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ABSTRACT

A suspension of tristearin (SSS) crystals crystallized from 10% solution in dodecane (non
polar solvent), was studied using DSC (differential scanning calagijnBheology, PLM
(polarized light microscopy), and XRD-(ay diffraction). Temperatures €3, 0, 5, 12, 20,

28, and 35 €, and shear rates of 0.9, 9, 90, and g0Pese explored. DSC cooling rates

of 1, 5, 10, and 15 C?min showed two crystallizatiements (polymorphic changes). Onset
temperatures (51.7 €) suggests that the SSS molecules cluster in the liquid, and crystallize
in the U form (54.1 AC)2tol10"Phs@wasshearthiorsng,t y f r ¢
witnb 6f 0. 4 t dlowOmicfgraphssteweR selfegation of the suspended
crystals. The XRD showed that suspen@ettystals increased theirgpacing 6 pm for

0.364 nm, and 2.5 pm for 0.383 nAd € to 35 €). This is consistent with undiluted
TAGs.
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1 INTRODUCTION

Fats and oils are a necessary part of our daily diet, varebommonly found in plants

and animals. Fats and oils are important substances for maintaining the human health
physicallyanch ut r i t i onal | -§fatty Ridsrare essemtialgd kedpe narmal
function of membrane fluidity, cellular signaling, gene expression, and eicosanoid
metabolism (McClements & Decker, 2008). Many sensorial propamidthe appearance

of foods ae ako determined by fats and oisg.,tenderness, texture, mouthfeel, structural
integrity, lubrication, incorporation of air, heatamsfer, and extended shéfé
(Roddguez-Gara, Laguna, Puig, Salvador, & Hernando, 2013). In the pharmaceutical
industry, fats and oils are ingredients used as delivery agents for drugs, imaging agents,
and biomoleculedDrugs can be encapsulated within the hydrophobic coresolidi lipid
nanoparticle and slowly released as the sopal nanoparticle is broken eém. The fat

solidi lipid nanoparticle provides a biodegradable route for the sustained and targeted
release of therapeutics (Hughes and Walsh 20y are also used extensively in the

cosmetic industry, since ancient times.

Thus,there is an ongoing resech effort in the worldo obtan a better understanding of

fats and oils from the perspectives ghysics, chemistry, and biochemistgndunder
industrialprocessing conditions (Sato et al., 1999)ese molecules solidify intrystals

and these cistals have different polymorphic forms. This peculiadéyermirestheactual

fat properties, such as melting posgnsory propertieand mechanical strengitia given

product or environmenturthermore, the crystals form hierarchical mssacturesand
macrostructures: thiat crystalline network . The networks serve as
the liquid parts of these materials from 0ozing out. The characteristics of the material are
therefore influenced at all levels by processing conditions suchs arystallization

temperature, cooling rate, and shear.rate

The largest volume fraction of a triacylglycerol mixture is occupied by thepalam alkyl
chains of the molecules. The aim of this research wstsittythe behavior ofthe material
formed as thetriacylglycerol molecules crystallize out of a npalar solvent. The
behaviour was studied observing the crystallization of tristearin from a diluted 10%

solution in dodecand=ssentially, a suspension of crystals was formed out of the solution
1



as it wascooled downTristearin was chosen as solute due to its relatively stable chemical

and physical properties. Thextensively usednd documented alkan€odecane, was

selected as solvent. Th8%w/w tristearinv al ue was ar bi trarlitetl y cho
solutiord. The tests included different crystallization temperatw®gd), 5, 12, 20, 28, and

35 €) and shear rates (0.9, 9, 90, and 98D $he behaviour wasbsered via differential

scanning calorimetry (DSC), rheology, polarized light micopgc (PLM), and xray

diffraction (XRD).

The DSC data provide referencetemperature for melting/dissolutiorand maximum
practicalcrystallization temperaturgossible. The thermal behavior data from DSC was
additionally analyzed, and thfevrami modelwas fitted to the data to test its usefulness in

describing the kinetics of crystallization.

The effect of the applied shear ¢ime mechanical characteristias the suspensios
obtained from crystallizing the 10% SSS/dodecane solutiorstuaéedusing a A/R2000
rheometer. Small deformation oscillatory tests were conducted during the initial static
crystallization. Then shear flowas applied, usindifferentconstant shear rageAnother

oscillatory test was applied after stopping the shear.

Thesheareffect on early crystéization events an@n themorphology of tristearirystal
clusters was alsobsened using PLM. Image analysis of PLM micrographs obtained from
the material crystallized in a shear cell provided mostly qualitative information about the

suspensions

The nanostructure of the SSS crystals, formed out of the solution, was studied-uaing
diffraction (XRD). The internal geometry of the nanocrystals, which is the signature of
their polymorphism, is characterized primarily by the valuethe dspacings between
crystalline planedDeng (2014 Ma z z ant i O)studiedhe effact of tamperatuaem
on the dspacingsof pure TAGs and some of their binary mixtures. For pure SSS, she
compared six main crystal planes of the smalpecing spectrum. They were grouped by
their general location into largergpacings, medium espacings, and smaligpacings. The
data wereplottedby taking thed-spacingsat-20 € as areference Shefoundthat when

temperature increased, the smadighcing also increased his behaviour turned out to be

2



common toseveralpuretriacylglycerolsand their mixturesk-or SSS, the-dpacings that

were most sensitive to temperature were those located at 0.363 and 0.3845n@) .(at

In this research, the XRD eapments wee designed to examinegthelationship between
small dspacings and temperatureSi$S crystals formed from SSS diluted in a nonpolar
solvent, dodecane. The results from these crystals in suspamsiencompared with
Dengo0s r e siidutedtriacylghiceroh samples. The possibiligf using this
relationshipas intrinsic thermometers under static and shear condliéidrbeen indicated

by Deng

The planning of experiments also resulted in the design angosatt many equipment

improvemets.

This thesis summarizes in chapter 2 the background that was prepared to attempt a
systematic understanding of the observations from the experiments. It then describes in
detail the experimental methods mentioned above to study our material: DSCgyheolo
PLM and XRD. The results, in chapter 4, are also organized following this order. An

overall summary and conclusion is given in the final chapter.



1.1 Objectives
The general godh this research is to obtain a better understanding of the characteristics
of the materi al Atristearin crystals in

tristearin in dodeane to different temperaturasdunder differenshear rates.
The specific objectives of thtkesis are:

1 To investigate the thermal propertiesaof0% SSS/dodecansolutionand of the
suspension formed as the SSS crystalliurder different coolingates.

1 To investigat the effect of applied shear rates on #mparent viscosity and
complex viscosityf suspensions of SSS crystals. The suspensions will be formed
by crystallizing SSS out of 0% SSS/dodecarsolutionat different temperatures

1 To observe the morphology and the early crystal grositthe suspension of SSS
crystals obtained from0% SSS/dodecane solutionnder different temperatures
and shear rates

1 To study howthe smalld-spacings (computed from WAXPeak$ of the SSS
crystals in sapension (obtained from a dilut&8%SSS/dodecane solutiothange
their position asemperature changes.



2 LITERATURE REVIEW

2.1 Structures

2.1.1 Nanostructures

2.1.1.1 Polymorphism in Crystalline Triacylglycerols (TAGS)

As a subgroup of lipids, fats and oils are comragyanic compounds

interchangeable termthatdependdn the physical state of the material at room temperature.

fFat oarea n d

Fats aremadeof hard crystalline solidsarrangedn a threedimensional networkhat

containsliquid oil (10% 90%) (Bailey, 1979) As shown in Figure 2.1, a structural

hierarchy exists i threedimensional fat crystal netwofkMarangoni & Wesdorp, 2013)

Rheology, mechanical strength,
sensory impressions ’ > Fat

Crystal network
Solid fat content and / 1

. b ‘s Crystal clusters
processing conditions \ ¥

Polymorphism —————Nano-platelets

, Triacylglycerol

Molecular structure -
molecules

Macroscopic
world
>0.2 mm

Microstructure
1-200 pm

Nanostructure
0.4-200 nm

Figure2.1 Structual hierarchy in a fat crystal network from moleculeshtematerialfrom (Marangoni &

Wesdorp, 2013)

The fundamentalbuilding blocks of fat crystal networ& are triacylglycerol (TAG)

molecules (Figure 2.2). A TAG monstitutedby a glycerolbackbonewith three fatty acids

esterified to théhree alcohol groupst specificlocations(i.e.,sn1, sn2, and sn3) (Hartel,

2001a) The physical properties of fats depend thie molecular structuref TAGs, such

asthelength of the fatty acid chains, teeistenceand configuration of double bonds, and

the stereospecific position of the fateid on the glycerol backbone (Marangoni &

Wesdorp, 2013; Small, 1966).

n
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o HaC-0-C~(CHy),~CH;
T |
CH3—(CH,),~C-O-C-H
|
H,C-0-C~(CH,),~CHs
I

0]

Figure2.2 The structure of #ypical saturated tacylglycerol molecule from literatu@arangoni, 2013)

As shown in Figure 2.3/AG molecules can & in one of two configurationshen they
nucleate(Acevedo & Marangoni, 2015; Mazzanti, Marangoni, & Idziak, 2005)

1. tuning fork configuration: thesn1 andthe sn-3 acyl chairs pack alongside each
other;sn-2is alone.
2. chair configuration: the fatty acid in then-2 position packs alongside the aha

on either thel or 3 positions

Once crystallized, TAG moleculesack in pairside by side, forming double (2L) or

triple (3L) fatty acid chain length structu(Bigure 2.3 (b){Jensen & Mabis, 1963, 1966;
Peschar et al., 2004)hen, onemoleculethick layers, called lamellae, can be formed by a
continuoudateral selfassemblyf TAG moleculesThe stacking of these lamellae is what
forms the crystals (Figure 2.3 (c)). A crystalline domain can be created when the lamellae
stack following arepitaxial growth (Figure 2.3 (d)). Thesingle domaircrystals have the

shape of a thin parallelepiped, and are known as nanoplatelets. The height of a crystalline
domaincorrespond to the hickness of a TAG nanoplatelet. Theeedimensional fat

crystal newvork is formed via the aggregation nanoplateletinto larger unit§Acevedo

& Marangoni, 2015; Mazzanti et al., 2005)
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Figure2.3 (a) Schematic represtation ofa chairand tuning fork configurationgb) a double (2L) or triple
(3L) fatty acid chain length structuré) a lamellaformed bya continuousself-assemblef TAG
molecules(d) a crystalline domainreated by stacking of several lamellabljreviaion: L, fatty acid
chain length) from{Acevedo & Marangoni, 2015)

Polymorphism

Duffy (1853) first observed the polymorphism of TAGs. Further studidse early 1960s,
using xray diffraction, provided an agreement on the number, structure pamehclature
of different polymorphic forms of TAGE&hapman, 1962; Larsson, 1964)

Polymorphism refers to the ability of molecules to form solids with different crystalline
arrangements. The crystalline form depends on the arrangement of the molecites wit
the crystal latticéMetin & Hartel, 2005) In TAGs, thedifferences in hydrocarbon chain

packing and variations in the tilt angle of the packing lead to different polymorphs.

Apart from the moleculamakeup, polymorphism is determined by externatttas,
chiefly temperaturetherateof crystallization, impurities, shear rate and pres$8edo,
2001)



Figure2.4 Schematic representationthe sip-cell structures of TAGfom (Sato & Ueno, 2005)

As shown in Figure 2.4, the concept safbcellwas developed to explain and identify
different polymorph@/and & Bell, 1951) A subcell refers to aimaginary sukstructure

within the fatty acid chainsfdhe TAG. In other words, a subcell structure is defined as
lateral crosssectional packing mode of the hydrocarbon chain§ABs (Hagemann &
Rothfus, 1983; Van Langevelde, Van Malssen, Hollander, Peschar, & Schenk, 1999; Vand
& Bell, 1951)

o
OOO
H
Capital letter Hexagonal Triclinic Monoclinic Orthorhombic Orthorhombic
Symbol parallel (//) parallel (//) perpendicularly) perpendicular
)
Arrangement rotationally parallel parallel nearly perpendicular tc parallel
(zigzag aliphatic disordered manner manner theneighbors manner
chains)
polymorph U b b b Nj b Nj
Short-spacing 0.415 nm 0.379 nm 0.379 nm 0.38 nm 0.38 nm
0.39 nm 0.39nm 0.42 nm 0.42 nm
0.46 nm 0.46 nm
Density Least dense Mostdense  Most dense  Intermediate Intermediate
Melting point Lowest Highest Highest Medium Medium
Stability Least stable Most stable  Most stable  Intermediate Intermediate

Table2.1 Characteristics of threeportantpolymorphs foundn fats. Modifiedfrom (Sato & Ueno, 2005)

8



Ten types of subell structures havéeen indentified in crydalline fas. The five
predominansulxell structuresare:H (hexagonal), ( or t hor hombi ¢ yper pen
(orthorhombic parallel), A (triclinic parallel), and M (Monoclinic parallel). The three

most important polymorphs, shown Fable 2.1, are alledU b djnd b i n orde
thermodynamic stability. Thegre distinguished by the increasing angldilof, with a

thinning and tighter packing of theolecular layersf r om U t o b NjThathd f i n.
polymorphhas a hexagonal scéill that is leasstable  hBsNprthorhombic perpendicular

sub-cell where hydrocarbon chairese inclined with respect to the basal plane by about

108 degree@ntermediatestability); b hasa triclinic parallel sukcell with the hydrocarbon

chains inclined at about 8legreeghighest stablility)(Takeuchi, Ueno, & Sato, 2003).

The denser packing gives increasetifity of the polymorphic formi(e.,the hydrocarbon

chain packiongn 0% tlea sl rtable forsns hatahigherteltihgo r m) .
point andhigher heat of fusion than the less stable fofifeyemann & Rothfus, 1983; Li,

2011; Lutton, 1948; Takeuchi et al., 2003)

This type of polymorphism is called monotropic, because the transformations are
irreversible. Tansformation of one polymorphic forinto anothealways occurs from a

less stable form to a more stable ofleis process igalso known ashe Ostwald step rule
(Rousset, 2002; Takeuchi et al., 2003)e transformation could take place with or without

melting of the solidi.e.,meltmedated or solid state) as schematically illustrated in Figure

2.5.0, b &jn dformbs can form directly from the melccordng to Mutaftschiev (1993),
thecrystallization normally starts from the presence of thermodynamically unpteddes

followed by remganization to more stable phases, whichisom U t o HWp and t
polymorphic transitior{Mutaftschiev, 1993)TheU f or m has t forenatibno we s t
barrier (.e.,the least constraints regarding incorporatibRAG molecules from the melt)

With time, moleculesn theU f o r rearrangerinto more stable forrfesg.,b Nj and b))
that possess lower Gibbs energglyorphic transformation takes place until molecules

adopt an ideal conformation and arrangement with an efficient close paekidgs

therefore always an exothermic process in TA@arangoni & Wesdorp, 2013fats can
alsodirectly transitfromJ t o b i n a criysgtaddd zaft i fornom r ct

t o. This happensunder externalforces or due to kinetic factors. However, the



transformain fromU t o idbirljvetsible b

A less stable polymorph can also change towards a more stable soiiel state, though

this is a slower process.

Melt

X

a P’ > B

Figure2.5 Dynamics of polymorphic transformations in TAGs and fats. Adapted fhanangoni &
Wesdorp, 2013)

This thesis is concerned withstearinor glyceryl tristearatelt is a triglyceridewith three

units of steari@acidesterified on the glycerol backboréke other triglyceridestristearin

cancrystallize int hr ee p o | o radvrdihé thermal Propertiesf tristearinare

shownin Table 2.2(Matovic, van Miltenburg, Los, Gandolfo, Bloter, 2005; Teja, Lee,
Rosenthal, & Anselme, 1990)

B B (¥
Tus Ahfus Tus Ahus T'tus Ahfus
K Jog1 K J-g1 K Jog-1

3459 2216 327.3 1448
346.0 2196 336.7 1542 327.3 128.0
3466 2147 3364 328.1

344.6 327.6

346.1 337.1 327.3

345.6 337.6 327.6

346.7 336.1 327.8

3364 162.7
346.3 2207 337.1 1784 3271 1629
343.1
70.4

345.7  228.0 327.1 162.8
3455 213.0 326.0 153.6
346.3 2114 336.7 1689 3283 1226
345.7 216.7 3375 1752« 3279 1269

Table2.2 Table of melting temperatures and enthalpies of fusion of the ithpeertant polymorphs({ ,
béand b) (Wdtovit, Miiteaburg, &as,iGandolfo, & Floter, 2005)

The values used for tristearin in this Tisesie gausHu= 107500 kJ/kmol at 327.2 KpusHb o
10



= 188160 kJ/kmol at 336.7 K, amgusHp = 203260 kJ/kmol at 345.75 Kcor liquid and
solid (U, b Gita aedsityo)lowd thei eguatiepgg=i-006291T + 1084.6

(1ms in mol/m?®, T in €). For tristearin, values of specific heat are dependent on the
properties and phaseC, (liquid) =1975 J/(mokK), Cp ( U5 1823 J/(molkK), Co ( b B )
1738 J/(moK), C, ( b=)1609 J/(molK) (Morad, Idrees, & Hasan, 1995)

The relationshibetween viscosity anttmperature of many fluidsanbe conveniently
describedby Andradé dogarithmic viscosity equation(Andrade, 1951; Coupland &
McClements, 1997; Formo, 1979; Moore, Burkardt, & McEwan, 1:956)

. 6 )
& v

For tistearin, be coefficientareAs=-0.35895, B= 207.48, ¢=8.1980, are my Andrade

fit to the daty (Valeri & Meirelles, 1997)The other important substance in this thesis is

the hydrocarbon Hdodecane, used a&®lvent Dodecane is a flexible moleculwith a

structure homologous to the alkyl chain of the stearic acid substituents in tristearin. In the
thesisit is considered to remain only in its liquid state. The crystallization temperature of
dodecane is 263.58 K957 €) ant its enthalpy of fuslw @f usH i s 36836
Dodecane has a specific heat c¢cp = 376.00 J/
viscosity d = 1.34 mPalLs at 25 AC (Haynes
temperature. The molar density of dodecane can be aalcel d f r @.8625] m =
4487.4 (ym in mol/m3, T in-5#@yC, theAwndrasleh own i
viscosity equation fits well with viscosity data from NIST (National Institute of Standards

and Technology). The coefficients are Ad3:2963,Bd = 725.37, Cd = 176.22. This is
consistent with other literature repoffsnbrose & Tsonopoulos, 1995; Caudwell, Trusler,

Vesovic, & Wakeham, 2004; Rosenthal & Teja, 1989)

11
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Figure2.6 Viscosity of dodecane and liquid tristearin as a function of temperature. The blue dots represent
the viscosity data for dodecane from references, on the left axis. The red dash line represents the calculated
value tased on the Andrade viscosity equation (Ambrose & Tsonopoulos, 1995; Caudwell et al., 2004;
Rosenthal & Teja, 1989). The yellow dots are values for tristearin from on the right axis (Valeri & Meirelles,
1997), and the dotted line values extrapolated ussmgprresponding Andrade equation.

Intermolecular forces and movements

In anhydrousfats and oils, there are mainly three physical sources of forces between
molecules: Londowvan der Waals type interactions(chargep utwationinduced),
electrostatidnteractions andhydrogen bondingDavid A, 2013) Van der Waals forces

are theinteractions between materials that are brought abguinteractions between
puctuating atomic electric dipoléeducedb y p uood i the electromagnetic field
(Hamaker, 1937; I, 1961; Landau & Lifshitz, 1968; Leckband & Israelachvili, 2001;
Lifshitz, 1956) This is the predominant attractive force between alkyl chains.

Electrostatic interactions are the forces betwsenetiescarying electric charges on

sufficiently large spatiadcaleqor long time scale)Cevc, 1987, 1990; McLaughlin, 1989)

Here, dectric multipole (e.g.,dipolée dipole) interactions are also considered as

electrostatic interactionsAlthough thereis no signficant differences in the distance
12



dependence betweetedric dipole dipoleinteractions angtan der Waals interactionihe
origins and mechanisntd these two interactiorare not the sam@avid A, 2013) The

TAGs do not carry net charge, since thisreo ionization. However, the glycerol core has
six oxygen atoms, three of them carboxylic. The charge density distribution in this part of
the molecule makes this region a polar one. The alkyl chains, by contrast, afmlane
This difference in poldly influences much of thbehaviourof the TAG molecules in the

liquid and solid phases.

Hydrogen bondings a weaker Coulombic effect, which s&ortrange (<0.3 nmpand
directional In anhydroudfats and oils, drogen bondings confined tocertain potorn
containing moiees(Israelachvili, 2011)Hydrogenbondingis regarded aa comination

of van der Waals forces alomnjth attractive electrostatic interactioits nonquantum
molecular dynamicsThey are virtually absent in the anhydrous mixturetdagn
dodecane studied in this the¢i3avid A, 2013; Himawan, Starov, & Stapley, 2006; Li,
2011; Mazzanti et al., 2005; Sato, 2001)

2.1.1.2 Effect of Temperature m Crystalline Interplanar Spaces

Crystalline interplanar space

As mentioned beforethe stackingpf TAG molecules can be in either a double (2L) or
triple (3L) fatty acid chain length structure 2L and 3L, the height of TAG structure and
the distance between TAG molecules are different. The tespading is used to describe
interplanar spacingsn@gong thesestructures(Acevedo & Marangoni, 2015; Jensen &
Mabis, 1963, 1966; Peschar et al., 2004)

As the smallest building block for a crystal lattice, the unit cell of TAGs has two kinds of
d-spacings, long spacings and short spacings (Figure 2.17.¢m}.spacings refer to the
length of a unit cell irc-axis directon, which iscorresponding to the distance between ab
planes(i.e., thicknessof the lamellae)(Acevedo & Marangoni, 2015)According to
Chapman (1962), the long spacing is a function eflémgth of TAG molecules and the
angle of tilt of the chains relative to the normal pl@@eapman, 1962Measurement of
long spacings provideasight on how the TAG molecules stack together to form lamellar
structure§deMan, 1992; Larsson, 1994; SmAald66)

13



Short spacing refers tthe crosssectional packing of the hydrocarbon chdmthe unit

cell there aresmalle repeatingunits, thesubcels, alongthe acyl chain direction. In this
subcell, theshortspacing is oftemdependent of the chaierigth(Figure 2.7 (b){Larsson,

1966) The Short spacigs provide information about #lateralstructureand the sutell
structure The identification otifferent polymorphic forms of fatsan be achieved based

on thespecificset of XRD reflectionsf onechainpacking subcellAcevedo & Marangoni,

2015) Forexamplet he U f or rmandbraasl ianesiantglde. 15 | ; t he
two strong lines at 4.4 and 3.8A (often accompanied by two weaker opemdthe b

form is characterized by a strong line at 4.658E.Friberg & K.Larsson, 1997)

b Cross section

Hydrocarbon
chain packing
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Figure2.7 Schematic representation of interplanar am@agrisg of TAG molecules. Modifieflom
(Acevedo & Marangoni, 2015)

Braggbds | aw

Bragg et al., (1933) fouhthat xray beams can bdiffracted fromthe repeatingatomic

planes in a crystal lattice. Indiffracted xray beam, e constructive interferentakes

place when the distant&veledby different parallel diffracted-rays differsby an integer
number(n)ot he i ncident wavelength (@&). I f the
atomic planesparalel to each other and separagedistance d apaiihe path difference

forxxr ay repectegl bnem atdj dcémnherent escrdbpdect i on

by Br a dKgore 2.9 (Bragg et al., 1933)
14
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T where & is therawaweliendgthke ofcattheri ng an
representing the order of the diffraction peak.
Incident x-rays Diffracted x-rays: coherent

1 ;- with a wavelength of A scattering from lattice
planes A and B

IR
- 1 ~ e
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5 N ay:

Figure28Geometry of xrd rroep eatyisdamlofpl anes used in the
from (Marangoni & Wesdorp, 2013)

The angle at which construe# interference occurs cére determined r om t he Br ag
equation.The Bragdaw is valid when the atoms are replaced by molecules or collections

of molecules, such as colloids, polymers, proteins and virus paitiragg et al., 1933;

Li, 2011)

In fat lamellae, the difference in hydrocarbon chain packing resiuttsdifferent
polymorphic forms. Thus, they scatterays in different waysAs discussed earlier, aA

ray beamcan be scattered into two major regions, the veidgle region and the small
argle regon. The wide angle region provides thbort spacing datawith valuable
informationfor theidentification ofpolymorphic forms anghhase transitionf.i, 2011).

Vand & Bell (1951) succeeded in determining theay diffraction patterns from the
hydrocarbon chains of TAG molecules (Vand & Bell, 1951), and used this to establish the

concept of Osubcell 0.

Effect of temperature on crystalline interplanar spaces

Of particular interest for this thesis is the stixgylavigne,Bourgaux, & Ollivon(1993).
They used XRDfrom asynchrotronhigh-intensity beam to dynamically observe phase

15



transitions of SSSThe shorspacingsand long spacings fot) b pand b SSSare
summarized imable 2.3(F. Lavigne, C. Bourgaux, M. Ollivon., 1993)

Tmelting short spacings | long spacings
°C) (A) (A)
o 54,5 4,1-4,2 50,6
B’ 64,5 42 ; 38 48,2
B 72,5 46 ; 3,85 ; 3,70 45

Table2.3 Thermal and structural featurearigties of SSS. of SSS polymorphs frgbavigne, Bourgaux&
Ollivon, 1993)

In that investigation opure tristearin (SSS)avigne, Bourgaux& Ollivon. (1993)also

combinedDifferential Scanning Calorimetry (DSC) with Smalhgle X-ray Diffraction.

In Figure2.9., shortand long spacings are presented as 3D plots véesogerature
(heating rate: 2C /min).

% OF MAXIMUM INTENSTTY

55 60 5 70 75 80
TEMPERATURE (*C)

Figure2.9 Short and long spacingse presenteds 3D plots versus temperatufa). Evolution of long
spacingsdingtheUt o b | i qu i 8SStHeatimgsatet @’roim)s(b).&Evolution of short
spacings duringthdt o b | i q ui 8SStHeating sate= Zfroim)s(c). Distribution of the
different polymorphs as a function of temperature as obtained antigsis of peak intensities
corresponding to long and short spacit$46 and 16, A correspond tdJpolymorph;4.56 and 45.3&
correspondt® p o | y Adoptegfrom (Lavigne et al.1993)

This combired method allovedthe dynamicalobservation of plee transitions of SS@s

shown in Figure 2.9a) and (b), below 55€ the short spacing patterns give a single sharp
16



peak at 4.1&, while the long spacings patterns giveaindiffraction line at 50.12 with
its second and third orders (25.7 and 1A.Tespectively).These correspond to thé
polymorph.

From 53.8 to 58.5€, the first peak (50.1 A) and third peak (16.7 A) simultaneously vanish.
Then a new set of long spacings (45.3 A (n=1) and 15.1 A (n=3)) and short spacings (4.6,
3.9, and 3.8 A) appear, whianeclose to previously obserde v al ues for b SSES

As shown n Figure 2.9(c), the intensities of these new peaks increase as temperature
increases from 60 € and reach their maxima around 62 €. The meltinfp@$ample
starts at around 70 €. At 75 C, the broad pealypical of liquid sampls can be seen
(Lavigne et al., 1993Eventually, above 7€ only the liquid remains. &lens, Meeussen,
Riekel, & Reynaers (1990) reported similar residtom the diffraction patterns of

tripalmitin duringitsUto-b  t r ansi t i o nen(Riekel, & Reynaers, 10B®)e u s s

2.1.1.3 Thermodynamics d Crystal-Liquid Equilibria

A single component substance mayesast in different phase in equilibria under certain
sets of conditions. As shown in Figurel@. in the region AOB/AOC/COB, a single
componensubstance is one phase, which is uniform not only in cheoovoapositiorbut
also in the physical state. Different phaaeeseparatedrom one another by one or more
abrupt interface(AO/CO/BO)( Bok s ht e3n. B. S., 2005)

17



Liquid

Figure2.10 A typical p-T diagram for a oneomponent system. AO,E) and OC lines represent
conditions for which two phases are in equilibria. Thykasesimultaneously c@&xist at point O (triple
point). Adapted frorf Boks ht e3n, B. S. 2005)

Therefore, for @ondensed system (weakly dependent on the pressure, the pressure can be
treated as fixed), the number of degrees of freedom can be calculét®l@ak s ht e3n, B
2005)

O 6 p 0 3)
1 Where: C is the number cbmponentsP is the number of the phase; F is

the number of degrees of freedom,;

For a pure component alone, that has no polymorphism, F23@1which means that
equilibria only occur amelting temperaturéhe number of degrees of freedom associated
with the equilibria in the solidiquid mixture in this thesis applies for each polymorphic

form separately.

The equilibrium condition in fact, precludes the coexistence of two or mmosotropic
polymorphic fhases. What happens is that onenoreof them is not in equilibrium. For
instance, if we are atx0.006 andT= 40 AC, the soluti dd i1 s i

solid. It is not, however, in equilibrium withteor Usolid.

The kinetic coexistence séveral polymorphs is an unstable state, not an equilibrium state.
One single polymorph is in a metastable state, if the combinatidin ixon its line. If the

polymorph is the most stable one, then there is a condition of real equilibrium.

18



The conditon of equilibrium in a mixture depends on the partial molar Gibbs energy of
each component. This partial Gibbs energy is often called the chemical potential of that
component, and is represented by the Greek lettefhe phase equilibria condition
requires that the chemical potential of each component in each phase be equal to that in

any other phase:

‘ Ry nA'Y (4)
In thesinglecomponensystem thisanbe simply expresseas( Bok s ht e3n:;, B. S.
‘ ‘ (5)

A convenient zero reference for the chemical potential of the solutepigréssolid state,
at its melting temperatur&y. At a temperaturé < Tn, thepartial Gibbs energy in the solid
state and the partial Gibbs energy in its liquid state must be equal, for phase equidibrium
exist. These chemical potential®(partial Gibbs energies) are

‘ QY "YO

© QY 6
= ©

: O QYYD w—YQ YYo Yoyy Ydie ()
Whete: x is the mol fracion of solute in the solution, kmol (SSSyh&l solution;R is
uni ver sal gas c 0 mismdatngtenthalpylofthe komie, IKLKKBISS); pH
Tm is the melting absolutetemperature of the solyt8SSin K. T is expresseciK. The
termR:In(x) is the entropy of mixing of a binary solution.

At equilibrium the equality of chemical potentigds

T oy g (:), . T o~ Ny @ &) y~r ~ . e . 3 8
GQYYO QY 6 QY'Y Sgdy Yo oYY Yd o (®)
In the special case wheg?& ,'t& constant the integral term

is no mixing excess enthalpy, this equation simplifies to

n YO YOYY Y3 io ©)
Replacinggtn = qHwTm, and rearranging the terms, we obtain what is known as the

Hildebrand equatio(Benesi & Hildebrand, 1949)
19



oL YO p p
Y Y Y (10
It showshow the saturationconcentration of the solution depends on the temperafure
Due to the simplification of specific heats, only approximate concentration can be
estimated using Hildebrand's eqorium equation for ideal solutions.€. regular and

athermal).

Plots of the Hildebrand equation are shown in Figure 2.11, on a semilog scale. They were
made using the thermodynamic properties for each polymorph of SSS. They plot the mol
fraction of SSS in a neimteracting solvent, as a function of temperatuhat is in
equilibrium with the pure solid solute, in the polymorphic form indicalde: dotted line

indicates the concentration of SSS solutions used in this study, to provide a sense of

6l ocationd of these ideal curves within th
1.E+00
1.E-01
5]
2 lEssssss3sessssa=sfsssf=sa==== °
o -
E 1.E-02
(7]
)
(7))
© 1.E-
2 03
< xi_b
1.E-04 xi_bp
Xi_a
< -010%
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Figure2.11 Ideal equilibrium mol fraction of tristearin, Xe, in a dodecane solution, as a function of
temperature. Computed usi ncgredpontlsdoelpalymorpghié ermefdghe at i o n,
pure solid tristearin, in equilibrium with the solu
line represents the mole fraction of the 10% tristearin in dodecane solution used in this Thesis.

At a given temperature and composition of the solution there is only one possible
6equilibriumd, so long as tThaelandb arewbfachnat i on
20



metastable equilibria, because at that temperature and liquid composition, thelvgayi
be a possible phase arrangement with lower Gibbs enerdy. It will tend to reduce the

liquid composition by crystallizing into the more stable foiiihe dotted line indicates the

concentration of SSS solutions used in this study, to pravides e nse of 61l ocat i

ideal curves within this Thesis.

2.1.2 Microstructures

2.1.2.1 Crystal Networks
At the nanostructurdevel (0.4200 nm), TAG moleculescana d o p t 6060t uni
66chair 66 ,paoking ioto lamellaThemasnanoplatelet can berfed by the
epitaxial growth of thes€AG lamellae (apmximately 7 to 10 layers thick). The thickness
of a nanoplatelecan be determined via Scherrer analysis of the sanglle X-ray
diffraction data(Marangoni et al., 2011; West, 1984)

At the microstuctural level(1 t o R &l@rge gpatycrystalline particle can be created
by the aggregation gfrimarynanoplatelets. At this level, there aiouskindsof crystal
habits, such asspherulites, needlike crystals, micro platelets disordered cryal
aggregates, spherical crystal aggregates, frik&al aggregates, and even some
morphologies that defy proper descriptidie microstructural level structure of fat has a

significanti n p u e nhe macroscopit properties ofa network(Marangoni,2013)

2.1.2.2 Mechanical Characteristics
The mechanical characterigtiof fats depenan serval factorsthe mokcular structure,
the interactiorand organizationfdriacylglycerol molecules, and the concentration and the

morphologyof fat crystal§¥Marangoni& Narine, 2002; Walstra, 2003).

The rheological characterissiof fats are a resul of the combined effects «folid fat

content (SFC)rad the microstructural organization of the fat netwas (the shape, size,
and spatial distribution pattern of tii@ crystal3 (Mazzantj Li, Marangoni, &ldziak,

2011)

Inthefoodindustry,iisolidf at 0 ramdtrigaf fat cryslholding a liquid oilmixture

Most liquid oils areconsidered ablewtonianliquids (i.e., a fluid that exhibits a viscosity

thatremains constant regardless of any externakspilacedupon it). Thesediquid oils
21
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have intermediate viscosities (between 30 and 60 sreRaoom temperature), whitdnds
to decrease steeply with increasing temperailine relationship between visctysand
temperature can be conveniently describedbgrade viscosity equatipas mentioned in
2.1(Andrade, 1951; Coupland & McClements, 1997; Formo, 1979)

Sdid fats normally show a type of rheological behakwmown as plasticitywhich is

ascribed taheir ability in formation of a thredimensional network of tiny fat crystals

spread in a liquid oil matrigMoran, 1994; Walstra, 200Fat crystalnetworks will behave

like solid when below its criticalyield s t r egs (se., fat Grystal networks are not
interrupteddue to the unbroken weak bonds ensmall deformation condition). However,

a plastic material will behave like a liquighen abovdj (i.e., fat crystals slide past one
anotherand start to flondue to the breakage of weak bon@&lstra, 2003)Fat crystals

can form new bondwith their neighbora nd change the network to

the flow cease@@amodaran, Parkin, Fennema, & Parkin, 2008)

However, in some fats, the yield stressds to be aange of applied stressegther thara

well-defined value It means that these fats show some flow characterigfiasg,
viscoelasticity) below the yield stress, y
exhibit nonrNewtonian behavis (e.g.,shear thinning)This is because the disruption of

the fat crystal network structures not ainstantaneougrocess when force is applied
(Sherman, 1968)

2.2 Process Kinetics
2.2.1 Undercooling

2.2.1.1 Concept
When cooling a liquid below its melting temperaturaclei would usuallyguickly form
and grow out of the surrounditiguid. Liquid fats, however, can persist for a considerable
time in their original liquid phase before any crystallization happens, even well below their
melting point. The time requiredifthe crystallization to begin depends on the temperature.
This onset time decreases as the difference between the melting point and the temperature
increases. The thermal process of lowering the temperature of a liquid fat below its melting

temperature vthout solidification is called undercooling or supercooling.
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We use the term nNndE @r eaes dfheurdddrfeaoelnicreg b(et

melting temperature of the materialf) and its atual temperatureT) i . € . wNET=T
Thisis done to avoid confusion with the thermal process, also néaumelércooling. The
degree of undercoolingd) is affected by many factors, such as the chemical structure of
the lipid, the presence of any contaminating, the microstructure of the lipid ghgse (
bulk vs. emulsified gil and the application of external forcesy, shear force, sonication,
pressurg. If thesinglecomponent fat is clean, the degree of undercootm@ ¢ould even

be greater than 10 Cbefore any crystallization is obse(MaClements & Decker, 2008)

Critical size (Cr)

Embryo Nucleus

G1l

_—

! Liquid

AG

G2

\__Solid

Initial state Activated state Final state

Figure2.12 Schematic representation of the Gilglngrgy change associated with the formation of nuclei.
Modified from (McClements & Decker, 2008).

The undercooling is closely related to the Gibbs energy change between the liquid and solid
phases (Figure22). A very usefulway to use this relationshig to compare the Gibbs
energy of the liquid with the Gibbs energy of the solid, at any given temperahise.
comparison can bmack by the thermodynamic equation

()

Y0o YOo "¥Yo . (11)
Where:

i aH.s (enthalpy term): this termomesfrom the difference in the overall strength
of the molecular interactions between triacylglycerols in the liquid and the solid
state. TAG molecules pack more densely in the solid state than in the liquid state.
This corresponds to thgreater strength of the bonds between TAG molecules in

thesolids t at e. LsT Bu 1,e gabkiO)y e ( a&H
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1 &5Ls(entropy term): this term comes from th&elience between the
organization of the molecules in the liquid phase, and their organization in the
solid phase. The entropy of the TAG molecules in the liquid state is greater than
that in the s@gils$dnegas<eve ThaeS, &S

When te temperature is below the melting point of TAG moleculesgittlealpy term
aominatedthe entropy ternf ab s ol ut @usv A-&8ue);; @@kl 0 ,.s<&S

and T >0)(Atkins, 1994; Hartel, 2001; Walstra, 2003nhus,a5os)i S ne g adsj ve ( &
- T &gy s)< 0). This means a liquido-solid phase transition can happen spontaneously.

However,whenundercooledgrystals may not appear in a short time franvenehough
the solid phase has a lower Gibbs free energy than the liquid phase (thermodynamically

favored).

Thisis because the molecules must overcomactivation energy barri¢egs*) to be able

to actually form nucleiT hi s act i v at i fecs theaifference betwéesmethe ) r e
average andhe individual Gibbs energy. The Gibbenergy ofindividual molecules
follows a probabilitydistribution, which means that ordysmall number of molecules are

in ahigh Gibbsenergy leveli(e. in the activatd state).This is shown irFigure2.B. Other
molecules, with low energynust go through a local thermal activation process, where the
Gibbs energy can be changed. After local thermal activation, the Gibbs energg thd

sum of the thermal energy arftetentropy term at a higher temperature and the original
Gibbs energyTo transit into a solidnolecules must be more organized, which means they
have a smaller entropy than they had in the liquid state. Thus, a positive Gibbs energy
change ( s@ftedthis locat theonralsactivation.

If the Gibbs energyafter the local thermal activatiois insufficient to overcome the
activationb a r r i ¢hehigbeG3ibbsnergy molecules havermedan unstable embryo,

which will melt and be incorporated batko the liquid. If theGibbs energyafter local

thermal activation s enough t o over c bighererterigyi nwolechlesr r i er
could forma stablenucleusand will release the enthalpy associated with its formatmn

reach the lower Gibbs engrgvel of the solid nucleus
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The stability of the crystal nuclei formed in the liquid oil determires teight of the
activation energy barngsgc*) (McClements & Decker, 2008 h e * mtBe net result

of two terms: the negative Gibbs energy chathge to the crystallization of a volume of
soideeG,and the positive ¢iduelosthedormatiogof amelvange
interface between the solid and the liquid:

1 &6Gy: Enthalpy and entropy changes acituthe interior of the nucleus owing to
t he phase .ispraporsiond to thewvolumee &f the nucleus formed.

1 &g A solid-liquid interface appears whemacleuss formed This creation
involves an increase in Gibbs enerthat is callednterfacial energy &G
proportional to the surface area of the nucleus formed.

The net Gibbs free energy chargg@ of the formation of a spherical nucle(lgjuid to
solid)is, thereforea combination of a volume and a surface tésartel & Schwartzberg,
1992; Hartel, 2001)

., YO¥Y (12)

YO YO YO v 1T

qQl -

1 Where: r is the radius of the nuclekinm is themelting enthalpy change per unit
volume(solid toliquid transition which ispositive), ands is the solid liquid
interfacial energyeeT i s t he degrandlyiotiesbsoluer cool i ng

temperature at thmelting point.

Whenthe size ofthe nucleiincreasethe surface area to volume ratio will decredde
surface contribution ends domimag small nuclei formation, while the volume
contribution dominatefor large nucleiTherefore, there is a maximum overall net Gibbs
free energy when nuclé&rm ata critical radius (r*YMcClements & Decker, 2008)

LSy (13)

YO Y'Y

When spontaneousfprmed, the stabilityf a sphericalnucleus depends on its radiu.
sphercal nucleuswith a radius below the critical size (radius) r* will tend to dissociate to
redwe theGibbs free energgf the system. On the other hand, above the criizal ¥, a

sphericanucleuswill tend to grow into a crystal
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TAG moleculeshowever, do not crystallize in neat spherical nanoparticles. They, instead,

form nanoplatelets If the critical thicknessof one of these nanoplateletsats then the

aspect ratios of the nanoplatelet can be definevford t ) ab &

lc. & mug theh

geometrical factors, surface area A and volume V, can be defir{édaag, 2016)

0 Q1 "Q c¢d ® O
® "M QI

(14
(19

The net Gibbs energyvritten asa balance between two Gibbs energy tersn@Vang,

2016)

YO @ YO 0693
) 0

(16)

1 Where:Surface tension ternd- or, A is the surface area createdjs the

interfacial energy in J/A Bulk energy termadGm- n, &Gm is the Gibbs energy

blL 3

differenceof bulkcrystali z at i on p e r naisaohe mumber ohmolkg oo | ;
material crystallizedy = V/Vi>. V is the volume of the nanoplatelet, awe is the

molar volume of a solid molecu{8ondi, 1964).The critical size of a nucleus

thicknesscan behendetermired by(Wang, 2016)

)

Yo —YO 63 Yo ——¥0 Q3

. . YO e . YUY
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@ Y .. <Q (21)

v '3 g5 v v ¢ Go
S ¢ w Y W e n (22)
Yo i J Yo Y v Ci i Q Q3Jd
It is possible that the nucleus is & monol

spacing of the polymorph. In theilk thed spacing values are 5.06 nm fdr4.62 nm for

bg and 4.50 nm fob. However, in nanoplatelets with one up to a few lamellar layers, the
Obul ké is not qui te real O0bul k §Kisslavikc e al |
Lombardo, 2016; UnruhBunjes, Westesen, & Koch, 1999 small difference in

interfacial energygan result in a large difference in nucleation ev€hitams, 1995)Even

so, for thesamekind of fat, nucleation may not be the sabezausenterfacial energyi

varies in differat polymorphs(Boistelle, 1988)The influence ofinterfacial energyis

greater tha the temperature driving for¢®letin & Hartel, 2005)

Consider a parallelepiped nucleus that has the same proportions as aytalliarits
width and lengthe.g.3:10. Assume it consisted of a single lamella of tristearin molecules
pairs in theUform (3¢ &5.1 nm,a/ b = 3/10). The interfacial energy needed to generate
new area is different for each pairsafrfaces. The interfacial energy of the surfacd)a

is the lowest, followed by ), and finally(1xb). Physically it means that it is giar to
incorporate a molecule onto surfacel§)], which produces an effective increase in the
other two areas, but not inXfi). Then it is easier onto ¥a). Incorporating molecules onto
(axb),i.e.adding molecules perpendicular to the large surfaaddamne lamellar thickness,

is the most difficult process. Thus, the crystal nucleates, and grows, anisotropically.

The value of interfacial energy in equation (16) is a surfa@veraged value of the three
individual interfacial energies. The values will be different when crystallizing from the
melt instead of from a solvent like dodecane. However, the interfacial energies will still

maintain the ader from smaller to larger related to the surfaces.
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The phase transitiotanoccur throughout a whole range of metastable conditiatisthe

system reachets stable equilibrium. The crucial factsrthe rate of phase transformations,
which depends on the process conditiong.the degree of undercooling, cooling rate,
supersaturationetc). The thermodynamikinetic analysis allows us to understand the
metastable states and resultant structuFes. example, e degree of undercooling
determineshe packing timef the fat molecules during liguisblid phase transition. Under

a sufficiently high degree of undercooling, TAG molecules are hard to aligrtodue
relatively long hydrocarbon chairiBhe onset time is not sufficient for TAG molecules to
pack in the most thermodynamically stable configuration (high melting)p®mis,liquid

fat tends to crystallizéirst in a metastable formCampos, Narine, &arangoni 2002)
studiedanhydrous milk fat (AMF) underrapid coolingrate @ C/ mi n) and a sl o
rate (0.1 eC/ min). When cooling rapidly,
f or ms ( ), Hoveder,whencooledslowly, AMF had a lower solid fat content
(SFC) and was a more stable polymorphic for¢h) (R. Camps, Narine, & Marangoni,

2002)

This indicates that thactivation energy barrigf) of the metastable form is lower than
thatofi t s O cThus,the mesastable nuclei can form more readily than those of the
stableforms. Moreover, the metastalitem has the smallest Gibbeeenergy difference
with respect pn.tThs indibates itls pogrer ithdrmgdys&@nic stability (lower
melting point) when compared to the other forimst also explains why it is possible to
crystallize it fasterAfter its formation, it is common thalhe metastalel form transforms

into a more stable on&@he metastable form can sometimes be kept without change for
times long enough to be considered permanent, from a practical point of view. This is

accomplished by lowering the temperature, and keeping the mataiihl

2.2.1.2 Compositional undercooling
As we discussed above, undercooling is very important in single commoystallization.
For a multtcomponent system, undercooling now not only depends on the temperature but
also on the composition of the mixture.€fla are twanain kinds of mixtures, solutions
(solvents do not crystalize) and melts (solvents can partially crystallize). Undercooling in
a mi xtur e i s ter med i cTbemgorcept ©f i compasitionau n d e r
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undercooling was first introduced Rutter & Chalmers, 1953)n their study of the
instability of the interface impuremetals, they suggested that the cellular substruature
the interface was due tmmpositional undercoolind@ his phenomenoris closely related
to the diffusion procesahead of the moving interface. dan studythis compositional

undercooling in a coordinate system mownith the interface (Figure 2.13):

>

s v L
—>
%

Figure2.13 Moving coordinate system for analyzing steadgte growth.The coordinate z is measured
away from the moving interfacg;is the velocity of moving the interface; S is the solid phase and L is the
liquid phaseAdapted from (Jackson, 2004a).

When moving awy from the interface at velocity the equation for steaebtate diffusion

in the coordinate system can be writ(@ackson, 2004)

A# A# (24)
A0 CRo T
1 where C is th composition in the liquid) is the diffusion coefficient, and z is

the distance from the interface.

The value oft he mol ecul B off tusisvietayim i n dodec
temperature and compositiocould be roughly estimated fromcarrelation for alkanes
developed byErkey, Rodden, & Akgerman, 1990)

p 1O [OR] o o (25
M"_Y l"‘) 8 l"‘) 8 ” ” 8
. .89 26
O e (26
Vic
O p& T QB ¢ o' 27

f Where:Dsqis in mé/s; T is in Kelvin, molecular weights are in g/mol, and the molar
volumes are in cAimol; V, is the close packed hard sphere volume of the sglvent
237.8cm’/mol for dodecane(isand (q are the effective hard sphere diameters of
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the nmolecules of thesolute,Us (tristearin) =12.53 A, and solveniy (dodecane) =
7.44 A; and N is the Avogadro number (6.0221x1023 molecules/mol)

ThereforeDsqcan be calculated as a function of temperature. Figure 2.14 shows its values,

along with a lineaapproximation.

Dy, (I 1010 m?/s)
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The concentration distribution cdre writtenas (vith regard toequation 24) (Jackson,
2004)
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(28)

f whereC;y is the initial and bulk concentration of the liquidkmol/m?, and k is

the equilibrium segregation coefficient, which is the ratio of the composition in
the solid to tle compositionof theliquid, (k= CJC.) at the interfacen a

solution, as is the case for this thesis, for concentrations expressed as mole
fractions,kx =1/x. This is because the solid is pure tristearin, and therefore its

mole fraction is one in thahase.
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Figure 2.15(a) The steadgtate concentration distribution ahead of a moving interface. Adapted from
(Jackson, 2004(p) The original illustration of constitutional supercooling. Adapted f(B8ekerka, 1965)

The mol fraction expression for diffusion becomes very cumbersome, since the relationship

between molaconcentration and mol fraction is given by

.« p
° e @ (29
© o
f He r ¥is tipe difference between the molar specific volumes of tristéagiand
dodecaneVy (Figure2.16) V' = Vs - Vg; fix0 is the mole fraction of tristearin in
solution. The equilibriummole fractionxs can be calculated from the Hildebrand

equation, and it is, therefore, a function of the temperature.
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Dodecane & Tristearin molar volume L/mol
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Figure2.16 A plot of dodecane anistearin molar volume as a function of temperature. The blue dot
(dodecane) and red dot (tristearin) are experimental data; The green line and red line represents the
calculated values.

The compositior€, of the uncrystallised solution surrounding the crystal, can be computed
from its mole fractiorxy. This concentration is not constant: it will decrease over time, and

it is fiboundd to a volume in the proxi mit.y
growing crystals there woulak a boundary in the liquid where diffusion goes to one crystal

or the other as show in Figure 2.The compositioiCy for those crystals in that direction

is the composition of the solution at that boundary.

Figure2.17 Graphic illustration of a pair of growing crystals.

For a dilute solution where the nucl eati on

distributed the average interparticle distance can be estimated from the number density of
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nuclei.

The rate of growt hofi nt hteh edidfifruescitoino nmuiist s &

expression

(30

The anisotropic shape of the crystals formed by TAGs is the consequence of different
growth velocity for each plane. The area of each growing planghty perpendicular to

the velocity amd groewt modi rdeepteinadn ofn t he di
in the liquid. The rate of incorporation is controlled by the surface energies of the crystal
surfaces. In TAGs nanoplatelets with three nmgrowth surfaces, the differences are

enough to produce aspect ratios such as 10:3:1 with respect to the thizlafese

nanoplatele{Acevedo & Marangoni, 2010)

The concentration distributidnrom Eq. 29) nearthe interfaces shownin Figure 2.15a).
Chalmers foun@ mathematical expression for constitutional supercoliagkson, 2004)
Using the data fronfSekerka, 1965) plot can be made titustrate this idea (Figure 2.15

(b)). The solid curves in the figure represent the melting points of the solid (as a function
of distance ahead of the interficéhe daked line in thefigure represents the actual
temperature ahead of thrgerface The slope of the melting point curve at the interfzare

be obtainedrom Eq. @9). So, constitutional supercooling occurs when the slope of the
melting point curve is greatéhan the slope of the actual temperature field. In other words,
constitutional supercooling occurs undlee condition where thieemperature gradient G

is less than the value given by Eg§2) (Jackson, 2004)

1 i x B R (31)
10 [ Po
1 where: m is the slope of the concentration distribution at the interface (Rigdre

(a) (left figure).

This lag between theolid and dashedurvesis the supercooling zone where the actual

temperaure of the liquid is below its corresponding melting point at the same distance from
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the interfaceln this region, liquid fats are constitutionally supercooled amydtallizeat
the interfaceforming a cellular or feathelike structure instead ahe planarinterface
(Figure 2.19.

b.

Figure2.18(a) a planar interface (under approximately isotherm condition) (left figure). A cellular interface
(right figure). Adapted from(Jackson, 2004)(b). a feathelike interface (10% tristearin in dodecane
solution).
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Constitutional supercooling was the forerunner of modlarterfaciatdynamics

(Glicksman, 2011; Laudise, Carruthers, & Jackson, 19IMi¢ theory of constitutional
supercooling allows us to estimate the kinetics at the intedhoetthe processing
conditions (e.g., interface speed, that gradient during solidification, and fat
composition).However, the model for describing the constitutional supercooling is very
complex.This is because the boundary conditions for the diffusion fagkel appliecat a
moving interface, and the locati@md velocity of the interface depend on the diffusion
field (Jackson, 2004)

2.2.2 Nucleation

As we discussed above, when the temperature of a single component liquid fat falls below
its melting temperature, thigqlid fat will be in the supersaturated state, which is also
known agheundercooledr supercooled state. The degree supersaturatatiercooled
determinesthe driving forces that govern the fat nucleation rate. However, attaining
supersaturated or stioled state is not sufficient to promaiecleationbecause a certain

energy barrier exists to form nuclei.

When the temperature is a few degrees below the melting point, usialiy 6 € , the

liquid fat exists in a metastable region. The TAG molecelentually begin to aggregate

into tiny clusters called embryo#n a certain volume, the average size and number of
embryos continue to increase over time whiledimgleembryo continuously fons and
breaks down until reaching the size of stable nuBlesides, @ overcome the Brownian
effects there is arenergy requirement that must be satisfied. This requirement is that the
energyof attraction betwee@AG molecules musbe greater than the thermal energy of

the molecules in the melkdT). TAG moleww | e s wi | | stay inflaa fAl i c
critical size of monomers aggregates and then thermodynamically stable solid nuclei are
formed (Marangoni & Wesdorp, 2013; Metin & Hartel, 2005; J. F. F¥azquez,
Dibildox-Alvarado, Herrera&Coronado, & Char@lonso, 2002)

Nucleationis generally classifiethto two categories, primanyucleation and secondary
nucleation. The primary nucleation may occur either homogeneously or heterogeneously,
depending on the existence of foreign nucleating sites. Thada&gynucleation may take

place withthe presence of a solid phdkat is previously developed in thgstem or added
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as seed crystal§.he secondaryucleation can producthe development o&dditional
solids atalower supercooling than the one neefladprimary nucleatiorfHartel, 2001b;
Metin & Hartel, 2005)Nucleation isa very strondunction of thedegree ofindercooling
Undera low degree otindercoolingthe energy barrier wilbe highey causinga nearly

zero nucleation rat@Metin & Hartel,2005)

2.2.2.1 Fisher-Turnbull Model Applied t o A Solution
Nucleationplays a key role in determining the propertiesystalnetworks such as the
number and size, the polymorphic form, andfthal distribution in crystallindMetin &
Hartel, 2005) To bette study nucleation,ucleation rate (J¥ used to describéne number
of nuclei formed per unit volume per unit tifWilliam Kloek, Walstra, & van Vliet, 2000;
Marangoni & Wesdorp, 2013; R.F.Stricklafdnstable, 1968; Turnbull & Fisher, 1949)

When nuteation occurs from a liquidhe value ofl depends otwo terms:the activation
Gibbs energyass.) to develop a stable nucleasd the activation Gibbs ener@#sq) for

moleculardiffusion. a&5q is associated with the work involved in the diffusion of ecoles
from the bulk toward the crystal interfadéhe relationship amongp G, (o G andJ canbe

describedy the FishefTurnbull equatior{Turnbull & Fisher, 1949)

.y yo .. YO (32)
o MPPHN20h gy
f Where: N is the number of mol ecu®es per

ks is the Boltzmann constant (1.3806540J/(Kmolecule)), T is the crystallization
temperature, in K, andi s P | constarf(n& 6.6261 x1034 Js) (Herrera et
al., 1999)

The FisheiTurnbull equation has been widely used to describe homogeneous and
heterogeneous nucleati¢the only difference isurface tensioterm attributedo different
nucleation mechanisjpgMarangoni, 1998) The FisheiTurnbull analysis is used to
compare nucleation in different systermsd allows a bettteunderstanding of energy
changs for the onset of nucleati@iHerrera, Falabella, Melgarej& Aftn, 1998; Hjorth,

Miller, Woodley, & Kiil, 2015; Metin & Hartel, 2005).
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For fat crystal,p G is related to two terms: the surface Gibbs energy of the ciystihl

interface( 2 ) and the energy ofm. Chergfagg@adchnibeat i on

expressed as a modified Gibbsomson equation for nanoplate(¥ Wang, 2016)
yo Y © il C Y ro

v v Y w

YO Yo7 ) 8% oy 0

QY QY 3 Y Y ¢ ¢
 Where:o i s i energyinfl/arcTi taniperature, in K; ¥is the melting

(33

(34)

temperature, in Ky is the molar volume, in #mol.

Viscosity is a physical parameter that is insely proportional to molecular diffusion.
When the degree of undercooling increases, viscositiquid phase can be a limiting
factor for nucleation or crystal grow{idartel, 2001b) Diffusion of TAG molecules in
solution foll ows #uk due dosdiffisianwis propartional tontteel a r
concentrationgradient; the rate of change ofoncentrationat a point in space is
proportional to the second derivativefo€uswith spacgFick, 1855; Jackson, 2004b)

The FisheirTurnbull equation iriginally derivedfrom a single component systemhd&@
driving forces for crystallization depend on agle melting point. Besides, the Fisher
Turnbull equatiorcan onlybe appliedo a low degree of undercoolingd. <10 C). The
FisherTurnbull analysis is ot valid in the case of compound component crystallization
and massive crystallizatiooweverthe FisheiTurnbull equatiorcan alscapplyto the
multi-component systems that have a narrow range of melting tempesatupa(m and
sunflower oil3 (Herrera, de Led Gatti, & Hartel, 1999; Metin & Hartel, 2005; Widlak,
Hartel, & Narine, 2001)

The value of the interfacial energy is very difficult to estimate with certainty. The
geometrical model chosen for the hypothetical nucleus has a very big impdst on
calculated value. Traditionally, a spherical nucleus has been assumed in the literature. This
assumption, however, is clearly not applicable to TAGs. For example, the value of gamma
for a nucleus from the FT equation is computed from the value obt&iom Foubert
(Foubert, Vanrolleghem, & Dewettinck, 2005)
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The value of cst2 is obtained from experimental data. Its general definition would be, the
value of gamma for a nucleus from the FT equation is computed from the value obtained
from

- Yoo W ; Q p o

r b _ nY r \nY rr 3

®ico 5 ~ C o €1 = (39)

For values of a = 3 and b =10, Sgp is 104.7. For the spherical nucleus assumption Sgs =
16.8

yr o yr o (36
Q 3( Q 3(

The properties of the material and Boltzmann constant are the same, thus

v v o
(37)

Y -
[ ~ f
The value of the estimated interfacial energy for the nanoplatelet would be 0.54 times the

value estimated fronhe spherical assumption.

Using the value of cst2, a value of 8.8 KJ/mol can be obtaineddd(KJ/mol) at 19 °C

for coco butte(Foubert et al., 20055imilar values (at the same order of magnitudes) were

reported in literature: G*= 8.44 KJ/mol for 8% palm stearin blend in sesame oil at 36 C;
G*= 7.5 KJ/mol for 3670% highmelting (HMF) in lowmelting (LMF) milk at 35 C;

G*=1.89 KJ/mol for MFTAG with 0.1 wt% DAG Standard (dipalmitin) at 25 {Herrera
et al., 1999; J. Torwazquez, Herrer&ororado, DibildoxAlvarado, ChareAlonso, &
GomezAldapa, 2002; A. J. Wright & Marangoni, 2002)

A more difficult uncertainty iIis due to the
of a small number of layers, as discussed by Unruh & ByBjesjes & Unruh, 2007).
The melting temperature Tm of nanoplatelets can be as much as 15 C°lower than the bulk

materi al . The molar volume is slightly | art
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smaller. Disregarding the small increase in entropy due to the small increasente, a
decrease of 10 C°in alpha monolayer nanoplatelets would cause a decrease in enthalpy
from 107 KJ/mol to 104 KJ/mol. The increase in molar volume would be a factor of about
1.03. The impact of these changes, that are squared in the definitisi2,06 to increase

the estimated interfacial energy by a factor of 3.5.

These two uncertainties, i.e., shape factors andbuotn properties, require that the

literature estimates of interfacial energy be taken with reservation
Deviation from ideal equilibrium

Attractive or repulsive forces between solute and solvent modify the ideal Hildebrand

equation presented earlier. An "activity
YO p p (39)
I T @ N~ Y v

o is theactivity coefficient There are several methods to estimate the activity coefficient.
A common method is tose the Margules equatig@okcen, 1996; Margules, 1895)

[ o) ¢O! 0 Wt p O (40)
In the simpler case thati&A21=A then:
[y otp o (41)
The coefficientsAi are determined experimentally for each mixture. For some materials,
the coefficientan be estimated using predictivedels of properties, such as UNIQAC

(UNIversal QUAsiChemical, is an activity coefficient model used in description of phase
equilibria).
Hildebrand's equibrium equation for ideal solutes can be thus modified:

It i (42

- - YO p »p (43)
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Figure2.19 Equilibrium mole fraction of tristearin in a namystallizing solvent, as a function of
temperaturén °C. The solid lines correspond to ideal solubility. The dashed line (xib_ac) shows an
example of nofideal behaviour fob. UsingA §= 0.013, the dashed line can pass through the intersection
of the initial crystallization temperature and concentratiba solution.

As shown in Figure 2.2JA Gs convenient because it is a rdimensional ratio between
the factor of a solute and the melting entropy of that solute divid&] ttwe universal gas
constant. Hence, values @&f 6are easier to generalizgetween different solutes of

analogous series.
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2.2.3 Growth

Once nucleformed, the following step is the enlargement of these nuclei, also known as
Acryst @lTAGgmoleculesfrom aliquid maye incorporatedto an existing crystal
lattice (Nawar, 1996)In fact, rucleation and crystal growth are not mutually exclusive:
nucleationcrystals growh may take place at the same time. The separation of these two

kinetics for each process is difficiiBoistelle, 1988)

Crystal growh depends on the probabyjlthata TAG moleculésin the right configuration
and binds into theorrectsite on a crystal surfacd AG molecules will retun to the
supersaturated system with wrorgnfiguratiors or binding sites. Rearrangemesft
individual molecules or clustergrowth units) canake place atrystal surfaceto dotain

the right configurations. Andhere are energy barriers of transitions between different
configurations for TAG molecule#\ slow growth of crystalsnay be due to theesult of a

high energy barriein transition frommultiple configurationgo the correct configuration

Moreover, the presence of multiptenfigurations in liquid has eompetitive effectin

binding into thecorrecs siteon a crystal surfacghang, 2000; Derdour, Pack, Skliar, Lai

& Kiang, 2011; Kessler et al., 1981; Kubota, 2001; Yu, RetfEzens, & Mitchell, 2000)

TAG molecules that are not in the right configwatis may act as 006i mpu
depresssthe melting/dissolution temperatures dohack surface integratiosites(William

Kloek, 1998)

Right after a TAG moleculis incorporatednto thecrystallattice,a number of latent heat

will be released, which may impede further crystal growth. Crystal growth will cease once
the system is in phase equilibrium or futlyystallized(Marangoni & Wesdorp, 2013;

Metin & Hartel, 2005) Crystal may be formed in metat a b | e Uis fpllonveedbg a n d
recrystallization and fonation of more stable crysta(ljorth et al., 2015; Mazzanti,
Marangoni, & Idziak, 2008)

Fitting th e Avrami model to DSC data

The Avrami modeis perhaps the semimpirical modebppliedmost ofterto describe the
kinetics of isothermal crystallization of TAGDibildox-Alvarado & ToreVazquez, 1997;

Kawamura, 1979; Metin & Hartel, 1998; J. TeWazquez Bricefo-Montelongo, Dibildox
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Alvarado, CharéAlonso, & ReyedHernadez, 2000; Vanhoutte, Foubert, Duplacie,
Huyghebaert, & Dewettinck, 2002; A. Wright, Hartel, Narine, & Marangoni, 2009
Avrami model(Avrami, 1939, 1940, 19413 a general approath quantify the isothermal
crystallization kinetics including nucleatiparystal growth andimpingement(Garti &

Sato, 2001)In the 1940s, various authors independently developed this kinetic formulation
which is sometimes called the Johriddiehli Avrami Erofeev Kolmogorov equatiotfA.
Wright et al., 200Q)The theorywvas initially developedbr low molecular weight materials
such as metals. Later it was extended to the crystallization of high pol¢{&@vamura,
1979)

The Avrami modelis used toanalye datathat combinenucleation and crystal growth,
allowing further understanding of the complex mechanisacojstallization process. Eh
Avrami model shows the relationship of the mass/volume change of the crystal and time
(Figure 2.19)Marangoni & Wesdorp, 2013)

"Y'06 — (48)
~os~ P AgbP T

1 Where: SFC corresponds to the solid fat content at a particular timegja»SFC
corresponds to the maximum SFC achieved at a particular tempetatisre;
crystallization rate comant that depends primarily on crystallization temperature;
andn, the Avrami exponent, is a dimensionless congdtaattis determined bthe
dimensionality of thegrowth (Linear, planar, or spherical) and the type of

nucleation (Instantaneous or sporadic)
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Crystallization
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Figure2.20 The primary yaxis (black) is percentage of solidified tristearin, as a function of time in minutes
(x-axis), as described by the Avramodel. The secondary axis (red) shows the temperature of the sample
pan, as function of the same time. The first purple circle indicates the initiakgipfer theUform
crystallization. The second circle marks the onset ttongfor theb form.

In practical cases where there are, for example, two crystallization steps, each step can be
described by its own set of parameters: maximum, onset time, rate constant and

characteristic index.

p AGPQD0 o (49)

a 7 . \
3 p AZDPQ 00 o (50)
In fat crystallization,k depends on the crystallization temperat(kawamura, 1979)
Therefore, when the ndel is used for constant cooling rates, where the temperature is
changed linearly with time, its application is very questionable. Although this application
is far from being theoretically correct, it provides occasionally a-seempirical method to

summaize or smooth data.

ThetheoreticalAvrami exponentn, includesthe time dependence of nucleation type. (
instantaneously (0) or sporadic (1)) and the growth morphology of the crystallizing
particles {.e., dimensions of crystal growth from 1 to Bjowever, he meaning of tha

value is not straightforwardince am value of 2 an® can havemore than one meaning

(e.g.,n =2 may correspond to a linear growth along with@adic nucleationor a plate
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like growth following an mstantaneous nucléan). Theoretically,only integer values
shouldbe obtainedor n (i.e., 1 to 4). However, fractional valuesf no i o fit bedtar to
the data. The Avrami model neexlto be modified to appropriately accommodate
crystallzationspecific TAG systemgFoukert, Dewettinck, & Vanrolleghem, 2003;
Foubert, Vanrolleghem, Vanhoutte, & Dewettinck, 2002)

As shown in Figure 2.20 (a) and (b), the Avrami model and DSC experimental data are
plotted together as a function of time. The onset tilgs, tf o r t Grms, Hdveheend b f
used from the DSC experiment data in the Avrami model. However, the formation of the
Ucrystals is faster than Avrami model, reaching a lower percentage of solidified tristearin.
The formation ob crystals is also faster than the modeblweal
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0.40 Avrami model Vs DSC data
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Figure2.21 (a) The primary yaxis (black) is percentage of solidified tristearin as a function of time (in

min, x-axis), as described liie Avrami model. The secondary axis (red) is the temperature of the sample
pan as function of the same time. The orange line is from DSC data. (b) A DSC thermogram showing the
heat flow (W/g) versus time (minutes) as described by the DSC data (oragjgeniéhby the Avrami model
(blue line).

Other models

The Gompertz model as developed by Zwietering, Jongenburger, Romantset to
describe the growth of bacte(@wietering, Jongenburger, Rombouts, & Vantriet, 1990)
Kloek et al. (2000) and Vawohtte (2002) used the Gompertz model to describe the kinetics
of fat crystallization(William Kloek, Walstra, & Vliet, 2000; Vanhoutte, Dewettinck,
Foubert, Vanlerberghe, & Huyghebaert, 200%penefit of the Gompertz model is that its
parameters have aery straightforward physical interpretation. However, there are
limitations of the Gompertz model in the application infiledd of fat crystallization. The
theoretical basis for using the Gompertz model in fat crystallizatiomtier weak.
Bacterial gowth can intuitivelybe comparedvith fat crystallization, but this provides no
real theoretical justificatio(Foubert et al., 2003; Foubert et al., 2002)
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The Foubert, VanrolleghernW,anhoutte et al. model was developed Bpubertresearch
team(Foubertet al., 2002) This model represents the crystallization process as if it is a
combination of a firsbrder forward reaction and a reverse reaction of order n. This model
is often easier to interpret the equation mechanistically. It only needs minoesharige
equation based on acquired knowledge. This model has an advertence over other models
that it can be used to describe fisothermal crystallization kinetics, by incorporation of
secondary models describing the temperat@@endeneof the paramiers. Besides, the
Foubert model can fit asymmetricaseswell, which may bring a better quantitative
description of crystallization process€m the other handhe Foubert model is weak in
theoretical basis. It is still not clear whetlgetruephysicalmechanism lays beneath this
goodness of fifFoubert et al., 2003)

2.2.4 Melting/Dissolution

Melting anddissolutionof fats are important in food productiohhesetwo terms are

similar. Both of them involvein the disappearance of solid fai&hen a solidfat is
incorporatednto a solution, prtial melting can take place whére ambient temperature
increases and then become higher than the boundary temperature. When fatargistals
contact with a solution, dissolution may take platethe same timeMelting and
dissolution are not exclusive, they are closely related and even take place even at the same
time. These two terms are both influencedheat transfer, mass transfer, and interface
kineticsetc.(Berk, 2009)

In thermal kinetics, melting obéid fats refers to the phenomenoracfolidto-liquid phase
transformation viaincreasing temperatur@bove the solidusi.¢., the maximum
temperature at which a given substanamispletely soligl When a solid fat meltsatent
heat has to be removeadd thermass transfer or diffusion followBuring this process, fat
molecules need to leansporeédto the interfaceindrearrangd at the interfacewhich is
the controllingstepof melting(Foubert et al., 2003)

Dissolution is a transport phenomenamhich is similar to crystallizationbut in the

opposite directionThe dissolution of solids into a liciiior other solvent is a process,
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wherethe passage of a soluble substance from a solid matrix to a liquid sqB&dg
2009) Noyes & Whitney (189) define dissolution in food production as the dispersion of
an insoluble substance in a liqueld.,dispersion of cocoa powder or milk powder in water)
(Berk, 2009; Noyes & Whitney, 1897)

Dissolution kinetics has been studied extensively for overyBa®s. The first step of
dissolution of a solidn solventis to wet the solid surface, which allows the solvent to
penetrate the solidche second step is the release and the migratisolofe molecules
from the wetted surfaces intbe solvat via diffusion and convectiornThe rate limiting
step is the migration of theolsite away from the solid, which can be described by a
diffusion controlled model. This modil basedn assumption that the solid particles are
uniform, compact and sphericabl&l particlesare suspendeih a very largevolume of
liquid. Thereforetheconcentratiorf the bulk liquid does not change noticeably as a result

of the dissolution.

Wang & Flanagan (1999developed a cubic root model allows to estimie time
necessarydr the total dissolution of a particle of pure soluite necessary time is
proportional to the cubic root of the mass of that partithe cubic root modeassumes
the size of particles are in a certain range (not too snidi. cubic root model is
simple ,intuitive, and quite accurate in studying dissolution kinefigerk, 2009; J. Wang
& Flanagan, 1999)

2.2.5 Cooling Rates ad Temperature Control

The thermal history of fats plays a key role in determining the size and the shape of fat
crystals(Roos & Rms, 1995)when fat is cooled rapidly, it tends to form a harder network
that is filled of small crystals along with more numerous interactions between these tiny
crystal particles. A fast cooling rate indiea a higher driving force, w¢h means
nucleaton and crystagrowth events aréorcedto take place in a short timescales(, a

higher nucleton rate). Undemrapid cooling crystallization kinetics are faster, which
results imumerous crystallites with a higher surface free energy in a lessptdjsteorph

Consequently, fat crystals havenare homogenags spatiabistribution A rapid cooling
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will result in an increase in viscosity, which can limiblecular diffusion and crystal

growth.Thus, a fast cooling ratgeld a firmer fat (Figure22 (a) and (c).

Figure2.22 Polarized light micrographs of Anhydrous milk fat (AMF) cooled rapidly (A) and slowly (B),
and lard cooled rapidly (Gnd slowy (D). Adapted fromR. Campos et al., 2002)

On the other hand, whdat is cooled down slowly, it tends to form a softer network that
is filled of large particles along with the weaker attractive for&esiow cooling indicates
a low driving force, whib means a longer induction timelgaver nucleation rate). Under
a slow cooling ratefat crystals tend to form in more stable conformatiaith a lower
surfacefree energy of the solid staf@. F. ToreVazquez, DiblidoxAlvarado, Herrera
Coronado, & Cha-Alonso, 2001) A slow cooling rate allowa longer time folTAGs
with similar chain lengthdo associate with each othew-crystallize, and fractionate
(Marangoni, 2013)As shownin Figure 2.22 (b) and (d), under a slow cooling ratéF
and lardcanform a crystal networkkcomposed of larger crystalline partickegh a lower
crystal volume fractionover a longerperiod These larger particlesre in stable
polymorphic forms wittheterogeneouspatial distributionsf mass. In summargifferent
coolingratescan affect the properties of fat crystal netw(®k Campos et al., 2002)

2.2.5.1 Difference Between Controlled Temperature and Temperature &The
Sample
When fats are cooled down in a shear célgre is a difference between temperature

controlled andemperature at the sample. Ideally, the temperature profile obtained directly
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via the instrument should match the actual sample temperature. In practice, there is a
deviation from the ideal andeal temperature profile due to several reasonwstVi
rheomeer cells do not measure the temperature of the sample directly, but rather control
the temperature near the interfaces of the sample. At high isttesithe temperature of

the material can differ significantly from the value commanded to the instruavemt,in

small gap instruments

Even though thénstrumentcan measure the temperature correctly, at high shear rates,
there is a large temperature gradient across the sampla sighificantdeparture from

the radial shear rate. Under high shedes the temperature commanded to the sample
holder of a rheometer does not match the actual temperature of the sampl¢ested

The heat produced by the intermolecular frictfpe., viscous heatynder high shear rate

is nonavoidable Under shear flowthe formation of a suspensievill increaseviscosity
associated with a consequently increasing viscous heat generdgoncreasingviscous
heatgeneration cafimit the amounbf solids that can be crystallizéé&an, Michel, &
Gianfranco, 2009; Mudge &lazzanti, 2009)

2.2.6 Shear Flow
2.2.6.1 General Concepts bShear Flow

In a shear flowadjacent layers of fluid are displaced in a direction parallel to each other
with different speed$Smits, 2006) Couette flow is a simple example of shear fldmv.
fluid dynamcs, Couette flow refers to thiaminar flow {.e., fluid flows in parallel layers
with no disruption betweethe layers) of a viscous fluid between two parallel plates where

one plate is moving relative to the otliealkovich & Falkovich, 2011)

Surface area = A L v dvidy

— =7
/ %

Figure2.23 The conceptof the definition of viscosity. Adapted fronfiOrtegaRivas, 2012)
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Shear Rate () refers to the velocity gradient established in a fluadresult of an applied
shear stresg-(gure2.24) (OrtegaRivas, 2012)

’gb (51
Qw
' Where: is shear rate, measured in the reciprocal secords,s3 i s fl ui d ve

m/s; y is a distance in-gxis, m.

2.2.6.2 Shear Ratein Circular Cell
As shown in Figure 2.25Couette shear cells consist of two rotatowgaxial concentric
cylinders (R and R). Sample is loaded in the middle gap (blue pdite inner cylinder
(Ry) then rotates to generate shedhen Rotation Couette dv is characterized
geomet i cal ly by twooJdpgar@ameg etrlse @anduingy) qvel oc
and d ( annul/Ry,Risthadjnder jadius dorrespofdinglyunson, 2013)

/
|
<

P aVaVa
TAAY

Figure2.24 Theconcept of TayloiCouette flow in literaturéMunson, 2013)

Assuming no slip at the shait wall, a profile of shear rates is present only due to the
curvature of the cdlFan et al., 2009)The local viscosity is the proportionality factor

bet ween shear stress 0, and shear rat e.

A 8T (52
Its relationship to the measured torque and angular velocity, are given, for an effective

shaftfluid contact areds, by:

A sr (53
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A — (54
| O

f Where: O i,PagsHenas st 5 &assisloa sheafrates’he Uoi |
torque at the shah-m, ¥ angulartvdioeityrad/s ri is theradius of the inner
rotating cylindey m; As is the effective contact area of the fluid on the shaft,

andugq is thelocal tangentialvelocity, m/s

The velocitydistribution is independent of the magnitude of the Newtovigrosity, when
thematerialis considered isothermal. Thus, the sdbmensional ratio of the local velocity,
uq, over the velocity at the shatfig, can be expressed solely as function of rbe

di mensi onal raxdi alandposihtaramct efii st joc geo
(Kappa).

, 0 0 Jow »p (56)

° % 73 o[ »p

1 Where:xis thenondimensional radial positiorro; anda is thecharacteristic
geometric ratiai/ro., with ro as theradiusof the outer static cylinder

The corresponding profile for shear rate is

SN S (57
i [ pw

The volumeweighted averge shear rate ($an et al., 2009)

Al (598
p

When 2avtendsto 1, thisvolumeweightedaverage shear rate tends to fla@ge radius

[

s ma |l | Irsg) approxim@ation:

11 I
b p
The debate onwhether shear enhancesystallization (by asheafinduced orderingor

[

1 (59

shear suppresses crystallizatismargely due to the different conditions of studiBtaak
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et al., (2004) explainedhat shear maguyppressthe birth of crystals by removinthe
substancdrom small crystals while shear may enhance a sineaiced ordering in the
fluid which facilitates nucleation proce@®aak, Auer, Frenkel, & Laven, 204). However,
according tcAcevedo & Marangoni (2010)ats tend tarystdlize in platelet shapeather
thanhardspherecrystal which means fat crystals haddferent behaviors in a Couette
flow (Acevedo & Marangoni, 2010)

2.2.6.3 Viscous HeatGeneration
Viscous heating refers to the irreversible transformation of work into heat by adjacent
layers of a fluid moving at different velocity, due to shear forcesne®asurablenon
isothermal temperature profit@n thus arise, whaherateof heatgenerateegxceesthe
rateof heat removed from the materidhis non-uniform temperature field influenceise

kinetics of the flow sinceviscosityis a function of temperature

The thermoemechanical couplingproducessignificant deviationsfrom the isothermal
velocity profiles. Viscous heating can causgnificant viscometric errorespecially at
high shear rates, irotational viscometer@Papathanasiou, 1998yhe viscosity of most
liquids is exponentially dependent amntperature. Thusmall changes of temperature in
the liquid can lead taignificanterrors in measuremenin the case where solutes are
crystallized under shear flow, viscous heat caglt smallerless stable crystalswhile
preservindarger crystal¢G. Mazzanti et al., 2011)

The local rate of heat generation per unit volume (%/m at a0 |lioxati on 0

n -29r (60)
This heat needs to be dissipated by transport from high to low temperature ztres in
fluid. Hence, the fluid is colder near the cooling surfaces of the vessel where the
crystallization is being conducted. The regions further from the surfaces have higher
temperatures. For materials where the viscosity makes this problem relevanttioonse
often not enhanced by mixing, since only laminar flow is present. Therefore, the fluid can
experience considerable temperature gradients. Both the viscosity of the continuous liquid
and the volume fraction of crystals change with temperature.

52



2.2.6.4 Rheology d Suspensions
The rheological properties of suspensions hasen studiedince the beginning of the
twentieth century. The first reseanstas donéy Einstein, A. (1906,1911) in his classical
study of the viscosity of théilute suspension of rigidpheregEinstein, 1906, 1911WWhen
the nearesheighbor interactios betweenparticles insuspensionare not negligible
Ei nsteinds expr es sThenGuth & Sincha (193@Tbdyestdblishexl| | o wi |
an equation for the firsarder effect obpheres interacting with one anotf@uth & Simha,
1936)

‘._ P CB3 pCHe (6

T Where: ¢ is the vi gicthesvistosity of the purd slvestu s p e n
G i s the vol ume f r auspensionfGutb & Sinhhh,d938)p her e s

The b crystals of tristearin have a density of 1030 kyj(Man Langevelde et al., 1999)
whereashe mass density of liquid dodecane is around Kien® (Ferguson & Lutton,
1941)depending on the temperatuferystallizaton of the 10% w/w tristearin solution of
this thesis yi elddrsund0.0¥8oTheairatie of Viscasitied would A
then be 1.027. This small variation, less than 3%, would be measurable by a rheometer.
The values of dodecane viscosity cddted by the Einstein & Guth model are slightly

higher than the Andrade viscosity equation and reference data, as shown in Figure 2.26.
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Figure 2.25 Viscosity of dodecane as a function of temperature. The blue dot represents the viscosity data
from references. The red dash line represents the calculated value based on Andrade viscosity equation; The
blue dot line represents the calculated value based rsteli & Guth mode({Ambrose & Tsonopoulos,

1995; Caudwell et al., 2004; Guth & Simha, 1936; Rosenthal & Teja, 1989)

There areanany modelghat attempt talescrile the viscosity of concentrated suspensions
of rigid spherical particles. Mooney (1951) diyeed an equation for a suspension of finite

concentratiorfMooney, 1951)

i s 1 (62
S P i
T Where: d is t hethespupsgpreaystih@appasecdwiscosityyof o f
the continuous phase (or | i quipdrticleshase) ;
4 is the volume fraction; p is called the packing fraction since the approach to

infinite viscosity is usually ascribed to the attainment of the ghaséed structure.

The intrinsic visdesidisy dart riisbuat inmoena stuo et ho

suspensin. Itis defined as

S p (63
=5
s B

1 Whe r eis thedscosityof the suspensiomjs is theviscosityin the absence of the
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particles U is the volume fraction dfolids in the suspension

The intrinsc viscosityof hard spherefs d ]5/2,iregardless of size. Howeveccarding to
Larson (1999)big particles irsuspension havarge intrinsic viscosity value3 he values,

however depend orthe shape of the particl@sarson, 1999)

BasedonMo o n empdelsKrieger and Dougherty (1959) extend the equabion

1 Where:(im is the maximunvolume fraction of solidswhich depends on partiele
size distribution and shape.

For monadispersespherical particles, the maximupnacticalvolume fraction typically

falls between 0.6 and O(Zarson, 1999)since the maximum packing is 0.745the case

of nanoplatelets the value would be pradlyca, if the platelets were perfectly aligned.

For random distribution the value is lower, but depends on the spatial ordering of the
particles.For instanceif the observedchange in viscosity was 10 $0ds/=d.1),for a
volume fractior(i of 0.018(tristearin crystallized from dodecanahd a maximum fraction

Gm of 0.9(nanoplateletsthenthe intrinsic viscosity would be d=p.23 (nordimensional).

The KriegerDougherty equationis a successful odel, which can be used in ma
complex system It canfit datafrom anentirerangeof volume fractiongb et wete n
dp) of latexspheresit also works foground particles, glass rods and fib@arnes, 1989;

de Kruif, van lersel, Vrij, & Russel, 8%; Papir & Krieger, 1970; Woods & Krieger, 1970)

These models, unfortunately, provide estimates that are not shear rate depentieryt,
are limited to describe the viscosity of a Newtonian fluid.

However,dispersions and suspensiasfssolids in liquids normally have neiNewtonian
characteristicsi.e. their viscosity depends on shear ratedbr the deformation history
(OrtegaRivas, 2012)This is even more pronounced if the particles are anisotropic, such
as the TAG nanoplatelets and their aggregid he non-Newtonianbehavior is theesult

of the perturbation of thBrownian motion of the suspended particles by the shear stress

and by the collisions between particles.
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Apparent Viscosity

Apparent viscositydapp) is defined as the ratio betwete shear stress applied to a fluid

andthe shear rate
” O :)r

[ [

(65

f Wherell i s t he sigtheshearsatest; KasssheconReasn factorfor
the rheometric device, Pa/fN); andUis the torque valueN-m.

A common model that describes many shear dependent complex fluids is the power law
relationship, simplified from Hersch®lu c k| ey 6s equati on when t he
, QOr ° - QOr (66)

The exp@niesntkmown as the behakoi oar knonwex as
consistency index. The valuerofor shear thinning (thixotropic) materials is less than one,

and for shear thickening (dilatant) fluids itlerger than one. It is seldom possible to
calculate the behaviour index quantitatively from the characteristics of the particles of the
fluid. The power law expression does not account for time dependent behaviours, or for
viscoelastic characteristics difet complex fluid.

Complex Viscosity

The rheological properties of a solution of tristearin in dodecane change, as the tristearin
crystallizes out of solution forming suspended nanoplatelets. During cooling, statically or
under shear, the solid particlesh and organize themselves in the remaining solution.
The suspension of nanocrystals can even form a crystalline network. In both cases, simple
suspension or network, the complex liqgolid material will likely have an elastic

modulus. This makes the teaal viscoelastic.

When a complex fluid, such as a paste or a semisolid cream, has a viscoelastic structure,

one possible way of summarizing its dAafluidi

The complex viscosity is computed from data obtamm&gdg small amplitude oscillatory

rheological experiments. The limit of the small deformation is the magnitude of

perturbation that does not disrupt the str
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threedimensional array of springs immersad viscous liquid. The massless dashpot and

spring model is often used to represent these materials.

The @mplex viscosity($s’9) is computed as the ratio between the complegutusand

the angularrfequency Its magnitude is:

. T
S (67
1 Where s is the viscous portion of complex viscosigy, — (‘O is the viscous
modulug; s is the elastic portion of complex viscosigy, — (‘O is the elastic

moduus)

Even materials with very low solid contents, such as the 10 % crystallized tristearin in
dodecane (0.018 volume fraction), can form a network of solids strong enough to produce
a viscoelastic semisolid. This crystalline network is presdat&tAcevedo & Marangoni,

2010) Its mechanical characteristics are heavily dependent on the pafdessiation,

and not only on the % soligMarangoni & Narine, 2002a)

2.2.7 Nucleation and growthfrom a solution under shear

Sheaing fluidsis an importantmanufactuing operation in industry, whichrmproves mass
and heat transfeand facilitates product homogeneity. Judicious applicatioshefircan
also enhancerocess optimization. Shear flow is used to develop novel prodeigts,
tempering of chocolate to indudesired crystigpolymorphs of cocoa butter for improving
bloom resistance. Shear can also helglter organoleptic properties of lipid shorteysn
and improve the consistency and spreadability of butter and mar¢Rodego Campos

& Marangoni, 2014;Mazzanti, 2005; S. S. Narine & Humphrey, 2004; Stapley,
Tewkesbury, & Fryer, 1999Fven a new phase (phase X)cota butter was found by
Mazzanti et al. (2004) when crystallizing it under shear flow. This new phase was not
observed under static condit® previously(Mazzanti, Guthrie, Marangoni, & ldziak,
2007)

Shear can accelerate the speedufieationand can induce therientationof crystalline
nanoplatelets. Under shear flow, fats tend to femmaller crystalswhich form strongefat
crystal néworks. Also, shear can reduce phase transition time and alter the phase

composition of the final produ¢Mazzanti, Guthrie, Sirota, Marangoni, & Idziak, 2003;
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Tran & Rousseau, 2018yhonsi and Stapley (200&hd Mazzantet al.(2007) foundhat

the induction time for the transition afocoa butteto the stable polymorph depends on
shear rates. @oa buttecrystallized under high shear rate had higher melting point than
its low shear counterparts, due to the formation of higher melting fraqiihmans &
Stapley, 2006; Mazzanti et al., 2007)

Shear has a significant influence on nucleation in food processing. Shear can increase the
rate of primary nucleation by providing enough energy to overcome activation energy
barriers for nucleatiofHartel, 2001a) Shear can also enhance secondary nucleation by
fracturing newly formed crystals and distributing them throughout the melt, which provides
more seeds/interfaces for nucleation and crystal gr¢Wwtiiam Kloek, Van Vliet, &
Walstra, 2005; Maleky & Maranggr2008) Whenshear enhananucleationthe material

hasa larger number of smaller crystals. These smaller crystals can translate into fat crystal
networks with higher mechanical strength. Under shear flow, fats tend tbighee initial

SFC values, Wt over time, SFC will reach equilibrium values similar to statieally
crystallized fats (Kaufmann, Graef, Dewettinck, & Wiking, 2012; Kaufmann,
Kirkensgaard, Andersen, & Wiking, 2013; Maleky & Marangoni, 2008; Marangoni &
Narine, 2002b; Suresh S. Narineddarangoni, 1999)

Shear fostesg crystallite collisions, whichmay facilitatepolymorphic transitions to more
stable polymorphsia secondary nucleatigibhonsi & Stapley, 2006; S. Sonwai & M. R.
Mackley, 2006)

Shear may result in viscous heat generattiah can produce enough heat to melt smaller,
lessstable crystals, while larger crystals remain in suspension. ®&itugh energy

provide by shear, most of the crystal mass of lower polymorphs disappears, and nuclei left
behind can act as templates fooygth of higher polymorphs. At a high shear ratdid fat

content (SFCis lower due to the viscous heat generation produced by the shear@ergy
Mazzanti, M. Li, A. G. Marangoni, & S. H. J. Idziak, 2011; Mazzanti et al., 2005; Mazzanti

et al., 2008)Mazzanti (2005) studied treheareffect on the crystallization of palm oil in

a Couette cell with synchrotronyay diffraction. He found that shear can induce the
acceleration othe phase transition frotd t o b N;. Besi gsheasratecann i ncr

promote the crystallizatioof the higher melting fraction and affect the composition of the
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crystallites(Mazzanti et al., 2005)

At the nanoscale level, shear may affect crystal nanoplate (CNP) sizedihgdo Maleky

etal. (2011), shear camfluencethe nanostructure of CNPs. At a high shear rate, CNPs
are observed to have smaller lengths and widths, associated with a narrower size
distribution(Maleky, Acevedo, & Marangoni, 2012; Maleky, Smith, & Magoni, 2011)
However, a reduction in CNP size does not necessarily result in the reductiesof

crystals and vice vergAcevedo & Marangoni, 2014)

The influence of shear on nucleation depends on shear rate. Below the critical shear rate,
shear camcrease the frequency of collisions and contact time between crystallites, which

results in larger crystalélarabukina, Jego, Haudin, Navard, & Peuviiesdier, 2009)

Above the critical rate, the average size of crystals can be reduced either thrugh th
breakage of larger crystals or inhibition of growth and aggregation of cl§tiam
Kloek et al., 2005; Maleky et al., 2011)

The acceleration of polymorphic transitions due to shear can be also explained by another
hypothesis that shear influencebe structure of nanoplatelets formed upon nucleation.
Then these nanoplatelets can act as templates for higloee, organizedpolymorphs
(Maleky et al., 2011)

Shear effects orx-ray diffraction data

Shear flow can influence-say dffraction patternsof fats, such amtegratel intensity,
average thickness, crystalline orientatiand average lamellar spacing of the crystalline

nanoplatelet§Mazzanti et al., 2011)

Mazzanti et al. (2009j)ound that thdamellarthickness, computed from the difframti
peak position, wasnfluenced by the applied shear. Under shear flow, the value of
d-spacingdends to be large(Mazzanti et al., 209). Kaufmann et al. (2013tudied the
effect of shear on the polymorptoehaviorof milk fat via x-ray diffraction. They reported
that drearcan affeclong spacingsstaticallycrystallized samples showédth2L and 3L
packing but high shear rates destroyed 3icking crystals and left only 2L packing ones
(Kaufmann et al., 2013)
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2.2.8 Steadystate structures under sheaflow

The orientation of suspended anisotropic particles depends on the interplay between shear,
interparticle, and Brownian forces. At early stages of crystallization, pardidesparated

by relatively large distances and infmrticle forces are negible. The effect of shear can
induce ordering, whicdominate over disordesinducing Brownian forcesThus, crystals

above a critical size may be orient@liliam Kloek et al., 2005; Mazzanti et al., 2003;

Tran & Rousseau, 2016)

Mazzanti etal (2003) bund that shear can induce orientation of crystallites for a variety of
fats €.g.,cocoa butter, milk fat, milk fat stripped from polar lipids, and palm oil). A low
shear rate (90 ¥ resulted in little or no orientation in palm oil, while different degrees of
orientation were observed in milk fat and cocoa butter. Higher shear rate (14eused
orientation in all the fats. Palm oil probably formsphericalclusters that movednd
tumbled in the shear field rather than being orierikdazzanti et al., 2003whereas the

other fats had predominantly free anisotropic nanoplatelets. Crystals with large aspect
ratios, and with larger longitudinal size,q.cocoa butter) are moreadily oriented than

smaller onegMazzanti et al., 2003)

The effect of shear on nanoplatelet (CNRe depends on the shear rates. According to
Tran & Rousseau (2016CNPsizeis a function of shear ratas there is aritical shear
rateabove whichthe size is reduce@elowthatcritical shearate,increasing the shear rate
resulted in an increased thickness of nanoplatélets & Rousseau, 2016)

Above a critical shear rate, crystal breakage and secondary nucleation were promoted
(Acevedo & Maangoni, 2014)Accordingto Mudge et al. (2009), a critical shear rate for
viscous heat generation exits (between 360 and 720cs cocoa butter under laminar
shear in a Couettiype shear cell. Above the critical shear rate, solid fat codeameased

and polymorphic transitionsere suppressgiludge & Mazzanti, 2009)

According to Tran & Rousseau (2016), a spheroidaltarygructures, solid lipigneso
particles (SLMs), was observed in the narrow gap (2.5 mm) of a Couette cell. SLM size
depended on the applied shear rate. Below a critical shear rate, crystal aggregation and
growth were promoted due to a rapid surfacegirggon on a damaged crystal surface.
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Above the critical shear rate, aggregation of crystals was inhibited and even broke down.
SLMs formed aan intermediatshear rate (30 § were thus larger than the those formed
ata higher rat¢240 $1) (Tran & Rousseau, 2016)

According to Acevedo and Marangoni (2014),theelasticd u | us ( GNj) and yi e
were reported to decreafse sharedsamplescompared to staticalgrystallized samples.
Thisdecreased el astic mo d u | u sshatedz&jplesamasd vy i e
contradictory to the general belief that smaller crystals lead to higher mechanical strength.

This may due talifferences in crystal gwth mechanisms dumnstorage(Acevedo &

Marangoni, 2014; R. Campos et al., 2002; Ghosh, Tran, & Rousseau, 2011; Suresh S.
Narine & Marangoni, 1999; Pé&eklartiez, Alvarez-Salas, Char@lonso, Dibildox

Alvarado, & ToreVazquez, 2007)
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3 EXPERIMENTAL METHODS AND MATER IALS

3.1 Research Plan

Figure 3.1 summarizes the research plan which consisted of four subplans: Differential
scanning calorimetry (DSC), Rheometry, Polarized light microscopy (PLM)Xaray
diffraction (XRD). Although conducted separately, these subplanslasely linked. The

details of these four subplans are discussed in the following sections.

« " . XRD Rheometer
. vl

© WAXD Thermal
i properties
|
[
’ -
. Static I Dynamic ... N
— Melting point
‘ ; A i i d—spacw’ngé
] A \:--\'l-d-spacing | i “'jq..............g
4
Temperature
H | - profiles
—— Finished experiments  : f - Shear

Unfinished experiments

........... » Link to other experiments

Figure3.1 A research plan.
3.2 Differential Scanning Calorimetry Measurements
3.2.1 Materials
3.2.1.1.1 Sample Preparation
Tristearin (SSHand Dodecane (DODEvere purchased from Sigafddrich Chemical Co.
and had a purity of at least 99%. No further purification was carried loetl®% tristearin
in dodecane solutiowas preparedy mixing the weighted materials proportion ona
weight per weight basis (we.g.,The 10% tristearin solution wgsepared by mixing
1.036 g tristearin in 9.01¢ dodecane).

The 10% SSS solution wasdted at 10& via water bath (Cole Parmer, USA) for 5 mins,

which allows fat solidso completely melt and mix. Then hermetic aluminum pandidad
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were selectedcarefully and weighted via a microbalance (Cahrstruments, €33
Microbalance Model Number36330 1 3, US) with a precision
pan and lid must be close to the weight of the reference pan (the difféeme=enthe

two sets within the range £0.05 mq). After selection, the pan and its lid were then immersed
in acetone andlried by clean air, which can help to minimize possible contamination.
During these operations, clean tweezers were used to avoid any contamihgtioal

weight d an empty pan and lid is 58g.

Approximately 5 to 10 mg of melted sample was transfetceén empty hermetic
aluminum panby disposable capillary tubes with a wire plunger (Drummond Scientific
Company, Wiretrol® Il, USbe L and | 0 samplewasAransferredhe pgare

and its lid were hermetically crimped by TA Instruments blue crimping press and then
weighted again. Thus, the sample weight loartalculateds the difference of the weight

of empty padid set béore and after loading of the sample. Sample pans and reference pan
were stored ifeppendorf 1 mL plastic vialand labeled with theameand netweight of
thesample Weight of a samples were between 4 and 7 mg.

3.2.1.2 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetrypSC) measures the heat flow that is relatedhermal
events in a material as a function of temperaturgtime. Thesethermaleventsinclude
exothermic peaks(heat evaltion during crystallizatioy endothermic peakgheat
absorption during melting), arshifts in the baselingchange in the heat capagitypSC
has been used to study the thermal properties of fats, sunl@sg and boiling points

specific heat capaj, crystallization time and temperatubeeats ofusion etc

In this researchDSC Q100(TA Instruments Q100, New Castle, DE, US) was used to
measure the thermal properties of 10% SSS solubis& Q10QFigure 3.2) icomprised

of a twostage refrigaated cooling system (RCS) and can perform modulated DSC
(MDSC®).DSC Q10ds connectetb compresseditrogenandair cylinders.The software

Q Ser i es Eis usedpol contra®®$C Q100and record the experiment da#s -
Qatami, 2011)

In DSC Q100Qthee arechromeé-constantalype-E area thermocouplewhich are fixed
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to the undersie of the disk platformand measure themperature difference between the
reference and the sample ther mahedungcé es ( @
changes linearly, the differential heat flow between the sample and the reference can be
esti mat ed thetheomaleguvalent of @moé s L a w:
QR 'Y (69)
Qo Y
1 Where:dogdti s heat flow; T is the temperatur
and the sample thermocouples, angifthe overall thermal resistance between

these thermocouple disks

Figure3.2 TA Instruments heat flux DSC Q100 equipped with modulated DSC connected to a refrigerated
cooling system, RCS.

3.2.1.3 Calibration

To detet the possible contaminan@cyclic empty cell rurwas performedrom -60 to
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200 € at 20 Cfmin. If the data is aleviationfrom the normal trace, a clean procedure

mustbe dongplease se Appendix 46.1).

3.2.1.4 Experimental Procedures
A conditioning cycle was first donegith anemptypanbetweerthe highest and the lowest
temperatee settings (0 € to 80 €) three times at 20 Cfmin. After the conditioning step,
sample and reference paere loadednto the corresponding platform in the cell. Sample
information was then recordednto the TA program. Therocedurefor DSC was

programmed as followgFigure 3.3:

10 min 10 min 10 min 10 min
80°C : :
(@]
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o &
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S \3S o == — =R o o
g = 2 2 - s T 2
S ) = w u @ .. o
= ol © La] += - -
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10 min 10 min 10 min 10 min
Time: min

Figure3.3 A temperaturdime profile for 10% SSS solution in DSC experiment

Thestepsare describeds follows:

i. Isothermalktep, keeping the sample at 80.00 € for 10 min.
ii. Coolingrampto 0 € at1.00 Cfminto 0.00 €
iii.  Isothermal step, 10 min isothermal plateau at 0 €
iv. ~ The heatingamp at 10.00 C?min to 80.00 C.
v. Isothermal step, keeping the sample at 80.00 € for 10 min.
vi.  Cooling ramp to 0 € at 5.00 Cfmin to 0.00 C.
vii.  Isothermal step, 10 min isothermal plateau at O €.
viii.  The heatingamp at 10.00 Cfmin to 80.00 C.
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ix. Isothermal step, keeping the sample at 80.00 € for 10 min
X.  Cooling ramp to 0 € at 10.00 C?min to 0.00 €.

xi.  Isothermal step, 10 min isothermal plateau at O €.
xii. ~ The heatingamp at 10.00 Cfmin to 80.00 C.
xiii.  Isothermal step, keeping the sample at 80.00 € for 10 min.

xiv.  Cooling ramp to 0 € at 15.00 Cfmin to 0.00 C.
Xv.  Isothermal step, 10 min isothermal plateau at O €.

The experiment datavas collectecby TA software(New Castle, DE, US). In TA 2000
universal andysis (V4.5, New Castle, DE, US), the data ca@ openedis thermograms,
which includesignals of temperature, timand heaflow. Theanalysis cafe donan TA

software or Microsoft Excel (exported data).

3.2.1.5 Data processing
As shown in Figure 3.4, a thermogram bancreatedvith threesynchronized signals data,
heat flow (.e., the energy flow difference between reference pan and sample pan),

temperature andnbe.

Experiment unit

100

Heat Flow (Wig)
Temperature (°C)

A0 T
18.36 10 12536

Exo Up Time (min) Universa | V4SATA Instruments

mins

Figure3.4 Example of eheatflow versus time versus temperature thermogram of 10% SSS solution.

Plots like Figure 3.4can easily compare three fadtqtime, temperature, and energy)
togetherln this research, faronwenience the reat flowversus temperature plot was used
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to analyze the thermal properties of gample(Figure 3.5). The peaks in thgpperplot
areexothermic andreassociatedvith heat evolution during crystallization. In the lower
part, the endothermic peaks are related to the heat absorption during méturgversal
analysis (V4.5A, New Castle, DE, US) providas automatic integration function to
estimate the enthalpyith asigmoidal baselingourple dash areaJhisfunctionis limited

to horizontal takeoff and landing. Therefore, one drawback is thatftimetion does not
successfully account for the change in specific hieat {he slope of the signal before and
after the transitiof (Wang, 2016b)Also, the onset/peatemperature can be estimated
automatically by TA softwareThe preliminary analysis was done in TA Universal

Analysis and the result was then exported $pr@adshedor further study.

Temperature  33.20°C
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1Exothermic peaks
1.04(heat evolution
{during crystallization)
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’
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Melting
process
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| (heat absorption during melting)
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Exo Up Temperature (Oc) Universal V4.5A TA Instruments

Figure3.5 Example of eheatflow versus temperature thermogram of 10% SSS solution. In this
thermogram, the yellow arrows show the temporal sequence of events. Thef anggtiadlization is
around 33 C

3.3 Rheology Measurements
3.3.1 Material
3.3.1.1 Sample Preparation

The 10% SSS solution was heated at 100€C via water bath (Cole Parmer, USA) for 5 mins,
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which allows fat solids¢o completely melt and mix12.5 ml of melted samplevas

transferred o t he rheometer cell via Fisherbrandf
Pipets (Waltham, MA USA). After loading the sample, the-paxce cove(Figure 3.6 (b))

was installedn the top of theheometer cup to reduce volatile compound .los

3.3.2 Instruments and Methods

3.3.2.1.1 AR 2000 Shear Dynamic Rheometer

AR 2000 shear dyamic rheometer (TA Instrument8$fississauga, Ontario, Canada)
(Figure 3.6 (a)) was used to measure the rheological properties of 10% SSS éelgtjon
viscosity,storage modulydoss modulusas SSS crystallized out from the solutidhis
crystallization formed a suspension of crystals and crystal clusters in a saturated solution

of SSS in dodecane.

For AR 2000the main unit is mountedn a cast metal stand, with the elecicocontrol
circuitry contained within a separate electronics control box (Figure 3.6 K&))nain unit
includes the motor, an opticancoder, and the concentric cylinder geometiw.,(a
standard cup configured with a DIN (German Industrial standeostts). The standard cup
is on the base of the main unit and includes a Peltier tempecamt®lled system
connected to a water batAR 2000is an advanced rheometer, whichs broad torque
range, superior strain resolution, wide frequency raage @n control strain andhonitor

stress performance.
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Figure3.6 (a) AR 2000 shear dynamic rheometer (TA Instruments, Basiga, Ontario, Canada) (b) A
geoméry (cup and cone) in this experimektodified from AR 2000 manual.

3.3.2.1.2 Calibration
When the instrument has finished the system check, a series of calibration procedure was
done before the experimenf.e., geometry inertiabearing friction correctiorrotaional

mapping zero the gapndsystem inertia Please see appendix6i2 for details.

3.3.2.1.3 Experimental Procedure

The temperature and shear profiles were set as follow:

1 Crystallization €mperature:5, 0, 5,12, 20, 28, 3%
{1 Shear rate: 0.9, 9, 90, 968

Thus, a five steps procedumas designeds follows(Figure3.7):

a. Conditioning step: samplesverekept at & € for 5 mins with shear 108*to
erase altrystal memory.

b. Cooling step:samplesvere cmledto the crystallization temperaturé( 0, 5, 12,
20, 28and 35€) without shear(cooling rate: 1.7 to 8.C°/min).

c. Pre-Oscillatory stepAfter reaching the desired crystallization temperatame,
oscillatoryrheology test was applied f800 sto measure dynamic moduli G 6 ,
G 0 gt a strain of 4.500B3 and a fixed frequency of 1 Hz.
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The combination o very low strain (4.500B) and frequency (1 Hz) can help to
avoid disturbances to the crystallization process as much as possible while
maintaininga sufficiently high data sampling rate (De Graef, Van Puyvelde,
Goderis, & Dewettinck, 2009).

d. Shear step: the selected shear rate maintainedfor 1200 s at the selected
crystallization temperature.
e. After-Oscillatorystep After the shear step, an osatbry rheology test was applied

for200s t o measure dynamic modudland a (ixéd ,

frequency of 1 Hz.

y a. b. c.
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Figure3.7 The tempertre and shear profile of the rheology experiments for 10% SSS solution.

3.3.2.1.4 Data Processing

AR-2000is controlledby the Rheology Advantage softwdiedA, New Castle, DE, US)
(Figure 3.8). The data cde collectedn this software After experiments, the dawill be
saved . rsl format) and imported into thgata Analysis software (TAJew Castle, DE,
us).
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Figure3.8 An example of the Rheologgdvantagedtware GUI.

In the DataAnalysis softwarea plot carbe createds afunctionof time. They-axiscan

be modifiedto various parameters.€., apparent viscosity, complex viscosity, dynamic
modulus etc). An example of complex viscosity versus timestown in Figure 3.9.A
plot of complex viscosity versus time was created and analyzeelddta was then

exported to @preadshedor further analysis.

| Complex Viscosity (Oscillation test) | ®10%_SSS_DODE, Oscillation procedure, Time sw eep step 2
410%_SSS_DODE, Oscillation procedure, Temperature ramp step 2
100.0 = 10%_SSS_DODE, Oscillation procedure, Time sw eep step 3
10.00
@ . . . o o . e o
- ° ° L] . e
© 1000 P o o °
a - °
- .
<
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0.01000
A, 4 a 4 a N a a A A A a 4
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Figure3.9 An example of complex viscosity versus time plot.
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3.4 Polarized Light Microscopy Measurements
3.4.1 Material

3.4.1.1 Sample Preparation
The 10% SSS solution was heated at 100 € via water bath (Cole Parmer, USA)ifts,
which allows fat solids to completely thand mix. Approximat&0e L of mel t ed sz«
was transferred to the empty shear cell by disposable capillary tubes with a wire plunger
(Drummond Scientific Company, Wiretrol® I, USe L and | 0 e€L). The m
was then kepat the center of Linkam cell. Wénthe lid was wnded down to the 10@m
(gap distance), theamplewould be squeezed and distributed, forming a thin layer over the

cell surface.

3.4.2 Instruments and Methods

3.4.2.1 Polarizedlight Microscopy
Polarized Light Mcroscopy (PLN can directly observe the birefringent solid
microstructural elements of the fat crystal netwaskharp bright features against a dark
backgroundPLM can be used to image early crystal growth. PLM can also estimate the
crystallization induction time({ )i.e., the time when crystals reach the critical size that
allows them to be visible). The crystallization induction tirdenfeasured from the PLM

reflects the early crystallization everigodrigo Campos, 2013)

In this research, a polarized lightearascope (Olympus BX 58hinjuku, Japan} used to
obtain the polarized light iages of the samples (Figure 3.1The Oympus BX 51is
connected to &hargeCouple Device (CClbcamera (Retiga 2000R, Qimage, Canada), a
phase contrast (phl) long working distance (WD 10.0 mm) 10X objective lens (UPlanFl),
and a Linkam CSS 450 cell (Linkam CSS 450, Linkam, Surrey, Uie shear rates and
temperaturesare controlled by software, Linksys 32 (LinkamSurrey, UK) during

experments.
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Figure3.10 Olympus BX51 Polarized Light Microscope witinkam CSS 450 cell. Modified from (Ma,
Mackley, & Chinesta, 2008).

Linkam Optical Shearing Stage CSS 450

As shown in Figure 3.1Q,inkam CSS 450 is an optical shearing stage, which allows a
direct observation of a complex fluid via any standard optical microseogepplarized
optical microscope). This Linkam stage can provide a straigtdfol viewing of the
change in fat microstructuduring crystallizationThe cell can control temperature from
-50 t0450€C with a temperature stability ot 0.2 €, with heating/cooling rate fror.01

to 30 Cmin

The gap between the lid and stage baradjustedrom 5 to 2500 pmvia Linkam 32. In

this research, the gayas seto 100pm. The amount of sample cdoe calculatedia:

6 “ O—] (69)
pPTTT

T Wher e: r=15mm (radius of the sample cel

Therefore, thenaximum amount of sample for 10@n gap is approximate 70 L.
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Figure3.11 Simple schematic of shear cell. Modified frami n k anam@ad (CSS 450).

For CSS 45ell (Figure 3.11), sheds produceddy the rotation of théottom window
(the top window is stationayyTherebre, a velocities gradietd formed The velocity is
zero at the top anthaximal at the bottomThe value of vertical shear ratg) can be
calculated from the ratio betwedné t angentd adn d etbloe i g ayp 6l

O O (70)
) ]9 (71)
o (72)

r
1

1 Where: is the angular velocity (radians/second); r is the observation radius (from
the center of the bottom window of the shear cell stage to the center of the hole in
theaper ur e, r=7.5mm for CSS 450 shear cell
bottom plates of shear cell (U=100 Om i

QIMAGING RETIGA 2000R CAMERA

As shown in Figure 3.10, theCD digital cameraQimaging Retiga 2000Rvas used to
obtainthe images during experiments. The camsréaturedwith a resolution of 1.9
megapixels (1600 x 1200) with a pixel size of 7.4 ym x 7.4 ym. The imagebeanrported
in 12-bit/pixel digital format.2000Rsensor has maximum frame rate of 190 framesrpe

second (fps)The camera can capture up to ten fps in redlolutionif enough light is
available.
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LINKSYS32

In this research, thieinksys 32 software I(inkam, Surrey, UK)was used to communicate
with the CSS 450 stage and display the output dQiMAGING RETIGA 2000R camera

In theLinksys32software, the temperature and shear rate can be controlled directly (Figure
3.12) or programmed in a new window. The video captooébar (Figure 3.12 (a)) can

help to adjust the delay time (s) for twabsequenimages The movement of thehear

cell (i.e.,angular velocity and direction) and the gap between two plates (from 0 to 2500

pm) can be controlledn the shear control toolbar (Figure 3.12 (b)).

(a)

| 289 OOC Holdirg at lirit 28:41 ‘ Stopped
Rate'C/mn Limit'C Heald mins Lnp Delaysecs

[a e[y (0| o]

(b)
=1

> V| 2 Lid©O Ref® Zero® T/BO

l The gap motor might need to be referenced

Gap (um) Rotary Vel [rad/s)

I S —

Figure3.12 (a) Temperature and video capttwelbar. (b) Sheacontrol Modified from(Arora, 2015)

3.4.2.2 Calibration and alignment
The optical componentsf PLM mustbe alignedbefore image acquisitiof.o obtan a
high quality image the light sourceeed to beceneredand in line arrangement with the
condenser anfield diaphragmAfter alignment, 10X objective lens needs to be calibrated
using astage micrometefor 10X objective lens, the physical size of an image is
aprroximately 1.2 x 0.9 mm (calibration scale: 0.7 pn/pixellease seappendix A6.3

for details.
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3.4.2.3 Experimental Procedure

Imaging

In thisresearchQImaging Retiga 2000Ramera was used to acquire images. The quality

of theimagedepends on the balance of several facug, €xposure time, light intensity,

aperture ofdiaphragm etc). The parameters were adjusted to maintain the quatlity

images and keep threecessaryrame rate in thelifferentshear rates set experimenhe

imageswere collectec&ind saved (JPEGS lossless format) in the Linksys 32 software.

Temperature and shear control

Beforeany experiment, a condition step (asAfirstperformedto erase all crystal memory.

After step a, thesamplewas cooled down at 15 CPmin to a selected crystallization

temperaturestatically In the next step, theamplewas keptat a selected shear rate

isothermally. The detailed experimehprocedureare describeds follows (Figure 3.3):

a.
© T 60 °C
G
2
g Different Crystallization temperatures
o
£
)
Time 300s 600s i
'
&
g
= 100/s .
= Different shear rates
=
o
£
[74]
Time 300s 600s

Figure3.13 Temperature and shear profile for polarized light microscope measurement.

76



a. Conditioning step: sample was kept at & for 5 mins with 100s*to erase all
crystal memory.

b. Cooling step:sample wagooled at 18Cmin to the crystallization temperature (
5,05, 12, 20, 28, 38).

c. Shear step:sampk waskept ata constant shear rate (0.9/9/90/909nder

constant crystallizatiotemperature.

3.4.2.4 Data Analysis

Image analysis

The first stepn image analysis is to use ttieeshold function in ImageFigure 3.14(a))

to process thaccumulatedmages.Threshold function can convert a grayscale image into
a binary image or removes pixels that comply with a specified rule. Threshold function
separates out regions of timagecorresponding to the objectsathneed to be analyzed.
After thresholding,imagesin the range of @55 (grayscale) can bdivided into a
foreground and backgroun@enerally,0 is regardedas complete black and 255 as
completewhite (Arora, 2015).The threshold poinshould be carefly chosen because

must representhe microstructuremaged in the original grayscaimagesand will be
appliedto all the micrographs in the seri@®odrigo Campos, 2013J.he threhold value

can be set automatically ey using the Aaut

In Figure 314 (c), thethresholdmagewas obtainedtby setting the value of threshold point

at 128.Thus, inFigure 314 (b), anything below 128 will appear as black while anything
above 128 will display as whit&he SSS crystalare representely white feathers on a
black background. After applying the same threshold value in one stack, the result (ratio of
white pixels / totalpixels) of each image wibe displayedn a new windowA plot of %

white versus time cabhe maddn a spreadsheet aftimporting the threshold data from
Imaged (Figure 35).
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Figure3.14(a) Thresholding GUI of ImageJ. (Micrograph of 10% SSS crystal suspensii35€C and
0.9 st. (c) The thresholded image of ima(®.
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Figure3.15 Estimation of theime ( ¢) required for SSS crystals to reach the critical size allows them to be
visible under PLM (at 35C and 0.9%.

Figure 3.5 can be used in imaging early crystal growth. Here, early crystal growth, in this
case, refers to the instance when SSS crystals reach the critcahdizan be detected by
the microscope (at the magnification scaled used) under the designed temperature and shear

rate.

I n other words, PLM a l)lthatvs sequiresl fot co/stads sotrelaama t et
the critical size and be visible under microscopy. In Figurg, 3ithe zero is referred to
the beginning of t hecacleddtermngily extrapofating fiome v al |
the linear trendline of the crystallization data to the time axis. The valueaafsx

intersection point is refered as U
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3.5 In-House WideAngle X-Ray Diffraction Measurements
3.5.1 Material
3.5.1.1 Sample Preparation
The 10% tristearin solutiowas melted at approximately TS using a hotplate (Cole
Parmer, USA).2B80e L of s ampl e toweapilayCharlesSupper Cee, d.5
mm diameterl0e m wal | ) by wusing a preheated disp
plunger (Drummond Scieifit Company, Wiretrol® Il, Cat. Number-800- 2010,5¢ L
and I0e L, and sealed by fire.

3.5.2 Instruments and Methods

3.5.2.1 In-house WideAngle X-Ray Diffraction
The instrument setup of d{mouse WAXDis shown in Figure 38 The Xrays were
generatedby a Commerdal GeniX X-ray source (Xenocs Corporation, Sassenage, France).
This GeniX %r ay source pr odu erays witdo6.70830A wavalengta t i o n
X-rays are focused by a mirror and then collimated by two sets of scatterless slits, which
are alignedn a snall diameter vacuum fhpath. Right after passing the 4bath, Xrays
(beam size: around 0.4 mm x 0.5 mang projectedo the sample capillary in the capillary
holder.

A XRI-UNO/Si 2D Xray detector (XRAYIMATEK, Barcelona, Spain) was used in this
reseach. The detector iBuilt was a single chip array of silicon sensors and its active area
was 14 mm x14 mm (pixel size (ps) was 0.055 mm >0.055 mmXRI-UNO' software

was used to control the detector and collect images. fineuise XRD system was istéd

from the surrounding to minimize the possible environment influence and dangeapf X

exposure.
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XRI-UNO/Si 2D x-ray detector

Capillary cell -

X-ray Generator

Temperature controller

Figure3.16in-house WAXD set up.

3.5.2.1.1 Experimental setup

Temperature control system

The emperature control systeset upis shownin Figure 3.Z. The temperature control
systenconsistof five parts: capillary cellyaterbath flow switch, temperature controller,

and computer.

Temperature controller

Capillary Cell

)

Flow Switch

woeson

~r Flow path

w2 Circuit

Figure3.17 Schematic representation of temperature control system configuration

Water bath

A waterbath(Thermo Fisher Scientific, USAyas installed and connected to tagillary
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cell (heat unit). The water tankas filled with a mixture of distilled water and glycol
(prevent freezing below 0 €). The temperature of Weterbathwas seat 0C. Moreover,
the pipedetween te water bath and the capillary cell werappedoy aninsulationfoam

to minimize the thermal loss.
Flow switch

The in-house Xray system consists ahany high-power types of equipmenthat can
releag asignificantamountof heat.Therefore, the air is hotter and drier, which can absorb
more moisture from the water bath. The cooling medium will stop the circulation when the
mixture (istilled water and glycolis not sufficient in the tanklhe capilary cell might

burn outwithout cooling especially in longer time experiments.

A flow switch (Figure 3.B) was installedbetween the outlet of the water bath and inlet of

the capillary cell.The flow switchconnects to a rejain the temperature contrell. The

switch works as fufied, which canprotect thecapillarycell by opening the circuit when

there is no flow passing the switch. Three modego, Off, andManual were designed

to control the flow switchWwWh e n i n mddé thé ftow switch canpenthe circuit
automaticalywhen there is no flow in the switch.
switch couldoe operatedhanually. Thét Of f 6 mode woul d thdfleva bl e t |

switch.

Figure3.18 The configuration of th8ow switch.

Capillary cell
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A capillary cellwas connectetb the temperature controller. This capillary cell baatup

or cooldown the capillaryTo reduce thermal losa customized insulation foam cage
(Figure 319) was made and installed on the capillary cell. This insulation cage includes a
removable lid and a fixed bottom. There are inlet and outlet foayXbeam on th&ont

and back of the bottom foam. The inkes designedsa tiny hollow cylinder, sealed by

a Kapton ® polyimide film on both ends. The outlet wlasignedas a hollow 60 °cone,
sealed by Kapton ® tape at both ends. This design can help to redusgyrtss of X

ray and keep a good insulation for the cell.

Removablelid :
Capillary

Amm— s
:.l:

@) @

Capillarycell

X-ray window (inlet)

— Removablelid<}

‘ ' X-ray window (inlet) X-ray window (outlet)

X-ray window (outlet)

Figure3.19 Schematiaepresentationf theinsulationfoam cage (with the cell).

Temperature controller

A temperature controller (Figure 2 was connected to the computer, allowing the
communicabn between dabVIEW program (computgrand temperature contrsystem
The LabVIEW program was designbyg Dr. Gianfranco Mazzanti and Dr. Stefliziak,
and upgraded by Pavan Batchu The experiment temperature canrhenitored and

recorded precisely via this software.
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Figure3.20 The temperature controller.

3.5.2.2 Calibration
Before anyexperimentsaseries of centering procedures mustappliedn orderto obtain

an accurate redt (please see appendix6M for details).

3.5.2.3 Experimental Procedure

Imaging

In this researcha XRI-UNO detectomwas used to acquire images. The qualityntdges
depends on several parameterg (exposure time, Xay intensity, frameate etc). These
Parameters were then adjusted to optimizeityuad images. Imagewere collectecand
saved by th&XRI-UNO software(XRAY-IMATEK, Barcelona, Spain) in .biformat

Temperature control

A condition step (a) was firgterformedto erase alhistory. After conditioning stefa),
samplecapillarywas tten cooled down at 3 Cmito a selected crystalbtion temperature.

The detailegproceduresire describeds follows Figure 3.2):

a. Conditioning step: sample was kept at R0 for 10 mins to erase all history.
b. Cooling step:sample was cooled at 3 Cfimto theselectectrystallization
temperature-b, 0, 5, 12, 20, 28, 36).
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c. Isothermalstep After reaching the selectedystallization temperaturen

isothemalktepwas appliedor 600 mins.

»

70 °C

Crystallization temperatures

Temperature: °C

v

10 600
Time: min

Figure3.21 Temperature profile of Hnouse WXRD experiment for 1095SSsolution.

In this research, the temperaturecapillary cellwas controllecdby aLabVIEW program
(Figure 322), which wagdeveloped by Dr. Gianfranco Mazzanti and Dr. Stédarak and
upgraded by Pavan Katchu This program allows user to input the temperature profile
via a graphical user interface (GQUThe system information, such #se time, actual
temperatureand set point temperature oépillary cell for each temperature cycleas

also saved in the log file.

Mazzanti Research Group it S e R - S length
Control | Settings [] 1 0 | reume 1000 | 0 Softwase: Mazzanti ldsisk, Batchu
Rate 2 C/min Ampltude AM Skippin Temperature ]
Osc SP
= = CAPILLARY CELL NSLS Coment eiper: [
Fiued Setpoin Time period  (OFE, taver voage B
0 ) . .5
JoR?  Tistal T Rate 1 Tindialtime Tl time
N ¥ el ) - ] g
I) ' O bE ' | ! _:'-
|) B 1B 0 ! ) oo bl
- &
J dn ) E 0 | ] 40 e
P - ] 2
) ) ) o’ o) -
|) 175 b | ¥s0 ) | Jo Temperature
50 ) - | | 0 57.91 .
° 1 2 3 4 L L] 7 [}
|) '@ 4 B Jo | ! 1o Time
[_, '@ K | - | D 0 Current Setpoint | 3000 Loser Vohage | 40000 suct | manseeomt [l ome
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1 CNSLSMARZOLSTCR MAIM 01 CTat il I e g i

Figure3.22 A GUI interface of the capillary cell temperature control prog(Bnovided by Pavan K.
Batchy.
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3.5.2.4 Data processing
Images(8-bit raw) taken undethe same temperatuveere openes a stack (a series of
images that shasea single windowyith size 256 X 256 pixels in ImageJ softwake.
single image was then made from this staakAproject function. At last, this single image
was savedn a 16bit format which allows to create a radial plot via ImageJ ptug
program XR2D (developed byStefan Idziak, Gianfranco Mazzanti, Maochen Hannah
Wang, and Kisun Payk

In XR2D program, XRD 2D imageanbe reducedo 1D pbt of intensity asafunction of
scattering vectag. This 1D plot ismadebytaking a radial average of imtsity at increasing
value of g or pixel valuesThus, a radial plot can keep the XRD information such as peak
position, Xray scattering intensity arfdll width at half maximum (FWHM)whichwas

then exported imi t e x t i mage ftabdeimatedASC(l text fle) thracunde
fitting and peak fittingn Igor Pro 6.0 (Wavemetrics Ihd’lease seappendix B7.1.
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4 RESULTS AND SOME DISCUSSION
41 DSC

In this researchthe thermal properties of 10% SSS solution were studied at different
cooling rates. Thermdlehavior data were analyzasingthermograms as shown in Figure
4.1. In these thermograms, there are twkpehuring crystallization. The peaks are seen
in the cooling portion of the thermogram (either 1, 5, 10 or 15 C?min), which is above the
blue dotted zero line. At least two peaks afsoobserved during meltindissolution, as

the sample was heated. Thgseaks are under the zdreat flow line,i.e., they appear
inverted. With this information, we can provide an educated hypothesis aboltimal
events that caused these ped#eak landPeak?2 are exothermic peaks, due to tieat
releasedduring formation of two types of crystalline forms. Recall that the tristearin is
crystallizing from solution, and that the dodecane does not crystatiime5 € to 35 C .

Peak 3 andPeak4 are adothermic peaks thatorresond to théneatabsorption during
melting. The exothermic and endothermic peaks will be reported and discussed separately
in the following sectiorfPanl: 4.142 mg, Pan 2: 6.369 mg).

0.6

Exothermicpeaks (Plircl)lizn:gsgfegimgé(min
Heat evolution duing crystallization
( g ey ) Peak 2 Cycle: 2
0.4
0.2
Peak 1
N
> 0
E 0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
302
o
(]
T 04
-0.6
Peak 4
08 Endothermigeaks Peak 3
(Heat adsorption duing melting)
-1 Temperature/C

Figure4.1 An example of a ravneat flow (W/g) versus temperature (€) thermogram of 10% SSS solution,
cooled at 1 Cfmin. Peak numbers are clearly indicated.
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4.1.1 Crystallization Temperature
In Figure 4.2, theexothermic peak®btained at different cooling rates weseerlaid

together in a single plot for each kind of peak, (a) for Peak 1, and (b) for Peak 2. The onset
and peak temperaturegerecalculatedu si ng ATA Uni ver sal Anal ys

The temperature values from ten replicates (2 pans, each pan$ eyete averaged and

0.3 _ 1 c5fmin 0.8 1C+/min
——— sC/min ——— 5C/min
———— 10C%/min ———— 10C%/min
— 15CYmin 0.7 — 15 C*/min
Pan1:4142 mg Pan1:4.142 mg
- Peak1 0.6 - Peak2
o2 « Cycle:s — = Cycle:5
oo oo
= 205
E z
=z
Z £ 04
= o
® ]
@ @03
T o1 x
0.2
N /4/\ J\
0.0 0
45.0 50.0 55.0 60.0 20.0 25.0 30.0 35.0 40.0 45.0
Temperature: °C Temperature: °C
a. b.

Figure4.2 An example of analysis of the onset temperature for Peak 1 (a) and Peak 2 (b) of 10% SSS
solution (under the sae cycle) for Pan 14.142mg) (all the data is normalized to 1 Cfmin).

o
)

0.3
——— 1C*/min
fmin 0.7 E——
———— 15C/min ———— 15C/m
Pan2: 6.369 mg 06 Pan 2:6.569 mg
* Peak2
— 0.2 B —_ = Cycle:s i
Cycle:5
= Wos I
£ z |
2 z
8 n i |
T i =
5 (" B |
@ { v 0.3
T o1 i \‘ T f
| \ /
V. Jod 02 N /
A\ Vo A
_\‘.,\f‘/‘ ‘\ 0.1 X
0.0 0 = - — =
45.0 50.0 55.0 50.0 20.0 25.0 30.0 35.0 40.0 45.0
Temperature:°C Temperature: °C
a. b.

Figure4.3 An example of analysis of the onset temperature for Peak 1 (a) ak@ F&aof 10% SSS
solution (under the same cycle) for Par6 369 mg. (all the data is normalized to 1 Cfmin).

Peak 1

As shown in Figurd.1, Reakl is associated with the first exothermic evémting cooling
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Figure 4.2 (a) shows thathenthe cooling rate increases, the onset temgieire and peak
temperature of €kl shift toalower value Very little difference was observed between
onset and peak temperature values. Hendeigure 4.4thedifference between the onset
temperatures at 1, 5 and @min and the onset value 46 CPmin are plotted as a
function of thecooling ratesThe maximum valuef the onset temperature (51.66.87C)

as expected, corresponded to coolatgl Cfmin. When cooling rate increase)e
differencebetween peakinset temperatesdecreases, which means the onset temperature

beamelower andcloseto thereference valuéat 15 C°/min).

Peak 1
25
= XPan 1 (4.142 mg) _Peak 1
2.0 X

O Pan 2 (6.369 mg) _Peak 1
.
§ 1.5
]
® =
g 10
]
S
] 0.5 .4
(&)
c
o
)
£ 0.0 -
(@]

-0.5

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Cooling rate: C/min

Figure4.4 Difference betwen the onset temperatudeak lat 1, 5 and 10 C’min and the onset value at
15 Cfmin (internal reference for each paarke plotted aa function of the cooling rates for Pan 1 and Pan 2
separately. Error bars are smaller than the symbols in tha.grap

Peak 2

As shown in Figure 4.2 (b), Pea@ks associated with the second exothermic event during
the cooling step. Peak 2 has a larger area unttr@mitPeak lwhich corresponds to a larger
enthalpyvalue (e.g., at 1 C’min, Peak 2 is 23.24 +1.72 afyd Peak 1 is 2.92 +0.39 J/g).
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At the slowest cooling group (1 Cfmin), the onset temperature is 40.20 £0.85 €, which

is the maximum value among other groups. For comparison between different groups, the
temperature differences between 15 CPmin arlden cooling rates (1, 5, and 10 C?min)

are plottedas afunctionof cooling rate for Pan 1 and Pan 2 separately (Figure 4.5). When
cooling rate increases, the difference of onset temperature decreases, which means the
onset temperatutgecamesmaller anatloserto the reference value (15 Cfmin). However,

the span of the variation is 10 C; whereas for the first onset the span is only 2.2 C?

Peak 2
12.0
X Pan 1 (4.142 mg) _Peak 2
10.0 %
+ Pan 2 (6.369 mg) _Peak 2
8.0

6.0 %

Difference of temperature$C

2.0 T
L
A
0.0 X
-2.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Cooling rate: @min

Figure4.5 Difference between the onset temperatafeBeak 2at 1, 5 and 10 C’min and the onset value at
15 C?min (internal reference for each pan) are plotted as a function of the cooling rates for Pan 1 and Pan 2
separately (no crossing analysis between pamg)r Bars are smaller than the symbols in the graph.

Summary

The onset temperature of Peak 1 and Peak 2 decreased as cooling rates jmcratsed
pans and replicateAs shown in Figure 4.4 and 4.5, for Peak 1 and Peak 2, the difference
of onset tempeture becomes smaller and cldge the onset value at 15 Cfmin when

cooling rate increasedhe presence of two peaks for tristearin in dodecane solution
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contrasts with the single peak observed during crystallization of pure tristearn. In
previous stdy by Wang (2016)pure tristearin onlghowed one big lboad crystallization

peak under acooling rate of20 Cmin. The onset temperature of this broad peak was
49.58€C (Y. Wang, 2016) That onset value was clode the onsebf Peak 1(51.65 +

0.07€) . Both of them are lower than the meltingpant t he U pol ymor ph,

The difference between thme |l t i ng poi nt of U polymorph
temperaturenaybedue tothe different TAQiquid structures formed in pure SSS and 10%

SSS solutin. Specifically, in pure SSShe liquid is made only of the same type of
molecules as the crystal network. In #@% SSS solution, SSS molecules are distributed

in the bulk dodecane, forming a diluted solution. SSS molecn#gsbeentangledwith

dodecar moleculeslue to the affinity of their aliphatic chainkhis affinity would help to
disperse the SSS molecules in the dodecane continuum. On the other hand, SSS molecules
may also form clusters due to the attraction between their glycerol cores. dresse/culd

form moderately polar regions, in the Rpolar sea of aliphatic chaind/hen the solution

is cooled davn, SSS molecules ne&aladapt their liquid structures to crystaliZéus, for

10% SSS solution, the occurrence of two peaks during ciyatadh could be explained

by a twastep structural change hypothesis. SSS molecules may first form a metastable
polymorph, releasing energy. Hence, as indicated in Figure 4.1, a shallow peak, Peak 1,
appeared first in the thermogram. After this fatgtp a structural rearrangement may occur,
which shifts toward a more stable polymorph. This rearrangement precesso
exothermic. For example, atCfmin, the formation of amore stable polymorph releases

40.20 +£0.85 € J/g, which is larger than tf#92 +0.39 J/gof Peak 1 (ai Cfmin). As

shown in Figure 4.1, a shagmset and broathil peak, Peak 2, appeared later in the
thermogram. For pure SSS, a similar exothermic structural conversionJftorh was
observed to take place % € (Nielsen, 201Q)

On the other hand, there is also a possibility that SSS molecules formed two different
polymorphs but no total conversion between these structures took place. A portion of SSS
molecules may firdiorm one metastable polymorphs, which is associated with the shallow
Peak 1. The rest of SSS molecules then may crystallize in another polymorphic form, which
is associated with the larger Peak 2. These two different structueasstand no structure
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rearrangement take place during exothermic progedsfinite conclusion cannot be made
without the data from XREneasurements which helps to identify the structures during the
crystallization However, analysis of the enthalpies can provide additionaihtisThe
clustering hypothesis the initial crystallization happens into the alpha polymorph, in the
clusters that already have their TAG molecules very close together, forming an almost

Adodecane freeodo region.

This DSC test provided a thermal referenaedelecting the temperature profiles for the
polarized light microscopy, rheology, and XRD experiments. From Figure 4.4 and Figure
4.5, it is possible to estimate the highest temperature allowed to ensure that complete
crystallization has happened, fogi@en cooling rate. For example, theaximum cooling

rate is 3 CPmin for static XRD. At this cooling rate, the onset temperatures of Peak 1 and
Peak 2 are approximately 51 € and 38 €. In order not to exceed the Uippiera lower
temperature, 35 € wa set as the maximum crystallization temperature. 35€C was chosen
to keepconsistenin setting the other crystallization temperature in the order of multiple

five.

4.1.2 Melting-dissolution Temperature

Temperature:AC
0 1OU).O 20.0 30.0 40.0 50.0 60.0 70.0 80.0
-0.3
o
s
= -05
o
[
g
T -0.7
Pan 1: 4.142 mg
Cycle: 1 )
-0.9 Heating rate: 1@AmMiIn
Cooling rate: 1 Cfmin
-1.1 Cooling rate: 5 Cfmin

Cooling rate: 10 Cfmin

Cooling rate: 15 Cfmin
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Temperature:AC

010 10.0 20.0 30.0 40.0 .0
-0.1
-0.3
@
=
= -05
o
LL
§ Peak 4
T -0.7
Pan 2: 6.369 mg
Cycle: 1
-0.9

Heating rate: 1@CAmin

Peak 2 Cooling rate: 1 Cfmin
-1.1 Cooling rate: 5 Cfmin
Cooling rate: 10 Cmin

Cooling rate: 15 Cfmin

b.

Figure4.6 (a) An example of analysis diie onset temperature for Peak 3 and Peatkl®% SSS solution
(under the same cyclg for Pan 1 (4.142 mg). ()n example of analysis dlfie onset temperature for
Peak 3 and Peakaf 10% SSS solution (under the same cylgléor Pan 2 (6.369 mg).

After being kept isothermally at 0 € for 10 min, the sample was then heated up to 70 €
at 10 Cfmin. As shown in Figure 4.6, Peak 3 and Peak 4 are produced by an emilothe
event during the heating step. Peak 3 is a group of peaks overlaid together. The onset
temperature of Peak 3 is 44. 81 +0.09 €), which is lower than the melting point of
53.24€C (Literature m.p. is 54.3 €, (Wesdorp)) from a previous study of puBesS ( U
polymorph) by Wang (2016). For Peak 4, the onset temperature is hard to calculate

accurately due to the influence of Peak 3. The onset value of Peak 4 is @@o@hd

which is | ower than the melti ng(lLapigneatt of
al., 1993)

For 10% SSS solution, the appearance of Peak 3 and Peak 4 may be explained by the
coexistence of two different structures. Additional XRD experiments are necessary to
identify the possible structures that are associated with these th& pea

This DSC test provided a thermal reference for selecting the conditioning temperature for
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the polarized light microscopy, rheology, and XRD experiments. For static XRD
experiments, the conditioning temperature is set at 70 €, which is lower tha@ 8tat

is recommended for pure TAGs and TAG mixtures (Marangoni & Wesdorp, 2013). The
lower conditioning temperature is chosen to minimize the evaporation of dodecane. For
experiments under shear flow, the applied shear enhances the mass and heafltnansfer.
onset temperature of melting takes place at a lower temperature (depends on shear rate)
compared to static condition (e.g., the onset temperature of melting was observed around
54 € at 0.9 st in PLM test). Hence, for experiments under shear floe,cnditioning

temperature was set at 60 € to protect the volatile solvent.

4.2 RHEOLOGY

The 10% SSS suspensiwas first meked (step a) and theoooled down to theelected
crystallization temperature€., 35, 28, 20, 12, 5, 05 € ). Before shear spal, a preshear
oscillatory stepc (200 s) was performed tomeasurethe primary structure of 10% SSS
suspension after cooling steplh.the following stepd, the samplewas shearedt the
selected shear rate (0.9, 9, @O s', ideal estimate for Newtoan) for 1200 s A
subsequenaftershearoscillatory step ewas appliedfor 200 s. Each experiments

replicated three times artide average values are discussed in the following sections.

4.2.1 Apparent viscosity after initial crystallization

First, we disass the behaviour of apparent viscosgy With respect to time within each
shear rate group, as a function of temperature (horizontal analysisqverage values of
d (after 1000 s) are plotted in FigutelQ

4.2.1.1 Apparent viscosity. 0.9 stin step d
The datdor d with respect to tim@&nderashear rate of @. S tfareshownin Figure 4.7 (a)
The applied shear 0.9 sawsed a dramatic reduction dhin the first 200 s compared to its
initial value, exceptfor the 28 and35 € data. Notice how in Fig 4.7 (agfter 200 sgd
slightly fluctuated util the end of step dAt 28 € , d decreased rapidly in the first 200 s
as in in other temperatures, ibenincreasd slowly for the rest of step At 35 €, d

exhibited a slow increasinggiern through the whole stelp
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At the end of step d, amondgffdrent temperature groupthe final value ofd slightly
decreased as temperature dropped dexeept the 28 € dataFor 28€C , d obtained the
largest value among the all temperature data

In the first 200 s, the applied shear 0.9caused a reductidn d which may indicate a
breakdown of the ngvious structure formed in step c. As shown in Figure 4.7a(a)
periodical pattern was present in all temperature grodipgre are two possible
explanations for this fluctuation behavior. First, the periddmarve nay indicate
oscillations growing with time and scaling with the rotation period of the rheometer.
According to Tarabukina, Jego, Haudin, Navard, & PeuDistlier (2009), at low shear
rates, these oscillations may arise due to the formation af metwork and subsequent
phase rearrangements under shear, which leads to more compact zones and releases
interstitial liquid. This process results in the network rupture. And these oscillation network
formations will be prevented at high shear ratesdfakina, Jego, Haudin, Navard, &
PeuvrelDisdier, 2009. On the other hand, the fluctuation may be an artifact of the
rheometer under small shear rate (0.9.dn this experiment, our sample is a diluted
solution rather than @iscousTAG mixture. Theredre, the oscillation network formation
may not likely occur in 10% SSS suspension. The periodical curve is most likely caused

by the limitation of AR2000 under small shear rate.

4.2.1.1 Apparent Viscosity: 9 stin step d
The data fod with respect to timeinde ashear rate 09 S *areshownin Figure 4.7(b).
The applied shear 9*'sausedtwo steppatterni n exceptfor the 35 € data.d increased
rapidly in the first 400 sompared to its initial valuendthen grew slowly during the rest
of step dAt 35 €, dincreaseaslowly during the whole step 4t the end of step d, among
different temperature groupg increased atemperaturaeropped dowrexcept the 28 €
data(i.e.,d obtained thénighest valuat 28C amongthe5, 12, 20 and 3& data)

4.2.1.2 Apparent Viscosity: 90 s'in step d
The data fod with respect to timender ashear rate 080 s ! areshownin Figure 4.7(c).
The applied shear0%?! caused a dramatincreasean the first 200 sn d compared to its
initial valueand then slightly deeasedhrough the rest of stepekcepftfor the 35 € data.

At 35 €, d kept increasinglowly during the whole step dt the end of step d, among
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different temperature groupsindreased atemperaturelropped down.

4.2.1.1 Apparent viscosity: 900 s' in stepd
The data fod with respect to timender ashear rate 0900 s * areshownin Figure 4.7
(d). The applied shear 96! caused alight reduction ind compared to its initial value
exceptthe 35 € data At 35 €, ( started to increase draneily in the first 200 s
compared to its initial valuand then slow decreased through the rest of staptte end
of step d, among different temperature groupscreased atemperatureropped down
except for the 35 € data. At 35 €,d reachedthe maximum wlue among the all

temperature group.

d almost kept constant under the shear rate 9Q@scept for the 35 € datajOne possible
explanation is thetrongest shear force produced by the applied Si0€e$®. The structuz
changes may take place sotftmat rheometecannot record therand then only eéxbits
the steady state value @f
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(a) Apparent Viscosity 1 (0.9 s71) (b) Appatent Viscosity 1) (9 s71)
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Figure4.7 Apparentviscosity asafunctionof time (step d)for shearates (a)0.9 st, (b)9 s?, (c)90s?, (d)900s™.



4.2.2 Complex viscosity before and after application of shear
First, we discuss the behaviour of complex viscosjty (vith respect to time within each
shear rate group, as a function of tempeeathorizontal analysish step c pre-shear

oscillatory) and step eafter-shearoscillatory).

As shown in Figure 4.8 and Figure 4i8 step c, the applied she@r9, 9, 90 and 908Y)
causedareducto i n d* ¢ o mp safueahd theo lptialinast constant duriad
the res of time except for the 35 and Z3data. At 28 and 35 €, *slightly increased
during step c. At the end of stepammong different temperature groyps*decreaseas
temperatur@ropped dowrexceptfor the 35 and 28C data (i.e.d *obtainedthe smallest
value at 35 and 28 € among all datahe values off* at the end of step ¢ anchee plotted
in Figure 4.10.
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(a) Complex viscosity n* (0.9 s7)
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4.2.2.1 Complex viscosity: 0.9 3
In step e, the data fap* with respect to timainder ashear rge of 0.9s' ! areshown in
Figure 4.8 (apnd Figure 4.99* begun to decrease rapidly in the first 50 s compared to its
initial value (lower than the end value of step c) and then kept almost constant during the
rest of timeexceptfor the 35, 28 and 20C data. At 35 and 20 €, after the first 50¢,*
slightly increased during the rest of step e. At 28(C*ept increasing during the whole

step e.

At the end of step eamong different temperature groups*decreasedstemperature
dropped dowr(smaller thanits end value of step c) except for the 28 € data (ide*

obtained the maximum value at 28 € among all the temperature groups).

4.2.2.2 Complex viscosity: 9 &
In step e,lie data fod *with respecto time under a shear rate of'$ are shown irFigure
4.8 (b) and Figure 4.9, the applied shear caused an slight increhgexoeptfor the 35,
28 and 20 € data. At 35, 20 and 28 @), *exhibited an fasgrowthrate.

At the end of step eamong different temperature groyups*decreased aemperatre
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dropped dowrexcept br the 35 € data (i.e., aB5 °C, d *is smaller than the value at 20
and 12 € data).

4.2.2.3 Complex viscosity: @ st
In step e, e data ford *with respecto time under a shear rate of 96 are shown in
Figure 4.8 (c) and Figure.9 the applied shear caused an increasdg A slowly

increasing pattern was observed at 35 €.

At the end of step eamong different temperature groyps*decreased aemperature
dropped down except for the 35 € dafee., at 35 °C, d *is smallestamong all the

temperature groups).

4.2.2.4 Complex viscosity: ®0s?
In step e, he data forq *with respecto time under a shear rate of 908 are shown in
Figure 4.8 (d) and Figure 4.9, the applied shear caused a rapid increase the first
150 s andhen kept almost constant during the rest of stegeptfor the 35 € data. A

slowly decreasing pattern was observed at 35 €C.

At the end of step eamong different temperature groups*decreased aemperature
dropped down except for the 35 and 28J@ta.(i.e.,at35 °C, d *is smallest among all the

temperature groups).

4.2.3 Summary
The influences of different shear rates (0.9, 9, 90 and '9p@usd temperaturesy, 0, 5,
12, 20, 28 and 35 €) on 10% SSS solution are shown in Figur@ and-igure4.11.

In Figure 4.10 (agnd (b) daverage (from 1000 s to 1200 s) is plotted as a function of
temperatue and shear rate separately. Under the same temperthidigedecrease@s

shear rate increasedBrom -5 to 35€C , daverageshowed different changingends: at the

lowe shear rated(9s 1), daverageincreased slightly as temperature increased; at the medim
shear rateqs' 1), daveragegradually decreased as temperature decreased; at the highest shear
rate @0 and 900s 1), n kept almost constant regéess of temperaturdhis different

pattern indaverageat 0.9 *may be due to an artifact of the rheometer under small shear rate.
There is a possibility that a critical shear rate exists betweert 8065900 S'. Below this
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critical shear rate, thapplied shear may enhance the crystallization of SSS in suspension
and leaves a harder structure in step.g.(d's 0 i 190 & 100 9 ).s<Qnce exceeds this
critical value, the applied shear may weak®n crystallization of SS# suspensiomnd

result in a softer structure in stepeeg(,d's 0 =1 19th 0 ).sA definite conclusion cannot

be made without the data from XRD measurementker the same conditions.

In Figure 4.10 (c) and (d), at the end of stéafeer-shearoscillatory), d" averae (from 1560

s to 1®0 s)is plotted as a function of temperatarel shear rate separata{javerageshowed

a two-step pattern (except for the 0’9 group), where averageincreased as temperature
increased fromb to 20 € and then decreases as temgure increased up to 35 & average
reached the maximum value at 20 € while obtained the minimum value at 35 €. At 0.9
S, d"averageslowly increased during the whole step e. The fluctuation of data may be an

artifact of the rheometer.

In Figure4.10 (e) and (f), at the end of stefbeforeshearoscillatory), d”average(from 150

s to 200 s)s plotted as a function of temperatared shear rate separateljaverageshowed
a two-step pattern, whem averageincreased as temperature increasethfi5 to 20 € and
then decreased as temperature increased up to 8bafeagereached the maximum value
at 20 € while obtainedhe minimum value at 35 €.

In Figure 4.11 (a) and (b) averagelS plotted as a function shear rate in allog scale gralp.

Most of data (from 28 te5 €) followed a linear trend, which can be explained by the
power law model. The k and n value calculated from the fittings showed that 10% SSS

suspension is a shear thinning material. At 35 €, the scattering data<eferesulted in

a poor fitting of pow law model, which needs further investigations. In Figure 4.11/(b),
o is plotted as a function shear rate in a-log scale graph. Althougho (dodecane)

decreased as temperature increased, the valués @followed the similar trend in Figure

4.11 (a). The change of did not influence significantly.
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The influence of the applied shear on SSS crystal structure is shown in Figure 4.12 with
the data abC. In step c,d’ decreased slow and weed a stead end value. After shear, the
value ofd" changed in different patterns: after the applied shear of §.9" decreased
rapidly in the first 50s and kept almost constant during the rest of time; after the applied
shear of 9, 90 and 909, d" increased rapidly in the first 50s and kept almost constant
during the rest of time. However, the end of steg dye closed to the end value last step

c in the 90 and 90§ ! data.
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4.3 PLM
Polarized light microscopy (PLM) was used to look at the microstructural development

under shear flow (corresponding to theat®ep d in the rheology measurements).

4.3.1 Morphology

After cooling down to the selected crystallization temperature, 600 s of a constant shear
was appliedo the sample.igure4.13 and 4.14how clusters of crystals crystallized under
static andshear (.9s?) condition at 35 €. InFigure 4.13optically detectable clusteras
observedafter approximately 1 min, wheeelargecluster of crystals appeared within the

dark liquid background. At 2 min, the amounts of clusters had increased. Some of the
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clustes began to grow into a spherulitic shape. At 3 min, the number of clusters had
increased slightly. The shapes of these clusters of crystals were developed in different ways
in 3 mins. In the rest of experiment, most of the clusters developed into algigheru
morphology and some clusters Hagken attractetb each other. According t8onwai &
Mackley (2006)van der Waals forcemrepresumed to leab some forms of aggregation,
which readily occurred as soon as thecfastersattained a certain minimusize(Sonwai

& Mackley, 2006)

t=1 min t=2 min

t= 3 min

Figure4.13 PLM images of 10% SSS solution at 35 € immediately after a cooling step (horiontal
0,1,2,3,4 and 5 mirip static condition

The shapes of clusters of SSS crystals formed at a low shear rate 8fi§.8hswnin
Figure 4.14This lowshearrate significantly changed the morphology of clusters. The first
optically detectable cluster was observed within.1Dh& number of clusters increased as
time elapsed. Some of the clusters exhibited a mixed morphology (fi&edéructure

and platelets).

The applied shear seems to prevent the formatitargdéspherulites to some extent. Some
clusters are forced texist as small fragment¥hese littleclusters may be broken pieces
formed by collisions among the big spherulites under shear. In this experiment, clusters of

SSS crystals started aggregation after 20 s. Between 30 s and 50 s, there were no significant
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changes in size of these clusters of SSS crystals. At 50 s, the size of the largest cluster was
obviously smaller than tHargest clustein thestaticexperiment at the same crystallization

temperatureBesidesthere were more aggregations of clusteastthe static experiment.

A low shear rate can increase the chances of SSS molecules in the solution to contact each
other and integrate into the crystal surface. Besides, a low shear rate can increase the
possibility of small clusters of SSS meeting am®ther and forming larger clusteiithe

applied shear can also facilitate the heat transfer and then prevent the inhomogeneous and

instable temperature distribution in suspension.

200 pm

Figure4.14 PLM images of 10% SSS suspension at 35 € immediately after the cooling step b at a shear
rate 0f0.9 s! (images were taken at 10 s interval).

The shape and structure of clusters of SSS crystals under shear flan)(@@re quite
differentfrom the oneunder static conditionThe presence of more crystallingaterial
immediately after thehear step indicates theltear enhanced the crystallization process
Understaticconditiors, thesample crgtallized on and ilvetween the clusteresulting in
larger aggregates. A shear of 0 9resulted inalargenumber ofcompactclusters Small
aggregations and network formatstook place during the shear step. According to
Kaufmam, Graef, Dewettinck, & Wiking2012) the network structure undehe shear
condition is different from thstructureunderstatic condition. The latter is firmer with the
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formation of solid bridges between existing crystal struct(asfmann et al., 2012)

However, the polymorphic struceiand phase transition of the sample crystallized in the
CSS450 canndbe determinedvithout XRD data. In this research, the imaging of SSS
crystallized under higher shear rates and crystallization temperatures is problematic. The

nonrepeatable behaviods clusters of SSS crystals wile discusseth the next part.

4.3.2 Early crystal growth

PLM is a well-developedtechniquefor the image analysis of the microstructure of fat

crystal networksPL M al | ows us t o) tatsistrequradfa cstabk® t i me
reach the critical size and be visible under microscAfigr obtaining images, a procedure

of thresholding was done to convert the acquired grayscale imaggm@ages that consist

of a broad range ajfray tones that go from pure white to @itack) to binary images€.,

images that are merely in black amtite). This procedure can help to separate clusters of

SSS crystals and background.

Figure 4.15hows an example of thresholded images of polarized light micrographs under
35€C with shear9s?. In these three replicates, the first cluster of SSS crystals was observed
at different timesThis nonrepeatable behavior also took place among other replicates at
higher shear rateb some replicates, thewaseven naclustersobserved durig the whole
experiment. On the other hand, wiauasterswere observedamong replicates, the shape
and size otlusterswere different as showm iFigure 4.15e), (g) and (n). Replicate 1
exhibited a mixed morphologyf spherulites and needli&e clustes. Replicate 2 showed

a sandike structure with much smaller spherulites. For replicateli&ters exhibited a

rhomblike structure
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Figure4.15 An illustration of thresholded images of polarized light micrographs under 35€ with Stsear
L. Three replicates are chosen to show the low repeatabilidyaofl crystal morphology (Replicate: (a) to
(e), Replicate 2: (f) to (g), Replicate 3: (h) to (n)).

There are several possible explanations for these phenofrtenarystallization of SSS

out of solution may take place before the start of step c. Ideladlystep b (cooling step)
should be an instantaneous step where temperature drops down to the designed temperature
instantaneously. In fact, it took approximate 1.7 mins to lower temperature from 60 € to
35 € during step b (cooling rate: 15 Cfmin). Naei may appear earlier then we expected
during this cooling periodMoreover, these nuclei can act as crystallization sites for
secondary nucleation, where nelustes form on contact with existing nuclei, or crystal
fragments. The secondary nucleatiah mappen once the primary nucleation has occurred.
Hence, the crystallization of SSS caccurearlier before step ¢ due to the induction by
some earlier formed nuclei in the cooling step b. In other words, the time zero we set may
not really match thectual start point of crystallization of SSS, which may explain the low
repeatability among the replicates.

Another possible explanation is the limitation of relatively small observation area of the lid
of CSS 450 stage, as shown in Figure 4.16 (a). Tleeadreindowis 6.15 mm. Whenthe
sampleis loadedon the bottomplate, theeffectiveobservation area is equivald@nta57

mn? ring per turn during shear measurements. (an orangeareain Figure 4.16 (). If
consideing that the 1600x1200 field ofiew was the only one being recorded, the size of
filed of view is1.2x 0.9 mm. This ring takes up less than 8%4otal area of the whole
quartz plate per turn during shear tests. The images obtained from the small observation
area may not really captutike first optical cluster of SSS crystals. The nucleation may
already occur outside of the ring. Hence, the time zero we set may not really match the
actual start point of crystallization of SSS. The time we recorded should be a sum of two
terms: the timef the first optical cluster appeared and the time of this cluster diffused to
the observation area. On the other hand, in this refse20%SSSsolution is a dilute
sample, which means the possibility of observing&scrystal in the ring area is much

lower than pure SSS. Thus, the second term, diffusion time, cannot be ignored.
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Figure4.16 (a) The configuration of the quartz plate the lid (b) Theconfiguration of the quartz plate
the bottom plate.

As shown in Figure 4.17rdm O to4s,theclustes of SSS crystals d@Arin
from the outer edge to the centre of the qupldite. This phenomenon was observed by

opening the lid righafter cooling the sample down to 8 The crystallization of SSS

may first occur at the outer edge of quartz circle plate and move towa=theIn this

c a s e is thetsem obitwo terms, nucleation timie ( the time needed to form the first

crystal) and diffusion time.g. the time needed for the first cluster of SSS crystals diffused

into the observation area and be captured by the cariiés@nonrepeatable data fdg

canbe explainedy the difference in the diffusion time adtference of thepossibilityof

aclusterof SSScrystalsfirst captured by the camera.
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t=0s

t=2s

t=4s

Figure4.17 The movemenof SSS molecules on the quapiate on the bottom plate

4.4 XRD

Tristearin

arrangedn a hexagonal chain packing and characterized by a short spacing from 4.1 to 4.2
b 6 gédriroan ortharhomabic icheain packing and identifigdabshort
and 3.8 .

P . The

spacing

at

(SSS)

4. 2

can

form

t hree

The b

di f fserent

f orm

reflection at 4.6 A, and the other two strongkeat 3.85 A and 3.7 A (Table4.

Tmelting short spacings | long spacings
C)__» (A) (A)
o 54,5 4,1-4.2 50,6
B’ 84,5 42 ; 38 48,2
i} 72,5 46 ;, 3.85 ; 3,70 45

Table4.1 ThecharacteristicKRD peaks fottristearin fromliterature(Lavigne, C. Bourgaux, & M.

Ollivon., 1993)

4.4.1 Effect of temperature on polymorphism of 10% SSSdution

Wide angle (small¢ p a c i n g )i30Yi® used o idenAify the polymorphic form
present insamples The obtained -@pacings define subcell within the crystal lattice via

Braggs equation(Small, 1966) Figure 418 shows an example af histogranof signal

intensity

as
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a doaled dotvm faom 80dCfto 2@ @ at & aooling®eSO6
5Cfmin. The presence gqfeals (at 3.65, 3.82, and 4.569) confirms that the predominant
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Figure 4.18 A histogram of signal intensity as a functiohdiffractiona n g | 4°to3@} fdr SSS after
being cooled down at 5 C?min from 80 € to 20 §Marangoni,2013)

A similar result was obtained in this research. 10% SSS was first melted to erase all history
(step a) for 10 minuteand th@ cooled from 70 € to the designed temperature (35, 28, 20,
12,5, 05 €) at a rate of 3 Cfmin (step b). After reaching the set temperature, 10% SSS
was then kept isothermal for 600 mins. To guarantee the quality of images, a long exposure
time was cbsen due to the low signal intensity of cdray beam. Each image was taken

every 60 s, hence theneere 600 imagefor each temperature.

An example of peak fitting resultf WAXD dataof 10% SSS solutioat 35 C via lgor

Pro is shownn Figure 4.19The residual plot (Figure 4.19 (bpperplot) shows the error
of fitting is no more than 1%. Thedaa plot (Figure 4.19b) (middle plot) is the original
WAXD of 10% SSS (intensity versus d)he fitting plot (Figure 4.19b) bottom plot)
shows the fittd results of WAXD peaks of 10% SSS solution (intensity versu3tp.
green line is the baseline of the fittindnélfe are six peaksbtainedrom Igor fittingresults.
Amongthese peak it is found thaipeak 1, peak ,4andpeak 6Gareat 4.6 A, 3.85 A, ad

3.7 A correspondingly. The locations of these three peaks indicate that SSS crystallized in
113



b form when kept aB5 € . Following the same method, thesgacings of peak 1, peak 4,
and peal6 at other selected crystallizatitemperatiresare summarizeth Table 4.2. The
high consistencyn locations ofthese three pealsdicates that SS&rystalizedint he b
form under all temperature groups.

(a).

@ Residual plot
(b).

== Data plot

o )
e -

os¥8s 8 3288F3 553

4 Fitting plot

Figure4.19 (a) An example of atack of WAXD image o0 % SSS solution at 35 € with a cooling rate
of 3Cfmin. (b) An example of the correspondifiged Wide-Angle diffraction patterns of 10% SSS
solution.
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