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Abstract

An absence of fundamental research into the chemistry, structure and progerties o
Isethionate ester surfactants has resulted in notable shortcomings in the manufacture of
modern personal care products. Through a detailed characterisation of molecular structure
under both ambient amdevated temperaturdss research aimed develoghe foundations

upon which a holistic understanding of tsethionate estesystem could be achieved.

Sodium lauroyl isethionate (SLI) was selechsa representative model surfactant, after it

was revealed to be the most abundant constituent in a coleinsethionate ester blend.

SLI wassynthesizedhrough a bespoke single steqmcesdree fromancillary solvens
catalysts and chlorinated agefftee material was isolated to reproducible purity levels of
98% via three recrystallisatios in methanqgl whilst a turbidimetric solubility analysis
generated process parameters for the controlledigealéths crystallisation process. The
resulting phygochemicalanalysisrevealed a critical midlar concentration (CMC) of
5.4mM and a plateau surfaa@nsion of 38 mN/m at 20°C. Both values were lower than the
previously reported values for SLI in water. Dynamic wasorption studies demonstrated
areversible 2.3% mass gain when exposed to sustained humidity of 87%, suggesting possible

formation ofahemihydrated structure.

A kinetic analysis of the thermal degradation of SLI indicated that mass loss was 28 times
higher in air than nitrogen. Validatgdedictive models suggest that reaction temperatures
could be increased to 250°C for an increasedioea@te, before significant increases in
degradation wer@bservedover typical synthetic timescales. An evolved gaslysis
revealed risk of carbon dioxide, carbon disulfide, sulfur dioxide, water vapour and VOC
evolutions at elevated temperatures. Ppredictive isoconversional modetglicated that

rapid structural measurements were necessangtmal degradatigmisk of gas evolution

and structural anomaliessulting fronthermal degradation.

The crystal structure of SLI was determined througtombination of powder Xay
diffraction and molecular modelling techniques. The crystal lattice was found to exhibit a
monoclinic unit cell with P 21/c space group, with molecules in a-trans tiltted lamellar
bilayer conformation, similar to the anhgds structure of sodium dodecyl sulfate (SDS). A
characterisation of the intermolecular interactions revealed thainaoial interactions

between sulfonate and sodium i@osistituted over 80% of the total lattice energy



Due to reduced structural orderdegreater phase complexity at elevated temperatures, the
temperature dependent analysis of SLI was condusiagda @mbination osynchrotron
derived small angle Xay scattering (SAXE% molecular mechanics and density functional
theory Between 40 and50°C, the predominant lamellar crystalline phase exhibited an
increase in scattering intensity, where the measureebse in lamellar spacing (0.1 nm)
correlatedo the structural chang@reviouslyreportedior theannealing of sodium laurate.
Above 1B°C, the appearance of additional phases decreased the scattering intensity in the
primary phase until isotropic melgjrwas observed at >220°C, as confirmed via DSC. When
compared with previously reported phases of traditional soaps,abg#talline and
damellabphasesvereobserved. Evidence of the hehyidrated phase measured via DVS
was also found at lower tempires. Molecular mechanicalculationded to apredicted
crystal structurdased upothemeasuredhttice spacing. Both the anhydraared hydrated
structures of SLI correlated very well with previously published trends in lamellar tilt angle
and headg@mup size in dodecydhained, sulfubased anionic surfactants.
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Chapterl: Introduction

Synopsis: This chapter provides a general introduction to traditional soap
manufacture and how the need for syrithéétergents arose from the isseahibited

by orthodox carboxylate soaps. This is followed by a review of the literature
concerning the manufacture of sodium cocoyl isethionate; the primary species of
interest in this project. Finally, an overview okthmitations of synthetic detergent
manufacture lead to the proposed research question. The section is concluded with the
aims and objectives of the research, information on how the project was managed, as
well as a structural framework through which tieenainder of the thesis is presented



1.1. ResearchContext

1.1.1. Introduction to Soap Manufacture

Soap is the oldest known skin cleanser and has been in existence for thousands! dif years.

sa popular form of sur f alklewesthe surfacetensioge nt o
betwe@ two liquidsdue toits amphiphilicnature(originatingfrom the Greek wordsmpha

(both) andphilic (love)). A lipid-solublehydrophobic taiand water solublheadgroup cause

soapto preferentially bind at interfacasd aggregate to form complex staes in solution.

Saponification is the process by which triglycerides are esterified under a strong alkali base
to form three molecules oftleor r e spondi ng sodium car boxyl e
glycerol, as displayed beld.

Triglyceride Caustic Carboxylate Glycerol
o Soda Soap
Hzc—o—CfR
O Hzc_OH
.0 |
HC-0-C7 + NaOH ——> 3R-C.O© ® +  HC-OH
R O Na
//O H2C_OH
H,C—-0-CZ
R

(R = Cg - Cyg Saturated and unsaturated hydrocarbon chains)

Figure 1.1. Soap manufacture by saponification of natural fats (triglycerides)
Reaction is typicallyexecuted in water via the Kettle Process, where reagents are
boiled within a single reaction vessel. Upon completiba,iinmiscible soap is left to
separate from the aqueous glycerol, which is subsequently drained away. The R group

is dependent on the cpusition of fats present in the feedstock blénd.

A blend of triglycerides is typically utilised by soap manufacturers to optimise the
performance fthe resulting soap bar. Nut oils, such as coconut oil and palm kernel oil, are
predominantly composed of shorter chaitrigglycerides (such as C12) and consequently

display a higher aqueous solubilty and a higher lather than their longer chained

counteparts® Tallow and palm oil, consisting of C16/C18 clsaiare blended in

-2



combination to improve lather stability and increase hardness indheagiuct! Intense
agitation is required to start the reaction due to poor miscibility between the triglycerides and
aqueus base. Following initiation, the soap product helps emulsify the two reagents, thus

increasing the rate of reactivia autocatalysis!

Upon completio, brine is blended into the aqueous phase to aid phase separation between
the soap and glycerine. On an industrial scale, triglycesigesften hydrolysed with water

prior to basecatalysed saponification, as illustratedFigure 1.2.8 This significantly
improves glyceroftecovery and negates the need for subsequent brining. The hydrolysis is
achieved by treating the triglycerides with high pressure steamtprgaponification.
Because the fatty acids are more volatile than the corresponding carboxylate soaps, they can
be easily distilled from glycerol, significantly improving recovery levels over traditional

saponification.
Triglyceride Water Fatty Acid Glycerol
.0
HZC—O—CiR
H,C—-OH
He-0c® s+ mo —— 3RO HC-OH
- - ~ - ~ + -
R 2 OH |
/O Hzc_OH
HZC—O-C\R Purified via

Distillation

(R = Cg - Cyq Saturated and unsaturated

. Saponfication
hydrocarbon chains)

Figure 1.2: Hydrolysis of triglycerides prior to base catalysepsenification.The R

group is dependent on the composition of fats present in the feedstotK!ble

Both methods of saponification and the ré&sgilsoap bar product, however, exhibit two
major disadvantages. When in contact with water, traditional cagbexsgaps are prone to

hydrolysis, much like the triglycerides depictedrigurel.2.

Traditional soaps are also impacted by mineral ions, present in the water in which they are
utilised. In the UK, water isregpagd ed &éhar dé when its calci.l
100mg/I® Beyond these levels, calcium and magnesium ions hinder the performance of

carboxylate soaps, as depictefFigure1.3."



0o
%
R-C{ O
o

0
2R—C/ZO@N@ +  Ca¥ — Ca2* + 2 Na
a

/
(R = Cg - Cyp Saturated and unsaturated R-Cs
hydrocarbon chains)

Figure 1.3: Inhibition of carboxylate soaps by €aions present in hard wateAn
identical reaction occurs with the Mgions in hard watef”!

Since the resulting calcium mineraddts are of lower amphiphilicity than the carboxylate
soapssurface activity is significantly reductuls resulting in a reduction in detergency and
lathering performance. The minerals salts are also insolubleanavat therefore precipitate
as unsigtly solid deposits, which are difficulio remove from bathroom surfadés.
Dermatological studies indicate that the same phenonadsaoccurs on the skin surface at

a microscale during product use.

1.1.2. Synthetic Detergens

In the 1930s, demand for generaldetergent able to withstand thetivity reductionand

acidity of hardwater, led to the developmentibie 6t aur at ed s {PAthehet i c
cosmetics industry soon discovered the superior detergency and foaming of synthetic
surfactants when compared with traditional soap bars. This resulted in the development of

0Oi set hionat ed bas e d thamostfaimoagof wich®aée, @eatgde nt s C
by Unileverin 19551° Despite a shift in consumer trends towards liquid based products such

as shower gels and liquid cleaneogysbars are still purchadey 72% of US consumers on

a regular basis and the US soap bar industry alone is estimated to be worth over £1.7 billion
(2013)"Y Sodiumcocoylisethionate (SCI) is the primary surfactant in Dove soap and most

common synthetic soap bars.

Synthetic detergen{er syndetsjvere first commercially manufactured in 193BeTextiles

and laundry industry apprdaed G Farben, a German chemical conglomerate, to create a
surfactant able to sustain its detergency when used with hard®Wakeir acid chloride
synthesis of acyl taurates kigure 1.4 is one the earliegiublished examples of synthetic

detergent&? The product is chemically very similar to the isethionate class of surfactant



typically utilised in cosmetic soap bars and demonstrates many of the advantages that
syntheic detergents exhibit over traditional so8ps.

Acid Hydrochloric
Chloride Sodium Taurate Sodium Acyl Taurate Acid
2 Lo B E one
R_C<C| + H2N/\/6 a R N/\/ﬁ—o Na + HCI
H e}

Figure 1.4: Taurate based synthetic detergents synthesisadthe acylation of
taurine. This surfactant was developed for the textiles industry and eventually led to
the developnre of sodium cocoyl isethionat8ClI).12!

It was proposed that the increased molecular stability resulting from the amide, inhibited the
ability for the sodium salt to be displaced by*®4g?* ions present in hard water. The
lathering and detergency performance was therefore unaffected by water quality and because
the alkali earth ions remain in agueous solution, there was no formation of mineral deposit
with prolonged use of the produtt the case of saponified soaps, a stoichiometric quantity
was often lost to mineral ions in hard water, thus increasing the quantity and cost expended
to the end consuméf! Within the textiles industry, this performance and economic
advantage in hard water has meant that global sales synthetic detergents now vastly outstrip
those of saponified products by over 9:1. Theese however manydisadvantages to the

acid chloride synthesis developed @Harben. Due to the required phosphorous trichloride,

the acid chlorid precursor synthesis saignificantly more hazardous and costly than the
hydrolysis of coconut oil later adopted hetcosratics industry. During the surfactant
synthesis, the released chloride reaatith both sodium and water in the system. While HCI

could be azeotropically distilled with water etlsodium chloride weamore challenging to

remove and significantly inease the hygroscopic nature of any resulting soap protiict.

The direct condensation abcond oil derived fatty acids to yield isethiondiased
surfactants addregbenany of these issues, thus resulting in the commercial success of
synthetic cosmetic detergenit$ie absence of chlorinated agents was deemed particularly
advantageousJponcommerd@l deployment, the soap industhyusdeveloped the direct
condensation synthesis of synthetic deterg€igsig 1.5). It forwentthe need for toxic acid

chlorides and instead utildéhe fatty acid preasors derived from the traditional triglyceride



hydrolysis reactionRigure1.2). The direct condensation reactiom iSischer esterification

between an acid and alcohol.

Coconut Oil
Fatty Acids Sodium Isethionate Sodium Cocyl Isethionate Water
0 2 Cat Q Q
» —A- + . - +
R 4 o~ SONa AN SONat . HO
OH o 240°C o)

(R = Cg - C4g Saturated hydrocarbon chains)

Figure 1.5: Synthesis of SCI via direct condensation of coconut oil derived fatty acids.
Fatty acids are derived through the hydrolysis of pure coconut oil. A range of acid,
soap and metal catalysts can be uttis&he condensation reaction can benigarly
executed with sodium taurate to yield taurate based synthetic deteffents

In order to drive the reaction to produce the desired ester, any water produced during the
reaction must theme&docer th@&nae swittlhetde a@hg
minimise the rate of the ester hydroly$i5A commerciamanufacturer of SCI, reported the

melting point of pure sodium cocoyl isethionate220°C ' The temperature \gaherefore

necessary to maintain a stirrable ligpithse during manufacture

1.1.3. Sodium Cocoyl Isethionate (SCI) Manufacture

Due to the highly industrial nature of this project, much of #igtieg research into the
manufacture of sodium cocoyl isethionate has rebfiten commercial interest and sva

therefae published in patent literature.

The most comprehensive overview of the industrial synthesis is perhaps located in a patent
filed bythe Lever Brothers (now Unilever) in 1963 The reaction waidentical tahe direct
condensation isethionate synthesis describdtigiare 1.5. The novelty of this particular
examplearosdrom the ability to continuolg supply the reaction vessel with raw material,
resulting inmsem-continuous manufacturing process. A furtheiese of more recent patent
literature indicates that while there has been innovation with regard to the raw materials and
reaction conditions utilised in isethionate syntheses, the fundamental manufactaésg p

has changed little since this patent wablished in 1960s. A schematic of the synthetic

detergent reaction system is depicteigure1.6 overleaf®!
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The key features of the reaction sys{éigurel.6) are outlined below. The infoation was
derived from a series of patents published by Holkinel, ° Lemaireet al. *” and
Holt etal. 8. Numbers in brackstorrespondo labels inFigurel.6.

The reactions initiatedby feeding coconut derived fatty acids (10), sodgethionate (12)
and ecatlyst (14) into a jacketed, agitated reactor (16).

1 While the reaction can be executed at stoichiometric quantity of reagent, a molar ratio
of 1:1.3 of isethionate téatty acid is recommended. An excess of fatty acid is
preferred to isethionate becauseisi easily removed by distillation following

complete esterification of sodium isethionate.

1 The esterification is executed at 260°C. At this temperature, any watieicedo
during the reaction is vaporised and distilled awaygannectingipe (38) inb a
condenser (40Y he water is removed to maintain the thermodynamic driving force

required to drivethe reaction to complete conversion.

1 The water distilled from theeaction forms an azeotropic mixture with the lighter
coconut fatty acids in the reactBecause an excess of fatty acid must be maintained
in the reactor to maximise the conversion of sodium isethionate, aliiguaiphase
separation is executed thie separator (48). The volatile fatty acids atered in

vessel (52) andubsequentlyecirculated back into the reactor gipump (53).

1 A stream of nitrogen (36) is circulated directly through the reactor to maintain an
inert atmosphere. The flow of gassists in driving water vapour out the reactor, thus
minimising hydrolysis of the isleibnate ester product. The presence of oxygen also
induces the formation of a debpwn organic impurity which discolours the
product. Any discolouration often renddie isethionate unsuitable for use in
cosmetic applications, where appearance of theéugt is paramount to customer

adoption.

1 The abundance of surfactant in the reactor (16), coupled with the refluxing water
fatty acid azeotrope results in significantuining. This is reduced by continuous,
vigorous stirring to shear géguid interfacesvhichalso minimise hot spots within

the reactor.



1 Upon completion of the reaction, the product is pumpedtiestripper (®) to
vacuum distl lighter, volatile faty acids into a storage vessel (80). The formulation
Is blended with heavier fatty aci{g?) resulting in an SCI active concentration of
70-85 wt%, depending on the desired properties of the pré8luct.



COCONUT FATTY ACID SODIUM ISETHIONATE CATALYST (ZnO)

38
40
SEPARATOR js 44
50 iy
' l§7
== ATMOSPHERE
56
FATTY AGID L 52 TO_WASTE

TO STORAGE

Reagent pumps (A) feed raw materials into a batch reactor (B) which is heated to
260°C. Distilled water is removed from reaction while volatile fatty acids are fed back into
the batch reactor via a Following completion of the reaction, the
crude mixture is pumped into a stripping vessel (D) to distill away any volatile unreacted
fatty acid (E). Additional fatty acid (F) is blended in prior to product collection (G).

Figure 1.6: Industrial process for the continuous production of sodium cocoyl
isethionate. Coconut derived fatty acids (10), sodgathionate (12) and catalyst (14)
are fed into reactor (16) and heated to 260°C. Upon completion, the product is

diverted into a stpper (60) for purification before collection at vessel (9%Japted

from Hollandet al (8



1.1.4. ProcessOptimisation of Traditional Soap Manufacture

Traditional soaps were extensively studied througlthe 20th century to determine the
influence of process parametersimphased behavioursdlid formulations. Fundamental
studies have investigated the correlation between manufacturing conditiamslaaular
structurefor a range of alkyl carbolates including sodium soap$?! potassium soafis:
22land choline soagS! Thisundestanding of the principles of surfactant behaviour permits
the manipulation of crystal structure within the soap to produce specific phaseatmmbin
with desirable performance characteristits.

In traditional soaps, structuperformance modelgave been developed to link the surfactant
formulation process to the user experienc
compositional banges on the hardness of a soap. A combination of temperature, alkyl chain
length, unreacted fatty acid comteand dissociated sodium levels together build an
assessment of solid content from which propertiadepredicted? More complex models

utilise changes in molecular structure as the soap is crystallisediébaritical performance
criteria such as texture, hardness and solubility. Upon crystallisation of a liquid mel,
carboxylate soaps are reported to first exlahinetastable solid phase. Unlike the stable
crystalline phases of pure soap systemeactaised by XRD, thesansient phases exhibit
poorer salbility and lathering due to theieduced structurarder’?® 28! Similar to macro
models, manipulation of temperatufatty acid content and chain lenditribution are then

used to predict key performance characteristics. Unlike the macro model, however,
molecular models base these predictions on changes in phase, polymorphic form and

crystallite size based on temgieire and chemical composition of thefactant mixture.

1.1.5. Challenges with ModernSynthetic Detergent Manufacture

Despite thewidespread utilisation of sodium acyl isethionatedoth solid and liquid
personal car@rmulationg?” there is a complete absence of analogous research into their
chemistry, structure and propertid$e patentliteraturecited in the previous stdection
demonstrates how tlevelopment of current isethionate ester manufacturing processes was
conducted through successive cycles of iterative empirical improvefi&imn absence of
physicochemical understanding to support the medte manufacturing process resulted

in notableshortcomingén modern personal care formulation
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The rigidity of commercial operating windowasincreased the challenges associated with
acquiring surfactants within a desired performance specificé@ti@formation otinknown
impurities habeen a frequently documented issue in the synthesis oégymtbtergents®!
Previous patents had advised the addition of hydrogen peroxidertivénijpe colour of
manufactured produd! However, the impurities can also produce unpleasant odours
which bleaching alone caat overcome. Several manufacturers including Unif@vand
ColgatePalmolivé®! have reported the issue of phase separation in the manufacture of
syndet bars. Since the product inception in the 1960s, until as recently &% pa0ents

have been periodically published describing process modifications which seek to address the
issue. Althouglthe industrialists have proposed theories for the possiblees of pase
separationan absence of fundamental research into the melt crystallisation process means
that all of these hypotheses are unconfirriéd.challenges associated witte production

of isethionate estergithin desirable performance specifications heduced the number of
companies capable of manufacturing a prouuittin desirable specifications concerning
product appearance, odour, performance and physical progeddisond soaps and other
sulfate based surfactants are produced by numergarsisationgs a commodity chemical.

SCI as a standalorseirfactanthowever, is only reported available from Innospec, Clariant
and Rhodia as of 208! The report further discusses how teenpositiorof SCI, as well

asthe formulation of Dovgs relatively unchanged sintieeir respectivénceptiorsdecades

ago.

1.2. Research Question

Ol s e n disk chailnmodegFigurel1.7) proposeshat anunderstanding of how process
conditions material structure,material properties angroduct performance successively
influence each otheencompass the central paradigm opfaterials science and
engineering®! Thomas and Allefurther confirm that herelationshipbetween these four
factors form the cornerstones afterdisciplinary materials researcl® The first link
specifically concerniig structural characterisatiowas identifiedby both Olse#* and
Thomas and Allé?p! asthe mosinfluential component in the development and optimisation

of magrials technologies.
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m STRUCTURE PROPERTIES PERFORMANCE

HOWISIT COII:I/ICI)’\S'NII)E%”IFESFIT HOW DOES IT HOW WELL DOES IT
MANUFACTURED ? TOGETHER ? BEHAVE ? FUNCTION ?
Figure 1.7: Ol sends three |l ink <chain nricued for

materials from fundamental scientific print2a Created using information édm

Olsen?4

The process optiisation modelsf traditional soapén the previous seion) were derived

from a knowledge of how process conditions influence structure, as well as how structure
then successivepfluences performaneeritical product propertie$hen compared with

the iterative processes of incremental, empirical improvenssd for theurrentprocess
optimisation of isethionate esters, they demonstratesyaset baseproducts and processes
could be designed with desirable performance characteristics, directlyfiradamental
scientific principles. It isthereforeproposed that a similar understanding of surfactant
behaviour in isethionate esters could be used to help address some of the umagufact
issues associated with acquireygndetproducts within markekde specifications. To begin

this process, the specific aim of thisjpct is to address tlweucialfirst link in theholistic

materialscharacterisationf isethionate esters:

A H o wprateass parameters influence structyghase behaviour and crystedhtionin

the manufacture ofisethionate ester surfactar2so

1.3. Research Objectives

1) Synthesisand purify a modedurfactanto represent SCI at the laboratory scale.

Sodium cocoyl isethimate (SCI) is commercially synthesised from hydrogenated
coconut oitto produce a blend of surfactants of varying chain l€ffjiBince the

pure constituerisethionate estee not commercigl available, acompositional
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2)

3)

4)

analysis will be performed to identify the most abundant species in the commercial
surfactant system. A synthesis and purification procedure will theladigned to
provide a means for obtaining a sufficiently pure and reyible surfactant species

upon which a fundamental materials characterisation study can be based.
Conduct a holistic physicochemical characterisation of the readattansystem

Due to theabsenceof fundamental literature on isethionate ester sanfigta
physicochemical characterisation will be condudtedonfirm the identity of the
model surfactant, whilst also providiag understanding of key physical properties
prior to further analysislnformation specifically related to the thermal stapitif

the surfactant will help identify whether any manufacturing issues are thermally
induced, whilst simultaneously providing operating windows in wiliekitu

structural studies cid be conducted.
Obtainan atomistic crystal structure of the modefatiant system.

In-depthstructural analyses have been identified as the key to understanding the
behaviour of functional materials. Prioranin-situ analysis of surfactant structure
undercommercial manufacturing conditions, the atomistic crystaltateigvill be

used taobtain amassessment of the most stable structure under ambient conditions.
A guantitative synthonic and energetic analysis wilcbeducted to help identify

and understand/hy thesurfactant has manifested itself in the observedtsatal

form. The assessment willso provide a benchmark faihe ideal isethionate
surfactantstructure, whilst assisting the characterisation of-ideal, transient

structures observed in subsequent dynamic studies.

Perform ann-situdynamic structual analysis of the model surfactant system under

commerciamanufacturing conditions.

Given the rich and varied phase behaviour identified through existing structure
performancestudiesof traditional soaps, am-situ structural analysis will be
executedver the commercial operating range to observe how the structure of the
model detergénchanges with temperatur€he structural information from this
study is anticipated to develop the aforementioned link between process and
structure, on which future ractureperformance models of isethionate ester

surfactants are expected to be based.
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1.4. Project Management

The project wa primarily supervised by Dr David Harbottle anesopervised by Professor
Kevin Roberts at the School of Chemical and Process Engg@tthe University of Leeds.
Professor Michael Rappolt, of the School of Food Seiand Nutriton at the University of
Leeds, wa also a member of the supervisory teamveastonsulted for guidance oncdy
scattering techniques. Dr lan McRobbie ohdspeclLtd was an external supervisor
providing both industrial and technical expertmith respect to soap mdacturing
processs The project wafunded both by Innospaad the EPRSC, through the Centre for
Doctoral Training in Complex Particulate Busts and Processes.

1.5. Report Structure

The next chapter consists of an overview of the fundanmssigiceunderpinning much of
thesurfactant crystallisatioprocessesearchThe following chapter provides a background

on thekey experimentaland computigonal techniquesutilised in this study. The four
succeeding chapters then address each of the four research objectives in respective
successionDue to the almnce ofa commonscientific methodologybetween results
chapters, a dedicated introduction,ieevof relevant literature and experimental section is
provided with each individual chapter. The thesis concludes sitimenary of findings from

the project, hteir significance to the proposed researatstion, as well as propositions for
further work lased on current observatioAsschematic illustrating a route map through

which the thesis will progress is providedrigurel.8.
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Chapter2: Crystallisation, Phase

and Molecular Structure

SynopsisThis chaptebegins by reviewing the structurf@irms in which a crystalline
species can exist withihe solid state. Aoverview ofpolymorphism then discusses
how thermodynamics influence the solid state structure by which a crystal is formed.
The succeeding overview of melt crystallisation compéesnethods by which solid
surfactants can be isolated from a liquid melhilst providing the terms and concepts

by which multiphasc systems can be characterised. The chapter is conclude@ with
brief introduction to the molecular modelling techniquéssed in this study.

-16-



2.1. Crystal Structure

Solid, liquid and gas are threé the four major states of matter in which a material
can exi st. A 6crystalé is any solid spe:q
a regular pattern which extends ing&rdimension8” Often, the repeating atoms or

mol ecules are replaced by hypothetical o
il dentical surroundings in space. The ter
smallest group of atoms from whichsgstematicthee di mensi onal 0l a

constructed, without loss of translational symmetry. Any unit cell can be characterised
by three spatial dimensions (a, d®¥and c¢)

These principles are illustratedfigure2.1.65

Lattice Point

y

Unit Cell Unit Lattice
Parameters Cell

Figure 2.1: Diagram of the nomenclature and dimensions used to characterise
crystalline solidstructuresAngl e U is designated to |ie

cells are allocated such that a P and t

Unit cells can be classified into one of seven crystal systems, the categorisation of
which is dependent on the unit celirameters ahthe minimal rotation symmetry
exhibited by the resulting structufé. (SeeTable2.1)
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Table 2.1: Seven crystal systems classified of unit cell and estewntational

symmetryTable created using Mullif

Crystal System Unit Cell Parameters Essential Symmetry
Triclinic None None

Monoclinic U = o2 = 90A 1 x two-fold rotation
Orthorhombic U = b = o = 90A 3 x two-fold rotation
Tetragonal a = b; U = b = o 1xfourfold rotation
Rhombohedral a = b = c¢; U = b 1xthreefold rotation
Hexagonal a = b; U = b = 9 1xsixfold rotation
Cubic a = b = c¢c; U = b 4xthreefold rotation

In order to maintain angles as close to 90° as possible, thus maximising symmetry

exhibitedby the unit cell, additionalattice points can be incorporated into the face,

body or base of the structure. Bravais therefore expanded the seven crystal ggstem in

14 fundament al 0Br@ySadrigute2.2).at t i ces

-18-
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Simple Body-centred Face-centred

Cubic Cubic (1) Cubic (F)
‘ b
a a L
Simple Body-centred Simple Body-centred
Tetragonal Tetragonal (1) Orthorhombic Orthorhombic
(P) (P) 0

a 120° a
Base-centred Face-centred Rhombohedral Hexagonal (P)
Orthorhombic Orthorhombic (R)

(@) (F)

Simple Base-centred Triclinic (P)
Monoclinic (P) Monoclinic (C)

Figure 2.2. 14 Fundamental Bravais lattice®. = Primitive (no additional lattice
points), F = face ceméd, | = body centred, C = basmntred and R rhombohedral

structures. Adapted from MyersBH.
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Within the 14 lattices, there are 32 point groups through which the lattice points can
be rotate and reflected whilst maintaining structure. These symmetries influence the
optical properties inherent to the crystdl. Translation within the unit cell, in
combination withrotations and reflections, results in the screw axis and glide plane
symmetries. Screw axes coimé rotational and translational motion while glide
planes integrate both reflection and translation. These additional symmetries, when
combined with the 32 poi groups, result in a total of 230 space groups which

encompass all possible crystallographljimmetried*!!

2.2. Mill er Indices

The two dimensional planes intersecting a crystal latticebealescribed in terms of
the degree to which they intercept the three crystallograpless introduced iRigure
2.1.%81 The plane is numerically represented by three inteded (vith reciprocal
values assigned according to frequency of interception in the a, b and ¢ axes.

C- C-
T N
c 001 c 4
b b
b- > b
a 010 a 211
100
o a-

Figure 2.3: Examples of 2D planes and their corresponding Miller indi¢esch
intege in the index corresponds tme of the crystallographiaxes. Its value pertains

to the reciprocal of the intersection point. The 211 plane (right), for example,
intersects the unit cell at 0.5-@is), 1.0 (baxis) and 1.0 (@xis). Created using

information from Tiley*!
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As expected, planes parallel to any given axis resaltvalue of zero with respect to the
corresponding integer. Because the faces on a crystal lie parallel to the crystallographic lattice
planes, they are also characterised through the Millex Isggtem.Figure 2.3 displays
examples of both parallel and intersecting 2D planes characterised by the Miller index
notation®!! In addition to the identification ofrgstallographic faces, 2D planes and the
systematic spacing between them is also used to determine the unit cell paraendter
diffraction of X-ray radiation from the lattice structUf@.

2.3. Polymorphism

Substances of identical chemical composition witlarying spatial arrangement of

mol ecules are deemed [“4 The term typichlly teferétpal y mo r
changein the molecular arrangement within the crystalline lattice, however, the
phenomenon could also arise from a variation in moleculaomation® While

the chemical properties of polymorphs are identical, there is often a variation in the
observable physical behaviouveasurable changes in propertiesulting from
polymorphic changemcluding melting point, density, optical activity, heat capacity
and thermal conductivity”! A common example of polymorphism influencing
performance is that of the antiviral drug Ritonavir, where an unexpectedecivan
crystal structure resulted insagnificant reduction in solubility and bioavailability
when compared with the desired polymorphic fdfPolymorphic selectivity can be
achieved through the temperature, pressure and the solvent environment in which the
crystal is obtained. The solvent can additionally incorporate itself thrgolattice
structure dthe crystallsing lattice where¢he resulting polymorph is referred te &

6solvated (or a O6hydrated®if the crystall

The process parameters dictating the structural form of a crystalline |ladften

require precise control tobtain the desired polymorph. Because polymorphs can

readily transform from one to another through modification of process parameters,

some additional control of parameters is required to ensure an undesired transition
does not occur once the desired padymp h has been isol ated. e
dictates that Aithe state which is initia
least stable state that is closest to the original in terms of free energy éiédnge.
According to Ostwald, the #d form which a crystal lattice first adopts, is likely to be

an O6metastabled state after which a mor e
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Thermodynamically driven processesuch as crystallisationcan be drivenby
enthalpy fiH < 0) or entropy{S >0).*4 The unifying balance between these driving
forces quantifying the spontaneity ai given thermodynamic processt a given
temperaturg(T), is known as the Gibbs free energyd). Figure 2.4 shows how
polymorphic stability iconsequentlyhermodynamically dependent on the Gibbs free
energy, which itself is dependent on enthakmtropy and temperatufél

While less stable formexist initially due to favourable kinetics, the most stable
polymorphs exhibit the lowest free energy. Less stable forms of a chemical species are
therefore energetically driven to form masable structures. Such transitions are,
however, can be subjeto kinetic barriers. A highly kinetic induction can also result

in the formationofance r yst al l i ne or oO0amorphousdé pha
a stable crystalline phase. This phenooreis most prevalent in molecules of high

molecular weight wh a predominantly organic structutg.

\ a) Gibbs Energy b) Monotropy c) Enantiotropy
Polymorph I Polymorph IV
Enthalpy (nH)
=
= Q
Q =3 g—
w | Entropy (TnS) Polymorph
Gibbs Energy .
(nG=pHT Polymorph |
™ns)
Tc
Temperature Temperature Temperature

Figure 2.4: Comparison of temperature dependent enantiomeric and monotropic
crystal systemsa) Temperature dependence afange inGibbs free energynG),
enthalpy(nH) and entropy{nS)for a given transformatiarb) Monomeric Polymorphs

| and Il. ¢) Enantiomeric Polynmiphs Il and IV. Polymorph tonsistently maintains

a lower Gibbs free energy than Il and remains the most stable form across the given
temperature range; the sgsh is thertore considered monotrap. Polymorph 11l (c)

is the most stable structure prior to Tc. Beyond this temperature, however, Polymorph
IV displays the lower Gibbs energy thus making it the more stable polymorph. This

transition in (c) is indicative of enantiomeric cryst@eated using Beckmaritf!
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The absolute stability of a particular polymorph is governed by the extetttaxitave
intermolecular interactions such asn de r Waal 0s, el egdnr ost at
bonding. More stable polymorphs with a higher degree of intermolecular interactions
expectedly exhibit a higher melting point than their less stable counterparéselsn c

where the most stable polymorph is unaffected by temperature, the corresponding
species is deemed to be Omonotropicbo. C
dependent shift in the polymorph which exhibits the highest stability. Such species are

desct bed as being 6enantiotropicbo.

2.4. Melt Crystallisation

6Mel t 6 is a t eused tondescribe a Eureu madten eséfiy.in
crystallisation, however, the term is more commonly utilised to refer to any
homogeneous mixtures of liquids thgpically assume the solid form at ambient
pressure and temperatdi®.Where crystallinealids exhibit long range order in the
form of a lattice structure, the correspondimmgiids only display short range order.

The complementary increase in entropy minimises the free energy of the melt phase
allowing it to take precedence over the crystege beyond thmelting pointof the

crystalline systeri®!

Like the solution crystallisation pecess, melt crystallization is a method of separating
and purifying substances via the selective solidification of a desired species, from a
liquid mixture of compounds. In a binary mixture, the resulting phases in a melt
crystallisation are determined b¥yet temperature of the system and the relative
concentrations of the two species, as is the case with a solution crystallfation.
addition to the dminant phase at room temperature, Ulrich proposed that the
distinction between the two crystalligan processes arises from the underlying
mechanism of phase separation. In solution, the crystallisation is dictated by the mass
transfer of the solvating spies. However, if the transition is limited by heat transfer
then the process can be considerednalt crystallisatiorf!s! The dominating
mechanism is alleged to influence the rate of crystal growth, with melt processes
typically exhibiting faster growth rates (<1@n/9 than that of solvent mediated
crystallisations (10 - 10° m/s)*®! Assuming equivalent rates of nucleationgher

relative rates of crystal growth would lead to larger crystals.
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2.5. Solid Layer and Suspension Melt Crystallisation

Melt crystallisations can be categorisatb one of two types of process: solid layer
melt crystallisation and suspension melt crystaifien“”! A solid layer crystallisation

(or progressive freezing process) crystallises a liquid melt perpendicular to cooled
surface. The process can brecuted in batch or continuous flow depending on
whether the liquid melis static or dynamic. &idification is induced by temperature
differential between the liquid melt and the cool solid surface with which it maintains
contact®® Suspension crystallisation relies on the nucleation of solid suspended
crystals in a cooling liquid melt. The driving force for crystal growth in this instance
is the temperature differential between the surface of the solid lcarsdaliquid
phasd#®!

Cooling of a melt can sometimes be assisted with solvent evaporation or addition of
refrigerant to increase rate of nucleation. As with solution crystallisation, the process
is typically executed in an agitated batch vessel. The driven agita¢oreftends to

the wall of the reactor to limit the bu#ap of solid material, thus improving heat
transfer into the vesséf Some key distinctions between two melt crystallisation

techniques are outlined Trable2.2.

Table2.2: Comparison of soliddyer and suspension melt crystallisation techniques.
Based on a typical industrial process, as described by Ulrich &% akTc = Pure

melting temperature§ = % of initial mass.

Crystallisation Parameter  Solid Layer Melt Cryst. Suspension Melt Cryst
Temperature Above Tc* Below Tc*

Heat transfer medium Crystalline layer Liguid melt

Growth rate Fast (1 - 107 m/s) Fast (10 - 108 m/s)
Crystallising area 10-100 n? per n? ~1000 3 per n¥

Solid crystallishg mass 50-75%¢ 30-40%°

Transported material Liquid only SolidT liquid suspensions
Transport apparatus Pumps only Agitated batch crystalliser
Product separation Easy (draining) Filtration or centrifugation
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Suspension crystallisation exhibits claseisothermalconditions since the heat of
fusion resulting from the crystallisation is absorbed by the fiiehe consequently
slow rate of crystal growth, coupled with a larger surface area on which crgsiatlis

can be executed, allows for pyrih excess of 99% to be achieVéd.As the crude
product is a solidiquid slurry, rowever, the technique is limited by the additional unit
operations required to transport and purify the rplitiase product. The viscosity and
setting velocities must be taken into consideration when designing a process to avoid
complications witha build-up of solid materiaf?!

2.6. Phase Equilibria

A O6phase diagrambé is a visual represent af
systemat thermodynamic equilibrium. In a melt crystallisation process, it provides
guantitative information regaitfy the degree of separation attainable through the
manipulation of thermodynamic parameters such a pressure (p) and temperature (T).

491 Although enthalpy and entropy are also examplesi@hsive thermodynamic

variables; p and T are often selected in preference due to the simplicity with which

they can be experimentally controlladd measured”

The term 6phased is used to describe any

the termgeémeobusd referring to any region
simultaneous equilibriu® Liquids completely miscible in each other are comsid

to be of a single phase under this nomenc
fundamental indep®lent species required to characterise the chemical composition of

all phases within a given phase diagr&.

2.7. The Phase Rule

Between the years of 1874 and 1878, Willard Gibbs published his proposition of the
6phase r ul e&fundamentals of phase bquilibia have been forpied.
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F=CiP+2

Figure 2.5. Phase rule for chemical species within a heterogeneousnsybte
Number of degrees of freedoms (independent thermodynamic variables), C = number
of fundamental chemical components, P = total number of phases at equilibrium.
Theory is applicable to any chemical system consisting or twoaye phases at

equilibrium. First proposed by J. W. GibBS.

Figure 2.5 states that the largestimber of independent thermodynamic parameters
that can be varied whilst preserving tb&al number of phases sking at equilibrium

is determined by the numbef chemical components and the total number of phases
within a given system as shown. While a full thermodynamic justification of the theory
is included in the original researH, a more accessible summasyavailable from
Atkins et al. ¥4 The phase rule can be illustrated using the classical pressure

temperature phase diagram of pure water. A schematic is depidtgpie2.6.

ﬂ ! Superecritical |

Fluid

Pressure

Temperature

Figure 2.6. Schematic o& singlecomponent pressutemperature phase diagram of
pure water.Regions where one, two and three phases exist inilaguih are
represented by the labels I, Il and iéspectively. Concepts concerning the phase rule
are explained in the adjoining text. Diagram created using information from
Adkins
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At point | (Figure 2.6), a singlehomogeneous liquid phase exists at equilibrium.
According to the Gibbs6é phase rule, two
may be changed independent without affecting the total number of phases in the
system. If the conditions are altersdch that bth liquid and gaseous water exist at
equilibrium (point II, Figure 2.6), then the rule states that only one independent
variable may be chaeg to retain both phases at equilibrium. At equilibrium, a change

in temperature for example would necessitate a change in pressure to preserve both
phases, thus indicating that the variables are no longer independent. Where three
phasesexist in equilibrium (point Ill,Figure 2.6), no change in thermodynamic
parameters would permit the preservation of all three phases. Such conditions are
considered to exhibit zero degrees of thermodynamic freedom.

2.8. Molecular Modelling Methods

A brief, accessild introduction tothe molecular modellingechiquesusedin this
study areprovided in the following sectio.he subsectionson quantum mechanical
theory, Hartred~ock theory and density functional theamgre written using texts
from Koch and Holthausg®? Hansoret al.,®®! Baseden and Ty&! Thijssen>™ and
Atkins and Friedmaf® Whilst key studies have been cited where relevastfitial
two textscan be consulteth addition to the originalaurcesfor a more irdepth,

mathematical description of the corresponding phenomena.

2.8.1. The Schrodinger Equation

In theoreticphysics, thestate of a quantum mechanical system at any spatial position
can be described by the timmependentSchrodinger equaion®” and the

corresponding wavefunctioy). Its general form is provided below:

g O P

The Hamiltonian operatof@ can take on various forms dependingtioetype of the

system being characterised and the number of diorensinder consideration. If the
wavefunction ¥) is iterated until the energ)e) is minimised, then the resulting
wavefunction corresponds to the ground state on the corresponding systenthend

case of a moleculéhe state in whiclit is most likelyto exist.
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2.8.2. The Born-OppenheimerApproximation

In a molecular system consisting of nuclei and electronic components, the electrons
and nuclei experience a mutual attractive force due to their opposing charges. The
mass of a nucleus is over 1000x highenttieat of an electron and its &beration as

a result of these forces is consequently significantly lower (ma). The Born
Oppenheimer approximatiBfl therefore postulates that while the electronic
wavefunction is dependenhohe posibn of a nucleus, nucleanotion can be negated
when describing the electronic states in a molecular system.

Using the BorrOppenheimer approximation to parameterisaé¢hms corresponding
to nucleusnucleus interactions, the Hamiltonian operator encosipgs molecular
systemconsistingof nuclei and electrons can beitten as follows, wheréYis the

kinetic energy of the nucleus and @ are the respectiaotentias corresponding to

nuclearelectron and electreglectron interactions.

The operatorfO  can be used to determine to deternthe throughl using the
Schrodingerequation. ASO  has now been parameterised into constants through the
Born-Oppenheimer approximian, the total energy of a molecular system can be

described s follows.

The focus is consequently now on finding a solution for the electronic portion of the
equaton. In a system consisting of more than one electrbe,etectronelectron
interaction term in Eq. (2is simultaneously dependent time coeordinates of all
electrons. The impossibility inbtaining a wavefunction toharacteris this many

body system m@cludes an exact solution of t8ehrédingeequation.

2.8.3. The Hartree-Fock Method

One way to address timanybodyissue is to separate the mbbdy wavefunctions

of electrons into a product single electron wavefunctions as follows:
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In this form, the Hartre€&ock (HF) approximatioR® % assumeshat electrons are
uncorrelated sthat the mamelectron wavefunction can be expressed as the matrix
displayed in Eg. (5)Known as the Slater determindtt,y« corresponds to the
wavefunction of a specific electron while its correspondingatée x contains the

spatial and spin cordinates of the respective electron.

M Mh [Th
e ®e €

In the HFmethod, the electrealectron interaction terrfw in Eq. (2)) is replaced
by the Hartree Potential. The term proposes that the interaction between individual
elections can be appraxiated by the Coulomb potential of the systésy),(where
each electron interacts with the average electrostatic field resulting from all other
electrons in the systenthis potential can be calculated from tectronic charge

distribution of the systemsing the Hartree equatiol$!

An exchange iteraction in the HFmethod accounts for the Pauli Exclusion
Principle®® which states that two or more electrons cannot simultaneously occupy
the same gantum stateHowe\er, the Hartre¢-ock methodloes not account for the
mutual coulombic repulsion between electrons resulting from elecwwbparallel

spin or its correlated influence on electronic motidime exchange interactioalso
exhibits a slow dcay with respectto distance which significantly increases

computational cost when maiiypdied systems are considered.

2.8.4. Density Functional Theory

In 1927, Thomasg® and Fermi®! demonstrate howthe difficulties associated with
electronic wavefunction, Slater determinant amolst importantlycorrelation terms
can beovercome by using a holistic representation le€teon densityto describe a

many-electron systenProgressive approximatiepmost notablyoy Hohnberg, Kohn
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and Shanff® 87l ultimately led to the inception of modern Density Functional Theory
(DFT) where:

(Function): Uses a number as an input pooduce a number as an output.
[ Functioral]: Uses a function as an input to produce a number as an output.
[Density functionl]: Uses the electron density, which itself is function of

position ceordinate () to output the energy of a molecular system.

Hohnberg, Kohn and Sham proposed thatdted electronic energy and other physical
characteristics of a masslectron system calbe calculated in terms of the electron
densitye i using a single function® ¢ i .The individual energy termshich

constituteheuniversal functioal, are displayed in Eq6). Positive terms are coloured

greenwhile negative terms are colmdred.

O ¢i O ¢ O ¢ Oc¢i O ¢i O ¢ [0)
Total Energy Kinetic E. Potential E. Potential E. Exchange E.  Correlation E.
Electronic Electronic Elec-Nuc Elec-Elec Electronic Electronic
Attraction Repulsion

While its intended purpsefrom HF theoryis unchanged, th® exchange term in DFT
does not correspond directly with the exchange interaction in the HeottkenethodO

is also a new term to account for the repulsive correlative motion exhibited by
electrons in a grallel spin state. This phenomenon was unacta for in previous
HartreeFock approximations. Botf® and O were introducedo supplement the

repulsive electroglectron energies quantified through

In Eg. (6),0 (kinetic energ of an electron) an@® (potential energy between an electron
and nucleus) can be obtained directly from algebraic expreSsiors.evaluateO, the
HartreePotentialcan be integrated with respect to the electron density in the sgstem
The remaining exchang®() and correldon (O ) functionals are approximated ussiggle
exchangecorrelationfunctionals(O ) to provide a representative combination of the local

potential corresponding to each electifilst the term functioal has been defined in a
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general sese, many texts and computer programs also use thieitertionalto specifically

to refer to the exchang®rrelation functionalO . The development and refinement of
approximations forO is a vast and exgnding field of research, witihe suitability

of various options being dependent on the chemistry of the molecular system in
question.The B3LYP®® functionaluses 3 parameters to combine the HarFreek
exchange functional with thexisting LYPcorrelation functional to quantify dynamic
electron correlationwith over 80000 citations on the aforementioned papaLYP

is reportedlya popular functionalvith applications pertaining ta range of organic
systemg®®!

With the Hamiltonian energyexpression('O ) now addressedhrough OFT, the
electronic wavefunctiofn ) defining the spatial cordinates and states of a system
can berepresented by molecular orbita#ssimple example is a single Gaussian Type
Orbital (GTO), which can be represented by an integrable algefadtion. In
practice, most modern computational programmes integrate linear combinations of
orbitals with additional polarisation functions tmpide a more representative spatial
characterisation of the electron shells in a molecular system. Thefsetiodns used

to generate these molecular orbitals are knowmasss setsLike the exchange
correlation functional described previously, thetability of a specificbasis setis

often dependent on the molecular system under analysigopilar exam@ is

P o p "%&5-81G basis set where the core orbital consists of 6 contracted GTOs, while
the valence orbital is repreded by one contracted set of three GTOs, augmented by

a final single GTO.

In the energy optimisation of a ch&al system, a usegenerated molecular model of

the system is used to define an initial representation of the electron density. Typically,
the HatreePotential and the electron density i  are interdependenivhere
knowledge of one is required to define the other. With algebraic expressions available
for both, the two phenomena can be iterated through to minimise the global energy,
thus producing an electronic representation of thgirdd molecular system the

ground state.

2.8.5. Molecular Mechanics

The Hartreg~ock method andFT use theSchrddingerequation and quantum

mechanical theory as the fundamental basis for modelling molecular systems.
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Molecular mechanics conversely use claasisechanics to achieve teame goaf®

While quantum mechanical theory states thkgctroniccharge is not localised to
specific atoms, molecular mechanitgictions underthe approxnation that each

atom is gparticle with a designated radius and atomic chaféMolecules are then
considered to be individual atoms linked through mechanical springs at a distance
equivalent to the equilibrium bond lendtH.Early examples by Ketteringt al.apply

the approximations to chemical systéfis, with later studies developing
computational methods to minimise the energy of a molecular system based on bond
charactestics and notbonding inteactions’*!

The total energy of thenolecular system iscalculatedin terms ofthese bonded
covalentinteractions(blue) and noncovalent interetions prangg asshown in Eg.

(7). The labels below each term correspond to the key physical characteristic
determining the respective energy.

Total Bond Bending Torsional
Energy Energy Energy Energy
Bond Bond Dihedral

Strength Angle Angle

—— Covalent =——

In molecular mechanics, the teffiorcefield is typically used to refer to the set of
functions used to calculate the total energy of the sy$teds with basissetsand
functionalsin DFT, forcefield selection is dependent on the specific system under
consideration.Both DFT and molecular mechanics asgremely useful for the
characterisationf organic materialswith computational energy minimisations being
utilised to assist in the prediction of crystal structdfésyisualisation of prticle

morphologie¥® and detaile@nergeticcharacterisation of crystalline phasgs.
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Chapter3: ExperimentaBackground

Synopsis This chapter contains the background scienceajéng to the experimental
methods utilised in the succeedmgults sections. The specific experimental details and
mathematical methods pertaining to each study are provided in the corresponding sub
secton of the relevant results chapter.



3.1. GasChromatography

Given the general trends of increased boiling temperature within the homologous
seri es 6 olipidslgasrclgomatdgeaphyiseful for distinguishing between
fatty acids of varying alkythain lengti’® In gas chromatography, a mixture of
analytesins ol ution is transported through a
carrier gas (b He or N).["® 8 |iquid samples are typically injected into a heated
chamber in which they rapidlyaporise. The gaseous samples ten propelled
through the capillary by means of the carrier gas. Separation of anadytelsec
achieved by manipulating varying degreestmmical interactionwith thecolumn as

well as differences in vaporisation temperatures within the mixture of an&Ntes.
Following separation, the end of the column is connectaddage of detector types

in orderto detect and quantify species of intef€3tin this study,the hydrolysed
coconut oil commonly used to synthesise 8@ksepaated to identify and quantify

its constituentsusing a combined gas chromatographgss spectrometer (G@S)

instrument®! A schematic is provided iRigure3.1.

Display
Sample

/ Injector
Flow Controller / \ A

—> Waste

AN

Detector

Carrier Gas Column Oven

Figure 3.1. Schematic oh simplegas chromatographynstrument.Edited using

Harris et al.l8%

Previous chromatographic analyses of fatty acids indicate that the carboxylic acid functional
group can adsorb ontovariety ofGas Chromatography (GC) colus ! resulting in peak

tailing and long retention timé&$l While researchers have produced high resolution
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chromatograms of free fatty acids through the use of selectively acidified polyetiiytaie
stationary phasé®! the standrd AOCS method of fatty acid analysis recommends
methylation with GEMS analysis of the corresponding fatty acid methyl esters (FAKEES).

3.2. Surfactant SynthesisReactor Development

The chemical synthesis of sodium lauroyl ismthie (SLI) via the zinc catalysed
esterfication of lauric acid (LA) and sodium isethionate (Sl) is depicté&tyare3.2.

0 (0] Zn0 (0] (0]
R4 S-0 Na —— L S-0 Na + H,0
HO™ T R 07 1 2
OH (0] 240 °C (@)
R =CqoHqs

Figure 3.2: Esterification of lauric acid with sodium isethionate to form sodium
lauroyl isethionate. Reaction is commercially executed with a blend of linear,

saturated fatty acids between C8 and €18.

The laboratoryscale processsed to synthesise isethiomastersn this projecthas been
derived from the continuous industrial synthesiSGE patented bynileverin 19691161 A
description of the manufacturing process together with a schematic of the corresponding
reactor is provided in Sectidnl.3 Figurel.6. Both the water vapour and distilled fatty acids

are typically evolved from the reaction once the mixture is h&4téd organicaqueous
separator was therefore implemented in the industrial synthesis of SCI to allow removal of
both the water of reagent dilution and the water of readtigargl.6, Part C). The chemical
reaction is in dynamic equilibrium so any water present in the system must be removed to
maintain a thermodynamic drivirigrce in favour of the desired produBigure3.2).[ In

the industial process, volatile fatty acids are conversely recycled back into the reactor
following distillation to maximise the conversion of sodium isethidfat&vhen the
commercial blend of swattantswere manufactured, the recycle ensiitbat the lipid
composition of the product matches that of the starting mat€rialthe laboratory scale
system, this separation was achieved using a-Btak (DS) receiver where the position of

the organieaqueous interface, was regulated vigopeock. Lauric acid has a low density



relative to the aqueous ph&Sewhich makes the DS appatus ideal for simulating the

industrial recirculation.

Cahnet al. have reported that the SCI reaction mass is highly prone to oxidation in the
presence of alf”! The resulting impurities influence both the whiteness and odour of the
crude product. An inert atmosphere wasrdfore created in the laboratory reactor via a
constant stream of nitrogen bubbled directly into the reaction mixture. The reagents were also
purged with nitrogen before the reaction was heated to further minimise product degradation.

During the posteadion fatty acid distillation, Walelest al®®! recommended that the
pressure be reduced incrementally from approximatelyn®@® to 50 mbar, but guidance

was not provided on how this is best achieved. Dariadaboratory scale reactignt was
observed that excase reduction opressure did indeed result severe foamingof the
reactionmass. Standard vacuum controlleysch as those commonly associated with
rotary evaporation systems, regulate vacuum levels by systematically bleeding air into
the reaction syem. The introduction of air into this reaction, however, would
compromise the inert atmosphere and increaseuptatbgradation. The pressure was
therefore controlled by regulating the flow of nitrogen into the system under absolute

vacuum, as depicted Figure3.3.

~ Vacuum

Needle Regulatéd A
Valve Vacuum

Figure 3.3: Three way valve to regulate vacuum within the detergent synthesis

apparatus via Nvalve.

Due to the lack of active heating within the distillation glassware, any reaction mass carried
through to the distillation pathway mbka significantisk of reactor blockage. The melting

point of the desired product is reportedly in excess of 208! %though the vacuum was
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regulated to minimise the unintendieds of reaction mass, the distillation pathway was
lagged with an insulating ceramic fibre rope and gently heated with a hot air gun throughout

the fatty acid distillation process to minimise tisk of flow hindrance.

3.3. Titrative Purity Analysis

Titration techniques for the quantification of anionic surfactants were developed and
implemented prior to the inception of isethionate ester detef§éfitse currenPhD study
utilises a biphasic titration in which the endpoint is obskile an equalling in colour

intensity between two immiscibligiiid phase8®

Pre End Point End Point Post End Point

=

Figure 3.4: Anionic activity titration with Hyamine 1622 solution and methylene blue
indicator. Endpoint is indicated by an equal intensity of blue in the organic and

aqueous phases.

The technique was first reported by Epton in 1¥4a&nd has since formed the basis
for many standard analytical methd¥$.The endpoint of the titration in this study
was ndicated by an equal intensity of methylene blue in a biphasic iatdr
mixture, as depicted iRigure 3.4. The underlying chemistry is explainedkigure
3.5.
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Figure 3.5: Biphasic titration of SLI with Hyamine (Hyto quantify surfactant levels.
The isethionate species and methylene blue indicator \MBially form a complex
which is peferentially soluble in the organic phase. Addition of the stronger cationic
titrant (Hy") results in the formation of a more favourable soap complex, thus
releasing an aliquot of blue indicator into the aqueous phdse end point is reached
when a stathiometric quantity of Hyamine has been added.

The accuracy of the endpoint relies on the precision with which solutions are pf8pared.
Although in this instance, the cationic titrant was standardised by the chemical suqaplier
usedas receivedis concentration can be verified by standardisation against sodium dodecyl
sulphate, which itself can be standardisednagd M sulfuric acid. Details of these

procedures have been published by Longfian.

3.4. Differential Scanning Calorimetry

Through the breaking andormation of thermodynamically favoured intermolecular
interactions, endothermic and exothernginergy changes result from melting and
crystallisation processa®spectively Calorimetry is a method by which such phas

transitions can be detected by measuring the flow of heat into and out of a Fterial.

Differential Scanning Calorimetry (DSC) is a commnform of calorimetryin which the
energy required to heat a sampla@asured against a reference as a function of temperature.
The differential between the sample and reference can be quantified oh tareeways:

power compensation or heat fié# The two methods are depictedrigure3.6.
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Figure 3.6 Comparison of power compensation and heat flow differential scanning
calorimeters (DSC). Sample (S) is heatdithivv a crucible typically constructed from
aluminium, alumina or platinum. An empty reference crucible (R) is subjected to the

same temperatungrofile [°!

A power compensation DSC (lefeigure 3.6) contains two heating elements and two
thermocouples. Upon thermal analysis, the temperature of the sample is continuously
adjusted to match that of the reference. Any differential in the energy required to do so is
indicative of a phase transition. Inheat flow DSC (leftFigure 3.6), both crucibles are
instead heated via a single heating element. The heat flow resulting from a phase transition

is cantrastedly detected by a temparatdifferential between the two crucibfés.

The interpretation of the resulting thermal curve is independent of the instrument format.
Both systems report no change betwbersample and reference crucilitethe absence of

a thermal everi® In the event of an endothermic transition (such as the melting of a solid
species), a power compensation DSC would repodraatee in the thermal energy rieed

to heat the reference crucible, with respect to the sample. A heat flow DSC would conversely
detect the event as a decrease in the sample temperature, with respect to the reference.
Consequently, an endothermic traositalways corresponds tm énveted peaksignal,
irrespective of the instrument tygegure3.7, displaying the thermal curve obtained from
melting of myristic acid, demonstrates how phase transformation characteristics are
measured. Analogoumethodologies are utilised for the measurement of crystallisation

processes.
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Figure 3.7. Example of melting transition recorded via a differential scanning
calorimeter (DSC). Obtained by heatingsample of myristic acid using a Mettler
Toledo DSC 1 power compensation calorimetersef= Onset of solid meltingred)
was obtained through taegtial extrapolation as showrnlpeak = Peak melting
temperature (blue) was measured as the temperaturéiahwweak enthalpy change

is detected.

3.5. Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is an analytical metimoahich the mass of a sstlance

is measured as it is exposed to a controlled atmosphere or temperature over a defined time
period® A TGA instrumentconsists of a sample holder placed within a temperature
controlled chamber where the sample pan in a TGA is supported by a precision balance.
Many irstruments alseontaintemperature sensors permitting the simultaneous collection

of DSC data (SectioB.4).°4 A purge gas is often directed over the sample to control the
sample environment. Standard thermal analyses typically employ inert gases such as nitrogen
and argon, whilst oxidat studies utilise air or niigen. The gases evolved from the analysis

can be characterised using a variety of analytical methods to provide additional chemical
information on the degradation-pyoducts?”! Mass spectrometers (M%) and infrared
spectrometers (IRY! are commonly utilised in this application. When complex mixtures of
gases are simultaneouslp@uced, a gas chromatography instrument can be introduced to
separate evolved gases prior to spectroscopic analysis. In this SIG#y iastrument was

connected directly to an Bpectrometer for tha-situanalysis of eolved gases (see Section

3.9



3.6. Infrared Spectroscopyof Evolved Gases

Infrared spectroscopy (IR) functions on the fundamental basistfzatio molecules are in
a state o€ontinuous vibrational and rotatiomabtion°? If a materiais exposed to infrared
radiation of a frequency that is equalthe frequency of anolecularvibration then the
radiation is quantifiably absorbed and converted into vibrational efétgy.

The selection rules of IRate that a vibrational transitalvithin a moleculas allowedand

t her ef or e oOiffaRharge ih dipole lhhgmenesalts fyom the corresponding
vibration®®@ Homonuclear diatomic species therefore cannot sereéd via IR due to the
absence of an excitatismduced dipolemoment.Heteronuclear speaesuch as Cin
contrast, are observable despite the lack of a dipole moment at equilibrium due to an
asymmetric displacement of the centre of charge in the moleculdinsanmolecids
containingn number of atoms exhibit 81 6 degrees of vibratiohreedom.There st

normal vibrational modes that can be exhibited via polyatomic molecule, all of which are
represented iRigure3.8 by theCH. group in an alkyl chain

Symmetric Asymmetric
Stretch Stretch
Symmetric Asymmetric Symmetric Asymmetric
In-Plane Bend In-Plane Bend Out-of-Plane Bend Out-of-Plane Bend
(Scissor) (Rock) (Twist) (Wag)

Figure 3.8. IR active vibrational modes @H.. Bending motions can also be termed

as deformation motian 03
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The 6middled IR region at wiarepgomelthdnosts bet v

useful form of infrared spectroscopytireanalysis of lipid moleculd€ Modern nfrared

spectrometers operate through means of an interferometer, as dejpigjack®.9. 104

IR Beam Colllmatmg
Infrared > Mirror
Source
. N
H Beamsplitter C-—=D>
Detector @ € <€ \\ £ >
H N Moving
> Mirror
Sample
L]
Fixed Mirror

Figure 3.9. Schematic of the interferometer in a modeouner-transformed infrared

(FTIR) spectrometerReproduced from Smith et&

Infrared radiation from a blaclody source is directed into a beamsplitter, which creates two
optical beams from the incoming IR radiation. The optical beams travel through the
designated paths depictedrigure3.9, bdore reconverging at the beamsplitiéfhile one
beamhas travelled dixed distance, lie path length of the second be#@mependenthe
position of the moving mirror. Thaignal exiting the beansplitter is referred to as

60i nt erdf ea ®»acorbimtiors of the interference between the two sigri&id.
Through adjustment of the moving mirror, the interferogram permits the measurement of all
IR frequens in a single measurement, ghsignificantly reducing atysis times. A
Fourier-transformation is subsequently utilised to convert the interferogram into an FTIR
spectrum depicting the absorbance of the sample atnwmbers between ~500 and
4000cn, %4 A background sample is typically collected to avoid characteristic signals

water or CQin the atmosphere frompeding the analysi&®!

When approximated as a vibrating spring, a diatomic molecular bond can be described by

Hookeodos )&% (Eq. (
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Where:

Here,lis wavenumber (cH), ¢ is the speed of light (cm/s) aads the reduced mass
where my and np are the atomic masses of each atom in the diatomic bond.
corresponds to the bond force constant (N/cm) which iscacation of bond strength.

In the analysis of solvated liquid samples, changes in intermolecular forces between
polar and nospolar solvents can influence localised changes in the force caR&tant
Gasphase molecules can be considereebasting in an extremely diluted, nguolar
environment where both solventsample and sampkample intermolecular
interactions would be negligible. As vapour phase molecules are predominantly
preent in the monomeric state, compared with the dimeric @olgmeric states
observed in more condensed states, there are significant decreases in Rydrogen
bonding level$!®’! Frequencies of both-Bl and C=0 absorption bands in the vapour
state specifically exhibit notable changes in frequency when compitiredolid and

liquid samples.

3.7. X-Ray Diffraction

The wavelength of Xay radiation (~18° m) is of the same order of magnitudettas
interatamic distance observed in most organic and inorganic matEP&IsVhen
incoming Xray radiation interacts with the electrons in an atomic aitr&y/scattered

in a similar manner to the way that visible light interacts with objects at a larger
scalel’®® The extent to which electrons are scatteis dependent on the number of
electrons in the atoms. This amplitude can be used to distinguish atoms by element,
particularly when there is large discrepancy in atomic mass between neighbouring

atoms.[198]



In general,fithe difference in path length betweerphase Xrays is equiglent to the
wavelength of the incoming-Xay radiation (or a common multiple), then the intensity
of the resulting wave is greatly increasedotlgh constructive interferencdill
scattered Xray radiation resulting frorthis constructive interference diffracted at

a single angle equal to that of the incoming radidtitth. Figure 3.10 is a 2D
representation of an ordered array of atoims hypothetical 3D latticeto display

how these principles can be used to measure interatomic distances in crystalline

materials
A C
Incoming X-Ray
Radiation
A 03
\0 ° PN
Lattice Plane T
d
@ @ @ 1

Lattice Plane

Figure 3.10. Bragg diffraction of Xray radiation in adjacent crystallographic

planes(i©®

I n the displayed example, the difference
is equalto the integer multiple of the incoming-pay radiation &), resulting in a
diffractedbeam where the angle of incidence from the incoming radiation is equal to

the angle of reflection of the scattered radiation. These principles can be summarised

by the Bragg Law!!!

¢ _ CQOEF p T

Whered s the angle of incidence of the incomingray radiationg-is the wavelength

of theincoming Xr ay radi ati on, n is the integer
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3,..) andd is the interplaar lattice spacing. By varying the angle of incidenoel
observing the points at which constructive interference is observed, a representation
of interatomic distances whiin the lattice can be obtained.

In the analysis of other lipids and loaigain hydrocarbons, large numbers of randomly
orientated microrystals are simultaneously analysed via powdaaydiffraction
(PXRD) %2 A typical powderX-ray diffractometer typically consistsf an Xray

source, a stage on which the powdered sample is tetua goniometer through

which angles are adjusted and anraXy detector. The PANan
Diffractometer utilised in this projeaxhibitsa BraggBrentano geometryHgure

3.11). The sample stage remainsthtionarywhilst the goniometesimultaneously

rotated the Xray source andletector to measure the-rdy diffraction at angles

bet ween 2 and 5@bNrorthedCrk. U Tshoeas finedeat 6.154 nm

to ensure that crystallographic planes prodyast a single set of diffractiosignals.

Goniometer

X-Ray Source

X-Ray Optics

€

Figure3.11L. PANal yti cal Xréy Dédfradctoméler exdieng a Btagg

Brentano geometry.

3.8. Small Angle X-Ray Scattering

In complex multicomponent lipid systems, increased levels of disorder often result in semi

crystallineor liquid crystallinephasegxhibitingquasiBragg diffractiorf:*® Whilst there is
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reduced scattering from atomistic intermolecular interactetseen alkyl chainghe 00
reflections originatingrbm planes of liquid crystal structures it be observed by snal

angle X%ray scattering (SAXSJ® Thecomponents of a SAXS instrumeme similar to that

of a powder Xray diffractometer. An Xay source directs a beam of radiation onto a
powderecbr liquid sanple, after which the scattering is measured by a det€¢tasnlike

the PXRD setup, the SAXS systems in this study utilise a @Ectdr setup which
simultaneously captures scattering at all angles, without the need for goniometer to rotate the

X-ray source, sample stage or detdttdi(Figure3.12)

2D Detector

Incoming X-Ray
Radiation
(Wavelength = A) cﬁ
- > > }

X-Ray
Source Sample

Figure 3.12. Schematic of a small anglerdy scattering (SAXS) instrument featuring

a 2D detectoin transmission modé he diagram shows how s$texing length (Q) in

a SAXS instrument relates to Bragg angleii a powder diffractometer. Varying the
distance betweaethe sample and detector varies the scattering length (Q) detected by

the instrument. Created using Londono et'4!

Instead ofhe Braggscattering ang e ( 8AXSinstrument measures theattering
length (Q) 4 Thed spacing(Eq. (Bragg)canbeobtairedfrom the scatteng length
using Eq. 11) to permit thaneasurement détticespacing in the absence of atomistic
ordering in the crystallingphasé!'® In SAXS, the order of diffraction is more

commonly denoted bly rather tham.

cu ’Q
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Powdered samples, isotropic liquids and dispersed samples exhibitiagdam
molecular orientation in the sample produce a scattering pattern of radial uniformity.
Whentexture in the scattering pattern is observed, structural information relating the
particle morphology can be inferred. The degree and intensity of anigaiaopbe

used to measure the extent of preferred orientation. As observed in single crystal X
ray dffraction, a single particle orientated specifically to the incident beam produces
intense spots pertaining to the individual Bragg reflections in the ialater

Perfect Partial Random
Orientation Orientation Orientation
» ?
SPEER
- @ - 4
/ 1 \
*® L T )
s
a ' o - o ’r‘,
Single Crystals Fibres or Plates Powders or Dispersions

Figure 3.13. X-Ray scattering from a 2D S&Xinstrument of a single crystal (left),
randomly orientated powder (right) and materials displaying preferred orientation

(cenre)t14

SAXS is often used to probe special dimensions of larger systemaspotteins,
nanomaterials and biological membraHé8.By increasing the sampte-detector
distance, the scattering length (Q) can be used to probe distances of several
nanonetres. In such systesybroadercharacteristic shapes in the scattering curve can
be used to distinguish between spheres, plates, aodsdiscs in the sample
nanostructuré!? In the current study, however, SAXS will primarily be used as an
extension to PXRDto observeBraggreflections that are produceddspacings just

beyond those that observable using a typical laboratffractometer.
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Chapterd: Process Focused Synthesisystallisation

and Physicochemical Characsation of SLI

Synopsis The resultschapter describes how sodium lauroyl isethionate (SLI) was
selected as a mobésethionate ester surfactant from the analysis of commercial
materids. Following a bespoke synthesis of SLI, a turbidimetric solubility analysis
was conducted to identify conditions through which it could be reproducibly purified.
A physicochemical chacterisation was finally executed to verify the chemical
identity of he surfactant, whilst simultaneously revealing key physical properties
underpinning its performance in personal care formulatioms.relation to the
proposed research question, this ptex specifically developed the means of

acquiring a reproducible modidetergent fola detailed structuratharacterisation.



4.1. Introduction

Personal care products such as soap bars, shampoos and liquid cleansers contain
surfactants to remove grease andaseous oils from the skin. Repeated exposure to
surfactants is known to cause skin irritatithd drynesst*® tightnes8'® and damage

to the stratum corneult® These effects are reported wihe use of both traditional
carboxylate soaps and synthetic surfactants such as sodium dodkatgl (GDS)'2*

1251 Sodium cocoyl isethionate (SCI) is a milder surfactant also prevalent in personal
care formulation$’! Its lower charge density, larger polar head group and high activity

at neutral pH improves its compatibility with the skin, thus reducing the negative
effects experienced by the consuMé&t. Studies have demonstrated reduced
irritation,*24 drynes82¢! and binding to the stratum cornel’i! compared with

soaps and alkyl sulphates. In the presence of hard wedditionally saponified
carboxylate soapgxhibit a loss in surface activity as the sodium couiateris
displaced by magnesium and calcium i848.A larger quantity of prodct is often

utilised by consumers in order to compensate for the consequent loss in detergency
and lathet” The poor aqueous solubility of the inactive alkali earth salts also results

in the precipitation of solid s c u mdé o n b a¥?h3Cbisocanvessaly sfablec e s .
in the presence of alkali earth metals andsdoet form any deposits or display

significant loss of lather volume in the presence of hard Watér.

The molecular structure of SCI is showrFigure4.1. On a commercial scale SGI
manufactured through the functionalisation lfdrolysed coconut 0il*?®! Once
hydrolyzed, the coconut oil consists of a blendindar, saturated carboxylic acids
ranging between octanoic (C8) and algeanoic acid (C18Fodium derivatives are
most prevalent within surface active isethionates; although P#8ticand

ammoniuni3! isethionates have aldéeen prepared for pharmaceutical applications.



O\\ _O"Na*

Figure4.1. Molecular structure of thesethionate functional grouf-or sodium cooyl
isethionate (SCI), R = linear, saturated carboxylic acid chain between octg@3)l

and octadecanoy(C18).

A compositional analysis of coconut oil indicates that the dodecanyl (C12),
tetradecanyl (C14) and octadecanyl (C18) chain lengths areasieabundant with
concentrations of 47.7%, 19.9% and 10.3% respectit&lyAlthough this chain

length distributionis representative of commercial SCI, there is a natural disparity
between batches due to the compositional variation in the raw m&ieBiatause of

this variation, previous studies on SCI have focused on the most abundant isethionate

derivatives existingn the natural surfactant blend.

Bistline etal. prepared a series of even numbered, consecutive isethionates ranging
from sodium dodecanyl isethionate (C12) to sodium octadecanoyl isethionate (C18)
via a twostep catalytic proce$S?! The corresponding linear, saturated carboxylic
acids were first esterified using propyne under zinc catatgsform the equivalent
isopropenyl esters. These derivatives were then mixed with sodium isethionate and
heated to 200°C in the presenof a p-Toluenesulfonic acictatalystto create the
desired acyl isethionat&® Hikota also prepared sodium decanoyl isethionate (C10)
and sodium dodecanoyl isethionate (C12) as part of a larger investigat ester

based surfactants Carboxylic acids were reacted with thjdrchloride to form the
corresponding acyl chlorides. Following a reduced pressure distillation, the acyl
chlorides were reacted with sath isethionate at 90°C to yield the acyl isethionate
surfactants. Both studies utilised a tatep synthesis route andhi | e Hi kot a
reaction temperature was lower, the chlorinated reagents were significantly more
hazardous than those utilised by Bistlet al*33 In the aforementioned studies, both
authors repeatedly recstallised the saple in alcoholic solvent to purify the crude
product. A recent review of acyl isethionat&s, reports that commercially
synthesized SCI typically ranges in crude purity from 78 to 85% and the product is not

purified prior to application in personal care formulatiB#s.
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In the current study, sodium lauroyl isethionate (SLI), the most abundant constituent
in the natural SCI blend, has been synthesised via the sitggleesterification of

lauric acid andsodium isethionate. Oueaction exhibits numerous environmental
advantages over previous studies reporting the synthesis of SLI including a reduced
number of reaction steps, an increased atom economy and complete removal of

ancillarysolvent, catalyst anchlorinated speciesdm the synthesis.

Following synthesis, the crude SLI was successivelgystallised in methanol with
accompanying purity analyses at each stage. A polythermal solubilitigitaetric
analysis was subsequently completed to deterntiee optimum cystallisation
parameters for the scalable purification of SLI. There is a notable lack of published
literature concerning the fundamental properties and characteristics of sodium acyl
isethionates. The resultant purified surfactant was fwresubjected to a dasted
physicochemical characterisation and analysis which included melting,
decomposition, vapor sorption and surface tension measurements. The fundamental
data reported in the study provides a much needed insight into how the
physimchemical properties fluence the commercial scale manufacture, performance

and synthesis of acyl isethionate surfactants from biorenewable sources.

4.2. Experimental
4.2.1. Materials
4.2.1.1. GC-MS Analysis of Fatty Acid Components

Hydrolysed coconut oil was provided by lispec Ltd. Sulphuric atiACS reagent (95
98%), was obtained from Sigraddrich. Methanol ACS analytical reagent (99.8%), was
obtained from VWR.

4.2.1.2. Synthesis an@urification of SLI

Lauric acid (99%, Acros Organics) and sodium isethionate (98%, Acros Orfganics
were obtained from Bher Scientific. Methanol (99.8%) was obtained from VWR.

Materials were used as supplied with no further purification.
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4.2.1.3. Cationic titration for surfactant activity.

Methylene Blue powder (96%) was obtained from Alfa Aegarhydrous edium
sulfate (99%) was obtained from Fisher Scientific. Sulphuric acid ACS reagent (95
98%), was obtained from Sigr#ddrich. Dichloromethane ACS analytical reagent
(99.9%), was obtained from VWR. Hyamine 1622 cationic titrant was standatdize
0.004 Mby the manufacturer (Vickers Labs)

4.2.2. GC-MS Analysis of Fatty Acid Components
4.2.2.1. Preparation of fatty acid methyl esters (FAMES) from fatty acids

400 ¢l sulphuric acid in 20 ml met hanol
coconut oil in a 50nl RB flask. The mixture was magnetically stirred at 450 rpm and
heated under reflux at 50°C for three hours. 50 ml of aqueous sodium chloride solution
(5% w/v) was added to a 250 ml separating funnel. Upon completion of the reaction,
the fatty acid mixtue was also poured into the separating funnel. Methyl esters were

extracted into 3 x 50 ml of hexane.
4.2.2.2. FAME Analysis via Gas Chromatographivlass Spectrontey (GC-MS)

GC-MS analysis was executed via a Perkin Elmer Clarus 560S single quadrupole
GC/MS systemequipped with a Perkin Elmer Elite MS capillary column (250 pum
diameter x 30 m length, 0.25 um film thickness). Following injection, the sample was
ionized via electron impact with an MS solvent delay of 4 mins. Oven temperature
was increased from 60°© 200°C at 10°C/min, held for 10 mins then increased to
270°C at 10°C/min and held for 5 mins. Helium carrier gas was supplied at 1 ml/min.
A response fetor was obtained from the methyl decanoate internal standard and

applied to the species of interestabtain a chain length distribution.

4.2.3. Synthesis of SLI

120.8 gof lauric acid, 0.25 g of zinc oxide and 111.2 g sodium isethionate solution (57%

wi/v in water) were placed in a 500 ml three neck round bottom flask and magnetically stirred

at 600 rpm. The reaction vessel \winess equi p
steel sparge needle, as depicteBligure4.2. Under a cotinuous stream of nitrogen, the

stirred reaction flask was heated to 280and maintained for 90 mit@s to remove the
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aqueous isethionate diluent. Upon complete distillation, the reaction temperature was
increased to 24Q€ and maintained for four hoursny azeotropically distilled lauric acid

was returned to the reaction mixture via a 10 ml Etark DS) receiver. The water of
reaction, along with any biphasic interfacial material, was retained within the DS and
collectedm a 100ml measuring cylinde

When accumulation of water had ceased, the {Stak apparatus was removed and
replaced with a vécal still head coupled with a 250 ml three neck receiving flask. Magnetic
stirring, nitrogen flow and 24Q reaction temperature were maintained duting
equipment exchange and atmospheric exposure was minimised via intermediary use of glass

stoppers.
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Figure 4.2. Schematic of SLI synthesis setup during estetifina
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A condenser was fitted to receiving flask and a vacuum of 200 mbar was first applied to
collect any unreacted lauric acid. The pressure was then gradually decreased to 50 mbar with
care taken to minimise foang d the surfactant product. The pressure was controlled by a
needle valve regulating the ratio of nitrogen flow into the reactor against the vacuum
produced from an Edwards E2M2 High Vacuum PuRigufe3.3). After 60 minutes, the

molten reaction mixture was poured onto a borosilicate glass tray and precipitated at room

temperature.

4.2.4. Anionic Activity Analysis

A methylene blue indicator solution waepared by adding 0.03 g of methylene blue
powder and 50 g of anhydrewsodium sulfate to a 1000 ml volumetric flask and
dissolving in 500 ml water. 12 g sulphuric acid was added dropwise and the solution
was diluted to the mark. 0.2004 g of crude reacti@terial was dissolved in water

and diluted in a 100 ml volumetrica8k. 10 ml of solution was transferred to a 100 ml
stoppered measuring cylinder via volumetric pipette. 20 ml of dichloromethane and
25 ml of methylene blue indicator solution were added the cylinder was shaken.
The biphasic mixture was titrated wittyaimine 1622 (0.004 M) until the two phases
reach the same intensity of blue. An industry standard cationic titration method was
subsequently employed to gauge conversion levels withén dtude reaction
product’® Eq. (12) was used to quantify the anionic surfactant levels in the crude

mixture, relative to that of a pure surfactant solution.

10
= pg

, , vV T M T Mw I
Ani oni c Surf—a—c—t—ca—n—t—(%)

In Eg. 1, V = volme of Hyamine titre (ml) , M= molarity of Hyamine solution
(mol/dm?), MW = molecular mass of surfactant (g/mol) and C = concentration of
sample solution (g/dfh Volumetrically adjusted from equation published by

Turneyet all®?
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4.2.5. FTIR Analysis of SLI

Solid samples of crude and purified SLI were analyzed using a Thermo Scientific
Nicolet iS10 FTIR Spectrometer. An ATR sampling accessory was used to measure
transmittance between 500 and 4006".

4.2.6. NMR Analysis of SLI

50 mg of sarple was dissolved in 2 mL ofdMSO using a Fisherbrand vortex mixer.

1H NMR analysis was executed using a Brukeancelll 500 MHz spectrometer
Norrell XR-55 high precision NMR tubes were utilized throughout. Chemical shift,
integration and multiplicityin the resulting signals were measured using the
MestreNova software package. Assignments were compared against NMR
simulations generated by tRerkinElImer ChemNMR software package.

4.2.7. LC-MS Analysis of SLI

25 mg of crude and purified SLI were each dissblie 5 mL methanol using a
Fisherbrand vortex mixer. The resulting solution was analyiged combined liquid
chromatographynass spectrometry system (IMS). Samples were injected into and
separated using a Dionex UltiMate 3000 Rapid Separation UHPLIE€Syslaterial

was eluted through a C18 column by a binary solvent mixture consistaegtahitrile

(MeCN) and water. The linear gradient elution method varied the concentration of
MeCN from 5% to 95% over 60 secs. Compounds were then detected by ditteetin
separated species through a Bruker Amazon Speed mass spectrometer. Sample was
ionized via electrospray ionization with quantification of both positive and negative

ion via the ion trap detection system.

4.2.8. Reaystallisation of SLI

The crude SLI was puied by repeat ragstallisation in methanol. SLI was mixed
with 100 mL of methanol andeated to 60°C in a round bottom flask with a condenser.
The mixture was stirred at 300 rpm with the solvent incrementally added until the SLI
had completely dissolvedAny insoluble particles observed in solution were hot
filtered through a stemless fugln Solutions were then cooled overnight at 0.5°C/min.
The resulting crystals were isolated via Buchner filtration and dried in a vacuum
desiccator prior to further pification steps. Cationic benzethionium chloride

titrations were completed at each figation step, as previously described. After five
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reaystallisations, SLI was obtained in the form of white powder. The purified material
was used for the subsequehtypicochemical analysis. NMR, FTIR and IMS data
of the crude and purified SLI is pralad

4.2.9. Thermal Analysis of SLI
4.2.9.1. Thermogravimetry

Samples of lauric acid, crude SLI and purified SLI were analysed using a Mettler
Toledo TGA/DSC 1 Thermogravimetric Anagrs 25 mg of each sample was
weighed to the nearest Quij using a Mettler Toledo UMXPItra-Microbalance and
placed in a 70 pL alumina crucible. Samples were heated from 25°C to 500°C at
10°C/min undem: flow of 50 mL/min. Sample mass was measured esecpnd to

the nearest 0.0{g to identify any temperatwieduced phase transitions. & hnalysis

was usedo determine the presence of ancillary species of the crude and purified
samples of SLI.

4.2.9.2. Differential scanning calorimetry

Samples of crude SLI amurified SLI were analysed using a Mettler Toledo DSC 1.

2-5 mg of each sample was wegghand deposited in hermetically sealeduO

aluminium crucibles. Samples were heated from 25°C to 150°C at 50°C/min under N

flow of 50 mL/min. After 10 min at 150°Ghe temperature was raised by 1°C/min to

250°C. Following a further 10 min, the tempera profile was reversed and the
temperature reduced to 25°C atCimin. Prior to analysis, the instrument was
calibrated against certified reference materials of zind indium obtained from

Mettl er Toledo. fegnand mdltipgytempeiture (T svere n ( gH
obtained from the area and the peak maximum temperature observed from the primary

melting peak.

4.2.10.Dynamic Vapor Sorption Analysis of SLI

The water vaposorption of purified SLI was measured using the DVS Advantage
(SurfaceMeasurement Systems, UK). Approximately 10 mg of sample was added to
an aluminium crucible and placed into a thermostatically controlled chamber at 25°C.
Samples were then dried undeitcav of dry N2 at 50 mL/min until the sample mass

had stabilised to thnearest 0.1 ug over a period of 5 min. Relative humidity (RH)
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was subsequently varied between 0 and 90%, at 10% increments. Target humidity
levels were maintained until the sample maad stabilized and the sample mass,
humidity and temperature were ¢miously recorded at 60 s intervals. The data
provides information on the storage stability of SLI with respect to changing humidity

levels at room temperature.

4.2.11.Solubility Analysis of SLI

Solutions of SLI in methanol were prepared at cotregions betweae 20 g/L and
3549/L, at 5 g/L increments. Purified SLI was accurately weighed using an analytical
balance (to the nearest 0.1 mg) and diluted with 5 mL methanol. The resulting
solutionswere heated to 40°C and stirred at 300 rpm to ensure complete dissolut
Micropipettes were then used to transfer 1 mL of each solution into 1.5 mL capped
glass vials. Four vials were filled at each concentration, thus 16 samples were
considered for fuher analysis. The solutions were analysed using the Technobis
Crystal’® parallel cystalliser. The cystalliser provides independent temperature
control of four blocks, with each block consisting of four glass vials. Samples were
subjected to five heatingnd cooling cycles betweehO to 50°C, with each solution
concentrabn undergoing rates of 3, 2, 1 and 8C3min. Vials were individually
magnetically stirred at 700 rpm and solubility was determined using the integrated
turbidity detectors. diss (Clear point) was identified as the temperature when the
measured transmiss equalled 100% during heating, whilenk: (cloud point) was
identified as the temperature when the transmission first dropped below 95% upon
cooling. Sample vials were continuoudlyshed with N to avoid external surface
condensation at low tempewaes. Equilibrium solubility parameters at each
concentration (issand Terys) Were obtained by plotting the respective values against
heating rate and extrapolating to 0°C/min. Thgezimental solubility was then

compared with the ideal solubility tughava n 6t Hof f anal ysi s.

Praustnitzetal.*3 stated thatassuming a neigjible contribution from the heat
capacity (G), the molarsolubility (¢ ) niideal systenwas obtained from eq2)

using the enthalpy of fusiogiruy and melting temperature {f measured via DSC:
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The enthalpyand entropyof dissolution ¢dHpiss and gqfoiss respectively) were then
calculated from the ideal and exjpeental solubility data usingdg (14). These values
guantify the enthalpy change when one mole of solute is dissolved into an infinite
guantity ofsaurated solution.

1.
VY v P T
The activity ceefficient () was then used to quantify the experimental deviation from
idealty, in accordance withdg (15), wherec andG iqeas are the experimental and ideal

molar solubilities.
F o U

Further details on the experimental method and subsequent analysis can be found in

previous publicationg36! [137]

4.2.12.Surface Tension Measuements of Aqueous SLI Solutions

Solutions of SLI in water were prepared at concentrations betd:®@énmM and 10

mM as described previously. A single droplet was generated at the tip of aebtlint

22 gauge needle with a 1 mL Hamilton 1001 LT threadedggriSurface tension was
measured using a Theta tensiometer (Biolin Scientific) in the pendgmintrde. A

period of 10 min (frame rate capture, 1 fps) was allocated to stabilize the droplet and
ensure accurate measurement of the surface tension. Edgeoaietvas applied to the
images and the droplet shape was fitted to the Y<duamdace equation sy the
Attension Theta software. The equilibrium surface tension was determined by
averaging the last 30 images of the 10 min period, with three experimepeals at

each concentration. The needles were replaced between samples and the syringes were
rinsed with deionised water and oven dried before reuse. All sample preparation and
measurements were obtained at room temperature, 20°C. Surface tensionief the

water interface was measured to be 72.7 + 0.1 mN/m.
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4.3. Results and Discussion

A compositional aalysis of a commercial hydrolysed coconut oil blend, typically used

to synthesize SCI, is displayedkigure4.4. The fatty acid miture was derivatized

to form the coresponding fatty acid methyl esters (FAMES) to avoid peak tailing and
long retention times. The resulting @¥S chromatogram correlates with the review
literature!*3? indicatingthat the dodecanyl (C12), tetradecanyl (C14) and octadecany!
(C18) are the most abundant chain lengths with concentrations of 43.9%, 20.0% and
10.9%, respestely. Due to the abundance of the dodecyl chain length in the
commercial feedstock, the lauryl (C12) homologue of SCI, sodium lauroyl isethionate
(SLI), was glected as a model isethionate ester surfactant for this study.

120

c12

100 (43.9%)
9 80+ l c14
> (20.0%)
§ c8 ‘ c17
E 40 @7%) c1o | (18)
(7.1%) ci6 |
(10.4%) | c18

20 (10.9%) -

| | | I " .":
6 8 10 12 14 16 18 20 22 24
Retention time (mins)

0

Figure 4.4. Gas chromatogram depicting the chain length distribution of carboxylic
acids within the coconut derived fatty acid blend usedotmroercially synthsze

sodium cocoyl isethionatéS = Internal standardAnalysedas FAMES via @-MS.

4.3.1. Synthesis andPurification of SLI

Sodium lauryl isethionate (SLI) was synthesised via a ssigle esterification of

lauric acid and sodium isethionateth the use of additional solvents or catalysts
During the commercial synthesis of similar dmbased surfactants, a continuous
recyck of distilled volatile carboxylic acids has been incorporated to maintain the acid
excess necessary to drive the acylatidfh.In the synthesis of isethionates from
biorenewable sources, the recycle of volatile components ensured that the desired
chain length distribution of the feed material was maintained in the product. The
distillation o fatty acids also means these raw maltsrcan be reutilised in future

syntheses with minimal change to the physical properties of the resulting product.
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In the current study, SLI was obtained at a crude purity of 83% (via cationic titration)
following a vacuum distillation. This purity is corapable to analogous materials
produced via alternative synthesis routes which include catalysts and solvents, where
the highest reported purity was 8%%3. Successivecooling cystallisations in
methanol at (°C/min led to a 15% increase in purity following three purification
cycles, after which no significant improvement was obserkegui(e4.5).

] T T T T T

& 1004 g PO S . ]
@ ] - o 99.1% o7 ]
g 95: ",! 97 7% 98.8% 0 98.7% ]
9 901 95.2% ]
= 1 . b
] 1 /S ]
8 %1 ¥ ]
a 80 83.7% 7

2

3

No. of Recrystallisations

Figure 4.5. Purification profile of the SLI producRepeat cooling rystallisations
were conducted from 60°C to 20°C at 0.5°C/min. Surfactant levels were measured at
each stage via cationic titration with benzethanighloride. Data was fitted to an

exponential association functiorrors bars obtained from repeat titrations.

As alkaline potentiometric pH titrations fail to distinguish between the surfactant and
residual acid**® the industry standard method of cationic titration with benzethonium
chloride solution wa used for determining surfactant levels. However, this method
has been reported to display an error of ~1%, as observed in the current'&tudy.
Possible attributable phenomena indudperator error, the sparing solubility of
organic complexes in the aqueous phase, aadetinorganic impurities in the
solutior®!  Although
dialkylmethylimidazolium chloride (TEGO®trant) address some tifese

methyleneblue newer titrants such as
discrepancie8*% an LGMS analysis was additionally usied in the current study to
confirm that a purity of 98% had been achieved after three purification steps. Chemical

structure was further verified by NMR
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4.3.2. FTIR Analysis of SLI

An FTIR analysis of SLI was carried out in an effort to characterize theiiiepseparated

from the crude reaction mixture during the purification process. The spectra obtained from
crude and purified samples of SLI are depictéigure4.6. Absorptions of interest were
assigned to their respective berahd compared against literature valuesT abde4.1).

Table 4.1. Characteristic peaks observed via FTIR analysis of sodium lauroyl

isethionate. Tabulated absorptions were obtdiftem reference analytical datef!!

Spectrum M easurgld Assignment " Tabula_t;ce?u
0 max (cn?) 0 max (cn?) (1441
Crude only 1718.3 A”phai‘;ig): gtr(;gr]boxy"c 17001725 (strong)
Crude & Pure 1731.8 A”phaﬁsctr%tzcoh (Ester) 17301750(strong)
Crude only 24003300  OH (Casrt?gfg’r']ic Acid) 2500:3300(broad)

Compared to the purified sample, the crude spectrum displays evidence of the residual
lauric acid from broad @ stretch observed between 2400 and 38@06. The lauric
acid also produces an additional C=0 acid stretch in the crude sampleBatni71

The strong absorption appears to be characteristic of the C=0 ester stretch in SLI.

C-H (Alkyl)
Stretches

—— Crude—— Purified

120

- 110

O-H
(Acid)

Stretch C=0
(Ester)

Stretch

- 100
- 90
c=0 |
(Acid) | 80
StretchL 70

Transmittance (%)

3300 3100 2900 2700 2500 2300 2100 1900 1700 1500

60

Wavenumber (cm?)

Figure4.6. FTIR spectra of crude

and purified samples of sodium lauroyl isethionate.

Obtained using a Thernfacientific Nicolet iSLO FTIR Spectrometer.
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4.3.3. NMR Analysis of SLI

The purified SLI was characterized 1y NMR spectroscopy to confirm that the ~98% surfactant levels measured via titration-&t®! \were

indeed attributable to sodium lauroyl isethionate resulting NMR spectra and assignments are displayégure4.7 andTable4.2.

Table4.2. *H NMR signals observed from the analysis of purified SISO with a 500 MHz NMR spectrometer. Chemical shift, integration

andmultiplicity weremeasured using the experimental spectrum using the MestreNova software package. Simulated shifts were generated by the

PerkinElmer ChemNMBoftware. Tabulated shifts weobtained from structural libraries published by Pretsthl.**Y Molecular asginrmens

correspond tahemodel displayed ifigure 4.7.

e Qo St T sogren o ST ol
A 0.87 0.88 0.86 -CH3 2.00 2 Tri plet (@
B 1.28 1.261.33 1.31 -CH:- 16.08 16 - (b)
C 151 1.66 161 -CH,-CH-COOR 1.97 2 Triplet (©
D 2.26 2.32 231 R-CH>-COOR 1.99 2 Triplet (d)
E 2.52 - 2.50 DMSO - - Quintet -
F 2.75 2.75 2.94 -CH2-SO» 2.01 2 - )
G 3.33 - 3.31 DMSO (D0) - - Singlet -
H 4.20 4.52 4.12 R-COOCH: 1.99 2 - (h)
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Figure 4.7. *H NMR Spectrum of purified SLI. Obtained using a 500 MHz NMR spectromet@Nts®
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4.3.4. LC-MS Analysis of SLI

In order to verify the structure assigned via NMR, a final\l€ of the purified SLI sample
was performed. The resulting chromatogram is display&dguare 4.8 indicates that the
sample is now predominantly composed of a single chemical species.

Intens BPC 60.00-1300.00 +All MS, Smoothed (0.18,1,GA)
3 1
23
13
0 10 20 30 40 50 60 Time [s]

Figure 4.8. LC-MS chromatogram of purified SLI. Peak areas correspond to both
positive and nedgave ions detected by the spectrometer. Obtained using a Dionex
UltiMate 3000 UHPLC system equipped with a Bruker Amazon Speed mass

spectrometer

The raw mass spectra geaed from compound (Figure 4.10) show how all the
significant mass fragments detected by the mass spectrometer can be attributed to the

desired SLI product.

Figure 4.9. Mass spectrometry peaks arising from-MS analysis of pure SLI.
Quotal masses are the exacasses resulting from the most common isotopes of the

corresponding elements, as provided by NI&TM = 330.15 g/mol.

Spectrum Peak (m/z) Assignment Theoretical m/z
+MS 331.22 [M+H]* 331.16
+MS 639.11 [2M+2H-Na]* 639.34
+MS 661.31 [2M+H]* 661.30
+MS 683.34 [2M+Na]* 683.28
-MS 307.22 [M-Na' 307.16
-MS 615.28 [2M-2Na+H* 615.32
-MS 637.42 [2M-Na'l 637.31
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Upon closer inspection of the purified SLI chromatogr&mgyre4.8), an additional

peak can beeen at a retention time of 52 s. An-MS analysis of pure lauric acid

also produced a strong peak atsSzsing the same analytical method. When coupled
with theother analytical information presented in this study, this data suggests that the
~2% of unacounted mass is residual lauric acid.

Purified SLIT Positive ion (+MS) Mass Spectrum.

4 E+08 - 307.22

3.E+08 A

2.E+08 -

Intensity

615.28
1.E+08

637.42

|

100 200 300 400 500 600 700 800 900 1000
m/z

0.E+00

Purified SLIT Negative ion{MS) Mass Spectrum.

2.0E+07 - 331.22
1.5E+07 - 661.31
1.0E+07 A

639.11
5.0E+06 - J 683.34

Intensity

0.0E+00 T T 1
100 200 300 400 500 600 700 800 900 1000

m/z

Figure 4.10. Positiveion (top) and Negativon (bottom) mass spectrum of the main
species (1) detected via the IMS analysis of purified SLI. Séggure 4.8 for the

correspondingchromatogramThermalAnalysis of SLI

Thermogravimetric analysis of the crude and purified sampigang4.11) confirms that
the main impurity within the crude Slas residual lauric acid, which was removed to

undetectable quantities in the purified sample. The absencesafsairablenass loss below
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300°C in the purified SLI indicasethat the anhydrous form of the surfactant was obtained
and the subsequent storagehe purified SLI at an ambient humidity of ~60% for several
weeks resulted in no significant moisture uptake. From an average of three measurements,
the decompositionrset temperature of purified SLI was determined to be 331 + 1°C.
Consequently, theris minimal risk of thermal decomposition (and formation of &

SQ) at the proposed reaction temperature of 240°C.

50 100 150 200 250 300 350 400 450 500
100 ————— T
75}
50 1
251 1
0_|
100
75}
50 1
25} |
0k i
100

75| Pure SLI l
50+ .
25+

0 L 4
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Lauric Acid |

Mass loss (%)

Figure 4.11. TGA profiles of lauric acid, crude and purified SLI at a heating rdte o
10°C/min. Mass loss was normalised as a percentage of the initial samplé@ass.
wasused to identify the presence of moisture at@@@mpurities between 150 and

230°C; and the decomposition profile of Stltemperatures beyor®00°C.

Differential scanning calorimetry (DSC) of the purified SLI (98% purity) produced a
peak melting temperature of 225.2°C with a melting range of2224C, sed-igure

4.12. The previously reported melting range for SLI was-218°C, but no quantified
purity was specified33 The crude SLI (melting temperature of 21 displayed

some correlation with the previously reported values, thus suggesting that an improved
purity could be the cause of the disparity with previous data through freezing point
depressio. The peak broadening observed in the crude SLI are suspected to result

from combinations of the lauric acid and sodium isethionateprsors.
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Figure 4.12. DSC analysis of crude reaction SLI apdrified SLI. Samples were
heated to 150°C &0°C/min and then heated to 250°C at 1°C/min. Crude and purified
SLI exhibited peak melting temperatures of 214.2°C and 225.2°C, respectively.

Measuring five independent SLI samples, the corresponding mettingh a | pgy ( opH
was found to be 1622 kJ/mol. The transition at ~210°C in the purified SLI and
~180°C in the crude SLI are believed to be thermotropic phase transitions. These are

widely reported to exist in anionic surfactant systems in the absencaert't?14°!

4.3.5. Dynamic Vapor Sorption Analysis of SLI

An isothermal DVS analysis was conducted at 25°C to better understand moisture
uptake during the commercistiorage of isethionate ester surfactants. AlthdCat
Fischer titration is the most common method of determining bulk moisture content in
anionic surfactant83® the DVS method can provide sorption kinetics and
thermodynamic data over a range of humidity le%és4” Prior to measurement,
sample drying under Nlow showed a total mass loss of 0.01%. While alkyl sulfates
are known to readily exist in hydrate fof#f°% the lack of significant moisture loss
observed during TGA and D&/analyses suggests that the anhydrous form of SLI was
obtained using the current synthesis method. At 4Q%tlRe sarple mass had
increased by 0.2%, suggesting relative stability of the sample during storage at or
below 40% R. At 87% Ry, the mass gain & 2.35% which confirms the surfactant
to be fdAslightly hygr o setablptiand theaEuropeand i n g

Pharmacopoei&®? There are three primary saign mechanisms by which materials
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take up moisture: i) surface adsorption,hylk adsorption and iii) liquefaction by
surface dissolutio”H®3! On reducing the Rto 0% the sample mass returned to its
original value with an insignifent discrepancy of 0.005%. Since the sorption process

is reversible, liqguefaction is unlikely to be the predominant mechanism. With a 2.35%
mass increase at 87% Rhe surfactant could have formed a hemihydrate, which
would yield a theoretical mass inceeaof 2.7%. Further analysis would be required

to confirm both the structure and mechanism pertaining to the proposed transition. The
hysteresis shown iRigure4.13does however indicate that any moisture uptake during
storage at igher humidity can be significantly reduced if the sample is later exposed
to a humidity level below 20%. This irreversibility is common in the sorption analysis
of solid-gas systems>* While the hysteresis is significantly reduced below 20% RH,
hysteresis is observed to some extent across the entire humidity range. Everett suggests
that this behaviour results from a sorption mechanism that is independent of solid
surface ared.® thus supporting the postulation of a molecular hemihydrate species at

elevated humidity levels.

2.5 —m— Sorption - 1 o
—aA— Desorption / 104 ©
[}
- 2.01 /A/ | i
£ A loa 3
% 1.5 AF—JA’A)‘A / i é
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Figure 4.13. Dynamic vapor sorption analysis of purified SLI. The techaiq
determines hygraepicity by adjusting humidity levels and measuring the resulting
sample mass. SLI was exposed to relative humidity levels between 0 and 90%,
resulting in both sorption and desorption isotherms at a thermostatically controlled
temperatue of 25°C. Left axd shows mass increase relative to the initial mass of SLI
(%). Right axis displays this increase as the molar sorption of water, relative to one

mole of SLI.
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4.3.6. Crystallisability of SLI

A polythermal solubility analysis was conducted tdirdethe optimal oystallisation
parameters for the commercial purification of isethionate surfactants. This approach
was utilised in the current study as there was no prior solubility data for the SLI
sample. Alcoholic solvents were considered as thdigation solvent folSLI after a
recent study revealed them to exhibit a high solubility for lauric acid, which the TGA
data indicated to be the primary impurity in the crude product. Methanol was
specifically selected as it exhibits a higher solubility lfwric acid than #aanoll*5!
isopropandt®”! andn-butano®”! at 20°C.

Preliminary solubility studies yielded very high ambient solubility in water, while
ethanol exhibitd a significantly lever solubility than methanol at elevated
temperatures. Although methanol exhibits a higher toxicity than these substances, the
preliminary data indicates that their adoption would be detrimental to both throughput
and recoverable yieldsf SLI. Methanol vas selected in preference to maximize the

corresponding commercial value of the purification process.

Figure 4.14a shows the turbidimetric data for purified SLI in methanol during a
heating andaoling cycle, hjhlighting welldefined eystallisation and dissolution en

set points as a function of tempena. The TGA, NMR and L@/AS analyses of the
reaystallised SLI confirmed that the resulting precipitate was free from significant
solvent and impurity levels. Bhmetastable zone width (MSZW) as a function of
cooling rate, displayed ifigure 4.14b, shows how equilibriumrgstallisation and
dissolution temperatures st and Toiss were explained. The MSZWs, as well as
Tcrystand Toiss, Were collated at eadoncentration to form the solubility curve of SLI

in methanol Figure4.14c).

The metastable zone denotes conditions where the system is beyond the solubility
limit; and nucleation can be induced through segdisurface coarseness or the
presence of foreign particulatéd. Spontaneous nucleation in a binary homogenous
system is kinetically precluded until the system reaches the limit of the metastable
zone Figure4.14c) '8 The minimal dependence of the MSZW on the cooling rate at
20 g/L (Figure4.14b) is reflected for all solution concentrations. This phenomenon
indicaes the crystallisation and dissolution kinetics are not rate limiting to their

respective phase transition proces§€sWith decreasing temperature the system
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exhibits an increasing MSZW. Knowledge of these changes to MSZW are important
to controlling the commercial crystallisation pesses and thus ensuring a
reproducible crystal size, morphology and purity between batthesThe
implementation ofin-situ process analytical techniques could be used to maintain
process conditions within the metastable zone at high temperatures, where the MSZW
is smaller>®
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Figure 4.14. Polythermal turbidimetric solubility analysis of purified SLI in methanol
betweenr10°C and 50°C at 700 rpm. a) Réian profile of light transmission (%) vs.
temperature (°C) depicting the extraction afstallisation (Terysy) and dissolution
(Toiss) temperatures from Crystall6 system at 20 g/L. b) Changeyand Toiss with
varying cooling rates at 20 g/L. Exjpalation to 0°C/min provides equilibrium values

of Terystand Tpiss. Legend displays equilibrium transition temperatures with the linear
regression error.
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¢) Solubility curve of purified SLI in methanol plotted from equilibrium transition
temperatures (dryst and Toiss) at all studied concentrations. rggstallisation and
dissolution events were measured at concentrations of 20, 25, 30 and 35 g/L, each at
temperature ramps of 3, 2, 1 and 0.5°C/min. See Figure S9 and S10 in the ESI for
tubidimetric profiles ad solbility data of all concentrations and cag) rates

4.3.7. Solubility Analysis of SLI

Thr ough a nayasntiGetexpétimental soliilyi data can be compared with the
ideal solubility of SLI, in a solveritee environment, to determine timfluenceof the
solvent on thergstallisation behavior. Both ideal and experimental Hoff analyses of SLI are

shown inFigure4.15.

This large deviation from idealityvhen compared to other organic systems analysed
using the same metholdgy,**" suggests that the solvestlute system exbits a
strong preference for solusslute interactions. When the dasacompared with a
conductivitybased solubility analysis of SDS, the solubility of SLI in methanol at
50°C is approximately ~30% of the measured SDS solubifitywith respect to
theoretical yields, a coolingrystallisation from-10°C to 50°C is predicted to recover
more SLI than SDS, with predictetklds of 79% and ~71% respectively. The values
o f pep&ln d pisgfo® SLI indicate that the phase transition is strongly dependent on
the enthalpy, see Table The thermodynamic parameters for the dissolution of SDS
i N met hagwe 22.3rImel! agpHl pisgp S4.3 JmolL.1%% Despite analogau
dodecyl alkyl chains, the additional ettedter group in the isethionate species creates
a difference in chain length between SDS and SLI. This structurardis@and
consequent hydrophilicity may contribute to the higher absolute solubility exhibited

by SDS in a methanolic environment.
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4.3.8. SurfaceTension Measurements of AqueouSLI Solutions

The CMC of SLI at 28C was found to be 5.36 mM with a lower plateau surface
tension of 3@ mN/m, see Fig. 9. Bistlinet al. reported a slightly higher CMC

(6.4 mM) and plateau surface tension (46.6 mN/m) for SLI synthesized by the two
step praesd’®® The lower surface tension in the current study suggests a higher
wettability in aqueous environments, while a lower CMC confirms that a lower
surfactant concentration was requitedreach peak wetting performance. It is worth
noting that the method used to determine the CMC and surface tensions was different
from that reported by Bikne et al'®¥l. However, the observed improvement in
performance is more likely to resdilom an improved sample purity, as the CMC of
alkyl sulfate surfactants is very susceptible tmefrom surface active impuriti¢$!
Foreign species can cause the surface tension to flacind drop, below the CMC

limit before stabilising at the actual micellar concentratibhe absece of such
fluctuation provides evidence that such impurities were not present in the current

sample.

80 : . 7
1 x CMC=5.36mM 1

70+ o

60

50

Surface tension (mN/m)

40

304 ey
0.01 0.1 1 10

Concentration (mM)

Figure 4.16. Surface tension as a function of the SLI concentration in water. The
surface tension wasetermined by pendant drop analysis at 20°C. Equilibrium surface
tension values were obtained by fitting the droplet shape to the Yaotace

equation. Reported values are an average of 30 consecutive images (1 fps).

Recent studies have shown that SDS8ileits a CMC of 8.0 mM at 20°€%2 with a

corresponding plateau surface tension of 33 mbfmH7.1%% The plateau surface
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tension beyond the CMC for SLI (38 mN/m) is therefbigher than that measured

for SDS (33 mN/m) at 20°C. The CMC, however, for SLI is higher than that for SDS
at equivalent conditions. Hemcthe proposedrygstallisation process and resultant
higher sample purity could therefore be critical to obtaining sertaosion levels
exhibited by SDS whilst maintaining the increased mildness offered by isethionate

ester surfactants.

In summary, théhermodynamic and physicochemical properties determined from the
characterization of SLI are provided in Table 1, alorngpwie corresponding literature
values for its alkyl sulfatanalogugesodium dodecyl sulfate (SDS).

Table4.3. Thermodynamic and physicochemical properties of purified SLI (current
study) and SDS (literatunealues).

Surf. tension

Tm Solubility** oH piss™* iss™ Activity**  CMC* at CMC*

° -1 -1

(°C) (g/L) (kI mol™)  (kImol™)  coeff.(2) (mM) (MN/m)
SLI 225 17.9 29.3 0.0322 29.1 54 37.9
sps 298 ggqmo  pppue 00543 na 800 33 usd

* Measured at 20°C.y pH 7 A Parameters obtained by processing the cited raw data using

methodologies described in the current sttfdyleasured in MeOH.

4.4. Conclusions

Sodium lauroyl isethionate (SLI), the most abundant derivative of sodium cocoyl
isethionate (SCI), was directlyrthesised at the 500 mL scale without the use of
solvent or catalytic species. The direct esterification of lauric acid reduced the number
of reaction steps and eliminated the risk of HCI production which resulted from
previous acyl chloride based reacisd>4 When compared with current published
syntheses of SLI, thencillarysolventfree route was to found to have the potential to
increase process output, reduce material costs and remove the time and energy
required for an industrial scale solvent recovévile catalytic routes had previously

been proposed for this type adaction® their use had led to an undesired phase
separation in the resulting product at concentrations above 0.2 #illhe reaction

times, temperatures and vyields in the current study were also similar to previous
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catalytic route$®®! The new pocess therefore eliminated the handling and recovery of

catalytic mateals without significant detriment to process efficiency.

The proposed regstallisation of crude SLI resulted in a purity level of 98% after three
successive reygstallisations in metanol. Following a recent review of commercially
available surfactant$? this is considered by the authors to be the highest published
purity of a sodium acyl isethionate surfactant. The use rgétallisation over
chromatographic techniques meant that the purification caulschled to industrial
guantities and the solubility analysis of the purified surfactant provided process
conditions through which this could be achieved. Although this study utilized a
cooling aystallisation, the data was also deemed applicable to eatper
processeB8%! While the estimated throughput was lower than an analogous
purification of SDS, SLI displayed higher yields at equivalent temperatures which was
prospectively more important givets inigher market value.

An aqueous surface activity analysis of the pedfSLI yielded a surface tension much
closer to the performance of SDS than previously reported samples of SLI. Given the
widely acknowledged mildness of isethionate ester surfactambpared to traditional
soaps and synthetic surfactants such as sodadeayl sulfate (SDS), the increased
performance achieved through purification could be utilised in high value personal
care formulations where harsher surfactants may be undesiddigh. purity
isethionates could also be used to create analytical standawsd permitting the
adoption of spectroscopic techniques to evaluate commercial surfactant synthesis.
Reductions in time, laho and chemical use could be achieved when compaited w

the successive titration techniques currently used to detect andfyjsarfactants in

the personal care industry.
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Chapters: Assessmenof the Thermal Degradation 8LI
Using Predictivelsoconversional Kinetics and

Analysis of Evolved Gases

Synopsis This resultschapterdescribes a detailed characterisation of the thermal
degradation of SLI in botlnert and oxidative environment®redicted rates of
isothermal degradatiorfor a range of pocess conditions we determined using
isoconversionakinetic method. The gase®volvedfrom the degradation of sodium
lauroyl isethionate were theientifiedvia TGAFTIR. When coupled together, the
two studies could be applied to mingaithe evolution of undesirable or hazardous
gases in isethionate manufacturing processeselation to the proposed research
guestion, this chapter specifically identified tperating windows in which a detailed

structural characterisation could be ducted.
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5.1. Introduction

Surfactants are the primary ingredients in most personal care formulations. They are
present in shampoos, liquid cleansers and soap bars to redwseftoe tension of
water and aid in the solubilisation of lipidic, sebaceous uesidn the skifY Due to

its mildness, sodium lauroyl isethionate (SLI) is becoming an increasingly popular
surfactant in such applicatiofsWhen compared with traditional counterparts such

as alkyl carboxylates and sodium dodecyl sulfate (SDS), studies into SLI have
demonstated reduced irritatioi?*! dryness*?®! and adhesion to the stratum
corneurt?” in personal are applications. SLI is also comparatively more stable in
the presence of hard teas by exhibiting no deposit formation or significant loss in

lathering abilities in the present of alkali earth mefafs.

(I)‘Na+
)OJ\ 0=9=0 j\ )\ _ONa*
R OH R™ 07 R
(1) OH (2) (3)

Figure5.1. Reaction of lauric acid (1) with sodium isethionate (2) to fornutuecy
chained (C12) sodium lauroyl isethionate (SLI){8J.In this example, R= GHas A
mixture of chemical homologues of alkyl chain length ranging between C8 and C18
can also be formed from the respective orxtof carboxylic acids. The resulting

blend of surfactants is known as sodium cocoyl isethion&tg.{s"

SLI can be synthesised via the esterification of lauric acid with sodium isethitbflate,

as shown irFigure5.1. In the studycorresponding to the Figure 5.the materials
were reacted at a temperature of 240°C for 4'ffisPatent literature relating to the
conmercial synthesis of SLI, as well as its homologues, report similar process
tenrperatures of >200°C and analogous reaction times-@®h#s!t® 36 871|n some
instances, temperatures as high as 260°C for prolonged periods have been #éported.

1671 A patent by Logiretal. reported that the molten isethionate reaction mixture was
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prone to thermal degradation at reaction temperaturescdessxof 220°E58 |n
addition to reducing surfactant activitgvels and consequent product efficiency,
degradation was also reported to significantly harm the appearance andobthe
resulting product® Whilst this work recommended an oxygkee atmsphere to
minimise processnduced degradation, no information pertaining to the quantitative
stability of isethionate esters was provided.

While previous research regarding the thermal behaviour of isethionates has been
limited, there have been studiegstbe stability and degradation characteristics of other
alkyl surfactants, such as SDS. The initiation of thermal degradation in SDS was
repated as 380°EY indicating its comparatively higher stability with respect to
SLLI'%8 A pyrolysisgaschromatography analysis of SDS by Liddiceesl.
identified the degradatioproducts following prolonged exposure to 650°C under an
inert atmospher@’Y It revealed large quantities of primary alcohol, coupled with
traces of dodecyl vinyl chains. While both SDS and SLI consist of analogoys laur
alkyl chains, differences between the chemistry of their respective sulfate and
sulfonate groups, coupled withe additional acigster group present in SLI might
suggest an influence on its resulting material stability and associated evolved gas

compgsition.

For the characterisation of thermal degradation processes, kinetic methods are
typically applied to quarfy the rates at which the underpinning chemical and physical
processes occli? These rates allow the evaluation of the corresponding energetic
paameters; the correct identification of which permits the prediction of material
stability[*”®! In contrast to isothermal technigs where degradation is measured at
multiple fixed temperatures, nonisothermal (or polythermal) isoconversiathbuis

rely on multiple linear heating experiments to obtain the necessary data for kinetic
model developmerit’4 While isothermal degradation techniques do exhibit some
advantages, sh as the ease of induction time measurement, their nonisothermal
counterparts are becoming the recommended melbgyl for the kinetic analysis of
thermally stimulated processé®: 176lwith isothermal method4, can be challenging

to cover a representative range of temperatures within the measurable degradation
zone. Slow de@dation rates at lower temperatures can be-tiomsuming to measure

to completion, while isothermal degradation at higher temperatarebe difficult to

specifically identify if mass loss occurs whilst the sample is reaching the desired
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isotherm*7%! Absolute isothermal ayses can often be difficult to achieve due to this
inevitable period of equilibration, particularly when a samplexmosed to elevated
temperature8’4 While differential methods can be applied to help alleviate such
discrepancie8’® nonisothermal analyses can experimentally avoid these
shortconmgs, whilst simultaneously allowing the fast acquisition of degradation data
across a broad range of temperatlrés.

In this study, the threnal stability of SLI under the temperatures experienced during
representative manufacturing conditions was evaluateernfogravimetric analysis
(TGA), coupled with isoconversional kinetic modelling, was used to assess the
thermal degradation of SLI inJd\Nand air environments. Measurement under inert
conditions was used to simulate degradation under the representativiachaimg
conditions, whilst the analogous measurements in an oxidative environment were used
to determine the influence of air ingreisso the process system. Differential and
integral isoconversional methods were used to independently quantify critical
energetic parameters. These factors were then applied to predict the isothermal
degradation of SLI, as a function of temperature, terdahe the most suitable
process conditions for minimising degradation. Following the kinetic overview,
TGA-FTIR was usé to obtain a redalime analysis of the gaseous evolutions resulting

from the degradation process.

5.2. Isoconversional Kinetic Theory for Thermal Analysis

5.2.1. Introduction to Isoconversional Kinetic Methods

Thermogravimetric analysis (TGA) antifferential scanning calorimetry (DSC) are
commonly used to derive the data required to characterise thermal degradation
processes using isoconversiokiaetic methodst’? Although TGA will be the focus

of the current study, the techniques described carbalapplied to data obtained from
infrared spectroscogy,? mass spectrometty®! and rheometr}t’® For the
isoconversional kinetic analysis of TGA data, it is common for the expetaihen
obtained mass losses to benverted to a normalised, dimensionless, temperature
dependent mass lodd §  w h<eUx &1270in the context of thermal decomposition

kinetics derived via TGA, U is coHlmonly
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In this study, Eq. (@) showshow Uwas obtained from the initial sample mass before
heating (ninit.), the final sample mass after heatimgf) and the observed sarepl

mass fMcurr) at a given temperature.

Nonisothermal (or polythermal) isoconversional degradation Kkinetics are
fundamentally devied from the Arrhenius equation EQ.7.

T S ©)
Q'Y OanWY P X

k(T) is the Arrhenius rate constam,the Arrhenius prexponential factorR the
universal gas constant (8.31/44I* K1), E, the activation energy (@ol?) andT the
absolute temperature in Kelvin. Vyazovkin states that the rate of thermally stimulated
processes are dependent on the reaction nigdeand temperaturdependent rate

constank(T), as shown in Eq1@).L7°

2 QY OQ

Some formf the equation include an additional pressiependent variable(P).
However, in the case of thermal degradation kinetics, this is assumed insignificant and
neglected in most casé$! Combining Eg. 17) and (18) yields the general rate
equation Eq. (1P for the nonisothermal kinetic analysis of thermally stimulated

degradation processes.
' 50 O 0
oY T 25 A P

The rate ¢)/dt) is a function of heating ratg ), which corresponds to a constant
linear heating rate where €  ATherrdaGign modefEj is Gependenbn, and
consequently indicative of, the thermal degradation mechdfi$rRor conventinal

isothermal analyses, the type of mechanism can be determined by identifying the

relationship betweewEj a Ad U. When fitting experi men
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however, similarity between fits can complicate the identification of a single reaction
model*”? Criadoetal. have previously demonstrated how the same predicted TGA
curve can be generated from thidifferent reaction model$®t! The model fitting
approach can also be overly simplistic with respectdoencomplex systems, which

can exhibit one mechanism at the start of the degradation pralees transition into
another at higher degradation temperatures. Eq. (3) additionally shows how it can be
numerically challenging to mathematically separate astthguish betweek(T) and

A} |, thap further increasing the difficulty in obtaining a single reaction model.

Isoconversional kinetics conversely forgo the fitting of a reaction m@&glelawvell

as the calculation of a single pegponential factoA. This approach is based dmet
fundamental assumption that a single form of Eq. (4) is only applicable tola sing
degree of degradation XX’ 82 This temperature dependence on the Arrhenius
parameters is ppwsed on the basis that sedithte thermal decomposition is typically

a complex, interdependent mestiep chemical process. The multitude of constituent,
concurrent physical processes incluithe diffusion, sorption, and sublimation of
different speciesn multiple phase8®! Any single activation energy value therefore
used to epresent a process of corresponding complexity, is inherently composed of
the individual activation energies related to its constituent physical and chemical
processes. Since the relative cdnitions of these individual processes to the overall
degradatn rate changes with respect to temperature, any effective activation energy
(Es) determined for the holistic characterisation of thermal degradation process is
consequently a function of tenma¢ure and the degree of degradatiph Through
multi-rate degradation experiments, values of the temperdgpendent effective
activation energy can be obtained following differential or integral treatment of Eq.
(19). Through the parametrisation f§f Uand the Arrhenius factok, preditions of
process degradation rates and material lifetimes can be reliably achieved. Compared
with traditional isothermal kinetic analyses, nonisothermal isoconversional methods
therefore permit the holistic kinetic dpsis of complex thermally stimulated
processes, without any prior knowledge of the degradation mechanism(s). The concept
of variable activation energy, its basis in complex multgikp processes, as well as

its broader application in the characterisatiof thermal stability, polymerisation
crystalisation and phase transitions atescribed in the literatuf¥? In order to

obtain a more comprehensive analysis of the thermal degradation characteristics of
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organic material$¥3? both isoconversional and moefiting techniques can be
appliedin tandem, with research comparing both approaches when studying analogous
chemical system®’

5.2.2. Calculation of Activation Energies

Both differential and integral approaches were separatedy @is calculate the
effective activation energy @ The Friedmammethod is a common differential
method for the isoconversional analysis of thermal degradation pro€&s3é3|t is

derived by taking the natural log Bfy. (19), as shown in Eq20).

. L Q| Cm 30 O |
Y L NoY

In addition to the rated{ /dT) and reaction modeE;j , th€activation energ¥f), pre
exponential factofA) and temperatureT]) are also considered to be dependent on the
degree of degradatiot)( Where applichle, the respective variables will be denoted
asE4 | Qh ant4 j4 46Geflect this. Due to the direct differential treatment of Eq.
(4) utilised by theFriedman method, the resulting experimental rate data can be
susceptible to background nolsg: 8¢ While data smoothing techniques prior to
isoconversional analysis can be applied to reduce the error integtractivation
energiest?¥ these issues can be avoideg employing an integral solution to the

geneal rate equation for thermal degradation.
At multiple heating rates, Eqg. (18an be rearranged and integrated to form Egj. (

Q| 0 O |

R <17

Y Cp

The left hand side of Eq. (6) is mmnonly abbreviated t€ § JTRr@&ugh orthodox
modetbased kinetic analyse€;j Jc@uld be characterised by integrating the
corresponding mechanistic reaction modg!. [THg temperaturimtegral on the right
hand side, however, results in meomplete gamma function which is insolvable in

its closed form®” 88 A range of mathematical apprioxations to this integral,
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however, have permitted the development of integral isoconversional methods for the
kinetic analyses of thermal process'®¥ The FlynnOzawaWall (FWO) method is

an early and popular integral application of the isoconversional tecHtigjusilising

Doyl eds approximati on [¥oArmore hceurate enetippe r at ur
proposed by KissingetkahiraSunose (KAS}®*%is an isoconversional development

of a previous method for thermal analysis which originally assumed a constant
activation @ergy™% KAS is related to the Coats and Redfern methtitl,as both

approaches use the Murray approximation to the temperature int€yt& Through

this approximation, Egs. (19) and {26an be combined to form Eq4), which

depictsthe KAS method for the integral analysis of thermal processes.

I .. O Q| O |
o) ¢q

dE @ E TV O YOy

Variations of Eq. (22 include integral isoconversiahmethods by StaritiR® and
Lyon,*°l which adopt a similar application to the KASethod. Recently, more
advanced mathematical appcbas by Vyazovki®’: 1%®lhave further produced exact
integral solutions without numerical approximatiof.hese methods can reliably
predict both isothermal and nonisothermal levels of degradation in the absence of a
reaction modelf() and Arrhenius factor A).*"? For ease of application and
comparison, however, the current stddcused on the KAS method for the integral

acquisition of activation energy values.

5.2.3. Prediction of Isothermal Degradation

By rearranging and integrating E¢1L9), the timedependent isothermal degradation at
a specified temperaturé&d) can bepredicted. Eq (2Bderived by Friedman describes

the corresponding execution in the current stiffy*°!

A O |
‘ Qolygy
° % oag ° <
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The values of the integral with respecttare calculated using the Friedrrderived
activationenergies. Values fok()) - f(]) can be obtained from theigtercepts of the

fitted lines used to obtain the corresponding activation energies. The resulting integral
can then be pliottetreadt iavgealiynsitntle garnadt e d a't

obtaintyat the given isothermal temperatuf@)(

5.3. Experimental

5.3.1. Thermogravimetric Analysis (TGA) of SLI

Sodium lauroyl isethionate was prepared and isolated to 98% purity in accordance
with the methodslescribed previous®! Samples of SLI were analysed using a
Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser4 3ng of material was
weighed to the nearest Qutjy using a Mettler Toledo UMX2 UltrMicrobalanceand
placed in a 100 pL aluminium crucible with pierckdl Individual samples were
heated from 30°C to 550°C at rates of 5, 10, 20 and 50°C/min. Sample mass
measurements were collected every second to the nearesgtg0.Béparate samples
were analysed iair and in N atmospheres to permit the developmehindividual
degradation models for the therrogidative and thermal degradation of SLI. Gas flow

was maintained at 50 mL/min throughout all analyses.

5.3.2. Data Processing and Isoconversional Kinetic Analysis

For all TGAderived nonisothermal degradation date, mass loss (g) was converted

to a degree of degradatiqn) using Eq. (1). Individual sets of Friedmédarived
activation energies fod < U< 1 were then calculated for the thermal degradation of

SLI in both airand Nb. From the normalised TGA datagthate ¢} /dT) was obtained

for each run using Eq. (1n(d)/dT) was plotted against/T as a function of the
degree of degr ad aimensional grabent m rhe-manehveas o n e
extracted at 0.01 incremenvfU. These gradient values were supsantly converted

to the corresponding activation energies using the gas constant, in accordance with Eq.
(5). Analogous activation energy values were concurrently determined via the
KissingerAkahiraSunose (KAS) midod using Eq. (7), where T j 1 T¥sj1r qQ

was plotted as a function U at the exper |
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The isothermal degradation of SLI in both air andas calculated by the Friedman
method using Eq. (8) and the Friedndarived activation energs. Degradation was
predicted at 10°C tervals between 220 and 280°C, ahd predicted degradation at

5 hrs was considered to determine the influence of changing synthesis temperatures
on degradation levels at the recommended reactiorffifh&o validae the isothermal
predictions, samples of SLI were heated from 30°C to 240°C at 50°C/min and held at
240°C for 5 hrs, in accordance with the published synthesis condififins.

5.3.3. Quantitative Evolved Gas Analysis via TGAFTIR Spectroscopy

A Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser was connected to a
Thermo Scientific Nicolet iS.0 FTIR Spectrometer using a Thermo Scientific Nicolet
TGA-IR module. The TGAFTIR system consisted of a 5 ft glds®ed stainless s&
transfer line (1/80 OD). Both the cell
minimise condensation. Samples of SLI were heated via TGA from 30°C to 550°C at
10°C/min. SLI was separately analysadoth air and MNat respective flow rates of

50 mL/min. Prior to heating, the TGA gas was purged for 30 mins for the acquisition

of a representative background FTIR spectrum. Sample spectra were then measured at
36 s intervals, via 36 consecutive scaasmeen 500 and 40Q6n?, for the duration

of the heartcycle. Species of interest were identified using the NicoletFEVapor

Phase Spectral Library from Thermo Scientific. The five most abundant species in
each sample were then quantified via their eesipe characteristic bands using the

Chemigram functin in the Thermo Scientific OMNIC Series package.

5.4. Results and Discussion

5.4.1. Thermogravimetric Analysis (TGA) of SLI

The selected temperatures and heating rates for the TGA analysis of SLI were
representive of the conditions utilised for previous isocorsienal studies on
chemically similar organic este8® 2°1 Figure 5.2 depicts the DTGdata of the

resulting experiments.
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Figure 5.2. Differential DTG data for the degradation of SLI in {fop) and air
(bottom) at heating rates of 5, 10, 20 and 50°C/min. For dM/dT, M = mass loss (%)

and T= temperature (°C).

SLI was found to exhibit three distinct degradation zonadr jiwhile the inert system

(N2) displayed an additional fourth zone ihgr the latter stages of the studied
temperature range. After the final degradation zone, a period of thermal stability
(dM/dT& 0) was observed at all heating rates in both air andONupled with the
reproducible thermal behaviour across different hgatates, this provided a robust
window in which the data could be normalised and processed for isoconversional

analysis. Mas#ss (%) data was normalised in terms of the degree of degradgtion (
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where the end of the final degradation zone was desigaased U = 1. Examp]|l
shownin Figure5.3. Onset temperatures of specific degradation zonesehss the

endset temperatures utilised for mass normalisation are providetle5.1. In this

context, the terms onset and endset correspond to temperatures at which degradation

processes commence and conclude respectively.

Table5.1. Tabulated values ainset temperatures for each degradation step identified

in the thermal decomposition of SLI. Temperatures were measured via tangential
extrapolation as dedset berdefiar Setca i tome le
the final degradation zone. Ortlyree degradation zones were observed in air so onset

temperatures fostep 4 are not provided.

Degrad. N2 Transition Temp. (°C) Air Transition Temp. (°C)
Step
Onset 5°C 10°C 20°C  50°C 5°C 10°C  20°C 50°C
/min /min /min /min /min /min /min /min
1 300.4 311.8 325.6 3484 2065 210.2 213.7 2223
2 346.6 359.7 373.6 393.6 2884 302.7 3115 329.8
3 366.6 377.8 391.6 * 345.6 356.2 368.6 391.0
4 376.5 390.0 403.6 4244 - - - -

Endset 464.4 477.7 496.0 5226 3624 376.8 386.0 416.0

*Accurate onset measurement could not be obtained at 50°C/min.
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Figure 5.3. Identification of final mass @) from experimental TGA data. The data
depicts decomposition of SLI i Ktop) and air (bottom) at 20°C/min. Black lines
represent mass loss (%), while blue lines and axes show the corresponding differential
DTG data. Inset shows an extract of the primary DTG data, showing greater detail in
the yaxis. Onset, peak and endsetnperatures for each degradation step were
obtained via the tangential extraction of DTG data, as shown in the inset figure. Red
numbers and dashed lines correspond to the degradation steps identified for the
decompositin of SLI. InN2, the final mass (i) was designated as the sample mass

at the endset temperature of degradation step 4, which corresponded to 496.0°C. In
No, the final mass (f) was designated as the sample mass at the endset temperature

of degradatiorstep 3, which corresponded to 38%C.

A high temperature degradation study of SDS reported a residual mass of 35 wt%
following pyrolysis at 700°C in Ni2°2 Although the maximum temperatures in the

current study wre 550°C, posanalysis of the crucibles showed similar black residues
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to those described in the SB&idy, with comparable mass losses. The degradation
onset in N was found to be 348°C at 50°C/min and lower than that of SDS, where
the decomposition teperature was reported to be 38G°€l The synthesised SLI
displayed a strong dependence on heating rate, with alowehdecomposition onset

of 300°C observed at 5°C/min §NIn air, there was less variation in deggtion onset
temperature with values between 206 and 222°C at the experimental heating rates of
5 to 50°C/min respectively. The melting point of SLI waparted as 225°C when
heated at 1°C/miR%¢! The commencementf degradation was not considered to be
significantly influenced by melting, as mass loss was observed below this temperature
at all experimental heatingtes.

Due to the kinetics of the procetiea bs ol ut e r esi dual mass (w
as a fundbn of the heating raté). In order to obtaithema s s ( w# 1%hichat U

is independent df, the masses derived in Section 1.1 were plotted as a functiom of

heating rate, then extrapolatbdck to 0°C/min. This extrapolated methodology for
acquiring kinetieindependent parameters is comiyorutilised in thermally

stimulated processé¥! such as DSB*¥ and crystallisatiot*®, in instances where a

linear dependence oheating rate is exhibited. The resulting plots for the thermal

degradation of SLI in air and2Nre shownin Figure5.4.

29 N, 474 Air
S 28 & 461
B E
= =
5 267 = 444
)= g
g 251 ¢ = ]
hr})dset MaS_S 7 \ @ 43 Endset Mass
4] (0°C/min)=26.7+0.1 wt% 42 (0°C/min) =464+ 0.07 wi%
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Heating Rate (°C/min) Heating Rate (°C/min)

Figureb4.Ext rapol ati on of e n défadnthdatmgrptesitoat ur e s
determine the equilibrium residual mass at 0°C/min. Each point corresponds to the
tangential endset temperatures identified gaNd air respectively. The quoted errors

correspondo the error of the intercepts of the respective fittaddi
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The difference between degradation in air anddNor r el ates with V
postulation that thermoxidative degradation typically occurs at approximately

100°C below the analogous processiminert atmosphet&®! Prior to degradation

onsets, the observed Sinass loss before 180°C imand 280°C in Wwas less than

0.2 wt%, indicating a minia presence of retained water in SLI under ambient
conditions.

5.4.2. Isoconversional Kinetic Analysis

Differential Friedman and integral KAS models were used to obtain the change in E
as a function offte degree of degradatiod) (in both air and N An example plot of

the gradients used to determine the activation energies via the Friedman method is
shown inFigure5.5.

QPP

—=— 5°C/min —A— 10°C/min 20°C/min —@— 50°C/min

Figure 5.5. Activation energies obtained via the Friedman differential method of
isoconversional kinetanal ysi s. The data depicts | n(
degradation of SLI in Nat heating rates of 5, 10, 20 and 50°C/min. Gradients in the

z-plane (Hue lines) correspond to the activation energy at the given degree of
degradation (U), see Eq. (5)

The corresponding activation energies obtained by both isoconversional methods, in
air and N, are displayed ifigure5.6.
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Figure 5.6. Change in activation energy for the thermal and theoxioative
degradation of SLI in N(top) and air (bottom). Values were obtained using the
Friedman and KAS isoconversional Kisenodels. Error bars correspond to the error

in the respective regression fits used to calculate energies. Activation energy values

are provided in TableA.1 toA.4 in the Appendix.

In N2, environmental changes in. Bere found to approximately coincigath the
different degradation zones, s€eble 5.1 for tangential onsetala. The activation
energies betweeb = 0 and 1 from the Friedman and KAS models were found to

correlate well with each other, with average values of 1%hd 149.1 kJ/mol
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respectively.Biofuels exhibit some chemical similarity to SLI, with cammon
presence of alkyl chains, as well as a prevalence-6f GO and C=0 bonds. The
triglyceride systems exhibited similar average Friedman values of 124 k37hawid
167kJ/mol?°®! respectively. The reported degradation onsets of ~300°C for these
species were also silar to those observed in the current study and much higher than
the corresponding methyl esters where decomposition commenced between 100 and
150°C[2%. 2081 This may suggest that the additional electron density donated by the
isethionate group, when compared to a methyl gretgbilises the ester bond similar

to the glycerol group and fatty acid chains in the triglycericesy, thus resulting in

a greater thermal stability in an inert atmosphere.

In the oxidative air environment, average activation energy values betve@rand
1 were calculated to be 135.6 and 120.8 kJ/mol using the Friedman and KAS models
respectively. A drop in the activation energy compared to the inert process expectedly
results in lower degradation onset temperatliP@slt is worth noting that while
activation energy values provide an insight into thermal decomposition behaviour, the
degradation rate is also dependent on theegp®nential factoA. Whilst Friedman
valuesof I T ¢ ! j yhélve liedh calculdled, the physical meaning bés been

reported to be inconclusive in the context of isoconversional kin&tfeg®?

In both the N and air environments;igure5.6 shows how the data obtained by the
Friedman method appears noisier than the data obtained by KAS. As the former
method directly differentiates the general rate equation, it typically produgesater
fluctuation in calculated Evalues?*®) While data smoothing filters are commigt!

they were not utilised as the majority ofVRilues relating to Friedman, Ealues were
greater than 0.98 and therefore deemed reliable, see FablesA.4in the Appendix
Although the R values obtaing using KAS exhibit more instances greater than 0.99,
the approximations inherent to this integral method can introduce a systematic error
into any obtained kinetic parametérg! The KAS model has also been shoten
exhibit poorer predictive capabilities ovan analogous Friedman modéfl. For

these reasons, the Friedman method was preferred and utilised to predict the

isothermal degradation of SLI.

-95



5.4.3. Predicted Isothermal Degradation

The experimetally-derived Friedman isoconversional degradation parameters and
their corresponding models were used to determine the effect of changing process
conditions on the degradation of SLI. A published synthesis of SLI reports an
eserification temperature of4D°C, with a total process time oh8s?*®! Predicted
degradation isotherms were therefore produced at deviated temperatures between 220
and 280°C, seEigure5.7.

L. 0.0 N,
=
,g 0.00 Degrad. («) after 5 hrs
© 0.2 —s— 220°C  0.008
I :
© \ o
5 0.4 001 —e— 230°C  0.010
8 : 240°C  0.013
5 0.6 —— 250°C  0.017
b & 0.02 —— 260°C  0.087
05)3 08- 270°C  0.349
QO  |oo03 —— 280°C  0.505
1.0 It . e
0 10" 10% 10" 102 10%10* 10° 10%107
Time (hrs)
Air

Degrad. () after 5 hrs
—s— 220°C 0.248
—e— 230°C 0.337

240°C  0.531
—v— 250°C 0.786
—e— 260°C 0.822
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1-0 II T T T T T T T T T T
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Figure5.7. Predicted isothermal degradation of SLI in(tp) and air (bottom) from
exposure to sustained temperatures between 220 and 280°C. Inset shows the initial
stages of degradatioover a shorter timescalevhere the inset-axisrepresents time

(hrs) on a linearather than a logscaleaccordingly Degee of degradationly) was
obtained from the respective Friedman activation energies using Eq. (8). Legend

displays predicted degradatiok (after 5 hrs of isothermal exposure.

-96-



In the N system, the degradation after 5 hrs at 240°C was found to be(0.013 wh i ¢ h
equates to 1.0 wt% of the total SLI mass in physical terims.degradation levels at
220°C and 230°C were 0.008 and 0.010 respectively. The esterification rate during the
manufacture of SLI is reported to drop significantly when the reactimopdasature is
lowered below 230°E% Decreasing theprocess temperature therefore may not
decrease the processluced thermadegradation, since the increase in reaction times
required for an equivalent level of esterification, may offset the observed
improvements in stability. At 260°C, there is a 530%@ase in the degradation level
over 5 hrs compared to 240°C, which ingesato > 2800% at 270°C. Inp,Nhe ideal
parameters for optimising the reaction rate whilst minimising decomposition therefore
resides between 240 and 250°C.

In air, degradation leals at equivalent temperatures were found to be significantly
higher tharthose observed in theenvironment. At 240°C, the predicted degradation

after 5 hrs = 0.531) equated to 28.5 wt% of mass loss. While a redogemtating
temperature of 220°C @redicted to significantly decreadegradation to a mass loss

of 13.3wt%, these degradation levels would still be substantially higher than those for
the inert system. Catalytic isethionate synthesis routes can be operated at temperatures
as low as 200°€% but an analysis ahe degradation data indicates that mass loss is

still predicted to be 9.5 wt%, over 5 hrs, at this lower temperature. Based on these
observations, it becomes clear that any procegshimg the high temperature
esterification of SLI should be operatedhin a rigidly controlled inert atmosphere

in order to minimise yield loss to thermal degradation.

Whilst long-chain organic molecules similar to SLI have previously been studied by
isoconversional method®? 201 208l the predicted isotherms were nevertheless
compared with experimental isotherms to verify gpplicability of the Friedman
model to this particular system. SLI was heated t0°@4for 5 hrs to simulate
published synthesis conditions and the mass was observed vi&%GPme resulting
plots of mass loss iboth air and Matmospheres, together with their nonisothermally

derived predictionsare shown ifrigure5.8.
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Figure 5.8. Experimental isothermal TGA plots of SLI ia (bp) and air (bottom)
compared with the predicted model isotherms. Sanves heated to 240°C for 5
hrs to simulate the synthesis conditions for &€l Model isotherms were generated

from nonisothermally derived Friedman models.

After 5 hrs at 240°C the measured degradation in airsezsgantially higher than N

with respective mass loss values of 28.9 wt% and 1.1 wt%. While the experimental
data showed good agreement to the predicted data, deviations around 2.5 hrs in air and
4 hrs in N were respectively observed. The associatecerdifiices between the
observed and experimental mass losses were 3.0 wt% amd%.in air and N
respectively. The underestimation in air could have resulted from increasing
inaccuracies in the corresponding isoconversional model. The R2 values associated
with the derivation of the corresponding activation energies are providedbia A.3

in the AppendixWhile values were predominantly greater than 0.99 in the early stages
of the degradation process, a decrease
resuting increase in error for the Friedmaderived activation energies in air is also
presented in Figure 4. While this error has manifested itself as a minor deviation in

mass over the timescales presenteBigure 5.8, a greateerror in the Ea values is

t

observed at higher degrees of degradati o

As this could significantly impact the predictive capability of these modiedsr

application at great er nbteecommmended.f degr adat
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5.4.4. TGA-FTIR Analysis of SLI

Data from the TGAFTIR analysis, conducted to identify the volatile products released

from the decomposition of SLI, is shownFkigure5.9.
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Figure 5.9. Colourmaps depicting the evolved gases measured viaFITEA during
the thermal degradation of SLI in a) air and b).NColour scale corresponds to the

FTIR absorbance of evolved species at the correspontimgperature and
wavenumber. Samples were heated from 30 to 550°C at 10°C/min. ¢) Single FTIR

spectrum of the evolved gesin N at 381°C. Legend depicts the five most abundant

species.
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The maximum total absorbance was measured at 381°G amdN369°Cin air. At

these temperatures all significant absorption bands were detected and the resulting
single FTIR spectra were therefore considered to be representative of the gases
produced in each system. A small time delay was expected betweeroyda®®e in

the TGA furnace and subsequent detection via the FTIR spectrometer. Given the
combined volume of the furnace, transfer line and spectrometer cell, this delay is not
considered to exceed the FTIR measurement interval at the experimental mirge ga
flow rate Through comparison with library spectra, the five most spectroscopically
abundant species from the thermal degradation of SLI were identified, as shown in
Figure5.9c. The tempraturedependent datd{gure5.9a and 7b) showed that while

the relative amounts of each gas differed witthange in degradation atmosphere,
both the N and air systems exhibited the same five gaseous species in highest quantity.
The literature galues used to identify and confirm these gaseous species are provided
in Table 1. The specific vibrations correspoiiao each band were determined where
possible

Tableb5.2. Literature values for FTIR peakharacteristic of materials identified via

the evolved gas analysis of SLI.

Material Vibrational Mode Bond Wavenumber* (cm™)
SO, Asymmetric Stretch @) 0=S=0 13201395k
Cs Asymmetric Stretch @) S=C=S 15231219]
CO Asymmetric Stretch @) 0=C=0 2349[218]

Asymmetric Stretch @) O-H-O 37552181
H-0 Symmetric Stretch ¢ O-H-O 3651218
Symmetric Bend () O-H-O 15952161
Carboxylic Acid Stretch Cc=0 1777107
Alkyl Stretches C-H 2840297517
Lauric Acid 103
Carboxylic Acid Stretch O-H 3575197]
Skeletal Stretch c-C 10401175108

* Where single values are provided the wavenumber corresponds to a peak value quoted in the

literature. + See Hilét al for detailed saturated acid peak assignmiéts.
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FromTable5.2, the single bands attributed to sulfur dioxide §5©@arbon disulfide
(CS), carbon dioxide (Cg) and water vapour (#D) were distinctive, characteristic
and easily attributable to theespective species. Carboxylic acids are common
products in both the oxidative and inert thermal degradation of alkgisedormed

via hydrolysis and intramolecular rearrangen&fit?!9! As the experimental FTIR
peaks displayed very strong correlation with vapour spectra of acid homol&§ues,
the remaining peaks fRigure5.9c have been attributed to linear saturated carboxylic
acids. Contrary to the dimeric condensed phase of carboxylic acids, vapour species
typically exist in the monomeric form. This results significant shifts to the IR
stretching frequencge of C=0 and €H, which otherwise contribute to hydrogen
bonding interaction8%” The observed C=0 (177@m*) and QH (3576 cnt) bands
were characteristic of vapour phase carboxylic acids and correlate very well with their
respective literature peak widths and wavenumber values of 1777 andr84#8"

2201 Analogous thermal degradation stuglif similar lipids also report evolutions of
alcohols, esters and aldehyd&¥: 201 22primary, secondary and tertiary alcohol
stretches typically occur between 3640 and 3678 iorthe vapour phadé®’! Despite

the large gantities of alcohol detected in the pyrolysis of SB8,there is no
significant evidence of this for SLI in air or.NUsing the Beet.ambert law, the
intensity ratio measured between C=0 an#i @ the displayed spectrumas found

to be similar to that of a reference carboxylic acid spectiifiHowever, a slight
excess in C=0 absorbance is consisterh whe presencef additional carbonyl

species such as aldehydes and ketones.
Quantitative Analysis of Evolved Gases

To quantify gas evolution as a function of degradgttbe change in absorbance for
each of the characteristic bands (identifiedrigure5.9c) wereplotted as a function

of temperature. While carboxylic acids were identified as the primary carbonyl
constituent, deomposition within the alkyl chains was also likely to result from
oxidative combustion, resulting in the evolution of independent alkghfientd2%¢:

2221 The alkyl and carbonyl bands were therefore integrateéiidually to determine

the relative quantities of each functional group. The resulting tempedpendent

absorptions in both air and:ldtmosphereare shown ifrigure5.10.
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Figure 5.10. Absorbance of the characteristic FTIR bands of the evolved gas during
the thermal decomposition of SLI in (&ft) and air (right). SLI samples were heated

to 550°C at 10°C/min. Dashed lines represent the onset of degradaias 1, 2, 3

and 4 (where applicable) as measured via TGA. The corresponding TGA data at
10°C/min is also provided. All measured traimgittemperatures are shown in full in
Table5.1

In both air and M the temperatures at whiclhanges in absorption occur, coincide

with the degradation zones identdigia the differential TGAanalysis Figure5.2). See

Table 5.1 for further data. Due to the inherent interdepewiks between radical
reactions, the measured species in each environment display comparable maxima with
broadly similar evolution trends witlrespect to temperature. These shared
temperaturaependent inclinations across gaseous species correspond evithupr

studies pertaining to similar methods and molecgfés?t: 223l

The significant evolutions of alkyl species, carboxylic acids, @@ water vapour
correspond with the gases produced from the thermahdation of other long chain

organic molecule&%: 206. 221, 224ln decompositional study of SDS reported that the
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