, the samples
were loaded in similar way: first a layer of PDMthen a droplet of starch
suspension. This droplet was observed under theosuope and the granules were
separated from one another. Finally, a second lafyDMS was added. The same
precautions were taken to ensure that the requoeditions for proper data were
fulfilled.

[11.2.1.4. Experimental conditions

The experiments were conducted by stepping uphargate from zero to a
fixed value; thus the system was directly submitiedhe desired and no shear
thinning of the droplet was involved. Shear ratesexchosen from the region of the
Newtonian flow behaviour of the PDMS. Droplet defation was followed until
either a break-up event or steady state deformatemobserved. If the droplet did
not break up the relaxation speed was then mouitbgsejust stopping the shear
flow.

For single swollen starch granules the experimevise carried out by
increasing the shear rate stepwise from 0 t6'1Bsch shear rate was held at least

30s to ensure that the steady state deformatitimeagranule was attained.
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All experiments were conducted at 20+2°C, in a wulgd temperature

room.

[11.2.1.5. Estimation of the error occurring duringxperimental

settings

As the settings must be done manually, errorhengap, the radius and the
velocities might occur for the calculation of theear rate. The latter is calculated by
the software as determined by equation 3.4. Ther esrthus the addition of the
relative errors for each parameter entering theeour

The relative speeds of the upper and lower platestested to see if there is a
difference between the speed given by the soft{eamnd used to calculate the shear
rate) and the actual speed of the plates. To deterthe velocities of the plates, a
pencil mark is done on the lower and upper plate. & specific software speed, the
number of rotations of the mark is counted as aglthe time needed for the rotation.
The real speed can then be calculated by dividieghumber of rotations by the time

necessary to do them. The relation between theciwiel® of the software and the

measured velocities can be seen Figure 3.8 (a)and b

0,8 0,8
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Figure 3.8: Correlation between the measured and ¢aulated by software velocity; (a) lower

plate, (b) upper plate.
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Figure 3.8 shows an excellent correlation betwdennmeasured velocity and that
given by the software. The estimated error forltdveer plate is 0.2% and 0.1% for
the upper plate.

The radial position of the particle is given by swdtware. It is varied using
a micrometric screw, which in turn moves the paritaining the two parallel plates,
along a horizontal axis. Thus the observation wimgan be visualised from a zero
radius to the maximum value possible. The zerousadialue is entered in the
software as the rotation centre of both plateshéncentre r =0 and consequently the
shear rate is zero. The error on the radius maguseto an imperfection of the
concentricity of the plates or any systematic sfifte rotation centres of the plates
are 3@m apart thus inducing a i error on the radius. It was determined by
following a mark situated close to the rotationtees of the plates; when tracing the
path of both marks (on the upper and the lowereplat is possible to see the
rotation centre of the plates. We consider thats temall deviation from

concentricity is not important.

The height between the two plates, referred tdhagyap value, is given by
the software. After setting the mechanical zeranelg when both plates are in
contact (set manually) the zero gap value is sethensoftware. The desired gap,
1mm, is entered in the software. To check the amyuof the software a comparator
is used. The relation between the true gap andstitwvare gap is presented
Figure3.10.
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Figure 3.9: Correlation between the software gap ahtrue gap

Figure 3.9 shows a good correlation between theggagm by the comparator (“true
gap”) and the gap given by the software. The olestimated error is of 2.6% on
average for all data points. For a gap of 1mm (tWwhis what is used) this

corresponds to a gén error.

The square of the relative error on the appliecishate is calculated as the

sum of the squared relative error on differentdex(Vervoort, 2006):

(M{A—.VJ -{8a) +(Ba) +(£j +(ﬁj 35
Y (@ +aq) r h

Bearing in mind other possible errors that canmotebtimated, we consider the

global error to be around 5%.

As demonstrated above, the error on the machirgiie low. However,
error on the shear rate might occur from other cgirA slip phenomenon of the
silicon oil on the glassurface might induce a lower shear rate than tkpeated or
calculated by the software. Slip depends on théivgeability of the surface by the
material; the higher the contact angle the lowentietting ability and the higher the
slip.
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Slip was determined for PDMS oil by calculating #peed of a glass bead in
the oil and comparing it to the rotation speedha plates. The speed of the glass
bead is determined by recording its trajectory lo& monitor and determining the
time it takes to cover that distance. It is thesqiole to calculate its speed. The
value obtained is compared to the rotation valuemiby the software. Results
showed a 5% difference between the rotation spédte@late and the speed of the

bead. It seems that slip occurs between the glassspand the silicon oil.

[11.2.1.6. Analysis of droplet deformation experintg and orientation

angle

The dimensions of the initial and deformed droplet determined using the
image analysis software VISILOG® from Noesis. Theasured dimensions are
shown in Figure 3.10: the length L (flow axis) ahé W the second minor axis of
the drop (in the vorticity direction). The thirdnaension of the droplet, the breadth

B, can not be seen with this set-up.

+—>
Lp

Figure 3.10: Definition of dimensions of deformed wbplets in simple shear using the counter

rotating shear cell.

Using the device developed in CEMEF the dropletolbserved in the
flow/vorticity axis. It is not possible to measuwegher the breadth B of the droplet
(first minor axis, in the flow gradient directioa) the particle orientation in the flow
gradient axis (see Figure 3.11). As a consequédheedroplet length measured on

the image is a projected length L
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Flow gradient direction

Figure 3.11: Droplet orientation under simple sheaflow in a plane perpendicular to the

vorticity axis

The orientation angle was determined using a courdeating device
developed in Le Mans University and described itaitlby Assighaou et al., 2007.
This set-up allowed observation of the droplet mthbplanes formed by the
vorticity/flow and the flow/flow gradient axis, malg it possible to determine the
orientation of the droplet as a function of theahete. The real length was then
calculated from the set of data obtained with thergexperiments using Equation
3.6. For large deformations (D>0.2), the dropletodonger an ellipsoid and-BW;
the breadth in the flow gradient direction is henatulated using the conservation

volume Equation 3.7.

L:Lp/cosb'
3.6
_ Vo
L*W Ll 37

where \4 is the initial volume of the droplet.

Deformation data for HPMC and starch suspensiorpldt® will be presented

chapter V.
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[11.2.2 Experimental procedures and devices use&udl fheological

characterisation

The flow and elastic properties of starch susperssiBlPMC solutions and
silicon oils were studied using rheological todlse( characterisation of the flow
behaviour of silicon oils were presented in sectibd.3.2 above). A description of
the different modes used (continuous, oscillat@y)well as the different devices
will be provided in this paragraph. All measurensewere carried out at constant
temperature controlled by a Peltier-Plate systems@me experiments proved to be
long, to avoid solvent evaporation and drying ¢ gample a thin layer of mineral
oil was applied.

[11.2.2.1. Flow properties

+ Starch suspensions:

A first set of experiments was carried out on atiohal rheometer (C-VOR,
Bohlin rheometer, Malvern Instruments, UK) to ewtu the influence of the
geometry on the flow curve of an 8%w/w starch sosmm. For these
measurements different geometries were used:

- Cone-plate: stainless steel, 40mm, 2° cone angle

- Plate-plate: stainless steel, 40mm, gap variech #00 to 1100m

- Plate-plate: Cross-hatched, 40mm, gap varied #6thto 1100m

- Coaxial Cylinder (Couette), C14 cup and bob: dupensions (D = 15.4mm, H =
27.4mm), bob dimensions (D = 14mm, H = 21mm, ad§fy

- Vane, C14 cup and vane: vane dimensions (‘D’=14im 21mm, 6 paddles)

The instrument is stress-controlled; moreover, snspns of soft particles
are known to be yield-stress fluids above a cerparticle concentration and for
these reasons, measurements will be carried aitess-controlled mode (CS). The

procedure used is as follows:
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= Procedure for starch suspension, C-VOR rheometer:
Measurements were carried out in controlled stressle at a constant
temperature of 20°C; applied stresses are increassgd wise from 1 to 1000Pa
logarithmically. The shear stress is applied tos@eple for 15s and left 30s for the

sample to reach steady state before acquisititimeodlata point.

As it will be shown in section V.1, the results abed with the different
geometries were similar within 10% error; it can dmcluded that slip does not
seem to occur. Hence, for further measurementsgdhe-and-plate geometry will
be preferred, as it allows working at higher coniaion than for the cylinder and
Vane. Moreover, the shear rate is homogeneous ghout the gap and thus does
not lead to agglomeration of granules in the lowastrate zones, unlike the plate-
plate. Another reason to use the cone-plate sysetimat the first normal stress

difference data can be obtained directly usinggeismetry.

Optimisation of the flow measurements of the susjpento determine yield
stress and viscosity values as a function of agplstress and the starch
concentration were performed on a different rheemgMCR-301, Anton Paar,
Germany). The starch suspension is a structurersysbmposed of more or less
deformable granules. When the starch sample isethaithe granules have not all
been submitted to the same stresses; in ordehégtanules to have the “same
history” a pre-shear above the yield-stress vasugpplied. Moreover, the granules,
being deformable, need time to relax to their ahistate (Cloitre, 2005), to obtain
more reproducible results. Intrinsic relaxation dimannot be characterized as for
conventional viscoelastic fluids (Cloitre, 200%)seems that relaxation increases
with time and that the measurements are carriednoah out-of equilibrium state.
The pre-shear applied was slightly above the ystldss value determined
previously to allow rearrangement of the granulds “relaxation time” was varied

from 10min to 60min; above 20min no differenceshia flow curve were observed.
= Procedure for starch suspension, MCR-301 rheometer

Pre-shear of 100Pa was applied for 60s to the sanfd the sample is

concentrated, sedimentation is not a critical patamhere. The sample was then let
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to relax for 20min as mentioned above. Finally, shear stress was increased step

wise from 1 to 1000Pa logarithmically. For eachadatint, an infinite time was left.
Yield stress was determined by applying a HersBudtdey model. This
method gave very reproducible results: the standardation for the yield-stress

values (mean of 10 measurements) did not exceed 5%.

« HPMC solutions

The flow behaviour of HPMC solutions of various centrations was
studied using an ARG2 (TA instrument, UK) fittedthvia 60mm stainless steel
cone-plate geometry. The cone-plate geometry (6@tamless steel cone-plate, 2°)
was preferred as it offers a uniform shear ratehiwithe gap; as HPMC is a

solution, there is no problem of gap-size/partsiie.

* Procedure for HPMC solution, ARG2 rheometer:
Measurements were carried out in controlled stredlwing a step-wise
logarithmic increase of the shear stress from @0300Pa. Time dependence was
tested by decreasing the stress from 500 to 0.Gifebat each stress the sample was

left until steady state was reached.

* Note on first normal stress difference

First normal stress differences can be determinehgl a flow measurement
when using a cone and plate geometry. For eldsidsf a normal force F develops
and acts on the plates in the direction of thetimtaaxis pushing the cone and plate
apart. The force is measured with the rheometetthéncase of a cone-plate, a
simple equation (3.8) relates the normal force t@ahd is automatically calculated
throughout the measurement. This relation is morapicated with a plate-plate
geometry.

102



Chapter Il : Materials and Methods

Ni= 72; witha the plate radius 3.8

N‘

N; was determined from the flow measurements focktauspensions and HPMC
solutions; the methods for both samples are destrdibove. Results presented in
sections V.1.1.5 are to be taken with care asiNracterisation methods were not
optimised. However, it is important to note thae ttesults obtained for the first
normal stress difference are not completely repeide; a more rigorous procedure

would be needed.

[11.2.2.2 Oscillatory mode

The viscous, G”, and elastic, G’, moduli were detmed using the
oscillatory mode (C-VOR Bohlin, Malvern Instrumenti).

For HPMC solutions a cone-plate geometry was usedthe case of starch
suspensions the oscillatory mode does not indugadient of shear rate along the
radius of the geometry as very small deformatiome applied; hence no
agglomeration of granules in low shear rate regicers occur. For this reason a
plate-plate geometry with a gap of 400 is preferred hence freeing ourselves of the
gap/size/particle size issue.

The first step in measuring G’ and G” is to detarenthe linear viscoelastic
region (LVR). To determine the LVR, an amplitudeegp varying the stress
amplitude from 0.1 to 100Pa was performed for athgles and for three different
frequencies: 0.1Hz, 1Hz and 10Hz. These frequeneere chosen to make sure the
applied stress during the frequency sweep was Vatidhe range of frequencies
studied (0.1 to 10Hz).

= Procedure: for HPMC and starch suspension, linaacoelastic
region determination
Measurements were carried out in controlled stries Jatter varying from

0.1 to 100Pa. The measurements were performedatstant frequency of 0.1, 1 or
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10Hz. The shear stress was applied 15s to the saanpl 15s were allowed for the

sample to reach equilibrium before recording a gaiat.

Once a common LVR was determined for the samplegreas value in the
LVR was chosen. It will remain constant during tinequency sweep test. The
frequency test procedure was slightly different $tarch and HPMC as starch is a
suspension of deformable particles and HPMC a petysolution. As mentioned
earlier, the granules need to be submitted to @lpear and given sufficient time to

relax before performing the frequency sweep. .

= Procedure for HPMC suspension: frequency sweep
For all samples (various concentrations) a 1Pastmas applied, which was

a common value to all LVRs. The frequency varienifr0.1 to 10Hz.

It is slightly more complicated to measure G’ andf@ starch suspensions
due to the deformability of the granule. As it vé&en previously, the granules need
to be submitted to the same history and also nesaltb relax to their equilibrium
state. For this reason, the procedure was optimigexilarly to viscosity
measurement (see section I11.2.2.1). Differencesnéen viscoelastic curves,
obtained for samples submitted to pre-shear anskttitat were not, were observed.
Nevertheless, there was no noticeable differendectixl between a pre-shear at
10Pa and one at 100Pa. We thus chose to pre-dheasamples at 10Pa. The
influence of relaxing time was also assessed byinvgurelaxing time from 10 min
to 60 min. The best results were obtained for a i6Omelaxation time. The

procedure used was the following.

= Procedure for starch suspension: frequency sweep
First the sample was pre-sheared for 60s at 10Bahem let to relax for
60min. The frequency sweep from 0.1 to 10Hz wa$opmed for a constant stress
of 1Pa chosen in the LVR. The method gave repradiicesults
Measurements were performed for various conceatratboth with HPMC

solutions and starch suspensions.
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[11.2.2.3 Low viscosity fluids: starch suspensiarpsrnatant

The viscosity of the starch suspension supernatast determined with a
rolling ball viscometer (AMVn, Anton Paar, UK) underecise temperature control
(20.00°C = 0.01). The relativeye, and specific viscosities)s,, were calculated as

follows (equations 3.9 and 3.10):

,7rel = — 3.9

”sp :”rel _1 3.10

where is the dynamic viscosity.€. corrected for density) of a starch supernatant
solution andsp is the dynamic viscosity of water (1.002 mPas),icwhwas
measured using the same method.

Measurements were made in triplicate for each reapa&nt solution taken
from suspensions made at different starch conderisa and intrinsic viscosities,
[n], were estimated through calculation using theo®ain-Ciuta approximation,
Equation 3.11 (Solomon and Ciuta, 1962):

[,7] - ( sp 2':(’7re| ))1/2 3.11

where c is the supernatant concentration deternsepdrately from Size Exclusion
chromatography coupled with light scattering (SEGIMS) and Analytical
Ultracentrigation (AUC) data which are presentedsection 11.2.5 and 111.2.6
respectively. The Solomon-Ciuta equation allows for approximatatues of the
intrinsic viscosity without concentration extrapad@ and can thus be used when
the data is not sufficient.

The intrinsic viscosity of the starch supernataaswetermined as it can give
information on the shape, the flexibility, the degrof water-binding and it is also
linked to the molar mass (for non spherical paesgl This value can give a general

idea of the conformation of the macromolecule.
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[11.2.3 Interfacial tension

The interfacial tension was determined using aioemster applying the
pendant drop method (PAT-1, Sinterface, Germanigg Jet-up is equipped with a
CCD camera and a recording system visualising top dt all times; from the drop
shape the interfacial tension can be calculatechcelethe interfacial tension can
vary depending on its volume; a computer controllesing system allows for
reproducible results. By varying the amount of 8oluto form the drop, the volume
range where no variation of the interfacial tens®mbserved can be determined.
Using a capillary, the liquid of higher density s a drop in the lower density
fluid. The droplet is submitted to interfacial temsand gravity.

Measurements were carried out both in air andlicosi oil at room temperature.

« Measurements in air

A first set of experiments was carried out in dihe droplet was formed
using a steel capillary in a quartz cell.

For water the droplet volume was fixed at 22inand the evolution of the
interfacial tension was followed for 2min.

In the case of HPMC solution, its specific propestand concentration range
used did not allow the control of the droplet si¥#hen using the computer-
controlled dosing, the droplet volume oscillated the initial volume was set
manually. However, the droplet size of the HPMCusoh increased over time,
probably due to gravity effects, or elasticity detsolution. Measurements were
allowed to run for over 2h to allow stabilizing tife droplet. We considered the
measurements correct when the values obtainedasestant for 30min.

Starch suspension supernatant drops also showethtomt when controlled
with the computerThe volume was hence set manually; for each measuniea
different volume was used to see if that influentresiresults. Above 12ninall the

results obtained for the starch supernatant wemsistent.

e Measurements in silicon oil
The interfacial tension between PDMS/(HPMC solutiand PDMS/(starch

suspension supernatant) was measured in order tsdzkin the analysis of rheo-
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optical experiments. PDMS/water was also measused eeference. To obtain a
proper drop shape a lower viscosity silicon oilnthéhe ones used for droplet
deformation experiments was chosen (PDMS oil visges100mPa.s). It has been
demonstrated that the viscosity of the silicondaks not influence the interfacial
tension (Bergeroet al, 1997). For measurements in oil, a plastic capil@as used
to avoid a preferential affinity of the drop withet tube (not observed in air) which
would change the drop shape and hence the result.

For water the drop volume was smaller in oil than dir to obtain
reproducible results. For the two other systemsdtio@p-forming method remained

as described above.

The results obtained with the pendant drop metheiwompared to results
obtained through drop deformation under shear. method was tested for water
only. It was performed using the rheo-optical equipméwctording to Taylor and
Cox approaches (Cox, 1969; Taylor, 1932; Tayldt934) for small Taylor
deformations (Equation 2.5)tRir = (L — B)/(L + B) < 0.2, where L represents the
real length of the droplet (calculated with theeatation as described in section
[11.2.1.3) and B the width in the flow gradient eation, Gayior = Ca, where Ca is
capillary number given by Equation 2.4 (Chapter By plotting Drayior (0r Ca)

values for the small deformation againgt)R and knowing PDMS viscosity, the

interfacial tension can be obtained through thpesiaf the linear fit.

[11.2.4 Differential Scanning Calorimetry

A standard power compensated Perkin Elmer DSC-¥kifREImer, Ltd.,
Beaconsfield, UK) was used to investigate the preseof polysaccharides in the
suspension supernatant. A portion of the dried]edhisupernatant was weighed
accurately in a high pressure, stainless steebpdrwater was added to obtain a 1:3
ratio of dry sample to water. Finally, Lysophospihdtholine (LPC) was added at
5% concentration of the dry sample weight and e \was hermetically sealed and
left overnight on rotating rollers for moisture txquilibrate. For comparison
purposes, the initial starch was prepared in tiheesaanner. The occurrence of any
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thermal event was studied by heating the previomsntioned sample in the DSC
at a scanning rate of 40°C/min from 5 to 140°C. Fach sample, three
heating/cooling cycles were performed (cooling @tC/min) and the temperature
was held for 5 min after each ramp. Only the hgasnans are reported in the

Results section. All measurements were performetlipticate.

[11.2.5 Size Exclusion Chromatography coupled to MitAngle
Laser Light Scattering (SEC-MALLS)

Analytical fractionation was carried out using aie® of SEC columns TSK
G6000PW, TSK G5000PW and TSK G4000PW protected Isymalarly packed
guard column (Tosoh Bioscience, Tokyo, Japan) witHine MALLS (Dawn DSP,
Wyatt Technology, Santa Barbara, U.S.A.) and réifraéndex (Optilab rEX, Wyatt
Technology, Santa Barbara, U.S.A.) detectors. Tireng (deionised distilled water
at 25°C) was pumped at 0.80 ml/min (PU-1580, J&mporation, Great Dunmow,
U.K.) and the injected volume was 1(ADfor each sample (in duplicate). Absolute
molar masses, radii of gyration and concentrativese calculated for each sample
using a Debye *Lorder model (where the refractive index incrementdc= 0.146
ml/g) incorporated into the ASTRA(Version 5.1.9.1) software (Wyatt Technology,
Santa Barbara, U.S.A.). The concentrations estonagre then used to prepare the

samples to an appropriate concentration for sedatien velocity experiments.

[11.2.6 Analytical Ultracentrifugation AUC

Sedimentation velocity experiments were performesingi a Beckman
Instruments (Palo Alto, U.S.A.) Optima XLI Analysk Ultracentrifuge. Starch
supernatant solutions (5Q0) and distilled water (51Ql) were injected into the
solution and reference channels respectively abubld sector 20 mm optical path
length cell. Samples were centrifuged at 20000 gina temperature of 20.0 °C.
Concentration profiles and the movement of the medting boundary in the
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analytical ultracentrifuge cell were recorded uding Rayleigh interference optical
system and converted to concentration (in unitsinfe displacement relative to the
meniscusj) versus radial positiom, (Harding, 2005). The data was then analysed
using the Is-g*(s) model incorporated into the SEDPBrogram (Schuck, 1998).
This software, based on the numerical solutionthéoLamm equation, follows the
changes in the concentration profiles with rad@dipon and time and generates an
apparent distribution of sedimentation coefficiemtshe form ofg*(s) versussyow
where the * indicates that the distribution of seelntation coefficients has not been
corrected for diffusion effects. Usually sedimeimatcoefficients & ., are measured
at a series of concentrations and extrapolatedfioite dilution (S,0.4) to account
for non-ideality, however in this case as concéiang were very low, the weight
average sedimentation coefficient was taken asvabgnt to that at infinite dilution.
The concentration of each sample after dilutiormigém! was estimated from the

area (A) under thg*(s) curve using the following relationship:

¢ (mg/ml) = 0.388A (fringes) 3.12

The concentration prior to dilution was then estadaby multiplying by 2, 6 and 20
for 10, 30 and 50mg/ml starch supernatant solutiesgectively.

[11.2.7 Design and statistical analysis of centrigation influence on
supernatant properties

A design was put into place to determine the inflee of centrifugation
speed and time of centrifugation on the releastissiolved material(s) using Design
Expert software. The studied responses are thesitgcof the supernatant and the
dry matter weight concentration; the results wértaimed from the supernatant of a
3%wi/w starch suspension. The design is of the fatttype, i.e. that the extreme
points are represented: very low rotation speedishmne, low rotation speed/long
time, high rotation speed/short time, high rotatspeed/long time (see Table 3.4).
Four centre points (intermediate rotation speed @me) were added for cross-

checking and for statistical analysis. The samplese prepared in a random order
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given by the software. Statistical significancetbé results was assessed using
factorial analysis of variance (ANOVA). All testseve conducted at a 5%

significance (p<0.05).

Table 3.4: Factorial design to determine the influece of centrifugation on the release of

polymeric material

Run Centrifugation time, min Centrifugation speed
nm g

! 32 2300 1550
° 32 2300 1550
3 5 4000 5760
‘ 60 500 310
> 32 2300 1550
° 32 2300 1550
! 5 500 320

i * 4000 2700

The dry matter weight of the starch supernatant wlsigined after drying the
sample for one night in a vacuum oven at 70°C d&sdconcentration in the

supernatant was calculated as follows:

Dry matter weight concentration (%) = [Dry matteeight (g)/ supernatant weight
(9)] * 100 3.13

[11.2.8. lodine staining: amylose/amylopectin det@ination

This method was used to determine the amount ofaa®yand amylopectin
in the supernatant and the procedure was baseteoiSO method (ISO, 1987).
First, a reference system was prepared. Pure aen{losg) and pure amylopectin

(1mg) were each dispersed in the mixture of 0.1lrhletbanol and 0.9mL of 1M
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NaOH aqueous solution. For calibration purposesyl@se/amylopectin ratio) the
samples were mixed together in a proportion of asg/kanging from 0 to 40%.
Once prepared, the mixtures were heated for 300854 and then let to cool. The
samples were then diluted to 10mL with distilledevaA 1mL aliquot was pipetted
and mixed with 5mL of distilled water, 0.1mL of &1lacetic acid solution and
0.2mL of iodine solution (0.2% iodine in 2% potassiiodide). The volume was
diluted to 10mL with distilled wateaind the solution well mixed. Finally, the flasks
were left for 20min in a dark room for the coloardevelop.

The supernatant to be analysed was prepared isathe manner (10mg of
dry matter in 1mL of a mixture 0.1mL of ethanol &h@mL of M NaOH solution).
The optical absorbance was recorded for wavelenfgima 400nm to 800nm in
spectrophotometer (DU-640, Beckam Instrument, Rétlm USA). A blank sample

(distilled water) was taken as a reference.

[11.2.9. Atomic Force Microscopy (AFM)

Atomic Force Microscopy was used to assess thaseiidf a starch granule,
the topography and its roughness. This roughneslsl ¢@mve a major influence on
granular interactions and the behaviour of granuteter flow.

AFM measurements were carried out on a Picoplugd€AigTechnologies, USA) in
“tapping’/acoustic mode. It was used as the studiatkrial is very soft and sticky;
therefore the use of the contact mode would beproggiate here. To determine the
granule surface rugosity an untreated silicon tardgr with a principal frequency of
170 kHz is used. The scanned zonejim4 4um; the scan speed is 0.5l/s, i.e. it
takes two seconds for the tip to scan 1 line ofotheerved zone.

Samples were prepared by spraying starch granulesdouble face scotch
tape glued to a transparent cell. The scotch wed t prevent the granules from
moving when measuring with the AFM tip. To studyoien granules, water was
heated to the gelatinisation temperature (deteminimeviously); starch granules
were sprayed on a glass slide and immersed in ¢htett water. The sample was
immediately removed from water: this was sufficiemiobtain swollen granules, as

confirmed by optical observations, while ensurihgttno molecules (amylose or
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amylopectin) were leaching out. The glass slide assembled with a cover to form
the liquid cell. Then distilled water was addecedity into it. The sample could then
remain in water during the measurement to preveftydration. Images were
analysed using the software Gwyddion, a free soéiweed for Scanning Probe
Microscopy such as AFM; the treatment of the AFMages is further described in
Chapter IV, section IV.1.2.

[11.2.10. Scanning Electron Microscopy (SEM)

The starch granules were characterized using anvieatal SEM (Philips XL-3000,
NJ, USA). SEM offers greater resolution than optiogsicroscopy and allows
observations of irregular samples thanks to an mapodepth field. As starch is not
conductive, measurements were done in Environmemtdle and hence the sample
does not require metallic coating or any other ggeggreparation. The temperature
was fixed at 8°C and the chamber pressure at 0.7.nBe& voltage was fixed at
15Kv and GSE detector was used. Observation ofjtéweule shape was carried out

to understand the behaviour of a single dry grasulemitted to shear.

[11.2.11. Density measurements

Accurate values of density were needed for intefatension (pendant drop
method) and supernatant viscosity measurement&naity mete(DMA 5000, by
Anton Parr) was used to measure the density afts&urspension continuous phase,
silicon oil, and HPMC solution at various concetitnas. All measurements were
performed at 20.00 + 0.01°C in triplicate.
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[11.3. Conclusions for Chapter 3

Droplet deformation and break-up behaviour of sohg and suspensions in
a silicon matrix were studied using a counter mtpshear cell. In order to analyse
the data, rheological characterisation of the neterand values of interfacial
tension between the suspended matrix and the dsomlere needed. Special
attention was given to starch and various methogl® wsed to get a global idea of
the starch particules studied and its specificities
- Rheological characterisation with a rotationaaineter, i.e. flow and viscoelastic
behaviour by optimizing measuring procedures
- Quantification and identification of the solub#id matter in the continuous phase,
using analytical methods such as AUC and SEC-MALLS
- Shape and surface roughness of single granules,add swollen, using

microscopy techniques (SEM and AFM).
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Résumé du chapitre IV

Propriétés de surface d’'un granule d’amidon et

son comportement sous cisaillement

Une étude sur des granules d’amidon a été effectté chapitre porte sur
I'aspect des granules d’amidon, leurs propriétésutéace et leur comportement
sous écoulement dans I'état sec ou gonflé, cea @ mieux comprendre le
comportement des suspensions de ces mémes grabeles.amidons d'origine
différente ont été compareés : le mais cireux méddui est au coeur de notre étude
et 'amidon de pomme de terre. Ce dernier a étasclotitre comparatif pour
souligner les variations selon la source botaniguégalement car il posséde des
propriétés intéressantes, notamment celle d’étrgralede taille et d’étre hautement
déformable. Dans ce chapitre, la forme des grareil&s rugosité de surface ont été
étudiés a l'aide de la microscopie électronique adayage (MEB) et de la
microscopie a force atomique (AFM) respectivemeatcomportement de granules
sous cisaillement a été observé a I'aide du difipds€o-optique contrarotatif.

Plusieurs observations sur la forme et les progside surface des granules
ont été faites. L'aspect des grains et la rugaitéurface sont trés différents d’'une

variété a l'autre.

Les grains d’amidon de mais cireux modifié ont torene irréguliere, trés
angulaire avec de nombreuses faces, tel un sildg. t&ur la surface de ces
granules, des trous et des crevasses sont visilaaant une certaine rugosité. Ces
aspérités sont probablement dues au traitemenmhitpee subit par les granules lors
de la modification.

Contrairement aux grains de mais cireux modifie,genules d’amidon de pomme
de terre ont une forme réguliere, de type patatoiderugosité de surface est

négligeable.
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L’étude des particules sous cisaillement a permisdntrer plusieurs choses :
- Les granules secs agissent quasiment comme degspiggdes.
- Les granules gonflés se déforment lorsqu’ils sanimds a un cisaillement
suffisant.
- Le grain déformé peut atteindre dans ce cas-ciujasdeux fois sa taille

initiale.

Pour I'amidon de pomme de terre, a des contramtEs00Pa, la déformation est
maximale et il est possible d’observer des poirdasbout des granules. Cela
correspond a un peu de solvant de l'intérieur dasg qui sort du granule sans se
détacher.

Apres cisaillement le granule a perdu un certailume qui correspond au
volume de solvant éjecté hors de la particule besl’expérience. Il y a donc
éjection de solvant pour des cisaillements suffieamt grands appliqués pendant
des temps suffisamment longs. Néanmoins, le asadht critique n'a pu étre
défini.

- Il existe des différences de quantité de solvarttéj selon l'origine de

I'amidon.

- L’amidon de mais modifié perd plus de solvant damidon de pomme de

terre.

Les différences dans le comportement sous cisalhreont expliquées par
les différences entre les types d’amidon conssgiée les études MEB et AFM. Il a
été observé qu'une plus grande quantité de soBt@néjectée des grains d’amidon
de mais cireux que pour ceux de la pomme de t€ette différence pourrait étre
imputée aux trous et aux crevasses présentes wuféee de 'amidon de mais et
absent a la surface des grains de pomme de tarsetr@is pourraient correspondre

a des canaux par lesquels sort le solvant.
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Chapter IV: Surface properties of
starch granules and their behaviour
under flow

The aim of this chapter was to study single granuteorder to acquire a
better understanding of their shape and surfaceepties as well as their behaviour
when they are submitted to flow. The shape andtintace of potato and modified
waxy maize starch granules were investigated uScanning Electron Microscopy
and Atomic Force Microscopy. The determination bése features will help
understanding the behaviour of a single granuleeurilbw but also could help
building hypothesis for the suspension behavionrthe first section the results
obtained for starch granule shape and surfacebeilbresented. The second part is
dedicated to the behaviour of single granules stibchto simple shear in the dry
and in the swollen state. In this latter state,dhanules were prepared as described
in section 111.1.1.2, i.e. to their maximum swegjiat the gelatinisation temperature.
In this case, the swelling degrees of modified waxgize and potato starch are
12.5g/g and 20g/g respectively.

The PhD work is focused on the behaviour of modifieaxy maize. However, in
this chapter comparison with potato is of interest:

- first to understand the implications of starch worig

- and also potato starch granules being quite langenaghly deformable, their

observation in the counter rotating shear celbser.
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IV.1. Shape, size and surface properties of granude modified waxy

maize and potato

The aim of this section is to describe in more itlét® shape and surface
properties of starch granules depending on théjirorThe first part will show the
differences in size and shape between potato amtifietbwaxy maize starch. The
second part will deal with the description of ti@sh granule surface of both potato

and modified waxy maize.

IV.1.1. Shape of the granules

Dry modified waxy maize and potato starch granulese observed using
Scanning Electron Microscopy. Figure 4.1 a, b, d drare different views of the

same sample of starch (modified waxy maize) aeasing magnifications from a to

i T ain - o 22 ol '
AccVY  Spot Magn  Det WD | — 20|.1m lAccV  Spot Magn  Det WD% 20 um

WN150kV 3.5 1600x  BSE 8.3 07mBar I50kV40 3200)( BSE83 07mBar
Sy ® W - 4 :

P &
AccV  Spot Magn Det WD 1 10m AccV  Spot Magn Det WD 1 5um
150kv 40 5000x SE 100 hhemi 150kv 30 10000x SE 100 hhemi

Figure 4.1: SEM images of modified waxy maize stahcgranules; (a), (b), (c) and (d).
Magnification is increased for each picture from ao d, a being the smallest magnification and

d the largest. Scale bars are shown for each miggeaphs.
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Figures 4.1 (a) and (b) show the polydispersityhefdry starch granules as well as
the variety of shapes. These figures are repredaniaf the granular population. It
can be seen that granules vary in size fromm40 ~1@um; some granules are
spherical whereas most of them resemble a fragwfeatflint with angular faces
like octahedrons. The faces of the granules seeootbnand flat but when looking
at higher magnifications (Figure 4.1 (c) and (djjese surfaces show a more
concave shape with a certain roughness (whichheilguantified in the following
section). Holes and cracks can also be observeealieg a complex granular shape
and surface.

Potato starch granules visualised with SEM arsented in Figure 4.2 a, b
and c. Itis obvious from Figure 4.2 (a) that pfe¢ato starch granules have an even
greater polydispersity than the modified waxy mastarch with granules sizes
ranging from ~@m to ~6Qum approximately which corresponds to what has been
previsouly reported (Blaszczack et al., 2005).

AccV Spot Magn Det WD 1 100m AccV SpotMagn Det WD ——— 20m

150 kY 4.0 400x BSE 8.3 0.6 mBar 150kV 40 1600x BSE 83 0.6 mBar

AccV SpotMagn Det WD M 20m
150KV 34 3200x BSE 84 06 mBar

Figure 4.2: SEM images of potato starch granulesaj, (b) and (c).
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Figure 4.2 (b) was obtained with the same sample d a greater
magnification. In addition to polydispersity, whan be seen in this figure is a quite
homogeneous shape of the granules, most of themgawn ellipsoidal shape, or
even what could be called a “potato” shape. Thealvsurface seems rather smooth

as shown by Figures 4.2 (b) and (c) despite a &perédies at the surface.

Surface roughness is too small to be observed (net&v scale) with SEM
measurements; an AFM study was carried out as liesg adapted for detecting
submicronic roughness. Moreover, AFM allows meawargs in liquid. The
granules can thus also be observed swollen. Imee part, the relative roughness

of both modified waxy maize and potato starch gieswwas determined.

I\V.1.2. Surface roughness assessment using AFM

What is obtained from the AFM measurement is a magnal of the

topography of the granules (See Figure 4.3), whadfficult to interpret.

5,1 um

2.7 um

Figure 4.3: raw AFM signal obtained for modified waky maize starch

In order to analyse these data, the signal isddeasing a 2D-polynomial
with a chosen degree to be optimized. Figure 4.4 s£hematic view of how the

signal is treated.
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ARSI VAN

Background \
"

« Flattened » surface
roughness = surface
measurement - background

Figure 4.4: Schematic view of raw data treated foanalysis.

If the sample is considered as being ellipsoidairéror less like starch granules),
the surface measurement of this sample will hasendar shape, i.e. ellipsoidal as
well (see Figure 4.4). The raw data obtained is $heface measurement +
backgroung and when not modified it will have at&ier curvature which is that of
the sample. To analyse the data, the idea is totm@o the surface (take out its
curvature) whilst conserving the surface roughreess removing the background
thus easing the analysis and interpretation. Thitasa measurement is flattened
using polynomials; however it is important to ch®oa polynomial with an

intermediate degree in order to not biase the megh In the following cases, a

second degree polynomial for both the y and x ax®is used.

The surface topography of a dry modified waxy mastarch granule is
shown Figure 4.5.

0pm 1 2 3

| | | _
0 264 x 109 A
y

0,26 prr

-0,12 urr

-117 x 102

Figure 4.5: (a) AFM image of modified waxy maize strch granule. Scanned area gm x 4um.
(a) Topography, flattened signal. (b) 3-D Topograpy image.
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Figure 4.5 is typical for the modified waxy maig&arch surfaces observed
using AFM. The presence of holes (See arrow 2 guiéi 4.5 a and b) and cracks
(arrow 1 in Figure 4.5 a and b) was detected. Thasiects” have been previously
reported for the surface of rice starch granuldgcivshowed large pits; these holes
were attributed to the high heat treatment thesmues had been submitted to
(Dang & Copeland, 2003). It can thus be suggedtatl the imperfections on the
granule surface are the results of the treatmesd &3 modify the granules. The
maximum depth measured at the surface was -54.hdnthe maximum height was
observed at 38.6nm. The arithmetic mean roughnassn@asured by the software,
was 13.5nm. Roughness of the surface can causelgmrinteractions through
mechanical anchoring (Kolli et al., 2002), impagtion the flow behaviour of a
starch suspension where facets of the granulemarentact (above close packing
fraction; the close packing concentration will lmmsidered in chapter V).

However, this value of roughness could be acedetlby the accidental
nature of the surface, i.e. the presence of lameshand cracks. The depth and
wideness of these “imperfections” were determined @eported in Figure 4.6. Pits
such as those imaged in Figure 4.5 and Figureah@ttain a depth of 400nm and a
width of 2um (profile line 3 in Figure 4.6b). These holes tams be considered as
important and might have an impact on granule $mgeliwater can enter through
the holes, easing the swelling); it is also possiiol imagine ejection of solvent

through the holes if a swollen granule is submittetigh stresses.
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Figure 4.6: (a) AFM image of modified waxy maize ganules, scanned area 18m x 10pum. (b)

Profile of surface holes
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In part IV.1.1, it was shown that the modified waxyize granules had a
flint like aspect with multiple facets; the latterere also seen to be concave. The
angle between two joining facets was determinedgu8iFM imaging (Figure 4.7).

0um 5 10 15

— Profil 1
b — Profil 2

y [um]
v b bevriien

1,6 um 3

T T T T T T [T T T T [T T T T T T T [T T T T [ T T I oo IooT
o] 1 2 3 4 5 5] 7 8
x [um]

Figure 4.7: (a) AFM image of modified waxy maize ganules, scanned area 1pm x 15pm. (b)

Angle measure between two facets.

Angle determination must be done on the raw sigisathe polynomial approach
flattens the signal. For the first profile (profii@e 1) the measured angle is 124°
and 116° for the second one. More angles were meésnd not presented here;
the average value for these angles is around B0 +

The observations of swollen-in-water modified wamgize starch granules revealed
that the cracks and holes do not disappear withsthelling, which was to be
expected (results not shown). Nevertheless, thi#semgre slightly less deep (200

nm) than in the dry sample.

Data obtained for a dry potato starch granuleprésented in Figure 4.8.
Again, the results are representative of most patetrch granules.
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000pm 020 0,40 0,60 0,80
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Figure 4.8: (a) AFM image of a dry potato starch ganule. Scanned areajim x 1um. (a) 2D-
topography, flattened signal. (b) 3-D Topography irage. (c) Phase signal

Unlike modified waxy maize starch granules, noekobr cracks could be
detected. This potato starch has not been modifseghporting the previous
hypothesis that treatment might be the origin efiheven surface. Measured mean
arithmetic roughness was quite low, around 2nmclwiwas less than the value
reported for the modified waxy maize starch. Howelaoking closely at Figure 4.8
(a and b), a “lighter” zone (200nm large, 20nm higlan be seen; it could
correspond to protruding amylopectin moleculesreyed in a blocklet (Baldwin et
al., 1998; Szymonska & Krok, 2003).

The phase signal (Figure 4.8c) does not give in&bion on the topography
but on the “viscoelasticity” of the observed objektsinusoidal signal is sent to the
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granule surface; the response can be in phase widald correspond to an elastic
material or a phase angle lag can occur. The phasal for the potato starch
granule suggests a heterogeneous composition @utiigce. It is possible to think
that it corresponds to alternation between amorphand crystalline zones
conferring a “rubbery” quality to the granules. Jliieterogeneous state allows for

great resistance of the potato starch granuleefdt997).

The observation of potato starch granules swahewater did not lead to
topography images but displayed interesting beheayiovhen the AFM tip was
approached to the surface of the granule, it deddriand the AFM tip embedded
itself in the granule. The potato starch granuld havery “elastic” behaviour: it
deformed under the stress of the AFM tip but nduest and when the cantilever
was removed the granule instantly took its inigafollen shape. This could be due
to the specific structure of the potato starch gianindeed, the latter has a large
amount of amylose at the periphery of the granuMing a high level of
organisation (Blaszczack et al., 2005) and straggjstance to enzymatic attack
(Sevenou et al., 2002). It is thus possible tokiirat this “amylose layer” accounts
for its specific behaviour when swollen. It wasocassiggested that potato starch had
a sort of membrane which would be specific to stach (Fisher et al, 1998).

IV.1.3. Conclusions

The microscopic observations of dry and swollerafmand modified waxy
maize granules revealed differences from one staramother. First the shape of
the granules is radically different, one being aosth ellipsoidal (potato) shape
whereas the other one has a very irregular andlangut shape with facets.
Moreover, the observation of the surface showetttieoverall surface roughness
of the modified waxy maize starch was significasmitampared to the smooth potato
granule. The holes and cracks observed for the fraddivaxy maize can account
for these differences. The phase signal for patédoch gave interesting results on

the heterogeneity of the surface (alternating hemd soft zones) that were not
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observed for modified waxy maize starch. Theseetkfices will probably lead to

different behaviour under shear.

I\VV.2. Behaviour of a single granule under flow

Study of the deformation of dry and swollen grasulmder simple shear
flow was carried out using a counter rotating stoedir This type of study has never
been done and could be of great interest for tlierstanding of starch suspension
rheology. The study of swollen in water starch gtas is of particular interest as

the starch used in industry is mostly in the swolate.

I\V.2.1 Dry starch granules

IV.2.1.1. Rotation of a solid sphere: Jeffery'wla

A solid sphere suspended in an immiscible fluid andmitted to a simple
shear flow will rotate around the vorticity axishd time (T) it takes for a solid
sphere to complete one rotation at a given shéaima Newtonian matrix was first
considered by Jeffery (1922). He determined thatiant of a spherical particle at
low Reynolds’ numbers and neglected object’s iaeffhe predicted rotation given
by Jeffery for spherical particles, i.e. all thesaare equal, is as follows (Equation
2.1):

2.1

where T is the time for one rotation (or periodratation) andy the applied shear
rate.
The goal of this part was to study the behaviouord granule under shear.

To do this, starch granule (either dry or swolléas will be specified) was placed in
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a silicon oil of a known viscosity and granule babar was studied using rheo-
optics. First, to verify that the results obtaineith the counter rotating device are
accurate, the rotation of a glass bead in siliacgnP®MS 200 (i.e. with a viscosity
of 220Pa.s) was determined and compared to Jesfeay (Figure 4.9).
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Figure 4.9: Period of rotation as a function of shar rate for solid glass beads in PDMS 200.

Dotted line represents Jeffery’s law; triangles ardhe data obtained for glass beads.

As can be seen in Figure 4.9, the results obtdmeal glass bead are in good
agreement with those predicted by Jeffery’s lawah thus be assumed that the data

generated with the counter rotating shear celkkcsiate.

IV.2.1.2. Rotation of starch granules submitteditople shear

The dry granules, either potato or modified waxyz®adid not deform even
at high stresses; they are solid objects when redlisg is involved. The rotation of
dry starch granules was studied to determine ¥ thigey Jeffery’s law or if some
deviation from the model occurs. Figures 4.10 add 4how the rotation of the dry
granules placed in PDMS 200 observed at shear 0&s'. It can be seen that the
potato starch granules are much larger than thioee anodified waxy maize starch
making it easier to look at (on the counter rotatwell) and easier to determine the

period of rotation.
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Vorticity
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Figure 4.10: Rotation of a dry potato starch granué. L, = 70um, PDMS 200,y = 2s*
Vorticity
Flow 0 9 @
25um

Figure 4.11: Rotation of a dry modified waxy maizestarch granule. Ly = 12am, PDMS 200,y =

2st

In Figure 4.10 the rotation of the granule can Hmseoved using an

imperfection on the particle. Half of a rotationsisown here; in the first picture the

smaller ‘end’ of the granule is oriented to the.l&f the second picture, the granule

has done a quarter of a rotation around the vortexis. In the final picture, the

smaller end of the granule is oriented to the rigie particle has completed half of

a rotation.
Similar observations can be made for Figure 4.lthpagh it is less obvious due to

the more ‘spherical’ shape of the granules.

The period of rotation determined for modified wamgize and potato starch

granules is shown Figure 4.12.

130



Chapter IV : Surface propertie of starch granules their behaviour under flow

1,20
- = Jeffery's law
1,00 -
O CLwM™m /
4
0,80 A Patate /
L4
e /7

7
0,20 - ’(ﬁ
=]
a
0,00 T T T T T T
0 2 4 6 8 10 12 14

Shear rate (s”

Figure 4.12: Period of rotation for dry starch grarules compared to Jeffery’s law, in PDMS 200

The rotation periods determined for modified wamgize and potato starch
are close to that determined by Jeffery. The dmrator both starch granules is
within experimental error (less than 10%); it sedimst both potato an modified
waxy maize behave similarly to rigid spheres. Ithiss difficult to conclude on the
influence ant the surface properties and the sbéjplee granules on the period of

rotation.

IV.2.2. Swollen in water starch granules

In this section evidence of granule deformation amnghear, which was
previously suggested (Doublier et al.,, 1987, Fisck¢ al., 1997), will be
demonstrated. However, the results shown hereodre taken as qualitative data as

variation in granule size and swelling ability rendeproducibility difficult.
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IV.2.2.1. Deformation of the granule and ejectidrsavent

The deformation of a single modified waxy maizedtagranule swollen to
its maximum (12.5g/g) and placed in PDMS 200 witkréasing shear stress is

shown in Figure 4.13.

25um - 25um

25um 25um

Figure 4.13: Single swollen-in-water modified waxynaize starch granule in silicon oil: (a) at
rest; (b) shear stress = 800Pa; (c) shear stres4500Pa; (d) shear stress = 2000Pa. Initial

granule size is 5am.

At rest (Figure 4.13a) the observed granule wasstirapherical. Its initial
diameter was 50m which is among the larger granules for the medifivaxy
maize. This can indicate either that the initiaJ dranule was large or that it was
highly swollen (more than the others). In Figurg&3b, at shear stress = 800Pa the
granule is deformed (L#=1.6); deformation started being observed for shear
stresses around 300Pa. Around 1500Pa (Figure 4.d&mrmation reached a
maximum value. As the shear stress increasedgcérbe harder to see the particle
(Figure 4.13d). Determination of the volume of tiranule after the experiments

indicated a volume loss of 29%.

Figure 4.14 shows the deformation of a modified yaxaize starch and
potato starch granules as a function of strain.
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Figure 4.14: Evolution of granule deformation vs. sain. Squares represent modified waxy

maize starch; triangles are for potato starch. 10%error bars are shown here.

It can be observed in Figure 4.14, that the medifivaxy maize starch
granule reaches a maximum deformation before dsiorgaThis confirms the loss
of volume (noticed at the end of the experimenfuoeng during the experiment,
meaning that there is ejection of the solvent ia Huspending medium. This
phenomenon is further confirmed by the lack ofbilgy of the granule at the end
of the experiment. The solvent ejection leads tananease of the density of the
granule and consequently changes its refractivexinds the experiment is carried
out and solvent is ejected, the refractive indesob®es closer to that of the silicon
oil, explaining the loss of visibility of the graleu Solvent ejection is evidenced by
the loss of volume and the change of refractivexndf the granule; however, no
tip-streaming was observed. It is possible thatrédsslution of the CCD camera is

not sufficient to detect very small droplet commg of the granule.

The deformation of a swollen at 20g/g (maximum $wg) potato starch
granule was also studied for comparison (Figur&)4.The granule was spherical at
rest (Figure 4.15a) and its initial size waguT2 This is rather a small size for
swollen potato starch granules (probably initial dranule was small or restricted

swelling occured). When the shear stress increagdethrmation of the potato
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granule was observed (Figure 4.15b). This defoonaticcurred for shear stresses

of 220Pa (i.e. shear rates as low a¥1s

25um 25um

—
.

25um

Figure 4.15: Single swollen-in-water potato starclgranule in silicon oil: (a) at rest: initial
granule diameter is Ly = 72um; (b) shear stress = 1500Pa; (c) shear stress =0PPa.

In figure 4.15b, a small “cap” at the left extreyndf the granule can be observed.
This could correspond to solvent that is releasenh fthe granules but still attached
to the tips. This phenomenon was previously deedrifor swollen microgel
particles in aqueous solutions (Vervoort & Budto2803). When the stress was
further increased, pointed tips appeared (Figudéa). confirming the probable
presence of solvent at the extremities of the dean(i.e. solvent release). It can
also be assumed that solvent was ejected fromrémeilg for high shear stresses.
Figure 4.15 shows the evolution of the deformataina swollen potato starch
granule as a function of strain. The deformatiomaximum (L/Ly ~ 1.8) for strains
around 5000. Contrary to the modified waxy maizech granule, no decrease in
deformation can be observed which can be attribtdexdlack of data available for

this type of experiment. However, the determinatdrthe final granule volume,
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after several experiments, showed that a decrda&¥% ¢o 18 can occur, suggesting

the ejection of solvent in the PDMS oil.

The observations shown here should be taken witticzaas all granules
even within one type of starch are different. Theadjiven here is qualitative as it is
difficult to compare starch granules due to thadewariety in shape, size, structure
and ability to swell. It should be emphasised thairder to compare quantitatively
the deformation of starch granules, the swellingrde should be the same which is
not the case here. In this study, the granules swaodlen to their maximum, hence
they were in the same state but did not containsilee amount of solvent as the
swelling degree is different. The granule with tiighest swelling degree should
have the highest volume loss (which is not the b&se as the volume loss in potato
starch granules is less important). The granuléseasame swelling degree could be
compared but in that case, the granules would aanhlihe same state: e.g. if the
granules are swollen to 10g/g then the modifiedyaaize starch would be close
to its maximum swelling whereas for potato starfcd $welling degree would be
two time lower and hence the granule would be diegsrmable. Consequently, it is
very difficult to study the deformation of starclhagules in a quantitative way.
Moreover variations can occur within one starch @amSome starch granules are
smaller than others and some granules will sweltertban others although they
have the same initial size. It is almost imposstbleachieve a good comparison of
two random starch granules from different origifis.quantify granule deformation
many more experiments should be carried out artststal analysis of the data
should be done: it is not the aim of this PhD resea

In this paragraph a short qualitative comparisorboth starches will be
given. The observation of the data shown in Fig4obtained for potato starch
suggested that the deformation asymptotically rescta maximum value
approximately twice its initial size at shear stessof around 1500Pa (the decrease
in size during the experiment was not monitoretdjs walue is lower than those
reported for microgel particles (Vervoort & Budtgwz003). On the other hand, the
deformation of the modified waxy maize starch gtardid not stabilise but rather
reached a maximum value of 1.8tat 1300Pa before decreasing. This suggested

that solvent release and ejection in the suspendiadium occured, although it
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could not be visualised during the experiment. @m ather hand, solvent release
(pointed tips) was visible for potato starch (Feyuw.15 b and c) at high shear
stresses, approximately above 1500Pa, when theulgearhave reached their
maximum deformation. Nevertheless, as for modifigdxy maize starch, the
ejection in the matrix was still not visible. Theopess of solvent ejection could not
be visualised using the experimental set-up foh hmttato and modified waxy
maize, therefore it was not possible to determinatecal stress for this occurrence.
Solvent release and ejection has been previouglgrted for a swollen particle
submitted to simple shear (Vervoort & Budtova, 20Banina & Budtova, 2002;
Zeo et al., 2005).

It was shown that modified waxy maize had a voludeerease of 29%
whereas the values found for potato starch did exmteed 18%. Although the
granules do not have the same swelling degreepitldvbe expected to have a
greater volume loss for potato starch granuleti@g should be more swollen. The
differences in the amount of solvent ejected betwpetato and modified waxy
maize could be explained by different hypothesest,Rhe initial size of the starch
granule is small or it is poorly swollen. Anotheosgibility to consider is the
presence of holes and cracks in the modified waazengranules which could lead
to higher solvent ejection than for potato starshtlee latter has an undisrupted
surface. Also, the high level of organisation of eriphery of the potato granule
could delay solvent ejection (Blaszczack et alQ®20risher et al., 1998; Sevenou et
al., 2002). Finally, the interfacial tension betwethe released material and the
suspending medium plays a major role: a high iateéaf tension can prevent solvent
ejection (Zeo et al.,, 2005). It should be considewehen studying the solvent
release. As will be shown in the next chapter, rfleased solvent can be a low
molecular weight amylopectin solution. In any caiether investigation on the
nature of the ejected solvent is needed as weth@® systematic experiments on
various granules (considering size and swellingrel®gin order to carry out

statistical analysis.
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IV.2.3. Conclusions

The study of dry and swollen-in-water starch grasudubmitted to simple
shear revealed interesting behaviour as well dgrdiices between the granules
depending on the botanical source. First, the ioystadf the dry granules followed
that of solid spheres considering the experimestar. The experiments in simple
shear flow carried out on swollen-in-water granidbswed that they could deform
up to twice their initial size (or more dependingtbe swelling) which is interesting
as it has always been suggested but never demtasirathis type of flow. Even

more interestingly, evidence of solvent ejectiomhi@ suspending matrix was found.

I\VV.3. Conclusions for Chapter 4

The microscopic study of single starch granuleg, aird swollen, revealed
differences in the shape, size and surface pr@sedepending on the botanical
source.

Their behaviour under simple shear flow showed dnptgranules acted like
solids, and that their behaviour is close to tHaspheres within the experimental
error. Swollen-in-water granules, deformed as etquebut also ejected solvent in
the suspending medium. This is an interesting tebalt has never been shown
before. Again, differences occurred between theclsés; they were explained by
the properties specific to each starch revealedth®y SEM and AFM study.
Differences in composition (amylose and amylopéatiould also lead to variation
in interfacial tension which might explain the diffices in solvent ejection.
However, the composition of the released and ajlestévent is not known. Further
investigation is needed to better determine whateout and how it varies with
the granule swelling. Whatever is ejected, it maveh an influence on the
suspension rheology In the second part of thewatlg chapter, the supernantant of
the starch suspension is under study; it could enslwe questions on the polymeric

components that are released from modified waxyenstarch and their amount.
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Résumé du chapitre V

Propriétés d’'une suspension d’amidon

Ce chapitre a pour but la caractérisation de lgequson d’amidon sous
écoulement mais aussi de sa phase continue. Lod&uelon de mais cireux
modifié est ajouté sous agitation dans de I'eaguet ce mélange est chauffé, les
grains d’amidon vont gonfler sous I'action thermaqul en résulte une suspension
de granules plus ou moins gonflés selon les comdit suspendus dans un liquide
qui est a priori de I'eau. Néanmoins, une certajoantité de molécules peuvent
sortir des granules et modifier les propriétésadpHase continue et par conséquent
la rhéologie de la suspension.

Dans la premiere partie, les suspensions d’amalirété étudiées a l'aide
d’'un rhéometre en mode écoulement et oscillat@iogit d’abord, un cas particulier
ou les granules sont gonflés au maximum et laimactolumique théorique est 1 a
été considéré. Dans le cas présent, la suspersti@em eégime dit concentré, c'est-a-
dire au-dela de la fraction volumique critique eg franules sont en contact. Dans
ce cas, il a été montré que:

- La suspension a un seuil d’écoulement.

- Au-dela de ce seuil, la suspension est rhéoflaidié di a la déformation et
I'orientation des granules dans le sens de I'écoats.

- Une premiere difference de force normale peut étesurée pour des
contraintes au-dela de 300Pa. Or, les granulesidtancommencent a se
déformer a ces contraintes. Dans ce cas, les gwmstockent de I'énergie a
I'origine de I'élasticité de la suspension.

- Les mesures de viscoélasticité en faible déformaiimdiquent que la

suspension a un comportement de type gel.
Il existe une concentration minimale pour laqud#e granules sont en

contact. Elle est définie comme étant la conceptrata laquelle un seuil

d’écoulement peut étre déterminé. Dans le casameidion étudié et aux conditions
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de préparation présentées dans le chapitre « Makeret méthodes », cette
concentration est de 5% (défini rhéologiquement).

Au dessous de cette concentration, il a été maqie la rhéologie de la
suspension est principalement gouvernée par laepleastinue et la fraction
volumique occupée par les granules. Des interastéatire granules suffisamment
proches (fraction volumique = 0.4) ont été misegwdence. Il semblerait que des
molécules en surfaces des granules puissent iiterpgrmettant ainsi une
augmentation de la viscosité.

Au dessus de la concentration critique, en régiomeentré, la rhéologie est
gouvernée par la rigidité des granules ; moingtagules sont déformables, plus la
viscosité et le seuil d’écoulement sont élevésplbs, un grand nombre de granules
va multiplier les zones de contacts et par conséglee nombre d’interactions

mécaniques ce qui augmente d’autant plus le s&gdgbdlement.

L’étude de la tension de surface entre l'air etplaase continue de la
suspension a révélé qu’'une certaine quantité dgreok était solubilisée lors de la
préparation des échantillons. Une analyse plusggaua permis de déterminer la
nature du composant relargué dans la phase cordinsieque la quantité. La phase
continue de suspensions de diverses concentratiarété regardées (1%, 3% et 5%
d’amidon dans la suspension initiale). Tout d’abdedcomposant a été identifié a
l'aide de la DSC et d'une méthode de complexatimecaliode. Ces deux
expériences ont montré que de I'amylopectine @t@sent dans la phase continue.
Ensuite I'ultracentrifugation et la chromatograpbiexclusion stérique ont permis
de déterminer la quantité relarguée et sa masseécuialre. Il semblerait que de
I'amylopectine de faible masse moléculaire soitspré dans la phase continue et
gue sa concentration augmente quand la concemmrti@midon dans la suspension
initiale augmente. La présence de I'amylopectiapsdla phase continue peut étre
expliquée par :

- Les molécules d’amylopectine en surface sont aéexhpar I'agitation
mécanique lors de la préparation et se retrouvamt dans le milieu aqueux.

- Certaines molécules d’amylopectine sont suffisantnpetites pour sortir
des granules d’amidon lors de la procédure de paépa
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Ces deux hypothéses ensemble peuvent expliquer résemqre de
'amylopectine dans la phase continue. La concBatraen amylopecine est
suffisamment faible pour avoir peu d’influence kurhéologie de la suspension.

143



Chapter V : Properties of a starch suspension

144



Chapter V : Properties of a starch suspension

Chapter V: Properties of the starch
suspension

This chapter is dedicated to the properties ofaecktsuspension. The latter
is composed of swollen-in-water starch granules éms@d in the solvent, namely
water and soluble matter. The interest of this tdraig to get a better understanding
of the rheological behaviour of the suspensiong thfluence of granular
concentration and rigidity. The soluble fraction time continuous media is also
investigated. Determination of the polymer contienthe solvent is important as it
might have an impact on the overall rheology of shepension. In a first part, the
flow and viscoelastic behaviour of the suspensiolh e discussed. The ‘ideal’
case, where the starch granules are swollen to thaximum and the theoretical
volume fraction is 1, is first examined; the infhee of concentration on rheological
behaviour is then presented. Finally, the purpdsthe second part is to show the
presence of polymeric material released in theest/vto determine its nature and
guantify its amount.

V.1. Rheological study of a starch suspension

In this section the rheological behaviour of thedified waxy maize starch
suspension is studied. In a first part a specifisecwill be considered, where the
starch granules are packed at the maximum fratier® = 1) but are nevertheless
swollen to their maximum. This theoretical volunmaction of 1 is possible due to
the specific properties of the starch granulesh kigformability, polydispersity and
irregular shape. The suspension is prepared at 8948de preparation in Chapter
[11.1.1.3); the suspension is concentrated andetielittle or no solvent around the
granules. In a second part, the influence of camagon will be studied. All

rheological measurements were carried out at 20°C.
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V.1.1. Suspension at maximum average swelling anhdhaoretical

volume fraction of 1

V.1.1.1. Influence of geometry

The choice of geometry to measure the flow behaved a suspension is
governed by several considerations. Different moid can arise depending on the
geometry used. With a cone-plate, the size of Hriges can be an issue; if they
are too large, they can not fully relax (Cloitr@P05). In the case of a plate-plate
geometry, the shear rate is inhomogeneous witl@rgép as a gradient of shear rate
develops along the radius with shear rates beiglgeniat the edge of the plate and
lower for small radii. The particles agglomeratehe low shear rate zones leading
to a decrease in viscosity over time for a consshefar rate or shear stress. With a
smooth surface like stainless steel (used hene)csln occur. This phenomenon is
due to a depletion of particles at the surfacehef flates. Under motion particles
deform asymmetrically creating a force pushing plaeticles away from the wall
(Cloitre, 2005). Bigger patrticles induce a thickéip layer due to steric hindrance
(Gulmus & Yilmazer, 2005). The vane is approprittaneasure systems that can
have a yield stress, which is the case of thisemspn as it is above close packing

fraction.

Different geometries were tested to rule out theuaence of slip by
determining if there are any differences in yieldess depending on the used
geometry. The most adequate geometry for the measmnts carried out was

determined. Results obtained with various geonsetie presented Figure 5.1.
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Figure 5.1: Comparison of geometries and gap settings. Influeroof the geometry on starch
suspension yield stress. Legend: pp is for parallglates, the following number is the gap size,
xh is for a cross-hatched parallel plate (e.g. ppD&h is cross-hatched parallel plate with a

400um gap), cp is for cone-plate geometry.

As seen in Figure 5.1, yield stress did not varsthwarying geometry or even with
different gaps; slip does not seem to occur. Altbeeyield stress the starch paste is
shear thinning. Below the yield stress the granatestrapped by the neighbouring
granules; when the shear stress is high enougrémeiles can rearrange and order
themselves under flow. This structuring is madeeedsy the deformability and
softness of the particles (Adams et al., 2004; Jiaccet al., 2006). For further flow

measurements the cone-plate geometry was used.
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V.1.1.2. Optimization of the measurements

Performing rheological measurements on the stawgpensions can be
difficult as the properties of soft concentratedm@nsions may vary in time. Results
could be altered by sample preparation and shetoriii If no pre-shear is applied,
the granules are not submitted to the same histodythe results thus obtained are

not completely reproducible (Figure 5.2).
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Figure 5.2: Same sample loaded three timésbsence of pre-shear. Effect on reproducibility of

results.

In order to obtain reproducible results the stawapensions were submitted
to a pre-shear slightly above the estimated yi#ldss and the sample was let to
recover for 20min (Cloitre, 2005; method descriloiedSection 111.2.2.1). Results

obtained are shown Figure 5.3.
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Figure 5.3: Same starch suspension loaded three times (3 diféait samples) presence of pre-

shear followed by a rest time of 20min.

In this Figure the curves were obtained for thens starch suspension
preparation. Three tests were conducted, each lbading a new sample of the
same suspension. It can be seen here that thedspeots of the curves coincide
perfectly. It can be concluded that the method jpawen satisfactory and the

information obtained can be considered as valid.

Another issue that may occur when determining tle®logical behaviour of
a starch suspension is the sample preparatiomedsatter might have an impact on
the final properties. The method was describecketien 111.1.1.2 and the samples
were always prepared in the same way. Howeverstdreh suspension samples are
only used for a few hours as they can retrogradar@ngement of the polymer
chains). Due to the aging of the starch sample, s\spensions were prepared every
day. The polydispersity of the granules and thkigfierences in swelling rate and
final swelling degree might account for suspensidisplaying slightly different
flow curves from one sample to another. Figureshdws the results obtained with

two samples prepared separately in the same conslitusing the same procedure.
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Figure 5.4: Results for two samples prepared separately usingi¢ same preparation

procedure; Reproducibility of the sample preparation method

Through Figure 5.4, it can be seen that the metlssdi for sample preparation is
quite reproducible and that results obtained farcét suspensions prepared with the

same method but separately can be compared.

Consequently, it is possible to say that the sampkparation and the
measurement method were adequate. Assumptions eamable that all further

measurements were correct and could be analysed.

V.1.1.3. Description of the flow curve

A vyield stress can be measured in suspensionsraentration above the

close packing concentration. The suspension datsalisolid below a certain stress

applied; above that specific stress the suspensiamts to flow. Figure 5.5 (a) and

(b) are representations of the same data set.
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Figure 5.5: Different representation of the same da set. (a) Shear stress vs. shear rate; (b)
Viscosity vs. shear stress. Squares is the measuidata, the black line represents the Herschel

Bulkley model.

Figure 5.5 (a) shows the presence of a yield stmbssh is not obvious when
looking at Figure 5.5 (b). Indeed, on the flow aurwiscosity vs. shear stress) a
‘pseudo’ Newtonain plateau can be seen; this plateauld be an artefact as the
rheometer is not measuring the flow of the suspenbut that of a solid. Seeing
that this starch suspension is a vyield stress ,flthe data was fitted with the
Herschel Bulkley model (Equation 5.1):

. n
T=1y+ky 5.1

where 1 is the shear stresg the yield stresg, the shear rate, k is the consistency

coefficient and n the power index.

The value of yield stress hence obtained is 99& Which is the mean value
of 8 measurements. The determination of the yiéddss can be considered as
accurate as the model fits the beginning of thevecufrom the vyield stress
(determine around 95Pa) to around 300Pa (see Fhybi®. However, for shear
stresses above 300Pa, the curve starts deviating thhe model. This discrepancy
has been reported in literature (Omari et al., 200& can be attributed to the
deformability of the granules as the Herschel Bakimodel (HB model) was
developed for rigid spheres. Moreover the poputatdd granules is polydisperse

and individual granules are of irregular shapes@an in Chapter IV section IV.1)
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also causing the flow behaviour to deviate from & model. Another possible
reason for the deviation from the HB model is tppearance of a measured first
normal stress difference (Ntarts being measured foe= 300Pa).

The vyield stress can be explained by the fact thiée granules are
surrounded by other granules and considered tonbrapped in a “cage” with no
possibility to move (Cloitre, 2005). When increapithe shear stress, energy
barriers are overcome and the granules can resgdhemselves and exchange
position, going from a disordered to an orderetestabove the yield stress, granule
orientation and deformation occur, reducing thasistance to flow (Evans &
Haisman, 1980; Jacquier et al., 2006; Snabre &ViiID99).

V.1.1.4. Time dependence: thixotropic/antithixotopehaviour

In this section the time dependence of the stauspension viscosity was
studied. It should be noted that in this case ashear was noperformed and the
sample was not let to recover. This might influetieresults. Indeed, the rest time
(recovery) after pre-shear is usually conductedrtse possible thixotropic effects
(Mahaut et al., 2008). Results in Figure 5.6 shiea\iscosity as a function of shear
rate for the 8% starch suspension (theoreticalneutaction is 1).
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Figure 5.6: Viscosity vs. shear rate; up and downurve. Lines are given to guide the eye.
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A thixotropic behaviour was observed for the stasubpension sample as it can be
seen in Figure 5.6. This type of behaviour has Ipeewiously reported for different
types of starch (Doublier, 1986; Doublier et dl987; Nguyen et al., 1998).
Thixotropy depends on the type of starch, the pedmm procedure and the
swelling capacity (Doublier et al., 1987); the maohe granules are swollen, the
more “sensitive” the suspension is to shear, nantbBly granules are more
deformable and the suspension is more shear tlgnmducing a more thixotropic
behaviour. However, studies on modified (crossdufikwaxy maize starch revealed
a tendency to thixotropy at high shear rates amtithattropy at low shear rates and
a much lower sensitivity to shearing (Tattiyakul Bao, 2000; Thebaudin et al.,
1998; Velez-Ruiz et al., 2006). Tattiyakul & Ra®(®) suggested that it was due to
the rupture of granules which occurradder the effect of high shear and high
temperature (130°C), thus releasing amylopectin.eyThinterpreted the
antithixotropy at low shear as being a result ¢fhaar induced structure of these

macromolecules.

V.1.1.5. First normal stress difference

First normal stress differences usually develop wiscoelastic sample and
are associated with non linear effects. It can leasured when the normal stresses
are no longer equal (see figure 5.7). At low shatgs, the flow is slow enough for
second order terms to be negligible; therefore loemal stresses are equal.
However, when increasing the shear rate, normesstiifferences appear as second
order effects (Barnes et al., 1989).

Oy
O-ZZ
_____ [ Figure 5.7: stress distribution in
T x simple shear flow on a viscoelasti
N N, element (Harris, 1977)
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In simple shear flow:

v, = and v,=v,=0 5.2
Oy =0=ny)y, 0,=0,=0 5.3
UXX _Jyy = Nl(y) ! ayy _azz = Nz(y) 54

with N; first normal stress difference and Becond normal stress difference. From
a physical point of view, unequal normal stress ponents arise from the fact that

in a flow process the microstructure of the ligh&tomes anisotropic.

Results obtained for the 8% suspension are prasdfgure 5.8. Three
replicates are shown here which were reproduclblean be seen that first normal

stress differences can be measured during a flomsarement above 300Pa
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Figure 5.8: First Normal stress difference vs. sheatress. Results shown here are 3 replicates.

It was suggested that the origin of elasticity meanulsion is due to an excess of
interfacial energy stored when the emulsion droetieformed (Holmes et al.,
2005; Seth et al., 2006). Here it is a suspensiohn®t an emulsion; however, some
parallels could be made. As seen in the previousptn, the starch granules start
deforming when the stresses applied exceed 30Q@Ha. dossible to think that

154



Chapter V : Properties of a starch suspension

measured first normal stress differences are @adaa@lwith deformation of the
granules. Being deformed the granules store endlgy;excess of energy then

results in elasticity of the sample.

V.1.1.6. Viscoelasticity of the suspension

The viscoelastic behaviour measured at small defboms of the starch
suspension is shown Figure 5.9. Measurements veered out in the linear regime
in the range of frequencies applied. Three sampldbe suspension were loaded
three different times, showing the reproducibilif the results. The main
observation is that the elastic modulus G’ is mhigfher than the viscous modulus
G”. Moreover, both G’ shows little or no frequendgpendence, suggesting a gel-
like behaviour. This is what was expected taking iaccount steady-state results:
the suspension of closely packed particles is‘isoéd-like” state, particles are not
moving, they are slightly deforming under the stregpplied and all energy is

dissipated by the particles’ elastic response.

1 1 10
frequency (Hz)

Figure 5.9: Viscoelastic properties of a starch spension at a theoretical volume fraction of 1.

Constant stresst =1Pa. Close symbols G’, open symbols G".
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This gel like behaviour was frequently reported starch suspensions (Rao
et al., 1997; Tattiyakul & Rao, 2000; Thebaudirakt 1998). All of these studies
also showed that starch suspension did not follox-Rerz rule, suggesting that it
was due to its gel-like behaviour. For the 8% s$tasaspension the observation of
Cox-Merz rule is pretty good for a complex systefggre 5.10). However, the
application of the Cox-Merz rule can be questioasdhe response of granules to
forces applied in both modes can be very different.
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Figure 5.10: Representation of the Cox-Merz rule. saxis: frequency or shear rate; y-axis: shear
viscosity or complex viscosity. Dots are for the coplex viscosity as a function of frequency,

square are for the shear viscosity vs. shear rate.

V.1.2. Influence of starch concentration on suspems behaviour

In the following section, the starch concentratios varied; the
concentrations, volume fractions and equivalentllsvgedegree at these volume

fractions used in this section are given in Table 5
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Table 5.1: Values of concentration, volume fractiorand swelling decree.

Concentration (%w/w) ) Q (9/9)
1 0.125 12.5
3 0.375 12.5
5 0.615 12.5
7 0.875 12.5
8 1 12.5
9 1 11.1
10 1 10.0

12.5 1 8.0
15 1 6.7
20 1 5.0

V.1.2.1. Flow behaviour of suspensions with a vaunaction below
1

Measurements on starch suspensions with volunedidrs below 1 were
carried out. In these conditions sedimentation lgrms might occur and it is of
importance to ensure that this does not happenngluthe measurements.
Sedimentation rate was evaluated through calculatsing Stokes equation (5.5):

2
J = 2r “Apg
N

where v is the sedimentation rate, r the radiuthefgranuleAp the difference in

5.5

density between the granules and the continuousammgdhe acceleration due to
gravity andn the dynamic viscosity of the continuous media. Timan radius of
swollen granules was taken to beufi) n was taken to be that of the supernatant of
the suspension (1.02Pa s for a 1% suspension @Agd.s for a 3%w/w suspension)
and measured using the rolling ball viscometer,cidlesd in section 111.2.2.3.
Finally the density of the suspension was constléwebe that of a swollen granule
to its maximum (swelling degree 12.5g/g). The dsnswvas calculated by
considering the density of the dry granule anddéesity of water (density of the

swollen granule = (density of the dry granule +ddrisity of the water)/12).
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For starch suspensions of 1% and B@ymer concentration (0.125 and
0.615 particle volume fraction considering that ngias are at their maximal
swelling degree which is 12.5 g/dhe approximate value of sedimentation is
0.1mm.A* which is slow enough to perform proper measuremdfivans &
Haismann, 1980). Nevertheless, special care wamntédk make sure the results
obtained reflected that of a homogeneous suspendib@asurements were
performed by starting at high shear stresses antka&ng to lower values. The
flow behaviour of a 1% starch suspension (volunaetion = 0.125) is presented
Figure 5.11.
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Viscosity( Pa.s)
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0.0001
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Figure 5.11: Flow behaviour of a 1% w/w starch susgnsion,®= 0.125

It can be seen in Figure 5.11 that a starch sugpera$®=0.125 volume fraction
(1%w/w) displays a Newtonian behaviour. Moreover tiscosity of the suspension
is close to that of the continuous medium whichtum is very close to water.
Hence, it is possible to think that in this case ¢bntinuous phase of the suspension
plays a major role in the overall viscosity as ttedume fraction occupied by the
granule is low. Measurements were also carriedfaususpensions of 3 and 5%
w/w, which correspond to volume fractions of 0.3%d 0.615 respectively. The

flow behaviour of both suspensions is presentedrEi§.12.
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Figure 5.12: Flow behaviour of starch suspension;Hgar rate vs. shear stress. (a) 3% w/vb=
0.375. (b) 5% w/w,®= 0.615.

Both suspensions presented in Figure 5.12 displagrsthinning behaviour.
The 3% suspension displayed a Newtonian platedowetl by a slight shear
thinning at high shear rates. The data shows trathe 3% suspension no yield
stress can be measured whereas for 5% w/w a yreglssvalue of around 1Pa was
found. It can thus be thought that at 5% (or 0.@t&nule volume fraction) the
suspension is at the close packing concentratioat deast slightly above it. This
value is close to the one reported for a close4pgckaction of emulsions (Saiki et
al.,, 2007). However, many studies have shown thalgdisperse suspension
should see its value of close packing fraction éighan 0.63 as small granules can
be dispersed among larger ones (Seth et al., 200@) fact that starch suspension
demonstrates rather low close packing concentratsuggested that other
mechanisms, such as inter-particle interactionguoavhen considering such
granules.

The dependence of suspension viscosity on paxtailene fraction is shown
in Fig. 5.13. Viscosity data are taken from New#&wnregion. If the granules were
rigid spherical particles, such suspension visgosuiuld be estimated through the
Krieger Dougherty model (Krieger & Dougherty, 1958D model, see Equation
5.6), as shown in Figure 5.13.
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~2.5¢nax
n="no 1-—2

5.6
ax

where 5, is the viscosity of the suspending mediughis the volume fraction of the
suspension@max is the maximum volume fraction that can be obwifur a solid

sphere suspension (in this ca%$enax= 0.63). However, starch granules are

deformable and the maximum packing fraction canlbehich means that no

correlation with KD should be expected.
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Figure 5.13: Viscosity vs. Volume fraction; solidihe represents the KD model, dashed line is

the viscosity of the paste determined at 1Pa (Newt@n plateau).

For low volume fraction (0.125, i.e. 1%w/w conceiibn) the estimated
viscosity is in good agreement with the KD predins. It may be speculated that at
very low shear rates and at low concentrationsstispension of swollen granules
can be considered as a solid sphere suspensidon@gsas the granules do not
deform. The behaviour of the suspension startstrtmgly deviate from the KD
model for volume fractions higher than 0.3-0.4; ilamvalues were also found by
Saiki et al. (2007). At these volume fractions, odume concentration of particles
is high enough to induce perturbations of the flatreamlines, creating

hydrodynamic interactions with the neighbouringngiias and thus increasing the
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suspension viscosity. The flow perturbation may #sd to the deformation of the
granules. However, if the granules start deformamgl orienting in the flow
direction, the viscosity should be lower than thegdicted for hard spheres. Hao
(2008) suggested that the abrupt increase of vitydos lower volume fraction was
correlated to the particle shape; e.g. for fibneetghapes the increase in viscosity
occurs for much lower volume fraction. In the sadicase, modified waxy maize
starch granules have a nearly spherical shapesftirerthe influence of aspect ratio
is negligible. The deviation occurred for volumadtions of 0.3-0.4 for which no
yield stress was measured. This viscosity increesmpared to the hard sphere
model, at low volume fraction strongly suggestsftrenation of a sort of a network
before close packing occurs. The formation of thetWwork” would be the result of
interparticle interactions between adjacent mokswt the surface of the starch
granules (Abdulmola et al., 1996; Evans & Haisni®80; Hao, 2008).

V.1.2.2. Effect of starch concentration above elpacking volume

fraction on flow behaviour and yield stress

In this section, most of the studied suspensiondstira same volume fraction
(® = 1), except the 5% and 7%w/w suspensions (voltraetions are 0.615 and
0.872 respectively). Above 8% (volumes fractiong amnity) only the granule
“rigidity” changed as the swelling decreased (Tabl&). By increasing starch
concentration, the amount of water for each gramuleeduced; the granules are

poorly swollen and their deformability decreases.

At high starch concentrations, the rigidity of theanules is much higher
than for low starch concentration (but equivalemiume fraction) where the
granules are fully swollen. The behaviour of suspmms with concentrations
varying from 5% to 20% is presented Figure 5.14.dbsuspensions a yield stress
was determined; it increased with increasing cotragan (Figure 5.15). Above the
yield stress, i.e. disruption of the “cage” strueflall suspensions were highly shear
thinning. This type of behaviour was previously agpd for agar microgel
suspensions (Adams et al., 2004). The shear tlgrimémaviour can be attributed to

the deformability of the granules allowing them ddent in the flow direction
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(Jacquier et al., 2006; Saiki et al., 2007). Althb the granule rigidity increased, no
shear thickening behaviour was observed in thaeddu@dnge of shear stresses. It is
probably because even at these low swelling degheegranules are still slightly

deformable.
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Figure 5.14: Flow of starch suspensions at variouncentrations and granule swelling

degrees.

Figure 5.15 shows the evolution of the yield stressie with starch concentration.
It can be seen here that the yield stress incredisedrly with increasing

concentration; this behaviour was previously regobrtfor magnetic particle

suspensions (Evans & Haisman, 1980; Kwon et aB7)%ut for suspensions with
volume fractions below 1. The yield stress valusdésl towards zero at a certain
starch concentration which corresponds to the atretgon for close packing onset
(Evans & Haisman, 1980). Consequently, the closekipg fraction can be

determined as 0.625 corresponding to 5% w/w whgdh good agreement with our
previous observations (section V.1.2.1). As theceatration increase, the number
of contact zones between the granules increasdi &ohl. (2002) suggested that

mechanical interactions could occur between pediclith a certain surface
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roughness, increasing their contact. As shown @ ghevious chapter, modified
waxy maize starch granules possess a relative ceunfaughness. Mechanical
interactions could explain the increase of visgosihd yield stress; when the

number of granules increases, the mechanical titers become more numerous.
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Figure 5.15: Evolution of yield stress as a functioof the starch concentration

The behaviour of starch suspensions was studieduspensions with a constant
volume fraction of 1, but with increasing starchncentration. This is possible
because the granule swelling degree can be vangdh& volume fraction of 1 can
be achieved due to granules deformability and Kigiunvoluted shapes. As the
concentration is increased, the rigidity of thengidas will also increase as less
water is available for the granules. This typetatlg has not yet been carried out to
our best knowledge. A non-linear viscosity increaseuld be expected when
granule rigidity increases (Nayouf et al., 2003pr#& the onset of the close packing
fraction, i.e. the lowest concentration for whitte tgranules are in contact (in our
case, 5%w/w and = 0.625), to the highest presented concentratinincrease is
linear (Figure 5.15) suggesting that above closkipg fraction, the rigidity of the
granules varies linearly with the concentration.o the close packing fraction,

the rigidity of the granules governs the overadicaisity as shown by Figure 5.15.
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Results

obtained for first normal stress diffeeenas a function of

concentration are not shown here as they were Boy eonclusive. A more

systematic study is needed to obtain reproduciselts. However, the qualitative

results showed that;Nncreased with increasing concentration. The deangidity

or deformability seems to be playing a major rada viscosity measurements.

V.1.2.3. Evolution of viscoelastic properties wittarch concentration

The evolution of the viscoelastic behaviour of dtasuspensions of various

concentrations is presented below, Figure 5.16sfjelanodulus as a function of

frequency). For clarity the viscous modulus curees not presented; G’ values

were two decades lower and showed slightly momguigacy dependence.
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Figure 5.16: Evolution of elastic modulus G’ vs. fequency for suspensions of different

concentrations and volume fractions.
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The data obtained for 2% suspension displays datiéesing which is probably due
to the sensitivity of the rheometer: similar resultere obtained for agar microgel
suspensions (Adams et al., 2004) for low concantrat At this concentration, G’ is
frequency dependent and the values are low, raeftee liquid-like behaviour. A

much higher elastic modulus along with the disapgeze of the frequency
dependence can be observed for 4.5-5% suspensiaesgponding to the close
packing fraction concentration, in good agreemeith ¥he previous results. At the
concentrations above close packing fraction, therall/rheology was governed by
the granules only and no longer by the continudusse and the volume fraction
occupied (Adams et al., 2004). A further, but seralhcrease of G’ can be seen
when the concentration increases but the volumdidma stays constant at 1 (for
concentration of 8% and higher). Moreover, at thesecentrationsd = 1) the

elastic modulus increased slowly up to around 80@Pauspensions of 20%w/w
concentration. The evolution of G’ and G” as a dtion of concentration is

presented in Figure 5.17.
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Figure 5.17: Evolution of G'( full squares) and G” (Hollow squares) as a function of the starch

concentration.
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Data shows that the elastic modulus is much higfeen the viscous modulus. The
difference between G’ and G” increases with insreg concentration as the G’
reaches higher values faster. In both cases, ttrease slows down for value of
12.5% and above as the granules become more rigid.

At the maximum packing fractiondb(= 1), G’ is a function of the modulus of the

individual granule, more rigid particles leadingnigher elastic moduli.

V.1.3. Conclusions

Throughout this first part of chapter 5, the impare of the procedure used
to obtain reproducible results was demonstratedovAba certain concentration,
namely the close packing concentration (around ield stress of the starch
suspension was measured. Below this concentration,flow and viscoelastic
behaviour of the suspension is governed by theesutbpg medium and the volume
fraction occupied by the granules; the suspensbmismved as fluids. Above the
close packing fraction a first normal stress défezes can be measured. When the
stress was higher than the yield stress, the ssgpenlisplayed a highly shear
thinning behaviour due the high deformability oé thranules and their orientation
in the flow direction (deviation from the HB modeDeformability of the granules
also induced first normal stress difference (stosstbrgy when the granules
deform). The rheology of the starch suspensio® at 1 mainly depended on the
granule rigidity. This rheological study gave newidence of interactions occurring
between granules below the close packing fractmmcentration (higher viscosity
than that predicted by Krieger-Dougherty). It isdlght that it is due to interactions
between adjacent molecules at the surface of dweuggs. At high volume fractions,
when the granules are in contact, mechanical ictierss can take place thanks to

the relative surface roughness of these particles.

It was suggested (Mewis, 1996) that in a concedrauspension of large
particles the viscosity was determined by partggemetry, viscosity of suspending
medium, instantaneous microstructure and the fieVd.f According to Doublier et

al. (1987), the continuous phase can greatly infieethe overall viscosity
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depending on the nature and amount of solubiliselynperic material. In the
following section, the component solubilised in thentinuous phase will be
identified and quantified.

V.2. Analysis of the continuous phase of a starcluspension

This section is divided into several parts to pesgively demonstrate how
the substance dissolved in the continuous phaedfuspension was identified and
characterised. The continuous phase was obtaimedigih centrifugation of the
suspension. The supernatant is recovered for aagbee Chapter 111.1.1.3 for more
details). Analysis of the continuous phase is irtgodr not only to understand
suspension rheology but also for the interpretatidnthe droplet deformation
results. To analyse droplet deformation, it is 8eaey to know what is in contact
with the hydrophobic medium to determine the irgteidl tensionThe continuous
phase of three starch suspensions with initial entration 1%, 3% and 5% were
analysedFirst, using surface tension measurements the qress some dissolved
material in the suspension continuous phase wasmgEnated. Viscosity and dry
matter concentration results coupled with staés$t@nalysis approach will help
understanding the influence of centrifugation tiraed speed on supernatant
concentration; the concentration of the supernatast estimated for 3%w/w starch
suspension. Using DSC and iodine staining the ofghe polysaccharide present in
the supernatant was determined. Finally, using Ald@ SEC-MALLS methods, the
precise polymer concentration in the continuoussphaof each threguspensions
was obtained and the molecular weight was deteilmethe final part all results
together were considered to discuss and hypothabizeat the possible reasons for
the presence of the polysaccharide in the contimytase of this swollen-in-water

modified waxy maize starch suspension.
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V.2.1. Surface tension

The values for (starch suspension supernatangjddiace tension and (starch
suspension supernatant)/oil interfacial tension @esented in Table 5.2 together
with the values for water/air and water/oil as refiees. The results for the
supernatant/air surface tension were obtained &f¥owa/w initial starch suspension

concentration

Table 5.2: Surface tension values of water/air angtarch supernatant/air and interfacial

tension values between starch supernatant/oil andater/oil.

Water Starch supernatant
In air (surface tension in mN/m) 72+2 68 £ 2
In oil (interfacial tension in 36+2 332
mN/m)

The values of the water/air surface tension anceMait interfacial tension are in
good agreement with literature (Bergeron et al9719Tice et al., 2003; Wolf &
Windhab, 1995). Table 5.1 shows that the surfacside and the interfacial tension
for the starch supernatant were lower than thosesared for water thus indicating
that the supernatant is not pure water. Althoughstarch studied was modified to
mimic cross-linkedstarches, it seems that a slightly surface actvaponent is
leaching out from the granule into the continuowsimam.

V.2.2. Statistical analysis

To rule out a possible effect of centrifugation tbe release of matter into
water from starch granules, an experimental fagtatesign was done (Table 5.3,
see also section 111.2.7 for more detail). Thisveered the question as to whether
the release is due to swelling and gelatinisatibthe granules or just due to high
spinning of the sample. The experiments were peor on the 3%w/w (=30
mg/mL) initial starch suspension.
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Table 5.3: Factorial design with 4 centre points (i bold): results were obtained from the

supernatant of the initial 3%w/w starch suspension.

Dry matter
Run Centrifugation Centrifugation speed Viscosity, concentration in
time, min mPa.s the supernatant,
pm 9 mg/mi
1 32 2300 1550 1.0811 2.57
2 32 2300 1550 1.0746 2.85
3 5 4000 2700 1.0813 2.85
4 60 500 340 1.0747 2.85
5 32 2300 1550 1.0530 2.35
6 32 2300 1550 1.0622 2.28
7 5 500 340 1.1368 4.57
8 60 4000 2700 1.0707 2.42

Row 7 of Table 5.2, speed 500rpm and time 5min sheery different results; it

was considered as an outlier and not used forsstati analysis. The statistical
analysis of the results obtained confirmed thattrdegation time, rotation speed
and the interactioof both parameters do not influence either visgasitdry matter

weight. This means that the results are not sicpoifily different and that the
parameters mentioned above do not influence theasel of substance from the
starch granule in the continuous media. Indeedyit®osity mean value is 1.07 +
0.009 mPa s and it is slightly higher than for wate.002 mPa s). The same
observations were made for the concentration of diesolved matter in the
supernatant: the mean value 2.6mg/mL is in gooceeagent with the results
obtained with AUC and SEC MALLS, as will be shovatelr. This latter result

indicated that about 10% of dry starch in a 3%w8@ (ng/ml) suspension is

released in the continuous phase.
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Normalized AH [V

V.2.3. Differential Scanning Calorimetry

The complexation of the initial modified waxy maizstarch and of its
supernatant with Lysophosphatidylcholine (LPC) wasestigated using DSC. The
dry fraction of the supernatant and the initial dtgrch powder were both mixed
with 5% LPC (see details in 111.2.7) and the thegmans obtained were compared.
DSC thermograms obtained for the initial dry staaetd for the supernatant of a
5%w/w (50mg/ml) are presented Figure 5.18 a anegpectively. In Figure 5.17a
(initial starch + LPC) the first heating ramp (Iegents a wide and high peak at a
temperature of 77°C which corresponds to the getaiion of the Novation 2600
starch sample. The large peak at 56°C in Fig. 5(%dpernatant + LPC) could be
explained by the melting of a retrograded structufréhe molecules released from
starch and present in the supernatant, as the samagl left for five days at ambient

temperature.
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Figure 5.18: Thermograms obtained from DSC for (ajnitial dry starch mixed with LPC (5%)
and (b) supernatant from a 5%w/w (= 50mg/ml) starchsuspension mixed with LPC (5%). First
run (1), 2" run (2), 3 run (3).

Data presented in Figure 5.18a are speculated tdhéeresult of an
interaction between the initial starch and LPC (seak at a temperature range of
112-127 °C) evidenced as a slight endotherm iriitre®® heating scans. Despite the
fact that these endotherms were not consideraidepossibility that melting of a
thermal event was detected cannot be ruled out.d€hection of the melting of the

(starch supernatant)-LPC complex was more evideha be seen in Figure 5.18b.
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Clear endotherms were observed in the three heattags. These dissociation
endotherms demonstrate the presence of a complmedobetween the lipid and a
linear chain AH=0.126J/g for the second heating ramp{=0.117J/g for the 3
heating ramp in Figure 5.18b). As waxy maize stachsupposed to be pure
amylopectin, it can be hypothesised that the ctbsupernatant should be mainly
composed of sufficiently linear amylopectin segrmsemdble to complex LPC.
However, it is also possible to think that somecd¢g of amylose present in the
sample could be at the origin of this complexatith LPC. A further study with

an iodine staining method will confirm whetherstamylose or amylopectin.

V.2.4. lodine staining

The spectrograms of the iodine stained samplepr@sented Figure 5.19.
The pure amylopectin sample (line 2) has an absaebpeak around 555 nm which
Is consistent with literature (Banks and Greenwdd@¥,5). The supernatant sample
from a 5%w/w initial starch suspension (line 1) Isawilar absorbance behaviour,
i.e. the absorbance wavelength is nearly the sanoeifd 540nm). The absorbance
wavelength for the pure amylopectin is slightly heg than that of the supernatant
(555nm vs.540nm) because of the difference of thginoof the starches: the
amylopectin used is from potato whereas the supmmhdas obtained from a
modified waxy maize starch. The maximum absorbgeak position is dependent
on the linear chain length (Santacruz et al., 20@B¢ higher the degree of
polymerisation (DP), the higher the absorption vewvgth. It can thus be assumed
that the pure amylopectin from potato has a skghidher DP than the amylopectin
of the supernatant sample. The absorbance peak wélthe supernatant is much
higher than that of the pure amylopectin solutio4 for the supernatant vs. 0.12
for the pure amylopectin) due to a difference imypeer concentration (details on
sample preparation can be found in section 111.2.8)
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Figure 5.19: Spectrogram of iodine stained samplesupernatant (1), 100% amylopectin (2),

60% amylopectin/40% amylose (3).

A range of amylose/amylopectin mixtures, rangingnfr 5% to 40%
amylose, were tested. For clarity only the sampte 0% amylose is shown here.
The 60% amylopectin/40% amylose sample (line 3vsha shift of the absorbance
peak towards higher wavelengths. This is attributethe presence of amylose in
the sample: the amylose/iodine complex is knowalsorb at 620nm (Santacruz et
al., 2005). The mixture of amylose and amylopeetsorbs at an intermediate
wavelength between amylose and amylopectin (595 Reome amylopectin and the
supernatant sample absorbed at very close wavblkenghd showed similar
brownish coloration of the sample typical of amyopn/iodine complexation.
Hence, the data demonstrates that the iodine sgamethod confirmed the presence
of amylopectin dissolved in the continuous phage data also shows that there is

no amylose in the supernatant sample.

V.2.5. Size Exclusion Chromatography coupled to KikAngle

Laser Light Scattering and Analytical Ultracentrifgation

SEC chromatograms show a single wide peak for sapkrnatant solution
collected from 10, 30 and 50 mg/mL initial staralspensions (Figure 5.20). The
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heights of the peaks (concentration detector) as@enon-linearly with increasing
initial starch concentration; also there is a dlighcrease in weight average
molecular weight (Table 5.4).
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Figure 5.20: SEC-MALLS elution profile: concentration vs.time for supernatants collected

from the initial 20mg/mL (1); 30mg/mL (2) and 50mgmL (3) starch suspensions.

Results obtained with analytical centrifugation aresented in Figure 5.20 and
summarised in Table 5.3 for the same three supmrtsatThe area under the curve
gives an estimate of the concentration of amylapeit the supernatant (after
dilution); corrected (or recalculated) concentnasioare given in Table 5.3

(Correction after dilution, see section 111.2.6 tietails).
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Table 5.4;: Summary of results from AUC, SEC-MALLS ad intrinsic viscosity determination

Amylopectin concentration

Initial starch
suspension estimate in the supernatant, M, 10P, . I,
S,
concentration, mg/mL g/mol o mL/g
mg/mL AUC SEC-MALLS
0.58 0.63 1.2
10 159+0.1| 22+1
+0.01 +0.02 +0.025
2.49 2.68 1.54
30 16.4+0.1| 21+1
+0.02 +0.01 +0.015
6.77 6.67 1.72 29.5+
50 19.0£0.1
+0.05 +0.02 +0.017 0.3

From Figure 5.21 the evolution of the sedimentatemefficient of the
supernatant with initial starch concentration canobserved; the values shown in
Table 5.4 demonstrate that this evolution is nwedr. The sedimentation coefficient
values between 15.9 and 19 S (Table 5.4) allow saimation of the molecular
weight of around 10 g/mol, which slightly increases with initial sthrc
concentration, in good agreement with estimates f&EC-MALLS. Moreover, the
peaks are quite wide hence indicating a polydigppopulation of macromolecules.
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Figure 5.21: Sedimentation coefficient distribution for starch supernatants, from the initial
starch suspensions of 10mg/ml (1); 30mg/ml (2) arfidmg/ml (3) diluted 2, 6 and 20-fold

respectively.
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Figure 5.21 was obtained for (approximately) ittty diluted supernatant.

Although the area under the curve is greater ferdipernatant obtained from the
30mg/mL starch suspension than from the 50mg/mkcistathis is an artefact

resulting form the differing dilutions and has beenrected in Table 5.4. It is worth
noting that supernatant concentrations obtainedudir dry matter weight, AUC

and SEC-MALLS methods yielded the same values.

V.2.6. Discussion

It is known that when starch is heated, amylosehea out of the granule.
However, in the case of modified waxy maize useithénstudy amylose should only
be present in traces if at all. Hence, no polymeraterial should be dissolved in the
water, which as it was demonstrated, was not tee.dahas been reported (Tecante
& Doublier, 1999) that a soluble fraction is pretsenthe continuous phase of a
chemically cross-linked waxy maize starch suspendiat it was not analysed. Our
physico-chemical study revealed the presence bjlatly surface active component
in the supernatant and starches have been shoba sarface active (Prochaska et
al., 2007). Fast scan DSC measurements allowedtolgfehe presence of a small
portion of linear chains (which could be amylopektand the iodine staining
method confirmed the presence of amylopectin chairthe medium. Indeed, the
brown-red colour obtained with the iodine staining typical of linear
polysaccharide chains with low DP (12<DP<45) (Semia et al., 2005) which
would correspond to the small linear part of amgldm. The results obtained with
AUC and SEC-MALLS showed that it was in fact low lecular weight
amylopectin of about f@/mol (usually amylopectin is above ‘l§mol) that was
dissolved in the continuous phase with concentati@arying from 0.6 to 6.7 mg/ml

for initial 10mg/mL and 50mg/mL starch suspensigaspectively.
The measured values of intrinsic viscosity (aro@bdnL/g) seem quite low
compared to those reported for the waxy maize goeyltn dissolved in

water/dimethylsulfoxide mixtures which were measute be around 200mL/g,
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(molecular weight around M=10" - 1 g/ mol) (Bello-Perez et al., 1998; Carriére,
1998; Chamberlain & Rao, 2000; Fiedorowicz & Re®il2002; Fishman et al.,
1996). Banks et al. (1972) reported values in #mesrange as ours (35 mL/g) when
the starch was stirred and boiled in water. Theewiariety for amylopectin intrinsic
viscosity values given in the literature can afregn the starch origin, the solvent,
the temperature, the preparation method and the dihstorage (Bello-Perez et al.,
1998; Millard et al., 1997). In our case the lowrimsic viscosity values could be
also explained by a rapid depolymerization in thgpesnatant before the
measurement (Bello-Perez et al., 1998) or the pagipa conditions (Millard et al.,
1997).

The “low” (when considering amylopectin molecul@gyinsic viscosity also
suggests that the polymer present in the continpbase is highly branched and has
a random-coil conformation. Solution conformatiomncbe estimated semi-
quantitatively using the translational frictionatio, f/fo (Tanford, 1961) in Equation
5.7. As a general approximatidfiy ~ 1 - 2; 2 - 5 and > 6 for compact spheres,

random-coils and rigid rod type conformations, exsely.

: %
_ ML~V [ 4,

= 0 . 5.7
fo (NA6m20,WS 20) 3vM,,

wherev is the partial specific volume of amylopectin @BL/g); Na is Avogadro
number andpzow andnzow are the densities and viscosities of water at 2Q.0
respectively. For the starch supernatants, an gedranslational frictional ratio of
3.8 £ 0.3, consistent with a random-coil conformationsviaund. This value also
depends on hydration of the macromolecule and decular weight and therefore
more hydrated and/or higher molecular weight pokgmmeay appear to have a less

compact structure than is truly the case.
Different hypotheses can be proposed to explaimelease of low molecular

weight amylopectin from modified waxy maize staioko the continuous phase.

The starch used in our experiments shows inhibsigdlling but no evidence of
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cross-linking (according to National Starch). Tharmles do not burst even with
severe heating, so the possibility of the amylapdoting released through bursting
is highly unlikely. The hypothesis is that low maldar weight amylopectin chains
are able to leach out of the granules due to #reall size. The small size can also
be because of high branching, which is reflectetblayintrinsic viscosity values. A
second hypothesis is that clusters of amylopechains on the surface of the
granule are “ripped” during stirring. This suggestis based on the results reported
in (Stark & Lynn, 1991) which stipulates that anpgatin clusters constitute the
beginning of the next growth ring, and comparesdtanule to a hairy ball. The
amylopectin clusters are linked to other amylopectiolecules via glucosidic
bonds; the dissociation energy of the latter i30kJ/mol (Jang et al., 2005) which
is weak enough to be broken with mechanical enengy heat. If only “hairy
particle” should be the reason of the presencenofl@ectin in the continuous
phase, amylopectin concentration in the supernataoild be roughly proportional
to the initial starch concentration in power 2/3hieh is not the case (it is
proportional to the initial starch concentrationpower 1.5). Thus it is thought that

both hypotheses are valid for the case studied.

V.2.7. Conclusions

The study of the continuous phase of swollen-inewatovation 2600 starch
granules suspension revealed the presence of lolcoiar weight amylopectin.
The first detection step showed the presence olréae active compound.
Viscosity measurements and estimation from thengrymethod demonstrated that a
certain amount of matter is leaching out of thenglas into the continuous phase.
Further investigation using fast scan DSC and edstaining allowed the
identification of this released component as amgtbip. The latter result was to be
expected as modified waxy maize starch is almostguety composed of
amylopectin, the amylose fraction being only trac&snally, two different
quantification methods, AUC and SEC-MALLS, allowé#de estimation of the
molecular weight of the amylopectin molecules, M 10°, as well as its precise
concentration in the continuous media: 0.6, 2.7 @&7dmg/mL for 10, 30 and 50
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mg/mL initial suspensions, respectively. Both methgielded similar results also in
agreement with the results obtained for the comagah estimated from dry matter
weight, thus showing the accuracy of the measuresnédrhe molecular weight
values obtained for the amylopectin molecules igeglow suggesting that only
small and/or branched chains are released in theéncous phase. The presence of
amylopectin in suspension continuous phase shoeldtaen into account if
preparing mixtures with other (bio)polymers.

V.3. Conclusions for Chapter 5

From the obtained results it can be concludeddhablume fractiond = 1
the rheology of the suspension was governed byigindity of the granules. More
rigid granules lead to higher viscosities. The shieaning behaviour suggested that
even at low swelling degrees (high starch concgairaless water available), the
granules were still sufficiently deformable. Atentnediate concentrations, evidence
of granular interactions was put into light. Thegsanular interactions led to higher
viscosities than those that could be achieved matinteracting particles.

The study on the continuous phase showed thatatiter was Newtonian,
suggesting that the effect on the overall rheolofj{the suspension is minimal.
Moreover, the amylopectin concentration in the so@iant at the highest initial
starch concentration does not exceed the critigdlev of 0.02g/g suggested by
Doublier et al. (1987). It was shown that the vstoof a 1% starch suspension
(10mg/mL) was Newtonian and not governed by theges. Hence, it is possible
to think that only for very low concentrations ddbs continuous phase influence
significantly the overall flow behaviour.
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Chapter VI : Shear induced deformation and breakfupstarch suspension
droplet: comparison with a polymer solution

Résumé du chapitre VI

Déformation et rupture sous cisaillement d'une
goutte de suspension d’amidon : comparaison

avec une goutte de solution de polymere

L'étude de la déformation et la rupture de goettes est d’'une grande
importance pour comprendre le comportement souslé&oent des émulsions ou
encore la morphologie des mélanges de polymerems De chapitre, nous allons
considérer la déformation et la rupture de goutelde suspensions d’amidon dans
une matrice immiscible et comparer son comporteraenh systeme modele, une
goutte de solution d’hydrocolloide (Hydroxypropylimg Cellulose, HPMC). Ces
deux systémes sont des épaississants utilisés ldahgstrie agroalimentaire et
offrent des différences de perception du goutethBlerait que cette perception soit
liée a la capacité du produit a se mélanger enHmu@lus le produit se mélange
bien, plus le transport des agents de flaveurs kesrsrécepteurs sensoriels est
favorisé et donc meilleur est la perception. L'ahifeici est de trouver un parametre
physique qui puisse permettre de déterminer laci#pd'un systéme a se mélanger
et ainsi de le corréler avec la perception en beuch

Pour analyser le comportement des gouttelettggesdsies dans une matrice
immiscible il est nécessaire de connaitre les ¢énatques physico-chimiques des
deux systemes étudiés. Ainsi, une étude rhéologiguia solution d’HPMC ainsi
que la détermination de ses propriétés de surfac&téamenée. Une étude
comparative des propriétés physico-chimique dex dggtemes a également été
faite en regroupant les données obtenues pousfzession d’amidon et éparpillées
dans le manuscrit.

Comme les deux systémes sont rhéofluidifiants, éapériences sont
conduites a cisaillement constant afin d’éviter wagation du rapport de viscosité.
La gouttelette de la solution d’HPMC se conduit nbieomme une goutte

viscoélastique, tandis que dans le cas de la deti¢tele suspension d’amidon, elle
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aussi viscoélastique, se comporte plus comme unéegoewtonienne. De plus
lorsque les deux systemes sont comparés dans dégia@aes de contraintes, de
temps et de tailles similaires mais des rapportsistosité différents, la goutte de
suspension se rompt plus facilement bien que léra@iom soit attendu. Pour ces
raisons, une étude plus approfondie des condit@supture d’'une goutte de
suspension d’amidon a été effectuée.

L'étude de la rupture de goutte de suspension id@ama montré que le
mécanisme était différent de celui des fluides.rupture se produit lorsque la
circulation interne permet un réarrangement desujea créant ainsi des zones de
déplétions ou la rupture peut se produire. En oes,se seuil d’écoulement de la
suspension joue un rdle majeur. En dessous du dégibulement, il n’y a pas de
circulation interne et la goutte se conduit comme 3olide. Si la contrainte
appliguée a I'extérieur de la goutte est Iégéreraendessus du seuil d’écoulement,
une perte d’énergie due a la friction des granelegendre une diminution de la
contrainte a l'intérieure et la circulation intem'est plus assez forte pour permettre
la rupture ; on passe d'un systéme fluide a urésystliquide. Lorsque la contrainte
appliguée est tres forte, les granules a lintérise déforment et facilitent la
circulation du liquide a I'intérieur de la gouti@ovoquant une rupture plus rapide

gue celle observée pour les systemes Newtoniens.

186



Chapter VI : Shear induced deformation and breakfupstarch suspension
droplet: comparison with a polymer solution

Chapter VI: Shear induced
deformation and break-up of a
starch suspension droplet:
comparison with a polymer solution

The deformation and break-up of droplets suspemdesh immiscible fluid
is a wide field of research. To this day, the mapberest of this type of study is the
understanding of multiphase system behaviour (ewulsion rheology) or
morphology (polymer blends). Another suggested iegfpbn would be to link
droplet break-up to flavour perception. Differences mouthfeel and flavour
perception between starch and polymer thickenedymts have been demonstrated
(Ferry et al., 2006). It is thought that good mgiof the product in the mouth
favours the release of tastants to the receptersgenleading to enhanced flavour
perception. Mixing ability could be linked to theiamostructure of the systems;
however, to this day no physical parameter directiyrelates the properties of the
thickening agent and flavour perception. A possimgameter to consider is the
break-up of a hydrocolloid or starch thickened debpan easy break-up suggesting
a better ability of the product to mix in the mouth

In the following study, the differences in deformat and break-up
behaviour between a starch thickened droplet ahgidaocolloid solution droplet
will be shown. Hydroxypropylmethyl cellulose (HPMCyas chosen as a
viscoelastic model droplet as it is widely usedha food industry and because the
behaviour of such systems has previously been figatsd; the results obtained can
thus be compared to literature. Nevertheless, pdostudying the shear induced
behaviour of a droplet, the physico-chemical patanseof the HPMC solutions

need to be determined. The first part of this chapill be on the characterisation of
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an HPMC aqueous solution, i.e. rheological behaviand interfacial properties
both being necessary for the analysis of droplebeur under simple shear. The
second section will focus on the deformation arehkfup of two types of droplets:
HMPC solution and starch suspension, both immemesilicon oil as a model
matrix. Visual observations of the systems depemndimpolymer concentration will
be shown and droplet orientation, deformation aelhxation will be studied.
Finally, special attention will be given to therstasuspension droplet as it unravels

new break-up mechanisms.

VI.1. Characterisation of the rheological behaviourand surface

activity of Hydroxypropylmethyl Cellulose aqueous slution

VI.1.1. Flow and viscoelastic properties of HPMClabtons

An example of a flow curve obtained for a 3.75%WARMC solution is
shown Figure 6.1. A low-shear Newtonian plateau lmambserved, at higher shear
stresses the sample is shear thinning; this igiadalybehaviour for a hydrocolloid
solution. Shear thinning is caused by orientatidnttee polymer coils in the
directions of the flow (Clasen & Kulicke, 2001).
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Figure 6.1: Flow curve of a 3.75%w/w HPMC solution;viscosity vs. shear stress. Hollow

squares represent experimental data. The line is fahe Ellis model.

The data was fitted with the Ellis model (Equati®d) as can be seen in

Figure 6.1.
a-1
Mo _q14 [LJ 6.1
n(r) LEVF:

where is the zero shear viscosity< 105Pa.s),r,,, the shear stress at which the

viscosity is 50% of the Newtonian limit andl the slope of the viscoity in the
power law regime.

HPMC solutions were prepared in a wide range ofceantrations and
viscosity-shear stress dependences were measugeneg(l6.2a): the goal was to see
if this HPMC (K4M) behaves as a hydrocolloid sabatin good agreement with the
literature but mostly to obtain a wide range ofcesities to choose from for the
future droplet deformation experiments. All the HEMow curves were fitted with
the Ellis model except for 0.5% which was fittedtwihe Newtonian model. Zero
shear viscosity was then plotted against HPMC aainagon (Figure 6.2b).
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Figure 6.2: Flow behaviour of HPMC solutions. Evoltion with concentration. (a) Viscosity vs.

shear stress; (b) Zero shear viscosity vs. HPMC coantration.

Figure 6.2a shows that the viscosity of HPMC insesh with increasing
concentration, as expected. Figure 6.2b shows ttl&tHPMC as a function of

hydrocolloid concentration follows a power law (Btjon 6.2):
n= KC" 6.2

where K is a constant coefficient (here K = 0.4688) n the power law index. The
value of this latter parameter is usually repottetde between 3.5 and 4 (Kavanagh
& Ross-Murphy, 1998) for a polymer solution in themi-dilute regime, i.e. when
the coils overlap but are not entangled. It is rckealooking at Figure 6.2b that all
concentrations are above c* (coil overlap concdiotnafrom diluted to semi-diluted
regime) as there is no sharp change in the slope. Value of the critical
concentration c* for the studied HPMC samples (K4Wa3s determined to be
around 0.1% (Cook et al., 2002; Ferry et al., 200®)ur case n=3.8, confirming
that HPMC behaves as a polymer solution in senoitglilregime. The HPMC
solutions were not completely transparent. It i® do unsubstituted cellulose
backbone that is only partly dissolved and aggexfjat bundles, when the sample
is below the gelation temperature (Desbrieres gt2400; Haque et al., 1993;
Hirrien et al., 1998). If the temperature is inaed, the bundles come apart leading

to association of hydrophobic zones and exposieghydrophilic groups to the
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aqueous environment (Haque et al., 1993). Theteesbtained were reproducible,
with a standard deviation of less than 3%, indtdteat the measurements were

carried out on a homogeneous solution.

The thixotropic behaviour of HPMC solutions wasaainvestigated (Figure
6.3). In the shear induced droplet deformation erpent, the droplet might be
submitted to shear prior to the experiment in otdesbtain smaller droplets. Hence,

it is of importance to see whether pre-shear idc the sample or not.
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Figure 6.3: Non thixotropic behaviour of HPMC at 325%w/w. Viscosity vs. shear stress, up

and down curve.

No hysterisis loop can be seen for the HPMC, he.“up” and the “down” curves
fully coincide (Figure 6.3) indicating a non-thixopic behaviour.
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During the flow measurement, a first normal strdgference developed
(Figure 6.4). Only the results for solutions witbncentrations ranging from 3 to
3.75%w/w are presented in this figure as they water used for the droplet

deformation and break-up study.
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Figure 6.4: Evolution of first normal stress difference with HPMC concentration.

It can be observed that for all 3 studied concéotna that the first normal
stress difference increases with increasing shegar Moreover, Figure 6.4 shows
that the higher the HPMC concentration, the higherN, value. The origin of the
rise in first normal stress difference with inciegsshear rate is interpenetration of
the coils; this leads to a build-up of the entanggat points of intertwined polymer
chains and thus the appearance of elastic behay@asen & Kulicke, 2001).
When the concentration is increased, the numbentainglement points increase as

well leading to high Nvalues.

The viscoelasticity at small deformation amplitu@feHPMC solutions was
studied using oscillatory measurements. It is \wethwn that HPMC solutions have
the specific property that when the temperaturencseased they form reversible
gels. However, the measurements here were condactteinperatures below the
gelation point, at 20°C. The gelation of HPMC swlns occurs in two steps; the

first one is thought to be a phase separation dogu(leading to a decrease in G’
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and G”) and the second step, the gelation of thigrper rich phase(Hussain et al.,
2002). These two steps were reported to occur Hisr type of HPMC (K4M)
around 55°C and 70°C respectively for concentratimnging from 2 to 5%w/w
(Hussain et al., 2002). The elastic and viscousutiad HPMC solutions, G’ and
G”, obtained for different concentrations varyirfgpm 1% to 3.75%w/w are
presented in Figures 6.5 and 6.6 as a functionegluency. It can be noticed that the
viscous modulus is higher in value than the elasticulus for low frequencies but
asymptotically become closer in value at highequencies and eventually cross,
with elastic behaviour becoming dominant due taififigent time for the polymer
chains to relax. This behaviour is usually obserf@dliquids. Only the 3.75%
sample shows a cross-over of G’ and G” in the ditry range investigated; it

occurs around 7Hz.

193



Chapter VI : Shear induced deformation and breakfupstarch suspension
droplet: comparison with a polymer solution

100 1000

- 0,8348
10 - y = 2,0544x y = 31,754x°70%

2 _
= R®=0,9952 ,8100 1 R? = 0,0038
a o
= 1 =
O O
ED 1,3351 ED 10 -

01 | y= 876026X ' y= 13’116)(1,0064
' R?=0,9973 R?=0,996
0,01 T T 1 T
0,1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)
1000

y = 168,34x256°
R?=0,9889

100 4

y = 106,86x°811°
0" R?=0,9933

G, G" (Pa)

0,1 10

1
Frequency (Hz)

Figure 6.5: Evolution of G’ and G” as a function d frequency at 20°C. Filled squares represent
G’ and hollow squares G”. (a) 1% w/w HPMC solutia; (b) 2.5% w/w HPMC solution. (c)

3.75% w/w HPMC solution. Lines are power law fits.

For liquids, the dependence of G’ and G” at lowduencies should follow:
G” = f(o') and G’ = f (?), » being the frequency (Kavanagh & Ross-Murphy,
1998). The curves obtained in Figure 6.5 a, b angre all fitted with a power law
equation. None of the values obtained for the powmeex fit the liquid-like
behaviour, which is probably due to the rather Higiguency interval at which the
samples were studied. Moreover, as it can be seéwn.,slope decreased with
increasing concentration. It can be suggested ttiatHPMC solutions have an
intermediate behaviour between a liquid and a 4sel.polymer concentration is
increased, the amount of HPMC chain interactionse@ses leading to the creation
of more hydrophobic zones. Slope values reportelitarature (Choi et al., 2006)
are slightly lower than those obtained here: fanegle, for 1% HPMC solution, the
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slope values obtained by Choi et al. (2006) aré @6 G’ and 0.55 for G” versus

1.3 for G’ and 0.8 for G” in our case. This difégrce can be explained by the fact
that in the case reported by Choi et al., (2006)rtieasurements were carried out at
25°C and that the higher the temperature, the timesample acts like a gel (less

frequency dependence) as there is more interadbetgeen the hydrophobic zones.

The evolution of G’ as a function of the hydrocall@oncentration is shown

in Figure 6.6.
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Figure 6.6: Evolution of the elastic modulus vs. fquency. Effect of hydrocolloid concentration.

Elastic modulus increased with increasing concéntraln all cases, G’ was

frequency- dependent and lower than G”.
The study of the rheological behaviour of HPMC &ohs has shown that

they were shear thinning and displayed elastic \ieba (measured N. At the
studied temperature (20.0°C), their behaviour Wasecto that of liquids.
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VI.1.2. Surface and interfacial tension

The density as a function of HPMC concentratiogiven in Figure 6.7. The
values are the means of triplicates. It can be Hesrdensity increases linearly with
HPMC concentration.
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Figure 6.7: Density of HPMC depending on concentradn

These values were determined as they are requorettid analysis of the measured
surface tension between air and the HPMC solutaots the interfacial tension at
the oil/HPMC interface.

The evolution with time and the values as a fumctb concentration for the
surface tension and interfacial tension are shawirigure 6.8a-6.9a and Figure
6.8b-6.9b, respectively. In order to compare thdadand check that the
measurements are valid, the surface tension ofriraiteand the interfacial tension
between water and oil was studied. The values médaiare 72.8mN/m and
36.5mN/m respectively. These values are in goodeeagent with literature
(Bergeron et al., 1997; Tice et al., 2003; Wolf &ndhab, 1995). Moreover, the
value for water in silicon oil was cross-checkethgghe small deformation method
(111.2.3); results were in good agreement with #hdsund using the pendent drop

method.
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Figure 6.8: Evolution of tension properties as a fuction of time. (a) surface tension
3.75%HPMC/air. (b) interfacial tension 3.75%HPMC/silicon oil.

Figure 6.8 shows the data obtained for HPMC sahutioth in air (a) and in oil (b).
The experiments were carried out over a periodnoeé tof 20-30min to make sure
that the sample had reached equilibrium. As itlmaiseen, a stable value is reached
after ~500s. The interfacial tension values obthiase lower than those seen for
water in air and in silicon oil. Indeed, HPMC haaltophobic groups (methyl) and
hydrophilic groups (hydroxypropyl); it is thus sack active (amphiphilic) leading
to a decrease in interfacial tension. The timeetach equilibrium depends on the

time taken by the polymer chains to rearrangeatriterface.
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Figure 6.9: Surface and interfacial tension properies of HPMC solutions at various

concentrations (a) in air; (b) in silicon oil. Lines are given to guide the eye.
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Each value obtained for Figure 6.9 (a) and (b)taeemean of 10 experiments.
Figure 6.9 a and b shows that the surface tengitimeanterfacial tension of HPMC
in air and in oil respectively do not vary with thencentration within the studied
range: around 42.5mN/m in air and 16.5mN/m in bicould be thought that the
value of HPMC in air decrease with increasing coiregion; however, considering
the error bars this decrease is not significane ¢bnstant values obtained can be
explained by the high concentration of the soli¢above C*), the surface is thus
saturated with polymer chains and no further desrea the surface tension can be
observed. Moreover, the values measured are witigirrange determined by Dow

Chemical for this type of product.

Characterisation of HPMC solutions revealed thaytldisplayed shear
thinning behaviour and elasticity. These two paranseare important to know when
considering droplet deformation experiments. Theastihinning behaviour will be
counteracted by doing step-up shear stress expesnand the elasticity will be
considered when interpreting the results. Findtlgying quantified the interfacial
tension between oil and HPMC, the Capillary num(defined in Equation 2.4) can

be calculated.
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VI.2. Shear induced droplet deformation and break-yp

VI.2.1. Deformation of solution and suspension drieps

VI.2.1.1Visual observation of droplets at differeaihcentrations

The observation of droplets immersed in silicon wider shear using the
counter rotating shear cell gives interesting rissas the evolution of the droplet
can be monitored during the entire duration of ¢ix@eriment. In the following
section, a description of what was observed wilgl#en. It was chosen to compare
the behaviour of an HPMC solution and a starch exsipn for two different cases
of sample concentration: diluted and concentraiuth types of droplets were
placed in PDMS 200 (silicon oil).

Figure 6.10 is composed of 5 pictures a, b, ¢, d anwhich are
representations of the diluted starch suspensioplelrat different shear stresses. In
this case, the shear stress was gradually incrdem®d0 to 500Pa. At rest (Figure
6.10a) the amount of solvent around the granulegefw+ amylopectin, see V.2 for
details) was sufficient for the droplet to be spdar Moreover, the granules inside
the droplet could be distinguished. When a sma#laststress was applied, the
droplet deformed and aligned in the flow directitime granules inside were seen to
circulate along closed streamlines (Figure 6.10b}igure 6.10c, the shape of the
droplet, after the shear stress was further inet&s 170Pa, is shown and the first
detachment of small droplets concentrated in stapanules through an end-
pinching mechanism was observed. In that casegiticalation of the granules
within the droplets had started decreasing slighdgause some granules remained
at the tips of the deformed droplet; further endeping occurred. At even higher
stresses, no more internal circulation could be:sak the granules are confined to
the tips (Figure 6.10d). A close inspection of Feg6.10d indicates that the droplet
Is at a critical state where more end-pinching wditur. This phenomenon will take
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place until no more granules remain and the fimapktt contains only solvent. In
Figure 6.10e, that state is nearly reached; enchpig occurs at one end and only a
few granules remain at the other end.

25um

Vorticity

Flow

25um

25um

251m

Figure 6.10: Deformation of a diluted (0.8%w/w) stach suspension droplet (initial diameter
70um) with increasing shear stressat rest (a), T = 110Pa (b);t = 170Pa (c);t = 320(d); T =
485(e).
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This type of behaviour has previously been repofbedliluted suspension droplets

of polystyrene beads in water (Smith & Vandever85)9

Diluted HPMC droplets showed a very different bre@k mechanism
(Figure 6.11). The droplet was spherical at resexgsected (Figure 6.11a). When
shear stress was applied, the droplet deformedaintellipsoid aligned in the flow
direction as can be seen in Figure 6.11b. At tbistpsteady state deformation, i.e.
when at a constant stress no further deformationbeaobserved, has not yet been
reached. This is demonstrated by Figure 6.11c, whias obtained for the same
shear stress but not the same strain (shear ragtiln Figure 6.11c, higher
deformation than for Figure 6.11b can be seenhis ¢ase the deformation is no
longer in the small deformation limit as definedTaylor, i.e. D > >0.2 (see 11.3.1).

Vorticity
Flow
a b
50um 50um 50um
d
50um 50um

Figure 6.11: Deformation of a diluted (0.1%w/w) HPMC solution droplet (initial diameter
70um) with increasing shear:at rest (a), T = 310Pa (b);t = 310Pa (c¢);t = 490(d); T = 640 (e).

When the shear stress was further increased, potie appeared (Figure 6.11d)
which corresponded to the onset of break-up throaudip-streaming mechanism.
This occurrence is evident from Figure 6.11e, wleetkin stream of liquid coming
out of the droplet can be seen. Tip-streaming hegiqusly been reported in various
studies (De Bruijn, 1989; Grace, 1982; Taylo©32; Taylor, 1934). De Bruijn
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(1993) suggested that this phenomenon occurred vehgnadient of interfacial
tension developed at the surface of the dropletait hence be observed when a
droplet containing a small amount of surfactansubmitted to shear. As it was
shown above (VI.1.2), HPMC is amphiphilic and Hasstsurface active properties,

explaining the observation of the tip-streamingmareenon.

Figure 6.12 shows typical images of the deformagiod break-up of a 100%
volume fraction swollen-in-water starch suspensiooplet (starch concentration is

8%wi/w) placed in an immiscible matrix (PDMS).
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Figure 6.12: Time dependent deformation concludingn break-up of a concentrated starch
suspension droplet (initial diameter 7@um) upon shear stress step-up from rest to 640Pat rest
(a), t=10s (b); t=40s (c); t = 53&l).

In Figure 6.12a it is demonstrated that the droetpherical at rest; this
means that although the suspension is at a thealr@blume fraction of 1 there is
still a small amount of solvent around the granulgggon application of shear stress
(here: stepped-up from rest), the droplet starfsrdeng (Figure 6.12b). The shape
of the droplet is irregular which is in stark cadr to the perfect ellipsoidal shape of
deforming fluid droplets. This is a result of theegence of swollen granules

irregular in shape and size which, albeit fully @gging the volume of the droplet,

202



Chapter VI : Shear induced deformation and breakfupstarch suspension
droplet: comparison with a polymer solution

were observed to move on closed streamlines intde droplet (the size of
individual granules is not resolved in the micrgra presented). As the granules
move around, there is a constant change of thectasp¢he drop. Internal shear in
fluid droplets undergoing shear deformation is #-lweown phenomenon, see, e.g.,
Rumscheidt & Mason (1961). Figure 6.12c shows &rrlongation of the droplet
in time and shape irregularities prevail. By maimtag the shear stress, the droplet
can either stabilise and reach its steady statormetion, in which case
rearrangement of granules continues to be obsewedreak-up. For the shear
stress applied in the experiment discussed, brpawith the formation of two
daughter droplets of similar size is evident fromgufe 6.12d. In this case, the
deformation pictured in Figure 6.12c is alreadyicai, and its shape resembles the
shape the droplet assumes to break-up. The bregkattern observed for the
droplet system under investigation is not dissimiia what has been reported
previously for fluid droplets (Rumscheidt & Masoh961); however, there are

several discrepancies which are discussed in detsdction VI.2.3.
The time dependent behaviour of a concentrated Elkdplet (3.25%w/w)

submitted to the same shear stress as the coneehstarch suspension droplet is

presented Figure 6.13.
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Figure 6.13: Time dependent deformation of a concérated HPMC solution droplet (initial
diameter 8Qum) upon shear stress step-up from rest to 640Pat rest(a), t = 4s (b); t = 6s (C); t

= 50s(d). No break-up was observed.

The droplet was spherical at rest (Figure 6.13&) dbarted deforming once the
desired shear stress was applied (Figure 6.13bjrsAt the deformation was small
but it increased with time and the drop assumedstiape of a flattened ellipsoid
(Figure 6.13c). Between Figure 6.13b and c the Isaxéd of the ellipsoid (the width

W defined in Chapter 11.3.1) decreased and therosingall axis in the velocity

gradient direction (the breadth, B), which is natible here, also contracted. An
increase in strain leads to even higher deformatiutii the droplet has reached a
steady state deformation (Figure 6.13d) or breakiopthe cases that will be
presented, break-up was never observed for theeotnated HPMC droplets. In its
steady state deformation the shape of the drapléfait of a thin thread with pointed
tips (Figure 6.13d). If the stress is stopped, dneplet will relax to its initial

spherical shape.
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The observation of diluted and concentrated (or-citnted regime for
HPMC) droplets of different thickening agents rdedainteresting differences
depending on concentration, the break-up mecharieimg the main one. For
diluted systems, tip streaming (HPMC droplet) od-@mching (starch droplet)
were the break-up mechanisms. However, the studilated systems can only be
qualitative, at least for starch suspension drepkes it is not possible to control the
concentration of granules within the drdgherefore, the following studies have
been carried out in a specific case where all thepace is taken by the granules
I.e. when the volume fraction is close to 1 (starotoncentration 8%w/w). In this
case, all starch suspension droplets will have shme concentration and a
guantification of deformation and break-up can bedl

This study also revealed differences between twmedyof concentrated
droplets, the suspension and the solution: rupiacerrs for one (starch) but not the

other in the conditions applied in this experiméntark.

VI1.2.2.2.Comparison between the physico-chemicgleets of a

starch suspension and an HPMC solution

In this paragraph, a brief summary of the physicersical properties of
both the starch suspension and the HPMC solutidharconcentrated state will be
given. As the behaviour of a starch droplet willdmenpared to an HPMC thickened
droplet, a description of the general featuresathlsystems will be given gathering

the data put forth throughout the thesis.

* Rheological behaviour

The major differences in rheological behaviour obsé between starch and HPMC

are presented in the table below (Table 6.1).
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Table 6.1: Rheological properties of the starch spensions and HPMC solution.

8% swollen starch (modified waxy HPMC
maize)
Suspension Solution

Presence of a yield stress then shearLow shear Newtonian plateau then shear

thinning thinning
Fitted with Herschel-Bulkley model Fitted with t@eoss model
Gel-like behaviour Liquid-like behaviour

Table 6.1 shows that the studied systems are dliffieult to compare: one is a
solution with a low shear Newtonian plateau anddiier a suspension with a yield
stress. Nevertheless, they are both shear thinug to this non-Newtonian
behaviour the experiments were carried out at eohshear rate (by stepping-up to
the required stress), hence avoiding any variatibthe viscosity ratio during the
measurement. At first, the samples were compared|adl shear rates; the HPMC
concentrations were adjusted to have equivalentosises with the starch
suspension (8%wi/w). At shear rates 1,82.9¢', the samples had the same
viscosity if the HPMC solutions were prepared resipely at the following
concentrations: 3.75%, 3.25%, see Figure 6.14.drbplet deformation and break-

up experiments were thus conducted at these shiest r
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Figure 6.14: Viscosity of studied systems vs. shaate. Diamonds: 3.25% HPMC; Triangles:

3.75% HPMC; Crosses: starch suspension 8%. Lines argiven to guide the eye.
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However, in the counter rotating shear cell, theptits are immersed in silicon oil.
It makes more sense to consider the shear strpsdo the droplet rather than the
shear rate, as in the shear stress the viscosttyeddil (which is part of the viscous
forces deforming the droplet) is taken into accolihie resulting shear stress for the
applied shear rates are the product of the visco$ithe silicon oil (220Pa) and the
shear rate, i.e. 400Pa and 640Pa. Using the datainet with rheology
measurements, viscosity and viscosity ratios wetterchined for the given shear

stresses as shown in Tables 6.2 and 6.3.

Table 6.2: Viscosity andp values for HPMC solutions of different concentratons

n (Pa.s) p
1= 400Pa 20.5 9.3*1(F
(HPMC 3.75% w/w)
1=640Pa 5.7 2.59*1(F
(HPMC 3.25% wiw)

Table 6.3: Viscosity andp values for the modified waxy maize starch suspermsi of 8%

n (Pa.s) p
1= 400Pa 1.68 7.63*10°
1=640Pa 0.98 4.45*1C0°

It can be noticed that the values of viscosity thoe given shear stressase not

equivalent in this case for starch suspensions HIAMC solutions. The systems
were not prepared to be equivalent at shear sgessat first, the viscosity of the

samples were considered alone and not immersée ioil

The elasticity of the studied systems is also irtgrdrto consider as it will
have an impact on the deformation and break-upitond. It has been reported in
literature (see Chapter 11.3.2) that elasticity Iwilamper the deformation and
increase the Capillary number at which break-ug wglcur. The measured first
normal stress differences for all three samplegegsented in Figure 6.15. It can be
observed that the elasticity of the starch suspandgevelops at higher shear stresses
but for shear stresses above 500Pa it is equdidasetmeasured for the HPMC
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solutions. However, it is important to point outthhe origin of the elasticity is
very different. For HPMC solutions, elasticity @ssfrom interpenetration of the
polymer chains (see VI.1.1), whereas for starclpension the origin of the first

normal stress difference is the deformation ofgranules (see V.1.1.5).
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Figure 6.15: First normal stress differences vshear stress. Diamonds: 3.25% HPMC,;

Triangles: 3.75% HPMC; Crosses: starch suspension?8.

The rheological properties of the starch suspenar@hthe HPMC solutions
are very different. The origin of these differendesthe microstructure of the
samples. This makes it difficult to actually congathese two systems
appropriately. In the following, the results of eximents, their deformation and
break-up conditions will be compared when they waremitted to the same shear
stress. However, it should be considered that #selting viscosity ratios and

elasticities of the two systems were slightly didiat.

* Interfacial tension

The interfacial tension between the silicon oil d@imel studied system also play a
major role as it tends to keep the droplet spherfgaigh interfacial tension will
lead to higher break-up conditions, i.e. that higtepillary numbers are needed to
rupture the droplet. The values obtained for adldfistems are summarised in Table
6.4.
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Table 6.4: Interfacial tension in oil, measured usig the pendent drop method.

Studied system I' (mN/m)
Water 36
Modified waxy maize supernatant 33
HPMC 3.25% 16.5
HPMC 3.75% 16.5

As expected, water has the highest interfacialit@nghe value obtained
with the pendent drop method and the small defaonamethod (rheo-optical
measurement) yielded similar results. The value tfoe starch supernatant/oil
interfacial tension is slightly lower than that aioted for water, due to the presence
of small amounts of amylopectin chains (see Chayt&). Finally both HPMC
solutions have the same interfacial tension vaheeaso the lowest of all systems.
This is to be expected as HPMC is known to be sarfactive thanks to its
hydrophilic and hydrophobic substituents. When atering only interfacial tension
values, HPMC should be easier to break up than rwatestarch suspension.
However, as it will be shown later, different pasiers such as elasticity for
example, are involved in the deformation and breaknechanisms.

This section showed that it is difficult to comparee starch suspension
droplet and the HPMC solution droplet in similamddions. Not only are their
rheological behaviours very different but theireirficial tension with oil as well.
Even if the viscosity ratios were equivalent (eqléwt viscosity at a given shear
stress), the capillary numbers would be differesttlae interfacial tensions are

different.

VI1.2.2.3. Droplet orientation
A deformed droplet under flow adopts a certain raagon following the

velocity gradient axis. This angle usually dependsthe applied shear rate (or

Capillary number) and the viscosity ratio (Rumsdhé& Mason, 1961). The angle
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was determined by carrying out a set of measurement a different counter
rotating cell developed in Le Mans (see descriptionSection 111.2.1.6) which
allowed visualisation in the flow/(velocity gradig¢plane.
To check that the data obtained is reliable, expemis were carried out on a known
system, i.e. a Newtonian system: water in silicdn The measured angle for a
water droplet in PDMS 200 at low capillary numbé@a = 0.1) was around 40°
which is in good agreement with literature (Caseataal., 2007; Greco, 2002;
Rumscheidt & Mason, 1961).

The values obtained for the orientation angles BM& and starch droplets
at Ca= 0.35 (considering the experimental condititimat were applied in the
counter rotating shear cell) are presented belohalrle 6.5.

Table 6.5: Orientation angle of the droplets at Ca 0.35

p Angleg (°)
HPMC 3.25% 0.2 25
HPMC 3.75% 0.3 20
Starch 0.017 15

At the start of an experiment, droplets have aertation angle of 45° which
decreases rapidly as they align in the flow digectand finally reach a steady
orientation. The values determined here were takieen the droplet had reached
steady state deformation. Results obtained forHR&IC solution droplets are in
good agreement with literature (Assighaou, 2006ffétne et al., 2005). It would
be expected that the starch suspension dropletsadogimilar orientation to that of
the HPMC droplet or a higher angle closer to theg®rted for Newtonian droplets
(at low stresses elasticity has not yet developedtarch suspensions). Further
experimentation is required to find an explanatmrthe low orientation angle (15°)
observed.

The higher the Capillary number (increasing shat®)r the more the droplet
orients in the flow direction: the angle decrea¥®bken the Ca>0.5, the orientation
angle is around 5° (Guido et al., 2004; Maffetondl&ale, 1998). At 5° the effect
of the angle on the projected length is minor;ah ¢hus be considered as the real

210



Chapter VI : Shear induced deformation and breakfupstarch suspension
droplet: comparison with a polymer solution

length. In the following experiments, the oriergatangle was taken into account to

calculate the value for D when the Capillary numias below 0.5.

VI1.2.2.4. Droplet deformation

The experiments were carried out by stepping upshear from zero to the
desired value; during the experiments the shearwat kept constant to avoid any
shear thinning of the droplet (see section Ill.2@ynsequently, the viscosity ratio
(reported Tables 6.2 and 6.3) within the experimgidt not vary. Both systems

displayed evident elasticity as shown in Figuret6.1

Results obtained for the deformation of starch &fMC droplets are
presented in Figures 6.16 and 6.17. The elongaifotme droplet along the flow
direction is determined as a function of straing&hrate*time). The data shown
here are representative of the behaviour of alldioplets whatever the shear stress
applied. In Figure 6.16 and 6.17, the deformatibthe droplet is considered as the

extension of the droplet, i.e. the length dividgdlie initial diameter.
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Figure 6.16: Deformation of a starch suspension dpet as a function of strain. Initial droplet

size = 7(um. Shear stress 400Pa.
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When comparing Figure 6.16 and 6.17, HPMC anccistdisplay different
behaviours before reaching steady state deformatiorFigure 6.16, it can be
noticed that the droplet reached its steady stafierchation quasi instantly whereas
in the case of the HPMC droplet the steady statereached much later (see Figure
6.17). It seems that starch acts like a Newtoniapldt when submitted to stepped-
up shear. For the HPMC droplet, an overshoot camaieed occurring prior to the
steady state. This phenomenon has been previoaplyrted (Maffettone et al.,
2005; Sibillo et al., 2005) and appears to be ac&pbehaviour of viscoelastic

droplets.
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Figure 6.17: Deformation of an HPMC droplet (3.25%ww) as a function of strain. Initial
droplet size = 5@m. Shear stress 640Pa.

Figure 6.18 (a) and (b) shows Taylor's deformatidr(Equation 2.5) for
starch suspension and HPMC droplets as a functiadgheoCapillary number. The
data obtained was compared to the predictions f@oxr's model (Equation 2.7;

Cox, 1969).
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Figure 6.18: D as a function of the Capillary numbe (a) Starch suspension droplets (8%w/w);
(b) HPMC droplets (3.25% and 3.75%w/w). Solid blacKine is the model developed by Cox
(Cox, 1969).

The deformation D of starch suspension dropletsnseto be similar to that
determined for Newtonian droplets. For values of &aund 1 and above, the
deformation is lower than what is predicted frora thodel. This deviation could be
explained by the fact that at large stresses thstieity of the starch suspension is
increased leading to lower deformations. It cousb &e that Taylor's deformation
is not sufficient to describe large deformationadlsvalues tend towards one. This
later hypothesis is evidenced when looking at Fegaid8b. The capillary numbers
applied are high leading to high deformations. Npatusions can be drawn using D
as all droplets seem to have the same value. Hems#dy the deformation of the
HPMC, the ratio of the long droplet axis to itstiai size will be plotted against the
Capillary number. The results obtained for HPMC eoenpared to those of the
starch suspension droplet (Figure 6.19). In tlyar each point corresponds to one
experiment. The deformation of each droplet repbitethis figure is defined as the
moment when no more evolution of the droplet iseobsd, i.e. the steady state.
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Figure 6.19: Deformation vs. Capillary number. Fullsquares: starch suspension droplets;
Hollow squares: HPMC droplets(3.25% and 3.75%w/w). Error bars are for the error of the

experimental set-up

It can be seen in Figure 6.19 that the deformatarnstarch droplets are
lower than those for HPMC droplets. However, itrssehat a straight line from the
origin of the graph could fit both sets of dataf@mation increases linearly with
increasing Capillary numbers for HPMC as obsenadtlie behaviour of starch.
The deformation is linear for low Capillary numbédfs7). It is possible to think
from the data in Figure 6.19 that the deformatibRiIBMC would be similar to that
of starch at low capillary numbers. Figure 6.20respnts the deformation (Lfpas
a function of the applied strain and the behavsluwwwn here was observed in all
cases where the droplets were compared at the stness and for the same size.
The droplets of both types investigated had theesamtial size and the applied
stress was the same. Both the starch suspensionthendHPMC solution are

viscoelastic at the applied stress.
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Figure 6.20: Deformation vs. Strain for a starch sspension droplet (dark points) and a
3.25%HPMC solution droplet (open points). Applied sear stress = 640Pa;

Donpmc=Dostarci=80pm

Figure 6.20 shows that the starch suspension drbpd@ks up more readily
than the HPMC solution droplet. It would be expdde see the droplet of HPMC
break up at lower capillary numbers than that afctt one as the viscosity ratio is
higher and the interfacial tension is lower (Ca @& and 1.55 and p values are
4.45*10°% and 2.59*1F for the starch suspension droplet and the HPMG@tisol
droplet respectively). Interpretation of this phemmon is explained further when
discussing the break-up of starch suspension dsojjgection VI.2.2). It seems,
however, that starch suspension droplet in thie eas more like a Newtonian fluid
droplet than a droplets of a viscoelastic systehe Behaviour of the HPMC droplet
is in good agreement with literature which statest tigher Capillary numbers are
required to break up viscoelastic droplets than tdaian ones (Lerdwijitjarud et
al., 2004; Mighri et al., 1998; Milliken & Leal, 89; Sibillo et al., 2005; Tsakalos et
al., 1998; Varanasi et al., 1994).
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VI1.2.2.5. Droplet relaxation

When the shear flow is stopped the drop relaxegnwitoing so it can either
break-up into smaller droplets through end-pinchargRayleigh instabilities or
retract to its intial spherical shape (Tucker & Bliehaers, 2002). These phenomena
are driven by the interfacial tension. The behawviouthe droplet depends on the
aspect ratio of the filament. Carriere et al. (1986fined the deformed drop as
being a cylinder capped with two semispherical erifishe aspect ratio of a
deformed drop, i.e. length of the cylinder (L) tetradius of the cross section (r)
does not exceed a critical value which depend$erviscosity ratio (Tjahjadi et al.,
1994)then the droplet will retract to its initial shapEyove a critical value of L/r,
end-pinching occurs (Tjahjadi et al., 1994). Droptapture through Rayleigh
instabilities can be seen only when L/r >>60 (Stenhal., 1986).

Figure 6.21 shows the relaxation of a starch dtogldmitted to a shear
stress of 400Pa for 3min, which means that the lerojg at its steady state
deformation; its value is L/P= 2 prior to relaxation. The droplet has reachsd i
steady state deformation and has adopted the sliagre ellipsoid. Once the shear
stress is stopped, the droplet starts retractitggan ellipsoid (Figure 6.21 ¢ and d).
Finally, after just a few seconds, the dropletaslbto its initial shape.
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Figure 6.21: Relaxation of a starch suspension drégt (8%w/w). (a) t =0s; (b) t = 0.5s; (c) =
1.5s; (d) t = 4s. |y = 75um. Line is given to guide the eye.
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Figure 6.21 also shows the evolution of the mapas @f the droplet as a
function of time. It can be seen that the droptdtacts to its initial state in 2-3
seconds. The decrease in the size of the longisx@xponential which is to be
expected (Tucker & Moldenaers, 2002).

The relaxation of a 3.75% HPMC droplet is shownFigure 6.22. The
droplet in Figure 6.22a has a cylindrical shapéwibinted caps; this droplet shape
corresponds to its steady state deformation. Omeesliear stress has been stopped
and the droplet has started to relax, deformatesrehses and the shape is that of a
cylinder with semi-spherical caps as described al{figure 6.22b and c). This type
of behaviour has previously been reported for hgoltoid (Hydroxypropyl
cellulose) solution droplets (Takahashi et al., 220@fter 10s the droplet adopts an
ellipsoidal shape (Figure 6.22d) before becomirtgespal (Figure 6.22¢).
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Figure 6.22: Relaxation of a 3.75%HPMC solution drplet. (a) t =0s; (b) t = 3.5s; (c) = 7.5s; (d)
t=10s, (e) = 14s. = Dypa = 79um.

The aspect ratio of the deformed droplet is L/2=Upon relaxation no
rupture is observed, thus the critical value of @dspect ratio had not been reached.
The aspect ratio is expected to be higher withogkastic drops than for Newtonian

ones as elasticity of the droplet tends to reg&mination and rupture.

Effect of initial droplet size and viscosity raboa relaxation time can be seen
in Figures 6.23 and 6.24.
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Figure 6.23: Relaxation time vs. initial starch suysension droplet size. Diamonds are for p =
0.0076 and squares are for p = 0.0044.
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Figure 6.24: Relaxation time vs. initial HPMC dropkt size. Diamonds are for p = 0.0076 and
squares are for p = 0.0044.

Relaxation time increases with increasing inidiedplets size, but there is no
or little effect of the viscosity ratio. Dropletlagation time is known to increase

with initial steady state deformation (Tucker & Mehaers, 2002). As deformation
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increases with droplet size, it is normal to obseam increase of relaxation time as a
function of the initial droplet. However, it wasosiin previously that relaxation time
depended on the viscosity ratio between the dr@pidtthe suspending fluid (Moran
et al., 2003). This difference from earlier obséores can be explained by the fact
that the variation between the viscosity ratiossisall. Indeed, differences in
relaxation time were seen when one of the viscaaiip is 10 times bigger than the
other.

Differences occurring between the relaxation ef@t suspension droplets
and HPMC solution droplets can be seen Figure 6li2%his case, they were

compared when the initial deformation is equivalent
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Figure 6.25: Comparison between relaxation time fostarch suspension droplet (full squares)

and 3.25% HPMC solution droplet, with the same inital deformation.

The HPMC droplet takes nearly 15s to retract tesptiserical shape. On the
other hand, the starch suspension droplet reathastial state in approximately 7s.
The origins of this difference can be various. tritise interfacial tension between
the starch suspension droplet and the suspenditixrtslicon oil, PDMS 200) is
twice as high as that of the HPMC/oil interface.oftrer reason for this occurrence
Is the viscosity ratio of the droplet: for starch=p0.0044 whereas for HPMC p=
0.023 which is nearly 10 times the viscosity rdt@ween starch and oil. This result

is in good agreement with literature (Moran et aD03); they showed that the
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relaxation time was increased when the viscositio rearied from 0.01 to 0.1.
Finally, the different microstructure of these taystems could also explain these
differences: the intrinsic relaxation time of aykr chain would be higher than

that of a single starch granule.

The primary interest for the PhD study was to dateemixing properties
with droplet break-up. The idea behind this hypsiheavas to find a parameter to
help understanding and predicting the variationimfmouth flavour perception
depending on the type of thickener. As mixing &piWas suggested as a key issue
in the release of flavour to the taste buds (Fetrgl., 2006), droplet break-up was
hypothesised to provide new insights on this maftkrs section has underlined the
differences existing between HPMC solution dropletsd starch suspension
droplets. It has been demonstrated here that neddifiaxy maize starch, which
offers better flavour release and better mixinditgbin thickened products than
HPMC, breaks up more easily although physico-chalmparameters (viscosity
ratio, interfacial tension) suggest the opposites lthus possible to think that the
study of droplet break-up can give good information the mixing ability.
However, further and more extensive studies, usimgriety of thickeners, should
be carried out to fully conclude on this matter.

The observation of the break-up of starch suspansimplets raised
questions on this phenomenon. What happens withen droplet when it is
submitted to stress? How do the granules influethee droplet behaviour? An

attempt in answering these questions is made ifotluaving section.

VI.2.2. Break-up condition of a droplet of starctuspension

In this section, a detailed study of starch suspengroplet break-up is presented

and rupture mechanisms are discussed. Criticalll@gpinumbers for droplet
Tpoms ¥ : : :

rupture, Ca*=W wherel is the (starch supernatant)/PDMS interfacial

tension and R the droplet initial radius, were ghted for droplets of different sizes
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immersed in silicon oils of different viscositiesdasheared at various shear rates. A
reminder is that within one experiment, the appkbear rate (and thus the shear
stress) is kept constant to avoid shear thinningnpmenon and thus to keep
constant the viscosity ratio p Farople{NPoms. TO calculate the critical Capillary
number, a critical droplet radius;Ris determined as all other parameters remain
constant throughout the experiments. Figure 6.2@resents the way R is
determined; the x-axis is for the droplet size.t@mY axis, y = 0 corresponds to the
cases when the droplet does not break up while Yy indicates that break up

occurred.
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Figure 6.26: Determination of the critical dropletradius. The line corresponds to determined

critical radius.

The critical droplet radius for break-up was defings the radius at which the
droplet has more than 80% of a chance to breakapexample, at p = 2.73*0a
droplet with a diameter between 35 andu80sheared at = 640 Pa has a 87%
chance not to break up. For a diameter aboyen8@he droplet has a 91% chance to
break in these conditions.

Figure 6.27 shows Ca* plotted versus the viscosatio p = Ndrople/NPoms, Often
referred to as the ‘Grace’ curve (Grace, 1982enm&hppus is the viscosity of the

silicon oil used in the corresponding experimentl @arper Was taken at the
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deforming shear stress applied{,ys j/). The different oil viscosities (for details

see section I11.1.3) and the shear stresses apijplieghch point are presented Table
6.6.

Table 6.6: Viscosity of the different oils, shearates applied and equivalent shear stresses.

Viscosity of the silicon oil Shear rate (§ Shear stress (Pa)
(Pas.s)
25 6.4 160
75 15 110
170 1.25 200
170 1.6 280
220 1.8 400
220 2.9 640
220 6 1320
1000 1 1000

It should be recalled that each data point is das® an average result of the
analysis of at least 25 droplets, as shown in Eighu26, which leads to a high
experimental error in the critical radius deterntima (15-20%) but excludes other
non-systematic errors. Moreover, in all studiedesase internal shear stress of the

droplet is lower than those reported for solvetdase or ejection.

At p > 0.1 droplet break-up was not observed - at leadeuthe maximum
shear stress conditions applied here; the valu@adf= 10 000 at p = 0.1 is arbitrary
just to demonstrate the absence of break-up. Vaealb behaviour is characteristic
for the break-up of Newtonian droplets albeit thigical p value is around 4. For
comparison with the data on starch suspension eiopihe Grace curve for purely
Newtonian systems calculated using the De Bruipragch (De Bruijn, 1989) has
been added in Figure 6.27 (dashed line).
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Figure 6.27: Critical Capillary numbers as a functon of viscosity ratio for starch suspension
droplets (points) and for a Newtonian fluid based o the De Bruijn approach (dashed line). The
solid line is given to guide the eye. The points a@t= 0.1 demonstrate the absence of droplet

break-up. Error bars are smaller than the size of he points.

A first observation is that the shape of the stamatpension droplet break-up curve
is the same as for fluid droplets. This is expldingy the overall liquid-like
behaviour of the suspension studied which, despégresence of granules that are
theoretically occupying 100% of the droplet volunsan deform and break-up as
illustrated (see section VI.2.2.1).

Droplet break-up was not observed when the apgisgss was below the
yield stress, since then the droplet viscosity wheut two orders of magnitude
higher than the viscosity of the matrix fluid (PDMSThis was, for example,
observed when a suspension droplet was immersadimture of silicon oils with a
viscosity 75 Pa.s and sheared at I1d$e corresponding average shear rate is 110
+ 4 Pa which is slightly higher than the yield sgdéound to be 90-100 Pa (Chapter
V.2). The internal shear is however thought todweelr than the applied shear stress,

and thus below the yield stress of the starch sisspe. Withngopiet being around
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60 000 Pa.s, the droplet/matrix viscosity ratithiss about 800. Not only was break-
up absent under these conditions, deformationsrdedoin the rheo-optical
experiment were within the experimental errors, sespension droplets sheared at
stresses around the yield stress practically diddetorm. It should be noted that a
liquid-like behaviour of starch suspension dromlah be observed when starch is
highly swollen and granules are soft and deformabhe lower the starch swelling
degree, the more the suspension “droplet” behakesan agglomerate of solid
particles in which case it is far from being spbafiat rest. Under shear deformation
such agglomerates were reported not to break uppaactically not to deform.

Instead, rotation akin to solid particles was obsér(Huijbrechts et al., 2008).

The mechanism of suspension droplet rupture is défgrent compared to
mechanism of a fluid droplet, despite the similadf the curve shape observed at
break-up. The first aspect to be taken into accasirthat droplet rupture occurs
between two granules. It has been demonstratedtigSe8.3) that individual
granules remain intact even at high stresses wdetimes the interstitial “path” of
rupture. Secondly, the break-up of a suspensioplelrés thought to be due to the
rearrangement of the granules under shear (Smitllakdeven, 1985). Indeed,
above the yield stress, an internal shear togeth#tr the droplet deformation
induces a rearrangement of the granules thus ogeaones’ depleted in granules

enabling break-up.

Three domains on the suspension droplet break-upreciwcan be
distinguished with regard to Newtonian drop beharisee Figure 6.27):

a) The right-hand side. The limiting break-up vty ratio, above
which droplet rupture is not possible, is 0.084@ra suspension droplet compared
to 3.5-4 for a fluid droplet. This shift may be ¢éadped by the fact that the shear
stress inducing droplet deformation and ultimatdigplet break-up (calculated by
multiplying the shear rate applied in the rheo-ggdtiexperiment with the viscosity
of the matrix fluid) is dissipated inside the dmipdue to intergranular friction
(Schoch, 1969), and hence an internal charactesisear stress is decreased. This

decrease can be critical when the shear stresedpgljust slightly higher than the
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yield stress of the suspension as it may lead trarssition of the suspension from
behaving as a low viscosity fluid to a high vistpsiuid. For example, absence of
rupture was observed at “150 Pa” applied based 25 Ba.s viscosity matrix fluid
for which the suspension viscosity is 2.5 Pa.sngjyp = 0.1 At this stress the
suspension is shear-thinning but not very far frii@ yield stress state (Chapter
V.1.2, Figure 5.5). If the internal stress of theplet is decreased by 50 Pa, the
suspension is in the yield stress state with timsequence that the viscosity ratio is

increased by several orders of magnitude. Thugjriy@et does not break-up.

b) Middle part. The Ca* values obtained for surgpen droplets at p
between 6.8*18 and 1.3*1C are close to those observed for Newtonian droplets
although the rupture mechanism is different duetie nature of the droplet
(suspension versus single phase fluid). Nevertbelibe overall behaviour of the
suspension is similar to the behaviour of a shiei@aning fluid which in turn is akin
to the behaviour of a Newtonian droplet when fa talculation of Ca* the droplet
viscosity at the shear stress applied is consid@edBruijn R.A., 1989).

c) Left-hand side. The third part concerns théicat capillary
numbers at p < 6.8* 1Y) where the Ca* data measured for suspension drople
break-up lay beneath the break-up conditions folandNewtonian droplets. The
point obtained for p = 6.8*Idstarts to diverge slightly from the Newtonian cirv
In this case, the shear stress applied is 400 Rehvshslightly above the stress for
which suspension elasticity can be detected (ChafjtBigure 5.8) and for which it
Is possible to observe granule deformation. At lowevalues the shear stresses
applied to induce break-up ranged from 640 to 1300/ these stresses, the
suspension shows increasingly significant levelsis€oelasticity as demonstrated
by the detection of a first normal stress diffeeencthe rheological characterisation
of the suspension (see Chapter V, Figure 5.8). Base the single granule
deformation data it can be postulated that thé ficsmal stress difference originates
from granule deformation. It is thought that théodenation of the granules induced
by the stress facilitates their rearrangement fepdo the formation of granule
“depleted zones” and, thus, droplet break-up. Tdragox is that in comparison to a
viscoelastic fluid (Lerdwijitjarud et al., 2004; Nhri et al., 1998; Milliken & Leal,
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1991, Sibillo et al., 2005; Tsakalos et al., 199@ranasi et al., 1994) the critical
capillary numbers of a viscoelastic suspension lakger than the ones for
Newtonian droplets (Figure 6.24). This result cdogdexplained by the origin of the
viscoelasticity that is different in the fluid amdthe suspension. As argued above,
the elastic properties of the suspension are gedehby the deformability of the
starch granules (Doublier et al.,, 1987) and not thg elastic response of
macromolecules in solution. The ease with whiclpllits of suspensions of starch
granules break-up under stresses in excess ofdltestress could explain the very
efficient mixing with saliva of starch thickeneduiis compared with viscoelastic
solutions of other hydrocolloid thickeners (Fertyak, 2006; Mitchell et al. 2008).

All factors mentioned above show that the mechasish suspension droplet
rupture are quite different compared to liquid det and other criteria should be
taken into account. What should also be taken attmount (but not done here) is
that the break-up of a suspension droplet not dafyends on the parameters of the
Capillary number and viscosity ratio, but also dre tinternal shear, particle
interactions, their deformability, orientation arabrganization in the flow, and also

their size, shape, number and polydispersity.

VI.3. Conclusion for Chapter VI

It was demonstrated in this chapter that HPMC sgmist and starch
suspensions behaved differently when submittethéars First the differences in the
bulk rheology of both systems was presented; HPMMtisn had a low shear
Newtonian plateau and a more liquid like behavialrereas starch suspensions
showed a yield stress and gel like behaviour. Hawndwoth solution and suspension
were shear thinning and elastic at large deformasicales. Their surface activity
differed greatly due to their difference in chenhi@mposition; HPMC has
hydrophobic and hydrophilic groups unlike releafedh-starch amylopectin
molecules which only has hydrophilic groups.

The study of the deformation and break-up of sudtesns immersed in a
suspending fluid yielded interesting results. Stascspension droplets broke up

more easily than HPMC droplets when submitted ® ¢hme shear stress. This
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result could be of interest when considering th&imgi ability of food thickeners.
However, more studies should be carried out to giventitative explanation of the
effects observed.

The in-depth study of starch suspension dropleta isimple shear flow
revealed a different break-up mechanism and camditilt was shown that starch
suspension droplets:

- Could not break-up for p values above 0.1.
- Acted like Newtonian fluids for intermediate p vesu
- Broke up more easily for low p values and high shsteesses, when the

deformation of the starch granules was large.

It was hypothesised that the yield stress andntieenal circulation played a
major role in the break-up conditions. Indeed, betbe yield stress the droplet
acted like a solid where deformation is small aodmternal circulation could occur.
When the applied stress was slightly above thel\s&less energy dissipation led to
a decrease in shear stress and hence internalatiocuwas too low to induce
depleted zones that caused rupture of the drdpbethigh apparent shear stress, the
deformation of the granule was thought to inducgezabreak-up thanks to higher
circulation of the small amount of solvent in theglet. A study on other types of
suspension might be of interest to better undedsta® break-up mechanism.
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Chapter VII: Conclusions & Future
work

In view of obtaining better in-mouth flavour peptien in thickened
products, starch has been put forward as it wasqursly shown (Ferry et al., 2006)
to offer better results than hydrocolloids and mgpecifically starches that remain
in their granular form. Mixing ability was suggestas a key feature for flavour
perception: good mixing properties offer better thoudeel and enhanced
transportation of flavour components to the recepttn this way the research on
droplet deformation and break-up was thought taetate well with in-mouth
mixing of food thickeners.

The purpose of this research was to investigatdoémaviour of a modified
waxy maize starch submitted to flow, at differecdlss. First, the surface properties
and shape of a single granule were characterisddtardeformation under shear
was analysed in a counter rotating shear cell. dd¢termination of the rheological
properties of a starch suspension (granules im#mnemus media) was then carried
out and the results were interpreted using therimédion obtained from the single
granule deformation data. To understand the stawgpension behaviour and
characteristics, the continuous medium was analysetktermine whether or not
polymeric material was released during sample petjoa. Once the sample was
fully characterised, the behaviour of dropletstafch suspensions in silicon oil was
investigated and compared to a model system, agusaution of hydroxypropyl
cellulose, also used as a food thickener. Findfilg, differences in behaviour were
interpreted based on a microstructure of the tvabesys
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VIl.1.Results and Interpretation

The complex aspect of the starch granule was regiethirough SEM and
AFM observations:

- Modified waxy maize starch granules were seen tpddgdisperse and very
irregular in shape with angular facets.

- The modified waxy maize granule surface was rough to the presence of
larges pits and cracks which helped solvent toreartd swell the granules.
The presence of these pits is thought to be dughdotreatment used to
modify the granules. The arithmetic mean roughness determined to be
13.5nm.

- Potato starch has a smooth surface and a pot&atikpe. The arithmetic
mean roughness was determined to be 2nm, whichomparison with
modified waxy maize starch is not significant. TAEM study revealed
alternating hard and “rubbery” zones in potato cftacorresponding to
amorphous and crystalline zones. This specificctire allows for good

resistance of the granules to disruption and enzigratiacks.

The shape and surface of starch granules differeoh fone starch type to
another. These specificities have an influenceheir behaviour under flow as well
as their degree of swelling when considering swotjeanules. Dry granules under
flow acted similarly to rigid spheres.

The study of swollen starch granules in simple sfieas not only revealed
that the granules could deform up to twice theitighsize without rupturing but
also that solvent was released at a critical sls&ass determined to be around
1500Pa. The solvent ejection in the suspending unedvas evidenced through a
loss of volume of the granule at the end of theeexpent. This ejection occurred
between 1500Pa and 2200Pa. A larger amount of rsolvas ejected from modified
waxy maize as compared to potato starch. Howewaantiicative comparison
between the two types of granules is flawed as tiepot have the same swelling
degree when fully swollen. Potato starch is theca#y the most swollen as its
maximum swelling degree is higher; hence it shoeject more solvent than

modified waxy maize starch. An easier solvent gactrom the waxy maize starch
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was interpreted to be due to the presence of tles famd cracks at the surface of the
granule, absent on the surface of potato starchutga. Another explanation put
forward was that the surface of the potato staat dmore structured surface due
to the large amount of amylose at the peripheryciwtglows down the solvent

ejection.

Flow and viscoelastic properties of a suspensiomotlified waxy maize
starch were investigated at stresses below thet @issolvent release from the
granules. The observations of the rheological belawere explained by the
surface properties, the shape and the ability torareof the starch granules.

- Because of the polydispersity, irregular shapes @airmability of the
granules, starch suspensions can achieve thednaticane fraction of 1.

- Suspensions of swollen granules have a shear tigrbehaviour due to the
deformability of the granules. A more swollen grienwill be more
deformable and hence more shear thinning. Moreotrer, viscosity of
suspensions with highly swollen granules will bevéo than those with more
rigid granules.

- Elasticity (N) of the suspension was measured for shear stregsmse
300Pa. This value corresponds to the shear stoesghich deformation of
the starch granules was observed. It is interpriiadthe deformation of the
granules is at the origin of the measured elagtfoit the suspension.

- Above the close packing concentration(c* =5%, ®e= 0.625), the starch
suspension needs to be submitted to a certain shremss to start flowing,
indicating that it is a yield stress fluid. Thedrtretation for this occurrence
is that each granule is trapped by the surroundgragules and that a certain
energy barrier needs to be overcome to allow thaides to flow freely. It
was thought that due to the high surface roughoktige starch granules and
their irregular shape, granule-granule interacti@esild occur, such as
mechanical anchoring, making it even harder fomthe flow.

- Below the close packing concentration (c* =5%, ®e= 0.625), the flow
behaviour of the suspension is governed by themeltraction occupied by
the granules and the continuous medium. Howevéiglaer viscosity than
predicted for rigid spheres gave evidence of ganiaiteraction through the

amylopectin chains present at the surface of thauges.
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The analysis of the continuous phase of the sugpemsvealed that low
molecular weight amylopectin was released durirg phreparation of the
sample. The continuous phase can also have aremc#uon the overall
rheological behaviour of the suspension althougias minor because of

low amylopectin concentration.

In the final chapter, experiments on the defornmatiod break-up of a starch

suspension droplet in an immiscible fluid (silicail) were carried out. The

information obtained on the single granules andtlm suspension (rheological

behaviour and continuous phase analysis), allove@nalyse and interpret the

results obtained on suspension droplet behaviolirexperiments were performed

in the region of shear stresses where no solvéeage (solvent comes out of the

granule but is not detached) and ejection (solisedetached from the granule into

the suspending matrix) from a granule was obserVed. behaviour of the starch

droplet was also compared to that of a droplet yafrécolloid solution (HPMC)

which was previously characterised in terms oflitsology and interfacial tension

in oil. The comparison of the two systems showexl. th

In similar conditions, starch suspension dropletsak up more easily than
the HPMC droplet. At the same shear stress andgdhee droplet size, the
capillary number applied to HPMC is higher thanttha starch as the
interfacial tension of HPMC in oil is 2 times lowé&doreover, the p value of
HPMC (2.9*10-2) is higher than the p value of sta¢4.45*10-3). At the p
values for HPMC the required Ca to break up theleétas lower. It would
be expected to see the HPMC droplet rupture rdttear the starch droplet.
The interpretation for this result is that the ragtructure of starch allows
for easier break-up. Indeed, the HPMC droplet soltion of entangled
polymers whereas starch is a droplet of granulgd wo entanglement
involved.

The break-up mechanism of a starch suspensionadrigpdiifferent from that
of a solution droplet. For a suspension dropledngles circulate within the
drop under the action of internal stress. This delada rearrangement of the
granules and the droplets break up in zones teadepleted of granules.

The easier break-up of the starch suspension drtgaeds us to think that

this physical parameter can correlate with the ngxability of food thickeners.
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Thus, an easier break-up allows for better mixing eonsequently for better mouth
feel and flavour perception. An in-depth study b tbreak-up of the starch
suspension droplet as a function of the viscositlyorp, unravelled interesting
results for this type of system:
- For viscosity ratios above 0.1 and low shear stesspplied, it is not
possible to observe rupture of the droplet.
- For intermediate p values and shear stresses,ugmeission follows the
behaviour of a Newtonian fluid at a fixed sheaesst
- For high shear stresses and low viscosity ratiasgtitical capillary number
at which break-up occurs is lower than for Newtarflaids.

It was hypothesised that the yield stress is apeagmeter in the break-up of
the starch granule. Indeed, rupture occurs whemriat circulation is strong enough
to induce rearrangement of the granules which esetitin “zones” between them.
In this case, the droplet breaks up where theaedispletion of granules. If the stress
applied is close to the yield stress of the suspanghe internal stress is lower than
the yield stress due to energy dissipation throggimule friction. This would
greatly reduce the internal circulation and thgeusion becomes “solid-like” with
a very high viscosity. Deformability of the gransiles also important when
considering the break-up of starch suspension er®pht high stresses the granules
are greatly deformed allowing better internal dation of the surrounding fluid.
This would lead to earlier break-up when compaceNe@wtonian fluids, explaining

the lower values of the critical capillary numbéserved at high stresses.
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VII.2. Suggestions for further research

The study of the starch granules whether they adsemwed alone or in a
suspension, in bulk rheology or in the shape aofopldt in a suspending matrix, has
led to new information on the flow behaviour ofrsta suspension under shear.
However, further research is needed to get a batiderstanding of the mechanisms

involved.

From a fundamental point a view, the following ®dt$ should be looked at:

- A logic continuation of this study would be work androplet of a model
suspension of soft particles. Work in that directioas been started and
revealed that the size and the number of partisi@sld play a role in the
break-up mechanism. Furthermore, the presencegoidlibridges between
two particles was seen to be important in the brgabkf a droplet of such a
suspension under flow. However, more work on thiggpes of systems
would be of great help in understanding the infeesof yield stress, particle
elasticity/rigidity, size and number of particlédeally, a system where the
size and the deformation could be varied indepehdetould be used.
Moreover, the particles should not show any prefiggeinteractions.

- Due to the wide variety of starches, their polydisgy and their ability to
swell, systematic experiments should be conduabednderstand granule
deformation. In further studies, it would also b#eresting to consider
granule surface and the influence of rigidity bylueing their swelling
degree. This last parameter is thought to havaflurence on solvent release
and ejection as the granules would contain smaheounts of liquid. This
also raises the question of the ejection: what txas released (probably
water+polymeric material)? In what quantity? ltudebalso be interesting to
determine a critical shear stress for which solvejetction occurs. It is
thought that it varies with starch origin.

From an industrial application point of view, it wd be interesting to study

a wide variety of food thickeners to obtain systemadata which would allow

choosing the best one depending on the food apiplicaFor example, a study on
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starches that do not retain granular form and ¢batd be considered as a solution

of macromolecules would be of great interest.

VII.3. Suggestion for possible industrial applicatons

It was shown that starch granules when submittédgio shear could release
and even eject solvent. A possible applicationtafch granules as a vector for drug
delivery in pharmaceutical products, active compmsunn cosmetic can be

imagined. It would allow the replacement of synithearriers by a natural product.
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Résumeé de these :

L’amidon utilisé comme épaississant alimentaire présente tout d’abord un intérét
nutritif mais offre également une meilleure perception du golt comparé a d’autres
épaississants de type hydrocolloide. Cette propriété semble liée a la capacité des produits a se
mélanger en bouche et donc a la diffusion des agents de flaveurs aux recepteurs. Un
parameétre physique qui pourrait refléter la capacité a se mélanger serait la facilit¢ d’une
goutte de cet épaississant a rompre lorsque celle-ci est soumise a un cisaillement. Le but de
cette étude est de comprendre le comportement d’une goutte de suspension de granules
d’amidon, gonflés dans I’eau, sous écoulement et de le comparer a une goutte d’un autre
épaississant connu, la solution aqueuse de hydoxyproplmethyl cellulose (HPMC). Les
gouttes, placées dans I’huile de silicone, sont étudiées sous cisaillement a I’aide d’un rhéo-
optique contra-rotatif. Les conditions de rupture d’une goutte de suspension d’amidon sont
étudiées en détails et comparées a celle d’une goutte d’HPMC. Le mécanisme de rupture
d’une goutte de suspension est différent comparé a une goutte de solution d’HPMC. La
déformation d’une goutte de suspension a été liée au comportement rhéologique de la
suspension et a la déformation d’un granule seule gonflé sous cisaillement.

Mots-clefs : amidon, rhéologie, goutte de suspension, rheo-optique

Abstract :

Starch used as a food thickener is interesting for its nutritional value but also because
it offers better flavour perception when compared to other food thickeners such as
hydrocolloids. This latter property seems to be linked to the ability of the product to mix in
the mouth and thus to the diffusion of the tastants to the receptors. A suggested parameter that
could reflect the ability to mix in the mouth and allow differentiating food thickeners is the
break-up of a droplet submitted to simple shear. The aim of this study is to understand the
behaviour of a swollen-in-water starch suspension droplet and compare it to the behaviour of
a known fluid droplet, an aqueous solution of hydroxypropylmethyl cellulose (HPMC). The
droplets placed in an immiscible fluid (silicon oil) are submitted to a simple shear flow using
a counter rotating shear cell. The break-up conditions of a starch suspension droplet are
studied in detail and compared to the HPMC solution droplet. The break-up mechanism of the
suspension droplet is different from that of the HPMC solution droplet. The deformation of
the suspension droplet was explained by the rheological behaviour of the suspension and the
deformation of a single swollen starch granule submitted to shear.

Key-words: starch, rheology, suspension droplet, rheo-optics



