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Abstract

The thesis studies mixtures of alkanes, alkamotsiglycerides that are used to provide
structure to cosmetic productBhesematerials arblended togethen such a watp
create a producdhat is stable and rigid in the packadig depos#ta thin film of
material when rubbed on teBkin. This research is driven by the industrial need to
understand furthethe fundamental mechanisms occurring when the product is
processed for the purpose of predicting-sgablehaviour. The aim of the project is to
discover links between processditions, crystallisation, polymorphism, physical
properties and product performance.

The morphology, crystal structucemposition thermal and physical properties of
individual components{CO, Petrolatum and-Qctadecanplas characteriseding
anarray ofanalytical techniquexluding DSCTGA, XRD, GC, SEM, AFNMnd Hot
Stage Microscopyhe properties of the thregucturing materials wex@mpared and
contrastedo dicover their role in the formulation

Before studying the binary mixturé$-OctadecanpHCO, solubility, thermodynacosi

and crystallisation kineticstbése materiailserestudied in a rang# relevant non
polar and polar solvenixluding Dodecane, Undecane, Ethanol, Acetone aumsiiab
polythermal turbidity data. The data was analysed wsingoffy andKBHR analysis
and both materials were fouttdbe most soluble in protic polar solvents and least

soluble imon-polar stvents.

Binarymixtureshave beestudied through creatiageries gfdhase diagrasnsing DSC
and morphologyand mechanical propgrinformation has been superimpog#ith
respect to composition using AFBinary mixturesf HCO and1-Octadeanolhave

found toexhibit 4 distinct morphologies

The final part of the project focused on the impact of shear and solvent on the crystal
structure, polymorphism and rheology of the main structuring ingredient. Experiments
using an online custamade sheaet at a synchrotron allowed structural, rheolpgical

and temperature data to be captured simultaneously, giving insight into mechanisms
occurring during processing of the cosmetic produnespresence of shear and solvent

has been found to induce phaggarationof the rotator and gamma phases -of 1

Octadecanol
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Figure & Studying Hydrogenated Castor G@fdtadecanol (0.2/0.8) cooled

1°C/min using Atomic Force (AFM) and Optical (OM) Microscopy. A ridge of-hard 1
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Chapter 1: Industrial Relevance, Research Aims and
Objectives

This chapter provides a introduction to this thesis by providing a summary of
the industrial relevancebeforerevealing the aims and objectives of thigesearch
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1 I/ndustrial Relevance Research Aims and
Obyjectives

1.1 Introduction

This chapteidentifiesthe scientific needs tiie researchssociated with industrial
processing of mixtures longchain hydroarbon This chapter aims to introduce the
reader t@wosmetic science and provadgcientific context for this studjhishas been
achieved througlproviding theindustral backgroundproduct function industrial
process antypical formulationbeforestating the aims and objectives efriésearch
This chapter also defmkow this thesisvasstructured andhow this researcivas
conducted

1.2 Industrial Context

Antiperspirant ariebr deodorant (APDO) products are used to keep bodily occurs under
control whilst reducing underarm moistu@n the markettherearemany different
formulations and application methods available to the consumer for applying
antiperspirant arier deodorant. This currently consists ofad, wax deodorant
sticks, creams, soft solids, gels, suspensiamspbqueeze sprays, pump sprays and
pads. In this projecive are investigating the formulation and manufacturinggroce
behind the wax deodorant stick, which currently dominates the méankdtmited
State$1]

In the United Stateduring the 1960the aerosol used to be the most popARDO

format howeverconsumer confidence in the aerosol was knocked by a series of events.
First in 1977, the Food and Drug Administration (FDA) baihaainiumzirconium
complexes from being formulated into aerosolsGiftette reported lung problems in
animals which had been subjected to long term inhalation testing. Shortly giger this
Environmental Protectiongency imposed measures to limitCGhkerofluoroCarbon
propellants used in aerosols, since they were shown to be depleting the ozone layer in
the 1974 Nature publication by MJ Molina and FS RoJ2amysthe 1980s, consumers

in the United States had lost confidence in aerosol antiperspirants. [phBureyer,

APDO sprays are still the most popular format, with wax stick APDO being less
commonlyused3]
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Over this time perigdhe formulations have also evolved to meet consumer need and
to meet the regulations of the FDA, such as to remove bannedhactdients, reduce
damage to clothes, improve skin irritation or to prevent white residue being visible on
skin and clothing after application of a gjlconproduct[1]

1.2.1 The mechanism behindthe sweating of humans

Sweating is the process where a fluid is secreted ony0 ayéate from sweat glands
contained within the skin. Certain mammals have evolved the ability to sweat with the
function of maintaining healthy, lubricating skin that has contact surfaces and
thermoregulation of body temperature. Without the abiliyett,shumans would not

be able to live in all the extreme temperatures the world has to offer or to run a marathon
withoutoverheatingl]

The sweat gland was discovered by Purkinje ifab838n estimated2million sweat

glands are present on the surface of the human bo@dat @ands are not evenly
distributed across the surface of the skin, with highest densities found on the forehead,
chest and badk] There is known to be two types of sweat gland. Eccrinergints

secret water and salt to regulate body temperatigmoarde glands trgpart fats and

proteins along with water and salt to the upper skin[iyers.
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7] intratotiicutar

Fundus

Figure 1-1 Schematic diagram ofthe two types ofhuman sweat gland. a)eccrine gland andb) apocrine
gland.[1]

The source of body odour mainly originates from underneath the arms where there is a
high concentration of sweat glands. Initidlly sweat glandsqouce no odour
howeverthe natural oils, known as lipids within the apocrine gtaeodisle a medium

for bacteria to grow on the skin. This bacteria breaks down some of the lipids on the
skin into compounds that have the characteristic odour of sweat, such as Isovaleric
acid[9]

APDO sticks rely on two mechanisms to keep body odour under contrdirstThe
mechanism is for the deodorant to kill bacteria on the skin, reducing the production of
compounds associated with body odour. Antiperspirants have a different mechanism,
whereby they temporarily inhibit the agtiof the sweat glanf]. As aresult,less

moisture is produced underarm, reducing the unwaetedss, whilst reducing body

Page |31



ChapterdIndustrial Relevance, Research Aims and Objectives

odour, since there is less moisitutbe skin for the bacteria to react upon. It is thought
that this works byAluminium salts, which are contained within the antiperspirant
formulation, temporarily block the sweat glands/epting moisture from being
secretefl’]

1.3 Industrial Relevance

In the factory for APDO sticgroduction seem Figurel-2, there are two tanks both

fitted with an agitator. The cold phase tank contains emollienisardsigperfumes

and emulsifiers and hplase tank contains molten wax components dissolved in the
Silicore solven[8] The hot phase tank is heated using steagnduring the blending
process, temperature control and mixing are crucial to ensaethewvo mponent s
burnt whilst they are added to the tank and melted. Once all the wax components are
added to the batch, the batch is mixed until unif@fma.core wax components consist

of a mixture of high melting point waxes (hydrogenated casfoand low melting

point waxes (DctadecanandPetrolatuny dissolved iSilicore to produce sensory
pleasingroduct{9] The two mixtures are both fed &pipe from the two tanks to a

single static mixing block. Here the -ealtive phase combines with the molten wax,
crash cooling the wax components fror@@®C to 5560°C[8] The wax stick
deodorant formulation, containing the molten diipstavax components is fed through

the nozzle filling the empty APDO stick canisters ahbes® C above the temperature,

which the composition fully solidif[8s The empty canisters are filled whilst tihey a
moving on a conveyor belt. The temperature, which the canisters are filled is crucial. If
the molten wax is too hot, the solids in the formulation may settle at the bottom of the
canister. If the molten wax is too cold, the molten wax will havighoa Wiscosity

and air bubbles will get trapped in the canister.
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Cold active
Phase tank:

Molten wax feed tank:

Mixing block with static mixing elements

v

Filling Nozzle:
Empty Tothe
deodorant # -cooling
stick canisters tunnel
o - - N
(@ o)
B, —

Figure 1-2 Diagram showing the production process ofvax stick deodorant based on communicationswith
P&G.[1Q 11]

After the canisters are filled, they are passed through various finishing operations at the
end of the production processfrared light is used to heat the surface of the wax stick

to ensure it is smooth and free of air. Then a probe is stuttkeientre of the stick,
allowing air to escape and then the canister is reheated to fill the void creatbé. Next
canisters are passed through a refrigeration tunnel which cools the product rapidly,
forcing the product to solidify. Finally, theistars are cleaned and placed into cartons

ready for shippinid.]]

Samples of the production run are takeruaad for quality control testing. The final
hardness of the wax is measured by using a needle of a particular weight and size which
is allowed to travel through the wax over aderermined period of tifig2] The

relative hardness of the wax is measured by the digtécitehe needle has travelled
through the wax in the given time pefidi
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Figure 1-3 Two examples of wax stick deodorant products currently available for saleP&G6 s onl i ne st o
in North America.[13

1.3.1 Typical Formulation of Wax Deodorant Stick

Formulation science is the process of creating a product through blending a range of
components, each of which has a certain function in the finalrfullyafied product.

The order and level of additiarekey, for making a product which has functjactie
ingredients and creates the correct structure for suspending components, whilst having
the correct rheology and pH for the products intendedidanctTypical cosmetic
formulations include a range of functional ingredients including pH adjusters, fragrance,
rheology modifiers, dyes, preservatives, surfactants and appearance mddifiefis etc.

In the case of the wax deodorant stick, the formulation has to be hard and rigid to only
deposit a small layer when rubbed on the skin and to maintain form inside the canister
but needs to be soft enough to feel nice upon applitatioa skirfl1l] The product

needs to have a pleasant smell and inhibit swea@tiegfollowing table details the
categories of functional materials present in wax deodorant sticks aadrhmaterial

worksto achieve the products brief.
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Table 1-1 Typical formulation of wax deodorant stick based o & G fosmulation patent(d

Name wit% of Typical Function
composition examples
Astringent 0.510% | Aluminium Antiperspirant active ingrediel
metal zirconium
compl ex
Solidifying 5-40% 1-Octadecanol | Solid structuring
agent Hydrogenated
Castor o]
Petrolatum
Volatile 20-70% Decanethylcycl | Silicone to provide lubricatio
emollients opentasiloxane | upon application to the sk
(D5) then evaporatdeaving the skirj
feeling smooth and dry
Non-volatile 10-50% Talc, starches | To oontrol stick consistency
emollients Also gvesasmooth dry feel.
Solubilizing 0.0510% | Fragrance To dissolve solid powdsg
agent material

1.4 Research Aims andDbjectives

The nature of how materials are processediistry can have a significant impact on

the final physical properties and performance of the manufactured product. This project

aims to explore this phenomenon by studying tekisation and phase behaviour of

thelong-chainstructurindhydracarbors usedn the formulation of wax stick deodorants.

The underlying question of this PhD is:

How doescompositiomrandprocess parameters suclstasar andemperature impact

thesolid form behaviowf atypical wastick formulatiof

This research can be delivdsgdompleting the following objectives:

T
T

Determine phase diagrams betwkerstructuring gredients

Establish the solubility and solution ideality in different solt@mprobe

behaviour and compare with industrial solvent.
Study morphologyf the struatringingredientsn model solvents.

Study impact of temperature control and shear on the physical properties.
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1 Study the Xay structure othe structuringingredientsupon shear and

temperature.
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Formulation Physical Properties
* Intermolecular forces between molecules * Rheology

*  Miscibility of ingredients * Surface morphology

* Density *  Mechanical properties

* Ingredient composition/purity

Crystallisation and Polymorphism
within the complex mixture

*  Crystal size and morphology
¢ Crystallisation temperature
*  Polymorphic transitions

Process Conditions *  Crystal structure Product Performance

* Sensory feel

*  Product stability

* Ease of application

* Dosage upon application

*  Mixing speed
* Cooling rate
* Reaction Vessel

Cold active Molten wax feed tank:
Phase tank:

Mixing block with static mixing elements

Filling Nozzle:

Empty Tothe

deodorant ‘ ‘:oohng

stick canisters tunnel
— — — — — — —
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Figure 1-4 The methodology usedthroughout this project displayed usingflow diagram detaiing the links between processonditions, formulation, crystallisation, physical properties and
product performance.
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1.5 Justification for Material Selection

After discussionsvith Procter and Gamble (P&@nd searching the patents it was
apparent thregroupsof long-chainorganic molecware used tprovide tostructure
wax stick deodorant formulatiq@s162(0 These three groups are alkaaéhols
and triglyceridesCombined mixtures of thaseleculegroupsstructure thenixture of
volatle emollients, newolatileemollientsand astringent materigi®sent irwax stick
formulationsupon coolinghrough forming a crystal structaegwork througlout the
complex material mixtureThesematerialsare combined together structure the
product sothat the product is rigidcontained in the cannister, but depositgdilm
upon rubbing the product on the skirl. choose to use commonly used industrial
materials as the foanfsthis resarch and requestiedustrial samples ofdctadecanol,
Petrolatim andHCO from P&G.

1.6 Project Management

This PhD project is sponsored and supported by Procter and Gamble. The work has
predominately been completed at the School of Chemical Engineering, University of
Leeds and as part of the Complex Particulate Products and P@aressésDoctoral

Trainng (cPCDT), usingEPRSGGrant EP/L015285/1 ThecP CDT hasanindustrial
focuswith every PhD project having edustral sponsoland a planned industrial
placementThis work has been carried out under the supervision of Primary supervisor
Dr Xiaojun Lai and Secondary supervisor Professor Kevin Roberts, both of whom are
based at the University of Leedhput was also gained fronogressneeting with
industrial contactSimon Greener and Davei§is based aP & G B&D facilitiesat
Newcastle, UK andiiimati, USA Majority of the experimental work was carried out
atthe University of Leed€hemicaEngineering department. However, soibe
experiments were conducted through collabora#idomic ForceMicroscoly was
conducted wittDr SimonConnellat School ofPhysicsaand AstronomySynchrotron
experiments were conductdrazilianSynchrotrorLight Laboratoy, andUnicamp

with Dr Guilherme Cléigarisand Thermal Analysis was carried oB&&3, Newcastle.

1.7 Report Structure

This thesigontainsight chapterwith the referencdsted in thebibliography athe
end of the document
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ChapterdIndustrial Relevance, Research Aims and Objectives

Chapter introducegshe thesiby describindhe industrial contextefore detailing the

reseech question, aims and objectaed report structure.

Chapter Zyivesanoverviewof the underlying scienckscusses relevant literatamel

descrilesthe characterisingchniquesise.
Chapter letait the materia and experimental methods used throughout this research

Chapter 4letails the results upcharacterising-rOctadecanol, Hydrogenated Castor

Oil and Petrolaturasing a range of techniques

Chapter Toverssolubility and nucleati&meticsof 1-Octadecanol and Hydrogenated
Castor Oiained through conductiagseries of polythermal turbydexperiments in a

range of nofpolarand polar solvents.

Chapter presents a seriesmfaryphase diagrarttzat hae been created usthgrmal
analysiscomplementechangindpy measurechechanicalndmorphological properties
of the surface

Chapter 7describeshe developmenprocessof building anovel sheacell, before
detailing the results obtaindm simultaneouspolythermal, shear an¥-ray

experiments.
Chapter &letails the conclusions and future vadrthis research project.

A schematic of thimesis structureasprovided irFigurel-5.
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Chapter 1 Introduction

. Industrial relevance

. Research aims and objectives
. Scope of thesis

/ Chapter 2 Literature Review \

*  Fundamental crystallography
*= Phase transitions and solubility

* Rheology
®= Review of alcohols, alkanes and
triglycerides

®*  Review of sheared wax materials
= Characterisation techniques

. J

’,

Chapter 3 Methods and Materials

= Materials used for study
= Review of experimental methodology

X2 b 4

Chapter 4 Characterisation of Formulation Chapter 5 Crystallisation Kinetics of 1-
Ingredients Octadecanol and Hydrogenated Castor Qil in
polar and non polar solvents

= Characterisation of 1-Octadecanol

= Characterisation of Hydrogenated Castor Oil = Solubility of waxes in a range of solvents
= Characterisation of Petrolatum * Investigation into type of nucleation
present

<~

Chapter 6 Binary Phase Diagram of the
Ingredients

.,

Chapter 7 Influence of Shear on the Structure of

= Binary mixtures of alcohols, alkanes and 1-Octadecanol in Solution
triglycerides )
= Morphology and mechanical properties of " ND‘{EI shear cell design
binary mixtures = Online shear and temperature study

- 5

Chapter 8 Conclusions and Future Work

Figure 1-5 Flow diagram shematic of the report structure
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Chapter 2. Underlying Science and Literature Review

This chapter covers thefundamental science underpinning this project, before
providing a literature review of thework previously carried out in the scientific

area.
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2 Underlying Science and Literature Review

2.1 Introduction

This chapteintroduceshe santific landscapenderpinning this projectFirst the
fundamental knowledge covered includingthe theory of crystallisation science,
formulation sciengghermodynamicand rheologybefore moving into the literature
review Theliteraturereviewprovidedetails oprevious studsthat haveisdrelevant
materials antechniques.The theory behind key characterisation techniques will be
covered towards the end of this chapter.

2.2 Underlying Science

2.2.1 Crystallisation Theory

Within the three states, solid, liquid gasthe atoms and molecules have very different
atomic mobility. The motion of atoms/molecules contained within liquids and gases is
free and random. Solids can be either crystalline or amorphous. Crystalline solids have
fixed atoms/molecules/ions inegular order called a lattened amorphous solids have
atoms/molecules/ions fixed in a randtwngrangeorder{21]

2.2.1.1 Crystallography

A crystalline solid has atoms/molecules/ions intheeedimensionalrepeating
pattern throughout the ordered structure. The position of the atoms is not
static within a crystalline solid. Each atom vibrates around a mean point due to
the thermal energypbssessd2]]

A lattice is used to describe the positions of motifs (atoms, molecules or ions)
throughout the threedimensional crystal structure. The smallest building
block of the crystal is called the unit,cafld if it is repeated ithree
dimensionalspace it forms the lattice. Athreedimensionalunit cell is a
parallelepipe (Figure 2.1), defined by its lattice parameters which consist of
three distances (a, b and c) and three ardgles (A and &) . The
parallel to the axes of the lattice (xng @ and the angles are between each of

the axef?1, 27
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Z

)

a

(l-——b-—_—./

Figure 2-1A general threedimensional unit cell with lattice parameters (a,b,& , A[27R )

In crystals, interactive forces between molecules are duentder Wa al 0 s
forces, electrostatic forces or hydrogen bonding. The strehgtthese
interactions between molecules rapidly decreases with distance. As a result,
the nearegteighbour interactions determine the energetics of the structure
and only certain symmetric crystal structures are g@Jved.

Symmetry is another method of describing a crystal and its unit cell. In
general, all crystals display some symmeaémd this allows crystals to be
grouped. The four symmetrical elements a crystal possesses aaige of
rotation, an axis of rotationinversion,a plane of symmetry and centre of

inversior21]

It has been found there are 32 sets of symmetrical operationbatiaatecise
possible all crystal structures. These symmetrical operations are known as
point groups and help define the seven possible crystal systems (Cubic,
Tetragonal, Orthorhombic, Monoclinic, Triclinic, Trigonal and

HexagonalR]]

In 1848 through geometric mathematicakasoning, Bravais calculated that
there are only 14 possible basic typetheofattice which are derived from the

seven crystal systej2§
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FOURTEEN BRAVAIS LATTICES

-
Triclinic lattice alP Monoclinic lattices mP and mA
L ] L ]
L]
. .
-
-
- L ]
Orthorhombic lattices o, oC, of, and of
]
Tetragonal lattices #P and f
-
Rhombohedral Hexagonal lattice
lattice AR hP

Cubic lattices
cP, el and ¢ F

Figure 2-2 The fourteen Bravaidattices grouped by the seven crystal systerfia4

2.2.1.2 Chemistry of Crystals and Polymorphism
The chemistry and nature of a cryatalvery much dependent on the bonds and
interaction forces within the crystalline structilitee many types of checal bonds

and interactions between atoms and molecules including covalent bonds, ionic bonds,
metallic bonds, hydrogen bondwvey deiwWa a forées and dipoldipole interactions.
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Table 2-1 Description of typesof bonds and interactionswhich createcrystal structures[25

Name Description of | Structure Bond
interaction Energy
(kJ/mol)
Covalent | Sharing of electron pair - 63920
bond between atoms to form L

chemical bond.

lonic bond | A chemical bond forme( 335105
between two ions o
opposite chargeAn ionic | oo ci
bond is formed when on |

ion donates one or mo

electrons to another ion.

Van der | Weak temporary dipols 2-10

Wa a | 06 | electrostatic interactio

force between atoms o ""H/ \H

molecules atlose range

Dipole- Electrostatic  interetion 4-21
dipole between two dipola
interaction | molecules. Hydroge i

bonding is an extreme
example of dipolalipole

interaction.

Organic crystalline solids tend to consist of covalently bonded molecules held together
by weak/an delWa a forées and occasionally hydrogen bonding and/or electrostatic

forces.

When a substance has the potential to crystallise into different erystalbwhilst
being chemically i dentical, i tds descr
polymorphs despite being chemically identical tend to exhibit very different physical

properties. Each polymorph can have different crystallisation and ipeiltin

Page |45



Chaptez 6 Underlying Science and Literature Review

temperatures of chemically similar substances. A substance can interconvert between
polymorphic forms upon a change in the conditions the substance is exposed too. If a
substance cannot interconvert between the different polynforpiggt is known as
monotropi¢ andif a substance caonvet reversibljbetween polymorphi's known

as enantiotropic A good example o& monotropic substances graphite and
diamond2] Ost wal d6s | aw of stages says that
will nucleate firg23 In somecasesolidsolid transitions can occwen long time

periods, eventually forming the stable polymorphic structure.

2.2.1.3 Morphology

The external shape of a single or group of crystals defines its habit and morphology. A
crystal shape is determined bg telative growth speed in axes direction.

2.2.2 Mixtures and Phase Diagrams

2.2.2.1 The solubility of Mixtures.

In generalsolubility refers to thability for a solid tde dissolved in aduid and
miscibility refers to the ability to niwo liquids. Solubility can be expressedriams
per litre[26]

Dissolution occurs when the solute molecules separate from one Hregw@vent
molecules create a gap between themmg@olute molecules to position and interaction

occur between solute and solvent molecules to form a stable solution. For this to occur
there will be certain energy barriers to overcome for solute separation, solvent separation,
solution formation and ¢hsize of these energy barriers depend on the nature of

interactions betwedne solute and solvent.

Scientists often use modelling to predesolubilty of a certain safe in a solveri27]
Therearetwo main types of solutidio consider: a molecular solutimere a solute
and solvent areovalently bonded and mnic solutionvherethe solute is ionic and

able tadissociaténto itsionsin solution2q

2.2.2.2 Binary Phase Diagram

A phase is a part of a system that is homogenous and uniform respect to physical
composition and physical sf@8 Phase diagrams are usedescribe how changing

a condition such ademperature or pressure impacts the phase present of a material.
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A system is in equilibrium if no changes occur once it is isolated from its surroundings
and a system is in phase equilibrium if no phase tnaassbor occurs between one

phase and anothi@8 When a system is in a state of equilibrium at a given temperature
and pressure, the Gibbs function is at a minimum. When a system is not at equilibrium,
there is a driving force towards equilibrium. An exarnblis & a wet Bhirt will dry

at a faster rate if its outside in a dry environment, rather than a humid envjg&hment

The phase equilibrium will change if pressure or temperature is changed, as demonstrated
when a phase diagram is produced using BISG in the case of DSthe size of the

driving force to reach equilibriunlldepend on the heating or cooling rate.

In 1875, Gibbs defined the phase rule, which shows the relationship between the number
of coexisting phases P, numberiraiependent components N and the number of
degrees of freedom F using the equation listed. debowll systems in thermodynamic

equilibriumthe phase rule is valid and provides the theoretical foundations behind all

phase diagranfa3

Figure 2-3 Gibbs phase rulg23
The number of independent components N is defined as the number of chemical species,
required to completelgstcribe the phases in the system compg&ely

The number of degrees of freedans Eefined by the number of independent variables
at the systems given state of equilibrium. Variables such as mole fraction x, temperature

T and pressure p can be individually verified without, altering the number of phases in
the systeri23

To provide an introduction phase diagrams, | will describe a model example of a binary
phase diagram in Grapii4
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60 - Heating binary mixture of A and B

58 Liquidus Line
56

[&)]
5
|

Molten A + B

9]
N
]

Eutectic point

Temperature (°C)
3
1

48 —

46 - Solid A + Molten Mixture Solid B + Molten Mixture

44 — f

4o  SolidusLine 5o A+ Soiid B

40 T I T I T I T T T T I T I T I T I

[ I [
00 01 02 03 04 05 06 07 08 09 10
Mole Fraction of B

Figure 2-4 Model example of a phase diagrarwhere materiak A and B are mixed in the solid and liquid
phase.

The above phase diagram shows the impact of temperature and composition on the
phases preserithe emperaturavas plottednthe yaxis andrelative composition was

plotted on thec-axis. At 0.0 mole fraction of B, we have 100% compositigrantl A

at 1.0 mole fraction of B, we have 100% composition of B. At a mole fraction of 0.2 of

B, as the temperature is cooled frorta@olten phases of A and B are initially present.

At around 5CC, solid A starts to crystallised by around 42C, solid B starts to
crystallise. The solidus line is the line at which the system becomes completely solid and
theliquidus line, is thek at which the system becomes completely liquid. The eutectic
point is the point at which liquid A and liquid B both solidify at the same time.

At solidliquid interfacewith agiven temperature, some of the solid phase dissolves into
the liquid phaselhe degree to which this happens depends on the solubility of the solid
within the liquid2§

2.2.3 Thermodynamics
Thermodynamics is thecience describing thelationships betweemeat, work,

temperature arehergy In generathermodynamiosoncerns theonversion of energy
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betweendifferent forms and thé&ransfer of energy to and from different ggac

Thermodynamics describedby four laws which are listed be]29.

2.2.3.1 Zeroth Law of Thermodynamics

Whentwo thermodynamisystems aigoth in equilibrium with a third thermodynamic

system, then thevo systems must be in thermodynamic equilibrium with each other.

2.2.3.2 First Law of Thermodynamics

Energy can only be converted between different fandscannot be created or
destroyed. As result, throughout any procéiss total energy in the varse remains

constant.

2.2.3.3 Second Law of Thermodynamics

Forani sol at ed s yasdguelibriumthe ierdrépy of thensgistem will increase

to a maximum valuentil the system is in equilibrium.

2.2.3.4 Third Law of Thermodynamics

The entropy of a system wilach aconstant minimum whethe temperaturef the

systemmearsabsoluteera

The second and third law of thermodynamics both concern enfraptermentropy
relates to how disordered and random a systéefengperaturés defined as the heat
intensitypresent withira material and measu@d the Kelvin scale, which starts at
absolute zeroThernodynamiequilibriumas a concept defined as a systemth no

likelihood ofchangingtatespontaneously

To understand the laws of theesgnamicsbasic thermodynamic concepts such as
temperatureghermodynamic equilibriuthermodynamic states, heat and work and total
energy of aystem must be understood.

2.2.4 Crystallisationand Crystallisation Kinetcs

2.2.4.1 Supersaturation

The concept o$olubility has been discussed in the previous sactoefers to the
solubility at equilibrium with a saturated solutibmoughcoolingor evaporating
saturatedolution it is possibléor a solution to contaimoredissolvedolte thants

equilibrium concentration at a given temperatMhen a solution contains more solute
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than its equilibrium concentration, the solution is kriove supersaturateandis

essential facrystallisatioto occur.

Supersaturation is the driving force lebath nucleation and growth of crystals.

2.2.4.2 Nucleation

Nucleationis the first stejn the process to forming a crystad is the process were
multiple molecules/ions come togethea supersaturated solutiimnform a stable
cluster omuclej afterovecoming energy barrid cluster stability Oncethe initial
clusterhas formedt becomes the basis for crystal gr¢2ah.

There aréwo types of ncleation in solutioprimary andexcondaryPrimary nucleation
occurs without the presanof any other particulate teatin solutionandsecondary
nucleation occurs in the presengeanficulate mattefor examplein a seeded solution.
Primary nucleation is homogenous spgahtaneoysneanwhilesecondary nucleation
is heterogeneous and induced by the presence of particulat@hatter.

2.2.4.3 Meta-Stable Zone Width

The metastable zone width is themperature differend®tween the solubility curve
and the supesolubilitycurveas displayed Figure2-5. Figure2-5describes the concept
of supersolublity, andtherearethree clear regioniabile, metaable and stabighich
first defined by &wald in 189[B(

The lowersolid linerepresents the equilibrium solubilitpveuandthe upper dashed
line represents the swsetubility curvébeyond which the labile region exists. The
region between these two lieassts the metstable zone A supersatutad solution
can be created three possible way8bolingisrepresented by the line passing through
ABCD, evaporatioms represented dine A B § @ & combination dfoth represented

is represented b B 6 6 Thé temperature differenbetween the labile and stable
region is the metastable zone widththe stable regioi is impossible for nucleation
to occur,in mdastable region nucleatioringprobablebut can benducedby seeding
and in the labile region nucleation is proljahl82 Thesizeof the metastable zone
width depends omany fact® including cooling rate, solvemtiporationimpuities

and seeding.
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Figure 2-5 Diagram displaying metastable zone width supersolubility curvepas si ng t hraoedu g h
solubility curve passing throughB B & B3 & .

2.2.4.4 Crystal Growth

After a stable cluster has formed in soluioerystatan form througlhe growth of
the cluster.Nucleation and crystal growth processdl compete forthe available
solute in solutignand the relativaate of each procesmpacts the crystal size
distribution. Crystal growttepends owarious solution factors suchtasperature
type of solventsolventpurity and supersaturatioras well as intern@ctors such as
crystablefectsandinteractios between solution and crystal surfage.

Processs occurringuring crystal growth

Transportation of solute molecules todtystal surfaesolution interface.
9 Diffusion of soluteacross theconcentration graelnt towards the growing
crystal.
9 Adsorptionof the solute on the crystal surface.
1 Diffusion of the solute molecules across the crystal sudattee most
energetically faurable position, befode-solvatiorat the desired binding site.
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Terrace

Surface

Edge
vacancy

Figure 2-6 Kossel model ofcrystal surfacedisplaying growth mechanism[34]
2.3 Polymorphism of Long-Chain Alcohols, Alkanes and
Triglycerides

2.3.1 Hydrogenated CastorOil and Triglycerides

Fats found in nature typically consist of complex -ocomtponent mixtures of
triacylglycerol§TAGs). TAGs are essential to the@gth and development of plants,
throughmanyprocesses includisggaibuilding blockdeing synthesised from TAGS,
ATP production fromA-oxidation of fatty acids aseéquester harmful free fatty acids
from the planf35 Fats are widely used in food and other consumer goods industries
such as cosetics. The significance of fats to industry has driven research into fat
crystallisation over many years, wherenthnieate of triglyceride interactions and
polymorphism has been identifiag.

Hydrogenated castor oil (HCO), also known as castor wax is a synthetic compound
produced through the hydrogenation of castor thie presence of a nickel catadyst

the reaction is shown iigure2-7.[37] Castor oil is extracted by pressing the seeds of
the castor oil plant. The chemical structure of natural castor oil is that of a triglyceride
with threeCarbonchainsand the nature of the€arbonchains is describedkigure

2-8.

HCO is a triacylglycerol (TAGand its main componeig known to be tri-12-
hydroxylsteari® HCO is composed of the glyceride oh¥8roxystearic acid mixed
with minor quantities of other glycerides chydroxystearic, dihydroxystearic and
stexic acid. HCO is hard, brittle wigke powder, that imsoluble in water, odourless
and practically tasteless. It is typically supplied as unifoiflonfmeg wax flakes and

when molten transforms into a colourless clear liquid.
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Castor Oil
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OH
Hydrogenated Castor Oil Hydrogenation Reaction
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§ i
(o) W/\/\/\

OH

Figure 2-7 Hydrogenation reaction of the main component of Castor Oil to form Hydrogenated Castor Oil
(tri-12hydroxylstearin)

2.3.1.1 Components of Castor QOil

C C CH

o) 0 o)
——0 o) 0

R4 R, Rs

2% of R=Cisand 98% = G

1 88% of Rhas a OH group at position 12 and a double bond between 9, 10
Carbors.

1 10% of Rhas no OH group, but may or may not have a double bond between
9, 10Carbors.

M R =R:;and/or Rand/or R

Figure 2-8 Diagram displaying the components ofCastor Oil .[38
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Table 2-2 Table showing physical properties oH ydrogenatedCastor Oil

Material Viscosity Boiling Melting Flash | Density
(centistokes)| range/point | Point Point | at25°C
(°C) (°C) (°C) | (kg/m?)
Castor Oil[39] 889.3 313 -2to-5 145 959
Hydrogenated Solid >300 82-87 >310 990

Castor OIl[40Q]

The hydrogenatiomprocess of Castor Oil radically changes th&galhyropertiesf
castor oil at room temperatureCastor Oil is diquid andHCO solid atroom
temperaturedue to saturation of the double bgmeésent between ti#¥ and 16
Carbonatom. Fully saturated molecules have a str@fiitonchain and unsaturated
fats in nature tend to have @utlle bondn the cis positioand create a kink in the
Carbonchain as seen iRigure2-9. The kink in th&€€arbonchain radically affects the
ability for themolecules tstack in the solid fornereating the differential in melting
pointbetween Castor Oil aiktCO.

Very littleprevious work in the literature has been carriedraitbe crystal structure
of HCO and unit cell has not yet been determiiiéé crystallisation of triacylglycerols
(TAG) in generahoweverhas been studied extensiy#ly42 This is potentially due
to thedifficulty of growing a single crystaH&O.

2.3.1.2 Composition and Molecular Structure of Naturally Occurring Fats

Edible naturally occurring fats and oils typically contain multicomponent noiktures
TAGSs along with trace amounts of other minor components. Each naturally occurring
edible fat and oil often contains over a hundred different types of TAG. The chemical
structure of a TAG is a triester of glycerol with three fatty acid molecues! attatis

shown inFigure2-9. A fatty acid is a hydrarbonchain with the carboxylic acid
functional group on the la€tarbon The length of théaydrocarbonchains most
commonly found in TAGs is between 12 an@&dbonatoms and usually has an even
chain length with a linear chain. If lydrocarborchain contains a double botite

chain can become kinked in shape. Gdrbonat o ms p r e shydracarbom 61 i

chains are arranged in azag patter{B6g
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Stearic acid: a saturated fatty acid with no kink

HH HHHHHHHHHHHMHMH o]
Lttt rrrrrerrrr zZ
H—C—-C—-C—C-C—C-C—CCCCCCCCC—-CC
O O T T Y I \OH
H H H HHHHHHHHMHMH
C C CH
Linolenic acid: superunsaturated three double bonds
H H H H
0 0 0 My, Il /'
’t C’C=C~C=C\ / H H
A L el W
H\C/ H H H/ /C\C/ ;, H
(0] (0] —0 Hit H 70
Ho FH Ht P o
C~y / \c\/
R1 R2 R3 2 OH

Figure 2-9 On the left shows the molecular structure of triacylglycerol (TAG) with RR, and Rs being

individual fatty acid chains. Top richt and bottom leftare saturated and usaturated fatty acid respectively.

The figure was taken from C. Himawanet a/.review paper 3¢

In the literature, TAGs are named using a-tates coding system. The second letter

of the code denotes the fatty acid attached to-phbsiton of the glycerol. If all the

fatty acids attached to the glycerol have the same structure, the TAG is known as a
monoacidand if the fatty acids are differ¢hé TAG is known as a mixadid. If any

of the fatty acids in the TAG contain a C=C the TAG is known asursiamrated,

alternatly the TAG is known as besafuratef3q

2.3.1.3 Simple Triacylglycerol Polymorphism

The structure of TAG molecules allows packing in multiple crystalline arrangements
called polymorphs. Different polymorphs tend to exhibit a significant difference in
melting point from each other. In the litergtlirgGs are describexs having 3 main
polymorphic form& , A 6 . &misolymbrehic Aaming system was first developed
by Kare Larsson in 196@owever some fats exhibit more polymorphic forms than
described by this syst{36,43

TAG molecules consist of glycerol with three-tvagn fatty acid molecules attached

creati-hgggeldbvbestructure that can arrange

haea | | three 0l egsdé alongside each other
otuning forko, were 2 position fatty aci
next to each ot her. The ot her ooovnefei gur a

the 2 position fatty acid packs alongside either the 1 or 3 position fatty acid. These
ochairso can either be stacked iHgudoubl e
2-10alongside a tegown view of the three main TAG polymorphs. These polymorphs

can be identified experimentally using powdeayXdiffraction by the diffraction
pattern36 44 The long spacing in the XRD pattern gives information about the repeat
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distances between the crystal pJaares short spacing gsvmformation about the
distances within the sgbll. The distance between the crystal planes can be impacted
bythezigzag nature of the aliphatic chains. The TAG molecules can be closer packed if

the adjacent aliphatic chains are in step (paraltby than out of step

(perpendiculafpq

o B
L OO
— — B
[ W OO
double triple
H T/

Figure 2210Thed chai r 6 conf i gur at(iefg and theasubcell stmctusetofrthe thtee mosts

common TAG polymorphs viewed from above the crystal plan€gght). The figure was taken from C.

Himawan et al.review pape.[36

Thea form has the chains arwithontgre/titandm a h e
large enough distance between planes for there to be no influence of the zigzag chains
on the packing distance.nXRD padgernavithfomer m ¢ a
strong short spacing peak at around 0.438@nT. h e 4 in flemarabs known to be

unstablg¢49

TheA & f oanorthothansic and perpendicular chain packiny4@d the adjacent
chains are out of step with each other (perpendicular), preventingotlioge pehe
chains exhibit an angle of tilt between 50° and 70°A The fcam benidentified bya
XRD pattern with two strong spacing peaks at@487 nmand at 0.42.43 nn{34
TheAd firogermerals metastab[ds

TheA form has a triclinic chain packing w
other (paralle(l;), resul ting i n A -packedpolymarphieforrd.e ns e
The chains also exhibit an angle of tilt between 50° and 7@°. Thean be identified

by an XRD pattern with one strong spacing peaks at close to Oat&lramumber of

strong peaks between B89 nn{36 TheA f ,inmgenerais known to be the stable

form.[45

Both A and A8 polymorphs can be found i
chain structures tend to occur when the TAG has the same (monoacid) or a very similar
fatty acids chaingtached the glycerol. Triple chain structures occur when the TAG
contains different fatty acids in its structure (raxed d ) . The a form
found exhibiting the doubtdain structur36g
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All three polymorphs of Tristeahiave been characterissthg DSC, XRand Raman

spectroscopjq Through DSC the polymghsof Tristearincan be distinguished by

melting poinwith a ,

A &at549) 66.3 And 72@and enthalpy of fusiomith &

Ab

and 128 1%4t2and219.6J/d47] The polymorpls wereprepaedusingby heating
Tristearirto 90 C until molten and holding for 5 minuteseimove crystalline memory

before cooling at 50@in to 25°Cto form thea polymaph and holdindsothermally

for 10 minutes to crystia TheA polymorph vasformedby cooling from the metit

50°C/minto 57°Cand holding fot0OOminsandthéA p ol y mor p h

wa s

from the meleat 50C/min to 62°C andholding for60 minutes.

2.3.1.4 Triacylglycerol Morphology

Morphology of a crystal is dictatedréative growth rates at each crystal face. The

slower the groth rate at crystal face, the higher the probabilityhenettystal face will

have a large surface area in the final crystal habit. In the case of TAGhaysteds

anisotropic and hawedarge difference in growth rate at each crystal face.

forr

Each TAG crystal polymorph has been found to exhibit very different morphology. In

generalwhen examining TAG crystals under a microscop@, thé or m
amorphous mass of very small erysts

and

t he

A

f orm

t he

i sshapdcsystalgd8e d t o

Ab

exi sts
form appears a
have need]l
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Fats in generafre mostly seen to crystallise into spheralitdsa optical microscope

study on Tripalmitin demonstrates how varying crystallisation conditions leads to
multiple morphologies for a single mateifiale eystal polymorphglentified of each
morphological structureawedetermined by measuring the melting pé#ht

Spherulite structures are formed franaggregation of crystalline ribbons growing out

in a radial fashion from a single nucleus. Quite tfeenibbons which build up the
spherlite are needlghaped. More irregular structures can be created under certain
conditions. The dfference in spherulite morphology has been explained by the
magnitude of the driving force, which influences whether secondary nucleation occurs
as the crystal layers areppdormed. At low driving forcabe secondary nucleation
mechanism is too slow and ensuring a crystalline layer is completely formed before the
next layer is created. At high driving foreesondary nucleation occurs before the
completion of each laycreating irregular structures.

Figure 2-12Sphertitesinthe A8 pol ymor phi ¢ f or mw S83 of BPP/&83Slbinasyanikture r om 3 0
at (left) 52.8C and (right) 49°C. The figure was taken from C. Himawaref a/. review paper[36, 50

2.3.2 1-Octadecanol andn-Alkanols

1-Octadecanphlso known &Stearyl Alcohois one of thechosermaterial®f study in

this project1-Octadecanas typically synthesised through hydrogenation of stearic acid.
Stearic acid is a naturally occurring fatty acid found in cocoa and shigd]buitier
cosmetic industry usually extracts stearic acid from coconut or a palifbBource
However,n recent years there has been pressure on the industry to move from a palm
source since palm oil plantations have been linked to rainforest destruéticheand
endangering species such asrregutai52 The molecular structuretbe ralkang|
1-Octadecanol is displayedHigure2-13 and hashe hydroxy functional grouim
positionl on thel8-chainlength, strght, saturate@arbonchain.
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Figure 2-13The molecular gructure of 1-Octadecanol(CigH 3:0H) .

The research paper Mentolaet al.reports the polymorpgm behaviar of 1-
Heptadecand(C;/H3::0H), 1-Octadecand/CzxdH4:0OH), 1-Nonadecand|C.dHsOH) and
1-Eicosano(CGH4:OH) purified usingecrysthisation inAcetoneor etherusinga range
of complementary techniques includiXgay powder diffraction, DSC, Raman
scattering and infrared spectros¢b8yPolymorphism is reported to\ery similar to
n-alkanesand as aesulf n-alkanol polymorphs agevensimilarnomenclature Odd
and even chain length-dlkanolsof between1220 Carbonatomsexhibit different
polymorphism at room temperatide i s s hevdnCaebonthaim lengthandA

is stable for an oddarbonchain length. A few degrees below the melting point, both
odd and even chain lengthalkanols have a sefidlid transition to the rotator form
R@. A metastablél form of 1-Octadecanol and-Bicosanol was observedter
guenchingn a bath of liquidNitrogen

N-alkanol chains pack in an ordered, regulaand parallel fashion to create a
crystallographistructure, whiclkan be defined byrapeating unit called the szdil.
Each polymorplean bedistinguishedby its crystallographic structaned its suizell.

A subcell haithreeaxeswhich are referred to:ag a and k. a and k are both lateral
trangatons andsis atranslatiormmongequivalent pointwithin theCarborchain The
apolymorphis present when theng ais of themoleculdilts overthe shortes axis of
the rectangulasubcel[54 The A p dslpreserawhgnthe long axis of the
moleculdilts over the longesixis of thesulxell At just below thenelting pointthe
sold phasdransforms into eotator phase upon heatirig.the rotator phase, the long
molecules are free to rotate along kheg axisandconformational defects are reported
to occuf53 59

At room temperaturd-Octadecanol @Hz:OH is presenin the stable monoclini
form which has a space gré\y aand8 molecules presenttireunit cell. The chains
are parallel to thl Oq] directionand packed in layepssitioned by the ODH
hydrogen bondsas shown inFigure 2-16 b). Just belowthe melting pointl-
Octadecanol is in thetator phaseR @ with a space group 62/m with 4 molecules

in theunit cell
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Figure 2-14Unit cell of :0c t a d e ¢ a n d$pacé Graup: A 2/a (5, Cell: a 8.998(5)A b 4.940(2)A ¢
98.01(3) i, & 9)sdurcdd frantiEe Cantbiidge) CAsstadlog@yihid Data Centi&4]

Single crystalsf 1-Octadecanol have been previously groam solution through
evaporation of ylene at roontemperature K lzumi used a combination Xfray

topographyandoptical microscopy to study lattice dsfeontained within th&ngle
crysta[56]

Figure 2-15a) X-ray topography of a single cell of-Dctadecano| which containslarge inclusions of lattice
defects b) Phasecontrastoptical microscope image of i0ctadecanol Sourcedfrom lzumi et a/[5¢

DSCanalys of commerciagjradeCigdHsOH and GoHsgOH upon2K/min per minute
heating and cooling displayed iRigure2-16. The enthalpy ofall thephase transitien

upon heating and cooling héveen recordefr all the ralkanolstudiedcandcompared
to previousvorkin the literature
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208 303 308 313 318 323 328 333 338 343 crystalline state (y-form). O, oxygen atom; @, carbon atom

T(K)
Figure 2-16a) DSC Crystallisation curves ofommercialgrade G 3d0H and C,H 4OH upon heating and
cooling at 2K mint sourced from Ventolaef a/[53 b)Hydr ogen bondi ng present
structure of n-hexadecanolwith gauss(G) and trans (T) configurations taken from Ishikawa et a/[55
Quenchedamples of GHzOH and GHOH were found to be in the sakphase,
as observed at room tempergtirewevey X-ray powder diffractiopatternsof
CiH3OH and GH.:OH show the material to be in a mixturemajoritya with a
minority inA  f oThemowderX-raydiffraction heating stuayf quenche,HOH
is displayed iRigure2-17, where transitions bew e e&n  aRnddre observed upon

increasing temperaturéhe metastablé f produced after quenching was found to

be stable aftehree monthsand DSC thermal analysis of the f or m s howe d
transiti qforendtatoertempesmturBilanthe f or m, furt her

theA form is metastabl e.
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Figure 2-17X-ray diffraction pattern ofquenched GH 4OH immediately after sample preparation Sairced

from Ventola et a/[53

33K
" |‘ l‘ |‘ I| l I | | ” 330K
Ryl )
it it
IR
329K CIQHJQOH
[[H]
| 330K
R )
L = 335K
(a)
33K
| u
: 3BT
il l”” H 338K
[LI "-*‘.O.I.|Il|-
338K
(R C,oH,,OH
’ 336K
[1]
L1 _ 23;2
(b)

Figure 2-18Image showing the GuinerSimon photographsfor CidH3gOH and CygH 4:0H, sourced from
Ventola et a/[53

The GuinerSimon photographk display thehange inX-ray reflection pattem of
CiHsOH ard GoH4OH with respect to temperature and polymorpther studies

Page |62



Chaptez 6 Underlying Science and Literature Review

havesincedocumented the powdgfraypatternf n-alkanols rotator phaatlow and
high angleb7]

RamarScattering and Infrared Spectrosapghavebeenusedto studytheAd an d
R @ structuregpresent in the-alkanols investigateBeak ssignments were made with
respect to previous-alkane studiegnd the findings were compared to previous
structual studes of 1Octadecanalsing*C NMR spectroscof$5

In addition tostudying pure componentalkanols, Ventolat al.have studied the
melting behaviodubd and stabilitys9 of different chainlength n-alkanol binary
mixtures They studiethe meltingbehaviour omixtures with a chain length differen

of 1, 2 and €arbomatoms.The nalkandd s s havedh romtdr phaseeither of the

R pandR forms. Phase diagrams were prodteel@monstrate the phases present
upon mixingn-alkanol chain lengths wigmthalpy and entropy valugson melting
repated[58 The stability studyompared thpolymorphic structuratability of binary
mixtures preparedsing melting and quenchiagingliquid Nitrogen with mixtures
prepared using dissolutiamd evaporating diethyl ethe59

2.3.3 Petrolatum and nalkanes

Petrolatums produced from the lorghain components of crude oil through fractional
distillation. The crudeetrolatunfraction is pufied through reaction witBulphuic

acid and subsequent filtration steps to protlhueeolourless and odourless final
product{6q Highly refined petroleum wax has been found to contain a high percentage
of n-paraffinand exhibits similar crystal morphology and sizes to-paraffin[61-64]

This observation points to the fagiaraffinare compatible with each ottzerd if thee

is a small amount of different chain lengplamaffinpresent, the crystal structure is not
changed drastically. Accor di nBetrdlatumSas ol
comprises of a mixtureydrocarbos with an average chain length ofvbet G and

Co[69 Thehydrocarbos present are 5 and 50 wt% branched in which the branches
are methyl and ethyl groyf§ Of the linear alkanes present between 10 and 60 wt%
have &arbonchain length of between,@nd G, Petrolatundoes nb contain any

aromatic componentSulphuror other irritants, so can be used in skin cosif@djcs

A review of petroleum waxes was published in Nature and summarises all the work
carried out on petroleum wax crystalsunpl 196466 X-ray studies on pure
hydrocarbos have found that -paraff n 6 s crystallize i n
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orthorhombic and hexagonal structures. The nature of the crystal structure has been
found to depend on the molecular structure diydeocarbomnd temperatufé7-70

Ki t a0 gdscussgssirk histbook the impact of-edeh chain length and packing

has on the symmetry of crystal structurdyairocarbog[68] Many hydrocarbos

display a solidolid transition in thiecrystal structure, but this is not always thd@hse

68 71-73 All n-paraffinhave been found crystallise with@agbonchain axis parallel

to each other and the crystallographic axis. Hexagonal and orthorhombic lattices have
theends of all th€arbonchains in each layer in a plane. As a result, the bonds joining
each layer are different to the bonds within each layer. This results in tabular or plate
crystals for #paraffin The most common form of plates is hexagonal arhile§/Z]

Pure branchegaraffinhave been found torystallise as plates with an orthorhombic
structure ThroughX-rayexperiments on pure aroméyclrocarbos it has been found
theymostly crystallise in the monoclinic forms with some orthorhombic crystals being
formed[74 Mainly these crystals were observed as[fldtes

Less refined petroleum waxes which have a lepamafiin content and impurities,
almost never crystallise as plates but instead crystallise 46 né2dfds75, 76 and
malcrystalgg2 77].

The crystal behaviour of paraffin wax was studied by S. W. Ferris and H. C. Cowles in
194562 The paper describes the use of a hot stage microscope to study the crystals
formed from cooling the distilled paraffin wax. They identified threefty@escrystal

formation, plates, needlasnd what t hey describe as 06ma

each taken from there experiment.

Thethermalbehaviour angolymorphic transitions ofadkanefiave been reported in
the literature The sablelow-temperatur@olymorphigohase for shoithain ralkanes

is predormately triclinic ororthorhombi¢ however in certin circumstances
monoclinid78 79 Between the solidrystalline phasand the liquid phase over a
narrowtemperature range existse or moraotator metsstable phas¢80-82 For
examplethethermal transitionsf Cx3Has have beenapturedusingDSCanddisplayed

in Figure2-19[81] Upon coolinghe a rotator phase initialbrystalliseand just below
the crystallisation temperatuesoid-solid transitioroccurs Wenthe A stablephase

forms
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Figure 2-19 DSC curveof CyHag at a range of heatingand cooling rates (K min-1) a) cooling and b)
heating.[8]]

In the literaturealkanes have been studied using data collected from a synchrotron.
Binary mixtures of-aicosane anddocosane he been studied along with their pure
individual components whidhave been crystallised from the melt and soj88on

They carried oua structural analysis using XRD and gained kinetic information by
measuringhe turbidity of the system. This paper presents a new approach to measure
kinetic and structural information simultaneously. @sigrdof a novel crystallisation

cell, with a set of preliminary resalts detailed in the paper. The design takes advantage
of the high intensity and high energXa#ys available at a synchrotron, wheray
structure data can be collected ovaraat time period with high resolution. Energy
dispersiveX-raydiffraction was used, which allows data from all angles to be measured
simultaneously. The kinetics can be calculated by measuring turbidity and temperature
simultaneously. Tingreliminay results shownaddition of 10% of 4locosane to a

solution containing onlyeicosane radically changes the kinetics of crystallisation.

2.3.4 Relevant Binary Mixtures Studied in the Literature

In this researchve focus on stythg the individuavaxesbeforestudyinghe binary
mixtures. In this sectipwe willexamine previouglevanbinary mixture studies that

have already been published
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2.3.4.1 Binary Mixtures of Fatty Alcohols and Edible Oils

Thebehaviour of fatty alcohal§various chain lengtin edible oils has been the focus
of study in manyprevious studig57, 8487] Schainlet a[86, Gandolfoet a[85 and
Blach et a[84 studiedratty &id,fattyalcoholandedible oitettiary systembpwever in
this review!l am going to focusn the fatty alcohols in peanut oil binary syste
researched bifabio Valoppiet a[57, 87] In the first study they document the
polymorphic behaviownd crystal structud the fatty alcohols when in thenary
mixture and in theecond studyhey characterisethe structure andrgpertiesthe

oleogel formed

Peanut oils anedible oiland containa mixtureof oleic acidlinoleic acidand other
unsaturated fatty acidfhermal behaviour d&icosanoPeanutOil binary mixtures was
studiedusing DSGnd displayed iRigure2-20. Two peaks exothermipon cooling
are seen to convergethe concentratiaf peanut oil is increased umtiie exothermic
peak is seenThey also found that aoncentrationsf 5% weight fattyEicosanolin
Peanut oithe orthorhombid\-form wasdetected and the moclinicwas detected at
concentrations 0% weight and abowas seefigure2-21. They found upon storage
of the5% mixturehe less stabflymorphic form converted todlstable formThey
also studied theapticle size of thiginary mixtures using USAXS.

; o «—S ) RN\L—»
o Cooling 2 1 a B )
= A LT AN 90% = Cooling v/ \ Cc,,0H
s AV 80% J'
' M
5 70% B
2 N 60% = J\f\ C1gOH
3
3 /S 50% & A C1sOH
w
5 N 0% % j\f\ C..0H
T A 30% T
A 20% f \
10“/0 C120H

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)

Figure 2-20A) showsDSC crystallisation curvesof Co,0OH in peanut oil binary mixtures and B) showsthe
crystallisation curvesof a range of pure fatty alcoholsaken from thestudy by Fabio Valoppiet a/[57)]
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Figure 2-21XRD patterns of C,0OH (A) and G:OH (B) binary mixtures in peanut oil taken from the study
by Fabio Valoppi et a/[57)

Valoppiet alhaveextensively studiedalkanol oleogelS7, 87 Theminimum gelling
concentration anthe solidfat contentwere calculatddr fatty alcohdin peanuoil,
before baclextrusionmeasurement®SC optical microscopyand Gyo-SEM where
imageswere taken The extrusion measurememisre performedo measure the
mechanical pragtiesof oleogelpreparedinder fast and cooling rates, stateeither
1 or 24 daysThey reprted a eduction in firmnesand ability to entraqlsupon faster
cooling ratewith smaller crystals being observed.

Polarised light optical imagesve beenakenof 5% n-alkanolpeanut oil mixtuse

These mixture®rm oleogelaipon fast and slowoolingandare displayed iRigure

2-22. Theyobservedargeplatelet crystamndneedle structesfor C;sOH similar to

previous reporf84-86 andsmall crystalsositionedalorgside larger rosetaggregates
They foundhe longer the fattyaholchairs and faster cooling resultednmaller the
crystal size.
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Fatty
alcohol

Slow cooling Fast cooling

C220H

C2,OH

C1sOH

C16OH

Figure 2-22Polarizedlight microscopeimages of 5% GOH, C,OH, C10H, Ci:OH in Peanut Oil mixtures
2;¥gallised under slow and fast coolingfter 1 day of storage.Scale bar 200 m .Sourced from Valoppiet
CrycSEMimages display the structure of the fatty alc@taiork present within the
oleogelformed under fast and slow coolangd are displayed igure2-23 They
observed platelet crystalsfatty alcohol samples and found that the crystal structures
were approximately 10x smaller ugast cooling compared to slow cooling.

Microchannels and pores on shugface of each crysiatreased relative to increasing
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fatty alcoholchain lengthand arethought to be related to increasachellarphase

separation

Fatty alcohol | Low magnification | High magnification ~ Low magnification | High magnification

C220H

C200H

CsOH

CisOH

Figure 2-23Cryo-SEM of fatty alcohololeogek formed upon slow cooling (left) and fast cooling (rightjaken
from Valoppi et a/[87)

2.3.1 Shearing of Hydracarbons

For many years-raydiffraction has been used as a tool for measuring residual stress
within crystallisation neials. Residual stress within a crystalline material can be caused
by either mechanical, thermal or chemical g88oixperimentally residual stress can

be measutdethrougha comparison between theray patternsof the stressed lattice

with the unstressed lattice. Residual stress causes a shifspathegof the lattice;

lower dspace is as a result of compressiod higher d space is as a result of lattice

tension.

Page |69



Chaptez 6 Underlying Science and Literature Review

The polymorphism of a mategah be impacted by the presesicshearCocoa butter
is an excellent example of thhenomenorand has beerextensively studied in the

literature.

In the paperby S. Sonwaet althey initially describe the 6 polymorphic forms of cocoa
butter andncludingform V which is desired in tle®nfectiomry industry, because of

its melting point range and physical propg8%4n industry the chocolate is tempered

by shearing the chocolate under amefiitored temperature progranetsureit is in

form V. Experimentally they investigate how shear influences the polymorphic structure
of cocoa butter using a Rhéeaay facility which combines a capillary rheometer with
anXRD facility. The sample was characterised usingaagialXray scaering (SAXS)

and wideangle Xray (WAXS) modes.

Using these techniquésey observed transitions between different polymorphic forms

at 20C under different shear conditions. They correlated-tag desults to images

taken with a microscope equippét & shear cell and imaged the crystals over a 1 hour
time period. The results from all three techniques complemented each other and helped
form an overall picture. They produced a schematic diigpdenying ste and shear
conditiongo demonstrateshat they observed.

Another study using a shear cell and-smglé scattering ¥frays on cocoa butter has

been carried out by S. Macmillan and K. Rd9€tsThey observed Il and IV
polymorphs of cocoa butter under static and Ill and V polymorphs under shear
conditions. They found that increasing shear rate increases the temperature that
polymorphs are observedin image of the shear cell used theexperinental reults

are displayed Figure2-24.

Intensity (counts)

20x10"

160

Reheat zone

Base temp. Time (Minutes)
20°C

150 D-Spacing (A)

Figure 2-24 The shear cell used (left) and th&&AXSexperimental dataupon cooling cocoa butter t020C
whilst shearing at 31 (right). Sourced from MacMillanet a/[9Q
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2.3.2 Comparing and Contrasting Alkanes, Alcohols and

Triglycerides

Alkanes, Alcohols and Triglycerides all made from the samenstituent parfs
Carbon Oxygerand Hydrogen atonisoweverthey arranged in different way$oton
different functional groups and structural shapksthermal behaviour and physical
properties are strongly dependant oniniermoleculaforces The Alkanes and
Alcoholsstuded in this researdboth havestraightchain structure®xhibitng very
similar thermal behaviour polymorphismand morphologyhoweverhave different
intermoleculainteraction and melting temperatureslkanesconsist of a straight

Carbonchain witlout a functional groupand alcohas have aCarbonchain with a

(@]
(7]

hydroxyfunctional group attachedlkanemoleculegxhibit onlyweakvan deWa a |

(@]
(7))

forces andadcoholmolecules exhibit both strongdrogerbonding and van déva a |
forces This results higher melting poistfor alcohols compared to alkaf@sthe
same chain lengtilcohok and alkanes bo#xhibitsimilar morphologiesrystallising
as needlesr plates irsolvent. Triglycerides exhibé verydifferent thermal behaviqur
polymophism morphologyand molecular structuré Triglyceridés an esterderived
fromthree fatty acid molecubesdglyerol Triglyceridetend tobenon-polar and only
experience van d&va aihtérmeolecular forcedriglycerides tend to form spherulites
when crystallised from the melt and solution.

2.4 CharacterisationTechniques

2.4.1 Lab Conducted Powder Xray Diffraction

X-ray diffraction (XRD) is a technigque, which enables the structure of crystalline
materials to be characterisedrays are a part of the electromagnetic spectrum that is
invisible to the eyand they have a waveleriggtween 0A and 100A. This wavelength

of X-rays is of a similar magnitude to the intermolecular distances in crystals and hence
allowing crystal structures to be observed. A crystalline material consists of a large
number of identical molecules arrdnigea regular pattern in all directions creating
symmetry91] When Xrays travel through a crystalline material, constructive and
destructive interference ocgumeating a diffraction pattern.-rays are particularly

useful due tthefact they travel in a straight lineyeieating through metal and opaque
materials such as the human boByperimentally the d spacing of different planes in

the crystal can be determined by usinays of known wavelength and measuring the

Page |71



Chaptez 6 Underlying Science and Literature Review

angle— The d spacing can be calculated dyiagB r a tpg @f diffraction. ThX-
raybeam is incident on the surface of the object at-atgthe sample surfa@ad the
diffracted beam is detected at ardtethe sample surface, as showsngore2-25 An
XRD pattern is created by repeating this experiment for a range of ar§#sXiRD
can be conducted on a powdered sample or a single crystal.

Figure 2-25Diagram showing X-ray Diffraction (XRD) experimental s& up where T is the Xray source, C
is the crystal sample, O is the axis the beam and crystakrotated about and D is the detector that measures
the intensity of diffracted Xrays[92

2.4.1 Rheology

Rheology studies the flow of matter and mainly concerns liquids and soft solids.
Materials can be defined by how they respond to aeddipptie. The flow of material
often i s measured using shear stress ( D2

viscosity defined as shear stress applied/shear rate. These parameters are calculated

from the measured torque and flow.j8894

Shear rate @efinedas theratewhich afluid is shearedShear rate essentialiyeat

which the fluid layers move past each ath#ne fluid is sheared

Shear stress defined aadorctending to cause deformation of a material byaglippage along
or planes parallel to the istiesed

The typef possible flow behaviour are displaydelgnre2-26, and the gradient of
each line indicates the viscosity. The simplest behaviour thehlésdonian where
stress and strain rate have a linear relatipastipero stress is measured at zero shear

rate. Other behaviours include Bingham plasteevilow only occurs above a yield
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stressthresholdand once the yield has been achjahede is a linear relationship
between stress and shear rate. Psuedoplastic behtsodkmown as shear thinning
resulting ithe viscosity decreasing upon increasing shear rate. Dilatant, shear thickening

behavour exhibits an increasing viscositly increasing shear r§@& 94

Bingham
plastic -
= ~. _ Pseudoplastic
= 2 S~
o _ B I .
2 Pseudoplastic 3
k7] >
b = e
g . E - -
r Dilatant ] .-~ Dilatant
O
<
Newtonian Newtonian
Deformation rate, du Deformation rate, du
dy dy
(a) (b)

Figure 2-26 Plot displaying the four possible flow behaviours a) displaying shear stress vs shear rate
(deformation rate) and b) displaying apparent viscosity vs shear rate (deformation )dt@4]

2.4.2 DSC

Differential Scanning Calorimetry (DSC) was invented by Emmett Watson and Michael
Od Nei | | i n atheBr@l2analyticaDt8cniqueswhich messhieechange in

heat flow rate to the sample and a reference sample, whilst they are both subjected to the
same programmed temperature f@6ip The sample and the reference sample are kept

at nearly the same temperature throughout the expeentktite heat capacity of the

reference sample is well known over the temperature range.

The technique can be utilised to detect phase transitions of the sample measured. When
the sample undergoes a physical phase transformation, more or less heat is required for
the reference sample and studied sample to maintain a similar temperatare. If th
transition is endothermic, it requires more,leeatd i f 1t s exot her m
heat. The DSC technique is very sensitive and can detect transitions between

polymorphic forms, as well as between solids and liquids.

Page |73



Chaptez 6 Underlying Science and Literature Review

2.4.1 Measuring Mechanical Propeties and Morphology of Phases

within Binary Mixtures.

The neclanical propertiesf a material can beeasured by applyingf@ace and
measuringts reaction to the force The most simple method ofeasung the
mechanical properties afmaterial such asmelastic bandis to apply a forcend
measure the extensiod o 0 k e gEguatior®-1) states that force is praional to
extensiopwhere F is théorce applied, k is a force constant and e is the extension of the

material.
F = ke

Equaton21Hookeds Law

The amount the elastic bandl veixtend depends upon the lengtte material
compositionandits cr oss secti onal area. Youngad
material can stretch and deform and is defined as the ratio of stress to strain and defined
by the equations Bquation2-2.
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01 QQua&@Mo 0
o mew oo mn s e YO QU
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Equation2-2St r ess, Strain and Youngds modul us.

Figure2-27 displays stress vs striina typical material that exhibits elastipgtes

below the yield streasd plastic behavioabove the yield streddo ok e ds | aw a|
in the linear region until the limitpybportionalityand in the elastic regjdine material

does not deform and returns to its original shape once the applied stress is removed.
Youngds modulus is also known as the el a
the elastic region with permanet deformation.

If the yield stress is exceeded, the material will be deforoeeth@mpplied stress is
removed, as shoviay the dashed line from A to Brigure2-27. At the fracture point
to material fails and breaks apart.

Figure2-28displays typical stress vs stpaofiles for brittle, strongon-ductile, ductile
and plastic materials. Hard brittle materials Hasemge Youngds modul u
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fracture with no plastic deformation. In confrestt plastic materials have a low
YoungO0s modul ry smalleefastic ragaow. eDucéle materials exhibit both
plastic and elastic behaviour.

Elastic Region Plastic Region

(0) (StFQSS) Returns to original

shape upon removal of
stress

Deformed upon the removal of stress

Fracture
Point

Yield Stress o e o o o o oo o o o = e e e e e e e o e e e

Limit of
Proportionality

. aga———

€ (Strain)

Figure 2-27 Stress vs strain graph displaying plastic and elastic deformation regions.
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Hard Brittle
O (Stress)
Strong non-ductile material
Ductile
Soft Plastic
€ (Strain)

Figure 2-28Stress vs strain displaying brittle, strong neductile, ductile and plastic material profiles

Recent advances in AFM have allowed the mechanical properties of the surface to be
mapped out, allowing regions of the surface with different compasitiorechanical
properties to bedistinguished Peak force tapping AFM witquantitative
nanomechanical mapping (QNM) has been used previously in the literature to map out
the surface of hardened ceri#@it phaseseparated polyurethaf@d a range of
polymerf09 and a tertiary phase diagram of lidid§ The technique relies on the
DerjaguirMullerToporov (DMT) model to estimate the elastic modulus of the
surfacg10] Equation2-3 describes the forces occurring upon the tip gpmio

contact with the surface according to this model, wheteokts the interactioforce

between tip and samplé i&the tip and sample reduced elastic modulus, R is the radius
of the tip, dis the resting position of the tip;d@lis thedeformation of the sample and

F.anis the adhesion force when the tip is in contact with the surface.
T —_—
O p O YQ Q O

Equation 2-3 Derjaguin-Muller-Toporov Force Equation[97, 10]
Figure2-29displays the force vs separation graph for one cycle of the AFM tip, where

the tip initially approaches the surface, makes contact, deforms the surface-until peak

Page |76



Chaptez 6 Underlying Science and Literature Review

force is reached, then withdraws from the swuafatexperiences adhesion force until

the tip loses contact with the surface.

o DMT fit for
2 modulus A
2 .
X 2
® 2
Q 1 =
& Deformation 5 ——
g ,'. _g Withdraw
‘0 T
5 <
< a2 "

Dissipation |

d, Tip position (d)

Figure 2-29 Diagram of force vs separation for a single cycle of the tip movement during pefakce tapping

AFM. The blue line is the tip approaching and the red line is the tip withdrawing. The peak force is a

constant valug and once peakforce is reached the tip withdraws. This image is adapted from Rgif02 and

taken from the paper by P. Trtiket a/[97]

In P. Trtiket althey se pealforce mapping with QNM to measure the local elastic
modulus across the hardened cement surface, as skayaei2-30[97] The sample
surface was also studied using-beattered scanning electron microscopy (SEM) an
energydispersive Xay spectroscopy (EDX). High atomic number elements more
strongly backcatter electrons than lighter element, creating an image with material
where heavy elements appear lightet light elements appear darker. EDX was used
to create elemental maps displaying the lo€Gditmon Oxygen CalciumAluminium
SulphurandSiliconatoms on the surface. They found the AFM result correlated with
the SEM and EDX results, and the teicjue was shown to work on a sample with a
hardness of between 0.7 to 133 GPa. In the,ghpgrfound that rough surfaces
lowered the apparent elastic modulus and increased adhesion, demonstrating that smooth
surfaces are key for obtaining a reliabldgtreA similar study was completed on phase
separated polyurethanes by P. Sehalwhere peatorce tapping was compared with

another AFM mode called HarmoniX and found the two modes to be in agf@gment
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C 478 GPa

423GPa 6

Figure 2-30 Elastic modulus map of Hardened Cement, a) elastic modulus, b) segmentation to porosity
(black), unhydrated residues (white),Calcium hydroxide (light grey) and other hydrates (dark grey), c)
displaysthe average elastic modulus of each regioR. Trtik et a/[97]

2.4.2 Hot Stage Microscopy

Hot stage microscopy is essewgtal optical microscope, which is focused on a sample

that is attached to a heating and cooling stage. This technique is a useful tool to enable
continuous visual monitoring of the morphology changes at a phase transition, whilst
the sample is being hedor cooled. The software allows temperature profiles to be
preprogrenmed, with images being taken at specific intervals between predetermined

temperatures. This technigsiparticularly useful to gaawisual understanding of the

different polymorplsiforms, that have been found in the wax sy$1€@3s

Water Cooler Temperature

Controller

Figure 2-31Hot stage microscope experimental set up

2.4.3 Gas Chronatography

A Gas Chromatography Mass SpectrometetM&ds an extremely powerful tool and

comprises of a Gas Chromatograph and a Mass Spectrometer. The sample is dissolved

in a carrier solvent, vapodsand then injected into the column. The gas chromatograph
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separates the components of the mixture, whilst mass spectrometer provides information
about each component, which can help lead to deduce the structure of each component.
The mass spectrometesrks through capturing each separated component after it has

passed through the column of the gas chromatograph. Each component is ionised into

fragments. The fragments are accelerated, then deflected, and finalljl0dtected

2.4.4 SEM

Scaning electron microscopy (SEM) is a commonly used technique for investigating
topography, microstructysed composition of material surfdd€§ SEM images are

formed by detecting secondary electrons, backscattered electrons or both combined,
after a small area of the surfiaas been struck with the electron beam. The electron
beam scans across the sample surfaéasinion similar to a CRT television, forming a

live image of the whole sample. Detecting secondary electrons tends to give an image
with a higher spatial restidn and clearly showsetopography of the surface imaged.

This is due tahe secondary electrons being emitted from the smallest interaction
volume[10§ The backscattered electrons form an image with a large amount of
composite and topographical information. Backscattered electrons interact strongly with
the nucleus and detected vyield increases with increasing atomid1l@@mddris

enables areas of the sample containing at@dgfefent average atomic number to be
distinguished. Hydrogenated castor wax, Petrolahdrstearyl alcohol are mainly
Carborba®d, so each wax component will be difficult to distinguish, through atomic

contrast using backscattered electrons or etispgysive&X-raytechniques.

2.4.5 Polythermal Turbidity Studies

The Technobis Crystall6 is a parallel crystalliser that accelerallesatoystesearch
byallowing 16 separate crystallisation experiments to be carried out simultaneously. The
Crystall6 unit consists of four independdmmniniumheating blocks, with each block
containing four 1ml volume reactors. Each block exhibdsoaically controlled

heating and cooling through the combination of Peltier elements and a cryostat. Standard
11.5 mm diameter, flat bottomed HPLC vials fit into each reactor with each reaction
mixture being agitated by a magnetic stirrer. Eaciomeagdsel contains a turbidity

probe to monitor crystallisation and dissolutiime Crystall6 mainly has applications

in the pharmaceutical industigweverit has been used to study the materials in this
project.
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2.5 Conclusion

In this project we aim toinvestigatdow the process parameters such as shear and
temperature impact the crystallisation struahdphase behaviour of typical wax stick
formulation The industrial sponsoP&G havean interest in this project due to
experiencingcaleup issues wittheirwax stick formulationl selected to studirree
groupsof structuringngredientsvhich aren-alkanesn-alkanol and triglyceridesing
Petrolatum, -Dctadecanol and HCO specifically The thermal HBeavour,
polymorphism, morphology aphlysicaproperties of each mategabupthathas been
reported in the literatuhas been summarisatbng witlprevious studies using relevant
binarymixtures Mixtures of the spefindustrial relevamhaterial£hoserhave not
been previolgreported in the literatyreowevey similarsystems have been studied
such as-Dctadecanoh peanut oil Another novedspecof theresearch proposed will
be studying the impact shear on the individual materials and binary mixtines
previous study hasnvestigated to relanships between process conditions,
crystallisation, polymdnsm and physical properties foixtures of ralkanes, n
alkanolsandtriglycerides
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This chapter details the exact specification of thematerials used, along witha
detailed explanation of the method used for eachexperimental technigue
including sample preparationmethodology and dataanalysis. This should allow
the reader to repeat any of the experiments carried out if they should choose.
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3 Methods and Materials

3.1 Introduction

A whole rang of techniques klaeen utilised throughout this project in order toagain
understanding othe crystal structure, crystallisation kinetics, thermal behaviour,
chemical composition and morphology eDctadecanp HCO and Petrolatum
structured formulations. In this chaptee sample preparation, methodolodgta
processing and analysed for each technique will be covered along with an explanation
of the theory. This will give the reader the possibilityegfeating the experents

conducted in this study.

3.2 Materials of Study

All Materialaused in this PhD were supplied frdlorth America by our contacts at
P&G. 1-Octadecandiad a purity of 98.4%as stated by the certificate of analysis of the
batch reeved Theexactmateialcompositiorof HCO dueis unknown due to its lack

of solubility in Gas Chromatography compatible sojvemisthePetrolatunmhad an
average chain length of 3Ga#ft8r analysing it with Gas Chromatography

3.2.1 Solvents

Dodecanépurity ofO 9 9),%cetone (purity @99.9%) and Ethanol (purity@99.9%)
weresupplied by Sigma AldricB5 (purityO99%)was supplied lH&G.

3.2.2 Standard Binary Mixture Sample Preparation Method

Binary mixtures were measured out by wegigtCO, 1-OctadecanphndPetolatum

using an analytical balance in glass vials at mole fractions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.4
0.8 and 0.9MF. The mixtures made up, contained specific molar proportions of each
material, for examplé-OctadecanbPetrolatumhas relative maef 0.25/1, so the

mole fraction (MF) of-Dctadecanot = 0.2MF. The binary mixtures were heated on

an 8010C0C hot plate whilst stirring with a magnetic stirrer until molten and
homogenous, before being coaedthe lab benctvith stirring until the mture has

solidified and room temperature has been reached.
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3.3 Experimental Methods

3.3.1.1 XRD Sample Preparation

HCO, 1-OctadecangPetrolatunand the binary mixtures have been studied using XRD.
The binary mixtures were prepiawsing the standard preparatiorihod described in

3.2.2 Each sample was compressed into a powder specimen holder for measurement.
Different sample holdensere selected depending on the volume of sample and
instrument being used flat piece of plastic was useasure a flat suate and the

surface of the samphas inevel with the top ahesample holder.

3.3.1.2 XRD Methodology

All sampleswere measured athe University of LeedsChemical Engineering
Departmentin the powder form and measured between angles of 4° and 40°, at 0.05°
steps over a 5 minute scan tinkperiments have been carried out using either the
Brucker D8or the Phillips Xpert XRD. The Phillips >pert can be fittedvith a
temperature stagalowingsamples to be measured betweelDR3C

3.3.2 Polythermal Shear Synchrotron Radiation Experiments
(LNLS)

One of themainaims of this project is to discover links between processing conditions,
crystalline structure atige resulting physical propesiof 1Octadecanad$tructured
formulations.A custom shear cell was designed and fabrica&egimine the impact of
processing on the structurimgdrocarbos For the shear cell experiments to work, a
high energy photon beam is needed for a largeaita length through the sample
and for experiments with a high time resolution.

Diffraction patterns from the shear and temperature study were collected using beamline
SAXS1 at the Brazilian Synchrotron Light Laboratory.

SAXS1 hathecapability fosmall and widangle Xray diffraction in two different set

ups at a fixed beam energp @& keV with a DeltaE/E of 0.¥. The camera length

is variable, allowing structures to be resolved bet#866k1in two setups. The flight

path of theX-raybeam was fully vacuumed atmBar up until the shear cell and the
detector. The detector used to capture the scaXteegeam was a Dectris, Pilatus
300K with 487 x 689 pixels of 172 OQm in
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The X-ray beam passedrtiugh a 2 mm wide slit cut through the outer edge of the
cylindrical shear cell. The slit exposed the Kapton film and the sheared samfle to the
raybeam. For more details of the shear cell desgiChapter 8.

A Brookfield HBDVI+P viscometer wastilised as part of the shear cell set up, at

the Brazil Synchrotron Light Laboratory. The viscometer was used to provide a shearing
force on the sample whilst measuring the torque, allowing a viscosity to be calculated.
The viscometer was used wihild -87 spindle and calibrated using Viscosity Standard

Oil S600.

The Brookfield DMI+ viscometer works by driving the spindle through a calibrated
spring. The viscous drag from the rotating spindle causes a deflection in the spring that
is measured byratary transducer. The torque of the calibrated spring contain within
the Brookfield viscometer is 5.7486m. The viscosity measurement in centipoise is
determined by accounting for rotational speed, dimensions of the spindle, and the

dimensions of theontainer and the torque of the calibrated spQdy.

3.3.2.1 Sample Preparation

1-Octadecanakas recrystallised in Acetgnereamgthe purity beyonf8.4%. From

the Crystall6 experimentsQOttadecanolas known to have a solubility of 75 mg/ml

at 33°C. 101.01 grams éDdtadecanakas dissolved in 4.25 litres of Acetone at 33°C

and left to cool in an atonditioned lab. 51.26 gramguofified tOctadecanolas

obtained, with a percentage yield of 50.73%. Puriflethdecanaolas used to make

binary mixtures of-OctadecandD5 and 1-OctadecanbéDodecanet concentrations

of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 moledragte mixtures were melted
together and crystallised whilst stirring to ensure a homogenous. A DSC scan of each
sample was made to capture the thermal profile and to make a representative phase

diagranfor use at the synchrotron.

3.3.2.2 Methodology

Due to time constraintonly five different compositions ofCctadecanolvith and
without solvent were studied with respect to shear and tempé&rah&uneixtures made
up contained different molar proportions of-OgtadecandD5) and (%
OctadecanbDodecangin 0.25/1 (mole fraction (MF) ofQctadecanot = 0.2), 4/1
(1-Octadecanot = 0.8MF) and 1/0 ((Dctadecanot = 1MF). A full breakdown of the
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slow cooling, heatingnd crasltoolingexperiments completed under different shear

regimesising the shear cale listed iTable3-1.

Table 3-1 The table below details all variable temperatureand shearexperiments completed at LNLS
synchrotron, using the shear cell.

Composition Cooling / Heating Crash cool
0 RPM 20 RPM | 100 RPM 0 RPM 100 RPM

1-Octadecanol \Y \Y V \Y \Y
1-OctadecanolDodecane V \Y \Y \Y
(0.2/0.8MF)
1-OctadecanolDodecane V \ \Y \Y
(0.8/0.2VF)
1-OctadecanolD5 \Y
(0.2/0.8MF) (No signal
observed)
1-OctadecanolD5 \ V \Y
(0.8/0.2VF)

Experiments were conducted under constant shear of Orpm, &@dd0rpm, whilst
the temperature cycled from 8@@0°Cd 80°C and changes to thea mpdrystad s
structure were observed upon crystallisation and melting.

Shear was provideghd torque was measured by a Brookfield Viscometer attached to a
DIN -87 pindle. Temperature control came from a water bath which pumped water
through the jacket engineering into the sheaaodlihe temperature was measured

using a temperature probe positioned inside the water inlet of the shear cell.

The crasltool experiments used two water baths. The first water bath held water at
80°C and the second water bath held water at 25°C. |nit&al80°C watebath

pumped water though the shear cell, melting the sample held in the shear cell, then the
80°C water batlwvas switched off, the piping disconnected and reconnected to 25°C
water bath. The hutch was then closed, the beam switched on and then the 25°C water

was turned on remotely usimgeatension lead withe plug located outside the hutch.

A background mearementvastaken using the shear cell filled with water, as a model

for the solvents used. This was becauB® andDodecansamples were takenthe
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synchrotron in Brazil. Background measurements were taken using exposure times of
29 and 4 seconds.

At the synchrotron, temperature, rheologyXaralydiffraction experimental datens

collected simultaneously.-ra¢ data erecollected using a desktBg running CS

Studio and 2E5AXS, positioned outside the hutch. The GUI program running within
CSStudio was used fé-raydata acquisition after the following parameters had been
entered, experimental name (flename), exposure time, deadtime (waiting time), number
of images and polder path. The2BXS program displayed the acquired data-n real

time during the experiment. Rheology and temperature data was recorded using a laptop
running Rheocalc32 was connected to the Brookfield Viscometer via a serial cable inside
the hutct{109 This laptop was controlled remotely throAgkdesk remote desktop
software installed on a laptop located outside the hutch, enabling the viscometer to be
controlledrematly[11J Par al | el 6s software was used t
Rheocalc32 software with the temperature and rheoloffyldata

An exposure time of 29, 29 and 4 seconds was used for recording each image of the
heating, cooling and crastoling runs respectively with a waiting time of 1 se€bad.
number of images chosen was dictatethdheating/cooling rate and the desired

finishing temperature.
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Figure 3-1Image showing the shear cell experimental set up at the Brazilian Synchrotron Lighatoratory.

3.3.2.3 Data Processing and Analysis

At the synchrotrarinitial data treatment steps were performed usk®AXS, before
the data was transferred orateexternal hard drive. The data was normalised by the

transmissiorand the normalised imagesenategrated using a cake plot command.

At the synchrotrorthe calibration of the beam was carried out using a calibration sample
thatwasndt cont ai n edr datancorredigea calibraianrcurve svasl
created between the measured garasepeaks when cooling @dtadecanand

the VESTA predicted peak positions based on the published gamma phase unit cell. This
calibration curve was used to correct all the measured data using this experimental setup.

The data was background corre@ad the low g data which displays flaring around the
beam stop has been removed. Stacked graphs and 3D waterfall graphs have been drawr

in Origin to display the changes in crystal structure with temperature and shear.

The Rheocalc software failed teesée rheology and temperature data, so the data was
manually collected and tabulated in excel with reféoetheescreen recording of the
Rheocalc software.
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Origin was used to fit the peaks v@hussian curves to accurately measure the peak
position and the fulidth half maximum (FWHM).

3.3.3 Rheological Measurements

Rheology measurements were conducted using the Anton Paar Physica MCR301 fitted
with a50mm/1° cone and plate geometyd a Peltier stage for temperature control.
Temperature cdrol was used to measure the rheological properties of the molten
materials, as wakmeasuring the changes in rheological properties as the wax materials

crystallise from the melt.

3.3.3.1 Sample Preparation

Samplesmeasuredincludel HCO, I1-OctadecanolPetrdatum and Viscosity Oil
Standard S600

3.3.3.2 Methodology

Solid samples were loaded on to the Peltier plate at room temperature with the geometry
in the raised position. Every sample was melted through raising the temperature of the
Peltier before lowering theometry.The excess sample was wiped away using a paper
towel before performing measurements.

Two experimental methedvere performed: temperature variation at a fixed shear rate
and shear rate sweep at a fixed temperature. Variable temperaturenexpenes
performed at fixed shear rates of 5, 25, 100, 200, 500 antiu@®0coling from the

liquid phase at 10°C/mirShear sweep experiments were perfoonedal-10003
rangeat various isothermal temperatur8iear rate was plotted against shear stress to
determine theheological behaviour of the material testdér: data was plotted using

origin pro.

The viscositgf thecalibration fluid was measuat@0,25 40 and 5@ whilstshearing
was measureda shear rate of 100sThemeasured values were compared against the
value of theviscositystandardvhich were stated on the bottle.
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3.3.4 Differential Scanning Calorimetry (DSC)

3.3.4.1 Sample Preparation

Binary mixtures diCO/ 1-Octadecanand Petrolaturft -Octadecanolere prepared
using the standard methodoad, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0,70.0.&nd 1.thole

fractions.

3.3.4.2 Methodology

DSC was used to measure the thermal profile and phase transitions of the core
components antheir binary mixtures. These experiments were condatdi&is
Newcastlgon theTA InstrumentsDiscoveryDSC, attached with a supplyNitrogen

Each measurement used between 2 and 10 mg of material, contain€@dAfuenifta

crucible. Beforethe meastement of coreomponentsthe sample was cycled at least
once, to ensure any material memory had been lost. Binary mixtures were cycled, from
30-10630°C at a ramp rate of 10°C per minute, before being measured at 1°C per minute
underNitrogenatmospheré0cni per minute supply dfitrogen). The individual wax

components were cycled at a range of temperature ramps.

The data for DS@as acquirednd aalysedusingTA Advartagesoftware beforthe

data vereplottedusing Origin Pro.

The DSC istrumentvas maintained IB&G with routinecalibrations g@formed.

3.3.5 Thermal Gravimetric Analysis (TGA)
HCO, Petrolatumand1-Octadecanolere measured, using T Discovery TGAat
P&G, Newcastle, UK
3.3.5.1 Sample Preparation

Betweerl0-20mg ofwaxmaterialvasweighted int@ TGA panfor measurement

3.3.5.2 Methodology

All samples were heated at 5°C per mindke air. PetrolatumandHCO were heated
until 700°C and ZXOctadecanowas heated untb00°C Before and after the

temperatureamp atwo-minuteisothermal step was performed.

The data for TGA was acquired and analysed using TA Advantage software before the
data vereplotted using Origin Pro.
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3.3.6 Gas Chromatography (GEMS)

The mass spectrometer outputs the mass to charge ratio of eactt &lagevith its
relative quantity. This technique allows the exact components to be idéntiéeds,
Petrolatunwas analysed using a PerkinElmer Clarus 560S in combination with a Clarus

580 GC, to observe the chain length distribution of theesampl

GC-MS was not used to assess the purity of HCO since the triacylglycerides are too large
to be effectively vaporiseand they would likely decompose in the process. The
triacylglycerides could be transformed into fatty acid methyl esters (FAMg) thro
derivatisationhowevey the distribution of fatty acid information in the original
triacylglycerides would be lost.

3.3.6.1 Sample Preparation

The Petrolatunsample was run against an external sample of decane for comparison.
Both samples were prepared bsgsalving ~0.1g in 1.5ml of DCM to achieve
approximately 2000ppm.

3.3.6.2 Methodology

For thePetrolatunstudy 1l ofthesample was injected at a split ratio of 20.1 €300
The column used was a PerkinElmer Elite 5 MS, which was 30 meters long, with a 0.25
mm diameter and 0.25 microfilm thickness. The Mass Spectrometer used a transfer line
temperature of 25, a source temperature of 280 electron impact mode and the

mass to charge ratio was scanned between 50 to 500 m/z.
3.3.7 Hot Stage Optical Microscopy

3.3.7.1 Sample Preparation

Approximately 10mg ofr@prepared pure material or binary mixtwuasplaced on a
clear glass slidgd.he glass slide was inserietb thePeltier sample stagend lefore

measuremejthe samplevasheated until in the molt@hase.

3.3.7.2 Methodology

The materials were analysed using an Olympus microscap#Qxitiptical lens and
x1.25 eyepiece attached to a Linkam LTS120 Peltier stage for heating, water recirculation
pump for cooling and a temperature control systemected to a computer. This set

up allows materials to be imaged at temperatures betwé20 0.
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Software called Linksys32 by Linkam was used to program the heating and cooling ramps
of the Peltier plai@ 1,5, 20°C/minutewhilst also allowingghmage capture frequency

to be set for the camera attached to the microscope. The images captured have been
viewed and processed using windows photo viSesale bar was added toithages

using image after imaging amm long scale basing the sae microscope and lens

set up.

3.3.8 Growth Cell

3.3.8.1 SamplePreparation

50.9mg of Octadecanol was weighted i@tanl of Dodecanebefore being heated
gently tadissolve the solute fullyrhe 25g/l solutiomas injected into the 2ml eapy
glass cuvette befdseing stopped and sealed upeugfilm.

3.3.8.2 Methodology

The glass cuvette was positionesid@the growthcell before thegrowth cell was
reassembledith the screws fastened tightly to ensure no |&d&esgrowth celvas
fitted to a Huberwaterbath, which pumped water through the growth aiédwing
temperature controlThe solution contained within the cuvette was imaged arsing
optical microsope attached with x5 optical lens.

3.3.9 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a technithet enables verhighresolution
topographical images of surfaces to be generated. AFM works through a probe scanning
across a surface, whilst collecting positional informatiemestnterghe surface. fie

probe is positioned at the end of a mirror cantilever, which moves in tiny movements
across the surface and controlled by piezoelecirlos. psition of the probe is
monitored by a laser reflecting off the mirror cantilever and hitting a photoshasor.
cantilever has a known spring constant allowing the force of the probe hitting the surface
to be measured. Using this force informafiéiM is able to measuttge mechanical
properties of the surfaceu ¢ h  a smodtlisu(stifnéss).

3.3.9.1 Sample Peparation

Pure material or pyepared binary mixtures with a range of compositions were placed

on to hot stage microscope glass slides.Lifikam hot stage was used to melt the
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samples at 880°C, before control cooling each binary mixture at 1°Chrioubom
temperature. AFM sheared sampke®prepared in a similar way on a glass slide, but
usingan Anton Parr viscometer for controlled heating/cooling at 10°C/min, whilst
shearing using a 50mm 1° cone and plate arrangement.

3.3.9.2 Methodology

Experimentperformed on the wax samples used the Bruker Icon, fitted with TAP 150
cantilevers and attached to a computer running Nanoscope V controller software.
Experiments were conducted using PeakForce Quantitative Nanoscale Mechanical
Characterisation (FBNM) a a frequency of 2kHz to capture surface topography and

Y o u nngpdukis along with the optical image of each sample. Measuring mechanical
properties enabled material contrast to be obtained and the composition of the
microstructure to identified. Optigadages of the sample area studied were taken to
compare to the AFM resuBeforeperforming forceneasurementsye instrument was
calibratedising alend of polystyrene and lalensitypolyethylene with known values

ofYoun g o s ,awnshdwn liffigsre3-2.
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Figure 3-2 Images captured during calibration of the AFM PF-QNM experiments using a blend of

polystyrene and lowdensity polyethylene a) displays height map of the sample surface, ) oungés modul us
map of the surface, c) ofical image of the area studied, and dplotof Y o u n g 8 s distilobiioh acss

the surface.

3.3.105canning Electron Microscopy (SEM)

3.3.10.1Sample Preparation

The industngradel-Octadecan@nd HCOwererecrystallised in Acetqgrefore being
fillered. The Crystals were left to dry overnight békiregplaced on top o&n
AluminiumSEM stubwith the surface coveredGarbontape.

3.3.10.2Methodology

The wax materials were analysed using the Hitachi tabietogcope TM3030 at an
acceleration voltage of 5kV in secondary electron mode, to observe the topography of
the crystalline structure formed ondheminiumsurface Various regions of the sample

werestudied at a range of magnifications.
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3.3.11Poly-thermal Turbidity Studies

3.3.11.1Sample Preparation

Solutions of Octadecancin Ethanol were prepared at 45.1, 92.7, 143.4 and 193.5
mg/ml, in Acetone 3.5, 7.1, 14.8, 36.2, 75.5, 151.4 and 318.8 migbdkdane.0,

12.0, 24.3, 96.4, 169.1, 210.0 an®28g/ml, in Undecane 6.5, 12.9, 27.0, 51.7, 103.6,
182.7,225.8 and 319.9 mg/mland in D5 at 7.1, 14.4, 21.7, 29.0, 36.7, 44.6, 52.6 and 60.¢
mg/ml. Solutions o0HCO were prepareih Ethanolat 0.8, 1.2, 1.6, 2.4, 3.9, 7.9, 20.0,

24.0 and 28.0 mg/ml amd Acetone at 0.8, 1.0, 1.3, 1.5, 1.8 and 2.0 mg/ml. Crystal 16
experiments were conducted at concentrations at which the crystalline material can be
dissolved im solvent, without approaching the boiling point of the solvent. The
crystalline materialas weighted out using an analytical balance and before the solvent
was added by weight. Stock solutions were stirred and heated on a hotplate until
crystalline material was completely dissolved and then rednster four 1.5ml
Crystall6 vials usingegheated pipettes to avoid crystallisation inside the pipette.

3.3.11.2Methodology

The solutions were heated and cooled @&ysjall6 in a pyerogrammed cycle at
heating and cooling rates of 0.25, 1, 2 and 3.2°C/minute typically bet@es 50C

whilst continuously being stirred at 700rpm using a micromagnetic stirrer bar. The
temperature range used was adjusted tohsugblutions being measuredlowing
crystallisation and dissolution to be studied. Each solution was cycled being held at high

temperature for over 20 minutes between cyckrstwe complete dissolution.

Page |94



Chapted 6 Methods and Materials

110 —r - r - r - r - T T T T T 65
100 - 60
90 95
80 ] - 50
§ i B Light Transmission [%] _ 45 C'_)'
5 70_- —m— Temperature [°C] - 40 o,
B o0 p
% 50 - F30 B
'f_g 40 - - 25 g
£ 30+ <l @
2 1 15
— 20+ L
] 10
10 - " &
04 )
) - 5

=1 ¢« I = I = T =+ T ¢t T °
-50 0 50 100 150 200 250 300 350 400
Time [mins]

Figure 3-3 Example of polythermal method experiment were temperaturewas cycled between 0-1060°C
over time, and the change in light transmissior{turbidity) wasmeasured.
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Figure 3-4 Change in turbidity measurement ashe temperature is cycled during the polythermal methad

3.3.11.3Data Processing and Analysis

Valuesof dissolution and crystaiition temperaturesere recordedndthe averge
value withtserror was tabulatedeasurementsr all compositionsit eacltoolingand
heatingatestudied For each compositipdissolution and crystallisattemperature

were plotted with respect taooling/heating rat Two lines of best fitwereplaced
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through the dissolution andystallisation temperatsieadexrapolated to zero cooling
rateto generate values of the clead cloud points respectivelg senin Figure5-1.
The cleapoint is also known as the equilibrium temperatyrand the cloud point is
known the crystallisation temperature at the kinetic linitT{ie differenebetween

dissolutiorand crystallisation temperaturezead cooling is the metastable zone width

Thev a nHofb plot has been used as a tool to dettiesenthalpy an@ntropy of
dissolutionand enthalpy of solvatidghrough ploting 1/clear pointKelvin)vsIn X
(mole fraction).Thev a rHofbplot relies orfitting thedata to a linear form of thran

0 Hoff equationwhereR is the ideal gas constdnii]

... Yo Y'Y
ae w Y'Y Y
YO Yoi a€n/0Q Y'Y YoQE 0 Q1 @Qn o

Equation 3-1v a nHofd équation
The experimdally measuredatawas plotted agaihthe ideal solubilityne of a
crygalline material in a solvefthe ideal sability wasleterminedisingEquation3-2

whereY'O is the molar enthalpy of fusion of the solutionutaed from tharea

under the DSC melting peaK is the melting poinh Kelvinand T is the solution

temperature also Kelvin[112

Equation 3-2 Ideal Solubility Equation
Activity cefficientacan be used to relatheexperimentally measuradlar solubity
of solute at equilibrium with thesolubility ofthe ideal stat&iseaUsingequatian 3-3.
This equation was derivegequatinghe activitywaluef theideal and noideal states
from the normaéctivitydefinition[113

Equation 3-3 Activity Coefficent Equation[113
+v={= 4 QYFME

Equation 3-4 Definition of activity
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Accordingio Raoul law activity is defined Byuation3-4, wherew is the activity
[ is theactivity coefficieranddi,®i% themole fractiorof the solute in asaturated

solution. In an ideal solutiom w J[117

Values ofxiea Were calculatedsing theideal solubilityat a particular temperature
Equation3-2 and values of were calculated from tpelythermakxperimeral data
using thev a nHofb dquationEquation3-1. Values of activitgoefficient are often
presentedver temperature range for polythermal experiments.

Enthalpy of solvation can be calculated fronetkiealpy of dissolution and enthalpy o
sublimation A more favourable dissolution procesften has a lower enthalpy of
solvatior{21, 114 119

Equation 3-5 Enthalpy of Solvation

The collected turbity datacan also be analysedotovideinsightinto the nucleation
mechanisrof the systerasing th&KBHR method113 116 117 The KBHR method
distinguishes between two typlsucleationprogressive amstantaneoudrogressive
nucleations when newnucleiform in the presence ekisting growing crystatésd
Instantaneousucleation is wheall thenucleiform at the start ofrystallisatiothen
growto develop into crystals.

The first stage dABHR method invales constructing a plot loig vsinu.where gs
coolingrate (K/s) uc is critical undercoolind. is equilibrium temperaty@nd T is
crystallisation tempsure at each cooling rad/hen a straight line was fitted to the
plott he &r ul e o fandifthegeadignt ofitee fine ia ooyt reucleation
mechanism igrogressive artzelow 3 is instantaneous.

yY Y Y
y'Y
oy,
Equation 3-6 Critical undercooling (W)

Before further analysing the dependence @f g the following inequalities must be
met.

0 ™h 0O p
Equation 3-7 Crititea for inequalties of uc

Page |97



Chapted 6 Methods and Materials

Wherevalues of a are calculated uBiggation3-8, k is the Boltzmann constamtn d ~ k
is the latent heat of crystallisation
O
Qy
Equation 3-8 Calculation of a
HCO and1-Octadecangbredominately exhibited progressiueleation mechanisms
sothedata of each concentration was pldtigd/s y graph. A derivedexpressiorof
the dependencef u. on cooling ratevasfitted to the data andalues of threéee
equation paraments could be calculategi117
d ‘8 ) i F d’) i B - s 7
nin 5 6 6
The three free edtian parameters are given by:

®w =3

Equation 3-9 Derived expression for thelependenceu. on q
The nudeus effectivénterfacial tensioks can be calculated usithg dimensionless
thermodynamic parametdi3D nucleatiorf).[117 Whereknisthe nucleus shape factor
(1693 for spherical nuei), wis the volume occupidaly a solute molecutalculated
from the unit cell of Tristerifl19 and 1-Octadecanfll19 respectivel(HCO =
1.696&10*m? and1-Octadecanct 5.446x18m°), k is Boltzmam Sconstant ande is
the equilibrium temperature.Molecular volume of Tristerin wased asan
approximationsince the crystal structure of Hydrogenated Castor is unkarmvn
Tristearin has the same molecular structure as Tritstdeoskyapart froma missing
Oxygen atonfrom position twelven eactCarbonchain.

Qo 1

© Ty

Equation 3-10Expressionfor the dmensionless thermodynamic parameter of 3D nucleatiot
From previously calculated and known parametaises of theritical radius of the
nucleudqr’) and thenumber of molecules in tlegtical nucleug’) can be calculked
using the maximum and minim values of o give a range ofindi.[117
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‘l z cr l‘)
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oY

IIQ c -
(0]

Equation 3-11Expressons for the critical radius of the nucleus () and the number of molecules in the
critical nucleus (i)

3.4 Conclusion

This chapter has provided an overview of the experimental methodologies of the
employed in this aiy, as well as a description of the materials used. This will give the
reader the opportunity for the reader to repeat any of the experiments conducted in this
study. This includes an overview of the polythermal shear synchrotron study at LNLS,
detailinghe methods of collection and data analysis. Also, an overview ohighdech

used including powder XRD, DSC, TGA,-®S, Growth Cell and SEM has been
provided, detailing the sample preparation, methodology and data analysis. For the AFM
study, samplpreparation and methodology has been provided, inckidimg3-2

which displays data collected during the calibration. This chapter closes with a detailed
explanatin of the polythermal studies conducted, data collection methodology, and
analysis including tkHR method andvaat Hof f anal ysi s.
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Ingredients

In the first results chapter, 1-Octadecanol, HCO and Petrolatum have been
characterisedising a range ofechniques,providing a referencdo compare more

complex systems too
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4 Characterisationof Formulation Ingredients

4.1 Introduction

This project focuses on three types of wax materials used in cosmetic formulations, n
alkanols, triglyceridesmdn-alkanes Industrial grade matedabctadecanoHCO and
Petrolatunwere supplied l3&G and used thrghout this studyin this chaptethese

syoplied materials have been characterised using microscbpiglogical,
chromatographthermal an&X-raytechniqueto reveal themorphology, composition,
polymorplsm and physidapropertiesupon comparison to the literatur@hrough
understanding thadividual components, walfovide a basis to understandhimary
mixtures, solution chemistry, shear behaviotine followinghapters.

4.2 1-Octadecanol

Thethermal behagur has been studieghon heating and cooling tihdustrial sample
of 1-Octadecanoat ’C per minute usinBifferential Scanning Calorime{BySQO
underNitrogen The 1-Octadecanol was supplied at a purig§8of%from P&G and
thermal behaviour compared against previous studieditersitere. The DS€Gurve
of heat flow plotted against temperature is displayeguire4-1. Upon coolingtwo
exothermic pealkare observedue to the crystallisation of the rotator plfiasa the
meltandsolidsolid transition from the rotator phase todtable gamma phastgust
below the crystallisation temperatudponheatingthere are twendothermic peaks
representing the sollidfrom thegamma phase therotator phase at just below the
melting point andhe melting of the rotator phasel'he melting temperaturand
enthalpies fot-Octadecanol have been compared to previous stutiebteraturan
Table4-1. The polymorphismand thermal behaviour the ralkanolsare very similar
to the nalkaneshence share the naming for different ph&sem the research inte n
alkanols by Vento# al we know the stable phase -@dtadecanol the gamma phase
dandther ot at or p hydosmg53iVentolaet alfouhdé tpBs8ible the form
the méastabld u p on q-Ocadecdnol with liglNitrogen[53
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Figure 4-1 Differential Scanning Calorimetry (DSC) graph showing the liquid -rotator-gamma phase
transitions of 1-Octadecanolwhen heated and cooled at 1°C/mimusing Mettler Toledo DSC1 at.eeds

Table 4-1 Melting temperatures and enthalpiesf 1-Octadecanol on Heating atnormal pressure.

Solid-solid transition Solid-liquid transition PH o | Reference
(kJ mol?)
Tovro 1(K) PH w1 &I | Tra vy (K) PHa1 vikd
mol?) mol?)

329.63 25.22 331.42 38.19 63.41 This work using
TA DSC at P&G,
Newcastle.

3295 26.5 330.3 40.1 66.6 Ventolaet al[53]

330 26 331 43 69 Reuteret al[12(

330.6 25.6 331.2 41.1 66.7 Van Miltenburg et
al.[12]

Thermal gravimetric analy§i&A) was also performed orOctadecanalponheating
ata ramp rate d@3°C minper minuten theair. Figure4-2 displays th&o weight loss as
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a function 6 temperature A tiny mass loss of 0.0053%@&s recordetly 100°Cand
possiblys due tahedesorption of wateThe1-Octadecanol is known to have a boiling
point of approximatel21CC, and97% of the mass loss occurs betw&b8°C and
250°C This suggestithatthe mass loss is due t@&tadecanol boiling rather than any
thermal degradatio.hesmooth sharp cunenfirmsthatthe XOctadecanol studied
hashigh purity.

|—— Octadecanol

100 -

80 -

60 -

40 -

% Weight

20

. I % I > I Y I ¥ I
0 100 200 300 400 500
Temperature (°C)

Figure 4-2 TGA graph showing the mass loss dEOctadecanolwhen heated a6°C/min to 500°C

The X-ray diffraction (XRD) pattern of iOctadecanolwas measured at room
temperature and &6°C to observe tlgamma andotator formsrespectively Both
XRD patterns are displayedRigure4-3. X-ray pattera of nalkanols have been
previouslystudiedon numerousccasiondy many groupand the solvedambient
temperaturel-OctadecanolX-ray structure has been solved amploaded to the
Cambridg€rystallographic Data Centre (CCQQY

The GuinerSmon photographs of theotator and gamma phas¥ 1-Eicosanolare
shown in Figure2-18 Here theX-raydiffraction patterns of thievo polymorphs are
displagd. Thepeaks of thambient temperature XRiatternrhave been identified with
referenced the .cif file usingXRD pattern prediction softwakESTA and thed-
spacing of each peak has Habéelled The X-raypattern measured at 55i@tches
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previously measured rotator phase pattetageen 23C; howeverother aspects fail
to match sucls anamaphous bumps observed525C andpeaks presebetween
2540°C. The amorphoubumplikely due tdhe sample being partially in the molten
phasend the three extra peakslikealy to be due tBlCO impurityfrom not cleaning
the sample holdgroperly

2.0 -
1.8
1.6 -
L B B Rotator phase at 55°C
§ 12 _] 1865A : /3.6A /2 6A 2.4A
§ 1.0 — 41A—
T 0.8-
£ !
0.6 -
= 7 Gamma phase at room
0.4 temperature
4.0A
02_- TYTIT] 4‘3A\ M
7 0 UELG J 25A
0.0 - o8 0010 ooh2  odis 002~
I ! I E I ! T T T T T T T T T
5 10 15 20 25 30 35 40

20 (Degrees)
Figure 4-3 Stadked XRD graph displayed the metastable rotator phase at 85and the stable gamma phase
at room temperatureof 1-Octadecanol
The crystallisationf 1-Octadecandhasbeen capturedsing a hestage microscope
upon cooling.The rotator phase initially crystalleg&®’ C, andneedleshaped crystals
rapidly grow through the meftating arystal structuras seem Figure4-4 a) andl).
A densdransparent crystal structure foasall the liquid mettansforms into the solid
rotator phaseAt 50°Csmall regions of thaulk crystastructuresuddenlyfrom clear
to opaqu@ne by onguntil the whole bulk crystal becomesjoigas witnessed between
imaged) and c) Each regiorthat suddenly transforms most likely to ba single
crystallite and eachcrystallitehas no uniform shape. The clear paque visual
transformation is due to tkelidsolid rotator tahegamma phase transitioht higher

cooling ratesadecrease microstructureize of the rotator phase observeavhen
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comparing image$, &) and g) afC, 5°C and 20°C per minute respectivdliie bulk
of thegamma phase is difficult to image because the mateagjus.op

1-Octadecanatooling from the melt at 1°C/min

The cystallisation of the rotator ~ The tansition between rotator Stable Gamma phase at 47.2'

phase at 59.2°C and gamma phase at 50.0°C

1-Octadecanatooling from the melt at 5°C/min

Early Stages of Crystallisagdn  The developing rotator phase ¢ The tansition between rotator
59.1°C 57.4C and gamma phased&1°C

1-Octadecanatooling from the melt at 20°C/min

0.1 mm

’ 3
0.1 mm &«

EarlyStages of Crystallisation ai  Thedevelopingotator phase at The tansition etween rotator
54.7°C 53.4°C and gammphase at 42.7°C

Figure 4-4 A series of gtical imagescapturing, the transitions betweenliquid, rotator and gamma phases
upon cooling 2Octadecanol from the melt

The surface of the gamma phase has been studied at room temperatuma&tosiing
Force Microscopt identifythe mechanical properties and morphalo@iie samples
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were prepared by cooling from the melf@t(Eigure4-5), 5°C (Figure4-6) and20°C

per minute(Figure4-7), before beingapturedat room temperatunesingan optical
microscopeand measuredtudiedusing AFM The surface of-Octadecanolvas
observed to bemoothwith a series of stegmdtheY o ungds mo d gsHowss f or
that thestiffnessvasuniform across the surfacks the surface flatand AFM studies

a very small arglaere is nanoticeable differenaehen cooling at°C, 5°C and 20°C

per minute however a clear difference can lobserved whercomparing the

macroscopioptical imagesith smaller crystals obsenadaster cooling rates.

Coolingl-Octadecanait 1°C/min

10.1

526inm log(Pa)+
-35.2 nm 9.0
log(Pa)+

Height Sensor 1.0 um

Figure 4-5 Atomic Force Microscope AFM) and Optical Microscope(OM) images ofl-Octadecanolcooled
from the melt to room temperature at 1°C/min a) Height map of surface(AFM), b) Youngs Modulus map
(AFM), ¢) High magnification optical image of thearea studied(OM) and d) Low magnification optical
image ofthe sample surfac§OM).
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Cooling 1Octadecanol at 5°C/min

12.1

699.7 nm log(Pa)+
-957.5 nm 1.3
log(Pa)t

Height Sensor LogDMTModulus

Figure 4-6 Atomic Force Microscope (AFM) and Optical Microscope (OM) images of-Dctadecanol cooled
from the melt to room temperature at 5°C/min. a) Height map of surface (AFM), b) Youngs Modulus map
(AFM), c) High magnification optical image of the area studied (OM) and d) Low magnification optical
image of the sample surface (OM).
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Coolingl-Octadecanait 20°C/min

9.8
278.2 nm log(Pa)+
-276.5 nm 8.3
log(Pa)+
Height Sensor 2.0 ym LogDMTModulus 2.0 pm

Figure 4-7 Atomic Force Microscope (AFM) and Optical Microscope (OM) images of-Dctadecanol cooled
from the melt to room temperature at 20°C/min. a) Height map of surface (AFM), b) Youngs Modulus map
(AFM), c) High magnification optical image of the area studied (OM) and d) Low magnification optical
image of the sample surface (OM).

The rheologicdlehaviouof 1-Octadecandias been measured ahrge of shear rates
from 1 to 10005at temperaturdsetween 5& and 95C using &5mm diameter cone
and plate arrangememMolten1-Octadecanast a fredlowing liquid with a viscagiof
0.0037Pasand shear stress@d373 Pat 95°Cwith a shear rate ©0s". On cooling
1-Octadecanddtarts tocrystallise around 8°C andsolidifies upon further cooling.
When solid Octadecanol igrittle, its rheological properties can be not measured using
a rheometer.Upon performing a shear gemolten1-Octadecanol is shown to be
shear thickenin@lilatant fluid)where thelgar stress increases with shear Tais.is
comma for suspensions containing higlrels ofdispersed solidnd explains the

increased shear thickening behaviour at the crystallisation temperature.
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Figure 4-8 Change in Viscosity(left) and Shear Stres§ight) upon ramping Shear Rate foi-Octadecanolat
a series of different temperatures

4.3 Hydrogenated Castor Ol

Industrial gradeHydrogenated Castor QHCO) was supplied bP&G with an
unknown compositionUnlikethe relatiely purel-OctadecanpHCO contains &lend

of manymono, di and triglyceridesth the trihydrocystearin as the main constituent.
Little work has been previously publishetH@® despite its wide industrial use.

The thermal behaviour BICO was studied usifgSC whilstheating and cooling at
1°C per minutdetween C and 90°C. Upon coolinglCO exhibitsan exothermic
crystallisation peait 68.2C, alongwith three low enthalpyery broad peaks between
55°C and 30°COn heatingan endothermic melting peakobservedt711°Canda
series ofow energyeaks are observed betw@@tC and 70°CThe identityof the low
enthalpypeaks is unknown
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Figure 4-9 Differential Scanning Calorimetry DSC) graph showing the phase transitions oflydrogenated
Castor Oilwhen heated and cooled at 1°C/min

Thermal gravimetric analyeess been conducdteon HCO upon heaing at 5°Cper
minutefrom 0°Cto 600°Cin air, as displayed ifrigure4-10. Only a mass$ossof 0.7%
was tservedbeween 28250°C Heatingbeyond 250°C74% mass lossccurred
betweer250415°Cwith therate of maskssdecreasing &80°C. At 415C, a sharp
increase itherate of mass loss occurleforedecreasing agah450°Gand btal mass
loss was achieved 50°C. Theinitialmass losat 250°C is likely dueltoiling points
of HCO& main componentseing reachetioweverit is not clear whether the further
masdoss events ackie to decomposition or othaolecules boiling off.
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Figure 4-10Thermal Gravimetric Analysisgraph showing the mass loss dflydrogenated Castor Oilwhen
heated at 5°C/min to 600°C

TheX-raypattern ofndustrialgradeHCO has been measuiad series of temperatures
whilstcooling from the melés shown inFigure4-11 In Figured-12 the X-raypattern

of HCO twice recrystisedin Acetonevas comparedjainst the industrigtadeHCO.

At 95°CHCO is molten and displags amorphous bump at Z0dlong witha series of

peaks at2.6, 3.5, 3.0, 2.9, 27, 6 a nHCO 2rystélligedfter cooling to 53°@nd
theamorphousvump transformed into twargepeaks a4 . 5 a nhich hdicais
thepresence of thAd t r i g | y c elm ddditien tetioel two maim pedkstra
smallpeaks form at6.7 andd . 3 U crygtatisatianUpon further coolingo 33°C

no change to thX-raypattern was observetiowingthat no polymorphic traitiors

had occurredndHCO is semamorphous at room temperatutgponrecrystallisation

of HCO, thetwo large peaks remdmoweverpeaksaB . 0, 2 . dsappeadand2 . 7 U
thepeaks at 3 . Become shérperaand larger. il ibtensithe peak
disappearance could be due to certain molecules being removed during the
recrystallisationThe lowangle peaks are all broaddhigh angle peaks are all very
sharp withaverydifferent appearance.
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Figure 4-11StackedX-ray Diffraction patterns of HCO capturedupon cooling from the meltat 95°C to 33°C.
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Figure 4-12 Two stacked X-ray Diffraction patterns of Hydrogenated Castor Oilas received fromP&G
(Black) and twice recrystdlised(Red).

HCO has also been imaged upon cooling froorm#ieusing a hedtage microsco
1 and 5°CQpermin. Initial crystallisation was observed in the forspleérulitic crystals

and using cross polarised lightltipleMalteserosgpattenscan be observedlaltese
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cross patterns are symmous with a liquid crystalline phase spherties[122 123
Without cross polarisatigtiis symmetrgannot be obseed. Upon further cooling
more and morspheulitic crystals formed from the melt until at room temperaliure
the melt had converted to spherutitas area arranged throughout the bulk and surface.

Hydrogenated Castor @ioling from the melt at 1°C/min

Initial crystallisatioomaged  Crystallisation undepolarised Hydrogenated Castor @il
under cross polarised light light68.2C room temperaturg2.5°C
70.4C

Hydrogenated Castor @ioling from the melt at 5°C/min

Initial crystallisatioat67.4C 58.5C crystals under further  50.2C crystals under further
cooling cooling
Figure 4-13A series of ptical imagestaken upon coolingHydrogenated Castor Oilfrom the melt.
The spherulitistructures formed when cooling from the eeltC, 5C and 20°Ger
minutehave been studiadl room temperature using Atomic Force Mioms¢AFM).
At 1°C per minutespherulies formed are relativelyvery large with diameter of
approximately &bn as displayed irFigure4-14 a). In the literdure spherulitesare
described as forming throutte radialgrowth of crystalline ribbonfom a single
nucleusimage aylisphysthe radial nature of the ribbon growttrming doughnut
shaped spherulite. Toentreof doughnutshaped spheruliteas measured to be@8
lower than the highest part of the outer rifilge Young® modulus of the surface was
measured to k@0MPauniformly across the spherulapart froma small area at the
centrewhereis it was measured to be soféexr seen in image Iinage c) displays the
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region of thesurfacehat the AFM measurement was carried out and dpdgplays
the same surfae¢ low nagnification. Upon increasing toeling ratethenumber of
nucleation sites increaaad the size of each spherulite decréase850m at 1°(oer
minute to @m at 5°C per minut® around Om at 20°C per minuterhis trend can
also beobserved when looilg at the microstructuren the surface using a low

magnification microscope.

CoolingHydrogenated Castor @il 1°Gmin

99
818.7. nm log(Pa)+
-2.2 ym N
HCO (E = 390 MPa) log(Pa)t

LogDMTModulus 7.0 ym

Figure 4-14Atomic Force Microscope (AFM) and Optical Microscope (OM) images of Hydrogenated Castor
Oil cooled from the melt to room temperature at 1°C/min. a) Height map of surface (AFM), b) Youngs
Modulus map (AFM), c) High magnification optical image of the area studied (OM) and d) Low
magnification optical image of the sample surface (OM).
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CoolingHydrogenated Castor @il 5°C/min

96
565.2 nm log(Pa)
-667.1 nm 4.0
log(Pa)x

Height Sensor 7.0 um

Figure 4-15Atomic Force Microscope (AFM) and Optical Microscope (OM) images of Hydrogenated Castor
Oil cooled from the melt to room temperature at 5°C/min. a) Height map of surface (AFM), b) Youngs
Modulus map (AFM), c) High magnification optical image of the area studied (OM) and d) Low
magnification optical image of the sample surface (OM).
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CoolingHydrogenated Castor @il 20°C/min

187.0 nm

-187.0 nm 5.2 log(Pa)

Height Sensor 1.0 ym LogDMTModulus 1.0 um

c)

Figure 4-16Atomic Force Microscope (AFM) and Optical Microscope (OM) images of Hydrogenated Castor

Oil cooled from the melt to room temperature at 20°C/min. a) Height map of surface (AFM), b) Youngs
Modulus map (AFM), ¢) High magnification optical image of the area studied (OM) and d) Low
magnification optical image of the sample surface (OM).

The rheological properties oholten HCO have been measured at a series of
temperatureat and above the point of crystallisati95°Cis viscosity i8.0268a.s
when sheared at Tassing a 75mmdiametecone anglate. HCO is shear thickening

as demonsttad upon a shear rate ramp \ehbe sheastress increased with shear rate.
As the temperature is decreased the shedettiigg behaviour increasd®elow the
crystallisation temperatut¢CO solidifies and the rheologal behavioucannotbe

measured using a rheometer.
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Viscosity upon Shear Rate Hydrogenated Castor Oil Shear Stress upon Shear Rate Hydrogenated Castor Oil
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Figure 4-17Change in Viscosity(right) and Shear Stresfleft) upon ramping Shear Ratdor Hydrogenated
Castor Oil at a series of different temperates

4.4 Petrolatum

Indudrial grade Petrolatum was supplieB&# for this project Petolatum is known
to contain a mixture ainbranched 4alkanes with &rgerarge of different chain
lengths. The thermal properties Bketrolatumhave been measured using DPEGN
heating and cooling &tC per minute The onset of crystallisation upon cooling was
found to be59°C were the largest chain length molecules waysldltise out of the
melt first. After thénitial onseta very brodexothermicrystallisatiopeak is observed
between 59°C and 0°Che broad nature of theeak is due tthe widerange of chain
lengths whiclexhibt alargerange of crystallisation temperatukéison heatinga very
broadendothermienelting peak is obseniaetweer®°C and 71°CGwith thepeak centre
at around 33°C For referengethe meltingpoints of Tetradecan€CiHso) is £C,
OctadecanfCidHsg) is 30C andTetracomane(CsdHsg) is 82°Cto giveaninsightinto the
molecular chain lengthsesent.
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Figure 4-18 Differential Scanning Calorimetry (DSC) graph showing the phase transitions oPetrolatum
when heated and cooled at 1°C/min

Thermal Gravimetric Analysis was also performédimatumby heating the sanapl
at5°C per minute from rootemperature t60CC in air 0.1% mass loss was observed
between 25°C and 150°T&% between 13C and 380C and the las22% wadost
between 380°C and 550°Che mass lossould be due to either the boilioigeach
molecular componentombustion or decompositionTo understand the resut,
compaison should be drawn betwdbe TGA result with the Gas Chratography
Analysis of Petrolatum and tkreown boiling point of each compohe®ctadecane
(CigH3g) is thesmallesand molecules withchain length longer th&iHqs beingthe
largestetected using GO heaverage chalength is calculated to be 3@&A8 is used
to catulatehemole fraction of Petrolatum binary mixturésese components have a
boiling point ofbetween 3T andabove 56%C. The hitial mass loswasat 150°C
due tovaporisatiorbelow the boiling poirdf the low molecular weight components
howeverl am not sure vaporisation completely explainm#ss loss of 24%f the
components by weight with a chain length of 47 and abloe&C resultannot revel
the maximum chain lgth preseribecause the column did not separatietigest chain
length components. The experimemtse conducted ithe air making combustion
possible and the thermal cracking of the-alkans is knownto occurin certain

conditions above 800,°€b itmightoccurto a small degree below 600°C.
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Figure 4-19TGA graph showing the mass loss dPetrolatumwhen heated at 5°C/min to 600°C

Table 4-2 Gas Chromatography Analysis of Petrolatum

Carbon Number % Area
18 0.23
19 0.42
20 0.75
21 1.31
22 21
23 2.68
24 2.93
25 3.39
26 3.51
27 3.55
28 3.41
29 3.34
30 3.24
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31 3.23
32 3.14
33 2.73
34 3.47
35 2.9
36 2.46
37 2.66
38 2.46
39 3.52
40 3.26
41 3.01
42 2.86
43 2.53
44 2.45
45 2.52
46 1.86
47 & Above 24.07
Average Chain Length = 36.43

Thecrystamorphology of Petrolatum has beenwagot upon cooling af@, 5°C and
20°Cper minute Thefirstcrystad seen upon cooling at 1°C per miapjgear at 58.37C
are needishapedindrandomly orientated throughout the melpon further cooling
to room temperatuyéhe needle crystals grow up fimimand areandomly orientatke
respect teeach othercreating a dense gel netwotkpon faster coolinghe needle
crystals become smaled harder to distinguish.
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Petrolaturrcooling from the melt at 1°C/min

. N
01 mm o - 0.1 mm

Initial crystallisation 88.3C Crystals a47.3C Crystals a26.8C

Petrolatuntooling from the melt at 5°C/min

Initial crystallisation &4.8C Crystals &2.2C Crystals &89.6C

Petrolatuntooling from the melt at 20°C/min

Initial crystallisation 40.8C Crystals a46.9C Crystals a39.8C

Figure 4-20A series of gtical imagesof needleshaped crystalgaken upon coolingPetrolatumfrom the melt
taken using a hot stage microscope

The rheological behaviour of Petrolatues been studied at a range of temperatures
from 20C to 95°Cover a range dashear rates When completely molten at°@5
Petrolatum has a viscosity0dd119Pa.sat a shear rate ©0s’. UnlikeHCO and1-
OctadecangPetrolatum daend solidify when istarts tacrystalliseand its rheological
properties can be measured at room temperature. Petrolalsonstsear thickening
andtheshear stress increases with shear Taee sheahickening beh&wur increases

upon decreasing temperature.
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