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Abstract 

An absence of fundamental research into the chemistry, structure and properties of 

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 and elevated temperatures this research aimed to develop the foundations 

upon which a holistic understanding of the isethionate ester system could be achieved. 

Sodium lauroyl isethionate (SLI) was selected as a representative model surfactant, after it 

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

SLI was synthesized through a bespoke single step process free from ancillary solvents, 

catalysts and chlorinated agents. The material was isolated to reproducible purity levels of 

98% via three recrystallisations in methanol, whilst a turbidimetric solubility analysis 

generated process parameters for the controlled scale-up of this crystallisation process. The 

resulting physicochemical analysis revealed a critical micellar concentration (CMC) of 

5.4 mM and a plateau surface tension of 38 mN/m at 20°C. Both values were lower than the 

previously reported values for SLI in water. Dynamic vapour sorption studies demonstrated 

a reversible 2.3% mass gain when exposed to sustained humidity of 87%, suggesting possible 

formation of a hemi-hydrated structure. 

A kinetic analysis of the thermal degradation of SLI indicated that mass loss was 28 times 

higher in air than nitrogen. Validated predictive models suggest that reaction temperatures 

could be increased to 250°C for an increased reaction rate, before significant increases in 

degradation were observed over typical synthetic timescales. An evolved gas analysis 

revealed risk of carbon dioxide, carbon disulfide, sulfur dioxide, water vapour and VOC 

evolutions at elevated temperatures. The predictive isoconversional models indicated that 

rapid structural measurements were necessary to thermal degradation, risk of gas evolution 

and structural anomalies resulting from thermal degradation. 

The crystal structure of SLI was determined through a combination of powder X-ray 

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-trans tilted lamellar 

bilayer conformation, similar to the anhydrous structure of sodium dodecyl sulfate (SDS). A 

characterisation of the intermolecular interactions revealed that coulombic interactions 

between sulfonate and sodium ions constituted over 80% of the total lattice energy.  
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Due to reduced structural order and greater phase complexity at elevated temperatures, the 

temperature dependent analysis of SLI was conducted using a combination of synchrotron-

derived small angle X-ray scattering (SAXS), molecular mechanics and density functional 

theory. Between 40 and 150°C, the predominant lamellar crystalline phase exhibited an 

increase in scattering intensity, where the measured increase in lamellar spacing (0.1 nm) 

correlated to the structural changes previously reported for the annealing of sodium laurate. 

Above 150°C, the appearance of additional phases decreased the scattering intensity in the 

primary phase until isotropic melting was observed at >220°C, as confirmed via DSC.  When 

compared with previously reported phases of traditional soaps, both ócrystallineô and 

ólamellarô phases were observed. Evidence of the hemi-hydrated phase measured via DVS 

was also found at lower temperatures. Molecular mechanics calculations led to a predicted 

crystal structure based upon the measured lattice spacing. Both the anhydrous and hydrated 

structures of SLI correlated very well with previously published trends in lamellar tilt angle 

and headgroup size in dodecyl-chained, sulfur-based anionic surfactants. 
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Chapter 1: Introduction 

Synopsis: This chapter provides a general introduction to traditional soap 

manufacture and how the need for synthetic detergents arose from the issues exhibited 

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 of the limitations 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 the remainder of the thesis is presented.
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1.1. Research Context 

1.1.1. Introduction to Soap Manufacture 

Soap is the oldest known skin cleanser and has been in existence for thousands of years.[1] It 

is a popular form of surface active agent or ósurfactantô which lowers the surface tension 

between two liquids due to its amphiphilic nature (originating from the Greek words, ampha 

(both) and philic (love)). A lipid-soluble hydrophobic tail and water soluble headgroup cause 

soap to preferentially bind at interfaces and aggregate to form complex structures in solution. 

Saponification is the process by which triglycerides are esterified under a strong alkali base 

to form three molecules of the corresponding sodium carboxylate ósoapô and a molecule of 

glycerol, as displayed below.[2]  

 

 

 
 

 

Figure 1.1. Soap manufacture by saponification of natural fats (triglycerides). 

Reaction is typically executed in water via the Kettle Process, where reagents are 

boiled within a single reaction vessel. Upon completion, the immiscible soap is left to 

separate from the aqueous glycerol, which is subsequently drained away. The R group 

is dependent on the composition of fats present in the feedstock blend.[2]  

 

A blend of triglycerides is typically utilised by soap manufacturers to optimise the 

performance of the resulting soap bar. Nut oils, such as coconut oil and palm kernel oil, are 

predominantly composed of shorter chained triglycerides (such as C12) and consequently 

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

counterparts.[3] Tallow and palm oil, consisting of C16/C18 chains are blended in 
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combination to improve lather stability and increase hardness in the end product.[4] Intense 

agitation is required to start the reaction due to poor miscibility between the triglycerides and 

aqueous base. Following initiation, the soap product helps emulsify the two reagents, thus 

increasing the rate of reaction via autocatalysis.[5] 

Upon completion, brine is blended into the aqueous phase to aid phase separation between 

the soap and glycerine. On an industrial scale, triglycerides are often hydrolysed with water 

prior to base-catalysed saponification, as illustrated in Figure 1.2.[6] This significantly 

improves glycerol recovery and negates the need for subsequent brining. The hydrolysis is 

achieved by treating the triglycerides with high pressure steam prior to saponification. 

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. 

 

 
 

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

group is dependent on the composition of fats present in the feedstock blend.[7]  

Both methods of saponification and the resulting soap bar product, however, exhibit two 

major disadvantages. When in contact with water, traditional carboxylate soaps are prone to 

hydrolysis, much like the triglycerides depicted in Figure 1.2.  

Traditional soaps are also impacted by mineral ions, present in the water in which they are 

utilised. In the UK, water is regarded óhardô when its calcium concentration exceeds 

100 mg/l.[8] Beyond these levels, calcium and magnesium ions hinder the performance of 

carboxylate soaps, as depicted in Figure 1.3.[7]  
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Figure 1.3: Inhibition of carboxylate soaps by Ca2+ ions present in hard water. An 

identical reaction occurs with the Mg2+ ions in hard water.[7]  

Since the resulting calcium minerals salts are of lower amphiphilicity than the carboxylate 

soaps, surface activity is significantly reduced thus resulting in a reduction in detergency and 

lathering performance. The minerals salts are also insoluble in water and therefore precipitate 

as unsightly solid deposits, which are difficult to remove from bathroom surfaces.[7] 

Dermatological studies indicate that the same phenomenon also occurs on the skin surface at 

a microscale during product use. 

1.1.2. Synthetic Detergents 

In the 1930s, demand for a general detergent able to withstand the activity reduction and 

acidity of hard water, led to the development of the ótaurateô synthetic detergent.[9] The 

cosmetics industry soon discovered the superior detergency and foaming of synthetic 

surfactants when compared with traditional soap bars. This resulted in the development of 

óisethionateô based synthetic detergent soap bars, the most famous of which is Dove, created 

by Unilever in 1955.[10] Despite a shift in consumer trends towards liquid based products such 

as shower gels and liquid cleaners, soap bars are still purchased by 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).[11] Sodium cocoyl isethionate (SCI) is the primary surfactant in Dove soap and most 

common synthetic soap bars. 

Synthetic detergents (or syndets) were first commercially manufactured in 1932. The textiles 

and laundry industry approached IG Farben, a German chemical conglomerate, to create a 

surfactant able to sustain its detergency when used with hard water.[9] Their acid chloride 

synthesis of acyl taurates in Figure 1.4 is one the earliest published examples of synthetic 

detergents.[12] The product is chemically very similar to the isethionate class of surfactant 
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typically utilised in cosmetic soap bars and demonstrates many of the advantages that 

synthetic detergents exhibit over traditional soaps.[9]  

 

 

 

 

Figure 1.4: Taurate based synthetic detergents synthesised via the acylation of 

taurine.  This surfactant was developed for the textiles industry and eventually led to 

the development of sodium cocoyl isethionate (SCI).[12] 

It was proposed that the increased molecular stability resulting from the amide, inhibited the 

ability for the sodium salt to be displaced by Ca2+/Mg2+ ions present in hard water. The 

lathering and detergency performance was therefore unaffected by water quality and because 

the alkali earth ions remain in aqueous solution, there was no formation of mineral deposit 

with prolonged use of the product. In 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 consumer.[12] 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. There were however, many disadvantages to the 

acid chloride synthesis developed by IG Farben. Due to the required phosphorous trichloride, 

the acid chloride precursor synthesis was significantly more hazardous and costly than the 

hydrolysis of coconut oil later adopted by the cosmetics industry. During the surfactant 

synthesis, the released chloride reacted with both sodium and water in the system. While HCl 

could be azeotropically distilled with water, the sodium chloride was more challenging to 

remove and significantly increased the hygroscopic nature of any resulting soap product.[13]  

The direct condensation of coconut oil derived fatty acids to yield isethionate-based 

surfactants addressed many of these issues, thus resulting in the commercial success of 

synthetic cosmetic detergents. The absence of chlorinated agents was deemed particularly 

advantageous. Upon commercial deployment, the soap industry thus developed the direct 

condensation synthesis of synthetic detergents (Figure 1.5). It forwent the need for toxic acid 

chlorides and instead utilised the fatty acid precursors derived from the traditional triglyceride 
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hydrolysis reaction (Figure 1.2). The direct condensation reaction is a Fischer esterification 

between an acid and alcohol.  

 

 

 

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 utilised. The condensation reaction can be similarly 

executed with sodium taurate to yield taurate based synthetic detergents. [7]
 

In order to drive the reaction to produce the desired ester, any water produced during the 

reaction must therefore be distilled awayô in accordance with Le Chatalierôs principle, to 

minimise the rate of the ester hydrolysis.[14] A commercial manufacturer of SCI, reported the 

melting point of pure sodium cocoyl isethionate as >220°C.[15] The temperature was therefore 

necessary to maintain a stirrable liquid phase during manufacture. 

1.1.3. Sodium Cocoyl Isethionate (SCI) Manufacture 

Due to the highly industrial nature of this project, much of the existing research into the 

manufacture of sodium cocoyl isethionate has resulted from commercial interest and was 

therefore published in patent literature.  

The most comprehensive overview of the industrial synthesis is perhaps located in a patent 

filed by the Lever Brothers (now Unilever) in 1969.[16] The reaction was identical to the direct 

condensation isethionate synthesis described in Figure 1.5. The novelty of this particular 

example arose from the ability to continuously supply the reaction vessel with raw material, 

resulting in a semi-continuous manufacturing process. A further review 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 manufacturing process 

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

detergent  reaction system is depicted in Figure 1.6 overleaf.[16]  
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The key features of the reaction system (Figure 1.6) are outlined below. The information was 

derived from a series of patents published by Holland et al., [16] Lemaire et al. [17] and 

Holt et al. [18]. Numbers in brackets correspond to labels in Figure 1.6. 

The reaction is initiated by feeding coconut derived fatty acids (10), sodium isethionate (12) 

and a catalyst (14) into a jacketed, agitated reactor (16).   

¶ While the reaction can be executed at stoichiometric quantity of reagent, a molar ratio 

of 1:1.3 of isethionate to fatty acid is recommended. An excess of fatty acid is 

preferred to isethionate because it is easily removed by distillation following 

complete esterification of sodium isethionate. 

¶ The esterification is executed at 260°C. At this temperature, any water produced 

during the reaction is vaporised and distilled away via a connecting pipe (38) into a 

condenser (40). The water is removed to maintain the thermodynamic driving force 

required to drive the reaction to complete conversion. 

¶ The water distilled from the reaction forms an azeotropic mixture with the lighter 

coconut fatty acids in the reactor. Because an excess of fatty acid must be maintained 

in the reactor to maximise the conversion of sodium isethionate, a liquid-liquid phase 

separation is executed at the separator (48). The volatile fatty acids are stored in 

vessel (52) and subsequently recirculated back into the reactor via a pump (53). 

¶ A stream of nitrogen (36) is circulated directly through the reactor to maintain an 

inert atmosphere. The flow of gas assists in driving water vapour out the reactor, thus 

minimising hydrolysis of the isethionate ester product. The presence of oxygen also 

induces the formation of a deep-brown organic impurity which discolours the 

product. Any discolouration often renders the isethionate unsuitable for use in 

cosmetic applications, where appearance of the product is paramount to customer 

adoption. 

¶ The abundance of surfactant in the reactor (16), coupled with the refluxing water-

fatty acid azeotrope results in significant foaming. This is reduced by continuous, 

vigorous stirring to shear gas-liquid interfaces which also minimises hot spots within 

the reactor. 
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¶ Upon completion of the reaction, the product is pumped into the stripper (60) to 

vacuum distill lighter, volatile fatty acids into a storage vessel (80). The formulation 

is blended with heavier fatty acids (62) resulting in an SCI active concentration of 

70-85 wt%, depending on the desired properties of the product.[16] 
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Figure 1.6: Industrial process for the continuous production of sodium cocoyl 

isethionate. Coconut derived fatty acids (10), sodium isethionate (12) and catalyst (14) 

are fed into reactor (16) and heated to 260°C. Upon completion, the product is 

diverted into a stripper (60) for purification before collection at vessel (96). Adapted 

from Holland et al. [16] 

COCONUT FATTY ACID  SODIUM ISETHIONATE  CATALYST (ZnO)  

A 
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E 

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 biphasic separator (C). 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). 

COCONUT FATTY ACID SODIUM ISETHIONATE CATALYST (ZnO) 
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1.1.4. Process Optimisation of Traditional Soap Manufacture 

Traditional soaps were extensively studied throughout the 20th century to determine the 

influence of process parameters on the phased behaviour of solid formulations. Fundamental 

studies have investigated the correlation between manufacturing conditions and molecular 

structure for a range of alkyl carboxylates including sodium soaps,[19, 20] potassium soaps [21, 

22] and choline soaps.[23] This understanding of the principles of surfactant behaviour permits 

the manipulation of crystal structure within the soap to produce specific phase combinations 

with desirable performance characteristics.[24]  

In traditional soaps, structure-performance models have been developed to link the surfactant 

formulation process to the user experience. Simple ómacroô models assess the impact of 

compositional changes on the hardness of a soap. A combination of temperature, alkyl chain 

length, unreacted fatty acid content and dissociated sodium levels together build an 

assessment of solid content from which properties can be predicted.[25] More complex models 

utilise changes in molecular structure as the soap is crystallised to model critical performance 

criteria such as texture, hardness and solubility. Upon crystallisation of a liquid melt, 

carboxylate soaps are reported to first exhibit a metastable solid phase. Unlike the stable 

crystalline phases of pure soap systems characterised by XRD, these transient phases exhibit 

poorer solubility and lathering due to their reduced structural order.[25, 26] Similar to macro 

models, manipulation of temperature, fatty acid content and chain length distribution 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 temperature and chemical composition of the surfactant mixture. 

1.1.5. Challenges with Modern Synthetic Detergent Manufacture 

Despite the widespread utilisation of sodium acyl isethionates in both solid and liquid 

personal care formulations,[27]
 there is a complete absence of analogous research into their 

chemistry, structure and properties. The patent literature cited in the previous sub-section 

demonstrates how the development of current isethionate ester manufacturing processes was 

conducted through successive cycles of iterative empirical improvement.[16-18] An absence of 

physicochemical understanding to support the isethionate manufacturing process has resulted 

in notable shortcomings in modern personal care formulation. 
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The rigidity of commercial operating windows has increased the challenges associated with 

acquiring surfactants within a desired performance specification. The formation of unknown 

impurities has been a frequently documented issue in the synthesis of synthetic detergents.[28] 

Previous patents had advised the addition of hydrogen peroxide to improve the colour of 

manufactured products.[29] However, the impurities can also produce unpleasant odours 

which bleaching alone cannot overcome. Several manufacturers including Unilever[30] and 

Colgate-Palmolive[31] have reported the issue of phase separation in the manufacture of 

syndet bars. Since the product inception in the 1960s, until as recently as 2009,[32] patents 

have been periodically published describing process modifications which seek to address the 

issue. Although the industrialists have proposed theories for the possible causes of phase 

separation, an absence of fundamental research into the melt crystallisation process means 

that all of these hypotheses are unconfirmed. The challenges associated with the production 

of isethionate esters within desirable performance specifications has reduced the number of 

companies capable of manufacturing a product within desirable specifications concerning 

product appearance, odour, performance and physical properties. Traditional soaps and other 

sulfate based surfactants are produced by numerous organisations as a commodity chemical. 

SCI as a standalone surfactant, however, is only reported available from Innospec, Clariant 

and Rhodia as of 2016.[33] The report further discusses how the composition of SCI, as well 

as the formulation of Dove, is relatively unchanged since their respective inceptions decades 

ago.  

1.2. Research Question 

Olsenôs three-link chain model (Figure 1.7) proposes that an understanding of how process 

conditions, material structure, material properties and product performance successively 

influence each other óencompass the central paradigm of materials science and 

engineeringô.[34] Thomas and Allen further confirm that the relationships between these four 

factors form the cornerstones of interdisciplinary materials research.[35] The first link 

specifically concerning structural characterisation was identified by both Olsen[34] and 

Thomas and Allen[35] as the most influential component in the development and optimisation 

of materials technologies.  
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Figure 1.7: Olsenôs three link chain model for the design of performance-focused 

materials from fundamental scientific principles. Created using information from 

Olsen.[34] 

The process optimisation models of traditional soaps (in the previous section) were derived 

from a knowledge of how process conditions influence structure, as well as how structure 

then successively influences performance-critical product properties. When compared with 

the iterative processes of incremental, empirical improvement used for the current process 

optimisation of isethionate esters, they demonstrate how syndet based products and processes 

could be designed with desirable performance characteristics, directly from fundamental 

scientific principles. It is therefore proposed that a similar understanding of surfactant 

behaviour in isethionate esters could be used to help address some of the manufacturing 

issues associated with acquiring syndet products within marketable specifications. To begin 

this process, the specific aim of this project is to address the crucial first link in the holistic 

materials characterisation of isethionate esters: 

 

ñHow do process parameters influence structure, phase behaviour and crystallisation in 

the manufacture of isethionate ester surfactants?ò 

 

1.3. Research Objectives 

1) Synthesise and purify a model surfactant to represent SCI at the laboratory scale. 

Sodium cocoyl isethionate (SCI) is commercially synthesised from hydrogenated 

coconut oil to produce a blend of surfactants of varying chain length.[36] Since the 

pure constituent isethionate esters are not commercially available, a compositional 
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analysis will be performed to identify the most abundant species in the commercial 

surfactant system. A synthesis and purification procedure will then be designed to 

provide a means for obtaining a sufficiently pure and reproducible surfactant species 

upon which a fundamental materials characterisation study can be based.  

2) Conduct a holistic physicochemical characterisation of the model surfactant system. 

Due to the absence of fundamental literature on isethionate ester surfactants, a 

physicochemical characterisation will be conducted to confirm the identity of the 

model surfactant, whilst also providing an understanding of key physical properties 

prior to further analysis. Information specifically related to the thermal stability of 

the surfactant will help identify whether any manufacturing issues are thermally 

induced, whilst simultaneously providing operating windows in which in-situ 

structural studies could be conducted. 

3) Obtain an atomistic crystal structure of the model surfactant system. 

In-depth structural analyses have been identified as the key to understanding the 

behaviour of functional materials. Prior to an in-situ analysis of surfactant structure 

under commercial manufacturing conditions, the atomistic crystal structure will be 

used to obtain an assessment of the most stable structure under ambient conditions. 

A quantitative synthonic and energetic analysis will be conducted to help identify 

and understand why the surfactant has manifested itself in the observed structural 

form. The assessment will also provide a benchmark for the ideal isethionate 

surfactant structure, whilst assisting the characterisation of non-ideal, transient 

structures observed in subsequent dynamic studies.  

4) Perform an in-situ dynamic, structural analysis of the model surfactant system under 

commercial manufacturing conditions. 

Given the rich and varied phase behaviour identified through existing structure-

performance studies of traditional soaps, an in-situ structural analysis will be 

executed over the commercial operating range to observe how the structure of the 

model detergent changes with temperature. The structural information from this 

study is anticipated to develop the aforementioned link between process and 

structure, on which future structure-performance models of isethionate ester 

surfactants are expected to be based. 
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1.4. Project Management 

The project was primarily supervised by Dr David Harbottle and co-supervised by Professor 

Kevin Roberts at the School of Chemical and Process Engineering at the University of Leeds. 

Professor Michael Rappolt, of the School of Food Science and Nutrition at the University of 

Leeds, was also a member of the supervisory team and was consulted for guidance on X-ray 

scattering techniques. Dr Ian McRobbie of Innospec Ltd was an external supervisor 

providing both industrial and technical expertise with respect to soap manufacturing 

processes. The project was funded both by Innospec and the EPRSC, through the Centre for 

Doctoral Training in Complex Particulate Products and Processes.  

1.5. Report Structure 

The next chapter consists of an overview of the fundamental science underpinning much of 

the surfactant crystallisation process research. The following chapter provides a background 

on the key experimental and computational techniques utilised in this study. The four 

succeeding chapters then address each of the four research objectives in respective 

succession. Due to the absence of a common scientific methodology between results 

chapters, a dedicated introduction, review of relevant literature and experimental section is 

provided with each individual chapter. The thesis concludes with a summary of findings from 

the project, their significance to the proposed research question, as well as propositions for 

further work based on current observations. A schematic illustrating a route map through 

which the thesis will progress is provided in Figure 1.8.
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Figure 1.8: Schematic depicting a route map of the thesis chapter structure. 
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Chapter 2: Crystallisation, Phase  

and Molecular Structure 

Synopsis: This chapter begins by reviewing the structural forms in which a crystalline 

species can exist within the solid state. An overview of polymorphism then discusses 

how thermodynamics influence the solid state structure by which a crystal is formed. 

The succeeding overview of melt crystallisation compares the methods by which solid 

surfactants can be isolated from a liquid melt, whilst providing the terms and concepts 

by which multi-phasic systems can be characterised. The chapter is concluded with a 

brief introduction to the molecular modelling techniques utilised in this study.
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2.1. Crystal Structure 

Solid, liquid and gas are three of the four major states of matter in which a material 

can exist.  A ócrystalô is any solid species whose atoms, or molecules, are arranged in 

a regular pattern which extends in three dimensions.[37] Often, the repeating atoms or 

molecules are replaced by hypothetical ólattice pointsô with each point existing in 

identical surroundings in space. The term óunit cellô is then used to describe the 

smallest group of atoms from which a systematic three dimensional ólatticeô can be 

constructed, without loss of translational symmetry. Any unit cell can be characterised 

by three spatial dimensions (a, b and c) and three angular dimensions (Ŭ, ɓ and ɔ).[38]  

These principles are illustrated in Figure 2.1.[39] 

 

 

Figure 2.1: Diagram of the nomenclature and dimensions used to characterise 

crystalline solid structures. Angle Ŭ is designated to lie opposite vector a, etc. Unit 

cells are allocated such that a Ò b and that all angles are as close to 90Á as possible.[39]                                                                                                                                                                                                                                                 

Unit cells can be classified into one of seven crystal systems, the categorisation of 

which is dependent on the unit cell parameters and the minimal rotation symmetry 

exhibited by the resulting structure.[37] (See Table 2.1) 
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Table 2.1: Seven crystal systems classified of unit cell and essential rotational 

symmetry. Table created using Mullin.[38] 

Crystal System Unit Cell Parameters Essential Symmetry  

Triclinic None None 

Monoclinic Ŭ = ɔ = 90Á  1 x two-fold rotation 

Orthorhombic Ŭ = ɓ = ɔ = 90Á 3 x two-fold rotation 

Tetragonal a = b; Ŭ = ɓ = ɔ = 90Á  1 x four-fold rotation 

Rhombohedral a = b = c; Ŭ = ɓ = ɔ Í 90Á 1 x three-fold rotation 

Hexagonal a = b; Ŭ = ɓ = 90Á; ɔ = 120Á     1 x six-fold rotation 

Cubic a = b = c; Ŭ = ɓ = ɔ = 90Á 4 x three-fold rotation 

 

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

exhibited by the unit cell, additional lattice points can be incorporated into the face, 

body or base of the structure. Bravais therefore expanded the seven crystal system into 

14 fundamental óBravaisô lattices structures.[40] (See Figure 2.2).
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Figure 2.2. 14 Fundamental Bravais lattices. P = Primitive (no additional lattice 

points), F = face centred, I = body centred, C = base centred and R = rhombohedral 

structures.  Adapted from Myerson.[37]
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Within the 14 lattices, there are 32 point groups through which the lattice points can 

be rotated and reflected whilst maintaining structure. These symmetries influence the 

optical properties inherent to the crystal.[41] Translation within the unit cell, in 

combination with rotations and reflections, results in the screw axis and glide plane 

symmetries. Screw axes combine rotational and translational motion while glide 

planes integrate both reflection and translation. These additional symmetries, when 

combined with the 32 point groups, result in a total of 230 space groups which 

encompass all possible crystallographic symmetries.[41] 

2.2. Mill er Indices 

The two dimensional planes intersecting a crystal lattice can be described in terms of 

the degree to which they intercept the three crystallographic axes introduced in Figure 

2.1.[38] The plane is numerically represented by three integers (hkl), with reciprocal 

values assigned according to the frequency of interception in the a, b and c axes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Examples of 2D planes and their corresponding Miller indices. Each 

integer in the index corresponds to one of the crystallographic axes. Its value pertains 

to the reciprocal of the intersection point. The 211 plane (right), for example, 

intersects the unit cell at 0.5 (a-axis), 1.0 (b-axis) and 1.0 (c-axis). Created using 

information from Tiley.[41] 
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As expected, planes parallel to any given axis result in a value 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 Miller Index system. Figure 2.3 displays 

examples of both parallel and intersecting 2D planes characterised by the Miller index 

notation.[41] In addition to the identification of crystallographic faces, 2D planes and the 

systematic spacing between them is also used to determine the unit cell parameters via the 

diffraction of X-ray radiation from the lattice structure.[39]  

2.3. Polymorphism 

Substances of identical chemical composition with a varying spatial arrangement of 

molecules are deemed to exhibit ópolymorphismô.[42] The term typically refers to a 

change in the molecular arrangement within the crystalline lattice, however, the 

phenomenon could also arise from a variation in molecular conformation.[38] While 

the chemical properties of polymorphs are identical, there is often a variation in the 

observable physical behaviour. Measurable changes in properties resulting from 

polymorphic changes including melting point, density, optical activity, heat capacity 

and thermal conductivity.[37] A common example of polymorphism influencing 

performance is that of the antiviral drug Ritonavir, where an unexpected change in 

crystal structure resulted in a significant reduction in solubility and bioavailability 

when compared with the desired polymorphic form.[43] Polymorphic selectivity can be 

achieved through the temperature, pressure and the solvent environment in which the 

crystal is obtained. The solvent can additionally incorporate itself into the lattice 

structure of the crystallising lattice where the resulting polymorph is referred to as a 

ósolvateô (or a óhydrateô if the crystallising medium is water).[42]  

 

The process parameters dictating the structural form of a crystalline lattice, often 

require precise control to obtain 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 polymorph has been isolated. óOstwaldôs Step Ruleô 

dictates that ñthe state which is initially obtained is not the most stable state but the 

least stable state that is closest to the original in terms of free energy change.ò[37] 

According to Ostwald, the solid form which a crystal lattice first adopts, is likely to be 

an ómetastableô state after which a more stable polymorph form will be adopted. 
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Thermodynamically driven processes, such as crystallisation, can be driven by 

enthalpy (ɲH < 0) or entropy (ɲS > 0).[44] The unifying balance between these driving 

forces quantifying the spontaneity of a given thermodynamic process, at a given 

temperature (T), is known as the Gibbs free energy (ɲG). Figure 2.4 shows how 

polymorphic stability is consequently thermodynamically dependent on the Gibbs free 

energy, which itself is dependent on enthalpy, entropy and temperature.[44] 

 

While less stable forms exist 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 most stable structures. Such transitions are, 

however, can be subject to kinetic barriers. A highly kinetic induction can also result 

in the formation of a non-crystalline or óamorphousô phase prior to the observation of 

a stable crystalline phase. This phenomenon is most prevalent in molecules of high 

molecular weight with a predominantly organic structure.[38]  

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Comparison of temperature dependent enantiomeric and monotropic 

crystal systems. a) Temperature dependence of change in Gibbs free energy (ɲG), 

enthalpy (ɲH) and entropy (ɲS) for a given transformation. b) Monomeric Polymorphs 

I and II. c) Enantiomeric Polymorphs III and IV. Polymorph I consistently maintains 

a lower Gibbs free energy than II and remains the most stable form across the given 

temperature range; the system is therefore considered monotropic.  Polymorph III (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 crystal. Created using Beckmann.[42]  

0

0

E
n
e
rg

y

Temperature

a) Gibbs Energy

0

0

ɲ
G

Temperature

b)  Monotropy

Polymorph II

Polymorph I

Enthalpy (ɲH) 

Entropy (TɲS) 

Gibbs Energy 

(ɲG = ɲH ï 

T*ɲS) 

0

0

ȹ
G

Temperature

c)  Enantiotropy

Polymorph IV

Polymorph
III

TC 



-23- 

The absolute stability of a particular polymorph is governed by the extent of attractive 

intermolecular interactions such as van der Waalôs, electrostatic and hydrogen 

bonding. More stable polymorphs with a higher degree of intermolecular interactions 

expectedly exhibit a higher melting point than their less stable counterparts. In cases 

where the most stable polymorph is unaffected by temperature, the corresponding 

species is deemed to be ómonotropicô. Other species can display a temperature 

dependent shift in the polymorph which exhibits the highest stability. Such species are 

described as being óenantiotropicô.  

2.4. Melt Crystallisation  

óMeltô is a term most accurately used to describe a pure molten solid.[42] In 

crystallisation, however, the term is more commonly utilised to refer to any 

homogeneous mixtures of liquids that typically assume the solid form at ambient 

pressure and temperature.[38] Where crystalline solids exhibit long range order in the 

form of a lattice structure, the corresponding liquids 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 crystal phase beyond the melting point of the 

crystalline system.[45] 

Like the solution crystallisation process, 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 by the temperature of the system and the relative 

concentrations of the two species, as is the case with a solution crystallisation.[37] In 

addition to the dominant phase at room temperature, Ulrich proposed that the 

distinction between the two crystallisation processes arises from the underlying 

mechanism of phase separation. In solution, the crystallisation is dictated by the mass 

transfer of the solvating species. However, if the transition is limited by heat transfer 

then the process can be considered a melt crystallisation.[46] The dominating 

mechanism is alleged to influence the rate of crystal growth, with melt processes 

typically exhibiting faster growth rates (~10-5 m/s) than that of solvent mediated 

crystallisations (10-7 - 10-9 m/s).[46] Assuming equivalent rates of nucleation, higher 

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 categorised into one of two types of process: solid layer 

melt crystallisation and suspension melt crystallisation.[47] A solid layer crystallisation 

(or progressive freezing process) crystallises a liquid melt perpendicular to cooled 

surface. The process can be executed in batch or continuous flow depending on 

whether the liquid melt is static or dynamic. Solidification is induced by temperature 

differential between the liquid melt and the cool solid surface with which it maintains 

contact.[48] 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 crystal and liquid 

phase.[46]  

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 agitator often extends to 

the wall of the reactor to limit the build-up of solid material, thus improving heat 

transfer into the vessel.[42] Some key distinctions between two melt crystallisation 

techniques are outlined in Table 2.2. 

 

Table 2.2: Comparison of solid layer and suspension melt crystallisation techniques. 

Based on a typical industrial process, as described by Ulrich et al.[48] . *Tc = 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 Liquid melt 

Growth rate Fast (10-5 - 10-7 m/s) Fast (10-7 - 10-8 m/s) 

Crystallising area 10-100 m2 per m3 ~1000 m2 per m3 

Solid crystallising mass 50-75% § 30-40% § 

Transported material Liquid only Solid ï liquid suspensions 

Transport apparatus Pumps only Agitated batch crystalliser 

Product separation Easy (draining) Filtration or centrifugation 
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Suspension crystallisation exhibits close to isothermal conditions since the heat of 

fusion resulting from the crystallisation is absorbed by the melt.[48] The consequently 

slow rate of crystal growth, coupled with a larger surface area on which crystallisation 

can be executed, allows for purity in excess of 99% to be achieved.[46] As the crude 

product is a solid-liquid slurry, however, the technique is limited by the additional unit 

operations required to transport and purify the multi-phase product. The viscosity and 

settling velocities must be taken into consideration when designing a process to avoid 

complications with a build-up of solid material.[42] 

2.6. Phase Equilibria 

A óphase diagramô is a visual representation of the chemical species existing within a 

system at thermodynamic equilibrium. In a melt crystallisation process, it provides 

quantitative information regarding the degree of separation attainable through the 

manipulation of thermodynamic parameters such a pressure (p) and temperature (T). 

[49] Although enthalpy and entropy are also examples of intensive thermodynamic 

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

they can be experimentally controlled and measured.[50] 

The term óphaseô is used to describe any homogeneous region of a phase diagram, with 

the term óheterogeneousô referring to any region consisting or two or more phases in 

simultaneous equilibrium.[50] Liquids completely miscible in each other are considered 

to be of a single phase under this nomenclature. The ócomponentsô of a system are the 

fundamental independent species required to characterise the chemical composition of 

all phases within a given phase diagram.[38]  

2.7. The Phase Rule  

Between the years of 1874 and 1878, Willard Gibbs published his proposition of the 

óphase ruleô upon which the fundamentals of phase equilibria have been formed.[51]  
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F  =  C ï P  +  2 

 

Figure 2.5. Phase rule for chemical species within a heterogeneous system. F = 

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 two or more phases at 

equilibrium. First proposed by J. W. Gibbs.[51] 

Figure 2.5 states that the largest number of independent thermodynamic parameters 

that can be varied whilst preserving the total number of phases existing at equilibrium 

is determined by the number of 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 research,[51] a more accessible summary is available from 

Atkins et al. [44] The phase rule can be illustrated using the classical pressure-

temperature phase diagram of pure water. A schematic is depicted in Figure 2.6.  

 

 

 

 

Figure 2.6. Schematic of a single-component pressure-temperature phase diagram of 

pure water. Regions where one, two and three phases exist in equilibrium are 

represented by the labels I, II and III respectively. Concepts concerning the phase rule 

are explained in the adjoining text. Diagram created using information from 

Adkins.[50] 
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At point I (Figure 2.6), a single homogeneous liquid phase exists at equilibrium. 

According to the Gibbsô phase rule, two thermodynamic parameters (both p and T) 

may be changed independent without affecting the total number of phases in the 

system. If the conditions are altered such that both liquid and gaseous water exist at 

equilibrium (point II, Figure 2.6), then the rule states that only one independent 

variable may be changed 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 

phases exist in equilibrium (point III, 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, accessible introduction to the molecular modelling techniques used in this 

study are provided in the following section. The sub-sections on quantum mechanical 

theory, Hartree-Fock theory and density functional theory were written using texts 

from Koch and Holthausen,[52] Hanson et. al.,[53] Baseden and Tye,[54] Thijssen,[55] and 

Atkins and Friedman.[56] Whilst key studies have been cited where relevant, the final 

two texts can be consulted in addition to the original sources for a more in-depth, 

mathematical description of the corresponding phenomena. 

2.8.1. The Schrödinger Equation 

In theoretical physics, the state of a quantum mechanical system at any spatial position 

can be described by the time-independent Schrödinger equation[57] and the 

corresponding wavefunction (ɣ). Its general form is provided below: 

 

Ὄ‪ Ὁ‪                                                             ρ 

 

The Hamiltonian operator (Ὄ) can take on various forms depending on the type of the 

system being characterised and the number of dimensions under consideration. If the 

wavefunction (ɣ) is iterated until the energy (E) is minimised, then the resulting 

wavefunction corresponds to the ground state on the corresponding system and in the 

case of a molecule, the state in which it is most likely to exist.  
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2.8.2. The Born-Oppenheimer Approximation  

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 higher than that of an electron and its acceleration as 

a result of these forces is consequently significantly lower (F = ma). The Born-

Oppenheimer approximation[58] therefore postulates that while the electronic 

wavefunction is dependent on the position of a nucleus, nuclear motion can be negated 

when describing the electronic states in a molecular system. 

Using the Born-Oppenheimer approximation to parameterise the terms corresponding 

to nucleus-nucleus interactions, the Hamiltonian operator encompassing a molecular 

system consisting of nuclei and electrons can be written as follows, where Ὕ is the 

kinetic energy of the nucleus and  ὠ ὠ  are the respective potentials corresponding to 

nuclear-electron and electron-electron interactions.  

 

Ὄ ‪ Ὕ ὠ ὠ                                               ς 

 

The operator Ὄ  can be used to determine to determine Ὁ  through ‪  using the 

Schrödinger equation. As Ὁ  has now been parameterised into constants through the 

Born-Oppenheimer approximation, the total energy of a molecular system can be 

described as follows. 

Ὁ Ὁ Ὁ                                                 σ 

 

 

The focus is consequently now on finding a solution for the electronic portion of the 

equation. In a system consisting of more than one electron, the electron-electron 

interaction term in Eq. (2) is simultaneously dependent on the co-ordinates of all 

electrons. The impossibility in obtaining a wavefunction to characterise this many-

body system precludes an exact solution of the Schrödinger equation. 

2.8.3. The Hartree-Fock Method 

One way to address the many-body issue is to separate the multi-body wavefunctions 

of electrons into a product of single electron wavefunctions as follows: 
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‪ὼȟὼȟȢȢὼ  ‪ ὼ ȟ‪ ὼ ȟȢȢ‪ ὼ                               τ 

 

In this form, the Hartree-Fock (HF) approximation[59, 60] assumes that electrons are 

uncorrelated so that the many-electron wavefunction can be expressed as the matrix 

displayed in Eq. (5). Known as the Slater determinant,[61] ɣx corresponds to the 

wavefunction of a specific electron while its corresponding variable x contains the 

spatial and spin co-ordinates of the respective electron.  

 

‪ ὼȟὼȟȢȢὼ
ρ

ЍὲȦ
 

‪ ὼ ‪ ὼ Ễ ‪ ὼ

‪ ὼ ‪ ὼ Ễ ‪ ὼ
ể ể Ệ ể

‪ ὼ ‪ ὼ Ễ ‪ ὼ

                  υ 

 

In the HF method, the electron-electron interaction term (ὠ  in Eq. (2))  is replaced 

by the Hartree Potential. The term proposes that the interaction between individual 

electrons can be approximated by the Coulomb potential of the system (Ur), where 

each electron interacts with the average electrostatic field resulting from all other 

electrons in the system. This potential can be calculated from the electronic charge 

distribution of the system using the Hartree equations.[62] 

An exchange interaction in the HF method accounts for the Pauli Exclusion 

Principle,[63] which states that two or more electrons cannot simultaneously occupy 

the same quantum state. However, the Hartree-Fock method does not account for the 

mutual coulombic repulsion between electrons resulting from electrons of parallel 

spin, or its correlated influence on electronic motion. The exchange interaction also 

exhibits a slow decay with respect to distance which significantly increases 

computational cost when many-bodied systems are considered. 

2.8.4. Density Functional Theory 

In 1927, Thomas [64] and Fermi [65] demonstrated how the difficulties associated with 

electronic wavefunction, Slater determinant and most importantly, correlation terms, 

can be overcome by using a holistic representation of electron density to describe a 

many-electron system. Progressive approximations, most notably by Hohnberg, Kohn 
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and Sham,[66, 67] ultimately led to the inception of modern Density Functional Theory 

(DFT) where: 

(Function): Uses a number as an input to produce a number as an output. 

[Functional] : Uses a function as an input to produce a number as an output. 

[Density functional] : Uses the electron density, which itself is function of 

position co-ordinate (r) to output the energy of a molecular system. 

Hohnberg, Kohn and Sham proposed that the total electronic energy and other physical 

characteristics of a many-electron system can be calculated in terms of the electron 

density ὲὶ using a single functional Ὁ ὲὶ . The individual energy terms, which 

constitute the universal functional, are displayed in Eq. (6). Positive terms are coloured 

green while negative terms are coloured red.  

 

Ὁ ὲὶ   Ὁ ὲὶ   Ὁ ὲὶ   Ὁὲὶ   Ὁ ὲὶ   Ὁ ὲὶ       φ 

 

 

 

 

 

While its intended purpose from HF theory is unchanged, the Ὁ  exchange term in DFT 

does not correspond directly with the exchange interaction in the Hartree-Fock method. Ὁ 

is also a new term to account for the repulsive correlative motion exhibited by 

electrons in a parallel spin state. This phenomenon was unaccounted for in previous 

Hartree-Fock approximations. Both Ὁ  and Ὁ were introduced to supplement the 

repulsive electron-electron energies quantified through Ὁ. 

 

In Eq. (6), Ὁ  (kinetic energy of an electron) and Ὁ  (potential energy between an electron 

and nucleus) can be obtained directly from algebraic expressions.[55] To evaluate Ὁ, the 

Hartree-Potential can be integrated with respect to the electron density in the system ὲὶ . 

The remaining exchange (Ὁ ) and correlation (Ὁ) functionals are approximated using single 

exchange-correlation functionals (Ὁ ) to provide a representative combination of the local 

potential corresponding to each electron. Whilst the term functional has been defined in a 
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general sense, many texts and computer programs also use the term functional to specifically 

to refer to the exchange-correlation functional Ὁ . The development and refinement of 

approximations for Ὁ  is a vast and expanding field of research, with the suitability 

of various options being dependent on the chemistry of the molecular system in 

question. The B3LYP[68] functional uses 3 parameters to combine the Hartree-Fock 

exchange functional with the existing LYP correlation functional to quantify dynamic 

electron correlation. With over 80000 citations on the aforementioned paper, B3LYP 

is reportedly a popular functional with applications pertaining to a range of organic 

systems.[69]  

With the Hamiltonian energy expression (Ὄ ) now addressed through DFT, the 

electronic wavefunction (‪ ) defining the spatial co-ordinates and states of a system 

can be represented by molecular orbitals. A simple example is a single Gaussian Type 

Orbital (GTO), which can be represented by an integrable algebraic function. In 

practice, most modern computational programmes integrate linear combinations of 

orbitals with additional polarisation functions to provide a more representative spatial 

characterisation of the electron shells in a molecular system. The set of functions used 

to generate these molecular orbitals are known as basis sets. Like the exchange-

correlation functional described previously, the suitability of a specific basis set is 

often dependent on the molecular system under analysis. A popular example is 

Popleôs[70] 6-31G basis set where the core orbital consists of 6 contracted GTOs, while 

the valence orbital is represented by one contracted set of three GTOs, augmented by 

a final single GTO. 

In the energy optimisation of a chemical system, a user-generated molecular model of 

the system is used to define an initial representation of the electron density. Typically, 

the Hartree-Potential and the electron density ὲὶ  are interdependent where 

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 the desired molecular system in the 

ground state. 

2.8.5. Molecular Mechanics 

The Hartree-Fock method and DFT use the Schrödinger equation and quantum 

mechanical theory as the fundamental basis for modelling molecular systems. 
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Molecular mechanics conversely use classical mechanics to achieve the same goal.[69] 

While quantum mechanical theory states that electronic charge is not localised to 

specific atoms, molecular mechanics functions under the approximation that each 

atom is a particle with a designated radius and atomic charge.[71] Molecules are then 

considered to be individual atoms linked through mechanical springs at a distance 

equivalent to the equilibrium bond length.[72] Early examples by Kettering et al. apply 

the approximations to chemical systems,[73] with later studies developing 

computational methods to minimise the energy of a molecular system based on bond 

characteristics and non-bonding interactions.[74] 

The total energy of the molecular system is calculated in terms of these bonded 

covalent interactions (blue) and non-covalent interactions (orange) as shown in Eq. 

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

determining the respective energy. 

 
 

Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ                   χ 

 

 

 

 

 

 

 

In molecular mechanics, the term forcefield is typically used to refer to the set of 

functions used to calculate the total energy of the system.[69] As with basis sets and 

functionals in DFT, forcefield selection is dependent on the specific system under 

consideration. Both DFT and molecular mechanics are extremely useful for the 

characterisation of organic materials, with computational energy minimisations being 

utilised to assist in the prediction of crystal structures,[75] visualisation of particle 

morphologies[76] and detailed energetic characterisation of crystalline phases.[77] 
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Chapter 3: Experimental Background 

Synopsis: This chapter contains the background science pertaining to the experimental 

methods utilised in the succeeding results sections. The specific experimental details and 

mathematical methods pertaining to each study are provided in the corresponding sub-

section of the relevant results chapter.
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3.1. Gas Chromatography  

Given the general trends of increased boiling temperature within the homologous 

seriesô of long chain lipids, gas chromatography is useful for distinguishing between 

fatty acids of varying alkyl chain length.[78]  In gas chromatography, a mixture of 

analytes in solution is transported through a coated capillary ócolumnô by an inert 

carrier gas (H2, He or N2).
[79, 80] Liquid samples are typically injected into a heated 

chamber in which they rapidly vaporise. The gaseous samples are then propelled 

through the capillary by means of the carrier gas. Separation of analytes can be 

achieved by manipulating varying degrees of chemical interaction with the column, as 

well as differences in vaporisation temperatures within the mixture of analytes.[81] 

Following separation, the end of the column is connected to a range of detector types 

in order to detect and quantify species of interest.[79] In this study, the hydrolysed 

coconut oil commonly used to synthesise SCI was separated to identify and quantify 

its constituents  using a combined gas chromatography-mass spectrometer (GC-MS) 

instrument.[82] A schematic is provided in Figure 3.1. 

 

 

 

Figure 3.1. Schematic of a simple gas chromatography instrument. Edited using 

Harris et al.[80] 

Previous chromatographic analyses of fatty acids indicate that the carboxylic acid functional 

group can adsorb onto a variety of Gas Chromatography (GC) columns,[83] resulting in peak 

tailing and long retention times.[84] While researchers have produced high resolution 
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chromatograms of free fatty acids through the use of selectively acidified polyethylene glycol 

stationary phases,[85] the standard AOCS method of fatty acid analysis recommends 

methylation with GC-MS analysis of the corresponding fatty acid methyl esters (FAMEs).[86] 

3.2. Surfactant Synthesis Reactor Development 

The chemical synthesis of sodium lauroyl isethionate (SLI) via the zinc catalysed 

esterification of lauric acid (LA) and sodium isethionate (SI) is depicted in Figure 3.2.  

 

 

 

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 C18.[7]
 

The laboratory scale process used to synthesise isethionate esters in this project has been 

derived from the continuous industrial synthesis of SCI, patented by Unilever in 1969.[16] A 

description of the manufacturing process together with a schematic of the corresponding 

reactor is provided in Section 1.1.3, Figure 1.6. Both the water vapour and distilled fatty acids 

are typically evolved from the reaction once the mixture is heated.[87] An organic-aqueous 

separator was therefore implemented in the industrial synthesis of SCI to allow removal of 

both the water of reagent dilution and the water of reaction (Figure 1.6, Part C). The chemical 

reaction is in dynamic equilibrium so any water present in the system must be removed to 

maintain a thermodynamic driving force in favour of the desired product (Figure 3.2).[7] In 

the industrial process, volatile fatty acids are conversely recycled back into the reactor 

following distillation to maximise the conversion of sodium isethionate.[87] When the 

commercial blend of surfactants were manufactured, the recycle ensured that the lipid 

composition of the product matches that of the starting material.[36] In the laboratory scale 

system, this separation was achieved using a Dean-Stark (DS) receiver where the position of 

the organic-aqueous interface, was regulated via a stopcock. Lauric acid has a low density 
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relative to the aqueous phase,[78] which makes the DS apparatus ideal for simulating the 

industrial recirculation. 

Cahn et al. have reported that the SCI reaction mass is highly prone to oxidation in the 

presence of air.[87] The resulting impurities influence both the whiteness and odour of the 

crude product. An inert atmosphere was therefore 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 post-reaction fatty acid distillation, Walele et al.[36] recommended that the 

pressure be reduced incrementally from approximately 800 mbar to 50 mbar, but guidance 

was not provided on how this is best achieved. During trial laboratory scale reactions, it was 

observed that excessive reduction of pressure did indeed result in severe foaming of the 

reaction mass. Standard vacuum controllers, such as those commonly associated with 

rotary evaporation systems, regulate vacuum levels by systematically bleeding air into 

the reaction system. The introduction of air into this reaction, however, would 

compromise the inert atmosphere and increase product degradation. The pressure was 

therefore controlled by regulating the flow of nitrogen into the system under absolute 

vacuum, as depicted in Figure 3.3.  

 

 

 

 

 

 

 

 
 

 

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

apparatus via N2 valve. 

 

Due to the lack of active heating within the distillation glassware, any reaction mass carried 

through to the distillation pathway posed a significant risk of reactor blockage. The melting 

point of the desired product is reportedly in excess of 200 °C.[15] Although the vacuum was 
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regulated to minimise the unintended loss 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 the risk 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 detergents.[88] The current PhD study 

utilises a biphasic titration in which the endpoint is observed by an equalling in colour 

intensity between two immiscible liquid phases.[89]  

 
 

 

  

 

 

 

 

 

 

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 1947[90] and has since formed the basis 

for many standard analytical methods.[91] The endpoint of the titration in this study 

was indicated by an equal intensity of methylene blue in a biphasic DCM-water 

mixture, as depicted in Figure 3.4. The underlying chemistry is explained in Figure 

3.5. 

 

Pre End Point End Point Post End Point 
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Figure 3.5: Biphasic titration of SLI with Hyamine (Hy+) to quantify surfactant levels. 

The isethionate species and methylene blue indicator (MB+) initially form a complex 

which is preferentially 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 phase. The end point is reached 

when a stoichiometric quantity of Hyamine has been added.  

The accuracy of the endpoint relies on the precision with which solutions are prepared.[92] 

Although in this instance, the cationic titrant was standardised by the chemical supplier and 

used as received. Its concentration can be verified by standardisation against sodium dodecyl 

sulphate, which itself can be standardised against 1 M sulfuric acid. Details of these 

procedures have been published by Longman.[89] 

  

3.4. Differential Scanning Calorimetry  

Through the breaking and formation of thermodynamically favoured intermolecular 

interactions, endothermic and exothermic energy changes result from melting and 

crystallisation processes respectively. Calorimetry is a method by which such phase 

transitions can be detected by measuring the flow of heat into and out of a material.[93] 

Differential Scanning Calorimetry (DSC) is a common form of calorimetry in which the 

energy required to heat a sample is measured against a reference as a function of temperature. 

The differential between the sample and reference can be quantified in one of two ways: 

power compensation or heat flow.[94] The two methods are depicted in Figure 3.6.  
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Figure 3.6 Comparison of power compensation and heat flow differential scanning 

calorimeters (DSC). Sample (S) is heated within a crucible typically constructed from 

aluminium, alumina or platinum. An empty reference crucible (R) is subjected to the 

same temperature profile.[93] 

 

A power compensation DSC (left, Figure 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. In a heat flow DSC (left, Figure 3.6), both crucibles are 

instead heated via a single heating element. The heat flow resulting from a phase transition 

is contrastedly detected by a temperature differential between the two crucibles.[94]  

The interpretation of the resulting thermal curve is independent of the instrument format. 

Both systems report no change between the sample and reference crucibles in the absence of 

a thermal event.[95] In the event of an endothermic transition (such as the melting of a solid 

species), a power compensation DSC would report a decrease in the thermal energy required 

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 transition always corresponds to an inverted peak signal, 

irrespective of the instrument type. Figure 3.7, displaying the thermal curve obtained from 

melting of myristic acid, demonstrates how phase transformation characteristics are 

measured. Analogous methodologies 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 heating a sample of myristic acid using a Mettler 

Toledo DSC 1 power compensation calorimeter. TOnset = Onset of solid melting (red) 

was obtained through tangential extrapolation as shown. TPeak
 = Peak melting 

temperature (blue) was measured as the temperature at which peak enthalpy change 

is detected. 

3.5. Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) is an analytical method in which the mass of a substance 

is measured as it is exposed to a controlled atmosphere or temperature over a defined time 

period.[96] A TGA instrument consists of a sample holder placed within a temperature 

controlled chamber where the sample pan in a TGA is supported by a precision balance. 

Many instruments also contain temperature sensors permitting the simultaneous collection 

of DSC data (Section 3.4).[94] 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 oxidative studies utilise air or nitrogen. The gases evolved from the analysis 

can be characterised using a variety of analytical methods to provide additional chemical 

information on the degradation by-products.[97] Mass spectrometers (MS)[98] and infrared 

spectrometers (IR)[99] are commonly utilised in this application. When complex mixtures of 

gases are simultaneously produced, a gas chromatography instrument can be introduced to 

separate evolved gases prior to spectroscopic analysis. In this study, a TGA instrument was 

connected directly to an IR spectrometer for the in-situ analysis of evolved gases (see Section 

3.6) 
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3.6. Infrared Spectroscopy of Evolved Gases 

Infrared spectroscopy (IR) functions on the fundamental basis that organic molecules are in 

a state of continuous vibrational and rotational motion.[100] If a material is exposed to infrared 

radiation of a frequency that is equal to the frequency of a molecular vibration, then the 

radiation is quantifiably absorbed and converted into vibrational energy.[101] 

The selection rules of IR state that a vibrational transitional within a molecule is allowed and 

therefore óIR activeô, only if a change in dipole moment results from the corresponding 

vibration.[102]   Homonuclear diatomic species therefore cannot be observed via IR due to the 

absence of an excitation-induced dipole moment. Heteronuclear species such as CO2, in 

contrast, are observable despite the lack of a dipole moment at equilibrium due to an 

asymmetric displacement of the centre of charge in the molecule. Non-linear molecules 

containing n number of atoms exhibit 3 n ï 6 degrees of vibrational freedom. There six 

normal vibrational modes that can be exhibited via polyatomic molecule, all of which are 

represented in Figure 3.8 by the CH2 group in an alkyl chain: 

 

 

 

Figure 3.8. IR active vibrational modes of CH2. Bending motions can also be termed 

as deformation motions. [103] 
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The ómiddleô IR region at wavenumbers between ~500 and 4000 cm-1
 is reportedly the most 

useful form of infrared spectroscopy in the analysis of lipid molecules.[78] Modern infrared 

spectrometers operate through means of an interferometer, as depicted in Figure 3.9. [104] 

 

 

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

(FTIR) spectrometer. Reproduced from Smith et al.[104] 

Infrared radiation from a black body source is directed into a beamsplitter, which creates two 

optical beams from the incoming IR radiation. The optical beams travel through the 

designated paths depicted in Figure 3.9, before reconverging at the beamsplitter. While one 

beam has travelled a fixed distance, the path length of the second beam is dependent the 

position of the moving mirror. The signal exiting the beamsplitter is referred to as 

óinterferogramô as it is a combination of the interference between the two signals.[105]  

Through adjustment of the moving mirror, the interferogram permits the measurement of all 

IR frequencies in a single measurement, thus significantly reducing analysis times. A 

Fourier-transformation is subsequently utilised to convert the interferogram into an FTIR 

spectrum depicting the absorbance of the sample at wavenumbers between ~500 and 

4000 cm-1. [104] A background sample is typically collected to avoid characteristic signals 

water or CO2 in the atmosphere from impeding the analysis.[106] 

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

Hookeôs Law (Eq. (8)): [104] 
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Here, ‡Ӷ is wavenumber (cm-1), c is the speed of light (cm/s) and ɛ is the reduced mass 

where m1 and m2 are the atomic masses of each atom in the diatomic bond. k 

corresponds to the bond force constant (N/cm) which is an indication of bond strength.  

In the analysis of solvated liquid samples, changes in intermolecular forces between 

polar and non-polar solvents can influence localised changes in the force constant.[106] 

Gas-phase molecules can be considered as existing in an extremely diluted, non-polar 

environment; where both solvent-sample and sample-sample intermolecular 

interactions would be negligible. As vapour phase molecules are predominantly 

present in the monomeric state, compared with the dimeric and polymeric states 

observed in more condensed states, there are significant decreases in hydrogen-

bonding levels.[107] Frequencies of both O-H and C=O absorption bands in the vapour 

state specifically exhibit notable changes in frequency when compared with solid and 

liquid samples. 

3.7. X-Ray Diffraction  

The wavelength of X-ray radiation (~10-10 m) is of the same order of magnitude as the 

interatomic distance observed in most organic and inorganic materials.[108] When 

incoming X-ray radiation interacts with the electrons in an atomic array, it is scattered 

in a similar manner to the way that visible light interacts with objects at a larger 

scale.[109] The extent to which electrons are scattered is dependent on the number of 

electrons in the atoms. This amplitude can be used to distinguish atoms by element, 

particularly when there is a large discrepancy in atomic mass between neighbouring 

atoms. [108] 



 

-44- 

In general, if the difference in path length between in-phase X-rays is equivalent to the 

wavelength of the incoming X-ray radiation (or a common multiple), then the intensity 

of the resulting wave is greatly increased through constructive interference. All 

scattered X-ray radiation resulting from this constructive interference is diffracted at 

a single angle equal to that of the incoming radiation.[110]  Figure 3.10 is a 2D 

representation of an ordered array of atoms, in a hypothetical 3D lattice, to display 

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

materials.  

 

 

  

Figure 3.10. Bragg diffraction of X-ray radiation in adjacent crystallographic 

planes.[108]  

In the displayed example, the difference in path length (d) between ABC and AôBôCô 

is equal to the integer multiple of the incoming X-ray radiation (ɚ), resulting in a 

diffracted beam 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. [111] 

ὲ‗  ςὨÓÉÎ—                                                 ρπ 

 

Where ɗ is the angle of incidence of the incoming X-ray radiation, ɚ is the wavelength 

of the incoming X-ray radiation, n is the integer óorderô of the diffraction (n = 1, 2, 
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3,..) and d is the interplanar lattice spacing. By varying the angle of incidence and 

observing the points at which constructive interference is observed, a representation 

of interatomic distances within the lattice can be obtained.  

In the analysis of other lipids and long chain hydrocarbons, large numbers of randomly 

orientated microcrystals are simultaneously analysed via powder X-ray diffraction 

(PXRD).[112] A typical powder X-ray diffractometer typically consists of an X-ray 

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

which angles are adjusted and an X-ray detector. The PANanalytical XôPert 

Diffractometer utilised in this project exhibits a Bragg-Brentano geometry (Figure 

3.11). The sample stage remained stationary whilst the goniometer simultaneously 

rotated the X-ray source and detector to measure the X-ray diffraction at angles 

between 2 and 50Á (2ɗ). The wavelength from the Cu-kŬ source was fixed at 0.154 nm 

to ensure that crystallographic planes produced just a single set of diffraction signals.  

 

 

 

Figure 3.11. PANalytical XôPert Powder X-ray Diffractometer exhibiting a Bragg-

Brentano geometry. 

3.8. Small Angle X-Ray Scattering 

In complex multi-component lipid systems, increased levels of disorder often result in semi-

crystalline or liquid crystalline phases exhibiting quasi-Bragg diffraction.[113] Whilst there is 



 

-46- 

reduced scattering from atomistic intermolecular interactions between alkyl chains, the 00l 

reflections originating from planes of liquid crystal structures can still be observed by small 

angle X-ray scattering (SAXS).[78] The components of a SAXS instrument are similar to that 

of a powder X-ray diffractometer. An X-ray source directs a beam of radiation onto a 

powdered or liquid sample, after which the scattering is measured by a detector.[114] Unlike 

the PXRD setup, the SAXS systems in this study utilise a 2D detector setup which 

simultaneously captures scattering at all angles, without the need for goniometer to rotate the 

X-ray source, sample stage or detector.[115] (Figure 3.12) 

 

 

 

Figure 3.12. Schematic of a small angle X-ray scattering (SAXS) instrument featuring 

a 2D detector in transmission mode. The diagram shows how scattering length (Q) in 

a SAXS instrument relates to Bragg angle (ɗ) in a powder diffractometer. Varying the 

distance between the sample and detector varies the scattering length (Q) detected by 

the instrument. Created using Londono et al. [115] 

Instead of the Bragg scattering angle (ɗ), the SAXS instrument measures the scattering 

length (Q). [114]  The d spacing (Eq. (Bragg)) can be obtained from the scattering length 

using Eq. (11) to permit the measurement of lattice spacing in the absence of atomistic 

ordering in the crystalline phase.[113] In SAXS, the order of diffraction is more 

commonly denoted by h rather than n. 
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Powdered samples, isotropic liquids and dispersed samples exhibiting a random 

molecular orientation in the sample produce a scattering pattern of radial uniformity. 

When texture in the scattering pattern is observed, structural information relating the 

particle morphology can be inferred. The degree and intensity of anisotropy can be 

used to measure the extent of preferred orientation. As observed in single crystal X-

ray diffraction, a single particle orientated specifically to the incident beam produces 

intense spots pertaining to the individual Bragg reflections in the material. 

 

 

Figure 3.13. X-Ray scattering from a 2D SAXS instrument of a single crystal (left), 

randomly orientated powder (right) and materials displaying preferred orientation 

(cenre).[114] 

SAXS is often used to probe special dimensions of larger systems such as proteins, 

nanomaterials and biological membranes.[116] By increasing the sample-to-detector 

distance, the scattering length (Q) can be used to probe distances of several 

nanometres. In such systems, broader, characteristic shapes in the scattering curve can 

be used to distinguish between spheres, plates, rods and discs in the sample 

nanostructure.[114] In the current study, however, SAXS will primarily be used as an 

extension to PXRD, to observe Bragg reflections that are produced at d spacings just 

beyond those that observable using a typical laboratory diffractometer.
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Chapter 4: Process Focused Synthesis, Crystallisation 

and Physicochemical Characterisation of SLI 

Synopsis: The results chapter describes how sodium lauroyl isethionate (SLI) was 

selected as a model isethionate ester surfactant from the analysis of commercial 

materials. Following a bespoke synthesis of SLI, a turbidimetric solubility analysis 

was conducted to identify conditions through which it could be reproducibly purified. 

A physicochemical characterisation was finally executed to verify the chemical 

identity of the surfactant, whilst simultaneously revealing key physical properties 

underpinning its performance in personal care formulations. In relation to the 

proposed research question, this chapter specifically developed the means of 

acquiring a reproducible model detergent for a detailed structural characterisation. 
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4.1. Introduction  

Personal care products such as soap bars, shampoos and liquid cleansers contain 

surfactants to remove grease and sebaceous oils from the skin. Repeated exposure to 

surfactants is known to cause skin irritation,[117] dryness,[118] tightness[119] and damage 

to the stratum corneum.[120] These effects are reported with the use of both traditional 

carboxylate soaps and synthetic surfactants such as sodium dodecyl sulfate (SDS).[121-

125] Sodium cocoyl isethionate (SCI) is a milder surfactant also prevalent in personal 

care formulations.[9] 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 consumer.[124] Studies have demonstrated reduced 

irritation,[124] dryness[126] and binding to the stratum corneum,[127] compared with 

soaps and alkyl sulphates. In the presence of hard water, traditionally saponified 

carboxylate soaps exhibit a loss in surface activity as the sodium counter-ion is 

displaced by magnesium and calcium ions.[128] A larger quantity of product is often 

utilised by consumers in order to compensate for the consequent loss in detergency 

and lather.[7] The poor aqueous solubility of the inactive alkali earth salts also results 

in the precipitation of solid óscumô on bathroom surfaces.[129] SCI is conversely stable 

in the presence of alkali earth metals and does not form any deposits or display 

significant loss of lather volume in the presence of hard water.[7, 28]  

 

The molecular structure of SCI is shown in Figure 4.1. On a commercial scale SCI is 

manufactured through the functionalisation of hydrolysed coconut oil.[128] Once 

hydrolyzed, the coconut oil consists of a blend of linear, saturated carboxylic acids 

ranging between octanoic (C8) and octadecanoic acid (C18). Sodium derivatives are 

most prevalent within surface active isethionates; although protic[130] and 

ammonium[131] isethionates have also been prepared for pharmaceutical applications. 
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Figure 4.1. Molecular structure of the isethionate functional group. For sodium cocoyl 

isethionate (SCI), R = linear, saturated carboxylic acid chain between octanoyl- (C8) 

and octadecanoyl- (C18).  

A compositional analysis of coconut oil indicates that the dodecanyl (C12), 

tetradecanyl (C14) and octadecanyl (C18) chain lengths are the most abundant with 

concentrations of 47.7%, 19.9% and 10.3% respectively.[132] Although this chain 

length distribution is representative of commercial SCI, there is a natural disparity 

between batches due to the compositional variation in the raw material.[7] Because of 

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

derivatives existing in the natural surfactant blend. 

Bistline et al. prepared a series of even numbered, consecutive isethionates ranging 

from sodium dodecanoyl isethionate (C12) to sodium octadecanoyl isethionate (C18) 

via a two-step catalytic process.[133] The corresponding linear, saturated carboxylic 

acids were first esterified using propyne under zinc catalysis to form the equivalent 

isopropenyl esters. These derivatives were then mixed with sodium isethionate and 

heated to 200°C in the presence of a p-Toluenesulfonic acid catalyst to create the 

desired acyl isethionate.[133] Hikota also prepared sodium decanoyl isethionate (C10) 

and sodium dodecanoyl isethionate (C12) as part of a larger investigation into ester-

based surfactants.[134] Carboxylic acids were reacted with thionyl chloride to form the 

corresponding acyl chlorides. Following a reduced pressure distillation, the acyl 

chlorides were reacted with sodium isethionate at 90°C to yield the acyl isethionate 

surfactants. Both studies utilised a two-step synthesis route and while Hikotaôs 

reaction temperature was lower, the chlorinated reagents were significantly more 

hazardous than those utilised by Bistline et al.[133] In the aforementioned studies, both 

authors repeatedly recrystallised the sample in alcoholic solvent to purify the crude 

product. A recent review of acyl isethionates,[33]  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 formulations.[128] 
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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 single-step esterification of 

lauric acid and sodium isethionate. Our reaction 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 

ancillary solvent, catalyst and chlorinated species from the synthesis. 

Following synthesis, the crude SLI was successively recrystallised in methanol with 

accompanying purity analyses at each stage. A polythermal solubility turbidimetric 

analysis was subsequently completed to determine the optimum crystallisation 

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 therefore subjected to a detailed 

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 

physicochemical properties influence 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 Innospec Ltd. Sulphuric acid ACS reagent (95-

98%), was obtained from Sigma-Aldrich. Methanol ACS analytical reagent (99.8%), was 

obtained from VWR.  

4.2.1.2. Synthesis and Purification of SLI 

Lauric acid (99%, Acros Organics) and sodium isethionate (98%, Acros Organics) 

were obtained from Fisher 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 Aesar. Anhydrous sodium 

sulfate (99%) was obtained from Fisher Scientific. Sulphuric acid ACS reagent (95-

98%), was obtained from Sigma-Aldrich. Dichloromethane ACS analytical reagent 

(99.9%), was obtained from VWR. Hyamine 1622 cationic titrant was standardized to 

0.004 M by 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 ɛl sulphuric acid in 20 ml methanol (2% w/v) was added to 5.0 g of hydrolyzed 

coconut oil in a 50 ml 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 mixture was also poured into the separating funnel. Methyl esters were 

extracted into 3 × 50 ml of hexane. 

4.2.2.2. FAME Analysis via Gas Chromatography - Mass Spectrometry (GC-MS) 

GC-MS analysis was executed via a Perkin Elmer Clarus 560S single quadrupole 

GC/MS system, equipped with a Perkin Elmer Elite-5 MS capillary column (250 µm 

diameter × 30 m length, 0.25 µm 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°C to 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 factor was obtained from the methyl decanoate internal standard and 

applied to the species of interest to obtain a chain length distribution. 

4.2.3. Synthesis of SLI 

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

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

at 600 rpm. The reaction vessel was equipped with a temperature probe and a 6ò stainless 

steel sparge needle, as depicted in Figure 4.2. Under a continuous stream of nitrogen, the 

stirred reaction flask was heated to 150 °C and maintained for 90 minutes to remove the 
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aqueous isethionate diluent. Upon complete distillation, the reaction temperature was 

increased to 240°C and maintained for four hours. Any azeotropically distilled lauric acid 

was returned to the reaction mixture via a 10 ml Dean-Stark (DS) receiver. The water of 

reaction, along with any biphasic interfacial material, was retained within the DS and 

collected in a 100 ml measuring cylinder.  

When accumulation of water had ceased, the Dean-Stark apparatus was removed and 

replaced with a vertical still head coupled with a 250 ml three neck receiving flask. Magnetic 

stirring, nitrogen flow and 240°C reaction temperature were maintained during the 

equipment exchange and atmospheric exposure was minimised via intermediary use of glass 

stoppers.  



 

-54- 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Schematic of SLI synthesis setup during esterification. 
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Figure 4.3. Schematic of Sodium Lauroyl Isethionate synthesis setup during the fatty acid distillation. 
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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 foaming of 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 Pump (Figure 3.3). 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 was prepared by adding 0.03 g of methylene blue 

powder and 50 g of anhydrous sodium 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 reaction material was dissolved in water 

and diluted in a 100 ml volumetric flask. 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 and the cylinder was shaken. 

The biphasic mixture was titrated with Hyamine 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 within the crude reaction 

product.[90] Eq. (12) was used to quantify the anionic surfactant levels in the crude 

mixture, relative to that of a pure surfactant solution.  

 

Anionic Surfactant (%)  =  
V Ĭ M Ĭ MW Ĭ 10

C
                               ρς  

 

In Eq. 1, V  =  volume of Hyamine titre (ml) ,  M  =  molarity of Hyamine solution 

(mol/dm3), MW  =  molecular mass of surfactant (g/mol) and C  =  concentration of 

sample solution (g/dm3). Volumetrically adjusted from equation published by 

Turney et al.[92] 
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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 iS-10 FTIR Spectrometer. An ATR sampling accessory was used to measure 

transmittance between 500 and 4000 cm-1. 

4.2.6. NMR Analysis of SLI 

50 mg of sample was dissolved in 2 mL of d-DMSO using a Fisherbrand vortex mixer. 

1H NMR analysis was executed using a Bruker Avance III 500 MHz spectrometer. 

Norrell XR-55 high precision NMR tubes were utilized throughout. Chemical shift, 

integration and multiplicity in the resulting signals were measured using the 

MestreNova software package. Assignments were compared against NMR 

simulations generated by the PerkinElmer ChemNMR software package. 

4.2.7. LC-MS Analysis of SLI 

25 mg of crude and purified SLI were each dissolved in 5 mL methanol using a 

Fisherbrand vortex mixer. The resulting solution was analyzed via a combined liquid 

chromatography-mass spectrometry system (LC-MS). Samples were injected into and 

separated using a Dionex UltiMate 3000 Rapid Separation UHPLC System. Material 

was eluted through a C18 column by a binary solvent mixture consisting of acetonitrile 

(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 diverting the 

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. Recrystallisation of SLI  

The crude SLI was purified by repeat recrystallisation in methanol. SLI was mixed 

with 100 mL of methanol and heated 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 dissolved. Any insoluble particles observed in solution were hot 

filtered through a stemless funnel.  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 purification steps. Cationic benzethionium chloride 

titrations were completed at each purification step, as previously described. After five 
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recrystallisations, SLI was obtained in the form of white powder. The purified material 

was used for the subsequent physicochemical analysis. NMR, FTIR and LC-MS data 

of the crude and purified SLI is provided. 

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 Analyser. 2-5 mg of each sample was 

weighed to the nearest 0.1 µg using a Mettler Toledo UMX2 Ultra-Microbalance and 

placed in a 70 µL alumina crucible. Samples were heated from 25°C to 500°C at 

10°C/min under N2 flow of 50 mL/min. Sample mass was measured every second to 

the nearest 0.01 µg to identify any temperature-induced phase transitions. The analysis 

was used to 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 and purified SLI were analysed using a Mettler Toledo DSC 1. 

2-5 mg of each sample was weighed and deposited in hermetically sealed 40 µL 

aluminium crucibles. Samples were heated from 25°C to 150°C at 50°C/min under N2 

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

250°C. Following a further 10 min, the temperature profile was reversed and the 

temperature reduced to 25°C at 1°C/min. Prior to analysis, the instrument was 

calibrated against certified reference materials of zinc and indium obtained from 

Mettler Toledo.  Enthalpy of fusion (ȹHFus) and melting temperature (Tm) were 

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 vapor sorption of purified SLI was measured using the DVS Advantage 

(Surface Measurement 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 under a flow of dry N2 at 50 mL/min until the sample mass 

had stabilised to the nearest 0.1 µg 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 mass had stabilized and the sample mass, 

humidity and temperature were continuously 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 concentrations between 20 g/L and 

35 g/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 

solutions were heated to 40°C and stirred at 300 rpm to ensure complete dissolution. 

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 further analysis. The solutions were analysed using the Technobis 

Crystal16 parallel crystalliser. The crystalliser provides independent temperature 

control of four blocks, with each block consisting of four glass vials. Samples were 

subjected to five heating and cooling cycles between -10 to 50°C, with each solution 

concentration undergoing rates of 3, 2, 1 and 0.5 °C/min. Vials were individually 

magnetically stirred at 700 rpm and solubility was determined using the integrated 

turbidity detectors. TDiss (clear point) was identified as the temperature when the 

measured transmission equalled 100% during heating, while TCryst (cloud point) was 

identified as the temperature when the transmission first dropped below 95% upon 

cooling. Sample vials were continuously flushed with N2 to avoid external surface 

condensation at low temperatures. Equilibrium solubility parameters at each 

concentration (TDiss and TCryst) were obtained by plotting the respective values against 

heating rate and extrapolating to 0°C/min. The experimental solubility was then 

compared with the ideal solubility through a vanôt Hoff analysis. 

Praustnitz et al.[135] stated that, assuming a negligible contribution from the heat 

capacity (Cp), the molar solubility (ɢ) in an ideal system was obtained from eq. (2) 

using the enthalpy of fusion (ȹHFus) and melting temperature (Tm) measured via DSC:  
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The enthalpy and entropy of dissolution (ȹHDiss and ȹSDiss respectively) were then 

calculated from the ideal and experimental solubility data using Eq. (14). These values 

quantify the enthalpy change when one mole of solute is dissolved into an infinite 

quantity of saturated solution. 
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The activity co-efficient (ɔ) was then used to quantify the experimental deviation from 

ideality, in accordance with Eq. (15), where ɢ and ɢ Ideal are the experimental and ideal 

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

previous publications.[136] [137] 

4.2.12. Surface Tension Measurements of Aqueous SLI Solutions 

Solutions of SLI in water were prepared at concentrations between 0.01 mM and 10 

mM as described previously. A single droplet was generated at the tip of a blunt-end 

22 gauge needle with a 1 mL Hamilton 1001 LT threaded syringe. Surface tension was 

measured using a Theta tensiometer (Biolin Scientific) in the pendant drop mode. A 

period of 10 min (frame rate capture, 1 fps) was allocated to stabilize the droplet and 

ensure accurate measurement of the surface tension. Edge detection was applied to the 

images and the droplet shape was fitted to the Young-Laplace equation using the 

Attension Theta software. The equilibrium surface tension was determined by 

averaging the last 30 images of the 10 min period, with three experimental repeats 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 tension of the air-

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

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

to synthesize SCI, is displayed in Figure 4.4. The fatty acid mixture was derivatized 

to form the corresponding fatty acid methyl esters (FAMEs) to avoid peak tailing and 

long retention times. The resulting GC-MS chromatogram correlates with the review 

literature,[132] indicating that the dodecanyl (C12), tetradecanyl (C14) and octadecanyl 

(C18) are the most abundant chain lengths with concentrations of 43.9%, 20.0% and 

10.9%, respectively. Due to the abundance of the dodecyl chain length in the 

commercial feedstock, the lauryl (C12) homologue of SCI, sodium lauroyl isethionate 

(SLI), was selected as a model isethionate ester surfactant for this study. 

 

Figure 4.4. Gas chromatogram depicting the chain length distribution of carboxylic 

acids within the coconut derived fatty acid blend used to commercially synthesize 

sodium cocoyl isethionate. IS = Internal standard. Analysed as FAMEs via GC-MS.  

4.3.1. Synthesis and Purification of SLI  

Sodium lauryl isethionate (SLI) was synthesised via a single-step esterification of 

lauric acid and sodium isethionate with the use of additional solvents or catalysts. 

During the commercial synthesis of similar amide-based surfactants, a continuous 

recycle of distilled volatile carboxylic acids has been incorporated to maintain the acid 

excess necessary to drive the acylation.[138] 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 of fatty acids also means these raw materials can 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 comparable to analogous materials 

produced via alternative synthesis routes which include catalysts and solvents, where 

the highest reported purity was 85%.[33] Successive cooling crystallisations in 

methanol at 0.5°C/min led to a 15% increase in purity following three purification 

cycles, after which no significant improvement was observed (Figure 4.5).  

 

 

Figure 4.5. Purification profile of the SLI product. Repeat cooling crystallisations 

were conducted from 60°C to 20°C at 0.5°C/min. Surfactant levels were measured at 

each stage via cationic titration with benzethonium chloride. Data was fitted to an 

exponential association function. Errors bars obtained from repeat titrations. 

As alkaline potentiometric pH titrations fail to distinguish between the surfactant and 

residual acid,[139] the industry standard method of cationic titration with benzethonium 

chloride solution was used for determining surfactant levels. However, this method 

has been reported to display an error of ~1%, as observed in the current study. [139] 

Possible attributable phenomena include operator error, the sparing solubility of 

organic complexes in the aqueous phase, and trace inorganic impurities in the 

methylene-blue solution.[89] Although newer titrants such as 

dialkylmethylimidazolium chloride (TEGO®trant) address some of these 

discrepancies,[140] an LC-MS analysis was additionally utilised 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 Anal ysis of SLI 

An FTIR analysis of SLI was carried out in an effort to characterize the impurities separated 

from the crude reaction mixture during the purification process. The spectra obtained from 

crude and purified samples of SLI are depicted in Figure 4.6. Absorptions of interest were 

assigned to their respective bonds and compared against literature values (see Table 4.1).  

 

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

isethionate. Tabulated absorptions were obtained from reference analytical data.[141] 

Spectrum 
Measured 

ὂ max (cm-1) 
Assignment 

Tabulated 

ὂ max (cm-1) [141]  

Crude only 1718.3 
Aliphatic C=O (Carboxylic 

Acid) Stretch 
1700-1725 (strong) 

Crude & Pure 1731.8 
Aliphatic C=O (Ester) 

Stretch 
1730-1750 (strong) 

Crude only 2400-3300 
O-H (Carboxylic Acid) 

Stretch 
2500-3300 (broad) 

 

Compared to the purified sample, the crude spectrum displays evidence of the residual 

lauric acid from broad O-H stretch observed between 2400 and 3300 cm-1. The lauric 

acid also produces an additional C=O acid stretch in the crude sample at 1718 cm-1. 

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

 

Figure 4.6. FTIR spectra of crude and purified samples of sodium lauroyl isethionate. 

Obtained using a Thermo Scientific Nicolet iS-10 FTIR Spectrometer.  
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4.3.3. NMR Analysis of SLI  

The purified SLI was characterized by 1H NMR spectroscopy to confirm that the ~98% surfactant levels measured via titration and LC-MS were 

indeed attributable to sodium lauroyl isethionate. The resulting NMR spectra and assignments are displayed in Figure 4.7 and Table 4.2. 

Table 4.2. 1H NMR signals observed from the analysis of purified SLI in d-DMSO with a 500 MHz NMR spectrometer. Chemical shift, integration 

and multiplicity were measured using the experimental spectrum using the MestreNova software package. Simulated shifts were generated by the 

PerkinElmer ChemNMR software. Tabulated shifts were obtained from structural libraries published by Pretsch et al.[141] Molecular assignments 

correspond to the model displayed in Figure 4.7. 

 

  

 

 

 

 

 

 

 

 

Peak 
Chemical 

Shift (ŭ) 

Simulated 

Shift (ŭ) 

Tabulated 

Shift (ŭ)[141] 
Assignment Int.  

Expected 

No of Hôs 
Multi.  

Molecular 

Assignment 

A 0.87 0.88 0.86 -CH3 2.00 2 Tri plet (a) 

B 1.28 1.26-1.33 1.31 -CH2- 16.08 16 - (b) 

C 1.51 1.66 1.61 -CH2-CH2-COOR 1.97 2 Triplet  (c) 

D 2.26 2.32 2.31 R-CH2-COO-R 1.99 2 Triplet  (d) 

E 2.52 - 2.50 DMSO - - Quintet - 

F 2.75 2.75 2.94 -CH2-SO2 2.01 2 - (f) 

G 3.33 - 3.31 DMSO (D2O) - - Singlet - 

H 4.20 4.52 4.12 R-COO-CH2 1.99 2 - (h) 
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Figure 4.7. 1H NMR Spectrum of purified SLI. Obtained using a 500 MHz NMR spectrometer in d-DMSO 
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4.3.4. LC-MS Analysis of SLI 

In order to verify the structure assigned via NMR, a final LC-MS of the purified SLI sample 

was performed. The resulting chromatogram is displayed in Figure 4.8 indicates that the 

sample is now predominantly composed of a single chemical species. 

 

 

 

 

 

 

Figure 4.8. LC-MS chromatogram of purified SLI. Peak areas correspond to both 

positive and negative 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 generated from compound 1 (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 LC-MS analysis of pure SLI. 

Quoted masses are the exact masses resulting from the most common isotopes of the 

corresponding elements, as provided by NIST.[142] M = 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+]- 637.31 
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Upon closer inspection of the purified SLI chromatogram (Figure 4.8), an additional 

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

also produced a strong peak at 52 s using the same analytical method. When coupled 

with the other analytical information presented in this study, this data suggests that the 

~2% of unaccounted mass is residual lauric acid. 

 

Purified SLI ï Positive ion (+MS) Mass Spectrum.  

 

 

 

Purified SLI ï Negative ion (-MS) Mass Spectrum.  

 

 

 

 

Figure 4.10. Positive-ion (top) and Negative-ion (bottom) mass spectrum of the main 

species (1) detected via the LC-MS analysis of purified SLI. See Figure 4.8 for the 

corresponding chromatogram. Thermal Analysis of SLI 

Thermogravimetric analysis of the crude and purified samples (Figure 4.11) confirms that 

the main impurity within the crude SLI was residual lauric acid, which was removed to 

undetectable quantities in the purified sample. The absence of a measurable mass loss below 



 

-68- 

300°C in the purified SLI indicates that the anhydrous form of the surfactant was obtained 

and the subsequent storage of the purified SLI at an ambient humidity of ~60% for several 

weeks resulted in no significant moisture uptake.  From an average of three measurements, 

the decomposition onset temperature of purified SLI was determined to be 331 ± 1°C. 

Consequently, there is minimal risk of thermal decomposition (and formation of SO2 and 

SO3) at the proposed reaction temperature of 240°C. 

 

 

Figure 4.11. TGA profiles of lauric acid, crude and purified SLI at a heating rate of 

10°C/min.  Mass loss was normalised as a percentage of the initial sample mass. TGA 

was used to identify the presence of moisture at 100°C; impurities between 150 and 

230°C; and the decomposition profile of SLI at temperatures beyond 300°C. 

Differential scanning calorimetry (DSC) of the purified SLI (98% purity) produced a 

peak melting temperature of 225.2°C with a melting range of 224-226°C, see Figure 

4.12. The previously reported melting range for SLI was 214-216°C, but no quantified 

purity was specified.[133] The crude SLI (melting temperature of 214.2°C) 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 

depression. The peak broadening observed in the crude SLI are suspected to result 

from combinations of the lauric acid and sodium isethionate pre-cursors. 
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Figure 4.12. DSC analysis of crude reaction SLI and purified SLI. Samples were 

heated to 150°C at 50°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 melting enthalpy (ȹHFus) 

was found to be 162 ± 2 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 absence of water.[143-145]  

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 commercial storage of isethionate ester surfactants. Although Karl-

Fischer titration is the most common method of determining bulk moisture content in 

anionic surfactants,[139] the DVS method can provide sorption kinetics and 

thermodynamic data over a range of humidity levels.[146, 147] Prior to measurement, 

sample drying under N2 flow showed a total mass loss of 0.01%. While alkyl sulfates 

are known to readily exist in hydrate form,[148-150] the lack of significant moisture loss 

observed during TGA and DVS analyses suggests that the anhydrous form of SLI was 

obtained using the current synthesis method.  At 40% RH, the sample mass had 

increased by 0.2%, suggesting relative stability of the sample during storage at or 

below 40% RH. At 87% RH, the mass gain was 2.35% which confirms the surfactant 

to be ñslightly hygroscopicò according to Callahan et al.[151] and the European 

Pharmacopoeia.[152] There are three primary sorption mechanisms by which materials 
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take up moisture: i) surface adsorption, ii) bulk adsorption and iii) liquefaction by 

surface dissolution.[153] On reducing the RH to 0%, the sample mass returned to its 

original value with an insignificant discrepancy of 0.005%. Since the sorption process 

is reversible, liquefaction is unlikely to be the predominant mechanism. With a 2.35% 

mass increase at 87% RH, the surfactant could have formed a hemihydrate, which 

would yield a theoretical mass increase of 2.7%. Further analysis would be required 

to confirm both the structure and mechanism pertaining to the proposed transition. The 

hysteresis shown in Figure 4.13 does however indicate that any moisture uptake during 

storage at higher 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.[154] 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 area,[155] thus supporting the postulation of a molecular hemihydrate species at 

elevated humidity levels. 

 

Figure 4.13. Dynamic vapor sorption analysis of purified SLI. The technique 

determines hygroscopicity 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 

temperature of 25°C. Left axis 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 to define the optimal crystallisation 

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 the purification solvent for SLI 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 for lauric acid than ethanol,[156] 

isopropanol[157] and n-butanol[157] at 20°C. 

Preliminary solubility studies yielded very high ambient solubility in water, while 

ethanol exhibited a significantly lower 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 yields of SLI.  Methanol was 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 and cooling cycle, highlighting well-defined crystallisation and dissolution on-

set points as a function of temperature. The TGA, NMR and LC-MS analyses of the 

recrystallised SLI confirmed that the resulting precipitate was free from significant 

solvent and impurity levels. The metastable zone width (MSZW) as a function of 

cooling rate, displayed in Figure 4.14b, shows how equilibrium crystallisation and 

dissolution temperatures (TCryst and TDiss) were explained. The MSZWs, as well as 

TCryst and TDiss, were collated at each concentration to form the solubility curve of SLI 

in methanol (Figure 4.14c). 

The metastable zone denotes conditions where the system is beyond the solubility 

limit ; and nucleation can be induced through seeding, surface coarseness or the 

presence of foreign particulates.[46] Spontaneous nucleation in a binary homogenous 

system is kinetically precluded until the system reaches the limit of the metastable 

zone (Figure 4.14c).[158] The minimal dependence of the MSZW on the cooling rate at 

20 g/L (Figure 4.14b) is reflected for all solution concentrations. This phenomenon 

indicates the crystallisation and dissolution kinetics are not rate limiting to their 

respective phase transition processes.[137] With 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 processes and thus ensuring a 

reproducible crystal size, morphology and purity between batches.[46]
  The 

implementation of in-situ process analytical techniques could be used to maintain 

process conditions within the metastable zone at high temperatures, where the MSZW 

is smaller.[159]  
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Figure 4.14. Polythermal turbidimetric solubility analysis of purified SLI in methanol 

between -10°C and 50°C at 700 rpm. a) Reaction profile of light transmission (%) vs. 

temperature (°C) depicting the extraction of crystallisation (TCryst) and dissolution 

(TDiss) temperatures from Crystal16 system at 20 g/L. b) Change in TCryst and TDiss with 

varying cooling rates at 20 g/L. Extrapolation to 0°C/min provides equilibrium values 

of TCryst and TDiss. Legend displays equilibrium transition temperatures with the linear 

regression error. 
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c) Solubility curve of purified SLI in methanol plotted from equilibrium transition 

temperatures (TCryst and TDiss) at all studied concentrations. Crystallisation 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 and solubility data of all concentrations and cooling rates 

4.3.7. Solubility Analysis of SLI 

Through a vanôt Hoff analysis, the experimental solubility data can be compared with the 

ideal solubility of SLI, in a solvent-free environment, to determine the influence of the 

solvent on the crystallisation behavior. Both ideal and experimental Hoff analyses of SLI are 

shown in Figure 4.15.  

This large deviation from ideality, when compared to other organic systems analysed 

using the same methodology,[137] suggests that the solvent-solute system exhibits a 

strong preference for solute-solute interactions.  When the data is compared with a 

conductivity-based solubility analysis of SDS, the solubility of SLI in methanol at 

50oC is approximately ~30% of the measured SDS solubility.[160] With respect to 

theoretical yields, a cooling crystallisation from -10oC to 50°C is predicted to recover 

more SLI than SDS, with predicted yields of 79% and ~71% respectively. The values 

of ȹHDiss and ȹSDiss for SLI indicate that the phase transition is strongly dependent on 

the enthalpy, see Table 1. The thermodynamic parameters for the dissolution of SDS 

in methanol are ȹHDiss = 22.3 kJ mol-1 and ȹSDiss = 54.3 J mol-1.[160] Despite analogous 

dodecyl alkyl chains, the additional ethyl-ester group in the isethionate species creates 

a difference in chain length between SDS and SLI. This structural disparity and 

consequent hydrophilicity may contribute to the higher absolute solubility exhibited 

by SDS in a methanolic environment. 
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Figure 4.15. vanôt Hoff plot of polythermal solubility analysis of purified SLI in 

methanol between -10°C and 50°C. ɢ = mole fraction of SLI in methanol. Ideal 

solubility was calculated from the melting enthalpy (ȹHFus) and temperature (TFus) 

obtained via DSC.  

The temperature-dependent activity coefficient (ɔ) for the crystallisation of SLI in methanol 

was finally calculated to quantify the deviation from ideality induced by the methanolic 

solvent environment. Turner et al. describe how this value is obtained by dividing the ideal 

solubility derived from the vanôt Hoff analysis, with the experimental solubilities measured 

via the polythermal solubility analysis.[137]  

 

 

Temperature dependent activity co-efficient quantifying the deviation from ideality of 

the experimental solubility of SLI in methanol when compared with the ideal vanôt 

Hoff solubility. 
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4.3.8. Surface Tension Measurements of Aqueous SLI Solutions 

The CMC of SLI at 20oC was found to be 5.36 mM with a lower plateau surface 

tension of 37.9 mN/m, see Fig. 9. Bistline et al. reported a slightly higher CMC 

(6.4  mM) and plateau surface tension (46.6 mN/m) for SLI synthesized by the two-

step process.[133] 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 required to reach peak wetting performance. It is worth 

noting that the method used to determine the CMC and surface tensions was different 

from that reported by Bistline et al.[133]. However, the observed improvement in 

performance is more likely to result from an improved sample purity, as the CMC of 

alkyl sulfate surfactants is very susceptible to error from surface active impurities.[161] 

Foreign species can cause the surface tension to fluctuate and drop, below the CMC 

limit before stabilising at the actual micellar concentration. The absence of such 

fluctuation provides evidence that such impurities were not present in the current 

sample.  

 

Figure 4.16. Surface tension as a function of the SLI concentration in water. The 

surface tension was determined by pendant drop analysis at 20°C. Equilibrium surface 

tension values were obtained by fitting the droplet shape to the Young-Laplace 

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

Recent studies have shown that SDS exhibits a CMC of 8.0 mM at 20°C,[162] with a 

corresponding plateau surface tension of 33 mN/m at pH 7.[163] The plateau surface 
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tension beyond the CMC for SLI (38 mN/m) is therefore higher 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. Hence, the proposed crystallisation process and resultant 

higher sample purity could therefore be critical to obtaining surface tension levels 

exhibited by SDS whilst maintaining the increased mildness offered by isethionate 

ester surfactants. 

In summary, the thermodynamic and physicochemical properties determined from the 

characterization of SLI are provided in Table 1, along with the corresponding literature 

values for its alkyl sulfate analogue, sodium dodecyl sulfate (SDS).  

Table 4.3. Thermodynamic and physicochemical properties of purified SLI (current 

study) and SDS (literature values).   

 Tm 

(°C) 

Solubility**  

(g/L) 

ȹHDiss**  

(kJ mol-1) 

ȹSDiss**  

(kJ mol-1) 

Activity** 

coeff. (ɔ) 

CMC*  

(mM) 

Surf. tension 

at CMC*  

(mN/m) 

SLI 225 17.9 29.3 0.0322 29.1 5.4 37.9 

SDS 
206 
[164] 

79.1 [160] 22.3À [160] 
0.0543À 

[160] 
n/a 8.0 [162] 33ÿ [163] 

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

methodologies described in the current study.** Measured in MeOH. 

4.4. Conclusions 

Sodium lauroyl isethionate (SLI), the most abundant derivative of sodium cocoyl 

isethionate (SCI), was directly synthesised 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 HCl production which resulted from 

previous acyl chloride based reactions.[134] When compared with current published 

syntheses of SLI, the ancillary solvent-free 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 recovery. While catalytic routes had previously 

been proposed for this type of reaction,[33] their use had led to an undesired phase 

separation in the resulting product at concentrations above 0.2 w/w%.[87] The reaction 

times, temperatures and yields in the current study were also similar to previous 
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catalytic routes.[33] The new process therefore eliminated the handling and recovery of 

catalytic materials without significant detriment to process efficiency. 

The proposed recrystallisation of crude SLI resulted in a purity level of 98% after three 

successive recrystallisations in methanol. Following a recent review of commercially 

available surfactants,[33] this is considered by the authors to be the highest published 

purity of a sodium acyl isethionate surfactant. The use of crystallisation over 

chromatographic techniques meant that the purification could be scaled to industrial 

quantities and the solubility analysis of the purified surfactant provided process 

conditions through which this could be achieved. Although this study utilized a 

cooling crystallisation, the data was also deemed applicable to evaporative 

processes.[165] While the estimated throughput was lower than an analogous 

purification of SDS, SLI displayed higher yields at equivalent temperatures which was 

prospectively more important given its higher market value. 

An aqueous surface activity analysis of the purified SLI 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 surfactants compared to traditional 

soaps and synthetic surfactants such as sodium dodecyl sulfate (SDS), the increased 

performance achieved through purification could be utilised in high value personal 

care formulations where harsher surfactants may be undesirable. High purity 

isethionates could also be used to create analytical standards, thus permitting the 

adoption of spectroscopic techniques to evaluate commercial surfactant synthesis. 

Reductions in time, labour and chemical use could be achieved when compared with 

the successive titration techniques currently used to detect and quantify surfactants in 

the personal care industry. 
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Chapter 5: Assessment of the Thermal Degradation of SLI 

Using Predictive Isoconversional Kinetics and 

Analysis of Evolved Gases 

Synopsis: This results chapter describes a detailed characterisation of the thermal 

degradation of SLI in both inert and oxidative environments. Predicted rates of 

isothermal degradation for a range of process conditions were determined using 

isoconversional kinetic methods. The gases evolved from the degradation of sodium 

lauroyl isethionate were then identified via TGA-FTIR. When coupled together, the 

two studies could be applied to minimise the evolution of undesirable or hazardous 

gases in isethionate manufacturing processes. In relation to the proposed research 

question, this chapter specifically identified the operating windows in which a detailed 

structural characterisation could be conducted.
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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 reduce the surface tension of 

water and aid in the solubilisation of lipidic, sebaceous residues on the skin.[91] Due to 

its mildness, sodium lauroyl isethionate (SLI) is becoming an increasingly popular 

surfactant in such applications.[9] When compared with traditional counterparts such 

as alkyl carboxylates and sodium dodecyl sulfate (SDS), studies into SLI have 

demonstrated reduced irritation,[124] dryness [126] and adhesion to the stratum 

corneum[127] in personal care applications. SLI is also comparatively more stable in 

the presence of hard water by exhibiting no deposit formation or significant loss in 

lathering abilities in the present of alkali earth metals.[128]  

 

 

 

Figure 5.1. Reaction of lauric acid (1) with sodium isethionate (2) to form the dodecyl-

chained (C12) sodium lauroyl isethionate (SLI) (3).[166]  In this example, R= C11H25. A 

mixture of chemical homologues of alkyl chain length ranging between C8 and C18 

can also be formed from the respective mixture of carboxylic acids. The resulting 

blend of surfactants is known as sodium cocoyl isethionate (SCI).[166] 

SLI can be synthesised via the esterification of lauric acid with sodium isethionate,[166] 

as shown in Figure 5.1. In the study corresponding to the Figure 5.1, the materials 

were reacted at a temperature of 240°C for 4 hrs.[166] Patent literature relating to the 

commercial synthesis of SLI, as well as its homologues, report similar process 

temperatures of >200°C and analogous reaction times of 4-6 hrs.[16, 36, 87] In some 

instances, temperatures as high as 260°C for prolonged periods have been reported.[18, 

167] A patent by Login et al. reported that the molten isethionate reaction mixture was 
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prone to thermal degradation at reaction temperatures in excess of 220°C.[168] In 

addition to reducing surfactant activity levels and consequent product efficiency, 

degradation was also reported to significantly harm the appearance and odour of the 

resulting product.[169] Whilst this work recommended an oxygen-free atmosphere to 

minimise process-induced 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 studies on the stability and degradation characteristics of other 

alkyl surfactants, such as SDS. The initiation of thermal degradation in SDS was 

reported as 380°C,[170] indicating its comparatively higher stability with respect to 

SLI.[168] A pyrolysis-gas-chromatography analysis of SDS by Liddicoet et al. 

identified the degradation products following prolonged exposure to 650°C under an 

inert atmosphere.[171]  It revealed large quantities of primary alcohol, coupled with 

traces of dodecyl vinyl chains. While both SDS and SLI consist of analogous lauryl 

alkyl chains, differences between the chemistry of their respective sulfate and 

sulfonate groups, coupled with the additional acid-ester group present in SLI might 

suggest an influence on its resulting material stability and associated evolved gas 

composition. 

For the characterisation of thermal degradation processes, kinetic methods are 

typically applied to quantify the rates at which the underpinning chemical and physical 

processes occur.[172] These rates allow the evaluation of the corresponding energetic 

parameters; the correct identification of which permits the prediction of material 

stability.[173] In contrast to isothermal techniques where degradation is measured at 

multiple fixed temperatures, nonisothermal (or polythermal) isoconversional methods 

rely on multiple linear heating experiments to obtain the necessary data for kinetic 

model development.[174] While isothermal degradation techniques do exhibit some 

advantages, such as the ease of induction time measurement, their nonisothermal 

counterparts are becoming the recommended methodology for the kinetic analysis of 

thermally stimulated processes.[175, 176] With isothermal methods, it can be challenging 

to cover a representative range of temperatures within the measurable degradation 

zone. Slow degradation rates at lower temperatures can be time-consuming to measure 

to completion, while isothermal degradation at higher temperatures can be difficult to 

specifically identify if mass loss occurs whilst the sample is reaching the desired 
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isotherm.[175] Absolute isothermal analyses can often be difficult to achieve due to this 

inevitable period of equilibration, particularly when a sample is exposed to elevated 

temperatures.[174] While differential methods can be applied to help alleviate such 

discrepancies,[175] nonisothermal analyses can experimentally avoid these 

shortcomings, whilst simultaneously allowing the fast acquisition of degradation data 

across a broad range of temperatures.[172] 

In this study, the thermal stability of SLI under the temperatures experienced during 

representative manufacturing conditions was evaluated. Thermogravimetric analysis 

(TGA), coupled with isoconversional kinetic modelling, was used to assess the 

thermal degradation of SLI in N2 and air environments. Measurement under inert 

conditions was used to simulate degradation under the representative manufacturing 

conditions, whilst the analogous measurements in an oxidative environment were used 

to determine the influence of air ingress into 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, to determine the most suitable 

process conditions for minimising degradation. Following the kinetic overview, 

TGA-FTIR was used to obtain a real-time 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) and differential scanning calorimetry (DSC) are 

commonly used to derive the data required to characterise thermal degradation 

processes using isoconversional kinetic methods.[172] Although TGA will be the focus 

of the current study, the techniques described can also be applied to data obtained from 

infrared spectroscopy,[177] mass spectrometry[178] and rheometry.[179] For the 

isoconversional kinetic analysis of TGA data, it is common for the experimentally 

obtained mass losses to be converted to a normalised, dimensionless, temperature-

dependent mass loss (Ŭ) where 0 < Ŭ < 1.[176] In the context of thermal decomposition 

kinetics derived via TGA, Ŭ is commonly referred to as the ódegree of degradationô.[175] 
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In this study, Eq. (16) shows how Ŭ was obtained from the initial sample mass before 

heating (mInit .), the final sample mass after heating (mFin.) and the observed sample 

mass (mCurr.) at a given temperature. 
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Nonisothermal (or polythermal) isoconversional degradation kinetics are 

fundamentally derived from the Arrhenius equation Eq. (17).  
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k(T) is the Arrhenius rate constant, A the Arrhenius pre-exponential factor, R the 

universal gas constant (8.314 J mol-1 K-1), Ea the activation energy (J mol-1) and T the 

absolute temperature in Kelvin. Vyazovkin states that the rate of thermally stimulated 

processes are dependent on the reaction model f(ɻ) and temperature-dependent rate 

constant k(T), as shown in Eq. (18).[176]  
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Some forms of the equation include an additional pressure-dependent variable h(P). 

However, in the case of thermal degradation kinetics, this is assumed insignificant and 

neglected in most cases.[175] Combining Eq. (17) and (18) yields the general rate 

equation Eq. (19) for the nonisothermal kinetic analysis of thermally stimulated 

degradation processes.  
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The rate (dɻ/dt ) is a function of heating rate (ɼ), which corresponds to a constant 

linear heating rate where ɼ Є Ä4ȾÄÔȢ The reaction model ÆɉɻɊ is dependent on, and 

consequently indicative of, the thermal degradation mechanism.[180] For conventional 

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

relationship between ÆɉɻɊ and Ŭ. When fitting experimental data to such models, 
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however, similarity between fits can complicate the identification of a single reaction 

model.[172] Criado et al. have previously demonstrated how the same predicted TGA 

curve can be generated from three different reaction models.[181] The model fitting 

approach can also be overly simplistic with respect to more complex systems, which 

can exhibit one mechanism at the start of the degradation process, then transition into 

another at higher degradation temperatures. Eq. (3) additionally shows how it can be 

numerically challenging to mathematically separate and distinguish between k(T) and 

ÆɉɻɊ, thus further increasing the difficulty in obtaining a single reaction model. 

Isoconversional kinetics conversely forgo the fitting of a reaction model ÆɉɻɊ, as well 

as the calculation of a single pre-exponential factor A. This approach is based on the 

fundamental assumption that a single form of Eq. (4) is only applicable to a single 

degree of degradation (ɻ).[172, 182] This temperature dependence on the Arrhenius 

parameters is proposed on the basis that solid-state thermal decomposition is typically 

a complex, interdependent multi-step chemical process. The multitude of constituent, 

concurrent physical processes include the diffusion, sorption, and sublimation of 

different species in multiple phases.[183] Any single activation energy value therefore 

used to represent a process of corresponding complexity, is inherently composed of 

the individual activation energies related to its constituent physical and chemical 

processes. Since the relative contributions of these individual processes to the overall 

degradation rate changes with respect to temperature, any effective activation energy 

(Ea) determined for the holistic characterisation of thermal degradation process is 

consequently a function of temperature and the degree of degradation (ɻ). Through 

multi-rate degradation experiments, values of the temperature-dependent effective 

activation energy can be obtained following differential or integral treatment of Eq. 

(19). Through the parametrisation of f(Ŭ) and the Arrhenius factor A, predictions 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 analysis of complex thermally stimulated 

processes, without any prior knowledge of the degradation mechanism(s). The concept 

of variable activation energy, its basis in complex multiple-step processes, as well as 

its broader application in the characterisation of thermal stability, polymerisation, 

crystallisation and phase transitions are described in the literature.[172]  In order to 

obtain a more comprehensive analysis of the thermal degradation characteristics of 
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organic materials.31-32 both isoconversional and model-fitting techniques can be 

applied in tandem, with research comparing both approaches when studying analogous 

chemical systems.33 

5.2.2. Calculation of Activation Energies 

Both differential and integral approaches were separately used to calculate the 

effective activation energy (Ea). The Friedman method is a common differential 

method for the isoconversional analysis of thermal degradation processes.[184, 185] It is 

derived by taking the natural log of Eq. (19), as shown in Eq. (20).  
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In addition to the rate (dɻ/dT ) and reaction model ÆɉɻɊ, the activation energy (Ea), pre-

exponential factor (A) and temperature (T) are also considered to be dependent on the 

degree of degradation (Ŭ). Where applicable, the respective variables will be denoted 

as EaɉɻɊȟ !ɉɻɊ and 4ɉɻɊ to reflect this. Due to the direct differential treatment of Eq. 

(4) utilised by the Friedman method, the resulting experimental rate data can be 

susceptible to background noise.[174, 186] While data smoothing techniques prior to 

isoconversional analysis can be applied to reduce the error in extracted activation 

energies,[124] these issues can be avoided by employing an integral solution to the 

general rate equation for thermal degradation. 

 

At multiple heating rates, Eq. (19) can be rearranged and integrated to form Eq. (21). 
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The left hand side of Eq. (6) is commonly abbreviated to ÇɉɻɊȢ Through orthodox 

model-based kinetic analyses, ÇɉɻɊ could be characterised by integrating the 

corresponding mechanistic reaction model ÆɉɻɊ. The temperature integral on the right 

hand side, however, results in an incomplete gamma function which is insolvable in 

its closed form.[187, 188] A range of mathematical approximations to this integral, 
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however, have permitted the development of integral isoconversional methods for the 

kinetic analyses of thermal processes.[189] The Flynn-Ozawa-Wall (FWO) method is 

an early and popular integral application of the isoconversional technique,[190] utilising 

Doyleôs approximation for the temperature integral.[188] A more accurate method 

proposed by Kissinger-Akahira-Sunose (KAS),[191] is an isoconversional development 

of a previous method for thermal analysis which originally assumed a constant 

activation energy.[192]  KAS is related to the Coats and Redfern method,[193]  as both 

approaches use the Murray approximation to the temperature integral.[180, 194] Through 

this approximation, Eqs. (19) and (20) can be combined to form Eq. (22), which 

depicts the KAS method for the integral analysis of thermal processes. 
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Variations of Eq. (22) include integral isoconversional methods by Starink[195] and 

Lyon,[196] which adopt a similar application to the KAS method. Recently, more 

advanced mathematical approaches by Vyazovkin[197, 198] have further produced exact 

integral solutions without numerical approximation.  These methods can reliably 

predict both isothermal and nonisothermal levels of degradation in the absence of a 

reaction model f(Ŭ) and Arrhenius factor (A).[172] For ease of application and 

comparison, however, the current study focused on the KAS method for the integral 

acquisition of activation energy values.  

5.2.3. Prediction of Isothermal Degradation 

By rearranging and integrating Eq. (19), the time-dependent isothermal degradation at 

a specified temperature (T0) can be predicted. Eq (23) derived by Friedman describes 

the corresponding execution in the current study.[184, 199] 
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The values of the integral with respect to Ŭ are calculated using the Friedman-derived 

activation energies. Values for A(ɻ) · f(ɻ) can be obtained from the y-intercepts of the 

fitted lines used to obtain the corresponding activation energies. The resulting integral 

can then be plotted against Ŭ and iteratively integrated at increments of ȹŬ = 0.01 to 

obtain tŬ at the given isothermal temperature (T0).  

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 methods described previously.[166] Samples of SLI were analysed using a 

Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser. 3-4 mg of material was 

weighed to the nearest 0.1 µg using a Mettler Toledo UMX2 Ultra-Microbalance and 

placed in a 100 µL aluminium crucible with pierced lid. 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 nearest 0.01 µg. Separate samples 

were analysed in air and in N2 atmospheres to permit the development of individual 

degradation models for the thermo-oxidative 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 TGA derived nonisothermal degradation data, the mass loss (g) was converted 

to a degree of degradation (ɻ) using Eq. (1). Individual sets of Friedman-derived 

activation energies for 0 < Ŭ < 1 were then calculated for the thermal degradation of 

SLI in both air and N2. From the normalised TGA data, the rate (dɻ/dT ) was obtained 

for each run using Eq. (1). ln(dɻ/dT)  was plotted against 1/T  as a function of the 

degree of degradation (Ŭ) and the one-dimensional gradient in the z-plane was 

extracted at 0.01 increments of Ŭ. These gradient values were subsequently converted 

to the corresponding activation energies using the gas constant, in accordance with Eq. 

(5). Analogous activation energy values were concurrently determined via the 

Kissinger-Akahira-Sunose (KAS) method using Eq. (7), where ÌÎɉɼȾ4ɉɻɊɊ vs. 1/T  

was plotted as a function Ŭ at the experimental heating rates. 
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The isothermal degradation of SLI in both air and N2 was calculated by the Friedman 

method using Eq. (8) and the Friedman-derived activation energies. Degradation was 

predicted at 10°C intervals between 220 and 280°C, and the predicted degradation at 

5 hrs was considered to determine the influence of changing synthesis temperatures 

on degradation levels at the recommended reaction time.[166] To validate 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 conditions.[166] 

5.3.3. Quantitative Evolved Gas Analysis via TGA-FTIR Spectroscopy 

A Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser was connected to a 

Thermo Scientific Nicolet iS-10 FTIR Spectrometer using a Thermo Scientific Nicolet 

TGA-IR module. The TGA-FTIR system consisted of a 5 ft glass-lined stainless steel 

transfer line (1/8ò OD). Both the cell and transfer line were heated to 180ÁC to 

minimise condensation. Samples of SLI were heated via TGA from 30°C to 550°C at 

10°C/min. SLI was separately analysed in both air and N2 at 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 scans between 500 and 4000 cm-1, for the duration 

of the heat cycle. Species of interest were identified using the Nicolet FT-IR Vapor 

Phase Spectral Library from Thermo Scientific. The five most abundant species in 

each sample were then quantified via their respective characteristic bands using the 

Chemigram function 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 

representative of the conditions utilised for previous isoconversional studies on 

chemically similar organic esters.[200, 201] Figure 5.2 depicts the DTG data of the 

resulting experiments.  
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Figure 5.2. Differential DTG data for the degradation of SLI in N2 (top) 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 zones in air, while the inert system 

(N2) displayed an additional fourth zone during the latter stages of the studied 

temperature range. After the final degradation zone, a period of thermal stability 

(dM/dT å 0) was observed at all heating rates in both air and N2. Coupled with the 

reproducible thermal behaviour across different heating rates, this provided a robust 

window in which the data could be normalised and processed for isoconversional 

analysis. Mass loss (%) data was normalised in terms of the degree of degradation (Ŭ) 
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where the end of the final degradation zone was designated as Ŭ = 1. Example data is 

shown in Figure 5.3. Onset temperatures of specific degradation zones, as well as the 

endset temperatures utilised for mass normalisation are provided in Table 5.1. In this 

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

processes commence and conclude respectively. 

Table 5.1. Tabulated values of onset temperatures for each degradation step identified 

in the thermal decomposition of SLI. Temperatures were measured via tangential 

extrapolation as described in Section 1.1. óEndsetô refers to the endset temperature of 

the final degradation zone. Only three degradation zones were observed in air so onset 

temperatures for step 4 are not provided.  

Degrad. 

Step 

Onset 

N2 Transition Temp. (°C) Air Transition Temp. (°C)  

5°C 

/min 

10°C 

/min 

20°C 

/min 

50°C 

/min 

5°C 

/min 

10°C 

/min 

20°C 

/min 

50°C 

/min 

1 300.4 311.8 325.6 348.4 206.5 210.2 213.7 222.3 

2 346.6 359.7 373.6 393.6 288.4 302.7 311.5 329.8 

3 366.6 377.8 391.6 *  345.6 356.2 368.6 391.0 

4 376.5 390.0 403.6 424.4 - - - - 

Endset 464.4 477.7 496.0 522.6 362.4 376.8 386.0 416.0 

*Accurate onset measurement could not be obtained at 50°C/min.  
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Figure 5.3. Identification of final mass (mfin.) from experimental TGA data. The data 

depicts decomposition of SLI in N2 (top) 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 y-axis. Onset, peak and endset temperatures 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 

decomposition of SLI. In N2, the final mass (mfin) was designated as the sample mass 

at the endset temperature of degradation step 4, which corresponded to 496.0°C. In 

N2, the final mass (mfin) was designated as the sample mass at the endset temperature 

of degradation step 3, which corresponded to 386.0°C. 

A high temperature degradation study of SDS reported a residual mass of 35 wt% 

following pyrolysis at 700°C in N2.
[202] Although the maximum temperatures in the 

current study were 550°C, post-analysis of the crucibles showed similar black residues 
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to those described in the SDS study, with comparable mass losses. The degradation 

onset in N2 was found to be 348°C at 50°C/min and lower than that of  SDS, where 

the decomposition temperature was reported to be 380°C.[170] The synthesised SLI 

displayed a strong dependence on heating rate, with a much lower decomposition onset 

of 300°C observed at 5°C/min (N2). In air, there was less variation in degradation 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 was reported as 225°C when 

heated at 1°C/min.[166] The commencement of degradation was not considered to be 

significantly influenced by melting, as mass loss was observed below this temperature 

at all experimental heating rates. 

Due to the kinetics of the process, the absolute residual mass (wt%) at Ŭ = 1 changes 

as a function of the heating rate (ɓ).  In order to obtain the mass (wt%) at Ŭ = 1 which 

is independent of ɓ, the masses derived in Section 1.1 were plotted as a function of the 

heating rate, then extrapolated back to 0°C/min. This extrapolated methodology for 

acquiring kinetic-independent parameters is commonly utilised in thermally 

stimulated processes[203] such as DSC[204] and crystallisation[136], in instances where a 

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

degradation of SLI in air and N2 are shown in Figure 5.4.  

 

 

Figure 5.4. Extrapolation of endset temperatures (Ŭ = 1) at different heating rates to 

determine the equilibrium residual mass at 0°C/min. Each point corresponds to the 

tangential endset temperatures identified in N2 and air respectively. The quoted errors 

correspond to the error of the intercepts of the respective fitted lines. 
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The difference between degradation in air and N2 correlates with Vyazokinôs 

postulation that thermo-oxidative degradation typically occurs at approximately 

100°C below the analogous process in an inert atmosphere.[205] Prior to degradation 

onsets, the observed SLI mass loss before 180°C in air and 280°C in N2 was less than 

0.2 wt%, indicating a minimal 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 Ea 

as a function of the degree of degradation (Ŭ) in both air and N2. An example plot of 

the gradients used to determine the activation energies via the Friedman method is 

shown in Figure 5.5.  

 

 

 

Figure 5.5. Activation energies obtained via the Friedman differential method of 

isoconversional kinetic analysis. The data depicts ln(dŬ/dT) vs. 1/T vs. Ŭ for the 

degradation of SLI in N2 at heating rates of 5, 10, 20 and 50°C/min.  Gradients in the 

z-plane (blue lines) correspond to the activation energy at the given degree of 

degradation (Ŭ), see Eq. (5) 

The corresponding activation energies obtained by both isoconversional methods, in 

air and N2, are displayed in Figure 5.6. 
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Figure 5.6. Change in activation energy for the thermal and thermo-oxidative 

degradation of SLI in N2 (top) and air (bottom). Values were obtained using the 

Friedman and KAS isoconversional kinetic models. Error bars correspond to the error 

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

are provided in Tables A.1 to A.4 in the Appendix. 

In N2, environmental changes in Ea were found to approximately coincide with the 

different degradation zones, see Table 5.1 for tangential onset data. The activation 

energies between Ŭ = 0 and 1 from the Friedman and KAS models were found to 

correlate well with each other, with average values of 150.1 and 149.1 kJ/mol 
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respectively. Biofuels exhibit some chemical similarity to SLI, with a common 

presence of alkyl chains, as well as a prevalence of C-C, C-O and C=O bonds. The 

triglyceride systems exhibited similar average Friedman values of 124 kJ/mol[200] and 

167 kJ/mol[206] respectively. The reported degradation onsets of ~300°C for these 

species were also similar to those observed in the current study and much higher than 

the corresponding methyl esters where decomposition commenced between 100 and 

150°C.[200, 206] This may suggest that the additional electron density donated by the 

isethionate group, when compared to a methyl group, stabilises the ester bond similar 

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

a greater thermal stability in an inert atmosphere.  

In the oxidative air environment, average activation energy values between Ŭ = 0 and 

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 temperatures.[207] It is worth noting that while 

activation energy values provide an insight into thermal decomposition behaviour, the 

degradation rate is also dependent on the pre-exponential factor A. Whilst Friedman 

values of ÌÎ ɍ!ɉɻɊ ЁÆ ɉɻɊɎ have been calculated, the physical meaning of A has been 

reported to be inconclusive in the context of isoconversional kinetics .[208, 209]  

In both the N2 and air environments, Figure 5.6 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 produces a greater 

fluctuation in calculated Ea values.[210] While data smoothing filters are common,[211] 

they were not utilised as the majority of R2 values relating to Friedman Ea values were 

greater than 0.98 and therefore deemed reliable, see Tables A.1 to A.4 in the Appendix. 

Although the R2 values obtained 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 parameters.[172] The KAS model has also been shown to 

exhibit poorer predictive capabilities over an analogous Friedman model.[212]. For 

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

isothermal degradation of SLI.  
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5.4.3. Predicted Isothermal Degradation 

The experimentally-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 

esterification temperature of 240°C, with a total process time of 5 hrs.[213] Predicted 

degradation isotherms were therefore produced at deviated temperatures between 220 

and 280°C, see Figure 5.7. 

 

 

Figure 5.7. Predicted isothermal degradation of SLI in N2 (top) and air (bottom) from 

exposure to sustained temperatures between 220 and 280°C. Inset shows the initial 

stages of degradation over a shorter timescale, where the inset x-axis represents time 

(hrs) on a linear rather than a log scale accordingly. Degree of degradation (Ŭ) was 

obtained from the respective Friedman activation energies using Eq. (8). Legend 

displays predicted degradation (Ŭ) after 5 hrs of isothermal exposure.  
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In the N2 system, the degradation after 5 hrs at 240°C was found to be 0.013 (Ŭ), which 

equates to 1.0 wt% of the total SLI mass in physical terms. The 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 reaction temperature is 

lowered below 230°C.[36] Decreasing the process temperature therefore may not 

decrease the process-induced thermal degradation, 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% increase in the degradation level 

over 5 hrs compared to 240°C, which increases to > 2800% at 270°C. In N2, the ideal 

parameters for optimising the reaction rate whilst minimising decomposition therefore 

resides between 240 and 250°C. 

In air, degradation levels at equivalent temperatures were found to be significantly 

higher than those observed in the N2 environment. At 240°C, the predicted degradation 

after 5 hrs (Ŭ = 0.531) equated to 28.5 wt% of mass loss. While a reduced operating 

temperature of 220°C is predicted to significantly decrease degradation to a mass loss 

of 13.3 wt%, 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°C,[33] but an analysis of the 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 process involving the high temperature 

esterification of SLI should be operated within 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 methods,[200, 201, 206] the predicted isotherms were nevertheless 

compared with experimental isotherms to verify the applicability of the Friedman 

model to this particular system. SLI was heated to 240°C for 5 hrs to simulate 

published synthesis conditions and the mass was observed via TGA.[166]  The resulting 

plots of mass loss in both air and N2 atmospheres, together with their nonisothermally 

derived predictions, are shown in Figure 5.8. 
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Figure 5.8. Experimental isothermal TGA plots of SLI in N2 (top) and air (bottom) 

compared with the predicted model isotherms. Samples were heated to 240°C for 5 

hrs to simulate the synthesis conditions for SLI.[166] Model isotherms were generated 

from nonisothermally derived Friedman models. 

After 5 hrs at 240°C the measured degradation in air was substantially higher than N2 

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 N2 were respectively observed. The associated differences between the 

observed and experimental mass losses were 3.0 wt% and 0.1 wt% in air and N2 

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 provided in Table A.3 

in the Appendix. While values were predominantly greater than 0.99 in the early stages 

of the degradation process, a decrease to 0.98 is observed beyond Ŭ = 0.20. The 

resulting increase in error for the Friedman-derived 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 presented in Figure 5.8, a greater error in the Ea values is 

observed at higher degrees of degradation (Ŭ > 0.75), particularly in the inert system. 

As this could significantly impact the predictive capability of these models, their 

application at greater levels of degradation (Ŭ > 0.75) is not recommended. 
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5.4.4. TGA-FTIR Analysis of SLI  

Data from the TGA-FTIR analysis, conducted to identify the volatile products released 

from the decomposition of SLI, is shown in Figure 5.9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Colourmaps depicting the evolved gases measured via TGA-FTIR during 

the thermal degradation of SLI in a) air and b) N2. Colour scale corresponds to the 

FTIR absorbance of evolved species at the corresponding temperature and 

wavenumber. Samples were heated from 30 to 550°C at 10°C/min. c) Single FTIR 

spectrum of the evolved gases in N2 at 381°C. Legend depicts the five most abundant 

species.  
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The maximum total absorbance was measured at 381°C in N2 and 369°C in 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 between gas evolution 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 purge gas 

flow rate. Through comparison with library spectra, the five most spectroscopically 

abundant species from the thermal degradation of SLI were identified, as shown in 

Figure 5.9c. The temperature-dependent data (Figure 5.9a and 7b) showed that while 

the relative amounts of each gas differed with a change in degradation atmosphere, 

both the N2 and air systems exhibited the same five gaseous species in highest quantity. 

The literature values used to identify and confirm these gaseous species are provided 

in Table 1. The specific vibrations corresponding to each band were determined where 

possible. 

Table 5.2. Literature values for FTIR peaks characteristic of materials identified via 

the evolved gas analysis of SLI. 

Material  Vibrational Mode  Bond Wavenumber* (cm-1) 

SO2 Asymmetric Stretch (v3) O=S=O 1320-1395 [214] 

CS2 Asymmetric Stretch (v3) S=C=S 1523 [215] 

CO2 Asymmetric Stretch (v3) O=C=O 2349 [216] 

H2O 

Asymmetric Stretch (v3) O-H-O 3755 [216] 

Symmetric Stretch (v1) O-H-O 3651 [216] 

Symmetric Bend (v2) O-H-O 1595 [216] 

Lauric Acid [103] 

Carboxylic Acid Stretch C=O 1777 [107] 

Alkyl Stretches+ C-H 2840-2975 [217] 

Carboxylic Acid Stretch O-H 3575 [107] 

Skeletal Stretch C-C 1040-1175 [103] 

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

literature. + See Hill et al. for detailed saturated acid peak assignments.[217] 
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From Table 5.2, the single bands attributed to sulfur dioxide (SO2), carbon disulfide 

(CS2), carbon dioxide (CO2) and water vapour (H2O) were distinctive, characteristic 

and easily attributable to the respective species. Carboxylic acids are common 

products in both the oxidative and inert thermal degradation of alkyl esters; formed 

via hydrolysis and intramolecular rearrangement.[218, 219] As the experimental FTIR 

peaks displayed very strong correlation with vapour spectra of acid homologues,[220] 

the remaining peaks in Figure 5.9c 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 in significant shifts to the IR 

stretching frequencies of C=O and O-H, which otherwise contribute to hydrogen 

bonding interactions.[107] The observed C=O (1777 cm-1) and O-H (3576 cm-1) bands 

were characteristic of vapour phase carboxylic acids and correlate very well with their 

respective literature peak widths and wavenumber values of 1777 and 3575 cm-1.[107, 

220] Analogous thermal degradation studies of similar lipids also report evolutions of 

alcohols, esters and aldehydes.[200, 201, 221] Primary, secondary and tertiary alcohol 

stretches typically occur between 3640 and 3670 cm-1 in the vapour phase.[107] Despite 

the large quantities of alcohol detected in the pyrolysis of SDS,[171] there is no 

significant evidence of this for SLI in air or N2. Using the Beer-Lambert law, the 

intensity ratio measured between C=O and O-H in the displayed spectrum was found 

to be similar to that of a reference carboxylic acid spectrum.[107] However, a slight 

excess in C=O absorbance is consistent with the presence of additional carbonyl 

species such as aldehydes and ketones. 

Quantitative Analysis of Evolved Gases 

To quantify gas evolution as a function of degradation, the change in absorbance for 

each of the characteristic bands (identified in Figure 5.9c) were plotted as a function 

of temperature. While carboxylic acids were identified as the primary carbonyl 

constituent, decomposition within the alkyl chains was also likely to result from 

oxidative combustion, resulting in the evolution of independent alkyl fragments.[206, 

222] The alkyl and carbonyl bands were therefore integrated individually to determine 

the relative quantities of each functional group. The resulting temperature-dependent 

absorptions in both air and N2 atmospheres are shown in Figure 5.10. 
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Figure 5.10. Absorbance of the characteristic FTIR bands of the evolved gas during 

the thermal decomposition of SLI in N2 (left) and air (right). SLI samples were heated 

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

and 4 (where applicable) as measured via TGA. The corresponding TGA data at 

10°C/min is also provided. All measured transition temperatures are shown in full in 

Table 5.1 

In both air and N2, the temperatures at which changes in absorption occur, coincide 

with the degradation zones identified via the differential TGA analysis (Figure 5.2). See 

Table 5.1 for further data. Due to the inherent interdependencies between radical 

reactions, the measured species in each environment display comparable maxima with 

broadly similar evolution trends with respect to temperature. These shared 

temperature-dependent inclinations across gaseous species correspond with previous 

studies pertaining to similar methods and molecules.[201, 221, 223] 

The significant evolutions of alkyl species, carboxylic acids, CO2 and water vapour 

correspond with the gases produced from the thermal degradation of other long chain 

organic molecules.[200, 206, 221, 224] A decompositional study of SDS reported that the 


















































































































































































