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ABSTRACT 

Effective delivery of poorly water-soluble bioactive ingredients has been considered a great challenge 

in the pharmaceutical, food and cosmetic industries. The compartmentalized hydrophobic and 

hydrophilic regions of emulsion systems give them the advantage to encapsulate polar and non-polar 

compounds for effective delivery. However, the challenge associated with emulsions is their 

thermodynamic instability. This study investigated the stabilisation process of fully crystallised fat 

globules as a dispersed phase in an oil-in-water emulsion system prepared from a naturally occurring 

vegetable fat, a nonionic surfactant and a polysaccharide biopolymer. The crystallisation profiles of the 

fats from Allanblackia seed and shea nuts were determined. Based on the results Allanblackia seed fat 

was selected and used as the dispersed phase in the oil-in-water emulsion system. The emulsion was 

formulated in the presence of Tween 20 and sodium alginate. The mixed emulsifier system gave 

stability against aggregation of the fat particles hence preventing coalescing, creaming and flocculation 

and this was more significant at 2 % to 4 % sodium alginate content. The emulsion particle size and 

microstructure were dependent on the fat/water ratio and a viscoelastic system with G′ > G′′ at the 

lower frequencies and G′′ > G′ at higher frequencies (where G and G are….). The dispersed fat particles 

emulsion system was used to encapsulate sudan orange dye (a water insoluble dye) and the efficiency 

of the encapsulation was characterized by an increase in particle size (ranging from 246 to 250 nm) and 

varying size distribution. UV-Vis spectrophotometric analysis of the dye loading capacity, release rate 

and leaching capacity showed a successful entrapment of the dye in the fat matrix. This confirms 

Allanblackia seed fat as a potential solid fat for its application in the formulation of     oil-in-water 

emulsions.
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CHAPTER 1 

Introduction 

1.1 Background 

The continuous formulation of new delivery systems to meet the demands of today’s fast 

and hectic life has led to the emergence of an important area in colloid and interface 

science where essential bioactive ingredients are incorporated in food, pharmaceuticals, 

cosmetics and other products to improve their quality and health benefits. Several 

colloidal systems have been studied and are now being used for the encapsulation of 

essential compounds, especially in the area of drug delivery to maximize their therapeutic 

activity while minimizing any possible side effects. Emulsion technology, which is an 

application of colloidal science, has become interesting in recent times as a result of the 

numerous advantages they possess such as flexibility in formulating functional products 

of specific structures, compartmentalization which provides them with the ability to 

simultaneously carry both hydrophobic and hydrophilic bioactive ingredients in one 

system, ease of application and ability to impact properties for consumer acceptance.   

It is estimated that over 60 % of new drug compounds produced suffer from poor water 

solubility with only 8 % exhibiting high water solubility and subsequent permeability [1].  

Since the major route for the delivery of many drug compounds used in treating many 

chronic diseases is oral, the poor water solubility of these drugs often leads to insufficient 

bioavailability, deficiencies in dose proportionality leading to incomplete absorption that 

may cause toxicity during and after administration [2]. Effective delivery of poor water-
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soluble (hydrophobic) bioactive compounds has therefore been considered a challenge 

especially in the pharmaceutical and food industries. These limitations have led to the 

recent increase in research interest in the development and use of colloidal systems 

through emulsification techniques in order to explore their potentials for the delivery of 

poorly water soluble bioactive components for effective oral consumption [3, 4].  

Emulsions are fine dispersions of minute droplets of one liquid dispersed in another. The 

two liquids are immiscible [5]. They are categorized based on the nature of the dispersed 

and the continuous phases. Emulsion systems; due to their compartmentalized 

hydrophobic and hydrophilic regions gives them the benefit to encapsulate water-soluble, 

non-water soluble compounds or both, for an effective delivery system. They also possess 

the ability to control the chemical stability of the encapsulated active compound, their 

rheological properties to suit their specific application and protect the active component 

against any form of degradation. The biggest challenge associated with oil and water 

emulsions in delivery systems is the fact that they are thermodynamically unstable [5]. 

The instability phenomenon is as a result of the fact that the free energy of the oil and the 

water phase as separate entities is lower as compared to that of the emulsion system. 

Emulsions prepared under such conditions tend to break down over a period of time as 

the dispersed phase forms flocks or coalesce [6]. The rate of break down of emulsions is 

strongly affected by the composition of the formulation, production conditions including 

concentration and temperature as well as environmental factors.  

A lot of work has gone into the enhancement of the stabilisation of emulsions by the 

application of emulsifiers and thickeners. The emulsifiers, which are surface-active 

molecules, are adsorbed to the surface of the newly dispersed droplets at the processing 
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stage and form a protective layer to protect and prevent the droplets from aggregating [7]. 

The presence of the emulsifiers enhance the stabilisation process of the emulsion in two 

ways; they lower the interfacial tension between the dispersed phase and the continuous 

aqueous phase and also form a mechanically cohesive interfacial film around the droplets 

which is able to prevent the oil droplets from coalescing [8]. Another important 

component used to improve the stabilisation of emulsions is the application of thickeners 

or texture modifying agents. These compounds are usually applied to increase the 

thickness of the continuous phase of the emulsion system, this delays and hence inhibits 

droplet movement in the continuous phase to reduce the rate of droplet aggregation and 

so improving the stabilisation process of the emulsion [9]. The selection of the suitable 

stabiliser(s) is very important in controlling the physicochemical properties of emulsions 

and the shelf life of their products. The extent of stability of the emulsion system 

provided by the emulsifier depends on the nature and amount used [10]. Even though the 

use of food grade emulsifier systems such as the polysorbates, sorbitan esters and 

polyethylene glycols used in food and other pharmaceutical products have not recorded 

any associated negative health effects, it is known that high levels of emulsifier 

concentration affects the texture, appearance and taste of their end products. Hence a lot 

of research is on going to find effective means of improving emulsion stability with 

minimal use of emulsifiers.  

1.2 Statement of Problem 

An emulsion-based delivery system for the food and pharmaceutical industry must 

contain solely permitted food grade components and also using approved processing 

techniques [11]. The occurrence of poor and variable absorption of water insoluble 
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bioactive drug compounds may result in sudden toxicity, making their production 

expensive and difficult. The solubility of many bioactive drug compounds in the 

gastrointestinal tract has been associated with the presence of food, lipid-based 

formulations that are employed to improve drug absorption. Strickley [12] in his recent 

survey, published that about 2-4 % of commercially available drugs are made of oral 

lipid-based formulations, of which the most frequently chosen excipients for their 

preparation were dietary oils. Although the uses of oral lipid-based formulations have 

enormous health benefits such as easy digestibility, it has not been used as expected 

probably due to the high chemical and physical instability issues associated with these 

dietary oils. Most of the products found on the market can endure stability at room 

temperature during storage for a short time and therefore require storage at much lower 

temperature conditions to ensure their long-term stability. However, the stability of lipid-

based emulsions against temperature variation may be improved in a crystallised system 

[13, 14] 

The flow, physical appearance and the overall stability of an emulsion system are critical 

issues in the successful application of emulsion technology in the development of food-

grade delivery systems. The flow, physical appearance and the overall stability have 

direct influence on the quality and life of an emulsion product. However, the achievement 

of a stable product is dependent on the ingredients for the formulation, methods 

employed for preparation and the environmental factors that influence the formulation 

processes. The use of stabilisers (emulsifiers) has been an area of interest in many 

research works over the years due to their ability to promote improved flow, physical 

appearance and stability of an emulsion system [9]. The emulsifier may be synthetic, or 
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naturally occurring compounds that have the ability to improve the interfacial tension 

generated within the emulsion system, and lead to reduction or prevention of emulsion 

breakdown. It is estimated that about 500,000 tons of emulsifying agents are produced 

and sold all over the world [15] but the choice of the emulsifiers in edible emulsions is 

limited by the regulations of the Food and Drugs Administration of a particular country 

and that the approved emulsifying agent should be affirmed as generally recognised as 

safe (GRAS) compounds [16]. Therefore, the choice of the emulsifying agent is an 

important step in the emulsification process.  

Apart from the instability issues associated with the emulsion system of dietary lipid-

based emulsion, there is also the possibility of occurrence of leakage of the encapsulated 

compounds from one compartment to another within the emulsion system and this may 

lead to undesirable distribution of the encapsulated component hence a poor formulation. 

Also the choice of lipid as an excipient has become critical as these oils are made of 

mixtures of triglycerides with different molecular characteristics. The lipids are made up 

of fatty acids of different chain lengths and unsaturation that may have a major impact on 

the lipid digestibility and hence it’s associated health effects. The melting point of a lipid 

oil increases as the carbon chain length of the constituent fatty acids increases and 

decreases with increasing unsaturation [17]. An increase in the unsaturation may also 

increase their susceptibility to oxidation in the emulsion system, which affects the taste 

and quality of the product. The selected lipid oils used so far are composed of medium to 

long-chain saturated triglycerides or hydrogenated unsaturated triacylglycerides but this 

strict selection procedure is affected by the high market demand on some particular lipid 

oils, and this may lead to an increase in cost of production of the delivery system. 
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In view of the mentioned problems associated with emulsion formulation, ingredients and 

stability, this study sought to use solid fat particles, which crystallise at room temperature 

to improve the stability of the emulsion against change in environmental conditions. 

Additionally, the presence of the crystallised fat will prevent the movement and leakage 

of any encapsulated compound from one compartment to the other within the emulsion 

system. Again since the fats are made of saturated fatty acids their presence in the 

emulsions was expected to improve the stability of the emulsion against oxidation. The 

study also sought to combine Tween 20 surfactant and sodium alginate thickener as a 

mixed emulsifier system to improve the flow, physical appearance and the overall 

stability of the emulsions.  

1.3 Rationale 

Ideally, an emulsion for a good delivery system must have the ability to protect the 

encapsulated compound from any kind of degradation. This can be achieved by reducing 

the ability of the core material to react to its immediate environment, ensuring a decrease 

in undesirable leakage of the core material, modifying the physical properties of the 

regular compound to allow easy handling and finally modifying the release of the 

bioactive material at a slow rate with time.  The use of the vegetable fats as starting 

materials presents several advantages such as increased solubilisation capacity, low 

toxicity, inherent biodegradability and bioavailability and high purity.  

The presence of solid fat globules gives a positive impact to the rheology of the bulk 

emulsion properties, such as the emulsion viscosity, elasticity and viscoelastic properties 

[18]. Since the ability of the emulsion to resist a breakdown and the subsequent 

instability phenomenon is largely dependent on their interfacial characteristics, the 
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presence of a favourably viscous and inelastic interfacial film may stop or reduce the time 

at which the interfacial film breakage may occur thereby minimizing or resisting globule 

rapture and hence promoting emulsion stability. The solid fat particles also provide a 

network structure, which entraps the encapsulated bioactive compound thereby providing 

a stable and effective encapsulation for the core material within the emulsion system. The 

formation of a rigid network structure gives the advantage of improving the mechanical 

properties, physical properties, functionality and texture of the emulsion product. 

Additionally, the fully crystallized fat globule presents discrete and smaller particle sizes, 

since the crystal network prevents the possible occurrence of coalescence. Solid fat 

crystals have been used as rheological modifiers for a variety of emulsion product [19]. 

The presence of high amounts of saturated fatty acids leads to the high melting properties 

exhibited by the vegetable fats and also their resistance to oxidative degradation. Several 

researches have shown the importance of fat crystallisation for improved functionality in 

oil-in-water emulsions [18]. However the presence of the solid fat particles as the 

dispersed phase may lead to increased aggregation, which eventually leads to emulsion 

instability [14].  

The emulsion kinetic stability is improved by the addition of a nonionic surface-active 

agent, Tween 20. Addition of Tween 20 lowers the interfacial tension between the 

dispersed fat globules and the aqueous phase and this produce a film around the fat 

particles thereby preventing globule-globule collision. The Tween-20 molecule with a 

high hydrophilic-lipophilic balance (HLB 16.7) will curve towards the fat globules and 

also promote stabilisation as a result of the formation of strong hydrogen bonds with the 

water molecules in the continuous aqueous phase [7]. Additionally, an alginate polymer, 
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which is a natural polysaccharide, added to facilitate and promote the formation, 

stabilisation and the possible occurrence of controlled-fat destabilisation. The alginate, 

which is a rheological additive or thickening agent, further increases the viscosity of the 

continuous water phase. The increase in thickness of the continuous phase increases its 

viscosity, thereby impeding the rapid and random movement of the fat globules in the 

emulsion system, hence a reduction in aggregation. The alginate, has low toxicity and is 

able to form a network structure, which leads to immobilization of the fat globules. The 

alginate is also inexpensive, biocompatible and usually available and used as food or 

pharmaceutical material. Alginate also present numerous exceptional characteristics that 

gives it an advantage to be used as a matrix for entrapment of bioactive compounds for 

controlled and targeted delivery systems [9, 20–23]. The addition of the alginate also 

gives the opportunity to reduce the addition of the surfactant molecules in the emulsion 

system hence promoting low-fat emulsions. The stabilisation capacity of the mixed 

emulsifier system is greatly improved by synergistic mechanisms to reduce the surface 

tension, establishment of rigid interfacial films and increased viscosity of the continuous 

aqueous phase.  

A success in the utilization of solid fat particles in the production of stable emulsion 

system will provide the advantage of the possibility to formulate poorly water soluble 

bioactive compounds in aqueous systems whiles protecting the compound against 

degradation or alteration of their biodistribution after administration, therefore enhancing 

controlled delivery. The presence of the mixed surfactant-biopolymer emulsifier system 

will lead to the production of emulsions for their application in the food and 

pharmaceutical industries since the emulsion ingredients can be certified as GRAS 
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materials. For a food-grade emulsion, it should contain reduced surfactant molecules and 

since the fat is typically composed of saturated fatty acids, the emulsion products are 

expected to exhibit improved stabilisation against oxidative degradation. 

1.4 Research Hypothesis 

The study was based on the fundamental hypothesis that, the use of dispersed solid fat 

particles, a surfactant molecule and a thickening agent will synergistically produce an 

improved stabilised emulsion system. The use of the solid fat particles will provide a 

rigid 3-dimensional network structure, which gives the advantage of improving the 

mechanical properties, physical properties, functionality and texture of the emulsion 

product. The presence of the surfactant and thickening agent reduces the interfacial 

tension and the velocity of the dispersed phase and hence improves the stability of the 

emulsion system.  

1.5 Aim and Objectives 

The overall aim of this work was to investigate the stabilisation process of fully 

crystallized fat globules as a dispersed phase in an oil-in-water emulsion system prepared 

from a naturally occurring vegetable fat, a nonionic surfactant and a polysaccharide 

biopolymer. The study also sought to use the successfully stabilised emulsion system for 

the encapsulation of a water insoluble dye for its application in delivery systems. 
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1.5.1 Specific Objectives 

The specific objectives of the study were to 

1. determine the effect of the fatty acids constituents on the thermal behaviour of 

two tropical vegetable fats namely Allanblackia seed fat and shea nut fat.  

2. investigate the stabilisation process of a fully crystallized fat particles-in-water 

emulsion system. 

3. evaluate the efficiency of encapsulation of the dispersed fat particles in the 

aqueous phase for a poorly water soluble component.  

1.6 Thesis Layout 

This thesis is made up of seven chapters: introduction, review of relevant literature, 

experimental methods chapter, three result chapters and finally a conclusion and 

recommendation chapter. 

1. Chapter 1 gives the background to the underlining relevance of the study and the 

aims and objectives of the research. 

2. Chapter 2 reviews the relevant literature that summarises the technical 

information and knowledge in relation to the subjects stated in the thesis; it also 

gives definitions to the terms used in this study. 

3. Chapter 3 covers the experimental procedures performed in this work. 

4. Chapter 4 is the first results chapter and it covers the comparative study of the 

fatty acids compositions of Allanblackia seed fats and shea nut fats and their 

thermal behavior. 
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5. Chapter 5 is the second results chapter regarding the formulation and 

characterization of solid fat particles dispersed in an aqueous phase containing 

varying concentrations of surfactant/biopolymer compounds. 

6. Chapter 6 is the third and final results chapter, which features the encapsulation 

efficiency of the stabilised emulsion system for a non-water soluble component. 

7. Chapter 7 summarizes all the conclusions made in this research work and 

provides subsequent suggestions and recommendations for future work. 

 

Publications arising from this research work are presented in the appendix. 
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CHAPTER 2 

Literature Review 

2.1 Fat as Biomaterials 

Biomaterials are raw materials from renewable resources used as industrial feedstock for 

monomers and polymer materials. Vegetable fats and oils are one of the most commonly 

used renewable resources in many industrial processes for non-fuel applications. The 

fatty acid compounds in fats and oils undergo functionalization of the C – H bonds in the 

alkyl chain, radical, electrophilic and nucleophilic reactions at the C – C double bond 

which may lead to a wide range of innovative compounds with stimulating characteristics 

useful for their applications in the chemical industry. 

2.1.1 Industrial Importance of Fats and Oils 

In this age of fossil oil reserve depletion and with the increase in emission of green house 

gases, the exploitation of renewable resources such as fats and oils is an essential step 

that may lead to ensuring sustainable development. Fats and oils as renewable raw 

resources has contributed appreciably to a viable development for their non-fuel 

applications [24]. They are greatly used as resources for the production of surfactants, 

cosmetic products, and lubricants [25]. Additionally, they have been used in the 

production of paints, floor polish and for the production of coatings and resins [26]. 

Vegetable oils and fats have become important renewable feedstocks in the chemical 

industry, since they provide raw materials on the regular bases for our day-to-day 

products and this may prevent or minimize emission of green house gases. Vegetable fats 

and oils have been discussed as important renewable feedstocks for the growing chemical 

industry in the promotion of green and sustainable development. This is due to their 
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ability to undergo oleochemical transformations such as the hydrolysis and the 

transesterification at the ester functionality of the native triglycerides. The 

transformational products may be used in the production of important industrial 

chemicals such as surfactants, lubricants and coatings. They also give advantage of their 

application in green chemistry, in that the raw materials show built-in design for 

degradation or lead to the production of low toxicity products.  

The importance of fats and oils as raw materials for the home, personal care and many 

other industrial applications is also due to their exhibited excellent properties such as 

high productivity, low price, high stability to thermal oxidation and their plasticity at 

room temperature [27, 28] 

2.1.2 Chemical Structure of Fats and Oils 

Fats and oils are naturally occurring compounds that are obtained from either plant or 

animal sources. Fats are solid, brittle at room temperature and melt at elevated 

temperatures whiles at room temperature oils are liquid. Fats and oils are categorized as 

vegetable fat or oil when obtained from a plant source and animal fat or oil from an 

animal source [29]. Vegetable fats and oils can be obtained from different plants and are 

usually identified by their plant source, examples are soybean oil and palm oil, shea 

butter fat cocoa butter fat and Allanblackia seed fat. They are made up of saturated and 

unsaturated fatty acids as the major chemical constituents. The fatty acids can exist as 

long chain or short chain carbon compounds. The length of the carbon chain determines 

the nature of the fatty acid and hence their characteristic physico-chemical properties and 

the subsequent physiological behavior [30]. The variations in the chemical structure of 

fatty acids affect the molecular structure of their triacylglycerol (TAG) compounds, 
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which constitute about 95-98 % of the whole fat or oil composition [31, 32]. The 

triacylglycerols are formed from a trimester of a glycerol and various fatty acids as 

shown in Figure 2-1. 

 

Figure 2-1:Structural composition of triacyglycerols of fats and oils R1,R2 and R3 are alkyl 

chains of fatty acid. 

Distinctive vegetable fats and oils are made up of different constituent fatty acids and this 

depends on the plants source and the environment they grow in [33]. The 

physicochemical properties of fats and oils are dependent on the degree of saturation or 

unsaturation in their molecular structure. The number of double bonds present in the fat 

or oil molecule characterizes the level of unsaturation and this is usually determined by 

calculating the iodine value (IV) [26]. The iodine value is a measure of the total iodine 

(mg) reacting with the carbon–carbon double bonds in a 100 g of the fat or oil. A high 

iodine value indicates the presence of large number of carbon–carbon double bonds in the 

triglyceride structure. Based on the iodine value the vegetable fats or oils may be 

categorised as drying oils (IV > 130), semi-drying oils (100 < IV < 130), and non-drying 
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oils (IV < 100) [34, 35]. Table 2-1, reviews the common fatty acids found in most 

vegetable fats and oils. 

Table 2-1: Fatty acid constituents of some commonly found in vegetable fats and oils 

Fatty acid Molecular formula Carbon-double bond ratio 

Capric acid 

Lauric acid 

Myristic acid 

Plamitic acid 

Stearic acid 

Oleic acid 

Linoleic acid 

Linolenic acid 

Arachidic acid 

C10H20O2 

C12H24O2 

C14H28O2 

C16H32O2 

C18H38O2 

C18H34O2 

C18H32O2 

C18H30O2 

C20H40O2 

C10 : 0 

C12 : 0 

C14 : 0 

C16 : 0 

C18 : 0 

C18 : 1 

C18 : 2 

C18 : 3 

C20 : 0 

 

2.1.3 Vegetable Fats and Oils in Polymerization Processes  

Another important application of fats and oils is their utilization in the production of 

polymeric materials. The presence of multiple carbon-carbon double (C=C) bonds makes 

the fat or oil an ideal and important building units for the production of different kinds of 

useful polymeric materials [36, 37]. The transformation of the fats and oils into 

industrially beneficial materials is through the functionalization and reacting the C=C 

bond to produce polymer materials or through direct reactions of the fatty acid 

component with different hydrocarbon monomers [38]. Several works have been reported 
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on the conversion of C=C bonds of several fats and oils into polyols by epoxidizing the 

C=C bonds of the triglyceride oil [39]. These synthesized polyols are made to undergo 

several reactions, which lead to the production of polyurethanes [40]. Other workers have 

also produced a variety of many useful different industrial biopolymers from numerous 

vegetable oils exclusive of any initial chemical modification of the starting fatty acids. 

They have successfully copolymerized vegetable oils such as soybean oils with 

divinylbenzene (DVB), resulting in rigid and brittle plastics with glass transition 

temperatures (Tg) of about 60–80 oC [38]. The resulting biomaterials produced from 

these fats and oils have outstanding thermal and mechanical characteristics, such as 

damping [39] and shape memory [37] profiles, and this gives the it potential to replace 

petroleum-based rubbers and other synthetic plastics.  

2.1.4 Vegetable Fats and Oils in Food and Pharmaceutical Products  

Apart from using vegetable fats and oils in cooking and their use in the production of 

spreads, creams and chocolates, more recently vegetable fats and oils have been 

introduced into the delivery of essential compounds in the food and pharmaceutical 

industries. To be applied in delivery systems, the fat or oil is treated to eliminate all kind 

impurities or sometimes their different fractions isolated from their original state, and 

used in the encapsulation of oral formulations. One of the disadvantages of using 

vegetable fats or oils in food and pharmaceuticals is the issue of oxidation of the highly 

unsaturated fatty acids. In order to reduce the occurrence of the oxidation process, 

unsaturated triacylglycerols are sometimes hydrogenated to produce fatty acids of 

reduced degree of unsaturation. The fractionation of these naturally occurring compounds 

into their various glyceride fractions or the utilization of the unmodified saturated fatty 
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acids has also been widely introduced and utilised in the preparation of pharmaceutical 

excipients that employs the needed physical and drug absorption-promoting properties, as 

well as reducing the issues of oxidation [41, 42]. The triglycerides have several benefits 

when used in self-emulsifying drug delivery systems. They usually are ingested into the 

food or food product, after which they are digested and subsequently absorbed, hence 

they are regarded as generally regarded as safe. 

2.1.5 Physical Properties of Vegetable Fats 

2.1.5.1 Thermal Behaviour of Vegetable Fats 

The study of thermal behavior in polymeric materials is basically following the 

characteristic change in their physical properties with temperature change [43]. Heat 

transfer and its related phenomena in fats and oils is fundamental and are used to 

elucidate the chemical and physical properties as biomaterials.  Fats and oils show 

complexity in their thermal profiles and this is essentially due to the existence of great 

variety in their triacylglycerol structure, which is the principal constituent [44, 45]. Due 

to the complex nature of the TAG structure, it is challenging to define the thermal profile 

of fat and oil systems; therefore they are usually described in a range of their specific 

thermal properties (melting or crystallisation temperature). Nonetheless, the thermal 

profiles of vegetable fats and oils give extensive information concerning the type 

transition occurring at their various states and this can be used as valuable tool to 

investigate probe a given oil or fat [46]. Many different methodologies have been 

proposed for the evaluation of the quality of `many commercial oils. Most of these 

methods subject their samples to conditions that accelerate oxidation normal process. But 

for the precise evaluation of the quality of fats and oils, thermoanalytical methods such as 
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differential scanning calorimetry (DSC) and thermogravimetry (TG) have received a lot 

of attention in recent times [47–50]. These methods present several advantages over 

many other conventional methods because they are able to use smaller amount of 

samples, and they present higher precision and sensitivity as well as give results in a 

faster way. 

2.1.5.1.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) is a thermoanalytical method in which the weight 

lost of a given material is observed with change in temperature or time. In this technique 

the material is heated under a controlled temperature and controlled atmosphere program 

which results in weight increase or decrease. So the thermogravimetric analyzer 

determines the weight of a material during its heating or cooling in a furnace. The 

thermogravimetric analyzer is made up of the sample pan, which is reinforced by a 

precision balance; the pan is placed in the furnace, and this is heated during the 

experimental procedure and the sample weight loss or gain observed. A sample purge gas 

is used to control the environmental conditions of the sample during the experiment and 

this gas may be a reactive or a nonreactive gas, which, moves throughout the sample until 

it, is exited through an outlet in the setup. The instrument is able to quantify the loss of 

water, loss of solvent, loss of plasticizer, decarboxylation, pyrolysis, oxidation, 

decomposition, weight % filler, amount of metallic catalytic residue remaining on carbon 

nanotubes, and weight % ash. All these applications, which are also quantifiable, are 

usually done upon heating, but some experimental results and information may also be 

obtained upon cooling. 
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Information obtained from a particular sample is displayed as a TGA thermal curve, 

which moves from left to right as indicated in Figure 2-2. The descending TGA thermal 

curve indicates the occurrence of a weight loss [51]. 

 

Figure 2-2: A TGA decomposition curve of soybean oil at different heating rates [52]. 

2.1.5.1.2 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is a technique used to determine properties of 

materials associated with temperature change. This measurement is based on the time at 

which the material absorbs the heat energy and compared to a reference material. This 

method is based on a forced thermal denaturation of the polymers and other material. It 

uses the energy changes occuring in the different transformations at the molecular level 

of the materials [53]. From the energy chnages, several properties of a material including 

their melting profiles, enthalpy change of melting, crystallisation profile, glass transition 

temperatures and degradation temperatures are measured. It is extensively used to 

compare native and mutant variants of proteins, for optimisation of buffer conditions, and 
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for confirmation of molecular interactions including quantitative determinations of 

affinities. The key benefit with the DSC is the fact that its data acquisition is based on the 

measurements of heat change and therefore allows the characterisation of native 

biomolecules without the use of any spectroscopic readings [46]. 

 

The fact that the application of the DSC does not depend on any spectroscopic 

measurements, means samples do not have to be optically clear before their molecular 

properties can be measured. The DSC characterises both the melting and crystallisation 

profile of materials and these are usually detected as thermographs as shown in Figure 2-

3. It also provides data on the forces involved in folding of biomolecules and the 

mechanism by which they unfold. 

 

 

Figure 2-3: DSC thermograph showing the crystallisation profiles of palm oil fractions. 

Curve (a) represents palm stearin and (b) represents palm olein fractions [47] 
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Since the development of the first power controlled DSC in the 1960s by Mike O’Neill 

and co-workers, several research work have used the DSC to determine the consequence 

of heat flow on the stability of polymers [54].  The thermodynamics of the TAG content 

of fat in the bulk phase behaviour and their complex crystallisation and melting 

behaviour, has been studied by DSC [55–57]. The differential scanning colorimetry 

screens the changes in the physical and chemical properties of a substance with change in 

temperature. The technique detects the change in heat related to phase transformations 

leading to crystallisation and glass transition. This observation was reported by Kong and 

Hay, (2002) [58]. The instrument compares the heat flow rate of the sample with an inert 

reference material as both are heated or cooled. The study of lipid chemistry has also 

taken the versatility of the DSC instrument. In profiling the melting and crystallisation 

properties of edible oils, the instrument measures the heat of fusion, the temperature of 

crystallisation, the fat liquid/solid ratio, their polymorphic transformations [59]. Tan and 

Che Man (2000) have also reported on the use of the DSC to investigate systematically 

the quality of some selected vegetable oils. They also studied and associated the use of 

the DSC with other standard chemical methods. This includes the determination of the 

total polar compounds, iodine value and free fatty acids for the oxidation of fat. They 

found that the DSC measurements compare very well with the various standard chemical 

methods [45, 46] 

Even though DSC has been reported as having high sensitivity and resolution, it is 

sometimes an inconvenient method as its signals become16.93 oC difficult to be 

integrated especially during the use of DSC in the study of isothermal crystallisation, 

when there is the possible occurrence of a polymorphic transformation simultaneously 
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with the crystallisation process [60, 61]. In the light of such a disadvantage associated 

with the utilization of phase transition based on the heat flow, another method termed the 

stop-and-return DSC technique is reported to overcome such problems [62, 63]. In this 

method the isothermal crystallisation process is interrupted at distinctive times and the 

sample re-melted. The melting thermographs thus obtained are then integrated to describe 

the advanced cooling process. At the different polymorphic transitions, different melting 

points and enthalpies are recorded and their peak areas and temperatures are interpreted 

to give insight into the different proportions of the fat or oil crystallized at the particular 

time [62, 64]. This also provides information on polymorphic transitions of the particular 

fat or oil. The stop-and-return DSC technique is described as a valuable and inexpensive 

tool for elucidation of the crystallisation mechanisms in fats [46]. 

2.1.5.2 Crystallisation Processes in Fats and Oils 

Vegetable fats are one of the major food ingredients commonly used as a lipophilic 

substance in the food industry as well as the pharmaceutical and cosmetic industries. 

They are complex mixtures of triacylglycerol (TAGs), as the major component [65], 

diacylglycerols (DAGs), monoacylglycerols (MAGs), free fatty acids (FFAs), 

phospholipids, glycolipids, sterols and many other minor components [66]. The 

triacylglycerols during the cooling process, from the melt at a temperature above its 

melting point to a temperature less than the melting temperature, they experience 

supercooling and hence experience a liquid–solid transition leading to the crystallisation 

of the fat [67, 68]. Crystallisation is defined as a supramolecular activity whereby 

arbitrarily prearranged molecules in a melted state come together leading to the formation 

of well arranged three-dimensional molecular structure called crystals [69]. 
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Crystallisation of fat accounts for several effects on properties such as consistency and 

the mouth feel in food products; and stability in an emulsion. Crystallisation of vegetable 

fat plays a significant role in the separation of fat fractions in a fat material into their 

individual components. This is significant because the fractionation process may lead to 

different products of varying melting and physical properties. The driving force of the 

crystallisation process is attributed to the change in chemical potential (Δµ) measured in 

joules per mole (J mole
-1

) between the liquid and the solid phases. The high the chemical 

potential difference, leads to high driving force for the crystallisation process. The 

mechanism of fat crystallisation is grouped into two different steps. In the first step, a 

thermodynamic force is generated which is sufficient enough initiate the occurrence of a 

nucleation process. Nucleation is the process during which fat particles are produced by 

transporting growing units, which are collected to form a crystal lattice. Once the nuclei 

are produced, they develop to incorporate triacylglycerol compounds in the liquid leading 

to crystal growth. The molecules in fats and oils experience two fundamental phenomena: 

they experience nucleation and subsequent crystal growth and the occurrence of 

polymorphic transition.  

2.1.5.3 Nucleation 

Nucleation is defined as the process of forming the initial stable crystal in a supercooled 

mix of melted triacylglycerides [70]. The nucleation process is the formation of a nucleus 

of fat upon which several crystals grow. The nucleation process occurs in different ways. 

It can be a primary nucleation, which occurs either as homogeneous or heterogeneous. It 

can also be a secondary nucleation, which usually occurs only after the primary 

nucleation process. Upon forming the nucleus, the crystal propagates by combining other 
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triacylglycerol compounds in the liquid phase onto the crystal network. The pattern and 

rate of the crystallisation progress change on conditions including the degree of 

supercooling and the change of diffusion with time of the growing crystal particles from 

the liquid phase. 

When the nucleation occurs without the process being catalyzed by fat crystals present or 

by the presence of any foreign solid surfaces, the process is termed a primary nucleation 

and this occurrs through a homogeneous mechanism. Such a process occurs in a highly 

supercooled melted fat system before the crystallisation begins. But in a situation where 

the presence of a foreign surface catalyses the nucleation process in a primary nucleation, 

the process is termed as a heterogeneous nucleation mechanism. The heterogeneous 

nucleation is as a result of a molecular orientation, which is usually enhanced by the 

presence of other foreign surfaces, such as dust particle or any other microscopic 

impurities on the walls of the containers.  The presence of these impurities causes the 

molecules to orient themselves to form a more definate crystal lattice. The heterogeneous 

process occurs at a much lower level of supersaturation as compared to that of the 

homogeneous nucleation. The secondary nucleation occurs once primary homogeneous 

or heterogeneous nucleation and fat crystals have already been formed. During the 

nucleation process tiny crystal particles produced goes beyond the “critical size”. These 

tiny crystal particles are taken from the top of the already formed crystals and are used as 

the secondary nuclei upon which new crystals are formed. The secondary nucleation is 

more prominent if there is crystallisation in a solution or industrial crystallizers. 
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2.1.5.4 Crystal Growth 

After the nucleus is formed and exceeds the critical size, it becomes crystallites upon 

which the growth occurs. The growth occurs by adding additional TAG compounds 

formed in the liquid phase on top of the crystal structure. As the nucleus grows, 

molecules migrate by diffusion to the top of the crystallized particles and arrange 

themselves to a suitable site during deposition [71, 72]. During the formation of the 

crystals, latent heat is discharged; energy moved from the surface of the fat particles in 

other to reduce any rise in temperature, or the termination of further growth. The crystal 

microstructure is estimated from the various constituents in the mixture, and the change 

in growth with time. The steps through which the crystal surface increase, is defined by 

the interfacial properties of the crystal and liquid phase.  

Three types of crystal faces exist: kinked (K), stepped (S) and flat (F) faces. The kinked 

(K) face is an countless number of kink sites. The kink sites possess no thermodynamic 

barriers which could prevent the growth process and therefore promotes the continuous 

growth of the crystals.  As the crystals grow from the melted liquid, the free energy is 

activated free for the dispersal of the TAG compounds in the molten stage has important 

effect on the growth kinetics and therefore the rate at which the crystals grow rate is 

inversely proportional to the viscosity of melted fat. The stepped (S) face has similar 

kinetic properties as that of the kink face. The number of stepped points per unit area is 

lesser in comparison with the K face. The occurrence of growth rate for the S face is 

proportional to the relative supersaturation of the melted fat. The flat (F) face grows layer 

after layer, and this can either by a two-dimensional nucleation pathway when the crystal 

surface is without defect or be a spiral growth mechanism. The spiral mechanism occurs 
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much more frequently than the two-dimensional nucleation mechanism [44, 64, 69]. 

2.1.5.5 Polymorphism 

Fat crystal polymorphism may be described as the power of solid TAGs to produce 

distinctive crystals with identical chemical constituents, which mutually vary in structure 

nonetheless gives indistinguishable liquid in its molten stage [73].  Polymorphism of fats 

and oils is characterized by three main forms: α, β′, and β, a nomenclature based on the 

Larsson theory in 1966 [44] which has also been discussed by several other authors in the 

literature [74].  

 

 

Figure 2-4: (a) A triacylglycerol molecule, (b) polymorphism and subcell structures, (c) 

chain length structure of a typical fat composition [44]. 

	  
The various polymorphs are designated by their crystal subcell structure, that is a 

characteristic of the packing modes of the zigzag hydrocarbon chain. The α form 

corresponds to a hexagonal subcell structure (H), that is the acyl chains do not form an 

angle of tilt; β’ corresponds to an orthorhombic perpendicular subcell structure (O┴), 
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where the chains are perpendicular, and they form an angle of tilt between 50° and 70°; 

and the β form corresponds to a triclinic parallel subcell structure (T//) with the same 

angle of tilt as β’ but with a parallel chain orientation (Figure 2-4) [64]. 

The polymorphs vary in their melting profile, the stability of the melting enthalpy and 

density. These parameters are classified according to their stability. The polymorphs as 

arranged in their order of increasing stability is α <β’< β. The α form which has the 

lowest stability and shows the least melting temperature, melting enthalpy and density 

can be transformed into a β’ or β during temperature change treatment. The metastable 

β’, gives an intermediate character. The β’ polymorph is that which is much desired in 

production of many food products for their optimal morphology and crystal network for a 

desired textural properties. The β polymorph gives the highest stability and hence shows 

the highest melting temperature, melting enthalpy and density. They form a characteristic 

plate-like crystals, which are usually large and give a resulting poor crystal network 

which is brittle in nature [74]. Due to the presence of the subcell packings the various 

polymorphic structures can be identified and characterized by powder X-ray diffraction 

patterns. The α  polymorph, which occurs through hexagonal subcell packing, is 

identified by the occurrence of one intense diffraction pattern around 4.15 Å. Two intense 

diffraction patterns shown around the 3.7 and 4.2 Å corresponds to the orthorhombic 

subcell packing of the β’ polymorph . The triclinic subcell packing of the β polymorph is 

characterized by a series of diffractions consisting of a more intense pattern at 4.6 Å and 

two less prominent patterns in the region of 3.6 and 3.8 Å [75]. Two polymorphic 

crystalline forms exist, and they are monotropic and enantiotropic. The monotropic form 

occurs through an irreversible pathway. In this process one polymorph appears all the 
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time and is very stable and by changing the environmental conditions such as the 

temperature and pressure forms it. In the monotropic polymorphism, the crystal with 

highest stability are modified successively from α to β' and then to β, at an adequate time 

interval and their transformation only occurs in way of  which the most stable form can 

be formed. On the other hand enantiotropic polymorphism is a reversible process and for 

two crystalline forms to be enantiotropic, each one of them should occur in a definite 

stability range. This is usually linked to a precise choice of temperature and pressure 

within which every one of the polymorphs exist in its highest thermodynamically stable 

state. 

The polymorphs usually are discussed in the contest of crystallisation from the melt, 

which usually is said to be nucleation dependent. However, the formation of a polymorph 

can also be melt-mediated, that is it is observed directly from the melt solution [64, 76]. 

The rate of crystallisation decreases from α to β, and applying the optimal cooling rate for 

each polymorphic form this can be achieved. At low supercooling, the particles will 

integrate into the energetically most favorable sites, which lead to the formation of a 

more stable polymorph; although at high supercooling integration favors the least 

energetically favorable sites. Prediction of the rate of cooling for each polymorph as a 

simultaneous crystallisation process of more polymorph may occur is not an easy task. 

2.1.5 Shea Butter Fat As Industrial Feedstock 
	  
Shea butter is a vegetable fat extracted from the kernels of the fruit of the shea tree 

(Vitellaria paradoxa), a deciduous tree that grows in the wild, in the savannah belt of 

Africa. Shea butter is widely used as cooking oil, for producing soap, and used in 
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pharmacological and cosmetic products locally [77]. In recent times shea butter has 

gained increasing international demand. It is classified as an oleaginous product based on 

its physicochemical properties, which has been used in its application as industrial 

feedstock. It has also been used extensively world wide in the cosmetics industry and in 

pharmaceuticals. Shea butter is a semi-solid fat composed of triglycerides and fatty acids 

including oleic acid (60 to 70%); stearic acid (15 to 25%); linolenic acid (5 to 15%); 

palmitic acid (2 to 6%); linoleic acid (<1%) [78]. Shea butter has also been reported to 

contain about 10 % trioleic (OOO), 35 % stearic-oleic-oleic (SOO), 40 % stearic-oleic-

stearic (SOS) and 8 % palmitic-oleic-stearic (POS) triacylglycerol compounds. It also 

contains other TAGs made up of linoleic acid and arachidic acid in minor quantities [78]. 

Based on the triacylglycerol composition, shea butter exhibit excellent physico-chemical 

properties hence their broad industrial and domestic applications. Additionally, high 

unsaponifiable matter levels as compared to different vegetable fats and oils has been 

reported, and this gives information about the potential to develop shea butter into 

medicinal products [79]. The high moisturizing properties of shea butter, its buttery 

consistency and spreadability gives it the advantage to be considered in emulsion 

technology. 

2.1.6 Allanblackia Seed Fat as Industrial Feedstock 
	  
The Allanblackia fat is gotten from the seeds of the Allanblackia fruit (Allanblackia 

parviflora). Allanblackia tree grows in the evergeen lowland and deciduous forests in 

Africa. The Allanblackia seeds contain about 72 % fat, which is solid at room 

temperatures. Allanblackia seed fat contains stearic acid and oleic acid as their major 

fatty acid content [80]. Its fatty acid composition is about 45 - 58% stearic acid and 40 - 
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51% oleic acid with traces of other fatty acids such as palmitic acid and arachidic acid 

present [81]. The fatty acid composition of the Allanblankia seed fat and their relatively 

high melting temperature (35°C) brands the fat a valued natural resource. This implies 

that it can be used without any modification to increase the uniformity of many food 

products. The physicochemical properties (semi-solid at room temperature) of the 

Allanblackia seed fat is determined by their triacylglycerol composition which is 

characterized by high contents of stearic-oleic-stearic (SOS) and stearic-oleic-oleic 

(SOO) (average values 69 % SOS; 23.0 % SOO). The simplicity and distinctive 

organization of the fatty acids on their glycerol backbone makes the fat suitable as a 

hardstock component and also provides the Allanblackia seed fat quality criteria as an 

edible vegetable fat. This quality gives the Allanblackia seed fat it’s intended use as a 

novel food ingredient. 

2.2 Emulsions 

Emulsion may be categorized as a colloidal system consisting of two liquids that are 

immiscible, in which one of the liquids is distributed as droplets (the internal component) 

and the other forms the continuous phase (which is the external component) [82, 83]. 
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Figure 2-5: Dispersed droplets in a continuous phase forming an emulsion system 

The emulsion may be classified as microemulsion with the droplet size ranging from 

about 0.01 to 0.1 µm and macroemulsion with droplet size of about 5 µm. When the 

emulsion system is made up of one internal phase, it is referred to as a primary emulsion 

such as oil-in-water (O/W), also, water-in-oil (W/O) and then, oil-in-oil (O/O). However, 

when an emulsion consists of two internal segments or phases as it is seen in oil-water-oil 

(O/W/O) or may be water-oil-water emulsion (W/O/W), these are referred to as 

secondary or multiple emulsion [5, 6].  

Dispersed phase	  

Continuous phase	  



	  

	   32	  

 

Figure  2-6: Schematic representation of different emulsion systems 

Emulsions have been used in different applications as materials and products in everyday 

life. They are used in personal care items, foodstuffs and pharmaceuticals. The emulsion 

technology has seen vigorous investigations owing to its potential industrial applicability. 

The advantages of using an emulsion are its ability to carry multiple active components 

of differing solubility, its ability to improve the distribution and /or permeability of an 

active pharmaceutical ingredient upon application and also for aesthetics. The presence of 

liquid/liquid immiscibility in the emulsion system generates surface tension (force) 

between the two phases where they come into contact with each other. This is because at 

the point of contact between the two liquids, the cohesive forces between the molecules 
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of the two liquids virtually exceed the adhesive forces between them. As a consequence 

in respect of the thermodynamics, emulsions are not stable. This thus results in the 

separation of the two layers reducing the surface area. The extent of phase separation can 

be minimized from the emulsification method and also by the addition of emulsifying 

agents. [5, 9, 84] 

2.2.1 Emulsion Stability 

Information about the processes taking place during the homogenization of the emulsion 

is best explained by the thermodynamics of the system whiles the kinetics offers 

knowledge on the speed with which the various activities ensue. When water and also oil 

mixed, considering the free energies before and after the homogenisation process can 

monitor their thermodynamic stability. The free energies obtained can then be compared 

with the interfacial area to understand the extent of thermodynamic stability [85]. Several 

works have investigated the ‘free’ energy in the oil/water system prior to homogenization 

as well as at the end of the homogenization process in food grade emulsion. In such 

studies the total ‘free’ energy is additive and can be accounted for the upsurge in the 

surface area between the two segments of the emulsions hence their thermodynamic 

instability [86, 87]. Several breakdown processes are almost certain to occur in the 

emulsion system especially upon storage and this is usually attributed to their 

thermodynamic instability. However, during the production of an emulsion, an additional 

constituent is needed to decrease the interfacial tension thereby reducing the episodes of 

emulsion breakdown. The period at which any of the instability processes occurs is 

described by the kinetics of the emulsion. Even though emulsion systems may not be 

thermodynamically stable; they continue to be stable in terms of their kinetic energy for a 
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long period of time. This is because; events responsible for generating thermodynamic 

instability happen over a long span of time. Although, the speed at which changes occur 

in the characteristics of an emulsion system may be slow, it is still very critical especially 

when applied to the food and pharmaceutical industry. 

Stability of an emulsion may be described as its ability to resist changes in its physical 

characteristic over a time period. This may be achieved or enhanced by adding 

emulsifiers. After the homogenization process, a high surface area is results to maintain 

the dispersion of the droplets. This phenomenon subsequently results in the upsurge of 

‘free energy at the surface considering here this equation below;  
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Where W is surface free energy, γ  o/w is interfacial tension of the oil-in-water emulsion 

system and ΔA is surface area 

From the equation, an increase in the surface free energy also leads to an upsurge of the 

force between the phases interfacial. The high interfacial force causes variation within 

physical characteristics of the emulsion with time. Thus, Stability of an emulsion can be 

described in two forms, thermodynamic stability and kinetic stability. When the two 

immiscible liquids (oil and water) are mixed by homogenization, the internal phase (or 

segment) immediately forms droplets, which disperse evenly in the uninterrupted or 

continuous half. The process of breaking down internal segment into dispersed droplets 

increases the interfacial area hence an increase in the surface free energy and this may 

cause an upsurge in the force between the two phases or segments. The high tension 
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(force) between the phases causes the dispersed particles to redistribute within the 

continuous phase in a direction that depends solely on the variation of density between 

the phases. The redistribution of the dispersed droplets causes the various instability 

mechanisms such as: (1) flocculation; (2) creaming a kind of blending (3) Ostwald 

ripening; (4) amalgamation also known as coalescence; and (5) phase transposition [88]. 

A couple or even multiples of these instability processes may happen simultaneously. By 

virtue of their utter relevance, it is crucial to decipher the processes that make emulsions 

unstable in order to select wisely, their constituent in order to prevent instability and 

improve their shelf life. 

2.2.1.1 Phase Split-up (separation)  

The droplets within an emulsion system are constantly in motion and their densities are 

almost always different from that of the uninterrupted or continuous phase. As the 

droplets continuously move freely in the system, external forces, which are usually 

gravitational or centrifugal forces act on them. When these forces surpass the kinetic 

energy of the droplets, a gradient of the concentration is formed. As the gradient builds 

up, droplets which are bigger but with lower density move faster atop to form a stratum 

of droplets above or to the bottom when the density is greater than the density of the 

medium phase [6, 82, 89].  

Creaming is the main phase separation process in an oil-in-water system. The separation 

occurs only if the oil droplets formed is of lesser density than the continuous phase 

thereby moving up to form a stratum of oil droplets above in the emulsion system. On the 

other hand, the separation may be termed as sedimentation, which occurs when the 

droplets formed are heavier then the continuous water phase; this causes the droplets to 
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move towards the bottom of the emulsion to form a stratum at the base. Since the density 

of oil is lower than the density of water, droplets formed in oil-in-water emulsions 

usually undergo creaming, whiles sedimentation occurs in water-in-oil emulsions [90]. 

The speed with which a single droplet creams is regulated by the Stokes Law [90], which 

states that the rate of creaming is equal to the variation in density between the two 

segments  (i.e. oil and water) to the square of the diameter of the droplet and to the 

acceleration acting on the droplet and is inversely proportionate to the thickness of the 

uninterrupted segment [91]. 

 Vs =     2a2 (ρo - ρ)                                                                         2.2                                                                 
                  9ηo 
 

Where  Vs is the velocity of separation or creaming rate, a is the droplet particle radius, 

ρ  is density of the droplets phase, ρo is the density of the medium containing the 

droplets whilst ηo is the viscosity. 

The creaming velocity is totally dependent on the density variation amongst the two 

liquids, the viscosity of the continuous uninterrupted phase and the droplet particle size. 

Several works have described different ways to reduce the occurrence of creaming in oil-

in-water emulsions [92–95]. Several modification methods leading to the reduction of the 

variation in density among the dispersed and the uninterrupted aqueous segment are 

adopted [96, 97]  This principle is achieved by employing similar densities for the phases. 

This is achieved by adding an agent, which usually would increase the density of the oil 

before the emulsification process or use a much denser emulsifier that is able to increase 
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the weight of the droplets once formed after emulsification. The reduction of the droplet 

size has also been considered as an effective way of reducing the rate of creaming [5, 9]. 

The reduction of the droplet size is critically associated with the homogenization process 

and the energy input during such processes. The presence of smaller droplets leads to 

decreasing force between the oil and water phases, which then prevents coalescence. The 

efficient disruption of oil droplets and its subsequent resistance against coalescence is 

achieved by the adoption of a more efficient homogenization process and the right choice 

of emulsifiers and their presence in adequate concentrations [85, 98].  

The thickness of the continuous water phase may also be improved to reduce the speed of 

creaming in an oil-in-water emulsion system. The upsurge of the viscosity (thickness) of 

the liquid phase neighboring the droplet reduces the movement of the droplets in the 

emulsion system (velocity). The addition of thickeners in the continuous aqueous phase 

can be used to improve the thickness of the uninterrupted continuous phase [20, 99, 100]. 

Another important improvement method is the ability to increase the droplet 

concentration in the emulsion system [101]. When the droplets are in high concentration, 

they tend to get packed closely which prevents their movement freely in the system. But, 

it is a formidable task to increase the concentration of the droplet due to physicochemical 

limitations of the emulsion system.  

2.2.4 Aggregation of the Droplet  

The mechanical agitation, the effect of gravity and the presence of Brownian motion 

leads to the constant movement of the emulsion droplets and therefore triggers the 

droplets to come close towards one another, which subsequently results in to their 

frequent collision [88]. The extent of collision depends on the force (internal and 
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external) acting on the droplets and this informs the kind and nature of the aggregation.  

Two types of droplet aggregation that may occur are flocculation and coalescence. 

Flocculation is the type of aggregation in which the droplets maintain their physical 

characteristics whilst coalescence is the kind in which droplets combine after coming into 

contact with each other to form one big droplet. Flocculation thus may be revocable (if it 

is weak enough) or permanent that is irrevocable (if it is strong). Coalescence could be 

partial or total and they are irreversible [5, 6]. Within an emulsion system, the droplets 

particles are encompassed by the continuous uninterrupted phase within which the 

droplets are formed and distributed. When the droplets run into one another, they form a 

thin stratum, which is usually referred to as thin film or layer. This thin film is formed 

amongst the droplets by the uninterrupted phase. The advent of the thin film provides the 

ability to prevent contact of the droplets and this is ascribed to the occurrence of 

hydrodynamic resistance produced by the thin film [102–104]. The viscosity of this thin 

layer hangs on the kind of the colloidal and hydrodynamic forces within the emulsion 

[105–109]. This can also be achieved by the existence of non-adsorbing polymers in the 

uninterrupted phase, which can cause a reduction of the attractive force. As the thin layer 

forms a ‘wall’ between the dispersed droplets; the viscosity   of the thin film becomes 

directly proportional to their collisions. The thin films tend to rupture at high energies 

and this also determines the extent and nature of droplet collisions. The presence of high-

energy barrier implies little or no droplet aggregation whiles lower energy barrier leads to 

frequent collisions, which could lead to either flocculation or coalescence. 

2.2.4.1 Flocculation 

Droplet flocculation is the aggregation or collection of droplets that does not cause  a 
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change the size of the droplets. This process is due to the presence of van der Waals 

attraction between the dispersed systems and may occur only if there are not enough 

repulsive forces to repel the droplets. Flocculation thus directly affects the stability of an 

emulsion system and its perceived as an important factor in speeding up creaming of the 

system [5, 6, 110, 111]. Flocculation can be described either in dilute emulsions or 

concentrated emulsions. In the emulsions, the flocs formed may have little or no 

interaction at all with each other and this may cause an increase in the creaming velocity. 

In a polydispersed emulsion, due to the presence of different droplet sizes the emulsion 

tend to cream at varying speeds, which may lead to a tendency for the faster moving 

droplets colliding and forming ‘traps’ for the slow moving particles. Several 

mathematical models take into account the collision frequency and collision efficiency 

and this phenomenon have been used to compute the effect of flocculation on the stability 

of an emulsion system.  

The formation of flocs is a crucial topic within the scope of study of nutrition 

applications as they increase the viscosity of the emulsion and may be seen as a 

disadvantage to the food product. But on the other hand, the flocs may form a network 

structure in the emulsion system, which may present an advantage of controlling product. 

This therefore makes it very important to study and understand flocculation in emulsion 

systems. Several methods can be used to control or eliminate flocculation, however 

choosing an approach depends on the components of the emulsion and the expected final 

products. The most effective to approach to mitigate the speed and scope of flocculation 

is to create an energy hurdle between the droplets thereby regulating the interactions 

between droplets.  
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2.2.4.2 Coalescence 

Coalescence is the amalgamation of a couple or multiples of droplets into a bigger but a 

single droplet which results in the formation of a stratum of the oil droplets atop an 

emulsion [5, 88]. This occurs when the droplets involved stay close for some time either 

during aggregation or during creaming where there exists only a thin stratum of the 

uninterrupted phase to prevent the droplet – droplet contact. As the droplets run into one 

another after staying together for sometime, the thin film separating the droplets may 

break spontaneously or rupture. The spontaneous rapture of the thin film depends on the 

size of the oil droplets; the larger the droplet the thinner the film diameter and vice versa. 

The rate of rupture of the thin film is of great importance as it helps in the prediction of 

the occurrence of coalescence in emulsion systems. Immediately after the film breaks, the 

oil in the droplets flow to sites of lower pressure and assumes a spherical shape [112, 

113]. 

The droplets are in constant movement, which actually makes the time permitted for the 

collision minimal. But as the droplets stay closely to each other for longer periods, they 

afford the thin film enough time that is required for the film rupture and hence the 

coalescence. The mechanism of droplet coalescence hangs on the surface properties of 

the continuous segment. Therefore the addition of a surfactant (emulsifier) to improve the 

surface properties of the continuous phase has become a prerequisite for a successful 

stabilised emulsion preparation. The surfactant molecules are adsorbed at the droplet 

surface and form an interfacial layer that acts as a protective membrane, which provides 

protection for the breakage of the oil droplets.   Due to the importance of droplet 

coalescence it has become of major concern in emulsion systems. Several methods have 
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been employed in the prevention and or the control of coalescence in emulsions. These 

methods are basically based on improving the hydrodynamic interactions occurring 

between the oil droplets and the various emulsion components. These methods are 

developed to help reduce or prevent droplet-droplet contact and the subsequent film 

rupture [114–116]. Coalescence has been classified under two main classes; partial 

coalescence and the ‘true’ or total coalescence. While true coalescence is described as a 

critical emulsion instability phenomenon, partial coalescence has been looked at as an 

important process which when carefully studied can be used to achieve good product 

properties. 

Partial coalescence occurs when there is the presence of solid crystals in the dispersed 

droplets.  It is a common phenomenon usually found with solid fat molecules, when the 

solid fat particles are formed in the emulsion system, some of the crystals are found to 

protrude from the solid particles into the continuous phase. In such a case, as the particles 

approach each other and collide, the protruding crystals pierce the adsorption layer of the 

other particle leading to particle-particle contact and hence the observance of partial 

coalescence. The event of partial coalescence within an emulsion systems has been seen 

as an important requirement in manufacturing food grade product to achieve desired 

properties such as structure development, improved physicochemical characteristics and 

the sensory characteristics of the food products.  The mechanism of the partial 

coalescence is such that solid particles should exhist in the dispersed phase. Partial 

coalescence is achieved in the presence of solid fat crystals within an oil-in-water 

emulsion. During the cooling process after the homogenization, the fat droplets begin to 

crystallize out.  When two partially crystalline particles come close to each other, the 
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existence of projecting crystals penetrate the thin film among them leading to adsorption 

of the layer around the second fat droplet. The penetrating crystal at this point prefers to 

be doused by the oil present to the uninterrupted aqueous segment. In the presence of 

sufficient liquid fat in the dispersed fat particles, the liquid fat begins to stream about the 

crystals, which reinforces the link in-between the 2 droplets [88]. The prevention of 

droplet coalescence achieved quite often by the application of emulsifiers. These are 

surface-active molecules and ‘stick’ against the oil-water interface to reduce the 

interfacial tension thereby preventing droplet-droplet contact.  

2.2.5 Disproportionation (Ostwald Ripening) 

Disproportionation in an emulsion system is the gradual growth of larger droplets due to 

diffusion of molecules in a polydisperse phase. This occurs because of the solubility of 

smaller droplets within a continuous aqueous phase [6]. Even though during the 

emulsification process, the two phases are said to be immiscible, they often show mutual 

solubilities to some extent and this is often not negligible. When the emulsion is poly 

disperse, the smaller droplets tends to be more soluble in the continuous phase. This 

phenomenon is highly dependent on the rate of diffusion of the disperse phase molecules 

that is smaller to larger droplets through the continuous phase. The pressure of dispersed 

material is greater for smaller droplets than the larger droplets according to the Laplace 

equation: 

P = 2γ/r                                                                                                  eqn 2.3 

Where, P is the Laplace pressure, γ   the force of surface tension and r the  radius of the 

droplet. 
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The force generated as a result of the differences in pressure among the smaller and 

larger droplets is responsible for driving the diffusion process while the speed of 

diffusion depends on the ability of the dispersed phase to dissolve in the continuous 

phase.  On the other hand the rate of diffusion is also greatly affected by the kind and 

thickness of the continuous phase. This has been described by the Stokes-Einstein 

equation: 

D = koT/ 6πηr         eqn 2.4 

Where, D stands for diffusion coefficient of a droplet particle and η  is the continuous 

phase (thicknes) viscosity. 

The occurrence of Ostwald ripening is associated with the solubility of the discontinuous 

phase and which is inversely proportional to the droplet size. To reduce the Ostwald 

ripening, emulsions of bigger droplet sizes are encouraged. In preparation emulsions with 

smaller droplet size distribution, it is crucial to guarantee a smaller difference between 

the sizes of the individual droplets. Another important factor that has been considered in 

controlling Ostwald ripening is the solubility of oil-in-the water segment. The ability of 

the oil to be miscible in the water phase is as a result of the presence and properties of 

emulsifier used in the emulsion system. Therefore to decrease the occurrence of Ostwald 

ripening, an emulsifier should be chosen such that it will reduce the possibility of oil 

solubility in the continuous phase. It is therefore crucial to estimate droplet size and their 

size dispersion in an emulsion system. 
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2.3 Characterization of Emulsion Instability Phenomena  

Emulsions have wide ranging applications in the food, cosmetic and the pharmaceutical 

industries. One major advantage of the use of emulsions in delivery systems is their 

inherent capacity to maintain an encapsulated compound safe over a long period of time 

and their high level of biocompatibility [3, 117, 118]. Nonetheless, the applications of 

these emulsion systems suffer some challenges, which are related to their physical 

stability. Therefore for a successful application of emulsions in delivery systems there is 

the need to measure and characterize the factors and processes that make an emulsion 

unstable. 

2.3.1 Estimation or measurement of Droplet size  

The size of the droplet and their distribution within the emulsion system is the main 

parameter to be characterized in investigations into emulsion stability. The evolution of 

the droplet size has become the main character that directly affects most of the emulsion 

instability phenomena, except for the occurrence of flocculation, which cannot directly 

affect the droplet size because it does not merge droplets into larger droplets. The 

occurrence of Ostwald ripening and coalescence increases the average droplet size in an 

emulsion system as a result of the fact that they either lead to the merging of two or more 

droplet or the diffusion of droplets. Creaming, the speed of creaming is directly 

influenced by the size of the droplet and distribution of emulsion droplets. This makes the 

measurement of emulsion droplet size of great importance. Such measurements provide 

information on the properties governing the emulsion system. Some of the techniques 

that have been developed and employed in the measurement of droplet size distribution 

include the use of microscopy [119, 120], light scattering [121–123] ultrasonic methods 
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and nuclear magnetic resonance methods [116, 124]. 

2.3.2 Flocculation Characterization 

The presence of flocs in an emulsion system is best observed by microscopy. The rate of 

occurrence of flocculation may be deduced by estimating the size of the flocs with time 

and this is best achieved by employing particle-sizing instruments. Image analysis 

technology may be utilized to deduce the droplet size of the flocs [116, 121]. It is 

important to be very careful when preparing the emulsions for analysis as careless 

handling can lead to the breaking of the flocs. 

2.3.3 Coalescence and Ostwald Ripening Characterisation 

Due to the critical role coalescence and Ostwald ripening play in emulsion stability, 

several methods have been described for their characterization. The first direct method, 

which has been frequently used, is optical microscopy. To investigate these phenomena 

with an optical microscope, an amount of the emulsion either diluted or as prepared 

depending on the thickness of the emulsion product, is placed on a glass slide under a 

microscope where the variation in the droplet shape and size are monitored as a correlate 

of time. The occurrence of coalescence as well as ripening could also be investigated and 

characterized by estimating the droplet size dispersion with particle sizing technology. 

Coalescence as well as ripening may all lead to an upsurge in the mean droplet size of the 

emulsion. To measure and distinguish the extent of occurrence of any of the two 

parameters at a specific time needs sophisticated microscopic tools such as the scanning 

electron microscope [8, 125]. 
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2.3.4 Creaming/Sedimentation Characterization 

Two other important instability phenomena, which need to be monitored and measured, 

are the creaming and sedimentation processes. These are frequently monitored by visual 

observations. Creaming is characterized by the presence of a white or yellow stratum 

lying atop an emulsion system and sedimentation occurs when such a layer emerges at 

the base of the emulsion. The speed with which creaming or sedimentation occurs is 

usually deduced by estimating the volume ratio of the cream layer as a correlate of time. 

The volume ratio is measured by placing a known volume of the emulsion in a calibrated 

beaker and the rate at which the creamy layer is formed either at the topmost or 

bottommost part of the emulsion is measured at a particular time determined by the 

investigator. In situations where the creaming or sedimentation occurs very fast, the use 

of visual observation does not give accurate results and therefore more sophisticated 

technology such as light scattering [121–123]or ultrasonic imaging may be employed. 

The utilization of microscopic techniques in the characterization of emulsions has 

become an important tool. They are used to distinguish between the different instability 

processes. Investigating the dependence of the distribution droplet size as a correlate of 

time with particle sizing instruments has also been shown to provide quality information 

on the upsurge of the mean droplet size. But all these tools are not able to clearly show 

the distinction between the nature and kind of droplet increase. To really understand the 

physicochemical properties and to help forecast a durable stability of an emulsion system, 

it is crucial to know the kind of droplet size increase occurring in the emulsion. This will 

give information as to whether the increase in the droplet size is as a result of 

coalescence, Ostwald ripening or flocculation. Methods available to distinguish which 
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phenomenon is responsible for the droplet size increase are quiet complicated. In some 

cases, there is the need to apply mechanical agitation to the emulsion in order to break 

any flocs present. In such a case the droplet size is measured before and after the 

mechanical agitation and the difference in the size distribution gives an indication if flocs 

were present or not. The use of dyes is also employed to investigate the nature of the 

droplets. In this case the dispersed droplets are dyed with two different colours, the 

occurrence of coalescence will lead to the formation of a dispersed droplet with a colour 

representing a combination of the two dyes. Where there is coalescence the bulk 

dispersed phase will be made of droplets of two different colours. So if the dispersed 

droplets maintain their colour but yet display an upsurge in the droplet size measurement 

then the increase can be associated with the occurrence of flocculation.  

2.4 Emulsions stabilized by Surfactants 

2.4.1 Surfactants:  Definition; 

Invariably, one of the most versatile and widely used products of the chemical industry is 

Surfactants [126]. They may be commonly used as detergents for daily applications, as 

templates for constructing nanoparticles delivery systems in drug delivery, a catalysts in 

organic synthesis and sometimes as models for obtaining basic knowledge self-assembly 

systems [127, 128].  

A surfactant is defined as a surface-active vehicle, that which is able to adsorb onto the 

surface or the interface in a system even when it is in lower concentrations. It can 

significantly alter the ‘free’ energies between the surfaces of the system. It is worth 

noting that the term interface describes a border between any two phases that cannot mix 
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and the term surface is used for a boundary where one phase is a gas (air). The interfacial 

‘free’ energy refers to the least total energy needed to construct that interface. The 

presence of the surfactant reduces the interfacial energy [7, 129, 130]. Surfactants are 

amphipathic compounds with a characteristic molecular structure having on one side a 

hydrophobic group and on the other side a hydrophilic group. The terms hydrophobic and 

hydrophilic are usually used to describe the molecular structures when the solvent is 

water. In that case the hydrophobic group will be the group with little or no attraction for 

the solvent whiles the hydrophilic group exhibits a huge attraction for solvents. In this 

study, the structural molecule of the surfactant is described as hydrophobic and 

hydrophilic. The hydrophilic and hydrophobic ends of the structural formula of the 

surfactant are described as the head and tail of the molecule and these groups are used to 

describe the type and nature of a particular surfactant. Each surfactant presents a 

characteristic chemical property, which is highly dependent on the kind of head and tail 

groups of surfactants [7] 

(a)	        (b)  

Figure 2-7: Sketches representing (a) the hydrophilic head and hydrophobic tail surfactant 

structure (b) surfactant action at the oil and water interface. 
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When a surfactant molecule is dissolved in a solvent, its reaction mechanism is such that 

the hydrophobic group may distort the solvent structure and the hydrophilic end 

precludes the surfactant from being excluded totally from the solvent as a discrete phase 

[5]. The chemical compositions of the structural ends, which are suitable to be used as 

hydrophobic and hydrophilic parts of the surfactant, may change with the kind of the 

solvent and the conditions of their usage. The hydrophilic end may be a charged or 

neutral molecule; a small compact or a polymeric chain molecule and the hydrophobic 

end may usually be a singly or doubly bonded, straight hydrocarbon chain or a kink. 

They may also consist of fluorocarbon, siloxane, or an aromatic group(s). The ability for 

a surfactant to solubilize in a water soluble medium is governed by the affinity of the 

hydrophilic part of the surfactant with the media [130, 131]. A surfactant molecule may 

be classified` as indicated by Rosen and his coworkers [7], primarily according to the 

nature of the hydrophilic end and this may be grouped as follow: 

Anionic: when the surface-active moiety of the surfactant molecule possesses a minus 

charge. An example is Dioctyl sodium sulfosuccinate 

Cationic: when the surface-active moiety carries a net positive charge such as octenidine 

dihydrochloride. 

Nonionic: when the surface-active moiety carries no charge such as polyoxyethylene. 

Zwitterionic: when the surface-active moiety carries both positive and negative charges. 

With an example as cocamidopropyl betaine 

When the surfactant dissolves in a liquid medium, they may form a micelle by 
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assembling themselves or are adsorbed between the surface of dispersed droplet and the 

continuous water phase as a result of the hydrophobic group [7, 128]. Adsorption of the 

surfactants at the interface results in the creation of a structural change of the interfacial 

area between the dispersed droplets and the continuous phase. This phenomenon leads to 

reduction in their interfacial forces. In the case of the action of a surfactant in the 

formation of micelles, the micelles formation is dependent on the surfactant concentration 

present. At significantly elevated concentrations, large amounts of micelles are formed 

from clusters of surfactant molecules. The micelles are formed at the concentration 

known as the critical micelle concentration (CMC). Above the critical micelle 

concentration any further increase in concentration results in the formation of the 

aggregates and the concentrations of the unassociated molecules remains unchanged. The 

nature (size and shape) of micelles formed is regulated by the geometry of hydrophobic 

and hydrophilic ends of the surfactant molecule and their subsequent interactions [7]. 

2.4.2 Surfactants as Emulsifying Agents 

There are several different types of surfactants used in the chemical industry. They can be 

used as natural or synthetic such as detergents, wetting agents, foaming agents, and 

dispersants. Most of these surfactants are derived from crude oil with a larger volume of 

them being petrochemical-based [128, 132]. Huge amounts of these surfactants have been 

used extensively as emulsifiers, in personal care, food, painting and pharmaceutics. The 

application and utilization of surfactants in emulsions have been investigated and 

significant amount of reports are found in the literature [8, 114, 133]. The fundamental 

characteristic of surfactants is its ability to adsorb at interfaces in an oriented fashion due 

to their amphiphilic nature. The surfactant is made of a hydrophilic end, which stays in 
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water and a hydrophobic end usually found in oil.  Even as surfactant molecules adsorbed 

onto the interface, the molecules present take the place of the water and oil molecules 

originally at the interface. After the surfactant is adsorbed at the interface, the hydrophilic 

end now interacts with the water molecules and the hydrophobic ends also interact with 

the oil molecules at the interface [7, 130]. The amount of surfactant present at the 

interface gives a measure of the interface to be covered, and this informs its performance 

in a particular product. In the emulsification process the existence of surfactant molecules 

at the interface increases the oil/water interactions and this leads to decreasing interfacial 

force across the interface within the emulsion system. Apart from the concentration of the 

surfactant another important factor to consider is the orientation and stuffing of the 

surfactant molecules at the edge. The orientation of the surfactant molecules affects the 

positioning of the hydrophilic and hydrophobic groups [103, 134]. 

During the emulsification process, the bulk-dispersed phase breaks up and in the process 

forms the droplets. As the droplets are formed, the emulsifier molecules present in the 

system get adsorbed onto the droplets [101, 135]. There is also the occurrence of droplet 

interactions and all these processes may occur at the same time during the emulsification 

process. The existence of the surfactant molecules lowers the interfacial force and also 

assists droplet break-up and these properties work together to prevent or delay most of 

the instability processes in the emulsions. The occurrence of the instability processes 

such as aggregation and coalescence depends on the surfactant concentration. Lower 

concentrations form an initial layer around the droplets, but since the intensity of the 

layer is not strong enough, the droplets tend to coalescence or aggregate as they approach 

and collide with each other [136]. 
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Consider a typical case whereby two dispersed oil droplets are covered by surfactants at 

lower concentration. As they move towards each other, the surfactant molecules are 

adsorbed between the phases of any two of the dispersed droplets. But, as the quantity of 

the surfactant molecules accessible for adsorption is reduced as a result of their low 

concentrations, the thin film separating the droplets becomes smaller. The thinner the 

film between the approaching droplets the more an interfacial force gradient is observed. 

The gradient of interfacial force leads to non-uniform surfactant molecules coverage in 

the entire emulsion system. This gradient causes surfactant molecules to move to 

interfaces or sites with low surfactant molecules coverage resulting in less surfactant 

molecules at regions of the interface where the droplets are the closest. As the interfacial 

tension increases the water molecules, which are present as the continuous aqueous phase 

moves in the orientation towards the highest interfacial force. This streams the droplets 

further from one another [124].  

The classification of a mixture of two immiscible pure liquids as an emulsion  (usually oil 

and water) is always difficult, as the mixture cannot stay stable to be classified. When 

there are no emulsifiers added to clean oil and aqueous systems, the kind of emulsion 

formed is always reliant on the volume fraction of every single phase present. For a 

mixture of one liquid in another to be stable to be classified as an emulsion, there is the 

need to add a third component. The third constituent, also referred to as emulsifying 

agent and routinely a surface-active agent, introduces stability to the system [97, 137]. 

The surfactant could be dissolved in either the oil, or water and this is dependent on the 

magnitude of the head and tail groups. When tension between the oil- hydrophobic ends 

is greater than the tension at the water- hydrophilic end, the film turns concave to the oil; 
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this results in closure of the oil by the water hence creating an oil-in-water emulsion. If 

the tension at the water-hydrophilic ends becomes larger, as compared with the tension at 

the oil-hydrophobic ends, the film becomes concave towards the water, forming a water-

in-oil emulsion. The theory explaining the stabilisation of oil in water emulsion and 

water-in-oil emulsions is usually based on empirical Bancroft rule. Bancroft has 

associated the capacity of the surfactant to stabilise an emulsion to its capability to 

dissolve in the oil or water medium. According to the Bancroft rule, oil-soluble surfactant 

can stabilise water in oil emulsions, and water-soluble surfactant can also stabilise oil-in-

water emulsions [5, 7]. Several investigators in this field have also explained that the 

interfacial region produced as a result of the adsorption and alignment of the surfactant 

molecules between the phases can have diverse interfacial forces between the hydrophilic 

ends of the surfactant and the aqueous phase from that between the hydrophobic ends of 

the surfactant and the oil phase [128].  

Due to the important role surfactants play in the production of well-developed and 

stabilised emulsions, and the fact that the use of a particular surfactant is based on the 

constituent of the water and oil phases, your choice of a specific surfactant for an 

emulsion is a complicated one. Some investigators use experimental procedures to 

determine to choose a surfactant in a particular emulsion. In theory, the very common and 

frequently used approach for selecting a surfactant in emulsification is the Hydrophilic-

Lipophilic Balance (HLB) technique. In this approach a numerical figure ranging 

between 0 to 40 is assigned to the surfactant in relation to the equilibrium between 

hydrophilic and hydrophobic ends of the surfactant molecule [138, 139]. In other 

situations, the calculation of the HLB number is based on the structure of the surfactant 
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molecule and in others the HLB number is deduced from prior records obtained from 

emulsification experiments. It is good to bear in mind that HLB number of the surfactant 

does not give the efficiency or the effectiveness of the particular surfactant, it only gives 

information on the kind of emulsion, which can be formed from it. Some reports have 

also shown that a single surfactant could be used to produce an oil-in-water or water-in-

oil emulsion. The phenomenon is dependent on the experimental conditions (temperature, 

the shear rate, oil or water concentration and ratio of the surfactant to oil ratio) at which 

the emulsion is prepared [7, 140]. But in most cases the choice of the surfactant for a 

specific type of emulsion is dependent on the HLB number. Oil-in-water emulsions could 

be made with surfactant with a wide range of HLB numbers (2 to 17). On the other hand 

to obtain the right HLB number for an emulsion system, two or more surfactants can be 

mixed according to the Bancroft rule to obtain the appropriate stabilisation effect. 

Typically a water-in-oil surfactant dissolves in the oil phase whiles an oil-in-water 

surfactant dissolves in the water. 

2.4.3 Alginate as a non-surfactant emulsifier 

 

Figure 2-8: Chemical structure showing the G and M units of the Alginate molecule 
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Alginates are not toxic, they can be degradable biologically and occur in nature and are 

polysaccharide compounds found from seaweeds. Additionally they may be described as 

straight or linear copolymers consisting of (1-4)-linked β-D-mannuronic (M units) acid 

and α-L-guluronic (G units) acid [141, 142]. Their subunits are organized in blocks 

alongside the chain at the homopolymeric regions of M- and G-blocks. These blocks are 

arranged and interfered with sections of interchanging MG-blocks. The ratio and order of 

arrangements of the G and M units are very crucial for an alginate compound as it has 

effect for the physic-chemical characteristics of the molecule [143]. The alginate shows 

several different physico-chemical properties such as affinity for cations, gelling 

characteristics, chain rigidity etc. One of the most important characteristics of alginate 

compound is, its gelation properties in the company of cations carrying a +2 charge such 

as Ca2+, which preferentially binds to the G-blocks within the alginate molecule in a 

more mutual way. This makes the G-blocks the focal structural feature in the creation of 

gels [144, 145]. The ability of the alginate compound to dissolve in aqueous solution is 

reliant on the cation linked to the alginate molecule and the pH. Sodium alginate 

dissolves in water and gels in the company of divalent cations such as Ca2+ and Mg2+ 

[146]. Alginate constituent is a crucial factor in alginate particle design, the percentage of 

sodium and calcium heavily impact the swelling and healing characteristics of the 

molecule. The viscosity of the alginate solution varies in quantity with the G unit. As the 

emulsification process go on, a high G block may lead to a premature gelation. This 

results in the formation of larger dispersions and highly porous gels. However, a high M 

unit produces high elastic weaker gels. The alginate compounds have been used in 

addition to other surfactant molecules to make better the stability of emulsions in delivery 
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systems. In addition, the strength of surfactant-alginate contacts at the oil droplet 

interface and the characteristics of the interfacial complex formed depends on the 

dispersion of ionized clusters on the surfactant molecules, stability of the surfactant 

molecule and the plasticity, charge dispersion and density of the alginate molecule [99, 

147]. The interfacial membrane produced from the surfactant-alginate complex is 

normally denser and extra rigid as compared to that obtained from the surfactant 

molecules alone. It is therefore often preferred to use the interfacial complex formed from 

the surfactant-alginate interaction to make better the stability of emulsions especially as 

regards to ambient or environmental stress [9]. 

Utilizing alginate as a gelation agent in an emulsification process for the encapsulation of 

bioactive compounds for their application in drug delivery has been studied and reported 

extensively in literature. Xie et al (2010) [22] investigated the use of a one-step method to 

pruduce nanostructured composites.   

Dang and Joo (2013) [23], studied the preparation of sodium alginate micro particles 

using a microfluidic flow-focusing device (MFFD) focusing on the production of gelation 

outside the device. With optimized flow conditions, microsized droplets of sodium 

alginate were prepared with the continuous phase being soybean oil and the alginate 

solution as the dispersed or discontinuous phase. After gelation, calcium alginate micro 

particles obtained were in the range of 100 to 250 µM. They concluded that the approach 

of manipulating the calcium alginate micro particles could be used in medical or 

biotechnological applications such as drug and cell delivery systems [23, 144]. 



	  

	   57	  

2.4.4 Tween Surfactants –for the Stabilisation Oil-in-Water Emulsions 

It is established that, oil-in-water emulsions are usually stabilised with high HLB number 

surfactants, which are referred to as the Tween surfactants. High HLB surfactants exhibit 

high hydrophilicity, which helps in the immediate O/W droplets formation or the quick 

dispersion of the preparation in the water phase [8, 133, 148]. The Tween surfactants are 

polyoxyethylene (POE) sorbitan compounds, nonionic and vegetable oil derivatives.  

They are routinely utilized in food, pharmacological and ornamental products [149, 150]. 

These surfactants are either classified according to their head group or the tail group 

found in the surfactant molecule. The total number of oxyethylene group (-C2H4O-) 

usually written in parenthesis after the polyoxyethylene in the systematic nomenclature 

represents the head group whiles the tail group is indicated and written as part of the 

common name usually identifying the type of Tween (such as 20,30,40,60,80) [130, 151]. 

The chemical nature of the tail group is linked to the kind of fatty acid from which a 

particular surfactant molecule is derived.  

Palanuwech and Coupland (2003) [152], in their work on influence of surfactant kind on 

the ability of oil-in-water emulsions to stabilize to dispersed phase crystallisation, 

investigated the sweet (confection) coating of fat (CCF ) emulsions (40 wt.%) which was 

made by putting together liquid fat with solutions (1-4 wt.%) of some carefully chosen 

polymeric and tiny molecule surfactants in a homogenization process for obtaining an 

average particle dimension of 0.71±0.05 µm. It was observed that the crystallisation 

characteristics of the oil were dependent on the interfacial material and the thermal 

profile of the emulsion. The nature of the surfactant present showed little or no effect on 

the crystallisation temperature of the mass fat, but the crystallisation of the emulsified fat 
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was highly dependent on the kind of surfactant. The various kinds of surfactants chosen 

had varying tendencies in stabilizing the system against fractional coalescence in the 

course of thermal cycling. They observed that the viscosity of the interfacial stratum 

played an important role in identifying stable and unstable emulsions. Tween 20 was one 

of the tiny molecule uncharged surfactants, which gave dense layers with better stability 

than the less dense but charged strata of sodium dodecyl sulfate and docecyltrimethyl-

ammonium chloride. 

Hsu and Nacu (2003), [153] in their study of the performance of soybean emulsion 

stabilised by non-ionic surfactants, investigated the ability of Tween 20, (40,60,80 and 

85)  to stabilise an oil-in-water emulsion. They observed that even though all the 

emulsions produced under different surfactant selection were stable over a period, the 

concentration needed for each surfactant to successfully stabilise the emulsion system 

was dependent on the kind of Tween. In all it was observed that Tween 20 was capable of 

providing stability to the emulsion at a relatively low concentration, while the other 

Tween’s (40,60,80 and 85) needed increased concentrations of their surfactant molecules 

in order to be able to provide stability to the emulsions. Tween 20 also produced droplets 

of very small size distribution as compared to the rest of the Tween surfactants and 

Tween 80 was the least efficient in decreasing droplet size. With regards to Tween 60, 

increasing concentration resulted in reducing droplet size until a threshold concentration 

above which no effect on the droplet size was observed. Droplet sizes in the emulsion 

from the Tween 85 kept decreasing with increase in their concentrations.  
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Rahate and Nagarkar (2007) [133] emulsified sunflower and sesame oils by utilizing a 

fusion of nonionic surfactants, such as Span-80, Tween-20, with natural polymer as 

additives. They found that stabilisation of emulsions made in the company of nonionic 

surfactants could be credited to the physical occurrence of the surfactants.  

Polyethoxylated non-ionic surfactants are capable of dissolving in aqueous medium 

because the hydrogen bonds within the solvent molecules bonds with the oxygen atoms 

of polyoxyethylene chain. Combination of two or more different emulsifying agents is 

believed to show a ‘‘synergistic’’ interaction. In this kind of interaction the interfacial 

property of the mixture is more pronounced as compared with the interfacial properties 

exhibited by the individual components [7].  

Considering the stabilisation advantage of such synergistic property, many industrial 

products and processes nowadays utilize of a combination of various types of emulsifiers 

to achieve an expected stabilisation effect. A perfect example of this application is found 

in the production of food grade emulsions where the selected surfactants have been used 

in combination with other emulsifiers such as proteins and surface modification agents 

like polysaccharides. 

2.5 Encapsulation of Active Compounds in Oil-in-Water Emulsions 

In the context of the current review, encapsulation is referred to as the process of trapping 

an active compound within the matrix of another substance. It is a technology that 

enables a range of materials of biological, chemical and physical interest to be 

safeguarded within the matrix and delivered. The technique works by creating an 

environment, which controls the interactions between the internal part and the outer part. 
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The overarching goal of the encapsulating technology in delivery systems is to provide 

protection for the entrapped active compound from unfavorable ambient environments, 

such as moisture light, and/or oxygen. Protection against these environmental conditions 

contributes to improving the storage period of the produce [155]. The substance 

entrapped in another substance may be described as core material, an active agent, the 

inner phase or even a fill, and the substance entrapping the inner substance could also be 

referred to as the ‘coating’, the membrane, a shell, the carrier material, the external phase, 

and a matrix. The presence of the external phase provides a barrier to overcome obstacles 

such as temperature and ultra-violet sensitivity, instability during pH fluctuation, low 

aqueous solubility and poor transportation rate. Encapsulation also offer various 

significant advantages such as providing efficient shield for the encapsulated active 

compound against environmental degradation, promotion of controlled release and 

planning a pre-programmed drug release profile to a specific therapeutic need and easy 

administration of many drug compounds. For this numerous advantages, encapsulation 

has become such a multipurpose technique which is applied widely in biomedicine, 

pharmaceutics, food formulations and manufacturing, cosmetics and agriculture [156, 

157].  

In the food industry, encapsulation is found suitable especially in producing 

nutraceuticals and aliments of high value. Application of encapsulation technology is 

again seen in food production with fortified constituents, tailored flavour, colour, and 

texture or for preservation. It has been used for the addition of nutrients of probable 

healthiness benefits, including antioxidants and probiotics [158, 159]. When the 

production of functional foods is targeted, the preparation of foods product must take into 
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accounts the control and stability of the bioactive molecule present in the course of 

preparation and shelf life to circumvent the occurrence of unpleasant reactions in the food 

constituents and also to help monitor the food substance after its introduction into the 

human body.  

Choi and co workers [160],  investigated the physical characteristics of fish-oil 

encapsulated by two different methods. They first investigated the use of a water-soluble 

polymer, β-cyclodetrin (β-CD) as a matrix for encapsulating of the fish-oil through the 

aggregation method and also polycaprolactone (PCL) polymer that is not soluble in 

water, employing an emulsion – diffusion assay. Owing to diverse dietary benefits of fish 

oils, the study was targeted at improving the odour and the stability of the encapsulated 

fish oil against oxidation. They found that, fish-oil-laden in the β-CD at a blending ratio 

of 10:20 (β-CD:FO (w:w)) led to the most efficient encapsulation of 84.1%, and loading 

capacity of 62.7% with a leakage of 11.0% fish oil after freeze-drying. The rate of release 

of the fish oil from β-CD particles were also found to be slower in deionised water at 15 

% and at 25% in NaCl. In terms of their storage stabilities, the β-CD–FO matrix of 10:20 

w/w blending ratio kept 97% of fish oil in the particles in the course of 3 days after 

freeze-drying. Considering the emulsion–diffusion method, the PCL was found to 

effectively delay the release of the fishoil either within the fluid form or the solid form.  

Pool and co-workers (2013), [161] investigated the impact of encapsulation on the 

physical form and release and/or bioaccessibility of hydrophobic bioactive portions 

(quercetin) in nano-emulsion-based delivery systems. Their work was aimed at 

determining whether the hydrophobic-crystalline-bioactive portion could be efficaciously 
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included in a nano-emulsion system and subsequently to assess at what level will this 

delivery system alter its bioaccessibility. Even though the physical form of the 

hydrophobic crystalline did not change in the emulsion system, their bioavailability was 

less and so they concluded that the lessons accrued from this investigation is crucial for 

the realistic design of delivery systems to integrate crystalline-hydrophobic-bioactive 

compounds into medicines and nutriceuticals, and to improve their bioaccessibility 

Using the encapsulation technology in the manufacture of medicines may present some 

disadvantages including adding extra cost to the cost of production of a particular 

product. It may also increase the complexity in the method of production and the 

possibility of the final product having stability challenges. Nevertheless there has been an 

upsurge in utilizing this technique in diverse industries due to the following advantages: 

(a) Protection of the drug material from reacting with its environment thereby reducing 

the possibility of drug degradation;  

(b) Reduction of the possible occurrence of drug transfer or it evaporation; 

(c) Alteration of some of the physical properties of the original material;  

(d) Flexibility of targeted or controlled release of the drug material  

(e) Masking of taste of the internal drug material  

(f) Provision of separation for the various components the drug mixture [162–164].  

Many different drug compounds have been encapsulated using different technologies for 

their use in different therapeutic purposes. The encapsulation process has been used in 
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many applications in pharmaceutical formulations such as maintaining the potency of 

naturally occurring active compounds and in many synthetic formulations to improve 

their bioavailability [155, 165, 166]. 

2.5.1 Encapsulation Techniques 

Most of the encapsulation techniques available are based on the production of droplets of 

the active compounds within a carrier material with different physicochemical properties. 

Currently diverse technology options exist for encapsulation in the confectionary and 

drug manufacture industries. These include spray drying, fluid-bed-coating, spray-

chilling and spray-cooling as well as melt injection. Again there is also melt-extrusion, 

emulsification and Liposome entrapment [155, 167]. 

Dispersing an active component in a water-soluble solution of the carrier material 

represents the spray-drying technique. Atomization and the spraying of the blend into a 

hot compartment follow this. During the process of spray drying a thin layer (film) is 

produced at the droplet surface, thus delaying the bigger active molecules whereas the 

tinier water molecules are vaporized [168]. This is most widely used and the oldest 

encapsulation techniques and most commonly employed in the food and the 

pharmaceutical industry. The procedures involved in the spray drying technique are 

continuous, flexible and not so expensive to operate.  It produces good quality particles of 

smaller sizes usually 10-400 µm. The size of the droplets is largely dependent on the 

surface tension force and the thickness of the liquid phase, the decrease in pressure 

throughout the nozzle, and the speed of the spray. In the course of drying, the size of the 

atomizing droplets is responsible for the duration of drying and particle size. The size of 

the particle obtained from this method affords their final products good sensorial and 
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texture characteristics.  Even though the spray drying technique has being widely used in 

many food and pharmaceutical products, it is not without some undesirable factors such 

as the sophisticated of the instruments used, the possibility of not having a uniform 

condition in the drying chamber and the difficulty associated with producing particles of 

a particular size [165, 169]. 

Fluid-bed-coating is that technology where a coating is applied on powder particles in a 

batch process; it is well-known modified spray-dry approach. In the fluid bed coating 

method, the bioactive compound is suspended in air and the carrier molecules sprayed 

onto it to develop a capsule [170]. In this technology, the elements to be coated by the 

fluid-bed should have a round shape and if possible must possess a small particle size 

distribution and should be able to flow freely. Particles with sharp edges are usually not 

used as the sharp edges may damage the coating during handling. The main distinction 

amongst the spray drying method and the fluid bed coating is that, in the fluid bed 

technology a broad number of carrier materials can be chosen; the carrier or matrix 

materials can be fats, proteins, carbohydrates etc.  It is a useful method as it can be 

applied to encapsulate particles obtained from a spray dry method [169]. 

Spray-chilling also known as spray-cooling is the technique in which a droplet of melted 

lipids is atomized in a chilled compartment to result in a solidified lipid and ultimately 

their retrieval as fine particles. Also in this method, dispersions of the carrier material and 

the bioactive compound are prepared and cooled to form solid particles. It is worth noting 

that in this method fats with high melting point are usually used. The early set-up of a 

spray cooling experiment is like the spray- drying except that in the spray cooling the 

encapsulated compound is cooled to solidify rather than the evaporated water as seen in 
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spray drying. When the technique is termed as spray-chilling the particles are maintained 

at a lower temperatures [168].  

Extrusion technologies consist of the dropping of droplets from an aqueous solution of a 

polymeric material such as carbohydrates. In principle the polymeric material 

(carbohydrates) to use for the encapsulation of the active component should be in the 

molten form. Two processes may be applied to encapsulate the active component in the 

polymer melt. There can be melt injection, in which the melted polymer and the 

encapsulated component is pressed through a filter and immediately followed by 

quenching by a cold, dehydrating solvent. This process is often referred to as a vertical 

screwless extrusion process and they usually produce encapsulates of particle sizes 

ranging from 200 to about 2,000 µm [169]. A smaller and more desired particle size can 

be achieved by reducing the extruded strands to the appropriate dimensions through 

vigorous stirring which leads to the breaking up of the extrudates into smaller pieces 

inside the cold dehydrating solvent. On the other hand the melt extrusion involves the use 

of screws placed in a horizontal position and there is no washing of extrudates surface. 

The extrusion technology is less hazardous but very laborious method of encapsulation. 

In extrusion, small droplets of the encapsulation material are forced through some kind of 

nozzles or through some smaller holes in a droplet-generating device.  The droplet-

producing device could be a simple micropipette, a syringe, a nozzle, a spraying nozzle, 

jet cutter or atomizing disk [168]. It is important to take into consideration the nozzle size 

of the droplet-generating instrument, as it is directly proportional to the droplets 

produced. Extrusion technologies are desirable for several reasons. Its application is 

gentle, does not involve the use of deleterious solvents, and the encapsulation process can 
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be done in the presence of oxygen or without it.  

Emulsification is the application of emulsion technology for the encapsulation of 

bioactive compounds. It is usually applied in the encapsulation of bioactive agents in 

aqueous solutions. The encapsulated products can directly be used or after drying to get 

the powder form. The emulsion is made of two immiscible substances whereby one 

dispersed as droplets in the other [159, 171, 172]. The emulsions system so formed is 

thermodynamically unstable and separate out into the two different phases involved in the 

formulation. The stability of emulsion system can be achieved by proper formulation 

design for the phases and their interface formed. This is possible by a critical selection of 

some of the ingredients such as the choice of the emulsifier or texture modifiers used in 

the preparation [172–174]. Using high shear equipment with the ability to disrupt large 

molecules into smaller units commonly produces emulsions. Such techniques include 

stirring vessel with baffles, high shear mixing tools and ultrasonic homogenizer. These 

methods usually produce droplets of diameter ranging from 0.1 to 100 µm. to employ 

emulsion system to encapsulate an essential compound, the emulsion must prove to be 

stable especially during storage until its application and secondly, the emulsion’s 

consistency upon application to enable the desired delivery.  

Several methods have been established in order to increase emulsion stability hence 

increase the application of emulsion systems in encapsulation. Oil-in-water emulsion, 

may be spray dried or freeze dried to form a powdered end product. Such methods are 

used for the preparation of instant formulations used in beverages. The dispersed particles 

can also be modified by co-extrusion to produce encapsulates which are in turn used as 

templates for other processes [ 167]. Another important application that has evolved in 
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recent times is the emulsification of melted fat in an aqueous phase at a high temperatures 

The disadvantage found with this method is that if the active component is not wholly 

soluble in the fat substance it may lead to an incomplete encapsulation [175]. 

Liposomes are kind of encapsulation technology whereby aqueous solutions of active 

compounds are enclosed in membrane of lipid molecules for an effective delivery. They 

are formed when the lipid compounds are dispersed in the aqueous medium using the 

colloid mill of microfluidization.  The procedure in forming liposomes mainly is through 

interadtions between the polar and non-polar lipid/water molecules The liposomes can be 

used to entrap a hydrophilic drug in an aqueous matrix and entrap the hydrophobic drug 

within the bilayers of the lipid molecules. This encapsulation method is able to produce 

particles of sizes ranging from around 30 nm to some few micrometers. The application 

and the study of the liposomes in recent times is for its use as advanced pharmaceutical 

drug carriers. The use of liposomes is limited in food production since liposomes usually 

present chemical and physical stability problems during storage [157] 

2.5.2 Encapsulation Efficiency of Emulsion-Based Delivery Systems 

There are several challenges associated with developing a successful encapsulation in 

delivery systems based on emulsion products. Some challenges include instability of  

emulsion system, limited loading capacity, incomplete release pattern of encapsulated 

active component and the possible burst or diffusion within the emulsion system [176, 

177]. These challenges contribute to the ineffective delivery of the encapsulated 

compounds and hence unsatisfactory release of the active component from the 

therapeutic and economic viewpoints. For this reason, it is important to investigate and 

monitor the efficiency of encapsulation in especially drug delivery systems. The 
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efficiency of encapsulation is usually characterized by the loading capacity, the particle 

size and surface morphology of the emulsion droplets. The factors affecting the 

efficiency of the encapsulation method in delivery systems may come from properties of 

the emulsion system and/or the encapsulated compound. From the encapsulated 

compound, the efficiency of encapsulation is dependent on the hydrophilic or 

hydrophobic nature of the active component and its interactions with the emulsion 

system. Concerning the emulsion properties, volumes of both the continuous and the 

disperse phase affect its efficiency, and the method of preparation also has great influence 

on the encapsulation efficiency. Methods for overcoming these challenges and, 

consequently, developing a more stable and effective delivery system have concentrated 

on using of stabilizing agents as well as other modification methods during production 

[176, 178–181]. Other research works have focused on the environmental conditions of 

the encapsulation process during production [182]. 

Several experimental methods have been used in the investigation of efficiency of 

encapsulation in delivery systems. The amount of active component entrapped (loading 

capacity) is usually measured by an HPLC method or a UV-spectrophometer [178, 183, 

184]. Determination of the size of the dispersed particles and their size distribution within 

the emulsion system shows the extent of stabilisation of the emulsion and the 

encapsulated compound in the emulsion system. It can also be used to confirm the 

presence of the active compound entrapped in the emulsion system. The particle size is 

measured using the dynamic light scattering system (DSC) instrument [160]. Many 

different microscopic methods have been used to characterize the morphology of the 

entrapped droplets [160, 182, 184]. 
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CHAPTER 3 

Materials and Experimental Methods 

3.1 Materials 

3.1.1 Vegetable Fat Samples 

Fats used in this study are vegetable based fats. The fats were extracted from dried seeds 

from the ripe Allanblackia fruit and shea nuts, which were collected from the wild in the 

Western and Northern Regions of Ghana respectively and identified by Mr. P.Y. Adjei at 

the Department of Horticulture-KNUST, Kumasi Ghana. The seeds were cracked open to 

obtain the kernels after which the kernels were oven dried at 50 oC for 24 hours to ensure 

that samples dry completely. The dried seeds were then milled and the oil extracted by 

the press method. The oils were put into glass vials and kept at room temperature for 

future use. 

3.1.2 Chemicals 

HPLC grades hexanes, and methanol were obtained from Sigma Aldrich and were used 

without any further purification. Potassium hydroxide was obtained as a laboratory grade 

reagent from Sigma Aldrich Manchester UK. Chloroform-d (CDCl3) and 

Tetramethylsilane (TMS) both analytical grade reagents were all obtained from Sigma 

Aldrich and used for the 1HNMR analysis. The Sudan orange used in this study was of 

HPLC grade of ≥ 97 % with a molecular weight of 214.22, melting point of the range 143 

– 146 oC and an absorption wavelength of 380 – 420 nm. This was obtained from Sigma-

Aldrich, Manchester UK and used without any purification. Tween 20 with an HLB of 
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16.7 was purchased from Sigma Aldrich and used as the main surfactant in this study. 

Sodium alginate (sodium salt of alginic acid, a polysaccharide) was also obtained from 

Sigma Aldrich and used as a thickening agent in the study. The water (deionized water) 

used in all experiments was obtained from the Milli-Q water system (18.2 mΩ.cm at 

25°C) from which distilled water through reverse osmosis unit was deionized. All other 

materials used in this study were without any extra purification or alteration of properties. 

All experiments were performed at the Organic Materials and Innovation Center (OMIC), 

at the School of Chemistry, The University of Manchester, United Kingdom 

3.1.3 Concentration Units 

Masses of all substances used in the experimental work were carefully chosen so as to 

obtain the needed absolute concentration of each of the component in the emulsion 

systems. Materials used in this work were estimated in percentage weight concentration 

of the component per the weight of the final product (wt/wt %). This is simply 

represented as % in the thesis for simplicity. 

3.2 Experimental Methods 

3.2.1 Fatty Acid Constituents Determination 

3.2.1.1 Preparation and Detremination of Fatty Acids Methyl Esters 

The fatty acid constituents of the fats from Allanblackia (AB-GH) and shea butter (SB-

GH) were determined as their methyl ester derivatives, which were prepared by 

dissolving 200 mg of the fat samples in 5 mL hexane and vortexed to ensure complete 

dissolution of the fat in hexane. A 200 µL of 2 N methanolic potassium hydroxide 

solution was added to the hexane fat mixture in a screw-top test tube and the cap 
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tightened. The solution was then strongly agitated continuously for 30 s. The mixture was 

left to stratify to obtain a clear to layer. The clear hexane layer was carefully transferred 

into a sample vial containing small amounts of sodium sulphate to remove the presence 

of any water molecules. The hexane phase containing the methyl ester and the sodium 

sulphate were allowed to stand for 15 min after which 1.0 µL of the hexane layer was 

injected via a split/splitless injector (split ratio 20:1) on GC/MS 7890/15975C Chem-

station fitted with an autosampler (Agilent Technologies, USA). The oven temperature 

was programmed as follows; 125 oC for 3min, 125 oC to 206 oC at 3 oC/min, holding at 

206 oC for 7 min, 206 oC to 300 oC at 10 oC/min. The total runtime was 30 min. The MS 

used electron impact ionization mode and full scan of m/z 40 – 560. The fatty acid 

conponents were identified by comparing their retention times with that of a fatty acid 

standard mix and confirmed by their mass spectra. Quantification was based on relative 

peak area. All analyses were performed in triplicates. 

3.2.1.2 Determination of the Saturated and Unsaturated Fatty Acid Composition 

1H NMR was used to determine the saturated and unsaturated fatty acid compositions in 

the fat samples. In this method the fatty acids were determined as esterified fatty acid 

chains on a glycerol backbone, and quantified directly from the 1H NMR spectra obtained 

by the correlation between the areas of a distinctive signal of each fatty acid and that of 

the glycerol moiety. The determinations of fatty acid composition by 1H NMR 

spectroscopy were performed on a Bruker AVANCE 400 NMR spectrometer running at 

9.4 T detecting the 1H nuclei at 400.13 MHz. In this analysis, about 200 mg of the 

samples were directly transferred into 5-mm NMR tubes and dissolved to 500 µl with 

CDCl3 with 0.05% TMS. The 1H NMR spectra were obtained at room temperature (about 
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20 oC) by collecting eight averages, a relaxation delay of 1 s, a spectral width of about 7.0 

ppm and 60 K data points, keeping a digital resolution of 0.05 Hz using a 5-mm 

multinuclear direct detection probe on the NMR instrument. Employing the exponential 

multiplication of the FIDs by a factor of 0.3 Hz prior to Fourier Transform with zero-

filling to 60 K processed the 1H NMR spectra. The relaxation delay to use for quantitative 

1H NMR spectra was measured by T1 measurements with the aid of the pulse sequence 

inversion recovery. All analyses were performed in triplicate. 

3.2.2 Thermal Studies of Fat 

Thermogravimetry and, differential scanning calorimetry are some of the techniques used 

in thermal analysis of materials. They have become extremely essential since give 

information about the mechanism of reactions, the kinetics, thermal stabilisation, phase 

transitions and heat of reaction of materials. In this study, thermogravimetry and the 

differential scanning colorimetry were used to investigate the change in sample behavior 

under controlled heating and cooling conditions. Both techniques provide fundamental 

information on the thermal characteristics and material properties of the samples. The 

thermal treatments employed were thermogravimetric analysis (TGA) and differential 

scanning colorimetric (DSC) methods. The TGA measures the decomposition pathway of 

materials with temperature change whiles the DSC measures the mechanism of the 

melting and cooling profiles of materials.  

3.2.2.1 Thermal Decomposition of Fat 

To determine the decomposition profile, about 10-14 mg of the fat samples were placed 

in a GPC platinum pan and loaded on the TGA balance. The system was purged with an 

inert gas (argon) and the sample analysed on a TA Instrument Q5000 IR Thermo 
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gravimetric Analyser (TGA) heating at a rate of 10 oC per minute from about 25 oC to a 

final temperature of 800 oC. 

The thermogravimetric analysis is used to measure the change in weight  of the material 

with change in temperature or time in a ordered atmosphere. The instrument principally 

measures the material’s thermal stability, amount of filler in polymers materials; it can be 

used to measure the moisture and solvent content, and also the percent composition of 

constituents in a compound. A TGA analysis is performed by gradually raising the 

temperature of a sample. The weight of the material to be analyzed is determined by an 

analytical balance outside of the furnace. In the TGA, lost of weight is seen if the thermal 

event leads to the lost of volatile constituents, combustion processes may also involve 

mass loss, however physical transformations; including melting may not involve weight 

loss.  A typical TGA thermograph shows a plot weight of sample with temperature or 

time. This gives information about the decomposition pattern of the material. 

Thermogravimetric method depends on an excessive level of accuracy in three 

measurements: mass change, temperature, and temperature change. The furnace may be 

set to a constant rate of heating, or to heat to obtain a constant weight loss with time. The 

TGA instrument can uninterruptedly weigh the sample during the heating to temperatures 

of up to 2000 °C. An increase in temperature leads to the decomposition the sample 

constituents and their various weight percentages measured.  

3.2.2.2 Thermal Properties and Crystallisation Behaviour  

The thermal properties of Shea butter and Allanblackia fats were investigated by a Perkin 

Elmer precise Diamond DSC with hyperDSCTM (Perkin Elmer, Inc. US) with a 

Refrigerated Cooling System (Perkin Elmer, Inc. US). Nitrogen flowing at a rate of 1 
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ml/min was used to purge the thermal analysis system. Indium (Perkin Elmer, Inc. US) 

was used to calibrate the instrument, azobenzene (Sigma Aldrich) and undecane (Sigma 

Aldrich) before data collection.  The data obtained was processed by the instrument 

software (Pyris software, version 9.0.1.0174, Perkin Elmer, Inc. US.). The measuring 

principle of the DSC is to heat the sample with a linear temperature ramp and compare 

the rate of heat flow in the sample with that of unreactive material (reference sample). 

Any variations in the sample material linked with absorption or evolution of heat leads to 

the alteration in the differential heat flow this is then noted as a peak. The direction of the 

peak shows a heat loss (exothermic) of heat gain (endothermic) during the thermal event 

whiles the area under the peak is estimated to be directly proportional to the change in 

enthalpy. The DSC measurements give quantitative and qualitative information about 

physical and chemical changes involving processes leading to heat gain or heat loss or 

changes in heat capacity. 

The DSC screens heat properties related to change in phase and chemical reactions as the 

temperature changes. Again, the difference in heat flow of the material and that of 

reference at the same temperature is recorded with change in temperature. The reference 

which a unreactive material include alumina, or an empty aluminum pan. Since the DSC 

is at constant pressure, heat flow is equivalent to enthalpy changes: 

	  
	   	  	  	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  eqn 3.1	  

 

where dH/dT is the heat flow measured in mcal sec-1. The heat flow difference between 

the sample and the reference is: 
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Δ 	   	   	   	   	   	   	  	  	  	  	  	  	  eqn 3.2	  
 

During the endothermic process, heat is gained and that makes the heat flow to the 

material higher than the reference. Hence ΔdH/dT is positive. However, for the 

exothermic process, examples as crystallisation, oxidation reactions, and some 

decomposition reactions, heat is lost and that makes the heat flow to the material lower 

than the reference and so ΔdH/dT becomes negative. 

 

Figure 3-1: Schematic diagram of a Differential Scanning Colorimetric device, as the 

Diamond DSC from Perkin Elmer Instruments. 

3.2.2.2.1 Melting and Cooling Profile the Fat Samples 

The Allanblackia seed fat (AB-GH) and shea nut fat (SB-GH) sample was weighed (5-6 

mg) into an aluminium pan and sealed. A hermetically sealed empty aluminium pan was 

used for the reference. Measuring the melting and cooling profiles, first of all the samples 

were heated rapidly from 30 oC to 70 oC at of 30 oC/min rate. The heated sample was 

held at the 70 oC for 10 mins to ensure completely melted fat and to destroy any nuclei 
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present. The samples were cooled to -30 oC at 10 oC/min cooling rate and held for 10 min 

to ensure a fully crystallised sample. They were then heated again to 70 oC at 10 oC/min 

to investigate the melting profile of the fats. 

3.2.2.2.2 Crystallisation at Different Cooling Rates 

To determine the effect of cooling rate on crystallisation, the temperature was programed 

by heating the sample rapidly from room temperature to 70 oC at 30 oC/min and held at 

the 70 oC to erase any crystallisation memory.  The samples were then subjected to 

cooling to -30 oC at 5 oC/min, 10 oC/min, 15 oC/min and 20 oC/min cooling rates. The 

DSC scans were collected on new samples to guarantee the same initial thermal pattern 

for all samples. 

3.2.2.2.3 Isothermal Crystallisation by the DSC Method 

The isothermal crystallisation patterns were obtained from a rapidly heated fat sample to 

70 oC and held for 10 mins to ensure a completely melted fat. The samples in melt were 

cooled to selected isothermal temperature of -10 oC, 16 °C and 20 °C at a cooling rate of 

10 °C/min and held for 60 mins isothermal time. The various isothermal crystallisation 

profiles were obtained from the integration from the Pyris software, version 9.0 

3.2.2.2.4 Isothermal Crystallisation Kinetics by the DSC Stop-and-Return Technique 

The isothermal crystallisation was further investigated by the DSC stop-and-return 

technique [62]. From the same sample for the isothermal crystallisation analysis, the 

samples were reheated at different times from the various isothermal temperatures to 70 

oC at 10 oC/min, so as to record the melting profile of the components crystallised at the 

various isothermal periods. This procedure was repeated at varying time intervals to 
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investigate the crystallisation mechanism and their polymorphic transitions. Avrami 

theory was then applied to qualify the data obtained from the crystallisation process at 20 

oC and 16 oC. Three kinetic parameters were derived from the fitting of the Avrami 

model. The kinetic parameters were the Avrami exponent (n), Avrami constant (k) and 

the half-time of crystallisation (t1/2) obtained from the linearization of equation 3.3, 

where the logarithmic transformation of [-ln(1-X)] and t were plotted and the values of k 

and n calculated from the y-intercept and the slope respectively.  

 

(1-X) = exp(-ktn)                 eqn 3.3 

 

where X is the fraction of crystal obtained at the time t during the crystallisation, k is the 

crystallisation rate constant and is dependent basically on crystallisation temperature, and 

n is the Avrami exponent, a constant associated the dimensionality of transformation. The 

value of n expresses the power dependence on the time of crystallisation and this is 

related to the processes governing the nucleation and the subsequent crystal growth 

mechanism during the crystallisation process [47]. The crystallisation rate constant k, 

represents a mixture of both nucleation and the growth rate constants, in relation to 

temperature change. The value obtained for k is relates directly to half-time of 

crystallisation (t1/2) and the overall rate of crystallisation [185]. 

The relative amount of materials crystallised (X) with change in time were estimated 

from the integration of the isothermal DSC crystallisation curves. The areas under the 

crystallisation curves correspond to the total enthalpy of crystallisation, (ΔHt). The 

relative amount of fat crystallised (crystal fraction) X at a given time was approximated 
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by the ratio of the partial enthalpy, (ΔHx), at that time to the total crystallisation enthalpy. 

All measurements were taken in triplicates. 

 

X= ΔHx/ΔHt                 eqn 3.4 

 

The half-time of crystallisation (t1/2) gives the degree of the Avrami constant and this was 

estimated as follows  

 

t1/2 =(0.693/k)1/n        eqn 3.5 [186] 

3.2.3 X-ray Diffraction (XRD) Analysis 

X-ray diffraction pattern of crushed Allanblackia seed fat and shea nut fat were 

determined. The XRD data were collected using a Bruker D8 Discovery Powder X-ray 

Diffractometer, using a copper lamp (λ= 1.52 Ȧ) to a voltage of 40 kV and 44 mA 

current. A 0.57 divergence slit, 0.57 scatter slit and 0.3 mm receiving slit were used. The 

wide –angle X-ray diffraction analysis (WAXD) was carried out by scanning the samples 

from 15 o to 30 o at 2 o/min. The analysis was performed at 20 oC and the XRD pattern 

obtained smoothed with a Fourier transformation by the X’pert high score plu software 

provided by the manufacturer. X-rays were passed through the samples and the scattered 

X-rays from the atoms gives the diffraction pattern, and subsequently provide 

information on the atomic arrangement inside the sample crystal network. The 

information about the arrangement of the atoms in the crystal network is interpreted 

according to the Bragg’s Law. 

        nλ = 2dsinθ                  eqn 3.6 
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The Bragg’s Law describes the reasons for the cleavage faces of a crystal seem to reflect 

X-ray beams at a particular angle of incidence (theta θ), the wavelength λ  of incident X-

ray beam and n as an integer and d is the lattice spacing. 

 

 

Figure 3-2: Schematic representation of the Braggs Law in X-ray diffraction instruments.   

	  

3.2.4 Microscopic Analysis 

The optical microscope uses the application of the visible light and lenses to enlarge 

images of smaller molecules. The light microscope generates an enlarged, comprehensive 

image of apparently undetectable objects or specimen. This established on the principles 

of transmission, absorption diffraction and refraction of light waves. The optical 

microscope may be used as the fundamental tool for phase identification.  

 

The crystal morphology of Allanblackia seed fat and shea nut fat were studied at the 

selected fixed temperatures of 20 oC, 16 oC and -10 oC with an optical microscope, a 

Nikon OPTIPHOT-2 optical microscope fitted with a 5 megapixels DinoEye Eyepiece 

camera manufactured by Dino-Lite, Taiwan. From the melted (70 oC) samples, a 
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capillary tube was used to take a drop and transferred onto a microscope glass slide. The 

drop on the slide was covered with another slide to ensure uniform sample and desired 

thickness. After preparing the samples on the slides, the samples were brought to the 

required temperature in a controlled hood and three different visual field pictures were 

taken at a magnification of 4X 

3.2.5 Preparations and Characterization of Colloidal Dispersions 

3.2.5.1 Emulsion Preparation 

By convention, oil-in-water (O/W) emulsions are produced through the homogenization 

an oil and an aqueous phase together by adding a surface active agent. Several different 

homogenizers such as high-shear mixers have used in the development of emulsions, 

high-pressure homogenizers and colloidal mills as well as ultrasonic homogenizers are 

available for the emulsification process. Choosing a specific type of homogenizer, the 

extent of homogenization and the conditions of its operations are dependent on the 

characteristics of the materials to be homogenized and the expected end product.  

Dispersion of the fat particles in the aqueous phase in this study was done by two 

homogenizing methods to form an oil-in-water (O/W) emulsion with desired particle size 

viscosity. First the emulsions were prepared by continuous stirring of the melted 

fat/water/Tween 20/ sodium alginate mixture on a Heidolph MR Hei-Standard magnetic 

stirrer hot plate connected with the Heidolph temperature sensor Pt 1000 (Heidolph 

Instrucments.co.uk) at 800 rpm and a 60 oC temperature. The second stage of the 

emulsion preparation was achieved by using a micro-tip of an ultrasonic cell disruptor 
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homogenizer (MisonixSonicator 3000, Misonix Inc. NY USA) for 6 minutes. No efforts 

were made to control the temperature during the homogenization process. 

3.2.5.2 Allanblackia seed Fat/Water Emulsion 

A known amount from 0.5 g to 2 g of Allanblackia seed fat, obtained as a solid fat, was 

placed in a screw top glass vial (50 mL) and heated to melting at 60 oC. Deionized water 

approximately 80 to 95 % of the final weight of dispersion was also carefully added to a 

separate glass vial. The pH was maintained at 7.0 with 5 mM sodium phosphate buffer. 

The fat-in-water emulsion systems were then developed by mixing the melted fat and the 

heated water at 60 oC with a magnetic stirrer hot plate at 1400 rpm for 10 mins after 

which an ultrasonic cell disruptor homogenizer (Misonix sonicator 3000) was used for 6 

minutes intermittently at intervals of every 2 minutes to avoid over heating of samples. 

3.2.5.3 Surfactant Stabilised Emulsion 

In the preparation of surfactant stabilised emulsion, 0.1 g to 0.5 g (in the increment of 

0.1) making up about 1 to 5 % of Tween 20 was added to the different concentration (5%, 

10%, 15% and 20%) of melted Allanblackia seed fat and gently agitated at 60-65°C for 1 

hr until completely mixed together. The oil/Tween 20 mixture was maintained at 60 °C 

temperature for 10 minutes after which it was then added to the heated (60 oC) deionized 

water and the mixture emulsified as described in section 3.2.5.2  

3.2.5.4 Combined Surfactant/Biopolymer Emulsifier Mixture Stabilised Emulsion 

In the preparation of the combined surfactant/biopolymer stabilised emulsions, different 

quantities of Tween 20 from 0.1 to 0.5 g (in the increment of 0.1) making up about 1 to 5 

% of the total weight of final emulsion was added to the melted Allanblackia seed fat and 
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the mixture gently agitated at 60 - 65°C until completely mixed together and kept under 

continuous stirring at constant temperature of 60 oC and in a separate glass vial 

containing heated (60 – 65 oC) deionized water and a know quantity of sodium alginate 

0.1 to 0.5 g (in the increment of 0.1) making up about 1 to 5 % of the total weight of final 

emulsion produced. The sodium alginate and water were agitated until there was 

complete dissolution of the sodium alginate salt in the water. The mixed system was 

continuously agitated at 60 oC for 10 minutes after which the oil/Tween 20 mixture was 

transferred to the water alginate mixture and the mixed solution emulsified as described 

in section 3.2.5.2 

3.2.5.4 Emulsion Characterizations 

The stability of the prepared (fat-in-water only, fat-in-water surfactant stabilised and fat-

in-water combined surfactant/biopolymer stabilised) emulsions against aggregation such 

as creaming was assessed immediately after preparation and after 30 days of preparation. 

The occurrence of creaming was investigated by visual observation and measuring the 

volume fraction of creaming layer, the emulsion morphology and microstructure 

determined by microscopy and the dynamic light scattering instrument.  

3.2.5.4.1 Determination of Volume Fraction of Creaming Layer 

To measure the volume fraction of creaming layer, immediately after the preparation of 

the emulsions, 10 mL quantities were sampled into a 25 mL graduated glass vial and and 

allowed to stay for 30 hours after which the extent of creaming assessed. The extent of 

separation (formation of a creaming layer) was determined by measuring the volume 

change in creaming layer formed expressed as the volume fraction of creaming (VfCr) if 
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any, after the 3 hours period and also 30 days after the emulsion preparation. This was 

achieved by relating the observed volume of creamy layer (VCr) formed to the total 

volume of emulsion in vial Vem as adopted from Pichot, (2010) [187] with slight 

modifications.  

 

Figure 3-3: Sketch representing an emulsion structure: showing creaming and the particle 

distribution in the cream layer as adopted from Pichot (2010) [187]. 

The occurrence of creaming in the emulsion systems were quantified by the expression: 

VfCr= (VCr/ Vem)                  eqn 3.7  

where VCr represents the volume of the top creaming phase and Vem the total volume of 

the emulsion.  

3.2.5.4.2 Crystal Morphology and Microstructure of the Dispersed Fat Particles 

The morphology and microstructure of the dispersed fat particles where studied by the 

Scanning Electron Microscope (SEM) and optical microscope. The SEM is used to 
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investigate the morphology and microstructure of materials. It works by scanning a 

focused electron beam over the surface of an object to create an image. As the electrons 

are focused on the object, the electrons interact with the object leading to the production 

of signals that are used to produce information about the composition, microstructure and 

morphology of the object.  

 

Figure 3-4: A Scheme representing operations scanning electron microscope [188] 

	  
In this study, emulsions prepared from the different fat/water combinations at varying 

Tween 20/sodium alginate ratios were diluted (1%) with deionized water and a drop 

placed on an SEM pin stub specimen mount. The images were captured by a field 

emission high resolution Scanning Electron Microscope Philips XL 30 FEG that operates 

both at low accelerating voltage (200 V) and high accelerating voltage (30 kV). 
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Again, two drops of 1% diluted emulsion solution were put on (75 mm by 25 mm) 

microscopy slides using a capillary tube and spreading it carefully on the microscope 

slide to avoid the development of any possible bubbles. The microstructure and droplet 

distributions observed with an optical microscope, a Nikon OPTIPHOT-2 optical 

microscope fitted with a 5 megapixels DinoEye Eyepiece camera manufactured by Dino-

Lite, Taiwan. Three different visual field pictures were taken for each spotted sample at a 

magnification of 4X. In all about 100 different emulsions were analyzed.  

3.2.5.4.3 Particle Size Measurements 

The size of the fat particles size was measured using the Zetasizer Nano series from 

Malvern Instrument. The Zetasizer instrument measures the size of the particles by 

employing the Dynamic Light Scattering (DLS) technique, the mechanism of the 

instrument allows the measurement of particle sizes in the sub micron region [189]. The 

DLS detects the Brownian motion of the particles and link it with the size of the particles. 

As particles move randomly in dispersion, they interact with solvent molecules within 

which they move and this type of movement is termed the Brownian motion. As the 

particles move randomly the particle size is related to the speed of motion by the Stokes-

Einstein equation.  

The DLS instrument consists of six different components. The first is a laser which 

provides light to illuminate the particles inside the sample cell. As the laser beam passes 

through the sample, the beam of rays are scattered by the particles. It also has a detector  

which measures the intensity of the scattered light.  
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Figure 3-5: Schematic representation of the Zetasizer Dynamic Light Scattering (DLS) 

device, from Malvern Instruments. 

	  
The Zetasizer-Nano ZS instrument He-Ne laser with wavelength 632.8 nm gave the 

measured diameter of the particles. The instrument measures and display the mean 

diameter established on the intensity of scattered light. The emulsions prepared from the 

different fat/water ratios (5/95, 10/90, 15/85 and 20/80), in varying amounts of Tween 20 

surfactant and also from different ratios of Tween 20/sodium alginate mixtures were 

diluted to concentration of 1% and their pH maintained at 7.0. Small volumes of the 

diluted dispersions were placed in a standard optical glass cuvette 10 x 10 x 45 (mm) and 

the cuvette and its content placed in the Zetasizer-Nano ZS instruments for analysis. 

The software of the Zetasizer-Nano ZS instrument uses the refractive index of the 
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dispersant and its viscosity, and the refractive index of the dispersed phase and finally its 

absorption. The Malvern Instrument provides a list of properties of the most common 

materials used as dispersant and dispersed samples. The refractive index of water was 

selected as 1.32 and that of fat particles as 1.46. At the 25 oC measurement temperature, 

the viscosity of water was given as 0.8870 mPa-s with the absorption of the fat particles 

given to be 0.001. 

3.2.5.5 Determination of the Rheological Parameters of the Emulsions 

Two different rheological analysis, namely; steady state shear stress-shear rate analysis 

and dynamic (oscillatory) analysis were studied by using a strain controlled advanced 

rheometric expansion system (ARES). ARES works as a mechanical spectrometer that 

subjects a sample to either a  sinusoidal or steady shear strain  deformation. It measures 

the force spent by the sample in response to this shear strain.  

In measuring the rheological parameters, the force of deformation is expressed as the 

stress or force per unit area. The level of deformation subjected to a material is known as 

the strain, which may also be expressed as sample displacement relative to pre-

deformation sample dimensions. The sample deformation can be either simple shear or 

linear deformations. The ARES instrument measures the deformational energy and the 

viscosity of the material and relate it to Hooke’s and Newton’s laws respectively. The 

steady shear testing employs constant rotation to operate strain. When a steady shear rate 

is reached, the shear stress is measured as a function of the shear rate. The stress-to-

shear-rate ratio yields the steady shear viscosity. Measurements are typically made 

around a varied series of shear rates to study the shear rate dependence of the sample. 
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For viscoelastic materials, the phase angle shift (δ) between stress and strain occurs 

among the elastic and viscous boundaries. The viscoelastic material generates a stress 

signal which can be divided into two components namely: an elastic stress (σ' ) that is in 

phase with strain, and a viscous stress (σ'' ) that is in phase with the strain rate (dδ/dt) but 

90° out of phase with strain. Occasionally, the elastic stress may be termed as in-phase 

whiles that of the viscous stress may be termed as out-of-phase. The elastic stress 

determines the level at the substance show characteristic property of an elastic solid. In 

much the same way, the viscous stress determines the level at which the substance acts as 

an ideal fluid. The viscous and elastic stresses can be linked to material characteristics 

over the ratio of stress to strain, or modulus. Thus, the ratio of the elastic stress to strain is 

referred to as the elastic (or storage) modulus (G′), which represents the ability of a 

material to store energy elastically. The ratio of viscous stress to strain is termed the 

viscous (or loss) modulus (G′′), and this measures the material's capacity to give of 

energy. Additionally, the complex modulus (G*) also measures the total endurance of the 

substance to deformation. If these measurements are made using a linear geometry 

instead of shear geometry then the letter E is used to represent the modulus, instead of G. 

In sometimes it is suitable to define the ratio of the material strain to material stress. This 

is known as compliance, and is represented by a J in shear testing, and a D in linear 

testing. As in case of modulus values it is possible to define both elastic (J' or D') and 

viscous (J" or D") components to the complex compliance (J* or D*). The tangent of the 

phase angle shift of stress and strain also known as tan δ measures the damping character 

of the material.  
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Figure 3-6: A Sketch of the ARES Viscometer [190] 

To study the long-term physical stabilisation of the emulsions, three different batches of 

the emulsion systems stored for 30 days containing different amounts of fat/water ratios 

(5/95, 10/90, 15/85 and 20/80) in the presence of increasing Tween 20 and sodium 

alginate contents were analyzed with respect to their rheological properties  

1. The long-term stability of emulsions with respect to changing concentration of sodium 

alginate whiles Tween 20 and fat content are held constant,  

2. The long-term stability of emulsions with respect to changing concentration of Tween 

20 with sodium alginate and fat content held constant.  

 3. The long-term stability of emulsions with respect to changing fat content with Tween 

20 and sodium alginate concentration held constant on the rheological properties of the 

emulsions. 
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3.2.6 Preparation and Efficiency of Encapsulated Particles 

3.2.6.1 Preparation of the Encapsulated Particles 

The solid fat encapsulated Sudan orange dye particles (ESODP) were prepared by adding 

about 0.2 g of the Sudan orange dye to an already melted 1.5 g (constituting 15/85) solid 

fat at 65 oC and the emulsion prepared by the simple homogenization method as 

described in the previous section 3.2.5.2.  

3.2.6.2 Encapsulation Efficiency 

The efficiency of encapsulation of the solid fat-in-water emulsion was estimated by 

evaluating the loading capacity of the emulsion system, the extent of leaching of the 

encapsulated dye and the swelling properties of the encapsulated emulsion. 

 3.2.6.2.1 Determination of Amount of Dye Encapsulated 

To determine the amount of dye entrapped in the solid fat-encapsulated sudan orange dye 

particles, the ESODP were air dried to remove any traces of water molecules remaining 

on the surface of the molecules. After obtaining completely dried particles, the particles 

were transferred into an air dried beaker and ethanol added to dissolve the entrapped dye 

and subsequently measured using a Varian’s Cary 5000 UV-Vis NIR spectrophotometer, 

equipped with a Cary series WinUV software 2002. The instrument has a wavelength 

range of 175-3300 nm and the wavelength accuracy of 190-900 nm. The average dye 

incorporated was estimated according to the Lambert-Beer law. Expressed as a 

logarithmic transformation between the transmission T of light throughout the material, 

the product of the absorption coefficient of the substance a and the distance the light 

travels through the materials l. This is expressed as  
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T = I/Io = e-al = e-
ε
lc         eqn 3.8 

where  Io and I are the intensities of the incident light and the transmitted light 

respectively, a is the absorption coefficient of the substance, ε is the molar absorptivity 

and c the molar concentration. 

The transmission expressed as the absorbance becomes  

A= -log (I/Io)                          eqn 3.9 

Therefore when the absorbance becomes linear with the concentration, the equation is 

expressed as follows 

A = log Io/I = εlc               eqn 3.10 

Therefore A = εlc                 eqn 3.11 

A wavelength of 450 nm was employed in the detection of the Sudan Orange dye 

absorbance. About 0.20 g of the Sudan orange dye was added to an already melted 1.5 g 

of the vegetable fat and the mixture homogenized as explained earlier to complete the 

encapsulation process.  The loading capacity was estimated as follows; 

 

Percent encapsulation (%E) = Actual amount of dye loaded (g)        x 100 %       eqn 3.12 
                                                Original amount of dye used in the experiment (g) 

 

  3.2.6.2.2 Leaching Studies 

The extent of leaching of the encapsulated dye was determined by placing 0.36 g of the 

dried ESODP samples on a filter paper and stored at 21oC for 24 hours to monitor any 

leakage of the internal phase onto the filter paper used for the analysis. Again in another 

study, a 0.38 g portion of the same dried sample kept on the filter paper then incubated at 



	  

	   92	  

37 oC for 1 hour after which its weight measured every 30 minutes for 6 hours.  Percent 

leaching (%L) was expressed as; 

 

%L = Wi – Wf         X      100 %                 eqn 3.13 
                Wi 

where Wi is weight of initial sample before incubation and Wf represent weight of 

samples after incubation. All weights were measured in grams. 

3.2.6.2.3  Swelling Studies 

The effect of swelling of the encapsulated solid fat emulsions by absorbing water or other 

ingredients in the presence of an aqueous solution was investigated as a function of time.  

About 0.23 g of the dried ESODP samples were soaked in deionized water on a watch 

glass for one hour after which the samples were filtered, air dried and weighed every 5 

minutes. Care was taken in handling the swollen particles to avoid the possible 

occurrence of breakage and erosion. The percent swelling was calculated as 

 

% Swelling =  (wet weight-dry weight)    X  100 %           eqn 3.14 
                                           dry weight 

	  
	  

3.2.6.3. Characterization of the Solid Fat Encapsulated Sudan Orange Particles 

3.2.6.3.1 Particle Size and Size Distribution 

The average size of dye-loaded ESODP was measured by the Malvern DLS technique. 

Dilutions of the ESODP suspension were prepared with deionized water and 

subsequently sonicated for 60s to ensure well-dispersed particles before the 
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measurement. Optical microscopy was used to investigate the particle size distribution 

and to understand the microstructure of the encapsulated particles formed.  

3.2.6.3.2 XRD Analysis 

The ESODP samples were carefully pressed into the sample holder to ensure there were 

no pockets of lumps present. The samples were pressed to achieve a smooth flat surface. 

The ESODP were exposed to an X-ray diffraction (Bruker D8, Discover) using a 

monochromatic Cu Kα radiation (λ=0.154nm) in the range of 5o to 50o at a scanning rate 

of 2θ/min.  All measurements done at room temperature.  

3.2.6.3.3. Thermal Behaviour of Encapsulated Particles 

The thermal decomposition, the melting and cooling pattern of the encapsulated particles 

were studied by the help of a TGA and DSC as described in Section 3.3 For DSC, the 

samples were analyzed at a temperature range of 25 to 140 oC  at a scanning rate of 10 

oC/min. 
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CHAPTER 4 

Chemical Constituents and Thermal Behaviour of Allanblackia Seed Fat and Shea 
Butter 

	  
The use of vegetable fats as raw materials in many food products and other industrial 

applications has gained interest due to the excellent properties they exhibit, such as high 

production, cheap, stability to thermal oxidation and their plastic behavior at room 

temperature. Knowledge of the fatty acids composition and the consequence of these 

fatty acids on thermal behaviour of vegetable fats is important. Since it gives information 

on the functionality of the fat substance. However, it is also imperative to note that the 

physico-chemical properties of any vegetable oil or fat depend on the climatic conditions 

and the vegetation of the place where it is produced. 

 

In this chapter, the aim of the study was to determine and compare the fatty acid 

composition of two vegetable fats of tropical origin namely: Allanblackia seed fat (AB-

GH) and Shea nut fat (SB-GH), and to determine the effect of the fatty acid composition 

on their physical behaviour. The fatty acid constituents were determined by analytical 

methods and the physical properties were investigated with change in temperature. The 

melting and crystallisation profile as well as the occurrence and/or existence of 

polymorphism (different crystal phases) and polymorphic transitions and the crystal 

morphology of the fat substances are discussed.  
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4.1 Determination of the Fatty Acid Constituents of Allanblackia Seed Fat (AB-GH) 

and Shea Butter (SB-GH) 

4.1.1 GC/MS Analysis of AB-GH and SB-GH 

Table 4-1 shows the fatty acid composition of AB-GH and SB-GH. From the data 

obtained, it is clear that both AB-GH and SB-GH contains stearic and oleic acid as their 

major fatty acid components. AB-GH contains about 58 % saturated fatty acids of which 

about 57 % is stearic acid, with palmitic acid and arachedic acid constituting 1 % of the 

total fatty acid composition. AB-GH also contains about 42 % unsaturated fatty acids 

which is basically made of oleic acid (42 %). SB-GH was shown to consist of about 51 % 

saturated fatty acids, which is made up of about 47 % stearic acid and 4 % palmitic and 

arachidic acids. SB-GH also contains about 49 % unsaturated fatty acids consisting of 

about 45 % oleic acid and 4 % linoleic acid. The high-saturated fatty acid content in both 

AB-GH and SB-GH accounts for their characteristic solid state at room temperature and 

their melting at elevated temperatures. 

 

Table 4-1: Levels of fatty acid composition in shea butter and Allanblackia fat 

determined by the GC/MS 

ID C16:0 C18:0 C18:1 C18:2 C20:0 T.Sat, T.Unsat. 

AB 0.81±0.23 56.93±0.61 42.16±0.16 N/D 0.11±0.30 57.78±0.14 42.16±0.15 

SB 2.83±0.45 47.14±0.74 44.58±0.13 4.20±0.12 1.09±0.21 51.06±0.40 48.78±0.24 

 

Allanblackia seed fats contains about 45 – 58 % stearic acid, 40 – 51 % oleic acid and an 

iodine value of about 40 which shows the amount of unsaturation present in the fat or oil 
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[80, 81, 191]. Shea butter is also reported to contain 36 % stearic acid, 50 % oleic acid 

and about 59 % iodine value [192].  

 

Fatty acids in fats and oils are found as esters on a glycerol backbone forming the 

triacylglycerol (TAG) content of the particular fat or oil and this TAG accounts for about 

95-97 % of the fat or oil composition [34, 193]. The physical and chemical properties of 

the fats are mainly influence by the fatty acids and their TAG compositions and this is 

used to characterize and identify fats and oils [45]. Therefore from fatty acid data (Table 

4-1) it can be deduced that the randomisation of the fatty acids over the glycerol 

backbone may lead to the formation of saturated-saturated-saturated (SSS) 

triacylglycerols, saturated-saturated-unsaturated (SSU) triacylglycerols, saturated-

unsaturated-unsaturated (SUU) triacylglycerols, and unsaturated-unsaturated-unsaturated 

(UUU) triacylglycerols. The presence of the different composition of the fatty acids in the 

TAG structure accounts for the characteristic chemical and physical behaviour of the fats. 

The European Food Safety Authority has reported that Allanblackia seed fat contains 69 

% stearic-oleic-stearic (SOS) and 23 % stearic-oleic-oleic (SOO) triacylglycerides 

(TAGs) [194]. Shea butter has also been reported to contain about 10 % trioleic (OOO), 

35 % stearic-oleic-oleic (SOO), 40 % stearic-oleic-stearic (SOS) and 8 % palmitic-oleic-

stearic (POS). It also contains other TAGs made up of linoleic acid, arachidic acid in 

minor quantities [195]. The difference in the quantity and fatty acid profile of the shea 

butter affords it a wide variety of TAG composition in the fat sample. The structure of the 

fatty acids in the TAG content of the various fats gives it a complex chemical structure, 

which may have a direct relation with the thermal behaviour of the Allanblackia seed fat 
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and shea butter fat samples. From the above results and discussions, the thermal 

properties of both samples were studied using the differential scanning colorimetric 

techniques in order to establish the characteristic profile of Allanblackia seed fat and shea 

butter fat with heat flow and the results recorded and discussed in section 4.3. This 

knowledge can be used to prove the importance of shea butter and Allanblackia seed fat 

in industrial applications. 

4.1.2 1HNMR Analysis of AB-GH and SB-GH 

The 1HNMR spectra obtained for AB-GH and SB-GH gave chemical shifts (ppm) 

representing saturated and unsaturated fatty acids. The spectra also showed the presence 

of the glycerol protons confirming the existence of the fatty acids as esters of glycerol. 

Details of the results are shown in Figure 4.1 and Table 4.2. For this study fats from the 

Allanblackia seeds and shea nuts were dissolved in chloroform-D and the 1HNMR 

spectra obtained. The percentage fatty acids were calculated using standards and 

computing (integration) the area under the curves From the observed chemical shifts, 

AB-GH is shown to contain about 60 % saturated fatty acids and 40 % unsaturated fatty 

acids while SB-GH contains 50 % saturated acids and 50 % unsaturated acids. Earlier 

studies have examined the degree of unsaturation of different vegetable oils and fats 

using 1H NMR spectroscopy [196–198] and the results obtained compares favourably 

with results obtained for both shea nut fat and the Allanblackia seed fat. 

 .  
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Table 4-2:  Chemical shifts obtained from the AB-GH and SB-GH fats 
corresponding functional groups of saturated and unsaturated fatty acids  

AB-GH  fat samples 

Signal Chemical Shift (ppm) Functional group 

a 

b 

c 

d 

e 

f 

g 

h 

0.85-0.90 

1.21-1.37 

1.55-1.65 

1.97-2.05 

2.27-2.33 

4.10-4.32 

5.23-5.28 

5.31-5.35 

-(CH2)n-CH3 (therminal methyl group) 

-(CH2)n (methylene group) 

-OCO-CH2-CH2-(acyl chains) 

-CH2-CH=CH-(allylic group) 

-OCO-CH2-(acyl chains) 

-CH2OCOR (glyceryl group) 

>CHOCOR (glyceryl group) 

-CH=CH-(olefinic protons ) 

SB-GH  fat samples 

a 

b 

c 

d 

e 

f 

g 

h 

i 

0.79-0.92 

1.19-1.39 

1.57-1.70 

1.97-2.06 

2.17 

2.26-2.35 

4.08-4.35 

5.22-5.28 

5.31-5.40 

-(CH2)y-CH3 (therminal methyl group) 

-(CH2)n (methylene group) 

-OCO-CH2-CH2- (acyl chains) 

-CH2-CH=CH- (allylic group) 

=CH-CH2-CH=(bis-allylic group) 

-OCO-CH2- (acyl chains)  

-CH2OCOR (glyceryl group) 

>CHOCOR (glyceryl group) 

-CH=CH- (olefinic group) 
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Figure 4-1: 1HNMR spectra showing the saturated and unsaturated fatty acids of: (A) AB-

GH and (B) SB-GH  

	  

4.2 Thermal Decomposition of AB-GH and SB-GH by Thermogravimetric Analysis 

(TGA) 

The decomposition profile obtained from the TGA shows a two-step decomposition 

pattern for SB-GH and a single step decomposition profile for AB-GH (Figure 4.2). It 

was observed that both samples were thermally stable up to 200 oC after which SB-GH 

began to decompose from the initial weight of 12.84 mg to about 11.30 mg (change in 

weight 1.54 mg), which represents the composition of about 12% of the total fat sample 

at temperatures from 200 to 350 oC. The initial 12 % weight loss in the SB-GH maybe 

attributed to the loss of highly unsaturated fatty acid component. The unsaturated fatty 

acid compounds have low melting point and hence during the heating process they easily 

vapourise and hence decompose. After this initial decomposition step, SB-GH gave 

second step of decomposition, which was rapid and ended at about 450 oC at which there 
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was a complete decomposition of all the fat samples. The first step is attributed to the 

decomposition and evaporation of molecules of TAGs obtained from low melting fatty 

acids such as the polyunsaturated and monounsaturated acids (OOL and OOO) which 

may be present in the SB-GH while the second and major step is attributed to the TAGs 

consisting of saturated and monounsaturated (SOO, SOS and POS) fatty acids which, 

from the GC/MS analysis constitute the major chemical composition.  The decomposition 

profile of AB-GH samples gave primarily a single step and this attributed to the simple 

fatty acid constituents of the AB-GH which is made up of only saturated and 

monounsaturated acids. The decomposition pattern of the shea butter and Allanblackia fat 

are comparable with other works reported in literature [199]. Santos and coworkers [52] 

also studied the thermal behavior and the rheological properties of some commercial 

edible vegetable oils. They found that the mass loss from the decomposition process 

corresponded to the percentage fatty acids present in the oils. 

 



	  

	   101	  

100 200 300 400 500 600 700 800
0

2

4

6

8

10

12

14

 

 

W
ei

gh
t (

m
g)

Temperature (oC)

 AB-GH
 SB-GH

 

Figure 4-2: Thermal decomposition profile of AB-GH and SB-GH obtained from the TGA 

starting at 25 oC to 800 oC at 10 oC/min 

	   	  

4.3 Crystallisation and Melting Behaviour by the DSC Method 

Change in heat flow is an important phenomenon in the use of fat in industrial processes. 

A change in temperature directly affects the handling of fat and in their subsequent 

applications and hence affects their product performance [45]. In this study, the melting 

and cooling profiles of AB-GH and SB-GH were investigated as the samples were heated 

to 70 oC and cooled to -30 oC at 2 oC/min cooling rate. The effect of the heat change on 

their physical properties were recorded as the melting and cooling curves and shown in 

Figure 4.3.  
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Figure 4-3: Melting and cooling profile of fat samples obtained at temperatures between -30 
oC to 70 oC at 2 oC per minute from DSC: (A) melting and cooling curves of AB-GH and (B) 

melting and cooling curves of SB-GH 

	  
During the heating process, AB-GH and SB-GH showed different melting profiles. The 

peaks observed under the AB-GH curve, were a peak at a temperature and enthalpy 

variation of -3.69 oC and 0.94 J/g respectively. This peak may represent the melting 

temperature of TAGs (such as UUU) consisting of low melting fatty acid components 

and may be present in small quantities in the Allanblackia seed fat hence their smaller 

magnitude. After the first melting endotherm, an exothermic peak appeared at about 21 

oC temperature. This observation may result from recrystallisation of some of the high 

melting components, which began melting at low temperatures. After the recrystallisation 

process, the fats began to melt again showing a major peak at 35.49 oC temperature and 

83.35 J/g enthalpy change and may account for the existence of TAGs made up of high 

melting fatty acids as their major components. The melting profile of Allanblackia can be 
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explained as follows: during the heat flow, low melting TAGs which could consist of 

triunsaturated (UUU) fatty acids such as trioleic acid (OOO) or possibly TAGs made up 

of diunsaturated monosaturated (UUS) fatty acids, such as dioleic monostrearic acid 

(OOS) is melted out first. This is followed by the recrystallisation of some of the high 

melting TAGs, which had initially co-melted with the low melting components at the 

lower temperatures. As the temperature increases, a larger proportion of the high melting 

TAGs which could consist of disaturated monounsaturated (SSU) fatty acids such as 

palmitic oleic stearic acid (POS), distearic oleic acid (SOS) crystallizes out and since the 

Allanblackia seed fat contains basically SOO and SOS TAGs [194], the melting 

endotherms observed may be attributed to these TAGs. The melting profile of SB-GH 

showed multiple endotherms, a total of about seven different endothermic peaks were 

observed (figure 4-3B). These peaks were of different shapes and sizes and correspond to 

different individual fat components of different chemical structure and/or the occurrence 

of polymorphic transformations. The shea butter fat from the GC/MS analysis was 

observed to contain three different saturated fatty acids namely palmitic acid, stearic acid 

and arachidic acid as their major fatty acid component which are of different carbon 

chain lengths. The existence of trioleic (OOO), stearic-oleic-oleic (SOO), stearic-oleic-

stearic (SOS), palmitic-oleic-stearic (POS) and other TAGs made up of linoleic acid and 

arachidic acid in minor quantities accounts for the different melting peaks profiles.  

 

The cooling profiles observed under both AB-GH and SB-GH, however, were not 

complex as compared to their melting profiles. Allanblackia seed fat gave three 

exothermic peaks. A sharp and narrow peak occurred as the first and main exotherm, at 
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temperature of 16.93 oC and with an enthalpy change of -45.42 J/g. This peak may 

correspond to the observed major melting component and may be attributed to TAGs 

made up of large amounts of the high melting saturated fatty acids such as the SOS TAG. 

The shape of the first crystallization peak occurring at the 16.93 oC (narrow and sharp) 

gives an indication of pure composition of the TAG present. The presence of two other 

crystallisation peaks at temperature and enthalpy of 6.33 oC and -1.08 J/g, -6.78 oC and -

2.97 J/g respectively can be attributed to sequential crystallisation of TAG compounds of 

different low melting fatty acids compositions. The SB-GH cooling curve showed four 

crystallisation peaks at temperatures 20.29 oC, 13.28 oC, 5.89 oC and -7.38 oC with 

enthalpies -1.76 J/g, -37.83 J/g, -0.29 J/g and -1.45 J/g respectively. In general, peaks 

observed under the SB-GH cooling curve were broad and shaped similar to the peaks 

observed in their melting profiles. This is because as the fat sample is being cooled from 

the melt, the high melting components, which showed a high melting temperature 

crystallizes first, followed by the low melting and subsequently the lowest melting 

components as observed by Che Man and Tan (2002) [45] and Vereechen et al (2010) 

[200]. The broad peak also indicates the presence of different varieties of TAG 

compounds. Comparing Allanblackia and shea butter, it can be seen that both their 

melting and cooling profiles are different, shea butter has more fatty acid constituents 

compared to the Allanblankia seed fat hence their behaviour under the different thermal 

treatments. The observed difference in the melting and cooling curves within the same fat 

sample has also been discussed by other researches in this area [60, 200]. The appearance 

of broad peaks as seen in Figure 4-3B, is a characteristic of the presence wide range 

TAGs compounds. This observation was reported by Liu et al (2013) [47] in their 
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preparation of specialty fats from beef tallow and canola oil by chemical 

interesterification. There is also the possibility of dilution of the crystallisation 

temperatures as a result of the association with TAGs of high melting point with TAG of 

low melting point. The triacylglycerol structure has a direct effect on the shape and 

appearance and temperature of the crystallisation peak [201]. To further understand the 

cooling process of shea butter and Allanblackia seed fat, the crystallisation processes at 

different cooling rates were also studied and the results presented in section 4.4 below. 

4.4 Thermal Behaviour with Increasing Cooling Rates 

In this section, the DSC was used to follow the thermal events that occur during the 

crystallisation process of the fat samples at different cooling rates. The mechanism in this 

process is that, as the melted fat is cooled from a temperature above its the crystallisation 

temperature of a particular high melting component, the high melting fat, which is 

kinetically favoured at that temperature quickly forms crystals. When the favoured 

component is completely crystallized the next available component that is kinetically 

favoured also crystallizes. This process continues until the final crystallisation 

temperature is reached. This leads to the growth of diverse crystalline phases containing 

the maximum concentration of the kinetically favoured component at the particular 

crystallisation temperature [45]. The strategy employed in this study was to investigate 

the behaviour of the subdivided exothermic regions of SB-GH and AB-GH at increasing 

cooling rates. Knowledge of their behaviour under different cooling rates will help in 

processing Allanblackia and shea butter into different industrial products. 
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In the DSC analysis, the melted samples were cooled from 70 oC to -30 oC at different 

scanning rates of temperature program (i.e. 5, 10, 15 and 20 oC/min) and the results 

obtained are shown in Figure 4-4. The cooling curves are presented according to their 

cooling rates with their exothermic peaks identified as a, b, c, and d. The thermal data 

obtained from the crystallisation curves are detailed in Table 4-3. All crystallisation 

temperatures are quoted and refer to the maximum peak temperatures. 
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Figure 4-4: DSC crystallisation profile of AB-GH and SB-GH from -30 oC to 70 oC at 

different cooling rates: (A) crystallisation profiles of AB-GH with change in cooling rates 

from 5 oC/min to 20 oC/min and (B) crystallisation profile of SB-GH with change in cooling 

rates from 5 oC/min to 20 oC/min 

 

From the DSC investigations, increasing cooling rates leads to the crystal peaks of the 

observed cooling curves increased in size and their crystallisation temperatures also show 

a marginal decrease. As shown in Figures 4-4A and 4-4B, SB-GH and AB-GH gave three 

main crystallisation peaks under all the different cooling programs. For the AB-GH 
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curve, the three main peaks primarily consisted of a major peak occurring at a 

temperature between 15 to 20 oC and 14 to 16 oC for the SB-GH. The two other peaks 

even though smaller in magnitude, occurred in the melting profile for all the cooling 

regimes. They occurred at temperatures between 5 to 10 oC and -10 to -5 oC respectively 

for both AB-GH and SB-GH. Detailed results of the crystallisation temperatures and their 

respective enthalpy change are presented in Table 4-3.  

 

Table 4-3: Temperature (Tp) and the enthalpy change (ΔHc) recorded for AB-GH 

and SB-GH at increasing cooling rates 

Peaks a b c 

 Cooling 

rates 

(oC/min) 

 

Tp (oC) 

 

ΔHc (J/g) 

 

Tp (oC) 

 

ΔHc (J/g) 

 

Tp (oC) 

 

ΔHc (J/g) 

AB 5 

10 

15 

20 

17.82±0.02 

16.98±0.02 

16.38±0.01 

15.80±0.16 

58.93±0.29 

59.68±0.36 

59.89±0.22 

60.27±0.36 

7.13±0.02 

6.49±0.01 

6.03±0.12 

5.67±0.05 

0.88±0.02 

1.17±0.01 

1.21±0.08 

1.31±0.06 

-6.07±0.03 

-6.57±0.01 

-6.97±0.01 

-7.52±0.00 

1.46±0.13 

1.86±0.04 

2.06±0.13 

2.23±0.01 

SB 

 

 

 

5 

10 

15 

20 

15.57±0.03 

14.96±0.01 

14.61±0.01 

14.28±0.16 

 

49.69±0.48 

66.34±0.15 

66.59±0.03 

67.21±0.16 

 

6.43±0.03 

6.08±0.10 

5.65±0.01 

5.34±0.05 

0.30±0.89 

0.47±0.06 

0.55±0.08 

0.76±0.09 

-6.93±0.14 

-7.49±0.10 

-7.84±0.13 

-8.19±0.01 

2.26±0.03 

2.45±0.02 

2.60±0.03 

2.79±0.17 

 

The occurrences of these peaks may be as a result of the fractional crystallisation of 

different melting TAG components. The major exothermic peak is as a result of the 
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presence of TAGs consisting of trisaturated (SSS) or disaturated mono-unsaturated (SSU) 

fatty acid, which is then followed by the low melting components as, discussed under the 

melting and cooling profiles.  

As the sample is cooled at the slow rate (5 oC/min), the kinetics of the crystallisation 

process also proceeds at a slower manner. TAGs of comparable chain lengths have time 

to interact with each other, co-crystallise and subsequently fractionate. At the 5 oC/min 

cooling rate, there is the formation of more discrete peaks and a reduction in overlapping 

of peaks. Again, at the slower rates the TAG molecules have enough time and hence the 

occurrence of molecular rearrangement and organisation. This leads to the formation of 

pure and few crystals. However, the fast cooling forces the molecule to organise into 

crystals under conditions with limited time to ensure the association of only pure 

compounds. Quicker cooling usually results in high amount of compounds crystallising 

with lower purity. At the high cooling rates such as moving through 10 oC/min to 20 

oC/min, the rapid formation of high solid fat content at the particular crystallisation 

temperature leads to the cooling of higher melting TAGs more rapidly and therefore 

forming an under cooled initially crystallised solid which is produced within the liquid 

phase of the melted fat. This phenomenon leads to a rapid rise in viscosity of the melted 

fat, thus limiting mass transfer, this forces the fat molecules to crystallise rapidly into 

mixed crystals. The mixed crystals merges leading to the broadening cooling peaks as 

seen in Figures 4-4A and 4-4B. This observation is in agreement with other studies in the 

literature that as the melted fats and oils systems are crystallised under rapid cooling 

conditions, higher melting TAGs will be rapidly undercooled and initially crystallised, 

developing a solid within the liquid phase and the triacylglyceride chains which come 
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into crystalline lattice require a certain relaxation time, resulting in lag-period compared 

to the cooling process and it increases with increasing cooling rate [202]. The locations of 

the exotherms were influenced by the rate of the crystallisation process as the peaks shift 

to lower temperatures with the increasing cooling rates. The shift of crystallisation peaks 

to the lower temperatures is caused by the reduction in crystallisation temperatures due to 

the dilution of high melting TAGs by low melting TAGs. The dilution occurs when the 

high melting TAGs co-crystallise with the low melting components due to the fast 

cooling program [45]. The decrease in crystallisation temperature with increasing cooling 

rates has also been discussed as related to the formation of stable polymorphic forms. The 

presence of polymorphic forms was discussed by Campos and coworkers [203], in their 

work on the effects of cooling rate on the structure and mechanical properties of milk fat 

and lard. They observed that with slow cooling rate, the β polymorh which is present 

crystallises at higher temperatures whiles at a rapid cooling rate the metastable β’ 

polymorph which is present crystallises at lower temperatures. Again, at a slow cooling 

rate, there is enough time to permit the occurrence of molecular organisation; this results 

in the availability of fewer crystals of higher purity being obtained and thereby presenting 

a smaller peak size [47, 204] 

As observed from the above discussions, it can be started that change in the rate of 

cooling of the fat is an efficient way to effect the crystallisation process and effectively 

change the crystal network structure and their subsequent physical functionality. But, the 

degree of change in the physical structure cannot be significantly attributed to the change 

in the cooling. Therefore further work to understand the effect of marginal changes of the 

physical functionality due to change in rate of cooling is important.   
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4.5 Isothermal Crystallisation Studies 
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Figure 4-5: Crystallisation profiles of AB-GH and SB-GH at isothermal time of 60 minutes for the 

DSC experiments: (A) crystallisation profile of AB-GH at 20 oC, (B) crystallisation profile of AB-GH 

at 16 oC, (C) crystallisation profile of AB-GH at -10 oC, (D) crystallisation profile of SB-GH at 20 oC, 

(E) crystallisation profile of SB-GH at 16 oC and (F) crystallisation profile of SB-GH at -10 oC  
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The isothermal properties of the crystallisation process of the fat samples were further 

studied. The isothermal crystallalisation curves of SB-GH and AB-GH as obtained from 

the DSC analysis at three crystallisation temperatures (-10 oC, 16 oC and 20 oC) are 

shown in Figure 4-5. 

AB-GH at 20 oC, (Figure 4-5A) gave two crystallisation peaks at the end of the 

isothermal period (60 mins). The first peak, which is narrow and sharp, occurred within 

10 mins into the isothermal time, after which a second very broad and slightly visible 

peak occurred from between 20 to 40 mins isothermal time. At 16 oC, AB-GH gave a 

single peak between 1 to about 7 mins isotherml time. The peak at -10 oC isothermal 

temperature was observed to have started the crystallisation during the cooling process. 

Considering shea butter in the isothemal process, two peaks were also observed at 

between 5 to 15 mins and between 15 to 25 mins isothermal time for the 20 oC 

temperatures. Single peaks were observed at isothermal temperature of 16 and -10 oC., 

with the peak for the -10 oC occurring during the cooling period.  The two peaks at the 20 

oC for both AB-GH and SB-GH may be as a result of sequential crystallisation of 

fractions of the fat with different melting properties. During the study of cooling patterns 

of SB-GH and AB-GH in this study, it was observed that both samples gave exothermic 

peaks around the 20 oC temperature, which was concluded to be as a result of the 

presence of high melting TAGs which could result from mixtures of high melting 

saturated fatty acids and monounsaturated fatty acids such as trisaturated (SSS) and 

disaturated monounsaturated (USS). The presence of such mixtures during the isothermal 

period receives enough time by which the components are able to separate into pure 

components hence exhibiting different crystallisation peaks during the isothermal period. 
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The occurrence of the peaks can also be potentially due to a rapid formation of a 

metastable polymorph (an α fat crystal) at the start of the isothermal process which was 

then followed by a transition into more stable β or β’ crystals [60]. The narrow and 

broadened nature of the peaks corresponds to the different TAG mixtures found under the 

20 oC temperature. A broad peak corresponds to wide range of different TAG compounds 

whiles a narrow peak shows a more pure and low range TAG compounds. At -10 oC, the 

peaks for both SB-GH and AB-GH were all observed to have occurred during the cooling 

process. Even though this peak may be attributed to the low melting fat components, their 

quantification is difficult as during the isothermal period the appearance of the peak does 

not begin from the baseline after the cooling process and therefore cannot be integrated.  

Also from the curves obtained for both SB-GH and AB-GH, it can be seen that the 

crystallisation to some extent started during the time of cooling and this indicated by the 

measured heat flow after the cooling step and before the presence of the crystallisation 

peaks. In light of the above discussion the stop-and-return technique was used to 

investigate the isothermal crystallisation kinetics of the fat samples and the results 

presented and discussed in section 4.6.  

4.6 Studies of Crystallisation Kinetics by DSC Stop-and-Return Method 

In order to understand the phase transition behaviour that occurs during the crystallisation 

process of Allanblackia and shea butter, the stop-and-return technique of DSC was 

employed to study their crystallisation kinetics. The DSC that has been reported to be 

sensitive, high-resolution and extensive method by several authors in the study of 

crystallisation kinetics of fats and oils [62] was used in this study. The method is 

established from measuring the heat flow obtained as the crystallisation progresses and 
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results in phase or polymorphic transitions.  During the isothermal period, sometimes the 

crystallisation takes place immediately the cooling process begins or the occurrence of a 

polymorphic transformation simultaneously with the crystallisation process. This 

occurrence makes it difficult to integrate the cooling curves obtained. In this regard, the 

DSC stop-and-return method is used in this work to study the crystallisation kinetics. 

From the isothermal crystallisation curves, the stop-and-return method was used to 

further investigate the crystallisation process. In this study, the crystallisation process 

were interrupted at different times and re-melted, to find the melting profile, the 

crystallised fat at a particular time of the isothermal crystallisation period. The obtained 

melting peaks were integrated, to give an idea of the amount of the crystallised fat. 

Figures 4-6 from A to F shows the melting endotherms of SB-GH and AB-GH obtained 

from the stop-and-return method at the three isothermal temperatures (-10, 16, 20 oC).  
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Figure 4-6: Melting profile at every minute during the isothermal period where crystal fractions are 

melted under the DSC stop-and-return method (A) melting curves of AB-GH at 20 oC (B) melting 

curves of AB-GH at 16 oC (C) melting curves of AB-GH at -10 oC (D) melting curves of SB-GH at 20 
oC (E) melting curves of SB-GH at 16 oC (F) melting curves of SB-GH at -10 oC isothermal 

crystallisation temperatures 
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The melting curves at the isothermal temperature of 20oC for AB-GH (Figure 4-6 A) 

gave a profile which consist of the appearance of two peaks within the first and third 

minutes during the isothermal process, as the crystallisation process progresses (10 to 40 

mins); there is the appearance of a third peak after which a two peak profile is seen at the 

50 to 60 mins of the isothermal time. The peaks were observed to be closely associated 

with each other and also some of the peaks did not return to the baseline. The shapes and 

sizes of the peaks were not regular and appeared to change as the isothermal time 

increases. This profile gives an indication that at the 20 oC, temperature, several events 

occur in the crystallisation of the Allanblackia seed fat, firstly there is possibility of co-

crystallisation of low melting TAGs with the high melting TAGs at that temperature 

which may result in the appearance of the two melting peaks immediately the 

crystallisation started. Since vegetable fats are multifaceted mixtures of TAGs, their 

crystallisation processes may lead to the growth of many kinds of crystal as a result of 

polymorphism or association growth of several crystal types [205]. The occurrence of 

polymorphic transformations is observed with melting peaks appearing at lower 

temperatures, some of the peaks disappeared after some time or shifted to higher 

temperatures as the crystallisation process progresses. The above observations were 

compared with data for the evolution of peak maxima of the melting profiles (Figure 4-

7A).  

 

 

 



	  

	   116	  

0 10 20 30 40 50 60
0

10

20

30

40

 

 

 AB-GH
 SB-GHTe

mp
era

tur
e (

o C)

Isothermal time (min)
 

0 10 20 30 40 50 60
15

20

25

30

35

40

 

 

 AB-GH
 SB-GHTe

mp
era

tur
e (

o C)

Isothermal time (min)
 

0 10 20 30 40 50 60
-10

0

10

20

30

40

50

 

 

 AB-GH
 SB-GH

Te
mp

era
tur

e (
o C)

Isothermal time (min)
 

Figure 4-7: Comparison of the appearance of the melting peaks at different time recorded 

from the stop-and-return DSC experiments: (A) peaks maxima profile of AB-GH and SB-

GH at 20 oC (B) peaks maxima profile of AB-GH and SB-GH at 16 oC and (C) peaks 

maxima profile of AB-GH and SB-GH at -10 oC crystallisation temperatures 

A	  

B	  
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The peak maxima profile confirms the observation of two peaks initially (1 min) after 

which three peak profiles was observed from the 5th to the 40th minute and finally a two 

peak profile (50th to 60th min). Peaks occurring at low melting temperatures disappeared 

whiles the high melting ones remain as the process progresses. The disappearance of 

these low melting peaks may confirm the formation of less stable polymorphs of fat 

components which is later transformed into a more stable polymorph, since different 

polymorphic forms show different melting points and enthalpies at a given time [206]. 

Additionally, from the data obtained, the high melting peaks which appear later during 

the isothermal process and remain unchanged may also be attributed to the sequential 

crystallisation of different fat components. At the isothermal temperature of 16 oC, AB-

GH gave rather complex melting endotherms from the stop-and-return method. At the 

start of the isothermal period (from 1 min), multiple endothermic peaks were observed 

and the peaks seem to present a more regular shape whiles the magnitude of their sizes 

change as the period of the isothermal process changes. There is also the presence of 

exothermic peaks in the melting profiles, this also changes as the isothermal time 

increases and finally disappears at high isothermal periods. The observed exothermic 

peaks in the melting profile during the isothermal crystallisation process is as a result of 

recrystallisation which represents a transition of a less stable polymorph to more stable 

form. This is because the more stable polymorph has a higher melting temperature [207]. 

During the crystallisation process, these components begin to melt when the temperature 

is applied but this changes as they quickly recrystallize to form a stable polymorph. This 

exothermic peak disappears as the isothermal period increases. The size of the third major 

peak increases. This observation is confirmed by the peak maxima graph, which displays 
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the appearance of three peaks within the first 10 mins of the isothermal process at a 

melting temperature of about 15 – 35 oC. The low melting peaks disappear as the 

isothermal process progresses and this is an indication of the existence of polymorphic 

transformations. The existence of the high melting peaks, which do not change with 

change in isothermal time, shows the existence of fractional crystallisation of different fat 

components at the 16 oC isothermal temperature.  At -10oC, Allanblackia seed fat gave a 

three melting endotherm, which remained constant as the crystallisation process 

progressed to the end. This phenomenon may be attributed to the sequential 

crystallisation of different fractions as a result of the existence of distinct TAG 

components within the crystal fats formed at that temperature. This behaviour was also 

confirmed by the appearance of peak maxima.  

At 20 oC, the SB-GH curves from the stop-and-return method gave essentially one 

melting endotherm. This peak showed a smaller magnitude in initial stages of the 

crystallisation process. As the time increased the magnitude of the peaks also increased. 

This behaviour was also seen in the appearance of peak maxima profile. This 

phenomenon can be described as systematic crystallisation processes where the fats 

during the crystallisation process initially forms crystal nuclei which gradually result in  

an increase in the crystal size as the isothermal process progresses. In general, the change 

in shape and increase size of the endotherms as the isothermal time increases, can be 

explained by the fact that at the initial stages, there is the formation of a nucleus of fats 

which can be formed from TAGs with low melting profile in a process termed as 

nucleation, which crystallises and serve as a seed for crystallisation and subsequently the 

formation of molecular aggregates and its subsequent crystal growth [61, 200]. The 
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melting temperature of the nuclei changes as the crystal nucleus begins to experience the 

formation of molecular growth after which there is no significant change in temperature 

of the melting endotherms. At 16oC, SB-GH gave 3 melting peaks within the first 5 mins 

of the isothermal crystallisation process. As the process progresses the low melting peaks 

disappears resulting in only one peak left at the end of the isothermal period of 60 mins 

this observation also compares with the peak maxima profile. This behaviour is best 

described as the occurrence of a less stable polymorph which gradually disappears into a 

more stable polymorph as the crystallisation progresses. At -10 oC, shea butter showed a 

multiple melting profile. The size and shape of the peaks were consistent from the initial 

stage of the crystallisation processes to the end of the isothermal period of 60 mins. This 

is due to the occurrence of sequential crystallisation of low melting TAGs. The observed 

multiple melting peaks which was confirmed by the maximum peak appearance profile 

may be attributed to the fact that shea butter contains large amount of oleic acid and some 

linoleic acid, both of which are low melting fatty acids. According to Stapley et al (2006) 

[64], in their study of the thermodynamic and kinetic aspects of fat crystallisation, they 

found that the melting and crystallisation properties of TAGs are very sensitive and so 

even small difference in fatty acids composition may result in significant change in the 

crystallisation profile. Therefore at the -10 oC, the TAGs present may consist of different 

combinations of these low melting fatty acids hence the observed profile. There can also 

be the possibility of the existence of co-crystallisation of some of the high melting TAGs 

which might have crystallised out during the cooling process and this explains the nature 

of the isothermal crystallisation peaks observed at the -10 oC temperature for both SB-

GH and AB-GH (Figures 4-6C and F). 
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Figure 4-8: Formation of crystal fractions as a function with time: (A) Fractions of crystals 

formed for AB-GH at 20 and 16 oC crystallisation temperatures and (B) Fractions of 

crystals formed for SB-GH at 20 and 16 oC crystallisation temperatures 

 

Plotting the amount of crystal fractions formed with time during the isothermal period as 

shown in Figure 4-8, it was observed that the crystallisation process in SB-GH at both 20 

oC and 16 oC (Figure 4-8 B) were much slower at the initial crystallisation stage (first 10 

mins) as compared with Allanblackia at the same time for the 20 oC and 16 oC (Figure 4-

8 A). The nature of the crystallisation process can be characterised by two main 

processes, namely, the nucleation process and crystal growth. During the cooling process, 

the components that experience a kinetically favoured temperature initially crystallise out 

therefore forming a solid crystal within the melted fat. This initial solid fat formed 

becomes the seed (nucleus) on which further crystallisation occurs. This initial 

crystallisation is termed the nucleation stage and the building up of any further 

crystallisation is termed the crystal growth [208]. The shape of the crystal fraction verses 

time curves can give important information of the crystallisation mechanism of the fat 
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samples [208]. From the curves, it can be seen that the samples showed an s-shaped curve 

at both temperatures, suggesting a two-step crystallisation process. The two-step 

crystallisation process may be due to the formation of fat crystals as a result of 

polymorphism or concomitant growth due to the presence of different mixtures of TAGs. 

This observation has been discussed by Foubert and his co-worker (2003) [205]. During 

the isothermal period, there is the formation of a crystal nucleus at the beginning of the 

crystallisation process after which there is the accumulation of fat until the end of the 

isothermal process (60 min). However, at 16 oC the s-shape of the AB-GH curve, was not 

very distinct as a large amount of the fat is formed at the initial nucleation stage. This 

observation can be as a result of super-cooling of high melting TAG components in the 

Allanblackia sample leading to a large amount of fat forming at the nucleation stage.  

 

Applying the Avrami crystallisation theory, the percentage of crystallinity of fat with 

time was fitted with the Avrami model. From the Avrami equation, the exponent (n), the 

constant (K) and the half-time of crystallisation (t1/2) were calculated (Table 4.3.) and 

used to characterise the crystallisation kinetics [185]. According to the theory, the n value 

is estimated to be a reflection of the nucleation and the mechanism of crystal growth. A 

high n value signifies a complex mechanism for the crystal growth and the smaller the n 

value indicates a faster nucleation and a more rapid crystal growth [47]. From the data 

obtained it was found that Allanblackia fat at 16 oC has the smallest n value, hence a 

faster nucleation stage thereby confirming the large amount of crystals formed (about 70 

%) within the first 10 minutes of the isothermal period (Figure 4-6B). This can be due to 

the presence of high melting fat fractions which co-crystallise with the low melting fats. 
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Additionally the K value tells the rate of crystallisation and corresponds to the driving 

forces of the crystallisation process. The Allanblackia fat at the 16 oC gave a high K value 

meaning an increase in the driving forces of the crystallisation process. The driving force 

of crystallisation depends on the nature of the cooling process (super-cooling or super-

saturation conditions). During the crystallisation of the Allanblackia fat it is observed that 

some amount of the high melting components co-crystallise with the low melting TAGs. 

These high melting components are said to be super-cooled at the 16 oC temperature and 

therefore this may result in the rapid crystallisation rate. From the half-time of 

crystallisation (t1/2) which is the time at which the crystallisation process is about 50% 

complete it is suggested that the crystallisation is about 50% complete within the first 3 

minutes (t1/2 = 1.613 min). Values obtained for n, K and t1/2 suggest that the 

crystallisation of AB-GH at the 20 oC temperature is much slower as compared with the 

crystallisation of AB-GH at 16 oC. Considering SB-GH, it is observed that at both the 16 

and 20 oC the crystallisation was relatively slow (n) = 1.415 and 1.163 respectively. 

However, after the nucleation stage the crystal growth was much faster at the 16 oC 

isothermal temperature (t1/2 = 13.740 mins). 
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Table 4-4: Isothermal crystallisation kinetics parameters; Avrami exponent (n), the 

crystallisation rate constant (K) and the half-time of crystallisation (t1/2) obtained 

from fitting the isothermal crystallisation curve at 16 and 20 oC temperature for 

AB-GH and SB-GH 

Samples T (oC) n K (min) t1/2 (min) 

AB-GH 20  

16 

1.204 	  0.041 

0.333 0.017 

0.016 0.001 

0.591 0.008 

22.872 0.032 

1.613 0.015 

SB-GH 20 

16 

1.163 0.059 

1.415 0.032 

0.016 0.003 

0.017 0.076 

25.541 0.041 

13.740 0.062 

 

4.7 X-ray Diffraction (XRD) Studies of Fat crystals at Room Temperature 

The XRD studies were used to investigate the polymorphic behaviour of fat crystals from 

AB-GH and SB-GH stored at room temperature over a period of time. From the 

literature, the short spacing at 4.15 Å represents the existence of an α polymorph while 

the occurrence of the two intense signals at 4.2 and 3.8 Å corresponds to β’ polymorph. 

The presence of a β polymorph is characterized by a very strong intense signal at 4.6 Å 

[209]. Figure 4-9 shows the X-ray diffraction patterns of AB-GH and SB-GH. It is 

observed that the polymorphic behavior of both samples showed very strong intense short 

spacing signal around 4.6 Å and medium signals in the region of 5.4 Å, 3.9 Å and 3.6 Å 

which indicates the presence of β polymorphs in the fat crystals of AB-GH and SB-GH at 

room temperature. However, AB-GH exhibited in addition, signals at around 4.2 Å and 

3.8 Å which indicates the presence of a β’ polymorph. The existence of both β and β’ 

polymorphs in the AB-GH fat stored at room temperature can be explained as follows: 
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during the formation of the fat crystals, the initial formation of crystals of the high 

melting fatty acid TAGs leads to the increase in viscosity as it begins to crystallize and 

this causes a reduction in molecular mobility of crystals formed which consequently leads 

to the formation of mixed crystals. This phenomenon has also been described by Acevedo 

et al (2012) [210].  

The presence of the unstable β’ polymorph gives the AB-GH fat crystals a functionality 

and desirability advantage over the SB-GH. This property is attributed to the crystal size 

(1 mm) and the needle-shaped morphology of the β’ polymorph as described in the 

literature [44, 211] 
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Figure 4-9: Diffractions obtained from the powder XRD analysis for fat kept at room 

temperature for six months: (A) XRD profile for AB-GH and (B) XRD profile for SB-GH  

 

Table 4-5: Signals and their corresponding d-spacing (Å) obtained from the X-ray 

diffraction patterns for AB-GH and SB-GH fat samples. 
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AB-GH SB-GH 

Signal d-spacing  (Å) Signal d-spacing (Å) 

a 

b 

c 

d 

e 

f 

g 

h 

i 

j 

k 

l 

m 

n 

5.62 

5.36 

4.58 

4.25 

4.20 

4.12 

3.96 

3.83 

3.73 

3.364 

3.54 

3.43 

3.36 

3.29 

a 

b 

c 

d 

e 

f 

g 

5.70 

5.36 

4.56 

4.01 

3.85 

3.64 

3.29 

 

4.8 Crystal Morphology 

Optical microscopy was used to investigate and understand the microscopic physical 

properties, visual images of the microstructure of the fats at various stages of the 

crystallisation processes. The microstructure of the fat crystal network at 70oC, 20 oC, 16 

oC and -10 oC was visualised to predict their structure as the fat crystallises from the melt 

(at 70 oC) until a completely solidified fat crystal network is formed at -10 oC. The 

photomicrographs are shown in Figure 4-10. 
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 AB-GH 

SB-GH 

Figure 4-10: Visual images of AB-GH and SB-GH as obtained from the optical microscope 

at (A) 70 oC, (B) 20 oC, (C)16 oC and (D) -10 oC 

	  
From the optical images, it can be seen that as the fat begins to crystallise from the melt 

(from 70 oC to -10 oC), Allanblackia seed fat and the shea nut fat presented different 

crystals morphologies. As the crystallisation process begins at 20 oC, it is observed that 

the crystals formed within the Allanblackia melt give distinct rounded solid fat particles 

and the number of these solid crystalline fat increases as the temperature decreases from 

the 20 oC to the 16 oC and finally to -10 oC. The profile of the shea butter shows that the 

crystals formed are associated with each other and therefore does not form distinct crystal 

fractions. Going through the crystallisation process of both samples, it can be seen that as 

the crystallisation process starts at the 20 oC, the crystals formed at that temperature 

represents the seed crystals upon which there is crystal growth until a completely solid fat 

is achieved. At the 70 oC, both fat samples are in their melted form and they appear as a 

A B C D 

A B C D 



	  

	   127	  

clear yellowish liquid. The photomicrograph as observed can also be used to confirm the 

crystallisation mechanism observed under the isothermal crystallisation kinetics as 

studied by the DSC method. The formation of a larger and denser crystal networks by 

shea butter as compared to the individual fat crystals of Allanblackia may be used as an 

indication of the presence of strong association and interactions within the crystal 

structure of shea butter. The different fatty acids constituents lead a greater attractive 

force between the molecules and therefore easily associate to form the solid. Again, shea 

butter at -10 oC presented a somewhat needle-like crystal morphology whiles 

Allanblackia presented more spherical crystal morphology. In addition it was also 

observed that the microstructure of the shea butter at – 10 oC became less homogeneous 

as compared to the crystals formed at the 20 oC and 16 oC and this may be as a result of 

the presence of different TAGs (e.g OOO, SOL, POL and OOL) composition which can 

leading to the growth of diverse mixed crystals. 

4.9 Conclusion 

The results obtained from GC and 1H NMR indicates a high saturated fatty acids mostly 

stearic acid in the Allanblackia seed fat and the shea nut fat. The high saturated fatty acid 

content account for the high melting point of the fats. The research has shown that 

numerous significant variations were found in the thermal properties of the Allanblackia 

seed fat and shea butter with temperature change. The cooling profiles indicated three 

main events in their crystallisation mechanism. The initial peak was detected at a high 

temperature which is possibly associated to the high stearic acid fraction, the two 

crystallisation peaks detected at low temperatures, may be associated with the olein 

fractions in the vegetable fats. The phase transformations of both the Allanblackia seed 
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fat and the shea nut fat are found to be dependent on the thermal processes occurring at 

each temperature change and this is evident by the change in the cooling profile with 

change in the cooling rate. Additionally, the crystallisation peaks were been found to shift 

gradually as the rate of cooling increased.  For the isothermal crystallisation, with respect 

to the Avrami model, it was observed that when the crystallisation temperature increased, 

the n value increased for the Allanblackia seed fat whiles the n value reduced with 

increasing temperature for the shea nut fat. The mechanism of crystallisation was 

observed to involve a two-step process involving nucleation and the crystal growth. 

Having determined the crystallisation patterns and a detail thermal profile of the 

Allanblackia seed fat and the shea nut fat, the Allanblackia fat was selected and used as 

the dispersed solid fat for the formulation of an oil-in-water emulsion system and the 

stabilisation of the emulsion characterised in chapter 5 
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CHAPTER 5 

Formulation, Stabilisation and Characterisation of Fat Particles-in-Water 
Emulsions – Effect of Tween 20 and Sodium Alginate Mixtures 

 

Many products from the food and pharmaceutical industry are based on oil droplets 

dispersed in water. Effects of the formation of the fat crystals affecting the stability of 

emulsion system are reviewed thoroughly in the literature. However, few works have 

reported on the influence of solid fat on the mechanism of the emulsion stability. Work 

done so far has been on the utilisation of fat crystal network for protection of oil droplets 

as they occur in the emulsion but little or no work is done on the formulation, 

characterisation and the stabilisation mechanisms of a complete solid fat particle 

dispersed in aqueous medium. Having studied the fatty acids constituents and the thermal 

behavour of shea butter and Allanblackia seed fat, the Allanblackia seed fat was selected 

as the vegetable fat of choice and used as the dispersed phase in the formulation of oil 

particles dispersed in water. This chapter looks at the influence of Tween 20 and sodium 

alginate mixtures on the stabilisation of fat particles-in-water emulsions against 

coalescence and particle aggregation is discussed. The stabilisation process of the 

emulsions has been described interms of change in concentration of the Tween 20, 

sodium alginate and the amount of fat used in the emulsions formulation. Also, the work 

looked at how the fat content affects the size of the particles formed. Finally rheological 

measurements were used to determine the stabilisation of the emulsion in the long terms  
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5.1 Formulation of Fat Particles-in-Water Emulsions 

Stability of the fat particles-in-water emulsions at pH 7 was first investigated against 

aggregation and coalescence without the use of any emulsifier at various fat/water ratios 

of 5/95, 10/90, 15/85 and 20/80. A creamy emulsion was produced immediately after 

homogenisation, which indicates an evenly spread of solid particles the continuous 

aqueous phase. Images were taken soon after the homogenisation process by the light 

microscope and this confirmed the formation of discrete and evenly distributed fat 

particles. The observed creamy emulsions were found to separate out into two complete 

layers as shown in Figure 5-1A; a solid fat upper layer and a clear aqueous layer within 

the first 30 minutes after the homogenisation. The extent of separation of the two phases 

was found to be dependent on the amount of fat present. After the homogenisation, the 

particles formed were in constant motion and the particle tends to move close to each 

other resulting in collision; as the particles collide, the thin film of continuous aqueous 

phase separating the fat particles may break down hence particles aggregate. Also, close 

contact of the fat particles increases the van der Waals internal attractive forces more than 

the electrostatic repulsive force and this may lead to the formation of aggregates of fat 

particles [135]. There was no coalescence as the dispersed fat phase immediately formed 

rigid solid particles when the temperature began to reduce as soon as the homogenisation 

was completed. The observation of an upper fat layer and lower aqueous layer was not 

surprising since solid fat particles are less dense than the aqueous phase and will move 

towards each other to form a network structure in the upper layer. However, having 

shown the prominence of instability of the fat particles dispersed in water emulsion in 



	  

	   131	  

this section, the use of a surfactant to improve the interfacial properties of fat particles 

was investigated and discussed in the next section.  

A 

 

B 

 

C 

 

 

Figure 5-1: Visual observation of emulsions after 1 hour of homogenisation (A) dispersed 

fat particles in water without any emulsifier (B) dispersed fat particles in water with Tween 

20 surfactant (C) dispersed fat particles in water with Tween 20 and sodium alginate 

mixture 

 

5.2 Surfactant Stabilised Fat Particles-in-Water Emulsions 

Having shown the inability of fat particles to form a stabilised oil-in-water emulsion, 

modification of the emulsion was considered by the addition of a surface-active 

compound to help improve the interfacial properties of the dispersed fat particles. Tween 

20 with an HLB of 16.7 was selected and assessed for improved stabilisation of the 

dispersed fat particles. Contribution of Tween 20 on the emulsion stabilisation process 

was investigated by following the change in emulsion characteristics at 1 to 5% Tween 

20 compositions. The presence of the Tween 20 produced emulsions with evenly 

distributed dispersed fat particles in the continuous aqueous phase. The stabilised 
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emulsions lasted for 3 hours after which the emulsions began to break down into two 

layers. There was the observation of a creamier upper layer and an opaque aqueous lower 

layer (Figure 5-1 B) and the level of separation (as measured by the volume ratio of 

creaming) was affected by both the amount of fat present and the concentration of Tween 

20 used. Due to the amphiphilic character of the Tween 20, reduced the interfacial 

tension generated at the water/particle interface. This process leads to improved stability 

of dispersed fat particles. In 3 hours after emulsion preparation, some of the fat particles 

began to experience de-adsorption of the surfactant molecules hence the ability of the 

particles to aggregate upon collision. The cloudy lower layer may be due to excess 

surfactant molecules dispersed in the water or as a result of the ability of some of the fat 

particles to maintain the adsorbed surfactant molecules, which helped to improve the 

surface tension, generated during the emulsification process. At the 5/95-fat/water ratios, 

some of the destabilised fat particles were observed to move to the upper most layers to 

form solid mass, which can be an indication of the occurrence of coalescence 

immediately after the emulsification process before the complete solidification of the 

liquid fat droplets. From the results obtained, it can be explained that the addition of 

Tween 20 enables both the dispersed particles and the continuous phase to experience an 

improved interfacial properties hence a stabilised physicochemical behavior of the 

emulsions with time. However, emulsion breakdown as a function of time suggests the 

inability of the Tween 20 to completely stabilise the fat particles in water emulsion in the 

long term.  
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5.3 Mixed Surfactant/Biopolymer Emulsifier System in Stabilised Fat-in-Water 

Emulsions 

The presence of the Tween 20 in the emulsion system was observed to introduce a level 

of stability to the dispersed fat particles. However, as discussed above, this observed 

stability was only prominent for a while after which some of the dispersed particles lost 

their stability and began to aggregate. In order to obtain a more stabilised system, there 

was the need to increase the viscosity of water by adding the sodium alginate thickener. 

The sodium alginate (sodium salt of alginic acid) is a polysaccharide which works 

together with Tween 20 to improve the interfacial properties in the emulsion system. The 

effects of the mixed sodium alginate and Tween 20 as a combined-emulsifier system on 

the stabilisation of the fat-in-water emulsion was investigated by using varying 

concentrations of the sodium alginate (1 – 5% in the increment of 1%) and Tween 20 (1 – 

6% in the increment of 1%). A well-developed emulsion was observed (Figure 5-1C). 

The emulsions produced were investigated in details by the characterization of their 

particle distribution, particle microstructure and the occurrence of creaming as discussed 

in the following sections. 

5.4 Characterisation of the Dispersed Fat Particles-in-Water Emulsions 

The effect of the various ingredients namely; the fat content, sodium alginate and the 

Tween 20 on the stabilisation mechanism of the emulsion system was investigated. 

Different batches of emulsions were prepared by a systematic variation of the 

concentrations of the fat, sodium alginate and Tween 20. The stability of the prepared fat 

particles-in-water emulsions were determined from the measured particle size of the fat 

particles distributed in the creaming layer with time. Again the emulsion stability was 
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determined from the measurement of volume fraction of creaming layer and also by 

examining the fat particle microstructure. 

5.4.1 Effects of Fat Content on emulsion Stabilisation 

Emulsions containing small amounts of fat concentrations (5%) irrespective of the 

amount of sodium alginate and Tween 20 present with the exception of those containing 

1% sodium alginate, gave a well developed emulsion with uniformly distributed 

dispersed particles without any separation within the first 24 hr after preparation. 

However, the emulsions appeared to separate out after the 24-hr period, which was 

evident in the results obtained from the volume fraction of the creamy layer. A significant 

increase in the size of the fat particles with time over 30 days period. As the fat content in 

the emulsion system increased (5% to 20%), the level of stability observed also 

increased. In order to achieve stability for the fat particles in the emulsion systems it was 

necessary to consider increasing the fat content above the 5% threshold. Solid fat crystals 

in the emulsion with high fat concentration regimes were indeed able to stabilise fat 

particles in water emulsions with little or no phase separation occurring immediately or 

30 days after the emulsification process. It was observed that the efficiency of 

stabilisation increased with increasing fat content (Tables 5-1 to 5-4).  

 

 

 

 

 

 



	  

	   135	  

Table 5-1: Average size of particles (PSD) with their standard of deviations of emulsion 

(5/95) mixed-emulsifier stabilized emulsions and the volume fractions of creaming layer 

(Vfcr) with change in sodium alginate and Tween 20 concentrations.  

  Tween 20 
Sodium 

Alginate 

 1.0 2.0 3.0 4.0 5.0 6.0 

1.0 PSD 

 

Vfcr 

168.5±2.22 

213.4±1.42 

0.68 

0.29 

145.5±1.81 

207.0±1.40 

0.80 

0.29 

136.7±1.48 

201.6±4.17 

0.84 

0.29 

132.4±1.57 

200.1±4.56 

0.86 

0.29 

131.4±0.61 

200.3±2.57 

0.90 

0.29 

131.4±0.61 

200.1±2.05 

0.90 

0.29 

2.0 PSD 

 

Vfcr 

145.0±1.89 

193.5±2.83 

1.00 

0.30 

140.9±1.30 

187.8±1.13 

1.00 

0.33 

134.8±1.64 

185.5±1.01 

1.00 

0.35 

130.9±0.90 

185.0±1.60 

1.00 

0.35 

130.2±0.80 

185.4±1.89 

1.00 

0.33 

130.1±0.33 

185.2±3.19 

1.00 

0.34 

3.0 PSD 

 

Vfcr 

140.7±1.59 

187.4±4.65 

1.00 

0.48 

138.1±1.46 

186.6±1.30 

1.00 

0.51 

131.8±1.91 

184.1±1.52 

1.00 

0.58 

130.5±0.46 

184.3±0.98 

1.00 

0.56 

129.6±0.47 

184.9±1.44 

1.00 

0.58 

129.1±0.48 

184.3±1.03 

1.00 

0.58 

4.0 PSD 

 

Vfcr 

162.1±0.78 

181.5±1.96 

1.00 

0.65 

160.9±0.45 

181.4±1.30 

1.00 

0.67 

161.9±2.01 

181.2±2.22 

1.00 

0.66 

160.4±0.93 

182.4±1.62 

1.00 

0.68 

160.3±0.88 

182.4±0.91 

1.00 

0.68 

160.0.70 

181.2±0.45 

1.00 

0.68 

5.0 PSD 

 

Vfcr 

163.0±1.16 

182.9±0.51 

1.00 

0.65 

163.9±1.62 

182.0±1.94 

1.00 

0.68 

162.3±1.81 

181.5±0.98 

1.00 

0.70 

162.4±1.07 

182.3±0.79 

1.00 

0.68 

162.7±0.37 

182.3±1.34 

1.00 

0.72 

162.5±1.26 

181.0±1.68 

1.00 

0.70 

PSD and Vfcr data was collected soon after the homogenization process and after 30 days (in red ink) 
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Table 5-2: Average size of particles (PSD) with their standard of deviations of emulsion 

(10/90) mixed-emulsifier stabilized emulsions and the volume fractions of creaming layer 

(Vfcr) with change in sodium alginate and Tween 20 concentrations. 

  Tween 20 

Sodium 

Alginate 

 1.0 2.0 3.0 4.0 5.0 6.0 

1.0 PSD 

 

Vfcr 

163.5±2.28 

215.6±1.27 

0.82 

0.48 

144.1±1.00 

184.1±1.72 

0.96 

0.61 

141.4±1.02 

178.6±1.74 

1.00 

0.68 

140.9±1.38 

177.1±1.00 

1.00 

0.68 

140.7±0.61 

177.8±1.09 

1.00 

0.66 

140.1±1.07 

177.4±1.05 

1.00 

0.68 

2.0 PSD 

 

Vfcr 

143.1±1.21 

185.1±3.48 

1.00 

0.60 

140.3±059 

182.6±1.65 

1.00 

0.68 

139.8±0.45 

176.6±1.63 

1.00 

0.72 

139.8±0.65 

175.9±0.87 

1.00 

0.74 

139.1±0.69 

175.5±1.78 

1.00 

0.72 

139.4±0.34 

174.6±0.73 

1.00 

0.73 

3.0 PSD 

 

Vfcr 

142.5±1.71 

183.4±1.72 

1.00 

0.68 

139.9±1.18 

180.6±1.11 

1.00 

0.82 

140.1±0.45 

174.4±1.68 

1.00 

0.86 

139.8±2.00 

174.3±1.11 

1.00 

0.86 

139.8±0.24 

174.5±1.10 

1.00 

0.88 

139.4±0.62 

174.7±1.43 

1.00 

0.88 

4.0 PSD 

 

Vfcr 

160.9±2.77 

162.2±1.86 

1.00 

0.94 

160.4±0.50 

160.2±1.09 

1.00 

0.95 

161.3±0.94 

161.2±1.20 

1.00 

0.94 

161.7±2.00 

161.7±1.30 

1.00 

0.98 

160.9±0.71 

161.4±0.41 

1.00 

0.92 

161.2±1.03 

161.3±0.61 

1.00 

0.92 

5.0 PSD 

 

Vfcr 

163.5±1.05 

163.7±0.51 

1.00 

0.95 

162.4±1.79 

162.5±0.99 

1.00 

0.95 

162.5±1.81 

162.6±1.65 

1.00 

0.96 

162.2±1.07 

162.6±0.79 

1.00 

0.98 

162.2±1.24 

162.5±0.92 

1.00 

0.95 

162.8±0.77 

162.2±1.71 

1.00 

0.95 

PSD and Vfcr data was collected soon after the homogenization process and after 30 days (in red ink) 
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Table 5-3: Average size of particles (PSD) with their standard of deviations of emulsion 

(15/85) mixed-emulsifier stabilized emulsions and the volume fractions of creaming layer 

(Vfcr) with change in sodium alginate and Tween 20 concentrations. 

  Tween 20 

NaAlg  1.0 2.0 3.0 4.0 5.0 6.0 

1.0 PSD 

 

Vfcr 

164.0±0.87 

178.3±3.32 

1.00 

0.44 

144.5±0.58 

145.2±3.40 

1.00 

0.44 

141.9±1.35 

141.5±0.43 

1.00 

0.46 

139.7±1.27 

139.9±0.61 

1.00 

0.45 

139.3±1.37 

139.2±1.31 

1.00 

0.48 

139.7±0.88 

139.4±0.34 

1.00 

0.48 

2.0 PSD 

 

Vfcr 

142.9±0.90 

146.8±0.76 

1.00 

0.90 

140.5±0.86 

142.2±2.50 

1.00 

0.98 

138.8±1.13 

139.3±0.37 

1.00 

1.00 

139.6±1.20 

139.5±0.57 

1.00 

1.00 

139.4±0.34 

139.7±0.85 

1.00 

1.00 

139.0±1.05 

139.8±1.64 

1.00 

1.00 

3.0 PSD 

 

Vfcr 

139.7±1.46 

143.8±2.12 

1.00 

0.91 

138.5±0.70 

139.3±1.71 

1.00 

1.00 

137.9±1.90 

139.4±1.56 

1.00 

1.00 

136.8±0.94 

138.2±1.96 

1.00 

1.00 

136.7±0.71 

139.0±0.57 

1.00 

1.00 

136.5±0.91 

137.7±1.02 

1.00 

1.00 

4.0 PSD 

 

Vfcr 

161.2±1.13 

162.5±1.07 

1.00 

0.95 

160.5±0.86 

161.7±1.28 

1.00 

0.97 

160.5±0.40 

161.2±1.07 

1.00 

0.96 

160.5±1.20 

161.2±1.35 

1.00 

0.98 

160.8±0.78 

161.1±0.95 

1.00 

0.98 

161.2±0.39 

161.6±1.27 

1.00 

0.98 

5.0 PSD 

 

Vfcr 

163.2±0.54 

164.1±1.23 

1.00 

0.90 

161.2±1.52 

162.1±2.11 

1.00 

0.91 

161.3±2.09 

161.6±1.68 

1.00 

0.90 

161.6±0.42 

161.8±0.49 

1.00 

0.90 

161.8±1.54 

161.8±0.74 

1.00 

0.90 

161.9±0.31 

161.8±0.34 

1.00 

0.90 

PSD and Vfcr data was collected soon after the homogenization process and after 30 days (in red ink) 
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Table 5-4: Average size of particles (PSD) with their standard of deviations of emulsion 

(20/80) mixed-emulsifier stabilized emulsions and the volume fractions of creaming layer 

(Vfcr) with change in sodium alginate and Tween 20 concentrations. 

  Tween 20 

NaAlg  1.0 2.0 3.0 4.0 5.0 6.0 

1.0 PSD 

 

Vfcr 

153.0±1.88 

153.3±2.04 

1.00 

0.94 

144.0±0.66 

143.8±0.87 

1.00 

0.98 

143.0±2.15 

143.0±1.23 

1.00 

1.00 

141.1±1.31 

143.2±1.84 

1.00 

1.00 

139.3±1.37 

139.2±1.31 

1.00 

1.00 

141.8±0.70 

143.4±1.65 

1.00 

1.00 

2.0 PSD 

 

Vfcr 

142.4±0.24 

143.0±1.03 

1.00 

1.00 

141.4±2.22 

143.2±0.37 

1.00 

1.00 

140.1±1.56 

143.1±1.28 

1.00 

1.00 

139.9±1.22 

141.7±1.84 

1.00 

1.00 

139.4±0.34 

139.7±0.85 

1.00 

1.00 

139.1±0.49 

142.1±1.53 

1.00 

1.00 

3.0 PSD 

 

Vfcr 

141.3±1.61 

142.5±0.49 

1.00 

1.00 

139.4±1.07 

140.3±1.72 

1.00 

1.00 

139.5±0.86 

140.3±1.72 

1.00 

1.00 

140.1±0.43 

139.9±0.61 

1.00 

1.00 

136.7±0.71 

139.0±0.57 

1.00 

1.00 

139.9±0.59 

140.8±0.97 

1.00 

1.00 

4.0 PSD 

 

Vfcr 

162.1±1.45 

163.1±1.02 

1.00 

1.00 

161.4±0.79 

162.0±1.35 

1.00 

1.00 

161.4±0.79 

162.0±1.35 

1.00 

1.00 

161.1±0.57 

161.4±0.90 

1.00 

1.00 

160.8±0.78 

161.1±0.95 

1.00 

1.00 

161.0±0.94 

161.8±0.90 

1.00 

1.00 

5.0 PSD 

 

Vfcr 

163.7±0.66 

163.9±0.53 

1.00 

1.00 

163.2±0.73 

163.5±1.08 

1.00 

1.00 

163.2±0.73 

163.5±1.08 

1.00 

1.00 

163.2±0.57 

163.1±0.43 

1.00 

1.00 

162.8±1.00 

163.1±0.95 

1.00 

1.00 

162.8±0.37 

163.6±1.57 

1.00 

1.00 

PSD and Vfcr data was collected soon after the homogenization process and after 30 days (in red ink) 

A visual observation showed that there was an improved stability against creaming within 

the first 24 hours due to the presence of the combined emulsifier system. At low fat 

content (5 %), there was a steady increase in the separation after the first 24 hours. This 

can be explained based on the fat/water ratio. At low levels fat content, a small amount of 

fat particles are generated within the emulsion system as compared with the volume of 

the continuous water phase (95%). These particles as generated are widely spread and 
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spaced to fill up the total volume of the emulsion system. The particles are in constant 

motion and since they are less dense compared with the aqueous phase, they travel up 

faster with no or little obstruction in the aqueous phase. They settle on top of the aqueous 

phase and form aggregates leading to the creamy upper layer. The formation of the 

aggregates is observed from the microstructure image (Figure 5-2A). The extent of 

separation was significantly more affected with increasing concentration of the sodium 

alginate content and this is because the sodium alginate content makes the viscosity of the 

aqueous increase hence reducing the speed of the particles movement. A slow rate in the 

particle movement results in the reduction of the association of the fat particles and hence 

improved aggregation, leading to the formation of creamy layer. Increase in the fat 

content from the 10 – 20%, showed a significant improvement on the stabilisation of 

emulsions. It was observed that emulsions produced remained uniformly creamy for all 

concentrations of both sodium alginate (1-5%) and tween 20 (1-6%). The presence of fat 

increases the thickness of the emulsion system after the homogenisation process. In the 

presence of high level of fat, there is a reduction in the amount of water used and a huge 

number of fat units are dispersed. Increased fat particles will cause a reduction in the 

speed and distance at which the particles travel and collide. The large distribution of 

particles also provides proximity, which supports particle-particle interaction within the 

continuous aqueous phase. A three-dimensional structure is formed, which can encase the 

aqueous phase thereby improving the stabilisation of the emulsion system. At 15 and 

20% fat content emulsions were to large extent stabilised over a period of 30 days. At 

15% fat concentration, a completely stable emulsion was formed and observed for the 30 

days with a minimal volume separation occurring at low sodium alginate concentration. 
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Also increase in the fat content caused an increase in emulsion thickness and the resultant 

stable emulsion was formed as shown in Table 5-3. With 20% fat, a uniformly dispersed 

creamy emulsion was formed for the first 24 hours after which there was some level of 

separation and a subsequent formation of a semi-solid (paste) creamy layer (Table 5-4). 

 

The stability of the emulsions were established as they maintained their physical 

appearance and also confirmed by the fact that there was little or no change in their 

particle sizes (Table 5-1 to 5-4). Stabilisation of the emulsion systems seems to be 

effective at high levels of the crystallized fat in the emulsifier system. Stabilisation of the 

fat particles was also affected by the presence of both the Tween 20 and the sodium 

alginate molecules in the emulsification process. At low concentrations (1%) of Tween 

20 and sodium alginate in a low solid fat content (5%) emulsion, the emulsifier system 

was unable to keep the emulsion stable. By increasing the solid fat content (> 5%), the 

stabilisation effect of both the Tween 20 and the sodium alginate was very much seen, 

especially within the first 24 hours after the emulsion preparation. Another observation 

worth noting is the fact that low amount of sodium alginate in the combined emulsion 

system was able to introduce a level of stability into the emulsion system after 

preparation even for low solid fat content (5%) emulsions. The continuous motion of the 

particles was affected by the presence of both Tween 20 and the sodium alginate. The 

Tween 20 and sodium alginate worked synergistically to provide an effective distance 

between the dispersed fat particles such that they prevent particle-particle interaction or 

provide only a partial contact, hence their ability to prevent a total breakdown of the 

emulsion system. 
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A 

 

B 

 

C 

 

D 

 

Figure 5-2: Light microscopic images of fat particles in water in the presence of both Tween 20 and 

sodium alginate at (A) 5/95 % fat/water (B) 10/90 % fat/water (C) 15/85 % fat/water (D) 20/80 % 

fat/water ratios 
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A	  

 

B 

	    

Figure 5-3: SEM images of the dispersed fat particles in the emulsion system of 18/85 

fat/water composition at 3 % sodium alginate and Tween 20 content 

 

The SEM photographs showed the crystallized fat (figure 5-3). The micrographs show a 

confirmation of solidified crystal fat particles, which has been entrapped by the alginate 

gel within the emulsion system. 

5.4.2 Effects of Tween 20 and Sodium Alginate Concentrations on the Emulsion 

Particle Size 

The presence of Tween 20 and sodium alginate significantly improved the stabilisation of 

the emulsions for all fat/water ratios used. The effect of each of the components (i.e 

Tween 20 and sodium alginate) in the combined emulsifier stabilisation process was 

investigated and discussed by considering their effect at different concentrations in a 

systematic manner. The effect of increasing the concentration of Tween 20 (1 to 6% in 

the increment of 1%) while the concentration of the sodium alginate is held constant as 
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well as the effect of increasing concentration of the sodium alginate (1% to 5% in the 

increment of 1%) with the Tween 20 held constant were investigated. Increasing the 

concentration of Tween 20 from 1 to 3% gave a reduction in the size of fat particles 

formed. After the threshold concentration of 3% any further increase in the Tween 20 

showed very little or no change on the particle sizes. The change in particle size with 

increasing concentration of Tween 20 was found to be independent of the amount of 

sodium alginate present. The size of the particles reduced in the emulsions as the 

concentration increases from 1 to 3% after which the particles increase in size 

irrespective of the amount of Tween 20 content. 
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Figure 5-4: Average particle size (PSD) of the 15/85 fat/water particles in the emulsions 

(after homogenization) with respect to increasing (A) Tween 20 content at different amounts 

of sodium alginate (B) Sodium alginate at different amounts of Tween 20  
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Figure 5-5: Particle size distributions of emulsions prepared at different contents of (A) 

Tween 20 at 3% sodium alginate (B) Sodium alginate at 3% Tween 20 

 

Tween 20 is adsorbed at the water and fat droplet interface during the emulsification 

process and forms an interfacial layer around the fat droplet; this causes a lowering of the 

surface tension between the dispersed fat droplet and the continuous water phase. 

Therefore increasing Tween 20 content causes an increase in the number of molecules 

forming the interfacial layer hence a more lowered interfacial tension and a reduction in 

the droplet-droplet contact results.  

 

Another important fact is that an increase in the Tween 20 concentration, also gives the 

ability to increase the flow rate in the emulsion system. This facilitates or promotes 

droplet break-ups during the emulsification process. The high flow rate prevents the 



	  

	   145	  

possibility of coalescence immediately after the emulsification process. As the flow rate 

is directly related to the rapid reduction of the interfacial tension, a high Tween 20 

concentration increases the repulsion between the fat droplet causing a reduction in 

particle aggregation hence a stable size distribution within the emulsion system. The 

increase in sodium alginate concentration leads to high viscosity of the aqueous phase, 

and helps to reduce the rapid movement of the dispersed particles hence a reduction in 

the collision of the particles. The particle size significantly influence stabilisation of the 

final emulsion system in both in the short and long terms. The presence of the Tween 20 

and the sodium alginate in the emulsification system both have a threshold concentration 

beyond which their presence has no significant effect on keeping the emulsion stable. As 

concentration of the Tween 20 increases it reaches its threshold concentration beyond 

which any further increase does not affect the particle size. This is because at the 

threshold concentration, the droplets have the maximum molecular coverage at the 

interfacial layer; hence increasing of the surfactant molecule further significantly does 

not affect the surface tension in the system. At this point the emulsion particle size 

becomes only limited by the emulsification process and therefore remains unchanged. 

However, with respect to the sodium alginate content, the rapid increase in viscosity 

introduced to the continuous water phase as the sodium alginate increases beyond its 

threshold concentration affects the speed of the emulsification process and hence the 

production of larger droplets. 
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A 

 

B 

 

Figure 5-6: Visual photographs of emulsions prepared at fat/water ratio 15/85 after 30 days 

(A) at 3% sodium alginate with increasing concentration of Tween 20 (B) at 3% Tween 20 

with increasing concentration of sodium alginate  

 

From a visual observation, a whitish creamy emulsion with little or no phase separation 

was formed and lasted for a period of 30 days as the concentration of the Tween 20 

increases (Figure 5-6 A). This observation also confirms the little or no change in the size 

of the particle in the emulsion systems even after 30 days period. This phenomenon is 

due to the fact that at the 3% sodium alginate concentration, when there was high content 

of Tween 20. This leads to the formation of smaller particles, which exhibit stronger and 

effective packing. Considering the effect of sodium alginate on the emulsion stabilisation 

mechanism (Figure 5-6 B), the visual images gave a completely creamy emulsion with no 

phase separation even after 30 days for emulsions formed at 3% and 4% sodium alginate 

content. However, at 5% sodium alginate, there was some level of separation. This 
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observation confirms the result obtained from the particle size measurement (Table 5-1 to 

5-4). 

5.5 Rheological Characterization for the Long-term Physical Stability of the 

Emulsions 

Long-term stabilisation mechanism of the well-developed emulsion produced in Sections 

5.4 (after 30 days) was investigated using rheological measurements. The use of 

rheology, which is an accelerated tool to predict the physicochemical properties of 

emulsion, gives a good understanding of the physical stability of the emulsion system. 

Different rheological parameters from the steady state shear stress-shear rate 

measurements; constant stress measurements and the dynamic (oscillatory) measurements 

were used to assess the breakdown processes that occur in the emulsion leading to an 

unstable emulsion in the long term. Long-term physical stability of the emulsions at 

temperature variations, induced stress caused by transportation and the consistency of the 

emulsion are indicators for a good industrial application. In this study the effects of the 

amount of fat, the Tween 20 content and the sodium alginate content in the emulsion 

systems against the viscous and elastic responses were assessed.  

5.5.1 Effect of Stress on the Stability of Emulsion Against Creaming  

Reduction of creaming in an emulsion is usually achieved by using polymers of high 

molecular weight or thickeners in the continuous aqueous phase. Sodium alginate, a 

polysaccharide copolymer was used as a thickener for the continuous aqueous phase. The 

long-term stability of the emulsion produced in this study against creaming was 

investigated by measuring the change in viscosity with shear. These investigations were 

conducted at varying concentrations of fat and increasing sodium alginate and Tween 20 
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content. In general the viscosity decreased with shear rate increase (Figure 5.7), until the 

rate reached 1000 s-1 where the viscosity of the emulsions was almost constant. Therefore 

all emulsions types were described as exhibiting pseudoplastic behaviour. Hence the 

emulsions showed a reasonable to prominent shear-thinning character [95, 212], with 

high viscosities at low shear rates. The shear-thinning phenomenon is a typical 

characteristic of weak associative connections of fat droplets as due to weak droplet 

network structure. From Figure 5-7 A it was observed that there was a sharp reduction in 

viscosity as the shear rate increases for emulsion produced from 5/95 fat/water ratio. This 

sharp reduction reduces as the fat content increases. This may be due to the fact that the 

existence of the fat increases the thickness of the emulsion, hence their resistance to 

shear. The change in viscosity can also be used to confirm the fact that the solid fat 

particles form a network structure in the emulsion system, which begins to breakdown as 

the shear increases. Figure 5-7 B also gives a slow rate of decrease in the viscosity with 

the increase in shear rate. The presence of the sodium alginate leads to the development 

of a gel-like continuous phase hence an increase in the viscosity. Such behaviour was 

somehow expected as the viscosity of the emulsion is highly affected by the presence of 

thickeners [94, 108]. 

 

 

 

 

 

 



	  

	   149	  

A

0.01 0.1 1 10 100 1000

0.1

1

10

100

 

 

 5/95
 10/90
 15/85
 20/80

V
is

co
si

ty
 (

P
a-

s)

Rate (S-1)
 

B

0.01 0.1 1 10 100 1000

0.1

1

10

100

 

 

 1%NaA
 2%NaA
 3%NaA
 4%NaA
 5%NaA

V
is

co
si

ty
 (

P
a

-s
)

Rate (S-1)
 

Figure 5-7: Shear-rate dependence of viscosity for A) stabilised fat particles in water 

emulsions with different fat concentrations at 3% Tween 20 and 3% sodium alginate and B) 

stabilised 15/85 fat/water particles in water emulsions with different sodium alginate 

concentrations 

 

From the plot of viscosity versus the shear rate, the emulsion can be considered a non-

Newtonian system, which demonstrate viscous behaviour with change in shear rate. The 

Power Law theory was further used to describe the linearity of the linear portion of the 

viscosity shear rate curve from the equations below. 

σ = kγn           eqn 5.1 

where η is the viscosity (Pas), γ˙ the shear  rate (s−1), k the consistency index and n is the 

Power Law index. The n gives information on the effects of shear on the emulsion 

system. The smaller the n value the more shear-thinning the system is (n<1), if the value 

of n is equal to 1 (n=1), the emulsion exhibits a Newtonian behavior and finally when n is 

large (n>1) shear-thickening is observed [212].  
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Table 5-5: Data obtained after fitting the Power Law model on the viscosity/shear 

rate plot 

Sodium alginate 

concentrations (%) 

k n 

1 

2 

3 

4 

5 

 

Fat concentrations (%) 

3.16 

7.94 

12.59 

19.95 

34.67 

 

k 

0.86 

0.69 

0.81 

0.49 

0.62 

 

n 

5 

10 

15 

20 

1.41 

5.62 

15.85 

22.39 

0.43 

0.60 

0.74 

0.79 

 

The linear portions of the plots are readily fitted to the Power Law model with their 

derived Power Law parameters as shown in Table 5-5. From the viscosity/shear rate 

plots, it can be seen that as the shear rate increases, the viscosity reduces and indicates 

constant viscosity at high shear rates. This phenomenon explains the pseudo-plastic 

behavior of shear-thining systems as observed by Tzoumaki et al (2011) [101] and 

Koocheki et al (2009) [107]. Comparing the plots with the data obtained from the Power 

law model, there is indication that the consistency index, k increases as the sodium 

alginate concentration increases. An n values less than 1, confirms shear-thinning of the 

emulsion systems. Shear-thinning behaviour in emulsions can be interpreted as 

demonstrating the presence of weak attractive forces between the emulsion droplets, 
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which give rise to the formation of a weak elastic gel-like network [213]. The application 

of a shear stress causes the droplets to move away from each other. A low shear stress in 

the presence of high attractive forces acting on the emulsion droplets leads to an elastic 

physical response of the emulsions. Hence the shear energy is elastically stored as an 

extension of the bonds between the dispersed droplets. The resistance to flow provided by 

the network that arises from these weak interaction forces is, however, readily overcome 

by the application of a shear force to the system. This phenomenon can be attributed to 

the presence of the sodium alginate and a rheological modifier in the emulsion system. 

Figure 5-7 A gives a graphical description of how changing fat–water composition affects 

the functional relationship between viscosity and shear rate. The data demonstrates that 

as the level of fat in the emulsion increases, there is a corresponding increase in the both 

consistency index, k and the n values pointing to shear-thinning behavior.  

5.5.2 The Viscous and Elastic Responses of the Emulsion-Oscillatory Measurements 

This section describes the viscous and elastic responses (viscoelastic behaviour) of the 

emulsion system by applying dynamic oscillatory measurements. A strain of amplitude γo 

and frequency v (Hz) was applied in a sinusoidal manner using a strain controlled ARES 

rheometer to measure the corresponding stress. The degree of network growth can be 

deduced from measurements of the viscoelastic properties; since a highly developed 

network demonstrates a high level elastic response to shear. Additionally, the storage 

modulus and loss modulus gives information of whether the emulsion is strongly or 

weakly associated. When weakly associated the system is described as liquid like. 
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Figure 5-8 shows a graph of the effect of increase in fat content on the viscoelastic 

properties of the emulsion. The data obtained show how the storage modulus, G′, the loss 

modulus G′′, the complex viscosity η* and tan delta (δ) change as a function of 

frequency. For the emulsion with fat/water ratio of 5/95, low G′ and G′′ were recorded 

initially. These were similar at frequencies of 0.01 to 0.4 Hz after which both G′ and G′′  

increased steadily with increasing frequency with the G′′  showing higher magnitude than 

G′. A lower G′ and the dependence of both parameters on the frequency indicate a 

minimal or no network structure within the emulsion system and therefore the emulsion 

exhibiting a liquid-like behavior.  The low fat content leads to a limited number of fat 

particles hence a weaker network connection. The weaker network results in their failure 

to accommodate strain therefore a viscous system is observed. However, this viscous 

behavior changes as the fat concentration increases (Figure 5-8B – 5-8D). Changing from 

10/90 to 20/80 fat/water ratio emulsions, showed strong dependency of G′ and G′′ as 

frequency changes. The magnitude of G′ is observed to be higher than G′′ at low 

frequencies until a critical frequency is reached where there is a crossover from huge G′ 

to small G′ and small G′′ to a huge G′′. 
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Figure 5-8: A graph of frequency sweep test of emulsions, which shows viscoelastic 

responses to shear of emulsions prepared from 5/95, 1090, 15/85 and 20/80 fat/water content 

in 3% Tween 20 and sodium alginate. The diagram gives the storage (G′) and loss (G′′) 

moduli, complex viscosity (Eta*) and tan δ for emulsion with increasing fat content. 
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The frequency (0.4, 0.8, 4.0, 8.0 for 5/95, 10/90, 15/85, 20/80 respectively) at which the 

crossover occurred was also found as functionally determined on the fat/water ratio. As 

the fat content increases, the emulsion exhibits a solid-like behavour, which is 

characterized by high G′. It is explained as follows: the presence of the solid fat droplets 

results in the development of a complex connection within the emulsion system. This 

leads to the exhibition of a characteristic solid behavior. This solid character is more 

prominent at low frequencies because at such frequencies the force acting on the 

emulsion is low and therefore the emulsion is able to keep the network connection. 

However, as the frequency increases, the network connection is only able to 

accommodate the force within the oscillation period to the ‘critical frequency’ after 

which the network system is completely destroyed leading to the change over from the 

more elastic system to a viscous system. Furthermore at high frequencies there can be a 

possible alteration of the total interaction potential due to the adsorbed non-ionic 

surfactant (Tween 20) or a combination effect of the surfactant and the modifier (sodium 

alginate) may cause steric repulsion. This may result in a weak gathering of particle-

particle network structure, and can rearrange to contain the strain hence the droplet 

network breakup.  The network gets stronger as the fat content increases up to 20 % and a 

large number of fat particles are present in the emulsion system leading to a highly 

connected system. This subsequently leads to the increase in the frequency at which the 

crossover occurs. The frequency at which the crossover occurs was found to be 

dependent on the fat/water content. This can also be attributed to the fact that the fat 

presents a crystal network, which contributes to developing of the droplet/droplet 

connections. The observed reduction in the complex viscosity with increase in frequency 
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also implies the presence of a network structure, which breakdown as the frequency 

increases. The dependence of the complex viscosity Eta* on the frequency indicates that 

even though there is the existence of the particle-particle inter-connection, the interaction 

forces between them is weak and hence a breakdown occurring with increase in 

frequency. This phenomenon is analogous to the apparent viscosity decrease observed 

with the increase in shear-rate, and is a characteristic of non-Newtonian systems. 

 

The presence of sodium alginate showed a significant effect on the viscous and elastic 

responses. High values for both G′ and G′′ were obtained as seen in figure 5-9. Both 

storage modulus (G′) and the loss modulus (G′′) increased frequency increases. There 

was also a marginal decrease in the storage modulus as the frequency increased but this 

was minimal and so the values obtained for both the G′ and the G′′  were closely related. 

The percentage of the sodium alginate leads to the formation of a highly solvated layer 

near the oil-water interface by forming a conjugated Tween 20-sodium alginate moiety 

thereby enhancing the steric effect.  From this, elevated energies are needed to 

disintegrate the conductivity of the fat particles. Again the sodium alginate dissolves in 

the water and forms an overlap concentration network in solution through simple 

entanglement of their hydrated chains [9]. The sodium alginate forms a 3-dimensional 

network leading to their elastic rheological behavior. The strength of the network formed 

is dependent on the number of points (i.e. entanglements), which build up the network, 

nature and amount of the modifier in the water.  
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Figure 5-9: A graph of frequency sweep test of emulsions, which shows viscoelastic 

responses to shear shear of emulsions prepared from 15/85 fat/water content in 3% Tween 

20 with increasing sodium alginate. The diagram gives the storage (G′) and loss (G′′) 

moduli, complex viscosity (Eta*) and tan δ for emulsion with increasing sodium alginate 

content. 
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Considering the data obtained for tan δ measurements, it was observed that tan δ was less 

than 1 at low frequencies but as the frequency increases the tan δ values increases to 

become greater than 1. The presence of sodium alginate and the fat particles increases the 

thickness of the emulsions by forming a network connection hence their solid-like nature. 

However, at high frequencies this connectivity is destroyed resulting in the development 

of a liquid-like system. Tan δ measures the relative magnitude of G′ and G′′. When the 

emulsion has tan δ higher than 1, the system is characterised as liquid-like. Values of tan 

δ give information on the viscoelastic nature of the emulsions.  

 

The phase angles as shown in Figure 5-10, values obtained provide information, which 

confirms the viscous and elastic reaction in the emulsions. For a purely elastic system the 

phase angle is 0o, and it is 90o for viscous systems. From the study the phase angles 

measured range from 15o to 80o (Figure 5-10) the emulsion behaviour can be expressed 

as viscoelastic. For a viscoelastic system, the phase angle takes values in the range of 0 to 

90o. As the frequency increases the phase angle also increases till it get to a steady state 

after which no change occurs with increasing frequency. At this point the emulsion 

system is said to show a more viscous behaviour. The lower phase angle measured at the 

low frequencies also confirms the elastic response of the emulsions to the applied shear 

stress. This is so because at the lower frequencies the emulsion maintains their gel-like 

network.  
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Figure 5-10: The change in phase angle with the frequency sweep at (A) increasing fat 
content at 3% Tween 20 and sodium alginate content (B) increasing sodium alginate 
concentration at 3% Tween 20 in 15/85 fat/water content (C) increasing Tween 20 
concentration at 3% sodium alginate in 15/85 fat/water content. 
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5.6 Conclusion 
	  
Homogenization of the melted fat in the aqueous phase gave well-distributed fat particles 

resulting in a creamy emulsion. The dispersal of fat particles in the continuous aqueous 

phase was seen in the micrographs obtained using the light microscope. The dispersed fat 

particles showed a fast instability against aggregation, with the emulsion separating into 

upper fat layer and a clear lower water layer. Addition of a surfactant (Tween 20) 

produced emulsions with evenly distributed dispersed fat particles in the continuous 

aqueous phase which was stable and lasted for about 3 hours after which the emulsions 

began to break down into two layers due to the de-adsorption of the surfactant molecules. 

The first was a creamy upper layer, which was ascribed to the interconnectivity of the fat 

particles, and the second, an opaque aqueous lower layer.  

 

The mixed sodium alginate and Tween 20 emulsifier system gave a stabilised emulsion 

depending on the fat/water ratio. The emulsions formed showed the size of the particles 

ranged from 120 nm to 168 nm immediately after emulsification. There was increase in 

particle size to some extent depending on the fat content as well as the sodium alginate 

concentration after days of preparation. There was also phase separation for the 

emulsions produced from 5/95 fat/water ratio and to some extent emulsions produced 

from the 10/90 fat/water combinations and this phenomenon was linked with the increase 

in particle size after the 30 days period.  

 

Assessing the stabilisation of the physical properties of the emulsion in the long term, the 

emulsions were found to show viscoelastic properties where by all emulsion systems 
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exhibited a profile of G′> G′′ at the lower frequencies and gradually gave G′′ > G′ at the 

higher frequencies and both parameters were found to be dependent on the change in 

frequency. Considering the dependence of the viscoelastic parameters on the frequency, it 

can be said that the emulsion system consists of weakly gel network. Since emulsions are 

categorized as physically unstable when G′′ > G′ and both parameters depended on the 

frequency, by this criteria the emulsions produced can be said to exhibit properties of 

both a concentrated emulsion and dilute emulsion and both characteristics are dependent 

on the applied frequency. Using these terms for the stabilisation of the emulsion, it is 

concluded that the physical stability of the emulsions prepared increased with increasing 

solid fat and sodium alginate content.  
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CHAPTER 6 

Encapsulation of Sudan Orange Dye in Fat Particles in the Fat-in-Water Emulsions  
	  
The level of interest in the use of oil-in-water emulsions for encapsulation of poorly 

water-soluble food and pharmaceutical ingredients as delivery system has increased over 

the years. Due to their compartmentalized hydrophobic and hydrophilic regions, they 

have a potential to encapsulate a polar, non-polar and sometimes both polar and non-

polar bioactive ingredient for an effective delivery. They also possess the ability to 

control the chemical stability of the encapsulated active ingredient and to change their 

rheological properties to suit their specific application. Finally as a delivery system, the 

emulsion system serves the purpose to protect the active component against any form of 

chemical degradation.  

Currently, several researches are looking at the use of crystallized lipids in emulsions 

enhance the release control and the stabilisation of the incorporated active ingredients. 

However, the ability of a solid fat internal phase to effectively encapsulate water 

insoluble compound depends on the crystallisation pattern of the fat matrix, the stability 

of the fat-in-water emulsion as well as the physical properties of the active compound 

itself. In this chapter, the efficiency of encapsulation of poorly water soluble dye in solid 

fat particles-in-water emulsion is investigated. The physical properties of the solid fat 

matrix as well as the dye compound are discussed and the method of formulation of the 

encapsulated product is also discussed. The physical properties of the encapsulated 

product is analysed and discussed inference to some selected properties including their 

particles size distribution, the crystalinity of the particles produced and their thermal 
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properties. The efficiency of the encapsulation process is assessed and discussed against 

parameters such as the loading capacity, release rate and the rate of leaching of the 

internal phase. 

Since the emulsion stability was strongly affected by the volume phase of the fat/water 

ratios, (as discussed in the previous chapters), the encapsulated particles were prepared 

from the Allanblackia seed fat in water (15/85). The emulsions produced in the presence 

of the dye-loaded particles were found to be stable as the presence of the dye did not 

affect the emulsion stability. No effort was made to increase the encapsulation efficiency. 

This work is to only investigate and assess the importance of solid fat crystals in fat-in-

water emulsion in delivery systems. 

Sudan orange dye is a water insoluble compound (fat soluble) and has been used 

extensively in the cosmetics, pharmaceuticals and the food industries for the colouring of 

solvents, oils and other food products. 

6.1 Formulation of Encapsulated Fat-in-Water Emulsion Product 

6.1.1 Extraction and Characterisation of the Vegetable Fat used as Matrix in the 

Encapsulation Process 

A naturally occurring vegetable fat was obtained from the seeds of Allanblackia fruits by 

the press extraction as described in section 3.1. The fat contains about 58 % saturated fat 

and 42 % unsaturated fat. It is observed to melt at around 36 oC and crystalizes at around 

16 oC. The high stearic acid content (56.93 %) of the Allanblackia fat  gives it the 

advantage to be used in food and food products. In addition the presence of a β’ 
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polymorphs in its crystallisation process also gives it an added advantage of spreadability 

and smooth property which is an important characteristic of a food grade emulsion. 

6.1.2 Preparation of the Encapsulated Particles 

The method of emulsification is described in section 3.2.5.1. The encapsulated sudan 

orange dye particles (ESODP) were prepared by adding about 0.2 g of the dye compound 

to an already melted Allanblackia seed fat at 65 oC and the emulsion produced using the 

simple homogenization technique described in the previous sections. A yellowish creamy 

substance was obtained as shown in Figure 6-1 and observed for 24 hours to assess its 

stability against emulsion droplets breakdown. There was no observable separation of 

layers after the period and hence it was concluded that a stable product was formed. 

 

Figure 6-1: Encapsulated Sudan Orange Dye Particles (ESODP) in the crystallized fat 

particles-in-water emulsion system prepared from 15/85 Fat/water content with 3% Tween 

20 and 3% sodium alginate.  

	  

ESODP	   
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6.2 Characterization of the Encapsulated Sudan Orange Dye Particles (ESODP)  

6.2.1 Particle Size and Size Distribution 

This study investigated the consequence of dye loading on the type and size distribution 

of the encapsulated particles. Particle size, and size dispersal are essential physical 

parameters for particulate delivery systems. The particle size was determined by the 

dynamic light scattering (DLS). The characterisation of the particle size distributions id 

based on the average size. The distribution of the dye within the solid fat particles was 

investigated with the light microscope. Both the DLS and the light microscopic analysis 

showed that the dye-free and dye-loaded particles contained spherical non-aggregated 

particless. From the results, it was observed that the dye showed a substantial impact on 

the particle size with mean sizes ranging from around 246.3 to 252.2 nm as compared to 

that of dye-free emulsion particle (136.8 to 163.2). The increase in size of the 

encapsulated particles is due to the presence of the dye, which is non-polar and has the 

ability to be incorporated into the solid fat network that is due to the occurrence of 

molecular diffusion of the water insoluble dye throughout the oil phase. This results in 

the overall size increase of the crystals formed in the emulsion particles. The 

encapsulated system also showed a wide particle dispersal as demonstrated by the 

polydispersity index (PdI) value of 0.30 and 0.31. After the homogenisation process, the 

emulsion was taken from the heat source and left to cool. The cooling process leads to the 

crystallisation of the dispersed fat droplets which was characterised by nucleation and a 

subsequent crystal growth in the emulsion system. Since the melting point of Sudan 

orange dye is higher (144 oC) than that of the vegetable fat matrix, the dye will 

experience supercooling at a much greater degree in the cooling process thereby forming 
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an initial nuclei upon which there is the occurrence of the crystal growth within the 

droplets. The formation of the stable nuclei from the melt leads to the growth of the 

crystals [75, 214]. As the crystals exhibit different faces, each face grows at distinctive 

rates, and this may to some extent account for the wide variety of different particle sizes 

formed. Also once the nuclei formed there is the possibility of mass transfer of the liquid 

fat molecules to the solid-liquid interface hence the ability to encapsulate the solid dye 

particles. The light microscope image Figure 6-2 showed no significant aggregation or 

flocculation and the particles generally spherical in shape with varying size distribution. 
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Figure 6-2: Light microscope images of (A) Encapsulated emulsion particles (B) fat-in-

water emulsion particles (C)Magnified encapsulated dye particles in the fat matrix (D) 

particle size distribution from the DLS 

6.2.2 X-ray Diffraction Analysis 

In order to examine the shielding ability of the solid fat matrix and the packing structure 

of the encapsulated particles, X-ray diffraction analysis was performed. The diffraction 

pattern and data obtained are shown in Figure 6-3. The diffraction obtained is compared 

with that for the sudan orange dye (raw material) and the Allanblackia fat. Generally 

Sudan Orange dye shows a cluster of peaks at 2θ of 25o – 30o  but this was missing in the 

diffraction pattern of the encapsulated particles. The intensity of the signals at 2θ of 5o – 

15o found in the diffraction of the Sudan Orange material showed a reduction in that of 

the encapsulated particles. On the other hand there was the presence of highly intense 

signal at 2θ of 20 – 25o in the diffraction pattern of the encapsulated particles, which 

correspond to the signals obtained from the Allanblackia seed fat used as matrix. These 
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signals found in the fats have d-spacing values of 5.4 Å, 4.6 Å and 3.6 Å indicating the 

presence of β polymorphs in the fat. The absence and/or low signal diffractions of the 

diffraction pattern of the encapsulated dye shows the amorphousness of the material after 

the encapsulation process and this can influence the pattern of the encapsulated 

compound [117]. The shift in peak positions and the subsequent reduction in the  

intensity may be as a result of the destruction of the packing structure of dye. The 

crystallinity of the dye compound may also be affected by the presence of the alginate 

molecules in the emulsion system as polymer chains such as the alginate molecules with 

alternating sequence of inelastic and elastic units may exhibit liquid crystallinity [215].   
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Figure 6-3: Diffraction patterns of (A) Encapsulated particles (B) Raw sudan orange dye 

particles and (C) Allanblackia fat crystals 

6.2.3 Thermal Properties for Encapsulated Particles 

Characterization of the thermal behavior of the encapsulated particles was carried out to 

estimate the effect of the emulsion ingredients on the physico-chemical properties of the 

emulsion system containing the encapsulated particles. This is important for their use in 

the delivery of active compounds in the food and pharmaceutical industries.  The thermal 

properties were determined by the thermogravimetric analysis (TGA), and differential 

scanning calorimetry (DSC) and results shown in Figure 6-4. 
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Figure 6-4: (A) Thermal decomposition curves of the encapsulated particles obtained from 

the thermogravimetric Analysis (TGA) and (B) Melting and Cooling profile of the 

encapsulated particles obtained from the differential scanning calorimetry (DSC).   

 

The use of thermogravimetric analysis was to investigate the variation in weight of a 

material as a with temperature change. This was first investigated to assess the effect of 

change in temperature on the encapsulated particles in the emulsion system. Figure 6-4 

shows that the weight of the encapsulated emulsion decreases with increasing 

temperature from 100 to 800◦C. It was observed that the encapsulated emulsion showed a 

multiple step degradation process as indicated in Figure 6-4A. This weight loss reflects 

the degradation of each of the components present in the emulsion system. The DSC gave 

the melting and cooling pattern of the encapsulated particles. Figure 6-4B shows the 

melting and cooling profiles for the encapsulated emulsion system. The results shows a 

major melting and crystallisation peaks at 15 – 26 oC and 15 – 22oC respectively. The 
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melting and cooling profiles show the encapsulated particles are crystalline at room 

temperature with its corresponding crystallisation temperature at 26 oC.  

During the cooling of the emulsions, the dye crystalizes out first to produce the nucleus 

of the crystallized particles. This step is nucleation and it initiates the crystallisation 

process after which there is the occurrence of the crystal growth, therefore the high 

melting point of the encapsulated compound has a great effect on the over crystallisation 

of the encapsulated emulsion system. Even though the dye compound has a high melting 

point (146 oC), this did not considerably influence the melting point of the particles 

because they are completely soluble in the fat and so the dye dissolves as soon as the 

liquid fat is formed. This characteristic shows the dissolving property of the liquid fat for 

the poorly water soluble compound. The fat matrix crystallizes at 35 oC but this was 

reduced after it has been used in the emulsion system. The reduction in the melting point 

of the encapsulated fat particles may be as a result of the fact that small amounts of the 

fat is used in the preparation of the emulsion and the encapsulation, this therefore leads to 

a reduction in the crystal interactions.  The lower the crystal interactions the lesser the 

energy required to overcome the crystal interaction for the melting to occur. The 

reduction can also be as a result of the presence of the emulsifier especially the presence 

of the Tween 20 surfactant which is liquid at room temperature can dilute the fat material 

hence causing a reduction in the melting point. On the other hand there is an observed 

increase in the crystallisation temperature, this is attributed to the high melting dye, 

which experiences supercooling, and begins to crystallize out early and therefore 

affecting the overall crystallisation of the encapsulated particles.   
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6.3 Encapsulation Efficiency 

The dye load and the efficiency of the encapsulation process are important indicators to 

evaluate the delivery properties and advantages of the emulsion system for delivery 

products. The success of the encapsulation of the dye in the solid fat crystals was also 

confirmed by UV–vis spectrophotometric analysis for the loading capacity and their 

release rate pattern. The emulsion particles showed no absorption bands at wavelengths 

ranging from 300 to 500 nm, whiles the dye-loaded emulsion particles gave a maximum 

absorption peak at a wavelength of around 425 nm as shown in Figure 6-5 A, 

corresponding to the wavelength of maximum absorption of the Sudan orange dye. This 

implied that some content of the dye diffused out from the encapsulated particles, which 

indicates the presence of entrapped dye. It can also be seen from the absorption spectra 

that there is an increase in absorption intensity as the concentration of the dye 

encapsulated increases. 
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Figure 6-5: UV-vis absorption spectra of supernatant obtained from immersing 

encapsulated particles in water at different time intervals.  

 

The whole purpose of the dye encapsulation is to study the ability of the fat matrix to 

protect the encapsulated dye from environmental stress and chemical degradation. Even 

though, the method used and the ingredients for the emulsion production usually may 

lead to a successful encapsulation, the quality of the end product in terms of their 

appearance and taste are also important in measuring of the success of the encapsulation 

process and its use as a delivery system. For this reason, the release rate and the rate of 

leaching were also investigated to determine the possible effect of the continuous 

aqueous phase on the encapsulated dye.  
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These measurements were used to investigate the efficiency of encapsulation. In order to 

determine the release rate, the encapsulated particles were soaked in water at different 

intervals and the supernatant filtered and their absorbance measured. It was observed that 

there was an initial (first 180 min) fast release of the dye into the water after which there 

was a decline in the amount of dye released with increasing time (210 – 360 mins). This 

is shown in Figure 6-5. The initial burst in release may be as a result of the fast surface 

desorption of the dye molecules, which were not completely embedded in the particles in 

the crystallized structure. However, as the same particles are soaked in different portions 

of the deionized water, there was a decline in the release even as the time increases. This 

may be as result of the fact that the rest of the dye was entrapped within the fat structure, 

which prevented the dye from diffusing into the aqueous phase.  

Furthermore the efficiency of the encapsulation process was confirmed by the occurrence 

of leaching of the entrapped dye substance. The leaching studies were conducted to 

investigate any possible leakages of the internal phase into the continuous aqueous phase 

with time. The results showed that there was a leakage of about 36 % after about 4 hours. 

The percentage leaching was obtained as the weight loss after drying the particles over a 

period of time. The loss of weight is attributed to the presence of some of the dye 

particles, which may be loosely settled at the particle surface, and also the loss of some 

amount of moisture associated within the alginate layer. The loosely adhered dye 

particles and the alginate moisture makes up the 36 % of the total weight of the 

encapsulated particles at 240 mins after which there was a decline in leaching. Only the 

dye molecule found on the surface of the particles and those that were found in the 

alginate layer could come out because the dye found in the internal phase (corresponding 
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to about 64 %) is protected by the strong physical structure of the fat matrix.  
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 Figure 6-6: A plot of percent leaching of the dye from the encapsulated particles at 

different time intervals. 

 

6.4 Conclusion 

The formulation of encapsulated solidified fat particles and the efficiency of 

encapsulation of the solid fat particles-in-water emulsion for a poorly water-soluble 

compound were studied. A sudan orange dye was encapsulated in a fat-in-water emulsion 

by an emulsification method. The experimental results indicated that the solid fat could 

be used as a matrix for the development of a stable oil-in-water emulsion for its 
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application in the delivery of bioactive compounds. Results obtained for the particle size 

distribution analysis gave high particle sizes ranging from 246 to 250 nm. The 

encapsulated particles were smooth and spherical in shape with varying size distribution, 

which was as a result of the crystallisation mechanism of both the fat matrix and the 

sudan orange dye internal phase which are all solid substances at room temperature. The 

XRD data obtained showed a reduction in the crystallinity of both the fat matrix and the 

dye substance as a result of the presence of the alginate polymer, the aqueous phase and 

the Tween 20 surfactant. This was confirmed in the melting and cooling profile obtained 

from the DSC analysis. The results from the UV-vis analysis of the dye loading capacity 

showed a successful entrapment of the dye in the fat matrix. The spectra obtained showed 

an increase in the absorption intensity as the dye concentration increases. The rate of 

release of the dye and the leaching capacity showed effective encapsulation process. The 

study gave a possible leakage of 36 % of the dye substance at the maximum incubation 

time. The reductions in the leakage of the dye suggest the encapsulated particles can be 

stored for longer periods, which is an advantage of improved stability during storage and 

transportation.  It is therefore concluded that fat crystal are capable of encapsulating 

bioactive substances for effective and sustained delivery mechanism. 
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CHAPTER 7 

Conclusions and Recommendations 
	  
This thesis described the effects of solid fat particles and mixtures of sodium alginate and 

Tween 20 surfactant on the stabilisation mechanism of dispersed fat particles in water 

continuous aqueous segment in the emulsion. The focus of this work was as follows:  

• To characterize the chemical constituents of two vegetable fats as well as to 

determine the effect of these chemical constituents on their thermal behaviour.  

• To develop an oil-in-water emulsion using vegetable fat as the dispersed phase 

and stabilised by both a surfactant and a thickener 

• To study the consequence of the mixture of surface active agent and thickener on 

the stabilisation mechanism of emulsions produced,  

• Investigate the flow properties of the emulsion produced, and to encapsulate an 

active component and determine the efficiency of the encapsulation.   

The conclusions drawn from the work and the recommendations made are as follows: 

7.1 Conclusion 

7.1.1 Chemical Constituents and Thermal Properties of Shea Butter and 
Allanblackia Seed Fat 
	  
The Allanblackia seed fat and the shea butter fat were found to contain about 58 % 

saturated, 42 % unsaturated fatty acids and 51 % saturated and 49 % unsaturated fatty 

acids respectively. Higher saturated fatty acid content accounts for the higher melting 
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point of the Allanblackia seed fat as compared to that of the Shea nut fat. The high 

melting point of the Allanblackia fat gives it the advantage of rigidity, which makes it 

convenient in terms of the handling and processing. Both the Allanblackia seed fat and 

shea nut fat showed polymorphic transformation in their crystallisation processes and this 

is as a result of the presence of TAGs with high melting temperatures. Allanblackia fat 

showed the formation of β’ polymorphs in their crystalized fat. The β’ polymorphic 

transformation gives the Allanblackia seed fat a good functionality and desirable plastic 

fats properties. The magnitude and position of the crystallisation exotherms of the 

Allanblackia and the shea nut fat were affected by rate of cooling. Additionally the 

crystallisation mechanism according to the isothermal crystallisation kinetics and the 

Avrami model, of both shea nut fat and the Allanblackia seed fat showed a two-step 

crystallisation mechanism.  

7.1.2	  Formulation and Stabilisation of Fat Particles-in-Water Emulsions	  
	  
The stabilisation of the fat particles-in-water using the combined mixture of sodium 

alginate and Tween 20 emulsifier system was found to be dependent on the amount of the 

fat dispersed. At high concentrations the dispersed fat emulsions were stable against 

creaming whiles lower amounts of the fat showed instability against creaming. This 

implies that at the small fat content, the number of fat particle units produced within the 

emulsion system was small as compared with the total volume of the emulsion. These 

particles as generated were widely spread and spaced out to fill up the total volume of the 

emulsion system. The particles are in constant motion and since they are less dense as 

compared with the aqueous phase, they travel up faster with no or little obstruction in the 

aqueous phase. They settle on top of the aqueous phase and form aggregation leading to 
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the creamy upper layer. On the other hand high amount of fat leads to reduced water 

system used and huge number of fat units are distributed in the continuous phase. At high 

fat content, particles are closely packed and with the presence of the sodium alginate to 

prevent particles aggregation induces the formation of interconnecting fat particles, 

which results in the forming a network among the dispersed particles.  

Again, sodium alginate and the Tween 20 emulsifiers gave a synergistic stabilisation 

influence to the emulsions. Long lasting physical stabilisation was seen to be dependent 

on both fat and sodium alginate content. Increase in the fat content, increased the fat 

particle connectivity which introduces some level of rigidity to the emulsions.  The rigid 

network dictates the viscoelastic responds of the emulsion system. When sodium alginate 

was increased it increased the gel-like network in the emulsions, which increased the 

storage response leading to a more stable emulsion. 

7.1.3 Encapsulation of Sudan Orange Dye in the Fat particles-in-Water Emulsion 
	  
The sudan orange dye was encapsulated in a fat-in-water emulsion by an emulsification 

method. This gave high particle sizes of 246 - 250 nm. Encapsulated particles were 

smooth and spherical in shape with varying size distribution, which was as a result of the 

crystallisation mechanism of both the fat matrix and the sudan orange dye internal phase. 

The results from the UV-vis analysis for the dye loading capacity showed a successful 

entrapment of the dye in the fat matrix. The spectra obtained showed that there was 

increase in the absorption intensity as the dye concentration increases. The rate of release 

of the dye and the leaching capacity showed effective encapsulation process. The study 

gave a maximum leakage of 36 % of the dye after which the rate of leakage of the dye 

reduced as incubation time increased. The reductions in the leakage of the dye suggest 
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the encapsulated particles can be stored for longer periods, which is an advantage of 

improved stability during storage and transportation.   

7.1.4 General Conclusions 
	  
The research has shown that the properties of both Allanblackia seed fat and the shea nut 

fat depends on their fatty acids constituents and their crystallisation patterns depends on 

the cooling rate program used. It also shown that there is the occurrence of polymorphic 

transformations during their crystallisation processes.  

The study further showed that stable fat particles-in-water emulsions could be formulated 

by using simple homogenization technique in the presence mixtures of a surfactant and 

rheological modifiers. It was found that the stability of the dispersed fat particles 

depended on the amount of fat used, since the stability increased with increasing fat 

content. The presence of the sodium alginate introduced a gel-like network, which 

entrapped the fat particles thereby restricting their movement in the emulsion system. The 

inhibited movement of the fat particles prevents particle-particle collision and hence 

improved stability against creaming.  

Additionally, sudan orange dye, a water insoluble dye was effectively encapsulated 

within the dispersed fat particles with results from the UV-vis analysis showing a 

successful entrapment of the dye in the fat matrix. The release rate also showed that about 

36 % of the dye was released into water after which the rate of release reduced even at 

long incubation times. The reductions in the leakage of the dye suggest the encapsulated 

particles can be stored for longer periods, which is an advantage of improved stability 

during storage and transportation.   
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7.2 Recommendations 
	  

1. Findings from this study provides basic information on the thermal behaviour of 

both shea nut fat and Allanblackia seed fat, and this can be used as a starting point 

for further studies on the variation in their thermal behavior of different varieties 

of shea nut fat and Allanblackia seed fat.  

2. The research attempted to study the consequence of highly saturated vegetable fat 

used to formulate structured oil-in-water emulsion as their purpose in the food, 

pharmaceutical and cosmetics industries. For the long-term application of such an 

emulsion system in the various applications, it will be interesting to investigate 

the stability of the emulsion against oxidation since the presence of the alginate 

may influence the occurrence of oxidation in the emulsion. 

3. In this work, the influence of the size of dispersed fat units on the stabilisation 

process in the emulsion was investigated. Nonetheless the sodium alginate works 

by increasing the viscosity of the water phase, which leads to a decline in the 

speed of the homogenizer, hence the possible production of larger particles. 

Therefore it will be interesting for further work to be done using different 

rheological modifiers which will not have a significant effect on the 

homogenization process. 
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