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ABSTRACT

The peak position ofwide angle x-ray diffraction patterns of nanocrystalline
triacylglycerok is affected by the temperatufi@ observe this effect quantitatively, pure
triacylglycerok andtriacylglycerol mixtures werecrystallized in a desired polymuh in
capillaries or aCouette system. The crystallized samples were kept at different
temperatures and shear rates. The detailed WAXD patterns were obtained dmingen
x-ray and synchrotrorx-ray sources When the temperature increaséte dspacing for

the peaks with small-dpacing increaskas well. However, the-dpacing for other p&a
remained unchanged or just hmdery small change. The relationship between differences
of d-spacing for the peaks with smaHls@acing and temperature can be used to estimate
the real sampleemperature, especially undagher shear rateThis provides a new way to
monitor and contl the temperature of the system under study and the effectroEhegr

rate on nanocrystallingiacylglycerolcrystallization.
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CHAPTER 1 INTRODUCTION

With the development okociety, people have neverstaheir interest in findingnovel
methods to prepare food. People expect food to bring more pleasure to their lives.
Therefore, food scientists and technostgidevote themselves to advance the science of
food and ensure a safe and abundant food supply. The food industry is doing its best to
satisfy the need of providg good texture and taste &dod products. The understanding

of food ingredients and the the@ds to modify and manipate the ingredients to get
better food are more and more important. Luckily, food science provideghua large
platform to achieve better food.

Dietary fat is one of the main nutrients for humans. Dietary fat provides pettple
energy storage resources. More impohianit provides essential fatty acids to help
regulate body functions and carry the-gatuble vitamins. From the point of view of
food, dietary fat is also an important ingredient in many daily foods, suchoaslate,
margarine, butter, spreads and baked products. Dietary fat providesrey ¢exture and
special mouthfeel of the products. It ab plays a critical role ifiood structures. Fat
crystallization, the formation of solid fat crystals, always osaduring the industrial
manufacturing and the storage of theldased foods. It has a great impact in the texture,
shelf life and food quality of the fdtased foods (Metin and Hartel, 2005). In order to
improve the quality and the ability of fahsed fods to meet the current market
demands, a better understanding of the fat crystallization process of dietary fat from
physics, chemistry and biochemistry is neetfzatoet al., 1999).

Many researches show that the sensorial attributes of many comnrimséat foods are

derived from the network structure of the crystalline fat (Narine and Marangoni, 1999,



Wright et al., 2000, Mazzangt al., 2005). Many sensorial attributes, such as texture,
spread ability and mouthfeel, are dependent on the mechanerajtbtiof the fat crystal
network (Narine and Maranggnil999). Some factors play an important role in
determining the crystallized fat structure, such as the solid fat content, microstructure of
the crystal and the types of polymorph. The processing ¢onslitsuch as crystallization
temperatures, shear rates and cooling rates, have great effects on the fat crystallization.
The complexity of natural fats in the fiahsed foods Ilimits the accuracy of
manufacturing and results in uncertain quality of thedpets. This research aims to
observe the behawo of nanostructure during the lipid crystallization process under
several constant temperatures and shear rates xssagdiffraction techniqueslt was
noticed in previous studies that the peak positionwafe angle x-ray diffraction
(WAXD) patterns is affected by the temperatiiazzanti, unpublished)n order to
observe this effect quantitatively, crystallization of different kinds of tridggégols
(TAGs) and their mixtures, which are normally the main or critical components of the
food products, are studied at different controlled temperatures and sheartiswhesis
describes how different WAXD peaks change their position as the tatapechanges

and provides a neattempt to study the change of sample temperature whkear rate

is applied.lt is particularly interesting that the anisotropy of the nanocrystasident

by these changedhe findings of this research should helpufe studies of academic
researchers arttie food industry to develop a deegarowledge of lipid crystallization,

leading to betteproducts and manufacturing procedures.

1.1 Objectives

The general researchim of our labis to gain a better and widenderstanding of the

2



characteristics of thegiacylglycerok crystallizing under different temperatures and shear

rates.

The specific objectives of thiEhesisare

1 To study how different WAXD peaks of the pur&cylglycerolcrystals change their
position as the temperature changes.

1 To observehow different WAXD peaks oftriacylglycerol mixture crystals with
difference proportions change their position when the temperature changes.

1 To investigatehow the WAXD peaks ofriacylglycerol crystals chang their position
under shear whrethe temperature changes under different shear rates.

1 To compare the change of WAXD peakstiidicylglycerolcrystals with and without

shear.

1 To utilize WAXD vs. temperature asan intrinsic thermomete to study the

thermomechanical increase of temperature at high shear rates.



CHAPTER 2 LITERATURE REVIEW

2.1. FatCrystallization

In the food industry, fat crystallization has been applied in two ways: ottefgsocess fat

crystal containing products, such as chocolates and margarine; the other one is to separate
specific fats and liquid materials from natural resources (Satal).26@t molecules
rearrange themselves to form a solid crysiallattice from a supersaturated liquid or
solution. Fat crystallization is a kinetic process in which the lipid melt must be significantly
supercooled to start crystallization.

As shown in Figure 4, triacylglycerol (TAG) molecules crystallize from the melt via
mass andheat transfer to form crystals which then aggregate to particles, larger clusters,

until a three dimensional space filling network forfAsevedo and Marangoni, 2010).

Bulk fat

Figure 2-1 Schematic representation of the different levels of structure in a bulk fat
(AcevedoandMarangoni, 2010).



2.1.1Triacylglycerols

Triacylglycerol molecules (TAG), which have a complex polymorphism, are the main
component of edible fats. Triacylglycésoconstitute more than 95% of the edible fat
composition. They are composed by three fatty acids esterified to one glycerol unit. There
areseveralkinds of TAGs. One is called monoacid TAGs or simple TAGs, which means
thatthere is just one type of fatty acids attached to the glycerol unit, such as trilaurin and
tristearin. The other is called mixeaid TAGs or mixed TAGs. Two or three types of fatty
acids are attached to the glycerol uRif can be saturated (no C=C doriilonds) or

unsaturated (C=C double bonds)

] 0
|l |
H,C=—0—C R, Fatty acid, H,C==(Q == =R Fatty acid,
| ||
HC =—0—C—R, Fatty acid, HC=—0—C——R, Fatty acid,
I i
H. _qj_(l:l___R1 Fatty acid, H,C=—0—C——R, Fatly acid,
Simple Triglyceride Mixed Triglyceride

Figure 2- 2 The structure otypical saturated triacylglycerol molecaléMetin and
Hartel, 2005)

2.1.2 Polymorphism

Polymorphism is the abilitpf a moleculeto crystallize inmore than one crystalline form.

The crystalline form is dependent on the arrangement within the crystal lattice (Metin and
Hartel, 2005). Polymorphic forms are crystalline phases with different structural
characteristics, buwith identical chemical comgitions when melted in their liquid state.

In lipids, differencein hydrocarbon chain packing atite tilt angle of the packing atiee

cause of different polymorph3he formation of one gdymorph or anotheris mainly



influenced by the molecular structurand the external factors, such as temperature,
pressure, impurities and shear rate. The rate of crystallization can also affect polymorph

formation(Sato, 2001).

2.1.2.1Polymorphic Typesand Sub-Cell Structures

The chain length structure produceeepetitive sequence of the acyl chains involved in a
unit cell lamella along the longhain axis. This plays an important role in the phase
behavior of different types of TASGIn a solid phaseA double chain length (DCL)
structure is formed when the cheali properties of the three fatty acids are the same or
similar. A triple chain length (TCL) structure is formed when the chemical properties of
one or two of the three fatty acids are largely different from others (Sato, 2001).

A special sib-cell structue is defined s alateral crosssectionalpacking mode of the
hydrocarbon chains of TAG&/and and Bell, 1951; Hagemanand Rothfus 1993 van
Langeveldeet al. 1999. The subcellsare described by a capital letter and a symbol. The
letter indicates the symmetry (e.g., O for orthorhombic, T for triclinic, M for Monoclinic)
and the symbol indicates either a parallel (//) or perpendiculgsosition between the
zigzag planes of thédifferent chains. In crystalline fat there are 10 types ofcalib
structureghathave been revealeAmong thesdive subcell structures are predominant

H, O, O6, Ti, and M.

In the hexagonal (H) subceitructure, the twaimensional lattice is hexagonal and gives a
broad 0.41 nm wideangle x-ray diffraction pattern. The carbon atoms rotate several
degrees and form disordered conformations of hydrocarbon chains. This is why the chain
packing of the hexamal (H) subcell structure is loose and the specific ebla@in

interactions are lost. In the orthorhombic perpendic(tay subcell structure, the two
6



dimensional lattice is rectangular. This means a tightly packed lattice with specifie chain
chain interactions. This subcedtructure is characterized Istrong wide anglex-ray
diffraction patterns at 0.37 nm and 0.41 nrheTiclinic parallel subcell structure (T//) has

an obligue twedimensional lattice. There srongspecific chairchaininteraction because

of the tightly packed chains. This T// subcell structure is characterized by a strong wide
angle XRD pattern at 0.46 nm and week patterns at 0.39 nm and 0.38 nm. Tealisob

oo/ 1/ and M/ / contai n t h arraagedgirz & marallal Imammédr.at i ¢

There are several other saéll structures and some of them belong either tamOto T//

(Sato and Ueno, 2005).

Natural fats display complex polymorphisms during crystallization because they contain a
huge number and vanebf fatty acids. Thereate hr ee mai n f at crysta
(hexagonal sug e | | ) i s an wunstabl e for m:ell)bisfNga ( or t h
metastable form and hydrocarbon chains that are inclined with respecthiastdeplane

by about 108 €gress, and b ¢cellyis thel most stable ®rm kand has a triclinic

parallel sukcell with the hydrocarbon chains inclined at about 128 dediieskeuchiet

al., 2003).
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N W I N W O
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Figure 2- 3 (a). Chainlength packingstructure in TAG. (b). The polymorph sakll
structure (Himawan et al., 2006).



2.1.2.2.Polymorphic Transition
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The polymorphic transitions happeronotropicallyfrom less stable polymorphic forms to

more stable polymorphic forms (Ostwaldds
form the most stable subcelhd arrange to accomplish the most efficispacefilling
closepacking Marangoni & Wesdorp, 2013Figure 25 showsthat the polymorphic

transition within the solid phas®uld occur fromj tor6 g nmodfrom tor directly.

And all polymorphic forms can be crystallized directly from a hypothetical liquid crystal
structure (Sato, 1993). The recrystallization of a more stable phase from the melting of a

less stable phase can reduce the total activation energy ahgglyic transition if the

l i quid retains some organi zat isanmetimgddkes o , 19

place in the solid state. The hydrocarbon chain packing changeé woth end group

panes (1/3, 0, 1) from Owith end groups (1,1,1). Theverall packing is improved and

the stability relation between b6 and b cal
Melt
a |— > | ¥ — > B
hh" ’.'

Bl

Figure 2-5 Polymorphic transition pathway in fat (MaranganidWesdorp, 2013)

2.1.2.3BasicMethods for Studying the Polymorphismof Fats
There are many methods we can use to study the polymorphism of fats, such as@®5C,
diffraction and NMR. DSC analysis is the basic tool providing the data of temperatures,
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enthalpy and entropy values of melting,staflization, and polymorphic transitisnDSC
analysis is a prerequisifer isolation of individual polymorphic forms argktermination

of their thermalproperties andtability. XRD gives us the chance to study the molecular
structural information. Smiabngle diffraction patterns tell us the lamellar distance (long
spacing) while wideangle diffraction patterns reveal the subcell structure (short spacing)
of the crystals. SAXD patterns give information about the number of phases formed and
the amount ofeach phase formed as crystallization proceeds. WAXD patterns give
information about the lateral distances between hydrocarbon chains in a crystal, which are
characteristic of a particular polymorph. NMR is also a powerful tool for studying the
molecular onformations of the TAGs in a crystalline staddam-Berretet al.proved that
TD-NMR coud evaluate triacylglyceropolymorphism, independently from temperature
and chain length.T2 measurementare known to be a method for the determination of
different properties of TASs (AdamBerret et al 2008) Crosspolarization and magic

angle spinning NMR (CP/MAS NMR), tselpful for studying the molecular conformations

of the TAGs in a crystalline stafArishimaet al 1996)

2.13 Mechanisns of Crystallization

Three different events are involved during lipid crystallization. They are the induction of
crystallization, also called nucleation, crystal growth and crystal gienfie or crystal
ripening Vazque et al 2001). Becausef the continuous variation of éithermodynamic
conditiorsin acrystallization process, such as supersaturation or supercooling, these events
occur simultaneouslgndat different rates.

In order to study crystallization, several mechanistic models have been developed. The

FisherTurnbull model descrilsethe nucleation and molecular diffusion by establishing the
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dependence of nucleation rate on the activation free energy. The Avrami model is famous
for describing the mechanism of crystal growth and the overall crystalhzatie(Toro-
Vazque et al 2001) The application of these mechanistic models to simple and complex
lipids has given us lots of helpful information to study and understand TAG crystallization
(Metin and Hartel, 2005)

In this study it was necessary have a basic understanding of these mechanisms, to be
able to develop temperatdtiene protocols that produced the target polymorphic forms that

were sought.

2.1.3.1. Nucleation

When the temperature @f liquid fat decreases under the melting point of khghest
melting TAG in the mixture, the melt becomes supersaturated. This undercooling or
supercooling below the melting temperature of the crystallizing species forms the
thermodynamic driving force for changing from liquid to solid. The occurrence of
supercooling or supersaturation is a requirement to develop nuclgdM@mangoni and
Rousseau1999) Thi s thermodynamic drive brings tfF
until a critical size of monomers aggregates #weththermodynamially stable solid nuclei

are formed(Toro-Vazquez 2002) A nucleus is the smallest crystal that can exist in a
solutionin equilibriumat a certain temperaturéhe formation of a nucleus from the liquid
phase requires the molecules to organize into a crigdtale. Fats usually have to be
undercooled by at least 50 10°C before they start to crystallize. For a few degrees
below the melting point, the melt exists in a metastable region and the molecules begin to
aggregate into tiny clusters called embryBsbryos continuously form and breakdown,

but do not persist to form stable nuclei. The energy of interaction between TAG molecules
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has to be greater than the thermal energy of the molecules in the melt to overcome
Brownian effects. As the undercoolingimgreased, stable nuclei of a specific critical size
are formedMarangoniandWesdorp, 2013)

The nucleation rate is the major determining factor in the number and size of crystals
formed, their polymorphic form, and the ultimate distribution of cristalsolids(Metin

and Hartel, 2005) There are three most common types of nucleation: primary

homogeneous nucleation, primary heterogeneous nucleation and secondary nucleation.

Homogeneous Nucleation

The primary homogeneous nucleation occurs in pure solutions where the foreign interfaces
are absent and may occur in a melt when there is significant undercooling. The accretion of
molecules in the liquid phase is the base of the homogeneous nucleation.

Depending on temperature and supersaturation, an accumulation process occurs and
continues until a stable nucleus forms. Firstly, single molecules get together to form dimers.
By adding a molecule, dimers become trimers and eventualhuttieiform.

The creation of a solidiquid interface requires energy, leaditgan increase in the free
energy of the system; however, the creation of a nucleus also causes a decrease in the free
energy of the systerfMarangoniandWesdorp, 2013)The balance of these tnenergies
determines the criticalize of a nucleus, and its mathematical expression is known as the

GibbsThomson equation.

Heterogeneous Nucleation
In practice nucleation often occuiigs the presence of foreign particles or interfaces. The

presence of foreign particles, such as dust partclgessel walls, reduces the free energy
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required for nucleation. Foreign particles reduce the effective surface free energy because
the foreign suiace makes the crystaielt interfacial tension lower and the foreign surface
also provides some energy needed to overcome the formation of the crystal (ddefaTe

and Hartel, 2005)Therefore,primary heterogeneous nucleation requires a much lower
driving force (supersaturation or subcooling) thamogeneousucleation. Heterogeneous
nucleation is likely the result of interaction at the interface between the solid particle and

the fluid that is supersaturaté@darangoniandWesdorp, 2013)

Secondary Nucleation

Secondary nucleation is the process whmw crystal nuclei form contactgith existing
crystals or crystal fragment{dletin and Hartel, 2005)It normally proceeds once some
primaryhomogeneousr heterogeneous nucleation happened

Secondary nucleation is affected by many parameters. They include the driving force of
crystallizaton, temperature, foreign matteagitation, the size and number of existing
crystals, and the roughness of crystal surface. When crystal slagytased in a vessel,

the crystals contact with vessel walls, other crystals and the stirrer may leadue$eict

the existing crystal structure and finally the formation of secondary n(Mltin and
Hartel, 2005) Secondary nucleation may also acainen microscopic crystalline elements
are separated from an existing crystal surface.

Like primary homogeneousand heterogeneous nucleatisgecondary nucleation also
depends on the crystallization driving force (supersaturation or subcooling). At higher

supersaturation thesgemore stable nuclei being formesl@rangoniandWesdorp, 2013)
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2.1.3.2Crystal Growth

Once nuclei have formed and reached the critical size, they grow by incorporating other
TAG molecules from the liquid phase. The correatfiguration and the correct location

on the crystal surface are determirsaot the binding into a lattice when a new TAG
molecule migrates from the liquid phase to the existing nuMergngoni & Wesdorp,
2013)

For crystal growth to take place, the GAnolecules must migrate from the liquid phase to
the crystal surface. A growth unit, which is either an individual molecule or a cluster of
molecules, migrates to the surface of crystal until there is an appropriate site for
incorporation into the latticeCrystal growth keeps going as long as the driving force for
crystallization exists. There is a release of latent heat when the growth unit has been
incorporated. This energy diffuses away from the growing surface and makes the
temperature of the whole &¢m increas# the system is isolated. Wheime whole system

is either fully crystallized orit reaches phase equilibrium, no furtieeerall crystal growth

can occur(Metin and Hartel, 2005)If the system is kept isothermal, the heat will be
removed util the system reaches phase equilibrium.

The rate of crystal growth depends on several factors. They include the degree of
supercooling, the structure of the crystal surface, the rate of the molecular diffusion to the
crystal surface, the nature of thefage of crystaimelt and the difference between the rate

of the attachment antthe detachment of the moldewn the interfac€Fisher and Kurz,

1992) The crystal growth is also affected by lipid composition, tempesst and shear

rates (Mazzanet al., 2005).
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2.2 Principles of X-Ray Diffraction

An x-raybeam is an electromagnetic wave characterized by an electric field whose strength
varies sinusoidally with time at any one point in the beam (Cullity, 1956).

X-ray diffraction is widely used in structure analysks-ray diffraction can be used to
determinethe structure ofa compound and phas#&lentify a phasey comparison with a

data base, followthe formation and reactivity of a phase, obsemt®gnges in lattice
constants under stress/charagel dotain a microscopic image of phases in a heterogeneous
sample Bragg's law established a relationship between nanostructural distances and the
measurable xay diffraction angle(Bragg, 1913).Thus, by using x-rays of known
wavelength & and measuring d, the spacing
determinedCullity, 1956)

Thex-rayused for XRD has just one wavelength after passing the monochromator. When a
beam ofx-rays passsthrough the sample and $i@ aystal, most of the-rays go through,

but somex-rays arescatteredby the crystals in the sample, due to interaction with the
electrons of the atoms. Whegatteredthe single beam of-rays is split and the-rays

come out of the sample in several beaah different angles to the samplée beams can

form constructive or destructive interference, depending on the scattering arfuges.
detected position and strength of thesastructive interferencas called the diffraction
pattern.

Each polymorphism and phasdiffracts x-rays differently and has a different-ray
diffraction pattern. Te pattern of a mixture is made up by all the patterns of each
compound.Viewed as different sets of planes in the crystal, ghenetry of thex-ray
diffraction is shown in Figure 26. For a given set of lattice plane with an ifp&ane

distance ofl, the condition for a diffraction peaan be written agBragg, 1913)

15



ne dsi B8d
where & 1s thexrmyav el amgtthheofsctate eri ng ang
representing the order of the diffraction peak. In the Bragg law, firstly, the incident beam,
the normal to the reflecting plane, and the diffracted beam are alwagmaonpbecondly,
the angle between the diffracted beam and
1956).
It is more convenient to use theciprocallattice spacingj rather than the diffraction angle
2 d wamaymingx-ray diffraction data. According o Br aggds | aw,
g= 48/*(sn nd
Therefore,q=2d./ Because the value of g ixgsay i ndep

diffraction patterns taken at different wavelengths can be compared directly.

Crystal planes

Figure 2- 6 Geometry of the reflection of-rays from crystal planes used in the
deri vati on (Marangdm &Wesdoip, 2013)w

2.2.1Miller Indices

Miller indices, a workable symbolisrior the orientation of a plane in a lattiegedefined

as the reciprocals of the fractional intercepts which the plane makes with the
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crystallographic axes. If the Miller Indices of a plane drkl)( then the plane makes
fractional intercepts of b/ 1k, 11 with the axes, and if the axial lengths are a, b and c, the
plane makes actual intercepts df,dlk, cA (Cullity and Stock2001).

The Miller indices are very useful in calculating th@aation of the planes (Marangoni
andWesdorp, 2013). The value of d, the distance between adjacent planes in ik§,set (

may be found from the following equatiof@ullity and Stock2001)

Hexagonal: — - —— — (3)
Orthorhombic: — — — — 4)
Triclnic: — — Y'Q YQ Y& <c¢Y'XQ ¢VY QacyY @ 5)

In theequationV is the volume of the unit cell

V=00BD BEN GET DET COE 1WE e T (6)
Su=h?csirtU (7)
Sp=acZsireh | @)
Se=albsinto 9)
Si=ab&( ¢ 0 s Uicoso)s b (10)
S=a@bc (coscod)cos 9o (11)
Siz=alP’c  ( c osooshc)os U (12)

These equatiawill be used later to estimate the change&ib,c)and crystal volume due

to the temperature change.

2.2.2Wide Angle X-Ray Diffraction (WAXD)
WAXS or WAXD can beusedto determine the crystal structure, crystallinity amdtudy

the molecular orientation a crystal Compared to thesmaltangle x-ray diffraction
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(SAXD), Wide-angle x-ray diffraction is the same techniquexcept the distance from

sample to the detector much shorter and thealiffraction maxima at larger angles are
observed (Bower, 2002).

In lipid crystallization,the wide-anglex-raydi f f r actis@mc{ Aigbortgi on)
give information about the lateral distances between two hydrocarbon chains in a crystal.

The number and position of the peaks permit the identification of the different polymorphic

forms of TAGs which was discovered by Malkin in 193Marangoniand Wesdorp,

2013) Inthe smalangl e region (or Al ong spacingo r
provides information on the size of the TAG chain length and the angle of tilt of the TAG
chains relative to the normal. It gives the information about the number of pbasesl f

and the amount of each phase formed as crystallization proceeds (Acevedo and NMarangon
2010).

Vand & Bell (1951) succeeded in determining ilyelroarbon chains of a TAGensen &

Mabis (1963) determined the @$hasanasymmetric of b
At udfiomdgk 06 confor mati on an+«€CQ batsson (A965) presént par
the crystadlLstamdt Gi doof eb al . -LLL $t@ude) f ur t
Skoda et al. (1967) and De Jong & Van So#8¥8 alsocontributed to the determination

of t he u48%$St Var lahgevelde fet alfdO9 summarized the cell parameters of

di f f er e-4add elmumbered triacylglycerols which were determined by different
researchers. They also present the cell parane r s f or b form PPP ar
experi ment-QCCt e | sxPP@& tokhle same reference axes, which made

the comparison of homologous series of triacylglycerols possible. With the cell parameters
present in the paper published by Vamgeavelde et al. we can estimate the changes in

density due to the temperature using the Miller indices equations of triclinic crystal cell
18



(Van Langevelde et a1999).

The nucleation and growth processes determine the type of polymorphic structure formed,

but also determine the size ofthengnb at el et s and the O6perfectdi
(Acevedo et al2011). The thickness of the nanoplatelets can be estimabed the

widening of the SAXD peak@vlazzanti et gl2005) On the other hand, an increase in the
correlation |l ength in the 6adé and 6bbdé dire

peaks.

2.23 Temperature Effect on the X-Ray Diffraction Peaks

As a powerful toolx-ray techniques, includingvide/small angle x-ray scattering and
wide/small angle x-ray diffraction, are widely used in differérresearch areas. In the
membrane science, WAXS analysis and molecular modeling were carried out for
interpreting dspacings in 6FDAased polyimide (Shimazu et, &000). Koberl et al.
(1998) characterized the polymorphic behavior of glycolipid model membranes as a
function of temperature using wide and small angle synchratrag scattering (Koberl et

al, 1998).

Sirelli etal. (2009 studed the structural changes in the crystalline and amorphous phases
of polyethylene terephthalate (PET) samples using wide axgdy diffraction. The
crystallite sizes in the a and b directions slightly increased. Thés@sdicated a growth

in the crystal lateral dimensions, while in the c direction practically no variation was
observed. Due to the thermal expansion, the volume of unit cell had a discrete increase and
its density decreased (Sirelli et al. 2006).

In lipid crystdlization, many scientisthave studiedthe effect of temperature and other

important factors on lipid crystallization usingray techniques. Mazzanti et gR005)
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discovered that the smalhglex-ray diffraction peak positions of palm oil @2 °C were
higher than at 17C for the same shear ratédlazzanti et al(2005)also found the peak
positions of Smalhngle x-ray were correlated to compositional variation of crystals in
milk fat. (Mazzanti et al.2004). MacMillanand Roberts (200Zpund that in situ small
angle x-ray scattering (SAXS) polymorphisms change in cocoa butter sanvmess
correlated withtemperatureand these findings were later expandedHiomawan (2006
and by Mazzanti (2007However for triacylglycerok and edibldats, the wide anglhe-ray

diffraction variation withtemperature has not beerethodicallystudied.

2.3 Crystallization under Shear

2.3.1ShearEffect on Fat Crystallization

Shearing, aa regular industrial manufacturing process, is widely uséueifood industry

during the fat crystallization proces®ne of the famous examples the production of
chocolate.The quality of chocolate is highly dependent thie proper application of
tempering and shearin§tapley et al(1999)found the higher melting polymorphic form
predominated when the shear rate was high enough and the temper time was long enough
in the crystallization of chocolatédlso, shearing is one of the factors affecting the
consistency and spreadability of buttend margarine (Mazzanti, 2005). Therefore,
understanding the effect of shear on fat crystallization plays an important role in process
and equipment design for the entire food industry.

Studies showshearflow increases the speed ofystalline orientationand reduces the
phase transition time opolymorphic formswhen it is appliedto crystallizing lipid
systems(Mazzantiet al 2003) Shearcan alsoalter the phase composition of the final

product.Mazzantiet al. (2004) alsoreported the existence of a n@hase(phase X of
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cocoa butter, whichvas not observed under stattonditions previously, as well as the
previously unreported existenoéthe phase IV structured under shear.

Dhonsi and Stapley2006) testedshear rates ranging from 1 to 58 at four different
isothermal temperatures on the tempering of cocoa butter. AT,28duction times were

shear dependent, with higher shear rates producing higher melting samples, suggestive of
higher melting polymorps.

Mazzanti et al.(2005) studied the shear effect on the crystallization of palm oih in
Couette cellising a synchrotron beamlia@dfound that shear induced the acceleration of
the phase transition from U to bN. The U
can easil y tr aniacfeasednshearaatebldyromde thencrystdllihadéon

of the higher melting fraain and affecthe composition of the crystallites.

The effect of shear omolid fat content (SFCyvas also studied biMazzantés research
groupusing RheeNMR system Theviscous heagieneration produced by the shear energy
may lead tothe lower SFC ahigher shear rateA combination of direct and indirect
method had been developed @stimate the temperature increase ttugiscous heating
(Mazzantiet al. 2008) Above a limiing value, the increase in shear starts delaying the
onsetof crystallization perhaps due to generation of viscous heat. Shear is also likely to

produce a significant enhancement of heat transfer and to foster crystallite collisions

(Mazzantiet al 2006).

2.3.2Studies on Shear Effect on the X-Ray Diffraction
Mudge and Mazzan{R009)studiedcrystallization of cocoa butter, aagplied shear rates
between 45 and 720 svhich were shown to have accelerated phase transitions compared

to static experiments. A shear rate of 72@slayed phase transitions, likely due to viscous
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heating of the sample (Mudge and Mazzanti, 2009).

Mazzantiet al.(2009)found thatthe applied shear affected the composition trajectory of

the crystallization by changinipe lamellar thickness calculatdtom the peak positions.

At higher shear rates the values of d tended to be larger and the values of d are 0.03 nm
larger under shear than under static conditions. The application of shear favors the
crystallization of longer molecules belonging to thghler melting point fraction. Higher

levels of shear reduce the concentration gradient across the boundary layer, and may also
cause an increase in temperature due to viscous heating (Ma&tzdr2D09).

Shear flow affects the kinetics of crystallizatiand modifies the composition of the solid

and liquid phases obtained during crystallization. Synchrotroay diffraction patterns

were captured and showed the integrated intensity, average thickness, and average lamellar
spacing of the crystalline narlafelets were modified by the shear rate step. Thickness and
crystalline orientatiorincreasedevidently after the shear rate si@p (Mazzantiet al.

2011).

The shear flow also affects the temperature of the fat samples and crystallization process
due to the viscous heating effect. Because the viscosity of most liquids and soft materials is
highly temperature dependent, viscous heating is a common sourcerofieder high

shear rates. For example, under high shear rates the temperature set for the sample holder
does not match the actual temperature of the sample. The heat produced by the
intermolecular friction under high shear rat@imgwvoidable. In practe, the temperature of

the sample during crystallization of triacylglycerols cannot be measured directly because
the gap between the sample tube and the rotating shaft is too smaBetbany
temperature measuring devices, and an immersed measuring deuld distort the flow

(Wang and Mazzanti, 2011)

22



Devices have been developed to study the crystallization behasiduacylglycerols

using RheeNMR and RheeXRD (Mudge and Mazzanti, 2009; Mazzanti and Mudge,
2008; Mazzanti et a008). If the temperature of samples can be estimated through the
changes of xay diffraction peaks, it provides a great chance to combine these two systems
together to get a more complete picture of the crystallization of triacylglycerols under shear

flow.
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CHAPTER 3 EXPERIMENTAL METHODS AND MATERIALS

3.1 Materials

3.1.1 SamplePreparation

Trilaurin  (LLL), trimyristin (MMM), tripalmitin (PPP) and tristearifSSS) were
purchased from Sigmaldrich Chemical Co. and had a purity of at least 99%. No further
purification was carried out.

The binary mixtures (dry blesyl were prepared bynixing the weighted samples in
composition on a weight per weight basis. example, the LLL: MMM ratios were

30:70, 50:50 and 70:30, denoted as 3L7M, 5L5M and 7L3M. In this research, 3L7M,
5L5M, 7L3M, 3M7P, 5M5P, 7M3P, 3P7S, 5P5S, 7P3S and 5L5S were prepared.

The samples mentioned above were meltedpgtroximatelyl00 °C usinga hot plate
(ColeParmer, USA)20-30e L of sampl e wasraytcapibarygCharlesr e d t
Supper Co., 1.5mmdi amet er , byuBingapreheatad disposable capillary tube

with a wire plunger (Drummond Scientifitompany, Wiretrol® I, CatNumber 5000

2010, 5 ¢ Bndsealedbyfike. € L)

Cocoa bhutter and the commercial prodi89% dark chocolatewere also used in this
research. Cocoa butter was stored-2ft °C in the fridge for a long time and it was
crystall i zed dankchocblae was purohased in tie%@al supermarket and
the chocol ate was c¢r yst solidlcocaadutterian@O%bdark or m (
chocolate were chopped into tipyecesand put into the capillaries without melting and

sealed by fire

For the experiments with shear flow, 6B4P and 6B4S were prepared as s&maeshe

amount of sample neededthre mini Couette Cell wa much larger than the capillary cell,
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in this case BBB acted as a solventdissolvePPP andSSS These samplewere also
prepared by mixing the weighted samples in composition on a weight per weight basis.
The BBB: PPPratio and theBBB: SSSratio was60:40. The samples were medtand

placed in the sample tubes, which fitted the mini Cougette

3.2In-House Wide AngleX-Ray Diffraction Measurements

The inrhouse WAXD experimental set up is shown in Figuel 3Thex-ray generator

had a Commercial GeniX-ray source (Xenocs Corporation, Sassenage, France), which
produced 0.7093 | \oa Thetrayswetefbcusébby &rirror amdl i a t
then collimated by two sets of scatterless slits which were aligned on a small diameter

vacuumfly -path.

X-ray Generator Capillary
Holder

-

2D X-ray Detector
XRI-UNO/Si

Temperature
Control

Figure 3-1 In-house XRD set up.

The x-ray beam was projected to the sample capillary right after it passed tpatily
The beam size at the sample was approximately 0.4 mm x 0.5 mm.
The detectousedin our inrhousex-ray experimental set up was XRINO/Si 2D x-ray

detector (XRA¥IMATEK, Barcelona, Spain)The detectowas built as a single chip

25



array of silicon senserand itsactive area was 14 min 14 mm. The pixel size (ps) was

0.055 mm; 0.055 mm.The detector cameraas controlledand all the imagesvere

collected bysoftwarenameddXRI-U N Q 6
There was an enclosure around the whelay system to isolate the surroundings and

minimizethe danger ok-ray exposure.

3.2.1Centering the Diffraction Patterns
The detector nesdo be moved to the center position where betxis and yaxis are 0

before putting the sample capillary into the capillary hol@iae center location is used to

calculate the distance from the sample holder to the detector. This centering allows the

better calculation of the scattering vector q andpacing.A shortx-ray exposure (10 s)
was taken and the beam spot was captured by the detachorageJ program, the beam
spot was located in a 256x256 pixel image and the center position should b#&2@28,
The detector was moved -22.02 mm horizontally anthe final center location should
take this-22.02/0.055 pixel into accourthe XY coordinaten pixels for the center for in

this WXRD experiment was270.06, 127.11)

3.2.2Detector DistanceCalibration

The distance from sample holder to the detector was calibrated usi@®g tAht has
known dspacings A radial plot of AbO3 was obtained by using the ImageJ ping
program XR2D (developed by Mazzanti and ldziak), which gave the pixel lodapah
of each diffraction patterllo matter what the detector distance whs, dngular location

difference between each diffraction patteraskept constantAccordingtoBr a g g 6 s
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> = 2dsind (13)
d=sl &/ 2d) (14)
yi=ps*cpd t an ( 2d) (15)
Sincea-was constant (0.7093 A), measuredietector distancey§) and known A4O3 d-
spacingswvere used to calculate thef g values of each patteriihe difference between
each patterns of calculated @x values, and similarly experimentpd*cpx valuescould
be obtained Using Excel solver, the difference between calculated and experimental
valueswas minimized by changing the yalue and thex value. The final yvalue was
the calibrated distance, angk evas the refined center point. In this WAXD experiment,

the distance from the sample to the detector was 130.36 mm.

Capillary Holder
ps*cpx

Detector Distance: yq
Figure 3- 2 Explanation of distance calibration.

3.2.3Experimental Procedure

The sample was firgnelted at hightemperaturgo erase the crystal memory and then
tempered tarystallize in the capillary. After gettinipe expectegbolymorphic form, the
sample was kept at different temperatures accoriitge melting temperature shown in
Table 31. Since the intensity of the dhousex-ray was low, a long exposure time was
necessary to acquire images with good resolution and tmglesavas kept for 100

minutes at each temperatuhestead of taking a single image for a long exposure time, an
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image was taken every 75 seconds and there were approximately 80 images for each
temperature. In this way partial images were saved and theyseacquisitiorwould not

belostif an interruption occurred in the experiment

80

10min
70
60
50
40
30

20

Temperature (°C)

10

0

-10

-20

-20°C

Figj?e 3-3 Temperature time profile ofin-house WKRD experimenfor b LLL

Taking LLL as an exampléhe temperature profilis shownin Figure 33.

There are three parts in a temperature prafiletting temperature, cooling rate and final
temperature, and the corresponding holding time at each temperature. AHntpées
were initially melted a70°C or 8C°C for 10 min to make a homegeous liquid mixture.
For b polymorph the liquidsamplewas cooled down at a cooling rate2°C/min to0°C
where the crystallization takes pladehe samplesvere heated up at a heating raié
20°C/min toa temperature a little bit higher than tiéorm melting pointto melt theU
form crystals.And then the same procedure was done to melbdtem crystals.After
getting theb form crystallizedtriacylglycerol by cooling down the sample at a cooling

rate of2°C/min, the sample was kept frori0 °C to the temperature set according tdbits
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form melting point which is shown in TabBel. After tempering to geb polymorph SSS

was also crystallizedt -20°C, 0°C, 20C, 40°C, 20°C, 0°C for 5 times to test the
reversibility of the WAXD peaksEor U polymorph all the three samples (MMM, PPP,
SSS) were crystallized by cooling dowha cooling rate 020°C/min to-20°C and then

the samplesvere kept from-20 °C to the temperature set according their U form
melting poins which areshown in Table3-1. For b6 polymorph the tempering procedure

to melt the U form cr imlyneoipls Thevsampletwhseooledh me
downat a cooling rate c20°C/min and kept from20 °Cto the temperature set according

to itsb6form melting point

Table 3-1 The melting point of each polymorphic form for LLL, MMM, PPP and
SSS(Takeuchi et al 2003).

U b 6 b
LLL 15.6°C 35.1°C 45.7°C
MMM 32.6°C 45.9°C 57.1°C
PPP 44.7°C 55.7°C 65.9°C
SSS 54.7°C 64.3°C 72.5°C

For cocoa butter and 99% dark chocolate, the sample capillages phaced into the
capillary holder when the temperature v288C to avoid melting. And thethe sample
capillarieswere cooled dowat a cooling rate a20°C/min and kept from20 °C to 20°C
since the melting point of Phase V cocoa butt&3i8°C

Table 3-2  The melting point of each phase for cocoa buttefGarti and Widlak.

2012)
Phase | I I IV Vv VI
M.P. 17.3°C | 23.3°C  255°C  275°C | 33.8°C | 36.3°C

A LabView program developed by Dr. Gianfranco Mazzanti and Dr. Stefan Idziak, and
upgraded by Pavan K. Batchwas used tacontrol the temperature of the capillary cell.
This program has a graphical user ifaee (GUI) which permits theuser toinput the

temperature profileLabView program also allosvthe user to create a log fil® record
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the time, actual temperature and set point temperature of the capillary cell for each
temperature cycle The capillary holderis isolated to minimize the temperature

interferencdrom theambientenvironment.
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Figure 3- 4 A GUI interface of the capillary cell temperature control program (Provided
by Pavan K. Batchu)

Normalizing images

Since the number of images taken at different temperatiaess it is necessary to
normalize the images to getliable resultsThe images, which were taken at the same
temperature, were opened as a stack (a series of images that share a single afigdow)
bit raw images with size 256 X 256 pixeis ImageJ softwareThe images were added
together to form a single image by using Z project, then convertedhd, 3Rultiplied by
1000 and divided by the number of images added together. At last thewaagaved as

a 16bit image which is suitable for creating the radial plot.
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Creating radial plots

The XR2D plugin program for ImageJwhich was develogd by Stefan Idziak,
GianfrancoMazzanti, Maochen Hannah Wang and Kisun Piarksed to create thadial

plots for further analysig Igor Pro.The XR2D plugin programwasused to reduce the

XRD 2D images to 1D plots of intensity as function of scattering vector g. It also allows
for contrast manipulation and the definition of a region of intereSt)R

The radial plotsverecreated by taking a radial average of intensity at increasing value of

g or pixel values on a diffraction pattern. The radial plot provides information about the
peak position, th&-ray scattering intensity and the full width lalf maximum (FWHM).
Normalized images of one sample were first opened as a stack of 16 bit unsigned images
of size 256 X 256 pixeld he parameters used to extract radial plots fronintlages were

2= 0.7093 A distance = 130.36 mm, centreX270. 06 and centre¥ 127.11pixels The

ROI boundaries x Left = 6.0, x Right =249. 0, y Up = 6.0 and y Down = 249.0 were used
for each image stack. This ROl was chosen to exclude noise outside the specified
boundary, produced by the edges of thecaili chip. The analysis of images was
performed using just the pixels within this specified boundakystarting radius
corresponding to q £.1 A! and an ending radidsr q =1.85 A* were chosen to create

the radial plot because thrggion included all of the necessary datdhe radial plot
information was saved iftext image format ( st andard tab did i mite

further analysis.
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Figure 3-5 (a)Original xray image andb) radial plot of3L7M

3.2.4Data Processing

3.2.4.1 Peak Fitting by Igor Pro

Igor Pro 6.0 produced by Wavemetrics Inds scientific data analysis softwamesigned

for curve fitting and peak fitting. All thpeak fittingsin this researckvere done by using

Igor Pro.

Baseline calibration

The peak fitting willonly be accuratéf the background is accounted for. There are five
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different baseline options provided by the Igor Pro 6.0 peak fitting program: Constant,
Linear, Cubic, logCubic and logPolybinear or cubic backgrounfdinctionswerechosen

to fit be the baselire

Peakfitting

Multi-peak Fit2, a packageof Igor Pro,was used to fit the WAXD pealn this research.
Thereisa f uncti on named f a uautomalicallglacateny gostaek s 0
positioned peak in one curve file. However, the type of basekeeed to bérst set as

A | a noe ficubicd manually and also the type of each peakd to be definedAll the
peaks started witthe Gauss typand were changed to other kindf function manually if

needed Using this Multi-peak Fit 2 programthe peaks werditted by minimizing the

w h

error with a fixed baseline andlefined peak types.The fipeak result8 f unct i onal

reported several parameterschas peak location, amplitudarea, and FWHM.

RO ‘ ‘ |1_1 ‘ “ﬂ = data wave: root:'3L7M_01_0°
- T — ——— Chisquare: 18654
Paint [ '3L7M_01-0" [SLAMGI1 [ ILIM_01_2 [ fouel fitted paints: 523
[ T 325.349 317.775 Hulti- peak fit version 2.15
1 110092 327.935 317.971 Total Feak Area = 202.4 +/- 2.0161
z 110184 326.258 316.216
3 110275 374129 316.27 Type Location Locsigma Amplitude AmpSigma hrea Areasigma P FwHMSigr
4 110367 323 964 317.29 Gatss 1.15808 0000825511 199.405 11,6057 656699 0.557056 0.0309584 0.000892
c 110459 S22 845 S1o56 Gauss 1.18673 0000640905 283.966 675001 10.7649 0.661398 0.0356131 0.001387
‘ TToge 321 658 I19.202 Gauss 1.23286 0.000619604 120625 1.64364 550093 0.20886 0.0428416 0.001347
3 Tloes 320895 EETRET Gauss 1.30398 000044486 65.1948 132522 302877 0.0964336 0.0436437 0.001454
‘ T10914 Irneus S20 10 Gauss 1.35873 7.77144:-05 1276.02 19.2333 47,0008 0.925627 00348031 0.000171
- Gauss 1.38883 0000990013 384.87 793825 218148 0.083231 0.0532481 0.001352
2 110826 320,098 ELL AL Gauss 1.48596 000125282 48.4957 1.16095 5.75046 0257782 00726524 0.004864
1 110818 318.958 316.676 Gauss 1.55341 0000639554 198.445 373054 8.76254 0.442797 0.0414819 0.001392
] 11101 519.156 315.455 Gauss 158093 000127638 67.1278 631347 247816 0540638 0.0339816 0.004551
12 111102 318.855 314517 Gauss 163246 7.600018-05 8855 1.66427 35.4904 0.443605 0.0376522 0.000441
[E 111193 219.291 315633 Gauss 1.66209 0.000729162 53,5048 6.64962 119933 0.233734 0.0209405 0.001723
14 111285 320614 317.433 Gauss 1.70419 8.66576e-05 986.683 715336 473752 0530204 0.0451067 0.000202
15 111377 322156 319.335 Gatiss 1.75066 0.00193627 116.539 3.27645 871719 0.602504 0.0702708 0.003046
16 111469 322.404 321681
17 111561 323,146 323,711
18 111652 323512 324,738
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Figure 3- 6 User interface for Igor Pro Muipeak fit displaying a curve plot
corresponding to WAXD of 3L7M.
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3.2.4.2Types offunction (Voigt, Gauss Lorentzian)

Threekinds of function(Voigt, Gausslorentzian)wereused in fitting the WAXD peaks
in this research.

The Gaussdistribution with a characteristic bell shape is defined by pa@meters: the

frequency from | ined) exmasdeddas ( x) and varianc

'@ —Qon- — (16)
Where
g is the reciprocal lattice spacing
0 is the standard deviation of the distrib
The Lorentzian distribution is a continuous symmetric probability distribution with a
width characterized by its full wi dth at
function is defined as

, N Ry —— (17)
The Voigt profile is a convolution of bBorentzian and a Gaugsofile. The Voigt profile
can be expressed as:

6 M | ' ORE, Oz ORe A D (18)

3.2.4.3 Calculation of espacing
The dspacing of eachWWAXD peak was calculateith Microsoft Excel accordingo the
Braggs Lawfrom thereciprocal lattice spacingobtained by Igor Pro

d= 7"/ (19)
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3.2.4.4. Uncertainty of the experiment data

The first kind of uncertainty of the experimeatdta is the sigma of the location obtained
from the peak fitting by Igor Pro, as shown in Figufé Jhe sigma of the locaticshows

the error range of the peak locatiahge to uncertainties in the.fit

The second kind of uncertainty is observed whereergents are repeated with the same
sample, and the third kind when they are repeated with another sample of the same
material. The third kind includes and is expected to be larger than the third kind.

There is a fourth kind of uncertainty, which is asatx with different samples and
different peaks. Overall, this fourth kind of uncertainty is expected to be the largest one.
The statistical evaluation of these uncertainties will be discussed along with the results,

since the methods depend on the maglatof the variations observed in the data.

Fit cornpleted 6:22 PM Sunday, March 2, 2014
¥ dta wave: root"5L55_01_4'

# dta wave: root"SL55_01_0"

Chi square: 24032

Total fitted paints: 329

Multi-peak fit version 2.15

Total Peak Area = 290.22 +/- 6.0339

Type Location LocSigra Amplitude AmpSigma hrea Arealigma FiHM FiHMSigra

Gass 1.16598 0.000277604 945471 PAkal: 2521 0300537 0.0251165 0.00120768
Gass 1.19574 0.000401809 393968 5.32308 242902 0.661959 0.0571952 0.000330009
Gass 1.29161 0.000641666 178.238 10.9694 176168 1.5768 0.0928526 0.0029027%
Gass 137412 4.65826e-05 1695.49 13.369 0.066 071367 0.0388223 0.000123477
Gass 1.41835 0.000843598 30541 11.9866 26,7088 1.50471 0.070598 0.00234088
Gass 1.48393 0.000471284 102326 453342 ERIEN 0.288623 0.0359187 0.00123513
Gass 15142 0.000573317 27036 135793 m 3.048%6 0132632 0.004d0123
Gass 1.64091 1.2320%-05 1026.92 5.00045 40.6966 0366758 0.0372298 0.000174181
Gass 1.69233 0.00135169 £74.465 45.2601 31266 315668 0.0435492 0.0015159

Gass 1.72607 0.00146034 1497 40.3697 29,0483 12men 0.0443743 0.00213628
Gass 177433 0.00125094 131.342 1.24454 5.92044 0590737 0.0423487 0.00201562

Figure 3-7 The location, amplitude, area and FWHM information of the fitted WAXD

peaks provided by Igor Pro (5L5S).
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3.3Synchrotron Wide Angle X-Ray Diffraction Measurements

3.3.1Synchrotron X-Ray Beamline Information

The synchrotron wide angberay diffraction measurements were performed at beamline
5-1D-D of the Advanced Photon Sourc&RS) at theArgonneNational LaboratoryANL)
located in Argonne, lllinois.The x-rays at beamline5-ID-D are generated by th&.3
Undulator (Undulator A) The energy range ofrays at beamliné-ID-D is between 6
17.5 keV. ASi (111) monochromator is used twirther adjustthe wavelength of the
incoming radiation to a certain value. this experiment, the wavelength was adjusted to

0.7293A andthe beam size wa&08860mm! 0.08860mm. The distance frorBample

to detector was255.9 mm and the calibration was performed using theorgetry

calibration standard LaB6 SRM660a ("Argonne Natioha Laboratory")
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Figure 3- 8 Floor plan of the Advanced Photon Sourd®$) at ANL showing storage
rings and beam linex-rays originating from Sector 5 Insertion Device Beamlinare
further split into three beam linesIB-B, 5ID-C and 5ID-D ("Argonne National

Laboratory”).

3.3.2Experimental Setup

3.3.2.1Temperature Control System
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A schematic diagram of the experimental system is shown in Figaré&i3 temperature
control systenmused in this researatomprised a t@mperature controllera waterbath, a
heat exchanger, a Galden reservoir, a peristaltic pump -fuohlaer Instrument
Company®, Model: Masterflex®ubing Pump) for Galden fluidthree fiber optic

thermistos, and a@aemperature sensor (Neoptix).

f oooo b O .
! = | Rheometer head

I Temperature controlier
| YO Rheometer controlier
water bath ! !

[ ]
e
——

Computer

|

Figure 3- 9  Schematic figures of the temperature control system configuration (Li,
2011).

Temperature controller

The temperature controller connectedhe computer allows communication between the
software and the temperature control system. In this experimengsitcontrolled via

LabVIEW, which was programmed by Dr. Gianfranco Mazzanti. The LabVIEW/ey

commands to the temperature control system anddedtre set and real temperature.

Water Bath
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The waterwas connected to the heat unit for transferring the thermal energy. The
temperature of the water bath was sd°@. The pipes between the water bath and the

heat unit were insulated for minimizinigermal loss.

Active heat exchanger

Theactiveheat exchanger was connected to the temperature controller and followed its
commands to heat or cool down the Galden. There were six thermoeddeinients

built in the heat unit for heat transfer between thater and Galden fluids. These
thermoelectricelementscontrolled the temperature of the Couette system precisely.
The thermoelectrielementswere assembled with Bismuth Telluride semiconductor
material and thermally conductiv&luminum Oxide ceramicsWright et al., 2000).

They were connected in the system in parallel with-a@épower supplyThey were

manufactured by Laird Technologies inc., MO, US.

Galden heat transfer fluid system

Galden heat transfer fluid is a perfluorinatpdlyether without hydrogen. Galden
HT135 (SolvaySolexis) was chosen in this research because its low viscosity and wide
operating temperature range, which was fré@l to 125°C with a boiling point at
135°C. This permitted it to act as the heat trandfgunid in our experiment
temperatures-20 to 80°C). The Galden fluid was kept in a stainless steel thermos. A
glass condensewas installed on the top to avoid evaporation of the Galden and
pressurization of the system. The Galden fluid was pumped biystatiec pump(Cole
Parmer,US), went through the heat exchanger and finally reached the sample holder.

The Galden fluid went back to the container after flowing though the outside cylinder
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of the sample holder. The thréao Reflexfiber opticsensors (Hoptix, QC, Canada)

were placed at the Galdemlet andoutlet in the magnet celithe Galden in and the
Galden out of the sample holder to measure the temperature of Galden fluid. The pipes
between the heat exchanger to the sample holder were insulataditoize the
thermal lossA 15 kw thermistor (Oven Industrie®)S) was used to monitor the Galden
temperature at the outset of the active heat exchanger and to provide the signal for the

temperature controller.

Fiber optic temperature sensor

Fiber Optic Temperature Sensor was chosen for three reasons. First of all, there is no
metal part in the sensor. It means there is no electrical power going through it. Second,
the Fiber Optic Temperature sensors could be located at the bottom and theidgppe

of the sample holder to detect the temperature of Galden fluid because of the small size
of the sensors. Third, it iseadablefrom a computer. The computer reads the
temperature as a voltage signal (A@V), and then converts it to temperatus2(( to

100°C).

3.3.2.2 CouetteSystem Configuration

The RheeXRD system was composed of a mini Couette cell, an Anton Paar DSR301
Rheometer healdeld by acontrollablesupport,Rheometer control box, and connected

to the temperature control systeifhe Rheometer control bowas connected to the
computerwitht he manuf act ur er Goscongabthetrhe@meter hd®dh e o p | u s
provide different shear rateThe rheometer headvas equipped with a powerful,

synchronous EC motor and highhecisionair beaing technology. A long shaft made of
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titanium with a Teflon end wa connected to the Rheometer héadpin at a given
shear ratéo provide shear effect.

The mini Couette cell used in this research is shown in Figdi@ B was composed

by a sample tuband theGalden tube whichivasmade by Lexan because it allegx-

rays to go throughThe redcolourindicatesthe shaft connected to the Rheometer head
to provide shear to the samples. The yellow paticatesthe sample gapetween the
shaft and the wall of the sample tulige Galdenwentin from the bottom of the
Galden tubeAfter the whole Galden tubeas filled with Galden, the Galderame out
from the upper side. Thereere two fiber optic temperature sensoto test lie

temperature of Galden in and Galden out.

(a)

Galden oyl +———

Sample gap

» Sample Tube

Galdenin ——&—|

[
Figure 3- 10 The miniCouette cell used in APS. (Provided by Cendy Wang.)

3.3.3Experimental Procedure
6B4P was initially melted &80°C for 10 min to make a homogeneous liquid mixture.
The liquid samplewas cooled down at a cooling rate 80°C/min to -5°C. The

crystallized 6B4P was kept at 0°C, 10°C, 20°C, 30°C, 40°C and »03Ghearwas
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applied for 6B4P in this experiment.

6B4S wasdnitially melted at80°C for 10 min to make a homogeneous liquid mixture.
The liquid samplewas cooled down at a cooling rate 80°C/min to -5°C. The
crystallized 6B& was kept at 0°C, 10°C, 20°C, 30°C, 40°C and 506/th a constant
shear rateTwo rotational spees] 40 r/s and 50 r/swere applied for 6B4P in this
experiment

When the temperature was stable, the WAXD patterns were captured by custom
Rayonix fast framdransfer CCD detectoAn image wasalsotaken every 1 second

and the exposurentie was 1 secondn total 120 imageswere capturedat each

temperatur@and shear rate

3.3.4Data Processing

The WAXD peak information, including the intensity and peak position, was saved in a
text file at the same time when the WAXD pattern of the sample was saved and could
be retrieved by Igor Pro directh starting radiusof g =0.6 A and an ending radsu

of g = 2.0A* were chosen to do thaulti-peak fittingbecause thisegion includedall

of the necessary datéhe data processing proceduvkich followed afterwardss the

same as Part 3.2.4 in this thesis
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CHAPTER 4 RESULTS AND DISCUSSIONT | - EFFECT OF

TEMPERATURE ON WAXD OF PURE TRIACYLGLYCEROL S

4.1 Effect of Temperature on d-Spacingof WAXD Peaks

4.1.1 Effectof Temperature onds p a ¢ i rFgrm WAXDbPeaks

The polymorph WAXD patterns fitted using the software Igor Wepe almost the same

as theb formin the literature. The b f or m c r y gritliaid subcedipackingr an g e d
and it is identified by a very strong reflection at 4.6 A, and the othestiwag reflectios

at 3.85 A and 3.7 A (Kellenst al 1990)
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In Figure 43, these three characteristic peaks are peak 4, paall peak 10. Among all
the WAXD patterns of pure materials under different temperatures, there are at least 10

peaks when analyzing with Igor Prthe upper part of Figure-3showsthatthe residual
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error ofthe fitting is less than 0.5%t the top of the largest peakhe middle part shows
the original wide anglx-raypeaks of b form LLL and the i
green line is the base line of the fitting. The lower part shows the fitted widexarmye
peaks of bdtHe intensity bfledch peak.

S X main peaks fwhich havéhegheb intgnsity thham othiegserechosen

to reveal the effect of temperature osmhcing.These stronger peaks would be easier to
observe in cases where a small percent of the material is cryst@tiese six peaks are
compared and discussed according to thlysinerallocation: 1. Large €pacing; 2.
Medium dspacing. 3. Small-dpacing.

Thechanges of the-dpacing with the temperaturenaynot be obvious when plding the
d-spacings of the WAXD peakgersus temperaturd herefore,-20°C was takenas a
reference temperaturggnd the difference of d-spacing at each temperaturevere

calculat@ by subtracting the-dpacing at20°C.
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Figure 4- 4 Differences of d-spacing with temperaturéor pure TAGs (a) LLL. (b)
MMM. (c) PPP. (d) SSS.

For the peaks with large-gpacing, when theemperature increases thespiacings remain
almost the same as that under the reference tempere20f€Y. The differences of-d
spacings for peak 0 and peak 1 are quite small and can be regarded as 0. This means that
the temperature does not affect thepacing and therefore the reciprocal lattice spacing q
observed is not changed.

For the peaks with mediumgpacing, when the temperature increased to 10°C,-the d
spacings are about 1 cpmeter larger than the original one. When the temperature
continues to increase, the increase of thspdicings is negligible. This means that there is
a relaxation limit to these-gpacingsrend. It is likely that one of the main reasons that the
data points fluctuate from a smooth trend is the difficulty of fitting peaks that overlap
each other: it is hard for the software to separate them in a unique unambiguous way.
For the peaks with small-sbacing, when the temperature increases tbeadings keep

increasing. The effect of temperature on thepdcingof the peaks with small-gpacing
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is much stronger than the effect of temperature on other peaks. This same result is found
in thefour puretriacylglycerok.

When the temperature increasdhe energydistributed between theatoms of the
moleculesn narocrystallinetriacylglycerok changesHowever, it does not have the same
effectin all directions. The energy needed to change the position of the peaks with large
d-spacing is largesttompared to the energy needed to change @ibaks in the wide
anglediffraction patterns. The energy needed for changing the position of the peaks with
small dspacing is much smaller than the energy ned¢dethangepeaks with large d
spacing so the dspacing is easier to change. The energy neededhéopeaks with
medum d-spacing is between the largespacing and the smaltgpacingAs the result of

an increase in temperature, thermal vibration of the atoms insrddmseunit cell expands

and causes changes in periodicirattipnlides.#nd t h
the positions of one or more lines are measured as a function of temperature, the thermal
expansion coefficient of the specimen can be determinedray diffraction (Cullity and

Stock 2001)
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4.1.2 Effectof Temperature onds p a ¢ i nFprmAMAXDD Beaks
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Figure4-5 The fitted Wi de Angle Diffraction pat
Broad peaks are often associated with fdin@ne.

The b6 form i s i de rstibceflpacking, whigh resuits imtwd skromg h o mb
reflections around 4.2 A and 3.8 A (Kellens et al., 1990)Figure 4-5, these two

characteristic peaare peak 1 angeak 3
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Figure 4- 6 Differences of d—spacingvv((ij)t h temperature of b6 fo
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When the temperature increaséhe d-spacing of both characteristic peakofb 6 f or m
WAXD patternsalsoincrea®. Even though the two characteristicpgakb 6 f or m c han
with temperature, the temperature effect on the peaks with srepfiang is strongeand

of about the same order as was observed for beta, about 9 pra2fdaim 50 °C From

Figure 4-6 it is obvious thatthe d-spacing of the peak with small -dpacing (3.8 A
increasawith temperature mucfasterthan the peak with largespacing 4.2 A).

The similarity of this observation with the beta structure suggests that similar

intermolecular forces aia&fected.
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4.1.3 Effectof Temperature onds p a ¢ i nFgrm WAXDWPeaks
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Figure4-7 The fitted Wide Angle Diffraction p:

intensity

T h e forth is characterized by a single strong reflection at 4.15 A of the hexagonal
packing (Kellens et al., 1990 Figure4-7, this characteristiqoeak is peak 0. Since it

was hard for LLL to crystallize irJ form, just three purériacylglyceros (MMM, PPP,
SSS)wereused to producthe WAXD patternsT h e phdsepeakis very broadecause

this phasdacks longrange order in the rotational degree of freedom of the molecules
about their long axes. The enhanced chain mobility in the metastable hexagonal phase

may cause lamellar thickeniri§irota and Herhold, 2000)
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Figure 4- 8 Differencesof d-spacingwi t h t emper ature of U for
For MMM and PPP, the -dpacing of the characteristic peakncreasewith the
temperaturgas was found for b 6 a n d. Howeverp bri8SS, the -@pacing first
decreasevhen the temperature increageom -20 °C to 10 °C. When the temperature
keepsincreasing from 10C to 40°C, the dspacing increaselt is not obvios why such
behavior would happen, since it would mean that alpha has a negative expansion
coefficient in the direction of the hexagonal lattice at temperatures beld@. Bince the
SAXS have not been measured, it is not possible to know if the overalitydef the
nanocrystals increased or decreased. A possible reason is that SSS may have formed
rather fAi mperfecto alpha crystals due to t
crystals annealed to a closer packed lattice as temperature @icrédmve 10 °C the
lattice may be stable, and it expands with temperatureséltonjectures need to be

further testedy cooing back the alpha phase formed
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4.2 Reversibility of d-spacingof WAXD Peaksof b Form

In Figure 49, d-spacing of the crystallized WAXD peaks show reversibility, especially
peaks with small @pacing. When the temperature increases, Hspading keep
increasing and when the temperature decreases-tpacthg goback totheir original

value. Since the energyeeded for the peaks with smaHlsgdacingto changeis much
smaller, the reversibility is much more obvious than other peaks. In Figl@efdr the

peaks with small ¢pacing (Peak 7 and Peak 9), the differencessygating show the
samechangingrendwith the temperature. The difference e$placing is highest when the
temperature reaches 40 °C and it is alnmstk toO when the temperature g@back

to -20 °C. These results all show that the change of thpading is reversible. The
reversibility of d-spacing of WAXD peaks indicates that the temperature effect on the
WAXD peaks of nanocrystallindriacylglycerob can occur not just in one single
experiment or circumstance. The temperature effect always exists in the experiment and
affects the sample3his observation is very important for the intended use of the small d
spacings as potential intrinsic thermometers for experiments of crystallization under shear

flow.
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Figure 4- 9 d-spacing of WAXD peaks versus sequence (SSS).
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Figure 4- 11 Differences of d-spacing of WAXD peaks with smallbl-spacing (SSS)
versus temperature in the case where the temperature was cycled up and down

4.3 Estimation of Temperature from Difference d d-spacing

Since the differenceof d-spacing for the peaks with small-gpacing increasas the
temperature increases, we can find some mathematical relationship between the difference
of d-spacing and the crystallttan temperature. Aftethe mathematical relationship
between temperature and difference efpacingis known the real sample teperature

can be calculated by measuring the difference of thpading using-ray techniques. In

the actual experiment circumstance, there is a gap between the set temperature and the real
sample temperature and many factors can affect the sample ampeisuch as the
interference of the ambient temperature asgeciallythe viscous heageneratedlt is

hard for experimenters to measure the real sample temperature and it adds difficulty to
study the effect of temperature on the crystallization paédeasurement of the smal d
spacing changegives researchers chance to estimate the real sample temperature and

make more accurate discussion of the temperature ®fiégbrovides a new way to
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monitor and control the temperature of the system ustdely and the effect of high shear

rate on nanocrystallingiacylglycerok crystallization.

As shown in Figure 42, there are mathematical relationghipetween the temperature

and the differenceof d-spacing for the pure materials. Taking the LLL agzaenple,
differences of d-spacing of peak 9 and peak 10 increase with the temperature increase.
We can calculate the sample temperature using the equatiom gidvigure 412 (a).
Although the calculated temperature is still an estimated temperature, it is much closer to
the real sample temperature and gives us a better understanding for the temperature

change of the system and the effect of high shear rate.
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The trends in thedifferences of thesed-spacing of all the puretriacylglycerol samples

versus temperatureshow greatconsistency It is likely that a singlemathematical
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function may describe theelationship of d-spacing with temperatureespecially the
characteristic peak with smallspacing at3.7 A (the redsquare in Figure-12). This

means that there may be one mathematical equation or riatelan beappliad to

estimate the temperature of all the four ptmacylglycerol samples.According the
confidence interval in Figure-43 (c), the equation shows high reliabiliyhe differences

of d-spacing for the peaks withsmal-Fd paci ng at 3.7 | may be tF
puretriacylglycerolssamples to estimate theal sample temperaturesfirture studies. In

Figure 414, for all the four pure triacylglycerol samplesg ttifference of espacings for

the peaks with small-dpacing at 3.7 A changeith the difference of @pacings for the

peaks with small @pacing at 3.85 A. It indicates the change of one WAXD peak can be
estimated from the change of another peak. Therdigncy means that measuring both
peaks could provide a fisafeguardo to the e

the 3.7A peak exclusively.

4.4 Calculation of Unit Cell Valuesofb f or m TAGs-spdcinggem t he d

(N0}

d(201)

d{310)
Figure 4-15Cr y st al structure of b form TAGs wit
plane of paper Van Langevelde et al. (1999).
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From thed, in Table 41 and the lattice planes shown in Figuré%} the change in the
peaks with espacing at 4.6 A, 3.85 A and 3.7 A in this research corresponds to change of

d(1 0 1) d(2 0-1) andd(3 -1 0).In order to understarttie reason why the-spacing of

(¢}
c

WAXD peaks change in different ways, t h
understood.

In Figure 44 it can be seen that a change in temperature fB8iC to 60°C represents a
change in d 3.7 of 12 priio calculatethe expansiorpercentage, the increase e$phacing

is divided by the original -@pacing for each peakhis is approximately 12/0.37 = 3.3%.
The change for the 3.85 peak can be estimated Figare 44 5.5 pm. Thus 5.5/0.385 =

1.4 %. The change for the 4.6 peak isp@rall, around 1 pm 1/0.46 = 0.2%

a=11.95 A

Figure 4- 16 Triclinic unit cello f b PRPwithrthe acyl chainswith the cell values
from Van Langevelde et al. (1999)

Using the equation5f to (12) in Part 2.2.1, thealue of d,the distance between adjacent

planes inthe sehkl),of b form crystals can be calcul a
4-1. After comparing with thel in the literature, eéspacing of peak 3.75 A, peak 3.8 A

and peak 4.58 A expand 3.30%, 1.27% and 0.101% respectively. In order to get how the

a, b, cparameters change, the Excel solver is applied and the percentages of change are

set for each peak: 3.094,5% and 0.1%. The result (Table2 showsa parameter
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increases about I®and the increase &fparameter even excesithe limit set. But the
parameter decreases slightly. It meansa endb direction, the crystal expands butadn
direction the cry&l contracts a little bit. Sinoge lacksmall angle xray diffraction data,

how muchb parameter really change remains unknown.

The change in volume is 6.9 %, and the average expansion coefficient of this crystal

would be

n ’—j}—=8.6 E04K1
This expansion coefficient values are similar to those of many organic liquids, but are
orders of magnitude larger than those of urea ) bd benzophenone (~Ip(Hammond
et al 2005). Thus it seems that the relative strength of the forces holdin§AGs
molecules together are much weaker than those of smaller organic c(ysaplin

1956)

Table 4- 1 Characteristcd-s pacing (i) for the b TAGs

d201) d(2 0-1) d(3-1 0)
h 1 2 3
k 0 0 -1
I 1 -1 0
do 4.5844 3.8131 3.6387
deal 4.5890 3.8615 3.7587
Ratio of change 1.01E03 1.27E02 3.30E02
(%)
Target change 1.00E03 1.50E02 3.00E02
(%)

dois thed spacingrom Van Langevelde et al. (1999).
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Table4-2Ce l | parameters of b TAGs
Cell parameters Cell parameters % Expansion
from Van calculated using
Langevelde et al. Excel Solver
(1999)

a(A) 11.95 122626 2.616
b (A) 46.84 48.7136 4.000 (limit set)
c(R) 5.4514 5.4437 -0.142
V(A3) 2581.0 2750.6 6.571
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CHAPTER 5 RESULTS AND DISCUSSION T Il - EFFECT OF
TEMPERATURE ON WAXD OF TRIACYLGLYCEROL S

MIXTURES

5.1 Effectof Temperature on dspacing of WAXD Peaks

5.1.1 Effed of Temperature onds p a ¢ i rFgrm WAXDMPeaks(Dry Blends)

Figure 51 shows the originaivide anglex-raypeaks of b form 3L7M an
the peaksas they were fitted using Igor Pibhe very strong reflection at about 4.6 A and

the other two strong reflections at about 3.85 A and 3.7 A stimw3L7M had
crystalized inb form. The green line is the base line of the fitting. The upper part shows

the error of the fitting is less th&®%%. The lower part shows the fitt@dde angle x-ray

peaks of b form 3L7M and the intensity of
There aresix or severmain peaks in the WAXD patterns which have higher intensity than
others. To reveal the effect of temperature espdcing of dry blendsamples f or t he
polymorph, these peaks are also compared and discussed according to their locations: 1.

Large dspacig; 2. Medium espacing. 3. Small-dpacing.
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Figure 5- 4 Difference of dspacing with temperature. (a) 3L7M. (b) 5L5M. (c) 7L3M.

The same results are foundtitacylglycerolmixtures as in the purkeiacylglycerobk. For
the peaks with large-gpacing, when the temperature increases tBpading remains
essentially the sanees that under the reference temperatt@°C).

For the peaks with medium-spacing, when the temperature increased to 10°C,-the d
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spacing is about 1np larger than the original one. When the temperature continues to
increase, the trease of the-dpacing stops. The peak with-spacing 46 A is formed by

two peaks overlapping each other so it is hard for Igor Pro to sepaatigand the points

of these two peaks in Figure, 53, 54 fluctuate a little bit.

For the peaks withmsall d-spacing, when the temperature rises thgpacing keeps
increasing. The position of the peaks with smafipdcing is affected by temperature
much more than other peakBhis result can apply tall triacylglycerok mixtures (dry

blends)
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Figure5-5 The fitted Wi de Angle Diffraction
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Figure 5- 6 Difference of dspacing with temperature of 5L5S.
There is a difference between the fitted WAXD patterns of 5L.5S and 5M5P and the fitted
WAXD patterns of other dry blend samplds.5L5S and 5M5P (Figure-6 and Figure 5
3 (b)), one of the peaks with smalsgacingis combined by two peaks. And when the
temperature exceeds the melting point of conmtpmsiwith lower melting point45.7C
for LLL and 57.2C for MMM, one of the peakdisappeas and the fitted WAXD patterns

become the same as other dry blend samples.
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5.1.2Effect of Temperature onds p a ¢ i rFgrm WAXD bPeaksfrom Complex

Triacylglycerols Mixtures.

Form 1 Form 11 Form 111
0419 0.424 0.425
0.370
Forsi IV Form V Form VI
0.435 0.459 0.370
0.415

Figure 5- 7 Wide Anglex-ray Diffraction Patterns (short spacing) of six polymorphs of

cocoa butter (Garti and/idlak. 2012).
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After calculating the epacing of the peaks of cocoa butter 88&o darkchocolate and

comparing with the WAXD patterns six polymorphs of cocoa butter shown in Figbre

8 the sampl es cr ys twitH dspaziregof the sharéicteriste paaks ( f o r 1
at 0.458A, 0.398A and 0.367A. As describedoy Guthrieet al.(2005) when examining
lower-sugar content dark chocolaté®. with sugar content less th&0%), the intensity

of the cocoa butter peaks in tvee angleregion can bebservedlirectly since the peaks

are distinct from nearby sucrose diffractipeaks Thus it is unnecessary temo\we the

sugarnn order to observe these pedisithrieet al 2005).

Giventhe complexity of theriacylglycerolcompositon of cocoa butteiit is muchharder

to see the change ofgpacing thanin other samplestudied heregven without the
interference of sugar or other minor compouide WAXD patterns ofcocoa butter and
chocolateare much more complex than the WAXD patterns of pui@cylglycerok and

dry blend samples.
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Figure 5- 10 Difference of dspacing with temperature (Cocoa butter).

Consistently withthe methodology of this studyhree kinds of peakior cocoa butter
were chosen to study the temperature effect on the WAXD patterns: the peaks with large
d-spacing (peak 0 and peak 1), the peaks with medispading (peak 3 and peak 4) and
the peaks wih small dspacing (peak 8, peak 9, peak 10 and peak 11). For the peaks with
large and medium-dpacing, when the temperature increaee increase of-dpacing is

less than m. The differenceof d-spacing of peak 1, peak 3 and pealareabout 1pm

and the differenceof d-spacing of peak Oare close to 0. Temperature does not have
significant influence on the peaks with large and mediuspating. For the peaks with
small dspacing, the difference ofgpacing for all the four peaks get higher whbae
samples were head up. But the increase ofspacing for peak 8 and peak 9 is smaller
than the increase of-gpacing for peak 10 and peak The magnitude of the change
from -20 °C to 20 °C is similar to that observed in pure triglycerides andlengs, of the

order of 5 pm.
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Figure 5- 11 Differences of d-spacing with temperature (99% dark chocolate).

For 99% dark chocolate, the peaks to be compared are selected by the same way as cocoa
butter. The espacing of peak 3 and peak dre about 1pm larger than the -dpacing

under the reference temperature and the diffesenicd-spacing of peak 0O is close to 0.

As in the result of cocoa butter, temperature does not have significant influence on the
peaks with lege and medium-dpacing. For the peaks with smalspacing (peak 6, peak

7, peak 8 and peak 9), the differemoé d-spacing for all the four peaks get higher when

the samples were heatup. But the increase of-gpacing for peak 6 and peak 7 is
smaller than the increase ofsgacing for peak 8 and peak ®eak 8 and peak 9 depend

much more strongly on temperature than other pealksshown that temperature affect

the WAXD patterns of 99% dark chocolate in the sarag &as the temperature effect on
cocoa butterHo wever , t he o bdigsmallerdhaniimthe otbeamaterials,n @

between 3 and 4 pm.
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5.2 Estimation of Temperature from Difference of d-spacing

As with pure triacylglycerok, we can estimate the real sample temperatfrehe
triacylglycerol mixturesusing the differenceof d-spacing for the peaks with small-d
spacing.
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Figure 5- 12 Temperature versus differersa# d-spacing for peaks with smalld

spacing (3P7S).

For thedry blends taking the3P7S as example, differensef d-spacing of peak 7 and

peak 8 increase with the temperature increase. We can calculate the sample temperature
using the polynomial equatisshowed inFigure5-12. Thoughthe calculated temperature

is still an estimated temperature, it is much closer to the real sample tempaf&ture
expect, thus, to gaia better understandingf the temperatureffects bymonitoing the
temperature o$hearedystens.

Using the differenceof d-spacing to estimate the real sample temperature can be applied

to most of the dry blend samples except 5M5P and 5L5S. Taking 5L5S as example, when

temperature reaches 50°C, peak 7 disappear anddpacthg of peak8 becomemuch
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larger than the -dpacing at previous temperaturélhe mathematical equatisrfor
differences of d-spacing for peak 7 and peak 8 found in this situatasenot accurate to

calculate the sample temperature.
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T vs Ad for peaks 3.85 A (LM)
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Figure 5- 13  Temperature versus differerscef d-spacing for peaks with small -d
spacing at 3.85 A. (a)riacylglycerol mixture composed by PPP and SS®)
Triacylglycerol mixture composed byMMM and PPP. (c) Triacylglycerol mixture
composed byLL andMMM.
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T vs Ad for peaks 3.7 A (MP)
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Figure 5- 14  Temperature versus differerscef d-spacing for peaks with small -d
spacing at 3.7 A. (a)Triacylglycerol mixture composed by PPP and SS®)
Triacylglycerol mixture composed byWMM and PPP. (c) Triacylglycerol mixture
composed byLL andMMM.
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Figure 5- 15 Temperature versus differences e$mhcings for peaks with small d

spacing at 3.7 Aall dry blend samples and pure TAGSs)

In order to have a better understanding of the estimation of temperature from the
differences of d-spacing for the peaks with small -dpacing of the triacylglycerol
mixtures the difference of d-spacing for the peaks with small -gpacing versus
temperature from the samples with the same composition but different proportion are
plotted together in FigurB-13 and Figure 4. These figures showhat the peaks with
smaller dspacing have greater consistgnéfter plotting the differences of d-spacing for

peals with small dspacing (385 A) (blue diamond in Figure5-10, 511 and 512) into

one graph (Figur&-13), it is clear thathe mathematic equation changes a little bit with
the dange of the sample composition. For the peitk small dspacing (37 A) (red
square in Figure 5-10, 511 and 512), the mathematic equationgresent higher
consistency For the samples with the same composition but different proportion, it is

reliable to have one mathematic equation to estimate the real sample temperature using the

differences of d-spacing of the characteristicpeak 8.7 A). In Figure 515, the

mathematic equations of dry blends with different composition and the pure
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triacylglycerols also show good consistency, except the dry blend samples composed by

LLL and MMM.
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CHAPTER 6 RESULTS AND DISCUSSION T Il - EFFECT OF
TEMPERATURE ON WAXD OF TRIACYLGLYCERO LS

MIXTURES UNDER SHEAR FLOW

6.1 Effectof Temperature on dspacing of WAXD Peaks

6.1.1Effect of Temperature on ds p a ¢ i rFgrm WAXD fPeaks without Shear in
the Mini Couette Cell

In Figure 61, peak 4, peak 7 and peak 8 show & P c r y s tfarh in themenid
Couette celbndthe large peak 1 showise solvenBBB is still in liquid form.The large
liquid peak makes the peak fitting much harder since it easily affecpeak position,

amplitude, width anthebaseline.
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Figure 6-1 The fitted Wide Angle Diffraction patterns of 6B4P without shear by Igor
Pro.(a) Whole diffraction patterns. (b) Riting for peak 7 and peak 8 at the reciprocal
lattice spacing range from 1.5 to 1.8.
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Figure 6- 2 Differences of d-spacing with temperature (6B4P without shear).

Since the minimum temperature that the water akPS can reach is5°C the results of

gd are presented in this chaptesing -5°C as the referencéemperature,i.e. the
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differences of d-spacing arecalculated by subtracting thespacing undes5°C.

From Figure6-2, the difference of d-spacing for the peaks with largesgacing (peak O
and peak 2%carcely changerhen the temperature increasior the peak with medium-d
spacing (peak 4), thespacing increaseonly minimally when the temperature increase
It is hard to tell how €pacing of peak 5 changewith temperature because of the fitting
of peak 5.The orerlapping with peak 4 and the largjquid peak mkes it hard to get an
accurate espacing of peak J-orthe peaks with smadl-spacing (peak 7 and peak 8), the
differences of d-spacing kepincreasing when the temperature increaBet the increase
of peak 7 is much smaller than the increase of pedh&general trends afesults of
6B4P in the mini Couette cell without shear arg@milar to the resuk from pure
triacylglycerok in capillary cells using thousex-rays This meanghatthe dspacing of

thecrystallized sampleshange in the same waging different experimeatsetufs.
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6.1.2 Effectof Temperature on d-Spacingd b  F oWANXD Peaks with 40 r/s

Rotational Speed
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Figure 6- 3 The fitted Wide Angle Diffraction patterns of 6B4S under 4Qotational
speedat0 °C by Igor Pro.(a) Whole diffraction patterns. (lRe-fitting for peak 3 and

peak 4 Rditing for peak 7 and peak 8 at the reciprocal lattice spacing range from 1.5 to
1.8.

Following the same temperature profile as 6B4P, the WAXD patterns of 6B4S were
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captured underrotational speed40 revolution per second (r/syhich yields an
approximate avege shear ratef 940 s'. Compared to the 6B4P without shelow,
Figure 6-3 shows the 6B4S crystallized but the degree of crystallization is anthlihe
intensity of the crystal peaks is much lonBBB as solvent did not crystallize so there is
a lroadliquid peak (peak 1)After calculatingthe dspacing of peak 2, peak 3 and peak 4,
it indicates SSS crystallized ib  f .drittimg the WAXD patternsfrom the reciprocal
lattice spacing 1.5 to 1.8anavoid artificial peak shifting due to the largenorphous

peaks.

B peak 2
Peak 3
1 Peak 4

Difference of d-spacing (pm)

Temperature (°C)

Figure 6- 4 Difference of dspacing with temperature (6B4S with 40ndsational speed

The difference of d-spacing of peak 2are approximately0 when the temperature
increass from -5°C to 5C°C. This indicates the €pacing remain the same as that under
reference temperature5(C). The difference of d-spacing of peak 3 and peak 4 keep
increasing when the temperature is getting higher and the differehdespacing of peak
4 is increasing much faster than the differenaled-spacingof peak 3 Under the same

temperature, the change ofsgacing of peaks with small -@dpacing is larger than the
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peaks with large-@pacing.

6.1.3 Effect Of Temperatureon d-spacingof Férm WAXD Peaks with 50 r/s

Rotational Speed
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Figure 6-5 The fitted Wide Angle Diffraction patterns of 684vith 50 r/srotational
speedatO °C by Igor Pro.(a) Whole diffraction patterns. (b) Rigting for peak 3 and
peak 4 Rditing for peak 7 and peak 8 at the reciprocal lattice spacing range from 1.5 to
1.8.
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Figure 6- 6 Difference of dspacingwith temperature (6B4S with 50wstational speed

From Figure €b, the fittedwide angle diffraction pattern of 6B& with 50 r/srotational
speedwhich yields anapproximate average shear rafel200 s by Igor Prg is similar
with thatat 40 r/srotational speedPeak 1 is a large liquid peak and shows that BBB
solvent did not crystallizel'he dspacing of peak 2, peak 3 and peak 4 is calculated from
the recipocal lattice spacing q and sh@&®S crystallied inb  f .But compared to the
WAXD pattern of 6B& with 40 r/srotational speedhere is less crystal formed undé€r 5
r/s rotational speedThe crystal peaks amauch harder to identifyor fitting andthe d
spacing of the WAXD peakss harder to determine

The differencs of d-spacingof peak 2 is close to 0 when the temperatigesfrom -5°C

to 5¢C. This indicatesthat the dspacing remain the same as that under reference
temperature-6°C). The differencs of d-spacing of peak 3 and peak 4 keamreasing
when the temperatuiacreasesnd the differenceof d-spacing of peak #thcreasenuch
faster than the difference ofgpacing.Under the same temperature, the change-of d
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spacing of peaks with small @pacing is larger than the peaks with largepdcing.

These results are similar as thad0 r/srotational speedescribed in Section 7.1.2.

6.2 Estimation of Temperature from Difference of d-spaadang

At high shear rate a lot of factors will affect the temperature of the samples, such as
viscous heatthe temperature dhe sample in thenini Couette Cell is always higher than

the set temperatur®@ecause of the configuration of tin@ni CouetteCell System, it is

hard to measurand record the sample temperature using a thermBtdin. temperature
andshear can have a great influence on fat crystallization so it is difficult to study the real
effect of different shearateson the fat crystallization when the temperature cannot be
determined.It is necessary to find a way tmeasure or estimate the resample
temperature under shear. Only after iz effect of shedtow on the fat crystallization

can be understood.

The same as the pure materials crystallized in the capillary callshé sample 6B4P
without applying sheathe differences of d-spacings of peak 7 and peak 8 increaagthe
temperature increaseWe can calculate the sample temperature innth@ Couette
System using the equat®shown in Figure6-7. Eventhough the calculated temperature

is still an estimated temperaturegives us a better understanding for the temperature

themini Couettesystemwithout applying shear flow
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60 6B4S with 1200 s! shear rate.
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Figure 6- 7  Temperature versus differenceof d-spacing for peaks with small -d
spacing (a) 6B4P without shear. (b) 6B4S wRHO s! shear rate40r/srotational speex
(c) 6B4S withwith 1200 s' shear rat¢50r/srotational speed

For the sample 6B4S with 40 r/s and 50rofational speedthe sample temperature can
also be estimatelly calculating the temperature from the differesmfed-spacing for the
peakswith small dspacig, which the espacing is 3.8% and3.7 A. As shown in Figure
6-7, the real sample temperature can be calculated from the differehdespacing of

peak 3 and peak 4.
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6.3 Comparison of theDifference of dspacing with Different Shear Rate

(@)

(b)
Figure 6- 8 Difference of dspacing versusrotational speetbr peaks with smalld
spacing. (a) Peak with smalispacing at 3.85 A. (b) Peak with smakpacing at 3.7 A
To compare thehangeof d-spacing with different shear ratethe difference of d-

spacing undersix experimentemperature are plotted versus shear e Figure 6-8.

For the WAXD peaks &.7 A (Figure 68 (b)), the difference of d-spacing arelargerat
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