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ABSTRACT 

Nanoemulsions with extremely small droplet sizes (<100 nm) have shown several 

advantages over conventional emulsions. However, almost all nanoemulsions in usage are 

liquids that restrict their use in many soft materials. The aim of this thesis is to understand the 

formation and long-term stability of viscoelastic nanogels developed from liquid nanoemulsions. 

At first, gelation in 40 wt% canola oil-in-water nanoemulsions were investigated as a 

function of emulsifier type (anionic sodium dodecyl sulfate (SDS) or nonionic Tween 20) and 

concentration. Three different regimes of colloidal interactions were observed as a function of 

SDS concentration. 1) At low SDS concentration (0.5 – 2 times CMC) the counterion shell layer 

increased the effective volume fraction of the dispersed phase (eff) close to the random 

jamming, resulting in repulsive gelation. 2) At SDS concentration between 5 – 15 times CMC, 

micelle induced depletion attractions led to extensive droplet aggregation and gelation. 3) At 

very high SDS concentration, however, oscillatory structural forces (OSF) due to layered-

structuring of excess micelles in the interdroplet regions led to loss of gelation. In repulsive 

gelation, reduction in droplet size coupled with the electrical double layer resulted in a linear 

increase of Gʹ. On the contrary, attractive nanoemulsions showed rapid increase in gel strength 

below a critical droplet radius, and was explained by transformation of OSF into depletion 

attraction. No gelation was seen in Tween 20 nanoemulsions, due to lack of repulsive 

interactions and weak depletion attraction.  

Next the influence of the dispersed phase volume fraction () on repulsive nanoemulsion 

gelation was investigated and the Gʹ values were modeled using empirical scaling law developed 

by Mason et al. (1995). It was found that an initial liquid regime transformed into glassy phase at 

a eff = g ~ 0.58, where droplets are entrapped in a cage of neighbouring droplets due to 

crowding. It was followed by jamming transition at a critical volume fraction (j), where droplet 

deformation led to large increase in elasticity. The model predicted j = 0.7, which is close to the 

predictions for repulsive polydispersed emulsions found in the literature.  

In  the final phase long-term stability of the nanogels was evaluated until 90 days, during 

which the nanogels remained stable to creaming and coalescence. However, repulsive nanogels 

showed a significant decrease in Gʹ and the gels converted into flowable liquids over time. For 
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attractive nanogels decrease in Gʹ was much less, although given enough time they would also 

transformed into weak gels. It was hypothesized that surface active compounds generated due to 

lipid oxidation altered interfacial charge cloud leading to loss of gel strength for repulsive 

nanogels. For attractive nanogels slippery bonds in the aggregates permitted rotational and 

translational diffusion of nanodroplets on the surface of each other leading to network 

compactness and a decrease in gel strength with time. 

Overall, it was concluded that it is possible to form nanogels from canola oil 

nanoemulsions using ionic emulsifiers. The gel strength and stability of the nanogels depends on 

emulsifier concentration, droplet size,  and the chemical stability of the oil used. More 

investigation is needed in order to improve the long-term stability of the nanogels. The nanogels 

possess high potential for use in low-fat foods, pharmaceuticals, and cosmetic products. 
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1 INTRODUCTION 

1.1 Overview 

Controlling and manipulating the nanometer (10
-9 

m) scale particles of food systems may 

lead to the modification of many macro-scale characteristics, such as texture, sensory attributes 

and shelf life (Huang et al., 2010). Many products in the food industry are emulsions or produced 

from emulsions, for example, butter, margarine, salad dressing, sauces, coffee creamer and so on. 

Therefore by controlling the particle size in the emulsions, the physicochemical properties of 

these foods can be significantly altered. Emulsions are colloidal dispersions of two immiscible 

liquids, in which one phase is dispersed as droplets and the other forms a continuous phase 

around them. In conventional emulsions usually this droplet size ranges from 100 nm to several 

hundred micrometers. It has been proposed that textural and optical properties of emulsions can 

be modified significantly by reducing their droplet radii below 100 nm, i.e., converting them into 

nanoemulsions (McClements et al., 2011).  

Nanoemulsions are metastable colloidal dispersions with average droplet radius ranging 

from 10 – 100 nm. The extremely small droplet size of nanoemulsions make them kinetically 

more stable to droplet aggregation, gravitational separation and coalescence compared to the 

conventional microscale emulsions (Huang et al., 2010). Due to the large interfacial area, 

nanoemulsions have shown to have improved delivery and bioavailability of bioactive materials 

encapsulated within their droplets (Huang et al., 2010). However, almost all nanoemulsions used 

to date are liquids, which restrict their use in many soft materials, including, gels, creams, and 

pastes. An elastic nanoemulsion gel (nanogel) with much improved stability and novel structure 

can have numerous applications in food, pharmaceuticals and cosmetics (Mason et al., 2007). 

Recently, it has been shown that nanoemulsions can be transformed into viscoelastic gels 

at dispersed phase volume fractions much lower than microscale high internal phase emulsions 

(HIPE) (Mason et al., 2007; Wilking et al., 2007). In HIPE when droplet volume fraction () 

reaches a disordered close-packing limit, known as maximal random jamming (MRJ), the droplet 

surface starts to deform due to the pressure from neighboring droplets and cannot flow past one 

another without the application of external force (Mason et al., 1997). For disordered packing of 
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monodisperse hard spheres MRJ = 0.64 (Berryman, 1983), while for polydisperse emulsions 

droplet packing and deformation can happen at a larger  (MRJ-polydisperse ≥ 0.7) as small droplets 

can fit into the interstices of larger packed droplets (Groot et al., 2011). The energy needed to 

compress and deform the disorderly-packed droplets against their interfacial tension leads to the 

elasticity of the structure (Wilking et al., 2007). The stability of these elastic emulsion gels 

comes from the presence of emulsifier layer at the oil-water interface and a thin film of water 

between the compressed droplets (Masalova et al., 2007). Since nanodroplets are more stable to 

coalescence, gels made from nanoemulsions are expected to be more stable than the conventional 

HIPE. Moreover, nanoemulsions with extremely small droplet size have stronger elasticity 

compared to the conventional HIPE as the elastic storage modulus of the gels are proportional to 

the Laplace pressure (PL=2/r, where  is the interfacial tension and r is the droplet radius) of 

non-deformed droplets, and therefore inversely proportional to their radius (Fryd et al., 2012). 

For an oil-in-water (O/W) emulsion stabilized with ionic emulsifiers, the charged droplets have a 

cloud of counterions forming an electrical double layer around their surface (Wilking et al., 

2007; McClements et al., 2011).  Due to the electrical double layer, droplets’ effective radii 

become larger than their actual size, and effective volume fraction (eff) become more than the 

actual volume fraction (core) and consequently, they pack and deform at a core below MRJ. The 

equation governing this relation can be expressed as (Weiss et al., 2000; Wilking et al., 2007): 

𝜙𝑒𝑓𝑓 = 𝜙𝑐𝑜𝑟𝑒 (1 +
𝛿

𝑟
)

3

             1 

where, is the interfacial shell layer thickness due to electrical double layer. From eq 1 it can be 

calculated that for a 40% O/W nanoemulsion (core = 0.4) with a droplet radius and shell layer 

thickness of 60 nm and 10 nm, respectively, eff would be 0.64. Thus, by reducing droplet size 

and increasing shell layer thickness it would be possible to reach MRJ at much lower  and 

thereby develop the elastic behavior. This is a significant advantage for nanogels besides that 

they are more stable than conventional emulsion gels, as much less oil can be used to develop the 

elastic behavior. Experimental evidence of nanoemulsions’ elastic behavior at low core has also 

been observed by some research groups (Weiss et al., 2000; Wilking et al., 2007; Kawada et al., 

2010). Weiss et al. (2000) found that a liquid 25% n-octadecane emulsion stabilized by 50mM 

sodium dodecyl sulfate (SDS) transformed into a viscoelastic gel when the droplet radius was 
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reduced below 80 nm. Similarly, Wilking et al. (2007) showed that liquid 40% silicone oil-in-

water nanoemulsion stabilized with 116 mM SDS became elastic gel when the droplet radius fell 

below 60 nm during multiple passes through the microfluidizer. 

Nanogels can also be formed by inducing attractive interactions among the nanodroplets. 

Bibette et al. (1993) showed that the addition of appropriate quantity of salt can transform a 

repulsive emulsion with charged droplets into an attractive elastic gel where the droplets are 

strongly aggregated in secondary minima of interdroplet pair potential. However, the 

complication with such attractive microscale emulsion gels is that the droplets may lose their 

integrity under strong adhesion and may coalesce (Ivanov et al., 1999). Nevertheless, small 

droplets in nanoemulsions have high Laplace pressure that makes them extremely stable against 

coalescence (Danov et al., 1993; Fryd et al., 2012). Therefore, attractive nanoemulsion gels are 

generally stable against coalescence. Such attractive gels were developed by Wilking et al. 

(2006) by adding ~700 mM NaCl to SDS-stabilized nanoemulsions with an average droplet 

radius ranging from 40 – 50 nm.  Attractive interactions among the emulsion droplets can also be 

generated by depletion interactions where high concentrations of biopolymers or small nanoscale 

particles or emulsifier micelles in the continuous phase of emulsions lead to an osmotic 

imbalance between the interdroplet region of two closely approaching droplets and the bulk 

continuous phase forcing them to aggregate (Mondain-Monval et al., 1996; Berli et al., 2002). 

The three-dimensional network formed by the droplet aggregates immobilizes the continuous 

phase leading to the formation of emulsion gels (Berli et al., 2002; Datta et al., 2011). Often in 

electrostatically stabilized emulsions the repulsive forces caused by the adsorbed emulsifiers on 

the droplet surface and the attractive interactions caused by the micelles in the continuous phase 

coexist and the net interdroplet interaction and elastic properties of the emulsions depend on the 

balance between these interactions (Mondain-Monval et al., 1995). Recently, Datta et al. (2011) 

showed that while repulsive emulsion gels exhibited elastic properties only when eff is above 

MRJ, attractive emulsion gels are capable of forming elastic gels even when eff  is below MRJ. 

However there has been no consensus on what concentration of a particular emulsifier the 

transition from repulsive to attractive nanogels would be observed and no theory is available for 

predicting the elasticity of the gels caused by both the electrostatic repulsion and depletion 

attraction.  
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As the gelation in nanoemulsions can be obtained at much lower actual dispersed phase 

volume fraction compared to conventional emulsions, they hold promise in wide applications 

because of the higher stability of nanoemulsions and lower droplet volume fraction needed for 

gelation. However, to date no reported application of these nanoemulsion gels in food products 

can be found. This could be due to the poor understanding of their formation, long-term stability, 

behaviour in complex food matrices and suitability of food grade ingredients available.  

The overall goal of this thesis is to investigate the influence of emulsifier concentration, 

droplet size and effective dispersed phase volume fraction on the close packing of oil droplets in 

oil-in-water (O/W) nanoemulsions. The study also includes the investigation of long-term 

stability of the resulting nanogels.  

 

1.2 Objectives 

The following research objectives are developed to reach the overall goal:  

 To investigate the influence of emulsifier type and concentration on the gelation of 

nanoemulsions; 

 To study the effect of droplet size on nanoemulsion gelation; 

 To investigate the effect of dispersed oil phase volume fraction on nanoemulsions gelation; 

and 

 To investigate the long-term stability of the nanogels  

 

1.3 Hypotheses 

The following hypotheses were tested as a part of this research study: 

 Ionic emulsifiers, due to the formation of electrical double layer, will be able to contribute to 

the effective oil phase volume fraction and gel strength (higher G' than G'') to a greater 

extent than that prepared with non-ionic emulsifiers.  

 Below a critical nanoemulsion droplet size, influence of interfacial electrical double layer 

thickness would significantly increase the effective droplet size and oil phase volume 

fraction (ϕeff) compared to the actual such that a close-packed network of nanodroplets will 

form when ϕeff would be equal to the theoretical volume fraction of maximal random 

jamming (ϕMRJ) i.e. ϕeff ≈ ϕMRJ  
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 When oil phase effective volume fraction (ϕeff) become equal or more than the random 

jamming of nanodroplets (ϕMRJ) a viscous liquid nanoemulsion will convert into a 

viscoelastic gel-like material such that the storage modulus (G') of the nanoemulsion will be 

higher than the loss modulus (G").  

 Ionic emulsifier concentration would influence nanoemulsion gelation based on whether the 

interdroplet interaction falls within repulsive or attractive regimes.  

 Gel strength of the nanogels would increase with decrease in droplet size 

 With an increase in ϕ, repulsive nanoemulsion should transform from liquid to glassy to 

jammed state, while attractive nanoemulsion change from liquid to fractal gel where a 

network of droplets is responsible for gelatin.  

 Extremely small droplet sizes of nanogels make them more stable to droplet coalescence and 

creaming for long periods of storage time. 

 The gel strength of nanogels will be stable with time during their storage. 

 

The first five hypotheses are common for the objectives 1 and 2 in which the influences of 

emulsifier concentration and droplet size on nanoemulsion gelation were investigated. Third and 

sixth hypotheses were tested as a part of objective 3 in which the influence of ϕ on the gel 

strength of nanogels was investigated. Seventh and eighth hypotheses were developed for 

objective 4 which investigated the stability of nanogels during storage time of 90 days. 
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2 LITERATURE REVIEW 

2.1 Emulsions 

Emulsions are dispersions of two or more immiscible phases, one being dispersed as 

droplets in the other (McClements, 2005). The phase which makes up the droplets is called 

dispersed phase, and the phase surrounding the droplets is called a continuous phase. Emulsions 

are found in many foods products like whipped cream, dips, infant formulas, coffee whitener, 

sauces and soups (McClements, 2005). Emulsions are also used in many pharmaceutical 

industries for drug delivery and in the manufacturing of cosmetics like lotions and creams 

(Hatanaka et al., 2010; Mihranyan et al., 2012). 

 

2.1.1 Types of emulsions 

Based on the composition of dispersed and continuous phase, emulsions are classified as 

oil-in-water (O/W) and water-in-oil (W/O) emulsions. In O/W emulsions oil droplets are 

dispersed in continuous water phase (e.g., mayonnaise, salad dressings etc.), whereas in W/O 

emulsions water droplets are dispersed in the continuous oil phase (e.g., butter, margarine). 

Based on the number of dispersed phases, emulsions can also be classified as single, double or 

multiple emulsions. Single emulsions have only one dispersed phase, while double emulsions 

have two or more dispersed phases, one phase dispersed as droplets in the other, which in turn 

dispersed in another continuous phase (Muschiolik, 2007). Examples are oil-in-water-in-oil 

(O/W/O) emulsions and water-in-oil-in-water (W/O/W) emulsions.  These emulsions are not 

very common in food, but they are used as a drug delivery medium in pharmaceutical industries 

(McClements, 2005). Depending on the stability of dispersed phase, emulsions can also be 

classified as conventional emulsions, and microemulsions (McClements, 2012). Conventional 

emulsions are thermodynamically unstable and the stability of the two phases can only be 

controlled kinetically (Mason et al., 2007), whereas, microemulsions are thermodynamically 

stable under a given sets of conditions (McClements, 2012). The droplet radii of microemulsions 

are in the range of 2-50 nm, whereas conventional emulsions have a broad range of droplet radii 

from few hundred nanometers to several micrometers (100nm – 100µm) (McClements, 2011). A 
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new class of emulsions, called nanoemulsions has become popular in recent years due to 

improved stability compared to the conventional emulsion and the need for much less emulsifiers 

compared to microemulsions (Rao et al., 2012). Nanoemulsions are prepared under very high-

pressure homogenization conditions, and the droplets radius is in the range 10-100nm 

(McClements, 2011), i.e. in the range of microemulsions and less than conventional emulsions. 

However, these limits are somewhat arbitrary and at present there is no consensus in the 

literature as to what should be the cut-off droplet radius to be classified as nanoemulsions 

(McClements, 2011). 

 

2.1.2 Emulsion composition 

Many foods are made of emulsions, either partly (e.g., sauces, beverages with the 

emulsions for flavor delivery) or as a whole (e.g., milk, mayonnaise, spreads etc.) (McClements, 

2005). Most of these emulsions are comprised of a wide variety of both oil and water soluble 

constituents like emulsifiers, thickening agents, preservatives, antioxidants, sweeteners, flavours, 

etc. The concentration and distribution of ingredients in dispersed and continuous phases 

significantly influence the physicochemical and organoleptic properties of foods, which in turn 

impact their consumer acceptability (Malone et al., 2003). The distribution of ingredients in food 

emulsions can be broadly divided into the following three groups. 

 

2.1.2.1 Lipid phase 

The composition of the lipid or oil phase of food emulsions has a high influence on the 

nutritional, physicochemical and organoleptic properties (McClements, 2005). Besides oil, this 

phase also contains other lipid soluble constituents like flavors, vitamins, etc. which influence 

the organoleptic properties of emulsions. The appearance of emulsions, namely turbidity, opacity 

or color is due to light scattering by the oil droplets. The viscosity and texture of emulsions (e.g. 

creaminess) also depends on the concentration and droplet characteristics of the oil phase. For 

example, emulsions with higher oil concentrations are more viscous than emulsions with low oil 

concentration (McClements, 2005). 
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2.1.2.2 Aqueous phase 

The aqueous phase of an emulsion consists of water-soluble ingredients (e.g. colorants, 

preservatives, vitamins, proteins, polysaccharides) which influence the organoleptic properties, 

flowability and stability of food emulsions. When emulsions are used as part of a frozen food, 

freeze/thaw stability of the emulsion is significantly influenced by aqueous phase composition 

(Ghosh et al., 2006). Aqueous phase viscosity also influences emulsion stability for example, an 

O/W emulsion with higher aqueous phase viscosity would be more stable against creaming as the 

droplet movement can be restricted by the viscous continuous phase (McClements, 2005).  

 

2.1.2.3 Interface 

The interface is the area of the surface around the dispersed droplets. The composition of 

emulsifiers at the interface has a significant influence on emulsion stability (McClements, 2005). 

Emulsifiers are surface active amphiphilic molecules which adsorb onto the interface and reduce 

the interfacial tension between oil-water interfaces. Thus, they aid in the formation of emulsions 

as the amount of energy required for emulsification is less when the interfacial tension is low. 

They also prevent droplet recoalescence during and after emulsification (Walstra, 1993). 

Different types of surface active agents used for emulsion stabilization are low molecular 

weight emulsifiers, amphiphilic biopolymers and solid particles (Figure 2.1.1). Depending on the 

characteristics of the head and tail groups emulsifiers can be classified into ionic (fatty acid salts 

and sodium stearoyl lactate, sodium dodecyl sulphate), zwitterionic (which has both positively 

and negatively charged groups on the same molecule e.g. lecithin and other phospholipids) and 

non-ionic (sorbitan esters, monoglycerides etc.). Surface active biopolymers have both polar and 

nonpolar groups attached to them and the common biopolymers used in food emulsions are 

proteins (e.g. Caseins, whey proteins, gelatins) and polysaccharides (e.g. gum Arabic).  Solid 

particles (e.g. triglyceride crystals) which are adsorbed on the droplet interface can impart 

stabilization, and this process is known as Pickering stabilization (Dickinson, 2010). Small 

molecule emulsifiers’ functional properties are determined by their molecular structure (the ratio 

of cross sectional area of the hydrophilic head group and hydrophobic tail group) (Holmberg et 

al., 2003). For example emulsifiers with the larger polar head group and smaller tail group are 
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effective in stabilizing O/W emulsions, and those with the smaller head group and larger tail 

group will stabilize the W/O emulsions.  

 

 

 

Figure 2.1.1 Stabilization by different types of surface active agents. (a) small molecule 

emulsifier, (b) flexible proteins (caseins), (c) globular proteins (whey proteins) and (d) particles 

(triglyceride crystals) 

 

2.1.3 Emulsion preparation 

As the two phases in emulsions are immiscible, external energy is required to disperse one 

phase as droplets into other. The energy supplied should be sufficient for droplet deformation 

and disruption, which is opposed by the internal pressure of the droplets (also known as Laplace 

pressure, PL) and is given by the equation: 

        PL=
2𝛾

𝑟
                                    2.1.1 

where, γ is the interfacial tension between oil and water, and r is the radius of the droplet 

(Walstra, 1993). From eq 2.1.1 it can be observed that the Laplace pressure is directly 

proportional to the interfacial tension and inversely proportional to the droplet size. Therefore, as 

the droplet radius becomes smaller during homogenization, it becomes increasingly difficult to 

break them up further.  

The process of emulsion preparation is called homogenization (Walstra, 1993). It is 

normally a two-stage process where a primary coarse emulsion is prepared in a high-intensity 

blender (in order to disperse the droplets in the continuous phase) followed by homogenization 

using high-pressure homogenizers or microfluidizer to further reduce the droplet size and 

polydispersity. The droplet size of a freshly prepared emulsion depends on the homogenization 

pressure, time and number of passes. The mechanism of homogenization can be characterized by 
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two opposite processes i.e. droplet disruption and droplet re-coalescence which occur 

simultaneously during homogenization (Qian et al., 2011; Lee et al., 2013). Newly formed 

droplets tend to coalesce with surrounding droplets on their encounter during homogenization as 

they are thermodynamically unstable (Jafari et al., 2008). This process is opposed by emulsifier 

adsorption at the interface of newly created droplets. But if the rate of adsorption of emulsifier at 

the interface is slower than interdroplet collision, the droplets would coalesce. Hence, in order to 

get smaller droplets the rate of emulsifier adsorption at the interface should be much faster than 

the rate of recoalescence (Jafari et al., 2008; Qian et al., 2011). The presence of insufficient 

amount of emulsifier to stabilize newly formed droplets would lead to coalescence, and the 

droplet size cannot be further decreased with an increase in homogenization pressure (Olson et 

al., 2004).   

 

2.1.4 Droplet characteristics  

Droplet characteristics like concentration, size, charge, etc. strongly influence the 

physicochemical properties of food emulsions (e.g. rheology, stability and appearance). Droplet 

concentration and size of an emulsion has significant impact on the stability (e.g. stability to 

gravitational separation, flocculation and coalescence), optical properties, rheology and sensory 

attributes (creaminess) of emulsions (McClements, 2005). Droplet concentration is expressed as 

the dispersed phase volume fraction (ϕ) or mass fraction (ϕm). As most food emulsions are 

polydispersed, they have a range of droplet sizes. Hence, it is better to characterize emulsions by 

droplet size distribution. However, in many cases it is convenient to use volume weighted (d43) 

or surface weighted mean droplet size (d32). This also gives an estimation of the concentration of 

droplets in different size classes (McClements, 2007). Generally, the volume-weighted mean is 

more sensitive to the presence of large droplets than the number-weighted mean. Appreciable 

differences between the d32 and d43 generally indicate that the particle size distribution is broad 

(McClements, 2007).  

Droplets in most food emulsions are charged due to the inherent charge of food 

emulsifiers adsorbed at the surface of the droplets (McClements, 2005). Droplet charge 

determines electrostatic interactions among themselves and with other particles in emulsions. For 

example, an anionic emulsifier (e.g. sodium dodecyl sulfate) could be used to prepare an O/W 
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emulsion such that electrostatic repulsions between the negatively charged droplets would 

prevent aggregation (Dickinson, 1992).  

 

2.1.5 Droplet interactions 

Droplet interactions have a significant impact in deciding whether they will remain 

separate or form aggregates (Friberg et al., 2004). The stability of many food emulsions depends 

on the interdroplet interactions, which in turn influence gravitational separation, flocculation, and 

coalescence. Droplet interactions are expressed in terms of the interdroplet pair potential, which 

is the energy required to bring two droplets from an infinite distance to a close separation (Ghosh 

et al., 2010) (Figure 2.1.2). The interdroplet pair potential is shown in Figure 2.1.2. is the sum of 

van der Waal and electrostatic interactions. In Figure 2.1.2, the interdroplet interaction energy 

(JK
-1

) is shown on the Y-axis, and the distance of separation (meters) between two droplets is 

represented by the X-axis. The electrostatic potential component is repulsive which increases 

exponentially with a decrease in distance between the droplets. On the other hand van der Waal 

forces are attractive and increases as the droplets approach each other. The total interaction 

potential is the sum of these two forces. It decreases as the particles come near, and the droplets 

form loose aggregates when the interaction potential drops to a secondary minimum. Upon 

further droplet approach, the electrostatic repulsion dominate over the van der Waal interaction 

and if the thermal energy of the droplets is not enough to overcome the repulsive energy barrier 

they return back to initial non-aggregated state (reversible flocculation). On the other hand, if 

thermal energy of the droplet pair is more than the repulsive energy barrier, the interaction 

potential passes through the energy barrier and the droplets form strong irreversible aggregates 

(also known as coagulation) at the primary energy minima. In the presence of an electrolyte 

wherein the electrostatic repulsions are reduced by the screening of droplet charge, the potential 

energy barrier is small compared to the thermal energy of the system and the droplets will 

aggregate easily. This theory of interdroplet potential was first proposed by Derjaguin, Landau, 

Verwey and Overweek and is known as DLVO theory (Ghosh et al., 2010). Original DLVO 

theory did not take into account steric repulsions, depletion forces, hydrophobic and hydration 

interactions, so it is only an approximate estimate of droplet interactions. However, for specific 



12 
  

cases, these factors can be included in a modified DLVO theory that could be used to predict 

inter-droplet interactions and hence emulsion stability (McClements, 2005).  

 

 

 

Figure 2.1.2 DLVO interdroplet pair potential between two droplets (adapted from Ghosh and 

Rousseau, 2010)  

 

2.1.6 Emulsion stability and destabilization mechanisms 

Emulsions are thermodynamically unstable systems and they tend to form completely 

separate oil and aqueous phases over time which is energetically more favoured as it minimizes 

Gibb’s free energy of the system (McClements, 2007). However, they can be made kinetically 

stable over time with the help of emulsifiers and other ingredients. Therefore, it is important to 

understand the various physicochemical mechanisms of emulsion destabilization (Figure 2.1.3) 

(Dickinson, 1992; McClements, 2007). Often these mechanisms are interrelated, and they occur 

simultaneously (McClements, 2007).  
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2.1.6.1 Gravitational separation 

Gravitational separation is the process in which the two immiscible phases with different 

densities tend to separate under the influence of gravity (McClements, 2007). Droplets tend to 

cream if their density is less than that of continuous phase (for O/W emulsion) (Figure 2.1.3c) 

and they tend to sediment if their density is more than that of continuous phase (for W/O 

emulsion) (Figure 2.1.3d). The creamed layer can be re-dispersed uniformly when gently mixed, 

thus creaming can be reversible (Dickinson et al., 1988; McClements, 2007). The rate of 

creaming can be measured by Stokes’ law which states that a particle moving at a constant 

velocity through a surrounding liquid will have an opposing hydrodynamic frictional force equal 

to the gravitational force acting on it. The creaming velocity of an isolated spherical particle in 

an emulsion can be determined by Stokes’ formula: 

 

 

 

Figure 2.1.3 Mechanisms of emulsion destabilization (a) kinetically stabilized O/W emulsion, 

(b) phase inversion into W/O emulsion, (c) creaming of oil droplets  (d) sedimentation of water 

droplets, (e) flocculation, (f) coalescence, (g) phase separation, (h) Ostwald ripening (adapted 

with modification from McClements 2007). 

 



14 
  

𝜈 =
2𝑔∆𝜌𝑟2

9𝜂
                    2.1.2 

where 𝜈 is the velocity of the droplet and ∆𝜌 is the density difference of the two phases of the 

emulsion, r is the radius of the droplet,   is the viscosity of the surrounding continuous phase 

and g is the acceleration due to the gravity. From this equation it is evident that creaming rate of 

an O/W emulsion can be reduced by decreasing the droplet size and increasing the continuous 

aqueous phase viscosity. Actual creaming velocity in a typical food emulsion is less than the 

value predicted by stokes’ law  as the emulsions are not dilute enough and movement of each 

droplet is influenced by surrounding droplets (Dickinson et al., 1988).  

 

2.1.6.2 Flocculation 

Flocculation (Figure 2.1.3e) is the process where two or more droplets form an aggregate 

retaining their individual identity (McClements, 2007).  Flocculation increases the overall size of 

droplet aggregates which in turn increases creaming. The rate of flocculation depends on 

colloidal interactions and collision frequency of the droplets as a result of Brownian motion and 

gravitational flow (McClements, 2007). Flocculation can be prevented by inducing electrostatic 

or steric repulsion among the droplets. 

 

2.1.6.3 Coalescence 

Coalescence (Figure 2.1.3f) is the process in which two or more droplets merge to form 

one large droplet (McClements, 2007). Similar to flocculation coalescence also depends on 

droplet interaction and collision frequency. Droplet encounter and interdroplet film rupture are 

the essential steps of coalescence (McClements, 2007). Coalescence increases the rate of 

creaming due to increase in droplet size. Close encounter of droplets in the cream layer may also 

lead to rupture of interdroplet film leading to coalescence.   

 

2.1.6.4 Ostwald ripening 

In Ostwald ripening (Figure 2.1.3h) mass transport of the molecules of dispersed phase 

droplets occurs from smaller droplets to larger droplets, increasing the size of larger droplets at 

the expense of smaller ones (Kabalnov, 2001; McClements, 2007). Ostwald ripening depends on 

the solubility and diffusion of the dispersed phase molecules in the aqueous phase (Weiss et al., 
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2000). It can be inhibited by proper selection of oil that is insoluble in the aqueous phase (e.g., 

vegetable oil in water) Ripening inhibitors (e.g., polyvinyl alcohol) are also used which reduces 

the solubility of dispersed phase molecules in the continuous phase (Chang et al., 2012). 

 

2.1.6.5 Phase inversion 

Phase inversion (Figure 2.1.3b) is the process whereby an O/W emulsion changes to a 

water-in-oil (W/O) emulsion, or vice versa (McClements, 2007). This could happen when the 

dispersed phase concentration of a highly concentrated emulsion exceeds the critical packing 

limit and becomes continuous phase. Changing emulsifier composition from a low HLB system 

to a high HLB system could also promote emulsion phase inversion (Solans et al., 2012). 

 

2.1.7 Measuring emulsions stability 

Emulsion stability can be measured by monitoring gravitational separation (creaming or 

sedimentation), droplet aggregation and increase in droplet size. The gravitational separation can 

be determined by calculating the height of cream or sedimentation layer of an emulsion in a test 

tube. Quantitative determination of creaming or sedimentation rate is done by light scattering 

experiments by measuring the back-scattered and/or transmitted light as a function of the height 

of emulsion in a test tube (McClements, 2007). This way complete droplet distribution at 

different heights of an emulsion in a test tube can be obtained. It can also be measured by 

accelerated stability tests which often involve centrifugation (see section 3.6 for more details). 

Flocculation and coalescence can be experimentally determined by microscopy (floc structure 

and dimension) and particle size measurement. Particle size measurement is more often used in 

understanding flocculation and coalescence of emulsion. However, care must be taken to ensure 

that the increase in droplet size is due to flocculation or coalescence alone and not due to 

Ostwald ripening, which is often difficult. Phase inversion can be easily detected by the changes 

in the electrical conductivity of emulsions at the phase inversion point where a sudden change in 

conductivity indicates conversion of water continuous system is converted into oil continuous 

system, or vice versa (McClements, 2007). 
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2.2 Nanoemulsions  

2.2.1 Definition 

Nanoemulsions are the emulsions whose mean droplet radius varies from 10 to 100 nm 

(Tadros et al., 2004; Mason et al., 2007). This range of droplet size is arbitrary, and some authors 

consider the upper range to be 500 nm (Gutierrez et al., 2008). Nanoemulsions are kinetically 

very stable, sometimes over the years. Dilute nanoemulsions are less turbid or can even be 

transparent if their droplet size is much smaller than the visible light wavelengths (McClements, 

2011). 

 

2.2.2 Nanoemulsions formulation  

The physicochemical properties of the oil phase (e.g., viscosity, water solubility) have 

high impact on the formation, stability, and rheological properties of nanoemulsions (Tadros et 

al., 2004; McClements, 2011). Proper choice of oil type is to be made while preparing O/W 

nanoemulsions, as the solubility of oil in water might lead to Ostwald ripening. The oil phase 

may also contain other ingredients like weighting agents (which match the density of oil and 

aqueous phase, thereby improving their stability to gravitational separation) and ripening 

inhibitors (components which are soluble in oil and insoluble in aqueous phase and reduce the 

solubility of oil phase in water thus inhibiting Ostwald ripening). The aqueous phase is also 

important in deciding the stability of nanoemulsions. The viscosity ratio of dispersed to 

continuous phase (d/c) influences droplet breakup and nanoemulsion stability (Walstra, 1993; 

McClements, 2011). If the (d/c) is greater than 4, the flow behaviour inside a homogenizer 

turns less turbulent, making it difficult to achieve droplet breakdown (Walstra, 1993). It was also 

shown that and if (d/c) is greater than 10 droplets cannot be broken down (Walstra, 1993). In 

other words, with an increase in the oil phase viscosity, it will be difficult to get extremely small 

droplet size. Emulsifiers are also very important in the formation of nanoemulsions. As 

mentioned earlier in section 2.1.3, in order to form nanoscale droplets emulsifiers need to be 

adsorbed immediately onto the interface of oil droplets before they coalesce (Jafari et al., 2008).  

For this reason, small molecule emulsifiers are better than polymeric emulsifiers to form 

nanoscale droplets (e.g. proteins, polysaccharides) and in preparing nanoemulsions. Besides the 



17 
  

higher rate of adsorption at the interface, the emulsifier concentration should also be sufficient to 

stabilize extremely high droplet interfacial area in nanoemulsions.  

 

2.2.3 Preparation of nanoemulsions 

The energy required to prepare nanoemulsion is much higher compared to normal 

emulsions because of creation of extremely small droplets with very high interfacial area and the 

corresponding higher internal Laplace pressure (eq 2.1.1) of the droplets that must be overcome 

in order to create nano-droplets (McClements, 2011). Commonly used mechanical devices that 

generate intense disruptive forces to break the oil phase into nano-droplets are, high-pressure 

homogenizers, microfluidizers and ultrasonic transducers (Maali et al., 2013). It has been shown 

that the droplet size of nanoemulsion reduced with homogenization pressure and time (Walstra, 

1993; Qian et al., 2011).  However, for every homogenization process there is a limit beyond 

which the droplet size cannot be further reduced with an increase in pressure (Qian et al., 2011).  

Nanoemulsions can also be prepared by low energy methods. In low energy methods 

small oil droplets are spontaneously formed when the solution conditions (e.g., dispersed phase 

concentration, emulsifier type and concentration) or environmental conditions (e.g. temperature) 

are altered accordingly (McClements, 2011; Solans et al., 2012). Often these low energy 

approaches use a high amount of surfactant compared to high energy methods, which is a 

drawback for its use in food emulsions.  

 

2.2.4 Influence of interfacial layer on nanoemulsion properties 

The droplets in O/W nanoemulsions have a lipophilic core surrounded by a shell of 

surface-active material (McClements, 2005). The thickness of the shell has a significant 

influence on the stability of nanoemulsions and also on the effective volume fraction of oil 

droplets (Lee et al., 2010; McClements, 2011; Rao et al., 2012). In conventional emulsion, the 

shell thickness can always be neglected, as it does not influence overall droplet size. However, if 

shell thickness (becomes the same order of magnitude as that of droplet radius (r), it 

contributes a lot to the effective droplet size. The overall effective oil phase volume fraction 

(ϕeffective) is the sum of volume fractions of core droplet(ϕcore) and the shell (ϕshell). 

effective=core+shell                                        2.2.1 
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The shell layer thickness of sterically- stabilized systems depends on the thickness of the 

adsorbed biopolymer. However, for electrostatically-stabilized systems it is greater than the 

adsorbed layer because of the Debye screening length (𝜅−1) (Mason et al., 2007). Debye 

screening length is the characteristic distance above a droplet in which the opposite charged 

counterions are electrostatically attached to the droplets (Israelachivili, 2011).  The electric 

charge (zeta-potential, ζ) and the debye screening length has a positive effect on the shell layer 

thickness (McClements, 2011; Fryd et al., 2012). The interfacial shell thickness can also be 

altered by emulsifier composition and concentration.  

 

2.2.5 Stability and destabilization mechanisms of nanoemulsions 

Nanoemulsions are kinetically more stable than conventional emulsions due to the small 

droplet size (Tadros et al., 2004). The destabilization mechanisms in nanoemulsions are similar 

to conventional emulsions and only differ by the magnitude. Extremely small droplet size in the 

nanoemulsions leads to more kinetic stability against particle aggregation and gravitational 

separation (Tadros et al., 2004; Rao et al., 2012). This can be explained using Stokes’ law 

(equation 2.1.2), which states that the velocity of droplet movement is proportional to the square 

of droplet radius. Therefore, below a certain droplet size destabilization mechanism in 

nanoemulsions is mostly due to the Brownian motion whereas in case of normal emulsions it is 

gravitational separation (McClements, 2011).  Brownian motion is the random movement 

of particles suspended in a fluid (liquid or gas) (Kikoin et al., 1973). Droplet movement due to 

Brownian motion may lead to interdroplet collision, and this may induce droplet destabilization. 

Flocculation and coalescence in nanoemulsions are less compared to conventional emulsions as 

the range of attractive interactions between the droplets decreases with the droplet size (Tadros et 

al., 2004; Rao et al., 2012). In nanoemulsions, the surfactant film thickness is significant relative 

to droplet radius, therefore thinning or disruption of the liquid film between the droplets is 

reduced making them more stable to flocculation and coalescence (Fryd et al., 2012). 

 

2.2.6 Applications of nanoemulsions 

Nanoemulsions have many potential advantages compared to the conventional emulsions. 

They are extremely stable compared to conventional emulsions which make them attractive to 
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use in commercial products with better shelf life (Silva et al., 2012). Nanoemulsions hold great 

promise for use in food application due to their stability and flow behaviour ranging from liquid 

to viscoelastic gels at a lower oil phase volume fraction compared to conventional emulsions. 

Their optical properties (significantly less turbid or translucent) also make them useful in many 

applications, e.g. flavour delivery medium in clear beverages (Gutierrez et al., 2008). 

nanoemulsions are also shown to increase bioavailability of bioactive lipophilic substances 

because of their high surface-to-volume ratio (hence higher release of internal bioactive 

compounds in the guts), making them preferable over normal emulsions in functional foods, 

nutraceuticals and pharmacological applications (Silva et al., 2012; Maali et al., 2013).  

 

2.3 Rheological behaviour of materials 

2.3.1 Theory of rheology 

Rheology is the science that represents the study of deformation and flow of matter 

(ranging from liquids to soft solids) in response to mechanical stress (Barnes et al., 1989). 

Knowledge of rheological properties of the material is very important in food industries for many 

reasons. It helps food engineers in designing processing operations such as stirring, mixing, the 

passage of food through a heat-exchanger, packing of food into containers, etc. that are based on 

material flow behaviour. Rheological properties such as creaminess, thickness, spreadability and 

hardness also significantly influence the sensory properties of foods (Rao, 2007; Fischer et al., 

2011). 

The term Rheology was coined in 1920’s by chemists Eugene C. Bingham and Markus 

Reiner. In 1678, the theory of elasticity was proposed by Robert Hooke, which explains the 

elasticity of solids (Macosko et al., 1994; Rao, 2005), 1994. He proposed that the relative change 

of length of spring was proportional to the force applied (Barnes et al., 1989). He also observed 

that the spring returned back to its original length when the tension is released. For example, 

when shear stress (τ) (equivalent of force (F) per unit area (A) required to produce deformation) 

is applied on a Hookean solid block shown in Figure 2.3.1A, an instantaneous deformation is 

observed. However, removing the stress would lead to complete recovery to the original state of 

the solid block. The constitutive equation for elasticity of such solid is given by eq 2.3.1, in 

which angle ‘γ’ is the strain and G is the elastic modulus (Barnes et al., 1989; Meyers, 2009). 
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Energy is stored in the intermolecular bonds when an external stress is applied to compress or 

expand the material. When the stress is removed this energy is released, and the material returns 

to its original shape. Thus, the elastic modulus of an elastic solid depends on the number and 

strength of intermolecular bonds per unit area (McClements, 2005). 

τ = G γ              2.3.1 

 

 

 

 

 

 

 

Figure 2.3.1 (A) Hookean solid which is deformed by a length of  ∆L by the application of shear 

stress τ. (B) Shear flow between parallel planes of area A, separated by a distance h. Liquid 

filling the space between them is sheared by the upper plane moving whole relative velocity is U. 

The local velocity of fluid is proportional to the lengths of arrows between the two layers. 

 

In the year 1687, Isaac Newton postulated his theory of the flow of liquids and the 

conjecture of viscosity. According to him, viscosity, a measure of resistance to flow in liquid, is 

proportional to the velocity of the liquid (Barnes et al., 1989; McClements, 2005; Rao, 2005). It 

can be understood with an example of the liquid flowing between two parallel plates as shown in 

Figure 2.3.1B. The upper moving plate shears the fluid with a velocity U, and the bottom plate is 

at rest. Assuming that the fluid between plates consisted of a series of thin layers, the velocities 

of layers in direct contact with the bottom and top plates will be 0 and U respectively. The 

intervening layers would slide over each other with an intermediary velocity between 0 and U. In 

an ideal liquid, the stress τ is proportional to the change in displacement of layers per unit time 

(dγ/dt) which can also be referred as rate of strain (�̇�) and is given by eq 2.3.2 in which the 

constant of proportionality η is called the coefficient of viscosity. 

τ = η�̇�         2.3.2 
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The type of flow shown in Figure 2.3.2B is known as the laminar flow that occurs at low 

applied shear rates. At higher shear rates, the fluid shows turbulent flow pattern and eddies are 

formed which makes it complex to mathematically derive a relation between shear stress and 

shear rate (Walstra, 2003). Hence, instruments that measure the viscosity of liquids are designed 

to eliminate any non-laminar flow. Water and pure vegetable oil are some of the liquids that 

obey the viscosity behavior postulated by Newton and are called Newtonian fluids. However, the 

majority of the liquids does not follow the Newtonian fluid behavior as their viscosity change 

with the rate of strain (Figure 2.3.2). These fluids are generally referred to as non-Newtonian 

fluid whose viscosity either decrease (pseudoplastic or shear-thinning) or increase (dilatant or 

shear thickening) with the rate of shear. For example, the viscosity of chocolate milk diminishes 

as shear rate increases (Pseudoplastic behavior) and the viscosity of corn starch dispersion heated 

to a temperature of 70° C increases as shear rate increases (Dilatant liquids) (McClements, 2005; 

Mewis, 2012). The viscosity of some materials also changes as a function of time at constant 

shear/strain rate (Meyers, 2009). Such type of behavior is called thixotropy when viscosity 

decreases with time or rheopectic when viscosity increase with time.  

 

Figure 2.3.2 Comparision between ideal and nonideal liquids (a) Shear stress vs. rate of strain 

and (b) apparent viscosity vs. rate of strain for ideal, dilatant and pseudoplastic liquids 

 

Some studies in 1800’s found that many materials such as paints and oils are not 

perfectly viscous, but possess some elastic properties and their viscous behavior cannot be solely 

explained by Newtonian fluid mechanics (Barnes et al., 1989; Macosko et al., 1994). In 1835, 
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Wilhelm Weber found that silk threads were not perfectly elastic, as a longitudinal load on it 

produced an instantaneous extension followed by a continued slow stretching with time  (Barnes 

et al., 1989). Removal of the load on it resulted in an immediate contraction but delayed 

shrinking to the original length. He theorized that it was a solid-like material, with elements of 

flow properties associated with liquids and found that Hooke's law alone can not describe the 

response of such material. In the year 1867 James Clerk Maxwell first proposed a mathematical 

model to explain elastic properties of non-Newtonian fluids (Maxwell, 1866; Barnes et al., 

1989). Such material that exhibits both elastic and viscous characteristics under stress are known 

as a viscoelastic material.  

In a viscous material, energy is lost upon application of stress. On the other hand, in 

purely elastic material, energy is not dissipated when a load is applied and removed. However in 

a viscoelastic material, the viscous component results in loss of energy upon removal of applied 

load. This results in a hysteresis loop observed in a stress-strain curve after loading and during 

unloading passes, and the area of the loop is equal to the energy lost (Meyers, 2009). Unlike 

elastic solid material where deformation under stress is caused by atomic displacements on 

specific crystallographic planes, in viscoelastic material, a constant load results in the continuous 

displacement of atoms or molecules with time. 

 

 

 

 

  

  

  A    B 

Figure 2.3.3 Shear stress vs. strain graphs of (A) perfect elastic material which has a linear 

relationship and (B) a viscoelastic material in which hysteresis loop is observed whose area is 

equal to the energy lost. 

 

Characterization of material viscoelastic behavior is usually done by sinusoidally 

deforming the material and recording the resultant stress (Courtney, 1990). Let us consider a 

ϒ 

τ 
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material is being subjected to an oscillatory strain with frequency ω. In the viscoelastic material, 

there is a phase lag δ, between the applied stress () and the resulting strain as shown in Figure 

2.3.4. In the case of ideal elastic material, the phase shift  δ = 0, while for an ideal viscous 

material δ = 90 º (McClements, 2005; Meyers, 2009). The subsequent expression for stress and 

strain in sinusoidal deformation can be written as: 

τ =  τ0 sin 𝜔𝑡      2.3.3 

�̇� = 𝛾0 sin(𝜔𝑡 + 𝛿)     2.3.4 

where τ0 and 𝛾0 are stress and strain amplitudes respectively. From these expressions, we 

can define two moduli that characterize the elastic and viscous behaviours of viscoelastic 

materials. 

𝐺′ = (
𝛾0

𝜏0
) 𝑐𝑜𝑠𝛿     2.3.5 

𝐺′′ =  (
𝛾0

𝜏0
) 𝑠𝑖𝑛𝛿     2.3.6 

where G′ is the storage modulus which is the measure of stored energy or the elastic part and G′′ 

is the loss modulus which is the measure of lost energy in the form of heat or viscous 

component. Alternatively there is a complex modulus G* which represents both the G′ and G′′ 

by the following equation in which i is the complex number and is equal to √−1. 

𝐺∗ = 𝐺′ + 𝑖𝐺′′     2.3.7 

The initially stated definition of rheology signifies the study of the flow behavior of all 

material which includes the material that falls into the category of classical extremes of Hookean 

elastic solids and Newtonian viscous liquids. However, many scientists see these classical 

extremes of Hookean elastic theory and Newtonian fluid mechanics as outside the scope of 

rheology whose study is majorly in understanding the material between these extremes (Barnes 

et al., 1989).  
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Figure 2.3.4 Viscoelastic response of the material subjected to oscillatory strain with frequency  

ω  

 

2.3.2 Measurement techniques 

Rheological behaviors of a wide range of materials, including dilute and very viscous 

liquids, solids, plastic and viscoelastic material, can be characterized by a variety of instrumental 

methods (Schowalter, 1978; Steffe, 1992). The different instruments vary depending on the type 

of measurement techniques they use, which include shear, compression, elongation or any 

combination thereof. These methods provide information about the fundamental rheological 

constants of the material, such as η, G′, G′′ (Steffe, 1992; Rao, 2005).  

 

2.3.2.1 Simple compression and elongation 

This technique is mostly used for solids or semisolids that are consistent enough to support 

their own weight such as gels, pastes, etc. In this method, the material to be tested are subjected 

to compression or elongation by specially designed probes (McClements, 2005). These probes 

move vertically at a particular speed and deform the material, during which the stress and strain 

experienced by the material are calculated by instruments based on the probe dimensions, force 

applied and deformation recorded (Rao, 2007).  

 

2.3.2.2  Shear measurements 

In this technique, rheological properties of different material are characterized by shear 

measurements. The type of shear applied and the test method used is based on the rheological 
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constants to be determined and the physiochemical characteristics of the sample. There are many 

instruments designed to test the rheology of materials that range from liquid to solids 

(McClements, 2005). Some instruments such as Capillary viscometers in which the applied shear 

rate cannot be controlled are only suitable for analyzing ideal liquids. However, many types of 

advanced mechanical viscometers and dynamic rheometers are designed that can characterize 

fluids over a wide range of shear rates and are used to analyze both ideal and nonideal liquids 

(Morrison, 2001). In such type of dynamic rheometers, shear is applied to material held between 

different measurement cells (e.g., concentric cylinders, cone and plate, parallel plate 

measurement cells etc.). These measurement cells are used to apply various types of shear on the 

material. The following are some measurement techniques which employ various types of shear: 

 

2.3.2.3 Rotational rheometry 

The principle of this technique is that the deformation of the sample held between two 

plates is obtained by rotating of one plate relative to the other, hence the name rotational 

rheometry (Steffe, 1992). This technique can be used to determine both transient and steady 

shear flow properties of materials; typically shear viscosity, creep or stress relaxation. 

 

2.3.2.4 Oscillatory rheometry 

The viscoelastic properties of the material can be determined using oscillatory rheometry. 

The principle of the technique is that the material to be tested is held between the two plates of 

the rheometer and is subjected to a sinusoidal torque by oscillating  one plate relative to the other 

(Findley, 1989), Creep and Relaxation of Nonlinear Viscoelastic Materials, Dover Publications). 

The response of the sample to sinusoidal displacement is used to record viscoelastic moduli (G', 

G'', G*) and phase angle (δ).  

There are other sophisticated measurement techniques such as melt flow rate, capillary and 

slit dye extrusion rheometry, extrudate swell and draw-down rheometry techniques that are used 

to measure rheological characteristics in line with the material processing (Morrison, 2001). 
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2.3.3 Rheology of emulsions 

 Food emulsions exhibit a broad range of different rheological properties, ranging from low 

viscosity liquids (e.g., milk, pourable salad dressings) to viscoelastic solids (shortening, 

margarine, butter and other solid-like soft materials) (McClements, 2005; Rao, 2007). Many 

foods constitute of emulsions, either partly or wholly. Hence, the knowledge of rheology of food 

emulsions can be used to design novel foods with different textural properties. Sensory 

properties of food emulsions are also associated with their rheological properties such as 

spreadability, consistency, etc. (Mewis, 2012). Rheological properties of emulsions provide 

information that helps to understand structural organization and interactions within emulsions. 

For example, viscosity versus shear rate data can provide an insight into the type and strength of 

interactions between the dispersed droplets in emulsions (Tadros, 1994; Berli et al., 2002). Shelf 

life of food emulsions also depend on its rheology (McClements, 2005). For example, continuous 

phase viscosity can influence the creaming or sedimentation of dispersed droplets leading to 

destabilization. Due to the above reasons studying the rheology of emulsions is crucial 

(Dickinson, 1982; Doublier, 1992). 

 Rheological properties of emulsions depend on many factors such as packing or volume 

fraction of the dispersed phase droplets, properties of the continuous phase, and the type, size 

and strength of interactions between the dispersed droplets (Mason et al., 1997; McClements, 

2005; Datta et al., 2011; Mewis, 2012). Among all, dispersed phase volume fraction (ϕ) is an 

important factor influencing the rheological properties of emulsions. Emulsions’ rheological 

behaviour can transform from liquids to viscoelastic solids depending on the ϕ (Figure 2.3.5).  

 

 

Figure 2.3.5 Rheological behavior of emulsions containing various amount of soft oil droplets 

(ϕ). (modified image adapted from Mason 1999). 

FCC structure 
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In dilute emulsions (ϕ < 0.05) the droplets do not interact with each other as they are 

sufficiently far apart. Such emulsions exhibit relatively low viscosity which is dominated by the 

influence of the continuous phase. As the system becomes more concentrated, (0.05< ϕ < 0.49), 

interactions between the droplets through droplet collisions, hydrodynamic interactions become 

appreciably higher hindering their movement within the continuous phase resulting in an 

increase in emulsion viscosity (Sun et al., 2009a; Ochowiak et al., 2012). Sun et al. (2009b) 

observed that viscosity of whey protein isolate-stabilized oil-in-water emulsions at 1 s
-1

 shear 

rate increased from 0.4 to 1.2 Pa.s ϕ increased from 0.05 to 0.4 (Sun et al., 2009b).  

In further concentrated systems (0.49 < ϕ < 0.58) viscoelastic behavior begins as a result 

of closer packing of droplets. For 0.58 < ϕ < 0.64, the movement of droplets become severely 

restricted as each droplet is caged between the neighbors and separated by a thin layer of 

continuous phase between them (Mason et al., 1995). These systems are known as colloidal 

glasses where the droplets can only vibrate but cannot move past each other smoothly. When ϕ is 

close to 0.64 dramatic increase in viscosity and viscoelastic behavior of emulsions has been 

observed by many researchers (Weiss et al., 2000; McClements, 2005; Scheffold et al., 2013; 

Mason et al., 2014). For monodispersed emulsions at ϕ = 0.64 droplets surface touch with each 

other and when ϕ is higher than 0.64 droplets become compressed and deformed. This 

deformation lead to an increase in interfacial area, which results in energy stored in the droplets 

that manifest as elasticity (G' > G'') (Mason et al., 1995; Masalova et al., 2007).  Many 

simulation and experimental works done by different researcher groups have found jamming 

transition of monodispersed droplets at ϕ = 0.64. This point was referred as random close 

packing (RCP) which was later termed as maximal random jamming (MRJ) (Truskett et al., 

2000; Wilking et al., 2007). At very high ϕ, the emulsions behave as crystalline systems in which 

the droplets are more densely packed and droplets’ surface become so deformed that they exist 

as hexagonal droplets (Figure 2.3.5) (Meleson et al., 2004). These emulsions are also called as 

high internal phase emulsions (HIPE). At or above MRJ the G′ and G′′ become independent of 

strain at low strain rates resulting in the linear viscoelastic region (LVR) (Datta et al., 2011; 

Knowlton et al., 2014). Figure 2.3.6 represents a typical viscoelastic behavior as a function of 

strain rate for oil-in-water emulsions with ϕ = 0.8 as observed by Knowlton et al. (2014). As the 

applied strain increased, G′′ grew due to rearrangements between the droplets while G′ is still 
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higher than G′′. Within this region, the emulsions retained an overall solid-like behavior, and 

both the moduli were independent or weakly dependent on strain (Meleson et al., 2004; 

McClements, 2005; Knowlton et al., 2014). Beyond this, an increase in strain resulted in a 

significant drop of G′ while G′′ kept increasing. At a higher strain called fluidization strain, both 

the moduli decreased with strain, with G′′ dominating over G′ indicating loss of elasticity and 

dominating viscous behavior. In concentrated systems discussed above the transition from 

viscoelastic solid to fluid behavior under strain is smooth and extends at least one decade in 

strain amplitude (Knowlton et al., 2014). The strain at which the crossover of G′ and G′′ occurs 

is called crossover the strain or yield strain, and it is the point where the system begins to flow. 

Some researchers consider the yield strain as the strain at which the moduli deviate from the 

LVR. Knowlton et al. (2014) noticed that strain dependence of shear stress measured deviates 

from the initial power-law behaviour at this point (Figure 2.3.6). 

Another major factor that influences the rheological properties of emulsions is the 

interactions (repulsive or attractive) between the dispersed droplets (Berli et al., 2003; 

McClements, 2005; Graves et al., 2008; Datta et al., 2011). Electrostatic interactions are often 

the result of surface charge caused by adsorption of charged emulsifiers on the droplets surface. 

These electrostatic interactions play a significant role in preventing droplets from aggregation. 

Due to this charge, a counterion cloud is formed around the droplets resulting in an increase of ϕ, 

known as effective volume fraction (ϕeff) (See section 2.2 on nanoemulsions). As a consequence, 

rheological properties of such repulsive emulsions with a high value of ϕeff would be similar to 

that of HIPE (Graves et al., 2008). In some emulsions, long-range attractive interaction such as 

depletion force leads to extensive droplet aggregation and formation tenuous network which 

entraps continuous phase and forms colloidal gel (Datta et al., 2011). These emulsions exhibit 

yield stress, which is the minimum amount of stress needed to make them flow (Berli et al., 

2003). They also exhibit elastic properties similar to that of HIPE even at very low ϕ (ϕ << ϕMRJ) 

(Datta et al., 2011). The flow and viscoelastic properties of these emulsions are characterized by 

the interdroplet network structure. Any external stress beyond yield stress would break the 

attractive bonds between droplets which in turn break the network. This results in smaller 

clusters of droplets which can flow past each other easily (Sherman, 1968). Koumakis et al. 

(2011) Proposed a two-step yielding of colloidal gels according to which the inter-cluster bonds 
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break yielding to smaller clusters in the initial step followed by the breakdown of clusters into 

individual particles. Similar observation based on the rheological experiments on attractive gels 

have been made by Datta et al. (2011). The magnitude of yield stress or gel strength of these 

attractive emulsions essentially depend on the strength of attractive forces between the emulsion 

droplets, the stronger the attractive interaction the greater the gel strength (Pal, 1996b; 

Dickinson, 2013b). However, other factors like number, volume fraction and structural 

organization of droplets, number of attractive bonds per droplet also influence emulsion 

rheological properties (Bremer et al., 1993; Pal, 1996b; Narine et al., 1999).  

 

Figure 2.3.6 Typical behavior of viscoelastic moduli of O/W emulsion (ϕ = 0.83) as a function 

of % strain as observed by Knowlton et al. (2014). Left axis represent the elastic and loss moduli 

(■, ▲) as a function of % strain amplitude given in the x-axis. f represents the fluidization strain 

at which the cross-over of G′ and G′′ occur. Axis on the right represents the shear stress () vs.  

strain amplitude. y,r represent the rheological yield strain, which is the intersection of two lines 

describing the behavior of shear stress at small and large strain. Figure obtained from Knowlton 

et al., 2014. 
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 Droplet size is another major factor that influences emulsion rheological properties (Pal, 

1996a; McClements, 2005). As mentioned above in the case of emulsions with ϕ > 0.64, 

elasticity results from the energy stored by deformation of droplets. The deformation is 

dependent on the Laplace pressure of droplets which is equal to /r, where  is the interfacial 

tension and r is the radius of the droplets before deformation. Thus elasticity is inversely related 

to the droplet size of emulsions. Princen et al. (1986) have derived expressions for yield stress 

(τ0) and G′ of HIPE: 

τ0 = 1.05 
γ cos 𝜃

𝑟
 𝜙 1 2⁄ 𝐹     2.3.8 

𝐺′ = 0.525 
γ cos 𝜃

𝑟
 𝜙 1 2⁄      2.3.9 

where 𝜃 is the contact angle between the droplets and the thin film of continuous phase between 

them and F is a dimensionless parameter (Pal 2005). According to these equations elastic 

strength and yield stress of HIPE increases with decrease in droplet size. In electrostatically 

stabilized emulsions, decrease in droplet size also results in an increase of ϕeff (see section 2.2 on 

nanoemulsions), further enhancing the rheological properties (yield stress and 𝐺′) of emulsions 

(Fryd et al., 2012). 

In addition to above factors, properties of continuous phase also have an influence on the 

emulsion rheology. Particularly in many food emulsions (e.g., salad dressing, coffee creamer), 

where the droplet concentrations are well below the ϕMRJ, continuous phase characteristics most 

effectively influence emulsion rheology (McClements, 2005). This is one of the reason for which 

many additives such as thickening agents, gelling agents, polysaccharides and proteins are often 

added to the aqueous phase of emulsions to modify their rheological properties (Pal et al., 1992; 

Pettitt et al., 1995). Apart from the above-mentioned factors, crystalline properties and structure 

of the dispersed and continuous phase also affect emulsion rheology (e.g., ice cream, whipped 

cream, butter and margarine) (Doublier, 1992; Fischer et al., 2011). 

 

 

2.4 Gelation 

Gelation is the process of formation of gel from sol. The word “gel” was coined in 19
th

 

Century by the Scottish Chemist Thomas Graham, known as the father of colloidal chemistry 
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(Oakenfull, 1997). According to the International Union of Pure and Applied Chemistry 

(IUPAC), the gel is defined as a “Non-fluid colloidal or polymer network that is expanded 

throughout its whole volume by a fluid”. However, there is no explicit definition that includes all 

the different characteristics of gels. For example in some colloidal gels, the colloidal network is 

comprised of fluid rather than non-fluids as stated in the above definition. Also in some aerogels 

(e.g., silica aerogels) there is no continuous phase fluid between the silica particle network; 

instead, air fills the void between (Hrubesh, 1998).  According to a widely cited definition given 

by Dorothy Jordan Lloyd, “gel”, is one which is easier to recognize than to define” (Djabourov et 

al., 2013). Nevertheless, a gel can be recognized as an intermediate state between liquid and 

solid, i.e., they are liquid rich system, yet possess solid like property with no flow under gravity.  

One of the most important characteristic properties of the gel is its mechanical or 

rheological property. As gels are intermediate state between viscous liquid and elastic solid, their 

rheological characteristics vary between Newtonian viscosity and Hookean elastic properties 

(Katsuyoshi, 2009). In other words, they display viscoelastic behaviour manifested by the 

network structure that prevents the fluid from flowing. Upon breaking the structure by external 

stress, the fluid flows resulting in the viscous behavior (Tanaka, 1981). 

 

2.4.1 Types of gels 

There are different classifications of gels depending on their characteristics. Often the 

network structure is the prime basis for differentiating the types of gels (Katsuyoshi, 2009). One 

of the most common classifications of gels is based on the types of bonds between the network 

structure that holds the gel (Katsuyoshi, 2009); (1) Chemically crosslinked gels in which the 

network structure is formed by the chemical bonds between the polymers. One such example 

would be a hydrogel in which a network of -lactoglobulin monomers is formed by the di-

sulphide covalent bonds between the cysteine amino acids on them (Jost, 1993). (2) Physical gels 

in which the network is formed by the secondary molecular forces such as hydrogen bonds, 

electrostatic and hydrophobic interactions between the polymers or colloids. These type of gels 

are more common in foods, for example, gelatin desserts and jellies that are viscoelastic due to 

the network formed by hydrogen bonds between partially regained triple helical structure of 

gelatin molecules (Banerjee et al., 2012). Another such example in case of colloids would be 
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chocolate milk in which k-carrageenan forms an intermolecular network with dispersed casein 

micelles due to their electrostatic interactions, thus forming thin pourable weak gel whose 

structure prevents settling of cocoa particles (Arltoft et al., 2007). Usually, the secondary 

molecular interactions are weak. Hence, the bonds  in physical gels are reversible and can be 

altered when thermodynamic properties like pH, ionic strength or temperature are varied 

(Masuelli, 2012). In contrast, bonds in chemical gels are covalent and hence they are strong and 

not reversible. 

Gels can also be classified based on their reversible nature with varying temperature, 

(Banerjee et al., 2012). (1) Thermo-reversible gels, in which gels turn to solution upon heating 

and again gel when cooled. For example, in -carrageenan and -carrageenan gels, the network 

of carrageenan helices aided by cation electrostatic bridging between them can undergo 

transformational changes to coils upon heating. This results in the loss of gelation and form a 

solution, which is capable of reforming a gel when cooled (Mangione et al., 2003). A similar 

type of the heat reversible gelation can also be observed in the case of gelatin and agar gels. (2) 

Thermo-irreversible gels in which the gelation process is not reversible. For example, in alginate 

gels, heating has no effect on alginate network in which calcium ions form junction zones 

between them by associating with its guluronic acid making them thermo-irreversible (Florian et 

al., 2005). 

Two different types of gels can also be observed based on the temperatures at which the 

transition from sol to gel occurs (Banerjee et al., 2012). (1) Cold-setting gels in which the 

gelation or the formation of a rigid network occurs when the temperature of the solutions are 

decreased. For example, at high temperature agarose molecules exist as a random coil. When 

cooled to 39˚ C, L-galactose components on agarose form a double helix structured junctions 

between the chains leading to gelation (Florian et al., 2005). However, the helix junction zones 

denature when heated, making it a cold-set gel as well as a thermo-reversible gel. (2) Heat-

setting gels in which gelation occurs on heating. During heating of egg white, the structure of the 

Ovalbumin protein in it undergo conformational changes and denaturation, which facilitate the 

intermolecular disulphide bonds and hydrophobic interactions between them leading to a 

network structure and subsequent gelation. Due to the disulphide bonds, the resultant gel is a 

thermo-irreversible heat-setting gel (Alleoni, 2006). 
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Based on the constituents of the network structure that forms the gels, they can also be 

classified as polymer or particulate gels (Nishinari, 2009). (1) In polymer gels, the network 

constitutes of polymer molecules dispersed in the continuous phase. Polymers can be both 

natural and synthetic. Examples include the biopolymer gels such as ovalbumin, agarose, 

alginate gels, etc. (2) Particulate or colloidal gels in which the network is comprised of colloidal 

particles dispersed in a continuous phase. One such example would be curd formed during 

cheese manufacture by the addition of rennet, in which colloidal casein network forms gel 

(Djabourov et al., 2013). 

On the basis of the type of solvent present that serves as swelling agent, gels can be 

classified as follows (Katsuyoshi, 2009); (1) Hydrogels in which water is entrapped between 

networks of polymer or colloidal particles that are water-insoluble. Common household 

examples of hydrogels are food jellies and jams which have pectin network and gravies that have 

a starch network (Banerjee et al., 2012). (2) Organogels that constitute liquid organic phase as a 

solvent which is usually entrapped in a thermo-reversible network structure. The network 

structure in organogels is usually facilitated by non-covalent interactions, and the compounds are 

called organogelators (Co et al., 2012). The organic liquids in organogels can be organic solvent, 

mineral oil, vegetable oil, etc. There are not many commercial food grade organogels available 

except for the vegetable oil (corn, soy etc) organogel in which -sistosterol and -oryzanol 

molecules self-assemble to form a tubular microstructured network leading to a strong gelation 

(Co et al., 2012). (3) Xerogels in which the solvent is removed or dried resulting in unhindered 

shrinkage of the network. Horst et al. (2012) have developed solutions with SiO2 particle 

network dispersed in alcohol solution containing food additives. They were able to prepare a 

food grade xerogel from these solutions by removing the alcohol solution by spray drying, which 

leaves only the food additives embedded in the silica network (Horst et al., 2012). These 

xerogels are believed to have better stability and can be employed for control release of food 

bioactive compounds. When drying of the solvent between the network occurs under 

supercritical conditions, the network will not shrink leaving it with high porosity, and they are 

referred to as aerogels. Aerogels with a network structure formed by polysaccharides such as 

hemicellulose, starch, alginates etc. in which the solvent is removed by supercritical drying using 

CO2 were developed by a few researchers (Garcia-Gonzalez et al., 2011; Mikkonen et al., 2013). 
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These aerogels are believed to have potential applications in packaging and controlled release 

applications. However, they are not yet used in commercial food applications. 

2.4.2 Gelation mechanisms 

The mechanism of gelation essentially refers to the process of the network formation as it 

is the cardinal component of the gel. Initially, the polymers and colloids are dispersed in a 

solvent and upon initiation of the linkage between them clusters are formed. These clusters grow 

by condensation of polymers or aggregation of particles. Physical or chemical links between 

these clusters lead to the formation of a single giant cluster that reach across the vessel that 

contains it and holds the sol between it (Katsuyoshi, 2009). In theory, this condition of the 

solution is called a gel. This process is referred as sol-gel transition and the critical point at 

which the gel first appears is called gel point. With time, other smaller clusters will aggregate to 

the infinite cluster, leading to an increase in gel strength. Dramatic changes in the flow, 

mechanical and viscoelastic properties are brought about by the sol-gel transition and hence it 

has been a topic of interest of many research works. There have been many theories proposed to 

understand the sol-gel transition. Paul Flory proposed the first classical theory of sol-gel 

transition (i.e. Flory-Stockmayer ('classical') theory) in 1930, which was extended by 

Stockmayer in 1943.  This theory explains the idea that the polymerization leads to branching 

that takes place repeatedly which eventually forms the infinite network structure (Flory, 1941). 

There have been many complex models since then that explain the viscoelastic behavior 

associated with the sol-gel transition. Winter and Chambon (1986) proposed one such model, 

based on the percolation theory. This model describes the behavior of storage modulus Gʹ and 

loss modulus Gʹʹ of a system around the transition point, in small amplitude oscillatory 

rheological measurements (Winter et al., 1986). According to the theory, at a constant frequency 

, Gʹʹ of a sol is large while its Gʹ is small and negligible. With the increase in network structure, 

Gʹʹ increases while Gʹ rises sharply until it intersects and then exceeds the Gʹʹ. Gʹ continues to 

increase with the increase in network structure, whereas Gʹʹ shows a slight maximum. Ultimately 

both the moduli reach a plateau as the development of the network is completed. This gives the 

most accepted criterion for gelation i.e. Gʹ > Gʹʹ, which holds good for most gels (Djabourov et 

al., 2013).  



35 
  

The gelation mechanism depends on several factors that influence the interactions between 

the network forming polymer molecules or colloidal particles. Examples of such factors include 

the concentration of polymers or colloidal particles, temperature, pH and ionic strength of the 

solvent, etc. There should be a critical concentration of polymers or colloids to form a network 

(Katsuyoshi, 2009). At high concentration, they result in the stronger network forming an elastic 

gel in which the Gʹ is far larger than Gʹʹ, and both moduli are independent of frequency and 

strain until a critical point. Such type of gels in case of emulsion can be observed at a high 

dispersed phase concentration (Zha et al., 1991). Datta et al. have observed a significant increase 

in Gʹ with an increase in the oil volume fraction from 0.62 to 0.73 for oil-in-formamide emulsion 

gels (Datta et al., 2011). A similar increase in viscoelastic properties as a function of dispersed 

phase volume fraction has also been observed by other researchers (Koumakis et al., 2011). 

Lower concentrations result in weak gelation in which Gʹ is slightly larger than Gʹʹ, and both of 

them show dependency on frequency and applied strain (Mason et al., 1997) 

Gelation also depends on the temperature that helps to form crosslinks between the 

polymers. Examples of gels in which temperature influences the gelation are cold set gels and 

heat set gels, in which the network structure forms when subject to cooling or heating. It was 

widely known that some of the globular proteins like -lactoglobulin and WPI need to be heated 

in order to unfold their structure. This facilitates the physical or chemical links between the 

functional components of protein structure that lead to network formation. Along with 

temperature, other factors such as pH and ionic strength (addition of salt) also influence the 

gelation mechanism. However, depending on the types of polymer or colloids, the mechanism of 

influence would be different. In the case of gelation in -lactoglobulin thiol groups inside their 

globular structure are exposed due to conformational changes on heating. When pH is acidic 

protonated thiol groups are not capable of forming sulphide bonds with other -lactoglobulin 

monomers, hence gelation would be possible. But when pH is basic (ideally above 8), thiol 

groups are capable of forming disulphide bonds with other monomers, leading to a network 

formation (Hoffmann et al., 1997).  

Besides temperature and pH, enzymes can also induce gelation. Enzymes like 

Transglutaminase are capable of inducing covalent bonds between protein molecules leading to 

gelation (Otte et al., 1996). Besides the above factors, gelation can also be influenced by the type 
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and nature of the solvent and the presence of ingredients that competes with proteins for 

hydrogen bonding with water. Oakenfull et al. (1984) have observed that sugars and polyols in 

solutions gelled by high methoxyl pectin will stabilize the hydrophobic bonds between pectin 

and giving the gels better strength and stability at higher temperatures. Finally it can be said that 

the mechanism of gelation essentially depends on the process of cross-linking or network 

formation by dispersed proteins or colloidal particles, and any factor that can influence it will 

have significant effect on the process of gelation.   

 

2.4.3 Applications of gels 

Gels are widely used in our day-to-day lives, from toothpaste used in the morning to foam 

mattress used for a comfortable sleep in the night. They are widely used in pharmaceutical, 

biomedical, cosmetic and food applications. In pharmaceuticals, many formulation includes gels 

for sustained drug release (Garcia-Gonzalez et al., 2011; Djabourov et al., 2013). Gels containing 

human cells are being used as scaffolds for tissue engineering (Katsuyoshi, 2009). The contact 

lenses which we use are silicone gels. They are also essential components of many cosmetics. 

Gels and gelling agents are used for obtaining desired textural and sensory properties of food 

products like jams, custards, yogurts, ice-creams, creams, confectionery etc. (Banerjee et al., 

2012). Besides that they are also used for a number of other functions like stabilizing foams and 

emulsions, controlling syneresis and water retention (Florian et al., 2005). In order to form gels 

in foods, gelling agents are added. Most of the gelling agents used in foods are food 

hydrocolloids that constitute polysaccharides and biopolymers like pectins, gums, starches, 

proteins, etc. (Richardson et al., 1998). For example, pectins are widely used gelling agents in 

jams and jellies, locust bean gum and guar gum are added in dairy products like ice-cream, 

yogurt to form gels with milk solids (Hui, 2006) and carrageenan is added to chocolate milk to 

form a weak gel network that prevent cocoa solids from settling down (Banerjee et al., 2012). 

 

 

2.5 Gelation in emulsions and nanoemulsions 

Depending on the dispersed phase volume fraction, droplet size, interdroplet interactions 

and continuous phase composition emulsions and nanoemulsions could have wide range of 
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rheological properties that can vary from liquids to highly viscoelastic gels (McClements, 2005; 

Wilking et al., 2007; Scheffold et al., 2014). Engineering their rheological properties can make 

them attractive for many applications. For example, liquid nanoemulsions are used to deliver 

aroma, bioactives and other functional components in beverages (McClements et al., 2011; Silva 

et al., 2012; Maali et al., 2013). On the other hand, many pharmaceutical and cosmetic creams, 

gels and thick paste-like food products such as mayonnaise are also made of emulsions (Graves 

et al., 2008; Kawada et al., 2010). This chapter focuses on formation and mechanisms of gelation 

in emulsions and nanoemulsions and their applications in food and related soft materials. 

 

2.5.1 Gelation influenced by microstructure 

Structurally emulsion gels can be of two types: (1) dispersed particles filled biopolymer 

gels, and (2) particulate gels (Sala, 2007; Dickinson, 2013a)  In the former droplets are randomly 

dispersed in a biopolymer matrix that imparts gelation (Batchelor et al., 1972; Dickinson, 

2013a). Here gelation is caused by the network of biopolymer or hydrocolloid molecules in the 

continuous phase and the presence of droplets in the gelled matrix either strengthen (active filler) 

or weaken (inactive filler) the gel depending on their interfacial properties (Dickinson et al., 

1999). It was observed that WPI stabilized oil droplets served as active fillers in gelatin gels as 

the WPI and gelatin interaction increased the gel strength of gels (Sala et al., 2007). Inactive 

filler gels can be observed in case of small-molecule emulsifier stabilized emulsions filled with a 

network of biopolymers in which the droplets may or may not react with the network. Sala et al. 

have found that Tween 20 stabilized dispersed oil droplets served as inactive fillers in gelatin 

gels and weakened the gel strength (Sala et al., 2007). Figure 2.5.1A and 2.5.1B shows the 

representative schematic diagrams of active and inactive emulsion filled gels.  

In particulate gels, dispersed particles/droplets form three-dimensional network leading to 

emulsion gelation. Figure 2.5.1C shows the schematic diagram of a particulate emulsion gel. The 

network is usually formed by secondary intermolecular forces (e.g., hydrogen bonds, 

electrostatic and hydrophobic interactions) driven aggregation of dispersed droplets. However in 

case of some emulsions stabilized by proteins, covalent bonds also drive the droplets aggregation 

(Dickinson, 2013a). For example, in case of biopolymer stabilized oil droplets dispersed in 

aqueous phase, interaction among the interfacial biopolymers induced by enzymes, changes in 
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environmental conditions (temperature, pH, ionic strength etc.) results in the formation of 

aggregated oil droplets leading to gelation (Chen et al., 2001).  It has been showed by many 

researchers that gelation of -lactoglobulin or casein stabilized n-tetradecane-in-water emulsion 

can occur by the addition of an enzyme transglutaminase, which induces covalent crosslinking of 

proteins at the interface (Færgemand et al., 1997; Yamamoto et al., 1997; Dickinson, 2012). This 

result in the network formation by droplet aggregation leading to the enhancement of emulsion 

viscoelastic properties compared to the crosslinked protein solutions. In many practical 

applications, depending on the concentration and types of biopolymers, the structure of many 

emulsion gels lies between the particle filled gel and particulate gel (Dickinson, 2012). For 

example in case of WPI stabilized oil droplets dispersed in aqueous phase containing gelatin, 

WPI and gelatin can interact and the oil droplets also become a part of network (active filler) 

enhancing the viscoelastic properties of emulsion gels (Sala et al., 2007) (Figure 2.5.1A). 

 

 

 

 

 

 

 

 

Figure 2.5.1 Schematic diagrams of (A) active particle filled gel in which the network structure 

is caused by crosslinking the biopolymers/hydrocolloids in the continuous phase, and 

biopolymer/hydrocolloid stabilized droplets served as active fillers. (B) inactive particle filled 

gel in which the network structure is caused by crosslinking the biopolymers/hydrocolloids in the 

continuous phase, and droplets served as inactive fillers. (C) Particulate gels in which network 

structure is caused by aggregation of dispersed droplets in continuous phase 

 

Particulate gels can be classified into two types based on inter-droplet interactions that lead 

to their gelation (Fryd et al., 2012). As discussed before, if the droplet network is caused by 

attractive forces between them they are called attractive gels. On the other hand, if the interaction 
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between the droplets is repulsive, they are called repulsive gels. The Strength of both these gels 

depends on the nature and extent of inter-droplet interactions and the dispersed phase volume 

fraction (Datta et al., 2011; Scheffold et al., 2014).   

2.5.2 Attractive gelation 

In the case of attractive emulsion gelation, aggregation is caused by the attraction 

between the emulsion droplets. If attractive interactions (van der Waal interactions, depletion 

forces etc.) can be induced among the repulsive droplets (stabilized by ionic emulsifiers or thick 

layers of proteins), secondary attractive minima in their interdroplet pair potential can be 

developed which would lead to droplet aggregation resulting in gelation (Bibette et al., 1993; 

Fryd et al., 2012). A common approach towards understanding the structure-function relationship 

of these gels is by measuring their viscoelastic behaviour using a rheometer and explaining their 

rheological behaviour with possible inter-droplet interactions. Many researchers have also taken 

simulation approach to understand the structural characteristics of particle gels to estimate their 

viscoelastic properties and compare them to the experimental values (Bijsterbosch et al., 1995; 

Liu et al., 2004; Whitmer et al., 2011). Dickinson (2000) used Brownian Dynamics Simulation 

technique to understand particle gels and proposed two models for emulsion gelation: (i) 

Bonding model and (ii) Non-bonding model (Dickinson, 2000; Dickinson, 2013b). In bonding 

model of aggregation, particles are held together by permanent and flexible crosslinks such as in 

the previously discussed case of WPI stabilized oil droplets in gelatin filled aqueous phase 

(Dickinson, 2012). The non-bonding model is characterized by reversible attractive interparticle 

forces (e.g., depletion interaction) between the particles (Dickinson, 2012).  However, it is also 

possible that the particles in non-bonding model can also interact with other particles by 

crosslinking. Thus both the models of aggregation can overlap (Dickinson, 2012). 

The kinetics of aggregation that leads to attractive gelation can be understood from the 

viewpoint of the underlying rate limiting processes. The aggregating particles form a complex 

pattern called fractals which are self-similar at different length scales i.e. they appear the same 

when viewed over a range of scales (Sorensen, 2001). The mechanisms of aggregation and 

fractal growth can be explained based on two time scales: (1) diffusion time (D) which is the 

time needed for the particles or fractal clusters to come close together and aggregate through the 

process of diffusion through the continuous phase; (2) reaction time (R) which is the time 
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needed for approaching particles to form bonds (Jullien et al., 1984; Weitz et al., 1985). In this 

case, the bond formation can be instantaneous upon first contact or can be after many successive 

attempts (Weitz et al., 1985; Matsushita, 1994). If D << R, the aggregation process is called 

diffusion-limited aggregation (DLA) and if R << D, it is called reaction limited aggregation 

(RLA). In the process of gelation, rate limited aggregation and growth can be between particles 

or between clusters (e.g. diffusion-limited cluster aggregation, DLCA). In DLA or DLCA, 

aggregation results in infinitely strong shear-rigid bonds between the particles and these bonds 

are not reversible. However, the particles can diffuse around each other to form a more stable 

fractal cluster. On the contrary, in RLA the aggregated particles can unbind and later rejoin the 

fractal cluster and hence these bonds are considered reversible (Seager et al., 2007). The 

attractive interactions required for the above aggregation phenomena and cluster growth can be 

induced by two methods: depletion interaction or by charge screening due to the addition of ionic 

salt (Broide et al., 1992; Tuinier et al., 2000; Dickinson, 2013a). Nevertheless, it has been 

recently proposed that emulsion droplets aggregating under diffusion limited process show a 

different behavior. Unlike aggregation of solid colloidal particles by DLA where particles form 

shear-rigid bonds between them, liquid emulsion droplets cannot form shear-rigid bonds. Instead, 

the droplets form irreversible slippery bonds that lead to formation of dense clusters, in which 

the droplets can slip around each other to form more favorable structures (Seager et al., 2007; 

Babu et al., 2008). This type of mechanism is called Slippery-Diffusion Limited Aggregation 

(SDLA).  

 

2.5.2.1 Depletion attraction 

Depletion attraction between colloidal particles or emulsion droplets is observed when they 

are surrounded by much smaller particles or emulsifier micelles or non-adsorbing polymer 

molecules (depletants) (Tuinier et al., 2000). A schematic of depletion attraction is given in 

Figure 2.5.2 where two droplets with radius R and a surrounding depletion zone of thickness σ 

approach each other. The depletion zones are considered as excluded volumes as the smaller 

particles or depletants are expelled from these zones due to steric repulsion or similar charge on 

the droplets (Bibette et al., 1992). When the droplets come closer such that their depletion zone 

overlap i.e. distance between their centers ‘r’ is less than interspace between droplets (r < 2R+ 
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σ), depletants are expelled into the outer continuous phase from the inter-droplet region as shown 

in Figure 2.5.2. This results in the osmotic pressure difference between the surrounding 

continuous phase and excluded inter-droplet region. As a result, a force is exerted on the 

particles to aggregate which is manifested as the attractive interaction between droplets, leading 

to droplet aggregation (Lekkerkerker et al., 2011).  

 

 

 

 

 

 

 

 

 

   

Figure 2.5.2 Schematic representation of aggregation of colloidal particles induced by depletion 

forces. 

 

The origin of depletion interaction is entropic in nature. Depletants expelled from the inter-

droplet region have greater translational freedom due to increased available volume. This leads 

to a gain in translational entropy of depletants decreasing the free energy of the system, which 

causes a spontaneous colloidal flocculation (Butt et al., 2005; Sapir et al., 2015).  

The first study on the origin of depletion forces and modelling was done by Asakura-

Oosawa (Asakura et al., 1954). Since then a lot of researchers have experimentally studied 

depletion forces (Bibette et al., 1990; Mondain-Monval et al., 1995; Furusawa et al., 2002; Berli 

et al., 2003). Walz & Sharma (1996) are the first ones to measure the depletion attraction force 

experimentally. Simulation experiments on depletion forces done by many researchers helped in 

establishing empirical equations for calculating depletion forces (Sharma et al., 1996). Among 

them pioneers like Kralchevsky et al. proposed the equation: 

𝑊𝐷 = −𝑃0𝑉𝐸        2.5.1 

R 
σ 

 

r 
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 where VE is the volume of the continuous phase confined between the two approaching 

droplets from which the depleting particles are squeezed out (Petsev et al., 1995) and Po is the 

osmotic pressure created by the presence of excess depleting particles in the continuous phase 

which can be determined by eq 2.5.2 (McClements, 2005):  

𝑃0 =  
𝑐𝑅𝑇

𝑀
(1 +

2𝑐𝑅v

𝜌𝑐
)       2.5.2 

where c, M, ρc are the concentration (kg.m
−3

), molecular weight (kg.mol
−1

), and mass 

density (kg.m
−3

) of the depletants, respectively. Rv, is the ratio of effective volume to the actual 

volume of nonadsorbing depletants (McClements, 2000). Rv = 1 for depletants like non-ionic 

micelles, globular polymers/proteins, but for ionic-micelles with Debye length (due to charge 

cloud surround the micelles) or polymers that entrain large amounts of solvent Rv > 1 

(Dickinson, 2012).  

From eq 2.5.2 it can be understood that depletion interaction (i) increases with the 

concentration ‘c’ of depletants, (ii) may vary with molecular weight of depletants depending on 

their volume ratio, Rv (McClements, 2005). In some cases of ionic-micelles or biopolymer 

induced depletion interactions, the strength is also influenced by the ionic strength of the solvent. 

For example altering the ionic strength of solvent screens the electrostatic repulsion between the 

particles or droplets and changes their effective size (Petsev et al., 1995; Mondain-Monval et al., 

1996) (more details on the influence of ionic strength on depletion interaction is discussed in 

section 4.1). 

 

2.5.2.2 Salt induced attraction 

Gelation by attractive interactions can also be induced by the addition of ionic salt in the 

emulsions. In electrostatically stabilized emulsions, droplets repulse each other as they carry he 

same charge. However, the addition of an appropriate amount of ionic salt screens the charge on 

the emulsion droplets. According to DLVO theory (section 2.1.5) this charge screening results in 

the reduction of repulsive barrier between the droplets below the thermal energy of the system. 

This leads to droplet aggregation in secondary minima of interdroplet pair potential 

(McClements, 2005; Datta et al., 2011; Fryd et al., 2012). However, salt added in excessive 

concentration can result in the complete destabilization of emulsions as a result of coalescence 

(McClements, 2005)(McClements 2005). Salt induced attraction is temperature-dependent, i.e. 
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raising the temperature above a critical value would increase the thermal energy of the system 

such that it become greater than the secondary well depth leading to particles re-dispersion and 

gel breakdown (Derjaguin et al., 1993; Fryd et al., 2012). The addition of salt has also shown to 

induce gelation in protein-stabilized emulsions (Line et al., 2005; Rosa et al., 2006). Marangoni 

et al. (2000) and Maltais et al. (2005) have shown that the addition of CaCl2 neutralizes the 

electrostatic repulsion between whey or soy protein particles and form salt bridges between them 

leading to gelation.  

 

2.5.2.3 Attractive gelation of nanoemulsions 

Attractive interactions induced gelation in nanoemulsions occurs by similar mechanisms as 

in the case of conventional emulsions discussed above. Attractive gelation in nanoemulsions has 

been observed by many researchers (Datta et al., 2011; Jorjadze et al., 2011). At the same 

dispersed volume fraction nanoemulsion gels have shown significantly higher gel strength 

compared to conventional emulsion gels. This has been attributed to the increase in the number 

of nanodroplets in nanoemulsions at the same dispersed phase volume fraction leading to large-

scale fractal aggregates and stronger cluster network (Lu et al., 2013). Although, the 

macroscopic properties such as gel strength can be similar for nanogels and conventional 

emulsion gels, but the mechanism of aggregation of nanodroplets that form the basis of 

aggregation might differ. Similar to the emulsions, nanoemulsions also show Slippery-Diffusion 

Limited Cluster Aggregation (SDLCA) (Wilking et al., 2006). 

 

2.5.3  Repulsive gelation 

Repulsive gelation in emulsions is characterized by repulsive interactions between the 

dispersed particles. At low dispersed phase volume fractions (), these particles are free to 

diffuse, and the colloidal suspensions are in a fluid state. With increase in volume fraction the 

droplets become crowded and packed, and for monodispersed systems when  = 0.64 the 

droplets randomly jam and the emulsion attains yield stress even though they have strong short-

range repulsion between them (Liu et al., 2010). This transition from freely flowing to jammed 

state is termed as jamming transition (Hecke, 2010). The jamming transition has been a topic of 

interest since dense disordered sphere packaging was first proposed by Bernal and Mason in 



44 
  

1960 (Bernal et al., 1960). Liu et al. (1998) proposed a jamming phase diagram which states that 

‘For systems with repulsive, finite-range interactions - there is a jamming point that occurs at 

random close-packing density. It also states that jamming transition can be induced by varying 

different thermodynamic variables such as temperature or volume and also mechanical variables 

such as applied stress (Hecke, 2010). The simulation studies on colloidal suspensions have 

shown that although jamming transition for monodisperse colloidal suspensions occur at = 

0.64, for polydisperse suspensions the transition need > 0.7, depending on their polydispersity 

(Schaertl et al., 1994; Clusel et al., 2009; Groot et al., 2011).  This shows that the gelation and 

jamming transitions are often hard to define. The repulsive emulsion gels display elastic 

properties in rheological experiments (Gʹ > Gʹʹ) due to this jamming transition. Thus they satisfy 

the rheological definition of gels without forming fractal clusters similar to their attractive 

counterparts. 

 

2.5.3.1 Repulsive nanoemulsion gelation  

The repulsive nanoemulsions display unique characteristics of jamming transition and 

gelation as compared to conventional emulsions. In emulsions stabilized by charged emulsifiers, 

a layer of charge cloud known as the electrical double layer is formed by the counterions around 

the droplets. This double layer coupled with droplets behaves as a single entity. The thickness of 

this layer has negligible influence on the total effective volume fraction of droplets for 

conventional emulsions. However, when the droplet size is decreased to nanoscale (less than100 

nm radius), the thickness of the double layer becomes the similar order magnitude of the 

nanodroplets, and the overall droplet size and the resulting effective dispersed phase volume 

fraction (eff) becomes significantly larger than the actual (core)  (Qian et al., 2011). The 

resultant eff and its dependence on droplet size can be given by the following equation (Weiss et 

al., 2000; Wilking et al., 2007):  

𝜙𝑒𝑓𝑓 = 𝜙𝑐𝑜𝑟𝑒 (1 +
𝛿

𝑟
)

3

     2.5.3 

where is the thickness of electrical double layer and r is the radius of droplets As the droplets 

size (r) decreases, the thickness of the interfacial layer () surrounding these droplets 

significantly contribute to the total volume fraction of the droplets (eff). At sufficient 



45 
  

concentrations of dispersed phase volume fraction, nanodroplets closely pack due to the 

increased effective volume fraction leading to the jamming transition and development of elastic 

properties of the resulting nanogels (Wilking et al., 2007; Clusel et al., 2009). The following 

schematic diagram shows jamming of nanodroplets in O/W nanoemulsions (Figure 2.5.3).  

 

Figure 2.5.3: Schematic representation of the mechanism of repulsive nanogel formation. (a) 

conventional emulsion with large droplets and insignificant effect of shell layer lead to liquid-

like behaviour; (b) random jamming of nanodroplets in repulsive nanogels with similar droplet 

volume fraction as in the conventional emulsion but with increased effective volume fraction due 

to the influence of interfacial shell layer thickness.  

 

Using eq 2.5.3 increase in eff with a reduction in droplet size at three different thickness 

of shell layer has been illustrated in Figure 2.5.4. When plotted for  = 0.4, the interfacial shell 

layer thickness (for microscale emulsions (r ≥ 250 nm) has a negligible influence on eff 

(Figure 2.5.4). However, when r is less than 100 nm, eff rapidly increases and may even reach 

close packing (eff > 0.7), where random-jamming of nanodroplets transformed liquid 

nanoemulsions into particulate gels (the so-called nanogel) at a much lower oil-phase volume 

fraction. Experimentally, Wilking and Mason showed that an anionic emulsifier-stabilized 20% 

O/W nanoemulsion can be transformed into an elastic gel when the droplet size falls below 62 

nm ( ~3 nm) (Wilking et al., 2007). In these nanoemulsions gels, the shell layer thickness is 

significantly influenced by the charge cloud (electric double layer) around the droplets. These 

nanoemulsion gels are referred as repulsive nanogels in the current context of this thesis as they 

have very strong short-range repulsive electrostatic interactions due to the charge on the droplets. 
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Figure 2.5.4 Schematic representation of increase in eff with the decrease in droplet size at 

different thicknesses of shell layer.  

 

The repulsive nanogels can also be prepared by the proteins which may form a thick shell 

at the interface (Dickinson, 1992, 2012), and increase the eff. But the constraint of using 

proteins is that they do not get adsorbed quickly onto the surface of freshly formed droplets 

during homogenization and hence it is difficult to get extremely small droplets. They also form 

viscoelastic coating on the interface making it difficult further to reduce the droplet size 

(McClements et al., 2011). The slow adsorption of proteins onto the interface is due to their large 

structure, and they have to get rearranged in order to open up their hydrophobic and hydrophilic 

groups. However, the rate of adsorption varies with the type of proteins, for example, flexible 

proteins (e.g., caseins) adsorb faster than globular proteins (e.g., -lactoglobulins). Proteins 

might also undergo conformational changes during high-pressure homogenization, and this 

might influence the stability of the nanogels formed (Desrumaux et al., 2002; Floury et al., 

2003). Floury et al. (2002) have observed that soy protein stabilized O/W emulsions have shown 

an increase in viscosity when the homogenization pressure was increased from 250 to 350 Mpa. 
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They found that high pressure induced structural changes to a protein which facilitated the 

network formation of interfacial protein and droplet aggregation (Floury et al., 2002).   

 

2.5.4 Applications 

Studying the gelation of emulsions and nanoemulsions is very important as a lot of 

colloidal suspensions in different applications exist in a gelled or jammed disordered state 

(Hecke, 2010). For example, structure and flow behaviour of toothpaste, shaving foam, cosmetic 

creams, topical medicine gels depends on the inter-particle interactions and gelation. Emulsion 

gels used in food applications include yogurt, ice-cream, butter, margarine, salad dressings, 

cheeses, etc. (Dickinson, 2012). In many of these products structure and functionality can be 

controlled by modifying the gelation behaviour and interdroplet interactions (McClements, 

2005). Gelation in nanoemulsions can be observed at lower dispersed phase volume fractions 

compared to conventional emulsions due to their increased interdroplet interactions and effective 

oil phase volume fraction (Mason et al., 2007; Datta et al., 2011). Thus, nanogels can help to 

reduce the fat content in the emulsion gels while maintaining the structure. Besides, close-packed 

association of nanodroplets, nanogels are more stable against coalescence compared to 

conventional emulsion droplets due to their higher Laplace pressure and formation of thick 

interfacial shell around the droplets (Fryd et al., 2012). Nanodroplets are also known to improve 

the bioavailability of internal bioactive components which can further enhance nanogel’s 

application (McClements et al., 2007; Huang et al., 2010). However, not much research has been 

done on the long-term gelation behaviour of the nanogels, and the mechanisms of their 

interdroplet interactions are not well understood.  
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3 MATERIALS AND METHODS 

3.1 Materials 

Canola oil was purchased from a local grocery store and stored at room temperature in the 

dark. Distilled water (conductivity of 8.2 S/cm) was used for the aqueous phase.  Sodium 

dodecyl sulfate (SDS) and Tween 20
®
 (polyoxyethylene sorbitan monolaurate) (both with >99% 

purity) were purchased from Fisher Scientific (Nepean, ON, Canada). 

 

3.2 Preparation of nanoemulsion 

O/W nanoemulsions were prepared by pre-mixing the oil phase (40 wt %) with aqueous 

phase (60 wt %) containing different amounts of emulsifier (either SDS or Tween 20) in a 

rotor/stator mixer (Polytron, Brinkmann instruments, Mississauga, ON, Canada) for 30 seconds 

at 20,000 rpm. The coarse emulsions were emulsified in a high-pressure homogenizer 

(EmulsiFlex-C3, Avestin Inc., Ottawa, ON, Canada) at a pressure of 20,000 psi (137.9 Mpa) for 

7 passes. Emulsification was continued either for about 8 passes through the homogenizer or 

until the nanoemulsion coming out of homogenizer is very viscous that it cannot be further 

homogenized. Emulsification was performed at room temperature (25.5 °C ± 0.5 °C), although 

the temperature of the product increased to 60 ºC during the process because high pressure/shear 

conditions in homogenizer expels a lot of heat. Between the homogenization of different 

nanoemulsions the homogenizer was cleaned during which it is cooled back to room 

temperature. After emulsification one part of each nanoemulsion was stored in 40 mL glass vials 

for visual observation and the rest was stored in 120 mL glass bottles (VWR International, 

Edmonton, AB, Canada) for further analysis.  

In the first study (section 4.1) 40 wt% O/W nanoemulsions were prepared using emulsifier 

concentrations based on the critical micelle concentration (CMC) of SDS (CMC = 8.3 mM). For 

nanoemulsions stabilized with SDS, concentrations varied from 0.5 times CMC to 30 times its 

CMC (4.15 to 249 mM) and the same molar concentrations of Tween 20 (CMC = 0.08 mM) was 

used in the control nanoemulsions. 
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In the second study (section 4.2) 40 wt% O/W nanoemulsions were prepared at two 

concentrations of SDS emulsifier i.e. 2 and 15 times (16.6 mM and 124.5 mM) the CMC of SDS. 

From the first study (section 4.1) it was seen that gel strength of repulsive and attractive nanogels 

was highest at SDS concentrations of 2 and 15 times CMC. Hence in the second study, effect of 

droplet size was studied at these two SDS concentrations. During homogenization 

nanoemulsions generated after every pass through the homogenizer, each representing a different 

droplet sizes, were taken for droplet size distribution and rheology measurements (see sections 

3.3, 3.4 and 3.5). 

Within the third study (section 4.3) nanoemulsions were prepared by passing the premix 

emulsions with different  through the high-pressure homogenizer. Samples were collected after 

each pass which resulted in emulsions with different droplet sizes, each having a unique eff at 

different . The influence of oil concentration on nanoemulsion gelation is investigated at six 

different dispersed oil phase concentrations i.e. = 0.3, 0.35, 0.4, 0.45, 0.5 and 0.6. Two 

different concentrations of SDS emulsifier were selected on the basis of 1 CMC and 2 CMC 

emulsifier concentrations for 40 wt% O/W nanoemulsions described in section 4.1. By keeping 

emulsifier concentration (mM) to oil volume fraction () ratio constant (20.75 for 1 CMC and 

41.5 for 2 CMC at 0.4  respectively) the emulsifier concentration for each  was calculated 

according to the following Table 3.2.1. Emulsions with emulsifier concentration to  ratios of 

20.75 and 41.5 are named as Low Emulsifier Ratio (LER) and High Emulsifier Ratio (HER) 

respectively, for convenience. Overall, emulsifier concentration varied from 6.2 mM (0.75 times 

CMC) to 24.9 mM (3 times CMC) for all emulsions.  

In the fourth study (section 4.4), repulsive and attractive nanogels, prepared as a part of 

study 1 (section 4.1), were analyzed for their long term storage stability. The experimental 

protocol in this study was divided into three parts. In the first part droplet size distribution of the 

nanogels after 1, 15, 30, 60 and 90 days of storage time was measured using static laser 

diffraction technique as employed in previous studies. Change in the droplet size with time gave 

an estimate of nanoemulsion stability. In the second part of this study, the creaming velocities of 

the nanogels were measured at different centrifugal forces during accelerated shelf life study 

using a photocentrifuge (LUMiSizer) (section 3.7). By using this data, the creaming velocity of 

the nanodroplets as a function of time was estimated at normal storage condition in earth’s 
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gravity. In the final part of this study, the gel strength of the nanogels was investigated by 

measuring the viscoelastic properties (section 3.3 and 3.4) after 1, 15, 30, 60 and 90 days of 

storage time using rheology experiments. 

 

Table 3.2.1. Emulsifier concentrations for LER and HER nanoemulsions calculated on the basis 

of 40 wt% nanoemulsions with 1 CMC (8.3 mM) and 2 CMC (16.6 mM). The emulsifier 

concentration (mM) to oil volume fraction () ratio was kept constant among LER and HER 

emulsions.  

Emulsifier 

conc./oil volume 

fraction ratio 

Actual oil 

volume 

fraction () 

Emulsifier 

concentration 

(mM) 

20.75 (Low 

emulsifier ration 

(LER) emulsions) 

 

0.30 6.2 

0.35 7.3 

0.40 8.3 (1 CMC) 

0.45 9.3 

0.50 10.4 

0.60 12.5 

41.5 (High 

emulsifier ratio 

(HER) emulsions) 

 

0.30 12.5 

0.35 14.5 

0.40 16.6 (2 CMC) 

0.45 18.7 

0.50 20.8 

0.60 24.9 

 

 

3.3 Droplet size distribution 

Average droplet sizes of the nanoemulsions were measured by the laser diffraction particle 

size analyzer (Mastersizer 2000, Malvern Instruments, Montreal, QC, Canada). The relative 
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refractive index of the dispersed vs. continuous phases used was 1.465. Nanoemulsion droplet 

size was characterized by surface area mean diameter (d32).  

 

3.4 Apparent viscosity 

All rheology experiments were performed using an AR G2 rheometer (TA Instrument, 

Montréal, QC, Canada) at room temperature. The apparent viscosities of the nanoemulsions and 

nanogels are measured by the rotational experiments with an applied shear rate continuously 

ramped from 0.01 to 1000 s
-1

. Nanogels were gently transferred onto the lower stationary plate of 

the rheometer by pipettes or a spatula so that the gel structure was not disturbed. A 40 mm 

diameter cross-hatched geometry plate was used to apply shear on the samples to avoid any wall 

slip effect. The geometry was slowly brought down on the sample and the gap between the 

geometry and lower plate (geometry gap) within which the sample is sheared was adjusted to 

1000 m. The sample was equilibrated for 30 s before applying the shear, and any measurements 

were taken.  

 

3.5 Viscoelasticity 

Viscoelastic behavior of the nanoemulsions and nanogels were determined by oscillatory 

measurements using the same rheometer and geometry settings as in viscosity measurements. 

Two different types of oscillatory measurements were performed. The strain sweep 

measurements were performed at 0.01 to 100 % strain and at a constant frequency of 1 Hz (6.28 

rad/s). Based on these experiments a linear viscoelastic region (LVR) was identified where the 

storage and loss moduli were not influenced by the applied strain. From this region, constant 

strain amplitude of 0.1 % strain was selected for subsequent series of measurements at which the 

viscoelastic properties of the samples were determined as a function of frequency (ranging from 

0.01 to 100 rad/s). For all experiments, storage (Gʹ) and loss (Gʹʹ) moduli of the nanoemulsions 

and nanogels were recorded for further data analysis. 

 

3.6 Visual observation of flow behavior 

A simple visual observation experiment was carried out to understand the flow behavior of 

the nanoemulsions. 2-3 hours after preparation, the vials containing nanoemulsions were tilted at 
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an angle to observe if they flow. They were kept tilted, and the observation was carried out for 

30 s after which pictures were taken. 

 

3.7 Accelerated shelf-life study 

The accelerated shelf-life study of all nanogels were done using the LUMiSizer (LUM 

Americas, Boulder, CO, USA). The instrument calculates the creaming rate of O/W emulsion 

droplets under centrifugal force by measuring Near Infra Red-light transmission as a function of 

the length of emulsion in the transparent cuvette (Figure 3.7.1). The bigger droplets would cream 

faster followed by the smaller droplets and as the droplets cream, the bottom of the cuvette 

would transmit more lasers as it gets devoid of oil droplets with time. After some time all oil 

droplets would move towards the top of the test tube and form the cream layer such that laser 

transmission would be almost zero at the cream layer and very high after the end of the cream 

layer. The sample transmission profiles as a function of the length of test tube after subjecting 

the sample to centrifugation as a function of time is also shown in Figure 3.7.1 The position of 

cream layer as a function of time can be calculated and plotted as a function of time using the 

SEPview
®
 software, and the slope of which gives the creaming velocity of the droplets at a 

particular relative centrifugal force. Figure 3.7.2 represents a model graph of position vs. time of 

droplet creaming, whose slope gives the creaming velocity of droplets. 

 

3.8 Statistics 

All samples were prepared, and experiments were performed with at least three replicates 

(n=3) and the statistical significance of the data was analyzed using a pre-programmed function 

“T test” available in Microsoft Excel 2007 (Microsoft Canada Co, Mississauga, ON, Canada). 
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Figure 3.7.1 Schematic representation of the droplet creaming under centrifugal force and 

transmission profiles of light with time ‘n’ obtained using a LUMiSizer. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7.2 Model graph of position of cream layer with time obtained using LUMiSizer. 
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4 RESULTS AND DISCUSSION 

 

4.1 Influence of emulsifier concentration on the gelation of nanoemulsions 

 

4.1.1 Droplet size distribution  

The surface area mean droplet diameters (d32) of all nanoemulsions are shown in Figure 

4.1.1 as a function of emulsifier concentration. It can be seen that the d32 values decrease with 

emulsifier concentration in power-law fashion (y = ax
b
, r

2
 for SDS and Tween 20 are 0.80 and 

0.97, respectively). At higher emulsifier concentration, a plateau is reached in d32. Similar power 

law decrease in average droplet size with emulsifier concentration was also observed by many 

research groups (Wilking et al., 2007; McClements, 2011). Meleson et al. (2004) developed an 

empirical power law model for SDS-stabilized silicon oil nanoemulsions and found the exponent 

as 0.33, although no significance of the value was provided. The power law exponent can be 

taken as an estimate of the rate of a decrease in droplet size as a function of emulsifier 

concentration. It is expected that the rate of decrease would be different for different 

homogenization devices used, emulsifiers’ type, dispersed and continuous phase compositions. 

In Figure 4.1.1, the power law exponent for SDS and Tween 20 nanoemulsions are 0.20 and 

0.61, respectively. The coefficient, on the other hand, expresses the estimated average droplet 

size when the value of the emulsifier concentration becomes unity. In the present case, the model 

estimates that with 1 mM emulsifiers the average droplet size for SDS and Tween 20 

nanoemulsions would be 338 and 2690 nm, respectively. Such a large difference for SDS and 

Tween 20 nanoemulsions indicates that at lower molar concentration SDS is more powerful in 

decreasing emulsion droplet size compared to Tween 20. This could be due to the difference in 

molecular size and electrostatic charge of the two emulsifiers (molecular mass of SDS 288.4 

g/mol vs. Tween 20 1227.5 g/mol). Anionic SDS, with its smaller size, was able to absorb 

quickly during droplet breakup inside the homogenizer and the negatively charged droplets were 

able to prevent re-coalescence (Jafari et al., 2008). Nonionic Tween 20, with its larger size, was 
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not as effectively as SDS in preventing re-coalescence of neutral droplets. With the increase in 

concentration, however, the difference between the two emulsifiers narrowed and at a molar 

concentration > 80 mM both emulsifiers provided similar d32 values. It is possible that at this 

higher concentration, there was enough Tween 20 present to cover the droplets sufficiently and 

prevent re-coalescence. However, merging of d32 values at higher concentration could also be 

due to the homogenizer efficiency, which may have reached its limit in terms of droplet breakup 

(Qian et al., 2011). 

 

 

Figure 4.1.1 Effect of emulsifier concentration on the average droplet size (d32) of SDS (●) and 

Tween 20 (○) nanoemulsions. The line represents a power law model fit to the experimental data 

(r
2
 0.8 and 0.97 for SDS and Tween 20, respectively). 

 

4.1.2 Visual observation of flow behavior 

A simple visual observation experiment was carried out to understand the flow behavior of 

the nanoemulsions. 2-3 hours after preparation, the vials containing nanoemulsions were tilted at 

an angle to observe if they flow. They were kept tilted, and the observation was carried out for 

30 seconds after which pictures were taken. Figure 4.1.2 shows the pictures of tilted vials 

containing SDS and Tween 20 nanoemulsions. Nanoemulsion prepared with 0.5 CMC SDS 

immediately flowed under gravity after the vial was tilted. The flow of nanoemulsions slowed 
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down beginning 1 CMC SDS while 5, 10 and 15 CMC SDS nanoemulsions did not flow at all 

during the span of observation. Starting from 20 CMC SDS, however, nanoemulsions began to 

flow again. It is evident that the gravity induced yielding of SDS nanoemulsions subsided at 

intermediate concentrations of SDS.  On the other hand, all the Tween 20 nanoemulsions flowed 

when the vials were tilted.  

   

Figure 4.1.2 Pictures from the visual observation experiment of SDS and Tween 20 

nanoemulsions. Vials containing nanoemulsions were tilted at a certain angle to record their flow 

behavior and waited for 30 s after which the pictures were taken. 

 

4.1.3 Nanoemulsion viscosity 

Nanoemulsion viscosity is plotted as a function of the shear rate in Figure 4.1.3. For all 

nanoemulsions, viscosity decreased with shear rate. Such shear thinning or pseudoplastic 

behavior is common for emulsions and could be due to the breakdown of interdroplet 

interactions and/or alignment of droplets along the shear field at a high shear rate (Rahalkar, 

1992). However, in the present case, the degree of shear thinning behavior was different based 

on emulsifier type and concentrations. Overall, the degree of shear thinning is higher for SDS 

emulsions compared to Tween 20 emulsions indicating potential higher order structure formation 

in the former. For SDS emulsions, however, less shear thinning was observed for 25 and 30 

CMC emulsifier concentrations compared to the lower concentrations (Figure 4.1.3B). For 

Tween 20 emulsions, a low and high-shear plateau was also observed indicating Newtonian 

behaviour both below and above these shear ranges (Figure 4.1.3C) (Rahalkar, 1992). The 

viscosity curves progressively increased with emulsifier concentration; except for 20, 25 and 30 

CMC SDS concentrations a reverse trend in viscosity was observed. 
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Figure 4.1.3 Change in viscosities of nanoemulsions as a function of shear rate at different 

emulsifier concentrations. (A) 0.5, 1, 2, 5, 10 and 15 times CMC SDS nanoemulsions, (B) 20, 

25, 30 times CMC SDS nanoemulsions, (C) All Tween 20 emulsions. Error bars were not shown 

for clarity. 

The shear stress and shear rate data was fitted to the Herschel-Bulkley (HB) model to 

quantify emulsion flow behavior: 

     𝝉 =  𝝉𝑯𝑩 + 𝑲�̇�𝒏      4.1.1 

where n is the flow behavior index, K is the consistency coefficient, 𝝉𝑯𝑩 is the Herschel-Bulkley 

yield stress, 𝝉 is the shear stress and γ̇ is the shear rate. All Tween 20 emulsions and 25 and 30 

CMC SDS emulsions showed negligible yield stress and better fit to their viscosity data were 

obtained with a simple power law model (𝜏 = 𝐾γ̇𝑛). Good fit to the models was obtained for all 

emulsions (r
2
 ranged from 0.85-0.96 for HB model and 0.8-0.94 for power law model). 
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All nanoemulsions have flow behavior indices n < 1, which corresponds to pseudoplastic 

behavior (n values were ranged from 0.21 to 0.63 for the SDS nanogels). For comparison, the 

viscosity of all emulsions at a shear rate of 10 s
-1

 is calculated from the models and plotted in 

Figure 4.1.4A. SDS-stabilized emulsions showed a maximum in the viscosity profile as a 

function of emulsifier concentration. Viscosity increased from 0.1 Pa·s
-1

 at 0.5 CMC SDS to 18.3 

Pa·s
-1

 at 15 CMC SDS, thereafter steadily decreased until it reached 0.005 Pa·s
-1

 at 30 CMC 

SDS. Similar behavior of emulsion viscosity with an increase in emulsifier concentration was 

previously observed by Furusawa et al., in case of anionic latex particle dispersions in different 

concentration of SDS (Furusawa et al., 2002). The authors proposed that the increase in viscosity 

was due to depletion flocculation by emulsifier micelles at intermediate SDS concentrations 

followed by a drop in viscosity due to depletion stabilization by micelles at high SDS 

concentration. In the present case, the effect of these intermolecular interactions on emulsion 

rheology is discussed in section 4.1.4. 

In contrast to SDS nanoemulsions, Tween 20 nanoemulsions did not show any peak in the 

viscosity profile, and their viscosity is much lower than SDS emulsions for most of the 

concentrations (Figure 4.1.4A). Overall, an increase in viscosity from 0.007 to 0.17 Pa·s
-1 

was 

observed from lowest to highest Tween 20 concentrations. In order to verify whether the aqueous 

phase viscosity has any impact on nanoemulsion flow behavior, the viscosity of the emulsifier 

solutions was also measured at 10 s
-1 

shear rate (data not shown). The increase in SDS 

concentration has no impact on the aqueous phase viscosity; hence the peak in viscosity profile 

of SDS nanoemulsions must be due to interdroplet and intermolecular interactions. For Tween 

20, however, a considerable increase in viscosity (0.003 and 0.01 Pa·s
-1

) was observed with the 

increase in concentration from 4.15 mM to 249.5 mM. Although both emulsifiers were used at 

same molar concentrations, their weight fractions were very different due to a large difference in 

molecular weight. Hence, at 249 mM (equivalent to 30 CMC SDS), while only 0.72 wt% SDS 

was used, for Tween 20 it was equal to 30.5 wt% of emulsifier in the aqueous phase which led to 

an increase in viscosity of both the aqueous phase and the corresponding nanoemulsions.  

Next, the yield stress of the SDS emulsions obtained from HB model (Figure 4.1.4B) was 

compared. Tween 20 emulsions did not show any yield stress. Yield stress for SDS emulsions 

increased with emulsifier concentration until 15 CMC (0.5 Pa at 0.5 CMC to 82 Pa at 15 CMC), 
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and suddenly decreased to 0.3 Pa at 20 CMC and completely disappeared after that. These values 

are in accordance with the visual observation of emulsions as shown in Figure 4.1.2. 

Nanoemulsions with high yield stress (namely, 5, 10 and 15 CMC) did not flow upon tilting (gel-

like property) while starting from 20 CMC insignificant or no yield stress allowed them to flow 

upon tilting. 

 

 

Figure 4.1.4 Average values calculated from Herschel-Bulkley and power law model for SDS 

and Tween 20 emulsions. (A) viscosity of SDS (●) and Tween 20 (○) nanoemulsions at 10 s
-1 

shear rate, (B) yield stress of SDS nanoemulsions. Error bars represents ± one standard deviation 

(n=3). 

4.1.4 Viscoelastic behavior of nanoemulsions 

Figure 4.1.5 shows the strain dependencies of storage and loss moduli for SDS-stabilized 

nanoemulsions. For all nanoemulsions until 15 CMC SDS concentrations, moduli are 

independent of strain below 2%, showing the existence of linear viscoelastic region (LVR). For 

these nanoemulsions, Gʹ is significantly greater than Gʹʹ within the LVR reflecting their 

dominant elastic nature. However for 0.5 CMC and 1 CMC SDS nanoemulsions despite the 

higher Gʹ than Gʹʹ and an LVR, they yielded under gravity in the visual observation experiment 

manifesting weak gelation. At larger strain (beginning 5%), known as yield strain, the Gʹ values 

of these nanoemulsions showed a deviation from linearity and dropped gradually. At this time, 

the Gʹʹ values began to rise and formed a peak where it also crossed Gʹ. The distinct peak in Gʹʹ 
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was also observed by many researches during viscoelastic study of the soft colloidal materials 

and is considered to be due to structural relaxation process leading to gel network breakdown 

and flow of materials (Datta et al., 2011; Koumakis et al., 2011). At higher strain compared to 

the peak value, Gʹʹ dominates over Gʹ, indicating the liquid-like behavior of the nanoemulsions. 

For Tween 20 nanoemulsions, strain-dependent viscoelastic behavior showed the similar nature 

of the curves as 20 – 30 CMC SDS nanoemulsions reflecting weak gelation (data not shown). 

 

Figure 4.1.5 Average Strain dependent storage (Gʹ) (●) and loss moduli (Gʹʹ) (○) of different 

SDS nanoemulsions. SDS concentration is expressed as multiples of its critical micelle 

concentration (CMC). 

In order to compare the elasticity of different nanoemulsions, the plateau storage and loss 

moduli at 0.1% strain is plotted as a function of emulsifier concentration (Figure 4.1.6). It can be 
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seen that Gʹ and Gʹʹ increased until 15 CMC SDS and decreased after that, which is in 

accordance with the viscosity and yield stress behavior discussed before. The apparent increase 

in Gʹ and Gʹʹ after 25 CMC SDS nanoemulsion is not statistically significant (p > 0.05). The 

viscoelastic moduli for Tween 20 nanoemulsions at 0.1% strain is also plotted in Figure 4.1.6. 

The Gʹ and Gʹʹ for Tween 20 nanoemulsions are significantly lower than that of SDS 

nanoemulsions until 20 CMC. Also, within Tween 20 nanoemulsions the Gʹ is only marginally 

higher than Gʹʹ, mimicking the characteristics of weak gel that yielded under gravity as can be 

seen from Figure 4.1.2. 

 

Figure 4.1.6 Characterization of the viscoelastic behavior of SDS (triangle) and Tween 20 

(square) nanoemulsions. Values of storage (Gʹ) (closed symbols) and loss (Gʹʹ) (open symbols) 

moduli of nanoemulsions (at a frequency of 6.28 rad/sec and 0.1% strain) were plotted from 

strain sweep measurements data against emulsifier concentration. Lines are used to guide the 

eye. Error bars represents ± one standard deviation (n=3). 

The frequency-dependent mechanical response of the nanogels is shown in Figure 4.1.7. 

Similar to the strain sweep result, frequency sweep also showed an increase in plateau Gʹ with 

increasing SDS concentration until 15 CMC and then it dropped significantly beginning 20 CMC 

SDS (Figure 4.1.7A and C). For 0.5 to 15 CMC SDS nanoemulsions plateau Gʹ remained 
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considerably higher than Gʹʹ in the 1 – 100 rad/s range. Gʹʹ of these nanoemulsions demonstrated 

a shallow minima in the frequency range studied (Figure 4.1.7B). Similar minima in frequency 

dependent Gʹʹ for compressed emulsions were also observed by Mason et al. (1997), Datta et al. 

(2011) and other research groups (Koumakis et al., 2011). Such a minima results as Gʹʹ first 

decreased and later increased with an increase in frequency. The low frequency drop was a 

consequence of loss of relaxation or very slow structural rearrangements of droplet network, 

while the high-frequency rise resulted from ultimate domination of viscous flow of the fluid-like 

phase that could be observed at higher frequency beyond the measured range (Mason et al., 

1997). For more detailed analysis and modeling of this frequency dependent rheological 

behavior, readers are invited to refer to the work by Mason et al.Mason et al. (1997). The 

frequency-dependent viscoelastic behavior of the nanoemulsions with 20, 25 and 30 CMC SDS 

concentration showed different behavior from the rest (Figure 4.1.7C and D). Gʹ no longer has a 

plateau-like region, instead increased with frequency. Similarly, Gʹʹ showed a rapid increase in 

the viscous flow behavior with increasing frequency and remained very close to Gʹ, reflecting 

their weak gel-like behavior. Frequency dependence of viscoelastic behavior of Tween 20 

nanoemulsions was also measured at a strain rate of 0.1%, although due to the lack of LVR in 

their strain sweep results it was difficult to measure Gʹ in the frequency range studied (data not 

shown). 

 

4.1.5 Mechanism of nanocolloidal gelation 

In the present study, three regimes of SDS-stabilized nanoemulsion gelation were observed 

as a function of emulsifier concentration (Figure 4.1.6). An initial rapid increase in gel strength 

until 2 CMC SDS concentration followed by slow, but steady increase in gel strength until 15 

CMC SDS and then a sudden drop in gel strength leading to weaker  gels starting from 20 CMC 

SDS. We hypothesized that the smaller droplet size of nanoemulsions along with increased 

influence of electrical double layer formed by the layer of charged SDS at the droplet surface 

increased the ϕeff beyond random jamming leading to repulsive gelation. With the increase in 

SDS concentration, the presence of micelles in the continuous phase induced long-range 

depletion attraction among the nanodroplets that overcame short-range repulsive interactions and 



63 
  

led to strong interdroplet aggregation and increase in gel strength (Kekicheff et al., 1992; 

Mondain-Monval et al., 1996) 

 

 

Figure 4.1.7 Frequency dependent storage (Gʹ) and loss moduli (Gʹʹ) of different SDS 

nanoemulsions. (A) Gʹ, (B) Gʹʹ until 15 CMC SDS nanoemulsions; (C) Gʹ and (D) Gʹʹ for 20 – 30 

CMC SDS nanoemulsions. 

 

On the other hand, at a very high emulsifier concentrations, excess micelles in the 

continuous phase led to depletion stabilization where micelles filled-up the inter-droplet regions. 

Displacement of layers of micelles from this region resulted in osmotic pressure fluctuations 

known as oscillatory structural forces (OSF), causing a drop in attractive interactions 

(Stubenrauch et al., 2003). Many authors have reported the transformation of depletion 

flocculation to re-stabilization due to OSF at this high emulsifier concentrations (Bergeron et al., 

1992; McClements, 2005; James et al., 2014b, 2014a). However, in the present case decrease in 

attractive interactions among the nanodroplets at high SDS concentrations led to the sudden drop 
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in gel strength. This type of OSF induced transformation from strong gels with high yield stress 

to weaker gels that yield under gravity has never been reported before. 

Below, is the calculation of 
-1 

and eff  for all SDS nanoemulsions. Depletion interaction 

energy was also calculated to show that for the nanoemulsions starting from 5 CMC SDS, 

attractive interactions dominates. Finally, the decline in gel strength at very high SDS 

concentration (20, 25 and 30 CMC) is explained by calculating OSF as a function of interdroplet 

distance. Similar calculations are also done for Tween 20 nanoemulsions to explain their weak-

gel behavior at all concentrations. 

 

4.1.6 Calculation of 
-1

 and eff   

eff of all the SDS nanoemulsions was calculated using the eq 2.5.3 in which the interfacial 

shell layer thickness ( can be calculated from the Debye screening length (
-1

). By definition, 


-1 

is the distance from the droplet surface at which the surface potential decreased to 1/e of the 

original value. Some authors have reported that can be taken as equal to 
-1

, while others have 

proposed that is a function of 
-1 

and the ratio of  and 
-1

 depended on the surface potential 

and the radius of the involved particles (Mondain-Monval et al., 1996; Weiss et al., 2000). Based 

on experimental measurement and calculations by Mondain-Monval et al. (1996), in the present 

case, the ratio of   and 
-1 

was taken as 2.4, meaning that the repulsive interactions between the 

droplets could still be significant at a distance 2.4 time 
-1

 from the droplet surface. 

A common way to calculate 
-1

 is to use the equation given by Israelachvili for a 1:1 

electrolyte at 25ºC (Israelachvili, 2011). 

𝑘−1 = 0.304 √𝐶⁄        4.1.1 

where C is the concentration of the ions dispersed in water. Most of the researchers to date 

equated C to the concentration of ionic emulsifier (in this case SDS), Ce in emulsion as it was 

assumed that the molecules would be completely dissociated and the Na
+
 counterions would be 

responsible for ion concentration in the continuous phase while the dodecyl sulfate ions would be 

either adsorbed at the droplet surface or formed micelles in the continuous phase (Weiss et al., 

2000). However, large discrepancies in 
-1 

calculated from eq 4.1.1 to a predicted 
-1 

in case of 

repulsive nanoemulsions has been reported by Weiss et al. (2000). Others have also observed 
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that shear modulus of colloidal dispersions predicted using an empirical model involving 
-1

, 

deduced from eq 4.1.1, was 6 orders of magnitude less than the experimental value (Buscall et 

al., 1982). These discrepancies could be due to the binding of Na
+
 ions to the dodecyl sulfate 

ions at the interface to reduce the lateral repulsion between the charged surfactant heads 

(Kralchevsky et al., 1999; Weiss et al., 2000). Therefore, only free Na
+
 counterions participated 

in the screening of droplet charge. Consequently, the concentration term in eq 4.1.1 was 

multiplied by counterions dissociation factor (f) to reflect this behavior: 

𝜅−1 = 0.304 √𝑓 ⋅ 𝐶𝑒⁄       4.1.2 

Nespolo et al. (2001) calculated counterion dissociation factor ranging from 0.1 to 0.2 for a range 

of SDS concentration (0.1 mM to 1 mM) from the ratio of surface charge corresponding to the 

zeta  potential of the charge for completely ionized SDS at the interface. Others have also 

reported similar values for SDS counterion dissociation factor (Kalinin et al., 1996). In the 

present thesis the counterions dissociation factor for SDS was taken as 0.1. 

The increase in the concentration of SDS in the nanoemulsion results in the formation of 

micelles in the continuous phase. The values of 
-1

 in the presence of micelles (starting from 5 

CMC) can be calculated from eq 4.1.3 where it was assumed that the counter ions could be 

generated from three regions: i) from the monolayer of emulsifier molecules adsorbed on the 

droplet surface, ii) from the free emulsifiers in the continuous phase (equal to the CMC) and iii) 

and those dissociated from the micelles (Pashley et al., 1987; Mondain-Monval et al., 1996). 

𝜅−1 = 0.304 √𝑓 ∙ 𝐶𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 + 𝐶𝑀𝐶 + 𝑞 ∙ (𝐶𝑒 − 𝐶𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 − 𝐶𝑀𝐶)⁄     4.1.3 

where Cmonolayer is the monolayer concentration of SDS adsorbed at the oil-water interface and q 

is the dissociation factor of counterions from the micelles, taken as 0.25 for SDS (Nespolo et al., 

2001). The value of Cmonolayer can be calculated from surface load (and interfacial area (A = 

6/d32): 

𝐶𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 = Г. (6𝜙 𝑑32⁄ )      4.1.4 

The surface load for SDS and Tween 20 is taken as 1.90 × 10
-6  

and 2.96 × 10
-6 

moles/ m
2
, 

respectively (Lu et al., 1995; Ghosh, 2009). It was found that for nanoemulsions with 0.5, 1 and 

2 times CMC SDS concentration, no free emulsifier was present to form micelles in the 
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continuous phase. Therefore for these nanoemulsions eq 4.1.2 was used to calculate -1
. For all 

other nanoemulsions eq 4.1.3 was used.  

The calculated values of  (= 2.4-1
) and eff for all SDS nanoemulsions are shown in 

Table 4.1.1. For nonionic Tween 20 lack of charge on the droplets resulted in the absence of 

sufficient interfacial shell layer thickness leading to eff  ≈ core (values not shown) and hence no 

repulsive gelation was observed. In contrast, eff  of 0.5, 1 and 2 CMC SDS nanoemulsions are 

well above the maximal random jamming limit (MRJ=0.64) for monodisperse emulsions. 

However, only 2 CMC SDS nanoemulsion showed high yield stress and did not flow, while 0.5 

and 1 CMC SDS nanoemulsions had low yield stress and flowed under gravity. The different 

behavior of 0.5 and 1 CMC nanoemulsions compared to 2 CMC nanoemulsion at approximately 

similar eff (ranged from 0.71 to 0.75) can be explained by their polydispersity. A nanoemulsion 

with higher polydispersity would have greater MRJ, hence its gel strength would be lower than a 

nanoemulsion with lower polydispersity but similar eff (Groot et al., 2011).  

In order to explain elasticity of repulsive nanoemulsion gels polydispersity of 0.5, 1 and 2 

CMC SDS nanoemulsions was determined using a dynamic light scattering instrument (Zetasizer 

Nano-ZS90, Malvern Instruments, Montreal, QC, Canada). The average values of polydispersity 

were 0.23, 0.21 and 0.18 for the 0.5, 1 and 2 CMC nanoemulsions, respectively. Hence, MRJ for 

0.5 and 1 CMC nanoemulsions should be higher compared to 2 CMC nanoemulsions, therefore 

although their eff  is similar, they should have very different gel strength. In Figure 4.1.8A eff  is 

scaled by the polydispersity and plotted against the elastic moduli (Gʹ) of these nanoemulsions. It 

can be seen that Gʹ progressively increased as a function of eff / polydispersity, therefore, for 

electrostatically-stabilized nanoemulsions eff’s proximity towards MRJ governed their elasticity.  

It should be mentioned here that the counterion dissociation factor (f) of SDS could also have a 

significant effect on the estimated values of eff. Here f was assumed as constant and equal to 0.1, 

however, with increase in emulsifier concentration, as the droplet surface become saturated, 

there would be a need for the counterions to be associated with the dodecyl sulfate anion at the 

droplet surface in order to reduce repulsion between the adsorbed molecules.  A lower value of f 

would lead to higher eff of 2 CMC SDS nanoemulsion compared to 0.5 and 1 CMC which could 

explain its high gel strength.  
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4.1.7 Calculation of depletion interactions 

Considerably higher gel strength was observed for 5, 10 and 15 CMC SDS nanoemulsions 

compared to 0.5, 1 and 2 CMC nanoemulsions in spite of their lower estimated values of eff  

(Table 4.1.1), which could be explained by the appearance of attractive depletion interactions 

among the nanodroplets by excess SDS micelles in the continuous phase. The long-range 

attractive interaction (despite short range repulsion due to interfacial SDS) formed a tenuous 

network of aggregated droplets which prevented the flow of water and increased the gel strength 

of the nanoemulsions. Datta et al. (2011) showed that attractive emulsions with eff > MRJ have 

two peaks in strain-dependent Gʹʹ while those with eff < MRJ have only one peak. In the present 

case 5, 10 and 15 CMC SDS nanoemulsions exhibited one peak in strain-dependent Gʹʹ curves 

(Figure 4.1.5), also indicating eff < MRJ for these nanoemulsions.  

The depletion effect of micelles on oil droplets has been shown by many researchers using 

both experimental and simulation work (Petsev et al., 1995; Mondain-Monval et al., 1996; 

Sharma et al., 1996). In order to interpret the viscoelastic behavior of the nanogels based on 

micelle-induced attraction, depletion interaction energy (WD) was calculated using the equation 

given by Petsev et al. (1995). 

𝑊𝐷 = −𝑃o ⋅ 𝑉𝐸      4.1.5 

where Po is the osmotic pressure created by the presence of excess micelles in the continuous 

phase and VE is the volume of the continuous phase confined between the two approaching 

droplets from which the micelles were squeezed out. Po can be calculated using the following 

equations originally developed for non-ionic micelles (Carnahan et al., 1969; Petsev et al., 1995). 

𝑃o =  𝜉𝐶𝑀𝑘𝐵𝑇       4.1.6 

and, 𝜉 = (1 + 𝜙𝑚 + 𝜙𝑚
2 − 𝜙𝑚

3 ) (1 − 𝜙𝑚)3⁄      4.1.7 

where CM, number density of micelles in the continuous phase; kB, Boltzmann constant; T, 

temperature; and m, the micelle volume fraction in the continuous phase.  As this equation was 

originally developed for non-ionic species, a correction factor is needed for strong ionic 

emulsifier SDS, whose micelles would carry the counterion cloud around them, thus contributing 
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towards an increased effective micellar volume fraction (m-eff). Hence in the calculation of Po, 

m in eq 4.1.7 was replaced with m-eff (Petsev et al., 1995). 

 

Table 4.1.1 Interfacial shell layer thickness (, effective oil phase volume fraction (eff ), 

effective micelle volume fraction (m-eff) and depletion interaction energy (WD/kBT at h=) for 

SDS nanoemulsions calculated at counterion dissociation factor, f = 0.1. m and WD/kBT (at h=) 

for Tween 20 nanoemulsions are shown. For SDS aqueous phase micelle appears at 41.4 mM 

concentration, while for Tween 20 it was at 16.6 mM. 

Emulsifier 

concentration 
SDS nanoemulsions 

Tween 20 

nanoemulsions 

mM 

Multiples 

of SDS 

CMC 


-1


nm)
eff m m-eff WD/ kBT m WD/ kBT

4.15 0.5 CMC 36.0 0.75 − − − − − 

8.3 1 CMC 25.4 0.71 − − − − − 

16.6 2 CMC 18.0 0.74 − − − 0.0009 -0.1 

41.5 5 CMC 6.7 0.52 0.001 0.01 -0.2 0.02 -1.4 

83.0 10 CMC 5.0 0.50 0.02 0.14 -6.8 0.06 -2.2 

124.5 15 CMC 4.1 0.48 0.04 0.22 -17.8 0.12 -5.9 

166.0 20 CMC 3.5 0.47 0.07 0.28 -32.6 0.19 -11.5 

207.5 25 CMC 3.2 0.46 0.09 0.34 -53.5 0.25 -21.0 

249.0 30 CMC 2.9 0.45 0.11 0.38 -81.2 0.32 -36.2 

 

  

𝜙𝑚−𝑒𝑓𝑓 =
4𝜋

3
(

𝑑𝑚

2
+ 𝑘−1)

3

𝐶𝑀      4.1.8 

where dm is the diameter of micelles (4.8 nm for SDS (Petsev et al., 1995) and 7.2 nm for Tween 

20 (Basheva et al., 2007)). The value of CM was calculated using the similar approach as in eq 



69 
  

4.1.3, by subtracting the amount of SDS adsorbed at the interface (Cmonolayerand free emulsifier 

present in the continuous phase (equal to CMC) from the total amount of emulsifier present in 

the system (Ce): 

   𝐶𝑀 = (𝐶𝑒 + 𝐶𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 − 𝐶𝑀𝐶) 𝑁𝐴 𝑁𝑎𝑔𝑔⁄      4.1.9 

where Nagg is micelle aggregation number (64 for SDS(Petsev et al., 1995) and 70 for Tween 

20(Basheva et al., 2007)) and NA is the Avogadro number (6.023×10
23

 mole
-1

). 

For the calculation of VE, theequation developed by Richette and Kekicheff (Richetti et al., 

1992) was used. It was assumed in their equation that the micelles with its charge cloud could 

not reach a separation from the droplet surface smaller than the interfacial shell layer thickness 


-1
This gives rise to micelle effective diameter 𝑑𝑚−𝑒𝑓𝑓 = (𝑑𝑚 + 2𝛿)The micelles 

are also electrostatically repelled from the droplet surface leading to an increased excluded 

volume between the droplets compared to non-ionic micelles. When droplet diameter >> dm, 

and 
-1

, VE can be calculated from: 

𝑉𝐸 = 𝜋 (𝑟𝑓
2(𝑑𝑚 + 2𝛿 − ℎ) +

𝑅

2
(𝑑𝑚 + 2𝛿 − ℎ)2)    4.1.9 

where rf is the radius of the film created by closely approached deformed droplets and is taken as 

0.045 times the radius of the droplets (Petsev et al., 1995) and h is the distance between the 

droplets. Using equations 6 to 11 the values for depletion interaction energy for both SDS and 

Tween 20-stabilized nanoemulsions were calculated (Table 4.1.1). 

From Table 4.1.1 it can be seen that increase in emulsifier concentration (and 

corresponding increased micelle volume fraction) led to stronger depletion attraction. For SDS, 

although the actual micelle volume fraction was quite low, the presence of charge cloud around 

them increased the effective micelle volume fraction to a great extent. The interfacial electrical 

double layer around the droplets also contributed towards increased excluded volume in the 

interdroplet region, which further increased depletion interaction. In contrast, Tween 20 micelles 

and the droplets stabilized with it did not have enough charge leading to a lower excluded 

volume and depletion attraction among the droplets. A similar effect of micelle charge on the 

depletion interaction has also been reported by Mondain Monval et al (Mondain-Monval et al., 

1996). 
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Figure 4.1.8 Storage modulus (Gʹ) of SDS nanoemulsions in (A) repulsive and (B) attractive 

regimes expressed as a function of (A) eff scaled by span of droplet size distribution and (B) 

depletion interaction energy. The Gʹ values were obtained from strain sweep measurements at 

0.1% strain. In B data for Tween 20 nanoemulsions (○) were also plotted alongside SDS 

nanoemulsions (●). Lines are used to guide eyes. The difference in the scale of the y-axes 

between A and B is required for clarity.  

 

An interesting observation of the present study was revealed when the elastic moduli (Gʹ) 

of the resulting nanoemulsions were plotted as a function of the depletion interaction energy 

(Figure 4.1.8B). For SDS, from 5 CMC to 15 CMC SDS concentration, elastic moduli of 

nanoemulsions increased strongly with depletion attraction energy. However, starting from 20 

CMC SDS a sudden drop in elastic moduli was observed where gel strength decreased with an 

increase in depletion interaction. In contrast, Tween 20 nanoemulsions showed very weak 

gelation behavior at all concentrations in-spite of their comparable depletion interaction energy. 

The progressive increase in gel strength from 5 to 15 CMC SDS with an increase in depletion 

interaction energy is expected (Jenkins et al., 1996). The increase in attractive interaction 

strengthens the bonds between the droplets in the aggregates that also immobilized continuous 

aqueous phase (Berli et al., 2003). This results in further increase of the effective droplet volume 

fraction, beyond what was obtained due to charge cloud on the droplet surface (eff due to charge 

cloud ranged from 0.52 to 0.48 for 5 to 15 CMC SDS concentration, Table 4.1.1), leading to a 

stronger gel network. For non-ionic Tween 20, no such increase in eff is expected, and the 
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depletion attraction generated by micelles alone is not enough to induce interdroplet aggregation 

and gelation. Nevertheless, at high emulsifier concentration, both SDS and Tween 20 

nanoemulsions showed weak gel behavior which cannot be explained by depletion attraction as 

the interdroplet interaction falls into the oscillatory structural force (OSF) regime (Denkov et al., 

1995; Basheva et al., 2007). 

 

4.1.8 Calculation of oscillatory structural forces  

In emulsions, oscillatory structural forces are observed when high concentration of 

nanoscale colloidal particles (e.g., nanoparticles, surfactant micelles, biopolymers) are confined 

between two approaching droplets (Richetti et al., 1992; Asnacios et al., 1997; Vesaratchanon et 

al., 2009).  When the particles form layered structuring in the narrow interdroplet region such 

that at least one layer of the colloidal particles stays between the two approaching droplets, a 

repulsive structural barrier between them prevents the droplets from flocculation (Petsev et al., 

1995; James et al., 2014a). As the droplets approach, layers of colloids are “squeezed out” 

leading to step-wise thinning of the interdroplet films. As a result, the osmotic pressure acting on 

the droplets fluctuates resulting in alternating repulsive and attractive forces operating on the 

droplets (James et al., 2014a). On the other hand, as the micelle concentration is decreased, the 

last layer of micelles could be squeezed out of the interdroplet region leading to depletion 

attraction among the droplets (as seen in 5, 10 and 15 CMC SDS nanoemulsions). OSF was 

experimentally determined with surface force apparatus (SFA) between two mica sheets by 

Richetti and Kekicheff; and with colloid probe atomic force microscopy (CP-AFM) between a 

silica hard sphere and a silica flat plate in a surfactant solution by James and Walz (James et al., 

2014b). Tabor et al. (2011) and Stubenrauch et al. (2003) used AFM to measure OSF between 

two deformable oil droplets in SDS solutions and proposed that the role of OSF would be more 

significant in deformable systems due to difficulty in removing the last layer of micelles between 

the two approaching droplets as the force required for removing micelle layer is greater than the 

force required for droplet deformation. Recently, James et al. (2014b) showed that silica 

microparticle dispersion in SDS solution destabilized with extensive sedimentation due to 

depletion flocculation when SDS concentration was equal to 5 and 10 times CMC. However, at 

20 CMC the dispersion remained stable due to depletion stabilization by OSF. In the present 
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case, the similar behavior of SDS micelles was observed. For 5 to 15 CMC SDS, extensive 

depletion flocculation led to droplet aggregation and gelation. However, beginning 20 CMC 

SDS, the interdroplet interaction was governed by OSF and the micelle layers between the 

droplets prevented them from flocculation. As a special case, in our system, prevention of 

flocculation led to the breakdown of interdroplet network essential for gelation and the strong 

attractive nanogels converted into weak gels. 

A simple analytical expression for oscillatory interaction potential is not readily available 

due to complexity in the calculation and most of the modelling approach is based on the 

numerical solution of integral equations (Walz et al., 1994; Trokhymchuk et al., 2001). Denkov 

et al. (1995) developed a semiempirical formula for OSF between two solid surfaces in presence 

of hard spheres which were modified by Petsev et al. (1995) using Derjaguin’s approximation for 

the interaction energy (WOSF) between two deformed spheres (for any interdroplet distance h > 

dm): 

𝑊OSF(ℎ, 𝑟) =  𝜋𝑟f
2𝑃0

𝑑𝑚 exp (1−ℎ/𝑑𝑚)

(4𝜋2+1)
× [cos

2𝜋ℎ

𝑑𝑚
− 2𝜋 sin

2𝜋ℎ

𝑑𝑚
] − 𝜋𝑅𝑃0

𝑑𝑚
2 exp (1−ℎ/𝑑𝑚)

(4𝜋2+1)
×

[(4𝜋2 + 1) cos
2𝜋ℎ

𝑑𝑚
− 4𝜋 sin

2𝜋ℎ

𝑑𝑚
]                      4.1.11 

By replacing micelle diameter, dm with dm-eff (= dm+2
-1

) for SDS in eq 4.1.11 and calculating Po 

from eq 4.1.8 WOSF between the two approaching droplets was calculated as a function of 

interdroplet distance, h (Figure 4.1.9A). The calculations for Tween 20 were done with the 

original dm in the absence of any charge cloud (Figure 4.1.9B). 

From Figure 4.1.9 it can be seen that the interdroplet interaction oscillates between 

positive (repulsion) and negative (attraction) values as the droplets approach each other. The 

period of oscillation is equal to the dm-eff for SDS and dm for Tween 20 nanoemulsions. As the 

layers of micelles are squeezed out from the interdroplet region, the structural force between the 

droplets reaches a maxima. When the interdroplet distance becomes equal to dm-eff or dm 

repulsive interaction between the droplets prevents them from flocculation. From Figure 4.1.9 it 

can also be seen that the strength of the repulsive barrier increased with emulsifier concentration. 

At the lower limit, 5 CMC SDS nanoemulsion did not show any perceptible OSF acting between 

the droplets and the interdroplet interaction was governed by depletion attraction. For 10 and 15 
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CMC SDS concentration, a small increase in OSF can be seen from the Figure 4.1.9A, but the 

repulsive barrier must be insignificant compared to the depletion interaction. For, higher SDS 

concentrations (20, 25 and 30 CMC), although the value of WD/ kBT (Table 4.1.1) appeared to be 

higher than WOSF (calculated from eq 4.1.11), presence of at least one layer of micelles between 

the droplets prevented them from flocculating leading to a drop in gel strength. It should be 

mentioned that the values for WD and WOSF might not be directly comparable as they signify two 

different scenarios. At present, there is no single analytical expression available which can 

combine both depletion and OSF. 

 

 

Figure 4.1.9 Calculated oscillatory interaction energy from eq 12 for 40 wt% O/W 

nanoemulsions stabilized with different concentration of (A) SDS and (B) Tween 20. The 

oscillating interaction potential is shown until the interdroplet distance equal to effective micelle 

diameter (dm-eff) for SDS and original micelle diameter (dm) for Tween 20. It was assumed that at 

high micelle concentrations (20 – 30 CMC) the shaded area will be inaccessible by the 

approaching droplet and will be filled with a layer of micelles. As dm-eff changes with micelle 

concentration for SDS, the curves begin at different distances. 
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In the case of Tween 20, the oscillatory interaction potential is weaker compared to SDS 

nanoemulsions mainly due to its lower eff and m. Weak OSF for Tween 20 was experimentally 

observed by Christov et al.(Christov et al., 2010). A more compelling evidence of action of OSF 

in Tween 20 nanoemulsions can be obtained from the stability diagram developed by Basheva et 

al. (Basheva et al., 2007) who showed that for a nonionic emulsifier, OSF arose when the m > 

0.12, which corresponds to 124.5 mM or an emulsifier concentration equivalent to 15 CMC SDS. 

Therefore, for Tween 20 nanoemulsions transition from attractive to OSF regime would occur at 

a lower emulsifier concentration compared to SDS.  

 

4.1.9 Summary 

In the present section, gelation in nanoemulsions was investigated as a function of 

emulsifier concentrations and types. 40 wt% O/W nanoemulsions were prepared by high 

pressure homogenizer in the presence of different concentration of either anionic SDS or 

nonionic Tween 20 emulsifiers. It was observed that liquid nanoemulsions transformed into 

viscoelastic gels at a specific concentration range of SDS while no gelation was observed for 

Tween 20. The apparent viscosity, yield stress and Gʹ of the nanogels increased with SDS 

concentration until 15 times CMC, thereafter decreased steadily as the gel broke down beginning 

20 times CMC.  

At low SDS concentration (0.5 – 2 CMC) the repulsive charge cloud acted as interfacial 

shell layer on the nanodroplets and significantly increased the effective droplet diameter (dm-eff) 

and eff. The eff of these nanoemulsions reached the MRJ and the random-jammed network of 

nanodroplets provided them elastic behavior (Gʹ > Gʹʹ). As such this gels were named as 

repulsive elastic solids Wilking et al. (2007), in this thesis they are referred as repulsive 

nanogels. Nanoemulsions prepared with non-ionic Tween 20 showed  weak elastic behavior and 

yield under gravity, as the lack of charge cloud led to no further increase in eff.  

As the SDS concentration increased to 5 – 15 CMC, more counter ions from SDS 

molecules screens the surface charge around the droplets leading to a drop in eff compared to 0.5 

– 2 CMC nanoemulsions (although it remained around 0.5). However, depletion attractions 

generated by micelles in the continuous phase further improved nanogels’ storage moduli (Gʹ >> 

Gʹʹ) indicating stronger gel formation. At a still higher concentration (≥ 20 CMC SDS), Gʹ 
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suddenly dropped leading to the formation of very weak gels. Theory of depletion interaction 

and OSF were used to calculate the interaction energies among the nanaodroplets. It was shown 

that gel strength increased with an increase in depletion attraction followed by sudden drop due 

to the appearance of oscillatory structural forces (OSF) at higher SDS concentrations. Tween 20 

nanoemulsions, on the other hand, showed weak depletion attraction and their OSF regime starts 

at a lower emulsifier concentration compared to SDS, leading to weak gelation behavior. 

 

4.2 Influence of droplet size on nanoemulsion gelation 

4.2.1 Average droplet size 

The Sauter mean droplet diameter (d32) of 2 and 15 CMC nanoemulsions as a function of 

homogenization passes are shown in Figure 4.2.1. For both nanoemulsions d32 initially decreased 

with an increase in the number of passes, however, reached a plateau towards saturated droplet 

diameter (ds) beyond the sixth pass. In each pass d32 of 15 CMC nanoemulsions are smaller than 

2 CMC nanoemulsions. Mason et al. (2006) used an empirical equation to model such decrease 

in droplet size as a function of homogenization passes: 

     4.2.1 

where Ns is the characteristics number of passes where the exponential factor become 1/e and k is 

a dimensionless number depicting the ratio of initial droplet diameter to ds. The model is fitted to 

the experimental data (solid line in Figure 4.2.1) and excellent fits were obtained for both 

nanoemulsions with different emulsifier concentrations (r
2
 > 0.99). Saturated droplet diameters 

(ds) for 2 CMC and 15 CMC nanoemulsions were 156.5 and 131.5 nm, respectively. The smaller 

ds for 15 CMC nanoemulsions were due to the high emulsifier concentrations which facilitate a 

further reduction in d32. The values of Ns ranged from 1 to 2 and the dimensionless number k 

equals to 6.9 and 5.6 for 2 and 15 CMC nanoemulsions, respectively. The values of k signify that 

the initial drop in d32 would be higher for 2 CMC nanoemulsions compared to 15 CMC. This 

could be due to the limiting efficiency of the homogenizer in further decreasing the droplet size 

beyond a lower limit even in the presence of excess emulsifier. The empirical equation also 

predicts that further decrease in droplet radii would not be possible, as the saturated droplet size 

d = ds 1+kexp(-N / Ns )[ ]
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was reached. In fact by increasing the emulsifier concentration from 2 times CMC to 15 times 

CMC, only 1.2 times drop in ds was observed. 

 

4.2.2 Influence of droplet size on nanoemulsion viscosity 

Viscosities of the nanoemulsions were measured as a function of shear rate for both 2 and 

15 CMC nanoemulsions. Both nanoemulsions showed shear thinning behavior where viscosity 

decreased with increase in shear rate (as shown in Figure 4.1.3). The shear stress (𝝉 ) and shear 

rate (γ̇) data from these measurements after each pass of homogenization were fitted to a two 

parameter Hershel-Bulkley (HB) model (r
2
 ranged from 0.85-0.93 for 2 CMC and 0.88-0.94 for 

15 CMC nanoemulsions): 

𝜏 =  𝜏𝐻𝐵 + 𝐾γ̇𝑛      4.2.2  

where n is the flow behavior index, K is the consistency coefficient, 𝜏𝐻𝐵 is the Herschel-Bulkley 

yield stress. For some nanoemulsions values of yield stress were negligible and hence a simple 

power law model (𝜏 = 𝐾γ̇𝑛) was used to fit the data (r
2
 ranges from 0.76 to 0.89). 

The viscosities of the nanoemulsions at a shear rate of 10 s
-1 

was calculated from the models 

and average viscosities were plotted in Figure 4.2.2 as a function of a range of droplet size at 

different homogenization passes. Viscosity increased with a decrease in droplet size for both 

nanoemulsions, however the nature of increase was very different.  For 2 CMC nanoemulsions, 

the increase in viscosity was gradual while for 15 CMC nanoemulsions the increase is much 

more brisk and two distinct regimes can be observed. For the first three passes the viscosities 

increased from 0.004 and 0.06 Pa·s, while starting from fourth pass a rapid jump in viscosity can 

be observed which continues until eighth pass (increase from 0.44 to 23.3 Pa·s). This behaviour 

suggests that the underlying mechanisms of the increase in viscosity for these two systems are 

different.  
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Figure 4.2.1 Effect of number of homogenization passes on the reduction in droplet size of 2 

CMC (●) and 15 CMC (○) nanoemulsions. The lines represent the empirical model (eq 4.2.1) 

fit to the experimental data. Error bars represents ± one standard deviation (n=3). 

 

Figure 4.2.2 Change in viscosities of 2 CMC SDS (●) and 15 CMC SDS (○) nanoemulsions as a 

function of average droplet diameter (d32) obtained after each pass through the homogenizer. 

Error bars represents ± one standard deviation (n=3). The horizontal error bars are because the 

average viscosity data were plotted at average d32 of the three replicates. The numbers in the 

graph represent the homogenization passes at each viscosity. 
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 In order to understand whether the increase in viscosity of nanoemulsions resulted in 

restriction of flow behavior under their own weight, the yield stress (𝜏𝐻𝐵) calculated from eq 

4.2.2 was plotted as a function of number of homogenization passes (Figure 4.2.3). Until the 

fourth pass through the homogenizer, both emulsions had very low viscosities and did not show 

any yield stress.  2 CMC nanoemulsions showed observable yield stress starting from the fifth 

pass and the values increased from 10 Pa after fifth pass to 30 Pa after eighth pass. On the other 

hand, 15 CMC nanoemulsions showed measurable yield stress from the sixth pass where the 

values changes more rapidly from 30 Pa after sixth pass to 145 Pa after the end of eighth pass. 

Though the onset of yield stress for 15 CMC nanoemulsion appeared later than 2 CMC 

nanoemulsion the magnitude is comparable or even higher which can be comprehended by a 

swift change in the interactions between the nanodroplets in case of 15 CMC nanoemulsions (to 

be discussed later).  

 

Figure 4.2.3 Yield stress values of 2 CMC (░) and 15 CMC (▓) emulsions calculated from 

Hershel-Bulkley model as a function of a number of passes of homogenization. Error bars 

represents ± one standard deviation (n=3). 
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4.2.3 Influence of droplet size on nanoemulsion viscoelasticity 

Storage and loss moduli (Gʹ and Gʹʹ respectively) of nanoemulsions at a constant frequency 

of 1 Hz were measured during strain sweep experiments (0.01 – 100% strain). Average data from 

each pass are shown in Figure 4.2.4. For 2 CMC nanoemulsions until third pass of 

homogenization, Gʹʹ is higher than Gʹ while after fourth pass Gʹ became greater than Gʹʹ although 

no sign of strong gelation was observed (no yield stress from Figure 4.2.3). Further 

homogenization transformed the nanoemulsions into nanogels which is evident from their large 

increase in Gʹ over Gʹʹ and appearance of yield stress. For 15 CMC nanoemulsions Gʹ became 

higher than Gʹʹ beginning fifth pass while the materials transformed into nanogel and showed 

yield stress beginning sixth pass. The linear viscoelastic region (LVR), where moduli are strain 

independent (below 2% strain), appeared from the fourth pass for 2CMC and fifth pass for 15 

CMC nanoemulsions. For both nanoemulsions, at 5% strain, the linearity of Gʹ is ceased, and it is 

gradually dropped indicating yielding. At this strain, structural relaxation process occurs in the 

gel network which is manifested as a peak in the Gʹʹ values where it also crossed Gʹ (similar to 

the data reported in Figure 4.1.5). This crossover is termed as gel breakdown point. This type of 

behavior is ubiquitous for strong colloidal gels and has been observed by many researchers 

(Datta et al., 2011; Koumakis et al., 2011).  

 In order to compare how viscoelastic behaviour of nanoemulsions is influenced by their 

droplet size, Gʹ and Gʹʹ values at a constant strain (0.1 %) for all replicates were plotted against 

their average droplet diameter (d32) for both 2 and 15 CMC nanoemulsions. These values can be 

considered as plateau moduli, although for some earlier pass nanoemulsions plateau was not 

observed in the range of strain used. Similar to viscosity and yield stress viscoelastic behaviour 

of the nanoemulsions also evolved with a decrease in droplet size. In the case of 2 CMC 

nanoemulsions, Gʹʹ > Gʹ above 300 nm droplet size during the first two passes of 

homogenization. But with a decrease in droplet size the elastic nature superseded the viscous 

nature, and below 300 nm droplet diameter Gʹ became higher than Gʹʹ (Figure 4.2.5A). Similarly 

for 15 CMC nanoemulsions, Gʹʹ was initially higher than Gʹ at larger droplet sizes, however, 

below 150 nm (after around fourth pass) Gʹ dominated over Gʹʹ (Inset of Figure 4.2.5B). Similar 

to viscosity, elasticity of 2 CMC nanoemulsion gradually increased with reduction in droplet 
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size, however for 15 CMC nanoemulsions, elastic behaviour rapidly increased once the droplet 

size was below a critical level followed by a plateau in G’ below 130 nm droplet size. 

 

 

Figure 4.2.4 Average of oscillatory strain dependent storage (Gʹ) and loss moduli (Gʹʹ) of SDS 

nanoemulsions after different homogenization passes. (A) Gʹ, (B) Gʹʹ of 2 CMC nanoemulsions; 

(C) Gʹ and (D) Gʹʹ of 15 CMC nanoemulsions. Note the difference in Y-axis scale between 2 and 

15 CMC nanoemulsions. Standard deviations of the moduli are not shown for the same. For 15 

CMC nanoemulsion data before the third pass (C3) are not shown, as the samples were too weak 

to show any gelation behaviour within the instrument limits. 
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Figure 4.2.5 Characterization of the viscoelastic behavior of (A) 2 CMC and (B) 15 CMC 

nanoemulsions as a function of average droplet size (d32). Values of storage (Gʹ) (closed 

symbols) and loss (Gʹʹ) (open symbols) moduli of emulsions (at a frequency of 6.28 rad/sec and 

0.1% strain) were plotted from strain sweep measurements data. The inset shows a zoomed view 

of Gʹ and Gʹʹ of 15 CMC nanoemulsions from fifth to eighth passes. Note the difference in axis 

ranges for A and B. 

 

4.2.4 Mechanism of gelation  

The type of increase in gel strength as a function of droplet size was very different between 

the two different nanoemulsions discussed. In order to understand the mechanism of gelation, the 

effective droplet volume fractions for both nanoemulsions and the strength of the attractive 

interaction for 15 CMC nanoemulsions were calculated. Different regimes of gel transitions for 

both repulsive and attractive nanoemulsions were also predicted using the theories developed in 

the previous section. 

 

4.2.4.1 Gelation in repulsive nanoemulsions 

In repulsive 2 CMC SDS-stabilized nanoemulsions, gelation is effectively controlled by 

an effective dispersed phase volume fraction (eff) which can be estimated from the interfacial 

shell layer thickness ().  
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The values for eff were calculated from equations 2.3.5, 4.1.2 and 4.1.3 and plotted as a 

function of the number of homogenization pass in Figure 4.2.6. It can be seen that as the 

homogenization passes continue eff increased. However the degree of increase for 2 CMC 

nanoemulsion (Figure 4.2.6A) is higher than 15 CMC nanoemulsions (Figure 4.2.6B). For 2 

CMC nanoemulsions eff increased from 0.46 to 0.78, whereas for 15 CMC nanoemulsions the 

maximum was 0.47. The lower eff for 15 CMC nanoemulsions is due to the higher number of 

counterions influencing the debye screening length (. A plateau in the increase eff was also 

observed in the case of 15 CMC nanoemulsions, this might be because of the plateau in a 

decrease of droplet size (see Figure 4.2.1). In order to understand how eff influences Gʹ and Gʹʹ, 

viscoelastic moduli of nanoemulsions from all replicates were re-plotted against eff in Figure 

4.2.7. In the case of 2 CMC SDS, both Gʹ and Gʹʹ gradually increased with eff. A significant 

difference between Gʹ over Gʹʹ was observed when eff is close to 0.60, indicating the 

development of viscoelastic behaviour in nanoemulsions. After that, as the eff increased 

difference between G′ and G″ increased which led to improved gel strength.  

It is well known that a repulsive emulsion transformed from a fluid into a viscoelastic gel as 

the volume fraction of droplets reached a critical value (c) where the droplets become closely 

packed. However, if the viscoelastic behaviour of emulsions is followed as a function of 

dispersed phase volume fraction, two distinct transformations can be observed. An initial low 

volume fraction transition (at eff = 0.55) when viscosity rapidly increased without any plateau in 

storage modulus. This is generally associated with glass transition (Mason et al., 1996). In this 

case the droplets simply are in a crowded state and form cage around each other without the need 

to deform as they do not touch each other. The volume fraction for this transition (g) generally 

occurs at = 0.58 for monodispersed emulsions (Mason et al., 2014). In a colloidal glassy phase, 

each droplet can explore the free volume around them leading to an increase in the total entropy 

of the system. Any application of strain in this region would change the free volume thereby 

increasing the energy of the system that is stored as elastic modulus (Mason et al., 2014). Upon 

further increase in eff the droplets’ surface contact at a critical volume fraction (c) above which 

the droplet become compressed leading to a dramatic increase in elasticity and appearance of 

yield stress (Ikeda et al., 2012). The droplet volume fraction at this transition from glassy to 
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jammed state are also known as critical volume fraction for maximal random jamming and is 

generally accepted as 0.64 for monodispersed emulsion droplets. 

 

  

Figure 4.2.6 Average eff as a function of the number of homogenization pass for (A) 2 CMC 

and (B) 15 CMC nanoemulsions. Note the scale difference on the y-axis between both A and B. 

Error bars represents ± one standard deviation (n=3). 

 

From the strain sweep data in Figure 4.2.4A, it can be seen that plateau in G′ appeared at 

fourth pass, although the emulsion did not show any yield stress (Figure 4.2.3) in rotational shear 

experiments. This indicates that the nanoemulsions at fourth pass were not strictly in a jammed 

state, rather in a transition state from glassy to jammed state. Beyond fourth pass eff reached a 

critical value (0.64) (Figure 4.2.6A) which led to jamming of droplets and the much wider 

difference between G′ and G″. Therefore, it can be said that the gelation in 2 CMC nanoemulsion 

is controlled by eff that resulted in the fluid to glassy to jamming transition.   
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Figure 4.2.7 Characterization of the viscoelastic behavior of (A) 2 CMC and (B) 15 CMC 

emulsions as a function of eff. Values of storage (Gʹ) (closed symbols) and loss moduli (Gʹʹ) 

(open symbols) of nanoemulsions (at a frequency of 6.28 rad/sec and 0.1% strain) were plotted 

from strain sweep measurements data against eff. The inset shows a zoomed view of Gʹ and Gʹʹ 

of 15 CMC nanoemulsions from fifth to eighth passes. Note the difference in the x-axis for 

between both the graphs, which was needed to represent the data points more clearly and depict 

the differences in gelation mechanisms. 
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into a gelled system. Datta et al. (2011) observed that such attractive interactions can result in the 

elasticity in emulsions at much lower  compared to repulsive emulsions where elasticity appears 

due to the close packing or cage formation of droplets at higher volume fraction (2 CMC 

nanoemulsion in the present case).  

The depletion interaction energy (WD) for 15 CMC SDS-stabilized nanoemulsions were 

calculated according to the theory developed by Petsev et al. (1995). Details of the calculations 

are shown in section 4.1. Figure 4.2.8 shows the calculated values of depletion interaction 

energy, expressed as WD/kBT, as a function of eff. It can be seen that the depletion interaction 

energy drops with an increase in eff or decrease in droplet size. With a decrease in the droplet 

size interfacial area is also increased which led to adsorption of emulsifiers from the continuous 

phase resulted in a drop in excess micelles. As the presence of excess micelles is directly 

proportional to the osmotic pressure (Po) in the continuous phase, decrease in droplet size 

resulting in a continuous drop in depletion attraction energy (eq 4.1.5).  However, the nature of 

the depletion attraction energy for the nanoemulsions raised two situations that must be 

discussed in order to understand attractive nanoemulsion gelation. First of all, if gelation in the 

nanoemulsions is due to attractive interactions among the nanodroplets, why samples from the 

first three passes of homogenization did not show any gelation behaviour where their attractive 

interactions were highest? Secondly, why is the drop in depletion attraction energy and droplet 

size accompanied by a rapid increase in elastic moduli of the nanoemulsions as shown in Figure 

4.2.8?  

To answer the first question we looked into how the of balance between the interdroplet 

interactions changes in presence of excess micelles. It is known that the presence of excess 

micelles in the interdroplet region would lead to depletion attraction. However, very high 

concentration of nanoscale particles or micelles in the interdroplet regions would form layered 

structure around the droplets where, depending on their concentration, at least one layer of 

micelles may always stay between the droplets (Basheva et al., 2007). As the droplet approach 

each other layers of micelles move out and the interdroplet interaction oscillates between 

positive (repulsion) and negative (attraction) values with the period of oscillation equal to the 

effective diameter of the micelles. When the approaching droplets face a layer of micelles, the 

interaction reaches repulsive maxima. On further approach, the layer of micelles is squeezed out 
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from the interdroplet region resulting in attractive minima as the droplets come closer to fill the 

area left void by the micelle layer. Finally, when the interdroplet distance becomes equal to one 

micelle effective diameter, a lot of energy is needed to remove the final layer (>>kBT) and that 

layers stays in between the droplets as a final repulsive barrier (Basheva et al., 2007).  This type 

of interactions known as oscillatory structural forces (OSF) are responsible for depletion 

stabilization resulting in a fluid-like behaviour (Gʹʹ>Gʹ) of the emulsions (section 4.1.9). Similar 

transformation from depletion flocculation to depletion stabilisation has also been observed in 

other studies (Richetti et al., 1992; Petsev et al., 1995; Christov et al., 2010; James et al., 2014a). 

In the present case, for the first three passes of homogenization droplet sizes are fairly large with 

lower interfacial area resulting in lot of free emulsifiers which led to an interdroplet interaction 

that stays in the structural force regime. After the fourth pass, as the droplet diameter dropped 

below 150 nm, more emulsifiers were adsorbed on the newly created interfacial area leading to a 

decrease in excess micelle concentration in the continuous phase. This transformed the net 

interdroplet interactions into depletion attraction resulting in droplet aggregation and gelation 

(Gʹ>Gʹʹ). 

 

Figure 4.2.8 Storage (Gʹ ) (●) and loss moduli (Gʹʹ) (○) of 15 CMC nanoemulsions as a function 

of eff. Secondary axis has average Wd/kBT values calculated for nanoemulsions after each 

homogenization pass. 
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Next, theory of the mechanism of gelation in attractive nanocolloids are used to understand 

the increase in gel strength with a decrease in droplet radius above eff  of 0.465. It has been 

proposed that when strong attraction is introduced (energies in the range of 10 – 20 times kBT), 

gel transition in emulsion can occur at low volume fraction where the droplets stick to each other 

by diffusion limited cluster aggregation (DLCA) and form tenuous fractal cluster whose network 

connectivity fills space and provides elastic properties (Guo et al., 2011). Trappe et al. (2001) 

developed a generalized phase diagram for jamming transition in attractive hard spheres where a 

critical phase boundary (from fluid to gel) was observed at low volume fraction characterized by 

sharp rise in elasticity of the fractal network. For systems with weaker attraction, gelation 

requires higher volume fraction. Numerous theories have been proposed in order to explain the 

mechanism of gelation in these weakly attractive emulsions. Lu et al. (2008)  proposed that in 

weakly attractive system (a few kBT) gelation is induced by spinodal decomposition where 

thermodynamic instability driven phase separation led to spanning clusters that dynamically 

arrest to form gel. On the other hand, at a high volume fraction, crowding of droplets resulted in 

amorphous colloidal glasses even at the weak attraction. In this case, the droplets are said to be 

trapped in cages formed by nearest neighbours (Trappe et al., 2004). In both low volume fraction 

fractal gel or high volume fraction attractive glass, bonding between the droplets lead to higher 

constraints against particle movement and the elasticity of the attractive systems appears at lower 

volume fraction than that of maximal random jamming for repulsive emulsions (Datta et al., 

2011; Koumakis et al., 2011). Experimentally this was observed by Dutta et al. (2011) for 

gelation in silicon oil-in-water emulsion stabilized by SDS where repulsive or attractive 

interactions were controlled by concentration of SDS (as in the case of the present study). 

Interestingly the authors observed two peaks in the loss modulus during yielding of attractive 

emulsions above close packing while those below yielded with one peak as in the case of 

repulsive emulsions (Datta et al., 2011). The two step yielding of attractive colloids were also 

studied in more details by Koumakis et al. (2011) who proposed that yielding of both close-

packed attractive glass and fractal gel is a two-step process (two peaks in Gʹʹ).The first yield 

strain (corresponding to the first peak in Gʹʹ) was attributed to inter-cluster bond breaking while 

the second yield strain at higher value was due to breaking of clusters into individual particles 

(Koumakis et al., 2011; Shao et al., 2013). Nevertheless, only for high  attractive glass the 
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second yielding and corresponding second peak in Gʹʹ would be visible before the crossover of 

Gʹ and Gʹʹ while for low  attractive fractal gels fluid-like flow behaviour due to Gʹ < Gʹʹ cross 

over would supersede the second peak. In the present case, the two-step yielding of Gʹʹ was not 

observed for any nanoemulsions (Figure 4.2.4). Therefore it can be concluded that these elastic 

nanoemulsions fall within the category of fractal gels. The fact that eff of the nanoemulsions 

with highest gel strength (0.473) is far below the limit of glass transition (0.58) and close 

packing (0.64), also support this hypothesis.  

From Figure 4.2.8 it is also evident that a very small increase in eff from 0.465 to 0.473 

and corresponding decrease in Wd/kBT from 21 to 17 has manifested a multitude of increase in 

the Gʹ from 223 to 4066 Pa. In order to understand this effect, droplet size and a corresponding 

increase in the number of droplets from fifth pass to eighth pass of homogenization were 

evaluated. The surface average mean droplet diameter (d32) in this case decreased from 143 nm 

after fifth pass to 131 nm after eighth pass. Once again, this small decrease in mean droplets 

diameter does not explain such a large change in elasticity. It should be noted that the d32 values 

are sensitive towards smaller droplets while the effect of a few large droplets is neglected. If we 

consider volume-weighted mean droplet size (d43) it can be seen that the average size decreased 

from 193 nm after fifth pass to 158 nm after the eighth pass (data not shown). This decrease is 

significant and is due to breaking a few large droplets into many small droplets. As the number 

of droplets increased there are more attractive bonds among them, which resulted in the larger 

fractal network that can occupy more space (Lu et al., 2013). Buscall et al. (1988) have shown 

that when aggregated networks of polystyrene spheres were subjected to compressive forces (e.g. 

in a centrifuge) the yield stress can be scaled with particle size (r) by r
-2.3

 . Therefore, the 

compactive strength of clusters, which is also proportional to elastic modulus (Gʹ), is higher for 

smaller droplet sizes. Similar observation of effect of particle size on colloidal gelation was also 

observed by Bi et. al. (2014) during their study on effect of homogenization on the rheology and 

microstructure of acid induced soy protein isolate gels. It was reported that high shear 

homogenization decreased both the average particle size and their polydispersity index which 

resulted in a higher gel strength with reduced void space and more compact gel microstructure. 

Therefore it can be said that the rapid increase in gel strength of 15 CMC SDS-stabilized 



89 
  

nanoemulsions from fifth to eighth pass of homogenization could be due to stronger fractal 

network formation by decrease in droplet size and simultaneous increase in number of droplets. 

 

4.2.5 Summary  

In this section, the influence of droplet size on the gelation of both repulsive and attractive 

nanoemulsions was investigated. In repulsive emulsions, the counterion shell layer around the 

droplets had contributed to a significant increase in eff with a decrease in droplet size. At higher 

droplet size (>250 nm), the emulsions existed as fluids where Gʹ < Gʹʹ. As the droplet size 

decreased further below 200 nm, eff of these emulsions got closer to the glass transition limit at 

which Gʹ > Gʹʹ and the liquid like nanoemulsions are transformed into weak gels with no yield 

stress. With further decrease in droplet size below 180 nm, the glassy nanoemulsion entered 

jamming transition where the droplets are jammed into cage formed by surrounding droplets. At 

this point, the Gʹ >> Gʹʹ and the liquid like emulsions are transformed into strong nanogels. The 

yield stress of these nanoemulsions also suggests the same.  

In contrary, for attractive nanoemulsions decrease in droplet size manifested a different 

mechanism of gelation. An initial fluid-like emulsion (Gʹ < Gʹʹ) transformed into nanogels below 

a critical droplet size where a rapid increase in gel strength was observed with a decrease in 

droplet size. The strength of the attractive interaction (Wd/kBT) also decreased with a decrease in 

droplet size, which was attributed to drop in micelle concentration as more emulsifier molecules 

got adsorbed on the newly created interfacial area. It was proposed that despite higher Wd/kBT, 

the fluid like behaviour of large droplet size nanoemulsions was due to structural forces 

generated by the presence of higher micelle concentrations (depletion stabilization). With a 

decrease in droplet size and a corresponding drop in micelle concentration, the interdroplet 

interaction transformed from structural force into depletion attraction. This led to gelation by the 

fractal network in nanodroplets. Although the rapid increase in Gʹ cannot alone be explained by 

Wd/kBT, decrease in droplet size and corresponding increase in their number might have an 

integral impact on the fractal nature of the aggregates thus influencing gelation behaviour of the 

attractive nanoemulsions. 
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4.3 Effect of oil concentration on repulsive gelation 

4.3.1 Average droplet size 

Figure 4.3.1 represents the decrease in sauter mean diameter d32 of emulsions as a function 

of number of passes through the homogenizer for both LER and HER nanoemulsions. Depending 

on some of the emulsions coming out of the homogenizer became thick gels before seventh 

pass and further homogenization could not be continued, hence droplet sizes for these 

nanoemulsions (0.45, 0.50 and 0.60) are not shown for all passes. It is apparent from the 

figure that droplet size decreased with an increase in number of passes through the homogenizer 

and after about sixth pass it reached a plateau. The plateau droplet radii for HER nanoemulsions 

were slightly smaller than LER nanoemulsions. Also, at comparable between both the 

nanoemulsions, droplet size decreased with an increase in emulsifier concentrations.  

 

 

Figure 4.3.1 Average droplet diameter  (d32) as a function of number of homogenization passes 

for  (A) LER and (B) HER nanoemulsions with dispersed oil phase volume fractions: 0.30(●), 

0.35(○), 0.40(▼), 0.45 (∆), 0.50(■ ), 0.60(□). Difference in the ranges omitted on y-axes to 

accommodate all the data points with clarity in the respective plots. Error bars represents ± one 

standard deviation (n=3). 

 

4.3.2 Effect of  on viscosity of repulsive nanogels 

To understand the influence of oil concentration and droplet size on the bulk rheology of 

nanoemulsions, their viscosities after different homogenization passes were plotted as a function 
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of  and droplet radius in a three dimensional graph in Figure 4.3.2Overall viscosity increased 

with increase in oil volume fraction, however, at each oil volume fraction there is a range of 

viscosity that varies from low to high values depending on the droplet diameter. At a constant oil 

volume fraction viscosity increased with a decrease in droplet diameter.  Therefore, it can be 

concluded that the rheology of repulsive emulsions cannot be explained by either droplet size or 

, rather a combined effect of both along with the interdroplet interactions would be necessary.  

 

Figure 4.3.2 Apparent viscosities (at a shear rate of 10 s
-1

) as a function of actual  and average 

droplet diameter of repulsive SDS emulsions. Data for both LER (○) and HER (●) 

nanoemulsions are shown. 

 

As explained in section 2.5.1.4 ionic emulsifiers at the droplet surface give rise to 

counterion charge cloud which acts like shell layer around them and increases the net of 

nanoemulsions by a volume equal to the volume of the combined electrical double layers of all 
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droplets. The effective oil phase volume fraction (actual plus the thickness of the electrical 

double layer), given by eff, could be calculated using the theory described in section 4.1.7. 

The calculated values of eff for all emulsions at different was plotted as a function of 

droplet diameter in Figure 4.3.3. It can be seen that the decrease in droplet size as a function of 

homogenization pass at a constant  propelled an increase in eff for all emulsions. In fact, eff 

increased to as much as 0.8 even at  as low as 0.3 due to a reduction in droplet sizes to 

nanoscale and formation of charge cloud of comparable size around the droplets. At a 

comparable actual oil volume fraction, eff is higher for LER nanoemulsions. This could be due 

to higher SDS concentration resulting in higher Na
+
 counterions to screen the droplet charge 

thereby reducing effective electrical double layer around the droplets. 

 

Figure 4.3.3 eff as a function of average droplet diameter (d32) at different dispersed phase oil 

concentrations: 0.3(♦), 0.35(■), 0.4(▲), 0.45 (x), 0.5(+), 0.6(●) at SDS emulsifier concentrations 

of (a) 1 CMC and (b) 2 CMC. 

 

Next, viscosity data from Figure 4.3.2 and eff data from Figure 4.3.3 were re-plotted in 

Figure 4.3.4. It is evident that the viscosity of the emulsions can be better described by the 

effective oil phase volume fraction (eff) rather than their actual oil volume fraction alone. 

Initially viscosity of both emulsions increased gradually with an increase in eff. However near a 
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critical value viscosity rapidly increased with just a small change in eff. Similar behavior of 

viscosity was also observed by other researchers (McClements, 2005; Qian et al., 2011; Ikeda et 

al., 2012) and was explained by the appearance of a state where emulsion droplets along with its 

charge cloud approach each other with close proximity. When the droplets with their charge 

cloud overlap leading to close packing and deformation their viscosity increased sharply to a 

very high value. This situation is also referred to as maximal random jamming (Mason et al., 

1995; Qian et al., 2011). The critical volume fraction (c) for this jamming transition can be 

observed above 0.8 eff for LER nanoemulsions, while for HER nanoemulsions it is just above 

0.7 eff. This could be due to emulsion polydispersity, which is higher for LER nanoemulsions 

(data not shown). In highly polydispersed emulsions numerous small droplets can be packed in 

the interstices of larger droplets, therefore the jamming transition is observed at a higher volume 

fraction (Groot et al., 2011). Moreover, the rapid rate of increase in viscosity for HER 

nanoemulsion (Fig 4.3.4B) was not observed for LER nanoemulsions (Fig 4.3.4A). This might 

be due to the critical eff required for the rapid rise has not been approached by the LR 

nanoemulsions due to its higher polydispersity. .   

 

Figure 4.3.4 Viscosity as a function of effective oil phase volume fraction (eff) of repulsive (A) 

LER and (B) HER nanoemulsions. 
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4.3.3 Viscoelastic properties of repulsive nanogels as influenced by  

Figure 4.3.5 depicts the evolution of average storage (Gʹ) and loss moduli (Gʹʹ) as a 

function of % strain obtained from strain sweep measurements (at a constant frequency of 9.8 

rad/sec) for all nanoemulsion gels after their final pass of homogenization. For all these 

nanoemulsions, Gʹ remains higher than Gʹʹ below a certain critical strain thereby confirming their 

gelled state. It is evident that with an increase in  there is an increase in the magnitude of Gʹ and 

Gʹʹ. Except for LER nanoemulsion at , the moduli are independent of strain below 2% 

resulting in a linear viscoelastic region (LVR). Beyond LVR, for all nanoemulsions Gʹ gradually 

dropped beginning 5% strain which marks the loss of gel strength. At the same time, a peak in 

Gʹʹ is observed due to the structural relaxation process in the gel (Figure 4.3.5 B and D). During 

this structural relaxation close-packed droplets start to rearrange before the emulsions begin to 

flow, a behavior manifested by the crossover of Gʹʹ over Gʹ. This crossover point is usually 

termed as yield strain (Datta et al., 2011). Despite the increase in gel strength, the common 

behaviour of drop in Gʹ at a constant value of strain (yield strain) is intriguing and was also 

observed by Pham et al. (2008). However, the reason for this is not yet understood.  

To understand the influence of eff on the elastic properties of nanoemulsions in more 

detail, the plateau storage moduli (Gʹp) of all individual emulsions at 0.1% strain (within the 

LVR region) obtained from strain sweep measurements were plotted in Figure 4.3.6 as a function 

of eff. It can be seen that the initial rapid increase in Gʹp values slow down at as eff approach 

0.9. Similar behavior of initial rapid increase (at eff =0.64) followed by a slow increase of Gʹp (at 

eff =0.7) was observed by many researchers (Wilking et al., 2007; Graves et al., 2008; Scheffold 

et al., 2014). The Gʹp values for LER nanoemulsions (filled symbols in Figure 4.3.6) are more 

scattered and shifted towards higher values of eff similar to the viscosity results which was 

attributed to the higher polydispersity index of droplet size distribution for low emulsifier 

nanoemulsions. 
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Figure 4.3.5 Storage (Gʹ) (closed symbol) and loss moduli (Gʹʹ) (open symbol) as a function 

of % strain obtained from strain sweep measurements at a constant frequency (1Hz) for LER (A 

and B) and HER (C and D) nanoemulsions at different dispersed phase oil concentrations: 0.3(♦), 

0.35(■), 0.4(▲), 0.45 (x), 0.5(+), 0.6(●). The arrow indicates the deviation of Gʹ from LVR at 

similar % strain. 
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Figure 4.3.6 Plateau storage moduli (Gʹp) of all individual nanoemulsions at 0.1% strain 

obtained from strain sweep measurements as a function of eff. Filled symbols represent LER 

nanoemulsions while open symbols represent HER nanoemulsions. 

 

4.3.4 Modelling the gel strength of repulsive nanogels 

From Figure 4.3.6 it is apparent that close packing of droplets resulted in a rapid increase 

in Gʹ as eff approached c. Upon further increasing eff above c the droplets comes in contact 

and their surface get compressed. This compression results in the storage of additional energy 

leading to a dramatic increase in elasticity (Gʹ).  The energy scale that controls the deformation 

of droplets is their internal Laplace pressure given by /r, where  is interfacial tension and r is 

the droplet radius. The c at which droplet compression occurs is also denoted by jamming 

transition volume fraction (j). Above the jamming transition when the droplets are close packed, 

shear elastic modulus is dependent on the droplet interaction potential and the connectivity of 

stress-bearing droplet network characterized by excess number of contacts between the droplets 

than that is at the jammed state (j). Using this concept Scheffold et al. (2013) developed an 

analytical expression for the elastic modulus of jammed emulsion as a function of droplet 

volume fraction. Their prediction also matched closely with the semi-empirical formula for 

elasticity of monodisperse nanoemulsions developed by Mason et al. (1995):  
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𝐺𝑝
′

𝛾/𝑅
= 𝐾 𝜑 (𝜑 − 𝜑𝑗)      4.3.1 

where Gʹp, the plateau elastic modulus of jammed emulsions is scaled by Laplace pressure (/R) 

and K is a constant which combines the dimensionless shear coupling parameter and the 

interfacial-entropic coupling parameter (Mason et al., 2014). Similar scaling expression for 

elastic modulus of jammed emulsions has also been used to fit experimental results before 

(Princen et al., 1986).  These studies have shown that the critical volume fraction for maximal 

random jamming is 0.64 for monodispersed emulsion droplets. Here our aim was to determine 

the critical volume fraction needed for jamming transition in case of regular polydispersed 

nanoemulsions, so the above model was applied to the data with j used as a fitting parameter 

(Figure 4.3.7). The fit of the model to our data gave r
2
 values of 0.35 and 0.47 for LER and HER 

nanoemulsions, respectively. This is because the empirical model has been derived based on 

monodisperse emulsions, so it’s fit to these emulsions with a wide range of polydispersity (span 

of droplet size distribution varying from 4.7 to 1.9) are not great. Span is a qualitative estimation 

of polydispersity and the values were obtained from the particle size distribution data using the 

formula 𝑠𝑝𝑎𝑛 = (𝑑90 − 𝑑10 𝑑50)⁄ , where the values indicated 10
th

, 50
th

 and 90
th

 percentile 

droplet size. This also suggests that the decrease in polydispersity allows for a better fit to the 

model. The model predicts a j of 0.69 and 0.71 for LER and HER nanoemulsions, respectively. 

The j of both nanoemulsion systems is in agreement with polydisperse emulsions measured 

using the similar scaling law (Princen et al., 1986), which was also supported by other studies 

(Kraynik et al., 1991; Schaertl et al., 1994). For both the nanoemulsions the model predicts a 

steep increase in the Gʹ near j, above after which it seems to attain a plateau. Simulation and 

experimental studies on monodisperse emulsions have shown that this scaling law holds well 

between the limit of j ≥eff ≤ 0.80, where the jamming regime results in a weak deformation of 

droplets but not in the limit where there is a significant deformation (eff ≥0.80) (Mason et al., 

1995; Mason et al., 2014). However, in the present case of polydisperse emulsions this might 

occur at higher eff ≥0.9 
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Figure 4.3.7 Elastic moduli (Gʹ from Figure 4.3.6) scaled with Laplace pressure as a function of 

eff  obtained from strain sweep measurements at different dispersed phase oil concentrations: 

0.3(♦), 0.35(■), 0.4(▲), 0.45 (x), 0.5(+), 0.6(●) for  (A) LER and (b) HER nanoemulsions. r
2 

values are 0.35 and 0.47 for the LER and HER nanoemulsions respectively. 

 

The jammed state model assumes that elasticity vanishes below j, and it predicts a 

continuous drop in Gʹ at j, which can be seen in Figure 4.3.6. However, in the actual case below 

random jamming the droplets remain in a crowded state and form cage around each other 

without the need to deform as they do not touch. This is termed as colloidal glassy phase (as 

shown in Figure 4.3.7) where the droplet movement is characterized by Brownian motion and 

each droplet can explore the free volume around it leading to an increase in total entropy of the 

system. Any applied strain in this region would change the available free volume thereby 

increasing the energy of the system which is stored as elastic modulus (Ikeda et al., 2012; Mason 

et al., 2014). The volume fraction (g) for this transition generally occurs at = 0.58 for 

monodispersed emulsions (Clusel et al., 2009; Berthier et al., 2011; Lu et al., 2013). The 

entropically driven elastic modulus of glassy state should ideally be scaled with kBT/R
3
 and is 

distinguishable from that of jammed state; however in the present case there is insufficiency of 

data points in this region to ascertain this. Mason et al (2014) showed that for conventional 

emulsions the entropic contribution towards Gʹ is substantially below the jamming state when 
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towards overall magnitude of the Gʹ under jammed state and hence all the data can be scaled by 

Laplace pressure. Below the glass transition the crowding effect of droplets subsides and this 

results in liquid like response where Gʹʹ> Gʹ. 

 

4.3.5 Summary 

In this study influence of dispersed phase volume fraction on the jamming transition and 

resultant viscoelastic properties of the repulsive nanoemulsions has been investigated. Increase in 

average elastic modulus with oil volume fraction was seen in strain sweep measurements. 

Although the elastic moduli curves were similar, with only an increase in magnitude of moduli as 

a function of modelling the Gʹ with empirical scaling law developed by Mason et al. resulted 

in two distinct transformations of elastic response. An initial regime where there is a gradual 

increase in Gʹ called glassy (g ~ 0.58) which is entropically driven due to the crowding of 

droplets as a result of which they are caged between their neighbours. This is followed by a 

glassy to jamming transition that occurred at j, the critical volume fraction for the transition. In 

this region the droplet surfaces are deformed and elasticity appears due to the work  done against 

additional energy stored in the droplets due to the compression of their surface resulted by 

crowding of droplets. This resulted in a dramatic increase in elasticity (Gʹ) at j.  The energy 

scale that controls the deformation of droplets is their internal Laplace pressure given by /r, 

where  is interfacial tension and r is the droplet radius (as seen in section 4.1). The j from the 

model are 0.69 and 0.71 for LER and HER nanoemulsions, respectively, which is in agreement 

with similar polydispersed emulsions reported before in the literature (Groot et al., 2011). 

  

 

4.4 Long-term stability of nanogels 

4.4.1 Coalescence and accelerated creaming stability of nanogels 

Figure 4.4.1 shows the surface-volume mean diameter (d32) of all nanogels as a function of 

storage time (until 90 days). It can be seen that the d32 of all the nanogels did not change 

significantly with time (p > 0.3 for all nanogels). This suggests that the nanodroplets are stable to 

coalescence within the experimental time period. However, d32 is only an average of droplet size 

and does not emphasize the whole droplet size distribution. Hence, droplet size distributions of 
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the nanogels were also compared. In Figures 4.4.2A and 4.4.2B two such distributions for the 

two extreme emulsifier concentrations (0.5 CMC and 15 CMC) are shown for day 1 and day 90. 

Not much change There was a small change in the droplet size distribution between day 1 and 

day 90, however,  it is not much to signify droplet coalescence. 

The creaming velocities of nanogels obtained at different relative centrifugal forces (RCF) 

using the photocentrifuge LUMiSizer are plotted in Figure 4.4.3. As the SDS concentration 

increased the creaming velocity at any RCF decreased. This could be due to the reduction in 

droplet size, which is inverse proportional to creaming velocity, and also increase in gel strength, 

which prevents the droplets from moving under centrifugal force. In other words, as the gel 

strength increased the creaming velocity of the droplets decreased. From Figure 4.4.3 it can also 

be seen that the nanogels did not even cream until a critical RCF and thereafter increased 

steadily as a function of RCF. The minimum RCF at which droplet creaming started can be 

regarded as the yield point of the interdroplet network responsible for gelation. As expected, the 

minimum RCF required for creaming of nanodroplets also increased with an increase in gel 

strength.  

            

Figure 4.4.1 Sauter mean of droplet diameter (d32) for all six nanogels as a function of storage 

time in days. Standard deviation is not shown for clarity. 
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Figure 4.4.2  Average volume distribution of droplets as a funtion of droplet size for (A) 0.5 

CMC and (B) 15 CMC SDS nanogel. 

 

 

Figure 4.4.3 Creaming velocities of nanogels at different RCFs obtained from accelerated shelf-

life study using the LUMiSizer. 
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Creaming rates of highly stable nanoemulsions at earth’s gravity are hard to measure by 

visual observation. Hence by using this type of accelerated shelf-life study, the creaming 

velocities of the nanoemulsions at earth’s gravity can be estimated by extrapolating the curves in 

Figure 4.4.3 to RCF = 1. From the figure 4.4.3 it can be seen that at earth’s gravity the droplets 

in nanogels would not cream at all as they already reached zero creaming velocity at a higher 

RCF. This extreme stability against creaming could be the result of two factors. First, the 

network of droplets forming the gel structure hinders any movement of droplets. Second, the 

extreme stability of nanogels to creaming can also be a direct result of very small droplet size of 

the nanoemulsions. As given by Stokes equation (eq 2.1.2 in section 2.1.) the creaming velocity 

of emulsion droplets is inversely proportional to the square of their radius. In order to understand 

which of these two factors dominates, the same experiment (as reported in Figure 4.4.3) has been 

repeated with 5 and 10 CMC emulsions after 200 days of storage. Due to limitation in the 

availability of samples at this time this experiment could not be performed with other 

nanoemulsions.  

 

 

Figure 4.4.4 Creaming velocities as a function of time (on day 1 and day 200) of (A) 5 CMC and 

(B) 10 CMC nanogels at different RCFs obtained from accelerated shelf-life study using 

LUMiSizer. 

 

Figure 4.4.4 shows the creaming velocity of 5 and 10 CMC nanoemulsions on day 1 and 

day 200 at different relative centrifugal forces. It can be seen that the critical centrifugal force for 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1 10 100 1000 10000

C
re

am
in

g 
ve

lo
ci

ty
 (

m
m

/d
ay

) 

Relative centrifugal force ( xg) 

5 CMC D1

5 CMC D200

A 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1 10 100 1000 10000

C
re

am
in

g 
 v

e
lo

ci
ty

 (
m

m
/d

ay
) 

Relative centrifugal force ( xg) 

10 CMC D1

10 CMC D200

B 



103 
  

the first observation of droplet creaming (yield point) is observed at a lower value for aged 

nanoemulsions. Thereafter, creaming velocity of aged nanoemulsions remained higher at 

comparable relative centrifugal forces. It should also be noted that the droplet size of the 

nanoemulsions did not change significantly until 200 days (data not shown). Therefore, it must 

be the interdroplet network structure that was responsible for this drop in critical RCF required 

for creaming and it was investigated using subsequent rheological experiments (reported below). 

However, despite increase in creaming velocities at higher relative centrifugal force, the 

extrapolated creaming velocity at earth’s gravity remained zero for the aged nanoemulsions, 

meaning that the droplet size of the nanoemulsions were small enough to prevent creaming at 

earth’s gravity by themselves. 

 

4.4.2 Rheology study as a function of time 

Figure 4.4.5 and 4.4.6 shows evolution of storage (Gʹ) and loss (Gʹʹ) moduli of the 

nanogels obtained from strain sweep experiments (at a constant frequency of 9.8 rad/sec) using 

the rheometer on day 1 and day 90 of storage periods. For all nanoemulsions on day 1, Gʹ and Gʹʹ 

were independent of strain below 2%, showing the existence of linear viscoelastic region (LVR). 

Within the LVR Gʹ is significantly greater than Gʹʹ for these nanoemulsions, reflecting their 

dominant elastic nature. With the increase in strain beyond a critical value Gʹ tends to decrease, 

and Gʹʹ tend to dominate Gʹ resulting in gel breakdown and liquid like behavior of nanogels at 

higher % strains. It can be seen that for repulsive nanogels (0.5, 1 and 2 CMC SDS nanogels) in 

Figure 2.4.5, the magnitude of Gʹ decreased remarkably with time from day 1 to day 90 and the 

LVR is lost, whereas for attractive nanogels shown in Figure 2.4.6 (5, 10 and 15 CMC SDS 

nanogels) the decrease in Gʹ with time is much less. These results suggest that the gel strength of 

the nanogels was significantly influenced by storage time, and this effect is decreased with an 

increase in emulsifier concentration and gel strength. 
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Figure 4.4.5 Storage (Gʹ, filled symbol) and loss (Gʹʹ, open symbol) moduli of repulsive (A) 0.5 

CMC (B) 1 and (C) 2 CMC SDS nanogels obtained from strain sweep measurements (at a 

frequency of 9.8 rad/sec) on day 1 (●) and day 90 (▲) of their storage period. 

 

In order to understand how gel strength evolved with time for different nanogels, the 

plateau Gʹ from the LVR at 0.1% strain is plotted as a function of storage time in Figure 4.4.7. It 

can be observed that for repulsive nanogels (0.5, 1 and 2 CMC SDS) there is a significant 

decrease in Gʹ with time until 90 days (p < 0.05). Attractive nanogels (5, 10 and 15 CMC SDS) 

also showed a significant decrease (p < 0.05) in Gʹ, but the magnitude of decrease is not much 

compared to repulsive nanogels. This suggests that gel strength of attractive nanogels remain 

more stable than repulsive nanogels during the 90days storage period. 
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Figure 4.4.6 Gʹ (filled symbol) and Gʹʹ (open symbol) of attractive (A) 5 CMC (B) 10 

CMC and (C) 15 CMC SDS nanogels obtained from strain sweep measurements (at a constant 

frequency of 9.8 rad/sec) on day 1 (●) and day 90 (▲) of their storage period. 

 

Visual observation of the nanogels was also recorded as a function of the storage period. 

The vials containing nanogels were tilted at an angle and waited for 30 seconds to see if the 

nanogels flow, after which the photos were taken with a digital camera. Figure 4.4.8 shows the 

pictures of tilted vials on day 1 and day 90. Repulsive nanogels (0.5 and 1 CMC SDS) flowed 
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under gravity on day 1 and day 90, as the yield stress is low to support the nanogel. Starting from 

2 CMC SDS, nanogels did not flow under gravity on day 1 as they had high yield stress. 

However, on day 90 when the vials were tilted 2, 5 and 10 CMC SDS nanogels flowed indicating 

week gelation behaviour. However, 15 CMC SDS nanogel did not flow even on day 90 

demonstrating stable gel that can support its weight against gravity.  

 

 

 

Figure 4.4.7 Plateau Gʹ at 0.1% strain of repulsive (0.5, 1 and 2 CMC SDS) and attractive 

nanogels (5, 10 and 15 CMC SDS) obtained from strain sweep measurements (at a constant 

frequency of 9.8 rad/sec) plotted against storage time in days. Error bars represents ± one 

standard deviation (n=3). 

 

The yielding behavior of the nanogels is quantified in Figure 4.4.9 where the yield 

stresses were calculated using the Hershel-Bulkley model from the viscosity data (not shown). It 

can be seen that the yield stress of all the nanogels except 15 CMC decreased (p < 0.05) with 

time, which resulted in the flowing of nanogels during the visual observation experiment. For 15 

CMC SDS nanogel yield stress did not change significantly (p > 0.05) as a function of time 

because of which it did not flow even on day 90. 
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Figure 4.4.8 Visual observation experiment of SDS nanogels. Vials containing nanogels were 

tilted at a certain angle to record their flow behavior and waited for 30 seconds after which the 

pictures were taken. This was done on day 1 and day 90 of their storage period. 
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Figure 4.4.9 Yield stress values of nanogels on day 1 (░) and day 90 (▓) calculated from the 

Hershel-Bulkley model as a function of emulsifier concentration. The viscosity data used for the 

model was obtained from rotational rheology experiments. Error bars represents ± one standard 

deviation (n=3). 

 

  The above experiments demonstrated that the gel strength of nanogels decreased with 

time, and it is common for both repulsive and attractive nanogels. However, attractive gel 

showed higher stability to change in gel strength compared to repulsive nanogels, with 15 CMC 

SDS nanogel showing the insignificant change in gel strength and yield stress. 

 

4.4.3 Effect of aging on nanogels’ strength  

Properties of out-of-equilibrium colloids such as repulsively jammed and attractive 

nanogels are known to evolve slowly towards equilibrium with time; a behavior known as aging 

(Cipelletti et al., 2003). In other words, they exhibit-ultra slow relaxation during which the 

correlation or response functions such as structure factor measured by dynamic light scattering, 

or viscoelasticity evolve (Jabbari-Farouji et al., 2012). The effect of aging mechanism on the 

viscoelasticity of glasses and gels has been studied by few researchers (Struik, 1978; Derec et al., 

2000). However, most of the studies investigated the aging on the time scale of minutes to hours 

if not days (Cipelletti et al., 2003). In the current study aging resulted in a decrease in the gel 

strength of nanogels over a period of 90 days. For repulsive nanogels, gelation happens due to 
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increase in eff above a critical value where the droplets randomly jammed thereby preventing 

flow. As discussed in section 4.1 this increase in eff was due to the formation of charge cloud 

(electric double layer) around anionic SDS-stabilized nanodroplets which acted as an additional 

shell layer that prevented close approach. In section 4.1 it was shown that an initial 40 wt% 

emulsions with 0.5, 1 and 2 CMC SDS concentrations would give rise to eff equivalent to 0.74. 

Any drop in charge cloud around the nanodroplets and the thickness of electrical double layer 

(EDL) would negatively impact eff and ultimately reduce gel strength. An estimation of charge 

on the EDL can be obtained by zeta potential (ζ).  In order to confirm whether this phenomenon 

is responsible for loss of gel strength, ζ of the nanodroplets were measured using a Zeta potential 

Analyzer (Nano-ZS90, Malvern Instruments, Montreal, QC, Canada). Over a period of 90 days, 

0.5 CMC nanogels showed a decrease in ζ from -58.7 mV to -53. 3mV, 1 CMC nanogels did not 

show any change averaging at -61 mV, while 2 CMC nanogels showed an increase in ζ from -

58.0 mV to -61.0 mV. The drop in ζ for 0.5 CMC nanogels could result in the reduction of EDL 

and eff and corresponding loss of gel strength. In this case there were insufficient emulsifier 

molecules to cover the droplet interface (and negligible among of free emulsifier in the aqueous 

phase), therefore the desorption of interfacial emulsifier into the aqueous phase may lead to a 

faster drop in surface charge, EDL and gel strength as seen in Figure 4.4.7. For 1 and 2 CMC 

nanogels the interface was mostly saturated and free emulsifiers were also present in the aqueous 

phase leading to a dynamic exchange of emulsifiers between these two phases (Chien et al. 

1994). The dynamic equilibrium between adsorbed and unabsorbed emulsifiers (timescale of 

microseconds) may prevent any of loss of surface charge. Therefore, loss of gelation in 1 and 2 

CMC nanogels could not be explained by this hypothesis. It is also not clear why ζ would 

increase in case of 2 CMC nanogels.  

In a recent published patent on nanoemulsion gelation Graves et al. (2008) showed that Gʹp 

of 40 wt% Polydimethylsiloxane (PDMS) silicone oil nanoemulsions stabilized with 116 mM 

SDS (equivalent to 14 CMC) did not change significantly over a period of 461 days. This 

observation directly contradicts our results that showed a notable drop in Gʹp within 90 days for 

all nanogels except 15 CMC SDS. Although, visual observation of 15 CMC SDS nanogel 

showed liquid-like behavior after a storage period of more than 180 days (data not shown). The 

only different between Graves and co-workers’ nanogel and our nanogel is in the types of oil 
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used. While silicone oil is an organic polymer which does not undergo chemical reactions such 

as oxidation, triacylglycerol (canola oil) used in our work is susceptible to lipid oxidation and 

hydrolysis reactions. The nanogels in the present work were stored at room temperature (RT), 

which also promoted oxidation. Also, the extremely small droplet size of nanoemulsions means a 

higher amount of interfacial area and hence, a greater chance of oxidation. In fact, after 90 days 

of storage at RT rancid smell was obtained from all nanogels indicating extensive lipid 

oxidation. It has been proposed that lipid oxidation in emulsion may induce changes in 

interfacial composition as the hydroperoxides (primary oxidation products) and broken down 

aldehyde and ketones (secondary oxidation products) are surface active (Abousalham et al., 

2000; Nuchi et al., 2002). As lipid undergoes oxidation in droplets, these oxidized products 

move toward the interface and may also get desorbed from the interface into the aqueous phase 

leading to reorganization and even desorption of some emulsifier from the oil droplet interface 

(Berton-Carabin et al., 2014). Desorbed emulsifiers may also help solubilization of oxidation 

products by forming micelles in the aqueous phase (Berton-Carabin et al., 2012; Berton-Carabin 

et al., 2013). We propose that these changes in interfacial dynamics may lead to a reduction in 

charge cloud (EDL) around the droplets which would negatively impact effective oil phase 

volume fraction and hence gelation in repulsive nanogels. The changes in charge cloud due to 

lipid oxidation may not be enough to be detected by zeta potential analyzer; hence we were 

unable to prove this using direct measurement. 

However, in order to support this hypothesis, the extent of lipid oxidation using peroxide 

value (PV) and p-anisidine value (AV) of the oil phase of the nanogels was determined. The PV 

gives an estimation of primary oxidation products while the AV measures presence of secondary 

oxidation products in the oil. Both methods were performed according to the Official Methods of 

American Oil Chemists’ Society (Cd 8-53 for PV and Cd 18-90 for AV). A total estimation of 

oil oxidation was obtained from TOTOX value where TOTOX = 2PV + AV (Frankel, 1980). 

The oils were separated from the nanogels using repeated freeze/thaw passes which completely 

destabilized the nanoemulsions, although this approach neglected the oxidized products present 

in the aqueous phase. Three to four fold increase in TOTOX values were found in the oil phase 

of the repulsive nanogels compared to a fresh oil (TOTOX = 8 units in bulk oil purchased from 

grocery store, while TOTOX = 24 - 34 in oils separated from the repulsive nanogels after 180 
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days of storage at RT. This result indicates that changes in EDL around the nanodroplets are 

possible due to presence and transfer of surface active oxidized products which negatively 

impacts eff necessary for random jamming and gelation in repulsive nanogels. 

In the case of attractive nanogels, gelation was due to attractive depletion interactions 

between the droplets caused by SDS micelles (Section 4.1). Studies have shown that depletion 

attraction between the emulsion droplets resulted in diffusion limited cluster aggregation 

(DLCA), in which the droplets diffuse and form aggregated clusters by sticking with each other 

due to shear rigid bonds between them (Trappe et al., 2001; Shah et al., 2003). This results in the 

formation of fractal colloidal gels (Ramakrishnan et al., 2004; Katsuyoshi, 2009). Cipelletti et al. 

(2000) observed restructuring of the network in fractal colloidal gels, formed by the salt induced 

aggregation and syneresis of polystyrene spheres, due to aging. Dynamic light scattering studies 

done by them have shown breaking of intercluster bonds with aging which weakened the 

network structure. However, the authors did not study the viscoelastic response of the network 

restructuring. Seager et al. (2007) have shown that depletion attraction between liquid droplets of 

emulsions resulted in slippery bonds (Seager et al., 2007; Babu et al., 2008). It was proposed that 

slippery bonds do not break, yet they allow rotational diffusion of each droplet in the cluster. It 

also permits translational diffusion of droplets on the surface of another to find the most stable 

configuration leading to the compactness of the network. With compaction, the fractal network 

of nanodroplets failed to cover a large volume required for gelation. We hypothesized that the 

slippery bonds among the nanodroplets led to a gradual change in fractal nature which led to a 

decrease in gel strength with time. Nevertheless, for 15 CMC nanogels no significant loss in gel 

strength was observed in the experimental time frame. This could be explained by very strong 

attractive interactions among the nanodroplets (section 4.1), which prevented the slippery 

diffusion of the droplets around each other. However, it is possible that given enough time, this 

nanogel would also loose its gel strength. In fact, observation after a long storage time of more 

than180 days showed that 15 CMC nanogels also transformed into liquid nanoemulsions (data 

not shown). 

The lipid oxidation hypothesis proposed to explain loss of gelation in repulsive nanogels 

may also be applied to attractive nanogels. In this case presence of excess micelles in the 

continuous phase of the nanoemulsions would facilitate removal of surface active oxidation 
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products from the droplets (Berton-Carabin et al., 2013). Micelles are highly dynamic system 

and the time scale of molecule exchanges among interfacial emulsifier, free emulsifier in the 

aqueous phase and micelles are in the range of micro to milliseconds (Patist et al., 2002). 

Therefore diffusion of oxidized products into micelles and their and distribution would be much 

faster compared to the rate of lipid oxidation (Romsted et al., 2013). It may also promote the 

transfer of hydroperoxides from one droplet to another by micelles leading to enhanced lipid 

oxidation in droplets (Nuchi et al., 2002). In fact, evidence of higher lipid oxidation in attractive 

nanogels (TOTOX = 30-38 in oils separated from the attractive nanogels after 180 days of 

storage at RT) was seen. The EDL around the droplets and corresponding eff of attractive 

nanogels may also be affected by diffusion of oxidation products through droplet interface, 

however, in this case their effect would not be as significant as gelation in these nanogels were 

due to attractive interactions among the nanodroplets leading to the formation of fractal gels. 

Nevertheless, changes in micelle dynamics due to the uptake of lipid oxidation products may 

also alter their charge and size leading to a change in attractive depletion interactions as a 

function of time. We propose that this could also be partially responsible for loss of gel strength 

in attractive nanogels. 

 

4.4.4 Summary 

In this objective, the storage stability of the nanogels developed in the first objective was 

investigated as a function of time. It has been shown that the nanodroplets sere stable to 

coalescence and creaming over a period of 90 days. However, the elastic storage moduli (Gʹ) of 

the nanogels decreased with time during storage. For repulsive nanogels (0.5, 1 and 2 CMC 

SDS) a significant decrease in Gʹ was observed converting the gels into a flowable liquid. For 

attractive nanogels (5, 10 and 15 CMC SDS) decrease in Gʹ was much less, although given 

enough time they also showed liquid-like behaviour.  

It was proposed that dynamic equilibrium between interfacial (adsorbed) and aqueous 

phase (unadsorbed) emulsifiers could lead to change in charge cloud around the droplets leading 

to a reduction in eff and loss of gel strength. However, using zeta potential measurement, drop in 

droplet charge could only be detected for 0.5 CMC nanogels as the equilibrium is shifted 

towards desorption. It was also proposed that generation of surface active components due to 
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extensive lipid oxidation may alter the interfacial composition and ultimately reduce the 

thickness of EDL leading to a reduction in gel strength. In attractive nanogels, the presence of 

excess micelles in the continuous phase may have facilitated the transfer of surface active lipid 

oxidation products from droplets towards micelles or other droplets leading to a change in EDL 

and attractive depletion interactions. However, in fractal gels formed by attractive interactions, 

the slippery nature of the bonds among liquid nanodroplets could permit rotational and 

translational diffusion of droplets on the surface of another in order to find the most stable 

configuration leading to compactness of the network. It was proposed that the slippery bonds 

among the nanodroplets led to a gradual change in fractal nature which led to a decrease in gel 

strength with time.  
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5. OVERALL CONCLUSION 

 

Traditionally, structure formation in lipid-rich foods (e.g., spreads, chocolate etc.) come 

from the microscopic fat crystal network made of saturated and trans fats which holds liquid oil 

immobile, providing shape and form to the product. However, the epidemic of obesity and 

cardiovascular disease forced us to limit saturated and trans fat in our diet.  In this research, a 

novel approach to providing structure to lipid-rich foods by developing nanogels from low oil 

containing liquid nanoemulsions was used. The overall goal of this research was to investigate 

the elastic properties of nanogels developed using ionic-emulsifier which resulted in repulsive 

and attractive gelation. It was divided into four distinct but related objectives. In the first two, the 

influence of emulsifier concentration and droplet size on nanoemulsion gelation was 

investigated. It was followed by an investigation on the influence of oil volume fraction on 

gelation of a low emulsifier containing nanoemulsions. In the last part, long-term stability and 

gelation behaviour of the nanoemulsions was studied in order to understand whether their gel 

strength varied with time.  

In the first part, the aim was to optimize and understand the influence of emulsifier 

concentration on the elasticity and flow behavior of the nanoemulsions. It was observed that 

liquid nanoemulsions transformed into viscoelastic gels at a specific concentration range of 

anaionic SDS emulsifier while no gelation was observed for nonionic Tween 20. The apparent 

viscosity, yield stress and storage moduli (Gʹ) of the nanogels increased with SDS concentration 

until 15 times its CMC, thereafter decreased steadily as the gel broke down beginning 20 times 

CMC. At low SDS concentration (0.5 – 2 CMC) the repulsive charge cloud acted as interfacial 

shell layer on the nanodroplets and significantly increased the effective droplet diameter (dm-eff) 

and effective oil phase volume fraction (eff). When eff of these nanoemulsions reached the 

volume fraction for random jamming of nanodroplets (MRJ) elastic behavior (Gʹ > Gʹʹ) appeared. 

These gels were named as repulsive nanogel due to inherent repulsive interactions among the 

nanodroplets. Nanoemulsions prepared with non-ionic Tween 20 showed weak elastic behavior 

and flowed under gravity, as the lack of charge cloud led to no further increase in eff.  
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With increase in SDS concentration to 5 – 15 CMC, excess SDS moleculs formed micelles 

in the continuous phase which created depletion attractions among the nanodroplets and led to 

their aggregation resulting in nanogels with high gel strength (Gʹ >> Gʹʹ). These gels were termed 

attractive nanogels. At a still higher concentration (≥ 20 CMC SDS), Gʹ suddenly dropped 

leading to the formation of very weak gels. It was psoposed that excess micelles in continuous 

phase led to depeltion stabilization between nanodroplets leading to loss of attractive interactions 

and gel strength. The theory of depletion interaction and oscillatory structural force (OSF) were 

used to calculate the interaction energies among the nanaodroplets which showed that gel 

strength increased with increase in depletion attraction followed by sudden drop due to the 

appearance of OSF at higher SDS concentrations. 

Next, the effect of droplet size as a function of homogenization passes on both repulsive 

and attractive nanogels was investigated. At higher droplet diameter (>250nm), the emulsions 

existed as fluids where Gʹ < Gʹʹ. As the droplet diameter decreased to 160 nm the liquid like 

repulsive nanoemulsions gradually transformed into strong nanogels where Gʹ >> Gʹʹ. It was 

proposed that the jamming transition caused by an increase in eff due to a reduction in droplet 

size was responsible for this behaviour. On the contrary, for attractive nanoemulsions decrease in 

droplet size manifested a different mechanism of gelation. An initial fluid-like emulsion (Gʹ < 

Gʹʹ) transformed into nanogels below a critical droplet diameter of 160 nm, where a rapid 

increase in gel strength was observed. However, it was also found that the strength of the 

attractive interaction (Wd/kBT) also decreased with decrease in droplet size, which was attributed 

to the drop in micelle concentration as more emulsifier molecules got adsorbed on the newly 

created interfacial area. It was proposed that despite higher Wd/kBT, the fluid like the behaviour 

of large droplet size nanoemulsions was due to structural forces generated by the presence of 

higher micelle concentrations (depletion stabilization). With a decrease in droplet size and a 

corresponding drop in micelle concentration, the interdroplet interaction transformed into 

depletion attraction and led to gelation by fractal network among the nanodroplets. Moreover, 

decrease in droplet size and a corresponding increase in their number were also hypothesized to 

have an integral impact on the fractal nature of the aggregates contributing to the gelation 

behaviour of the attractive nanoemulsions. 
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Attractive nanogels require high emulsifier concentration in the continuous phase to induce 

depletion interactions. Moreover, it is uncommon in food emulsions to use such high emulsifier 

concentrations. Hence, the influence of on the jamming transition and resulting viscoelastic 

properties was investigated for repulsive nanoemulsions with low emulsifier concentrations. The 

repulsive nanogels were prepared at different (0.30. 0.35, 0.40, 0.45, 0.50 and 0.60) and two 

different emulsifier concentration (mM) to oil volume fraction () ratio. The average elastic 

modulus from strain sweep measurements increased with oil volume fraction. Modelling the Gʹ 

with empirical scaling law developed by Mason et al. (1995) resulted in two distinct 

transformations of elastic response with an increase in . An initial regime where there was a 

gradual increase in Gʹ called glassy transition (g ~ 0.58) which is entropically driven due to the 

crowding of droplets as a result of which they are caged between their neighbours. This was 

followed by a glassy to jamming transition that occurred at j, the critical volume fraction for the 

transition, where a dramatic increase in elasticity (Gʹ) was observed. The model predicted j of 

0.69 and 0.71 for nanoemulsions with low and high emulsifier concentrations, respectively, 

which is in agreement with previous studies that dealt with similar polydispersed emulsions 

(Clusel et al., 2009; Groot et al., 2011).    

The long-term storage stability of nanogels would dictate their potential applications. It 

was seen that the nanodroplets were stable to coalescence and creaming over a period of 90 days. 

However, for repulsive nanogels (0.5, 1 and 2 CMC SDS) significant decrease in Gʹ was 

observed during storage converting the gels into the flowable liquid. For attractive nanogels (5, 

10 and 15 CMC SDS) decrease in Gʹ was much less, although given enough time they also 

transformed from strong to weak gels. It was proposed that for repulsive nanogels dynamic 

equilibrium between interfacial (adsorbed) and aqueous phase (unadsorbed) emulsifiers could 

lead to change in charge cloud around the droplets leading to reduction in eff and loss of gel 

strength. However, using zeta potential measurement, drop in droplet charge could only be 

detected for 0.5 CMC nanogels as the equilibrium was shifted towards desorption. It was also 

proposed that generation of surface active components due to extensive lipid oxidation may alter 

the interfacial composition. These two mechanisms might have reduced the thickness of 

electrical double layer leading to decrease in gel strength. In attractive nanogels, presence of 

excess micelles in the continuous phase may have facilitated transfer of surface active lipid 
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oxidation products from droplets towards micelles or other droplets leading to a change in 

electric double layer and attractive depletion interactions. However, in fractal gels formed by 

attractive interactions, the slippery nature of the bonds among the liquid nanodroplets could also 

permit rotational and translational diffusion of the nanodroplets on the surface of each other in 

order to find the most stable configuration leading to compactness of the network and decrease in 

gel strength with time. In conclusion, more research is needed in order to fully understand the 

aging effect of the nanogels. The nanogels with extremely small droplet size and low oil volume 

fraction possess great potential for use in low-fat foods and related soft materials. 
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6. FUTURE STUDIES 

 

The nanogels discussed in this thesis behaved as thick gels even at low concentrations of 

the dispersed phase oil volume fraction (). They have the potential for applications in food, 

pharmaceuticals, and cosmetics. In this research, nanogels were prepared using anionic SDS 

emulsifier which is not food-grade. There is a need to develop such nanogels using food grade 

emulsifiers to be able to use it in novel food applications. However, in order to achieve this, the 

emulsifiers need to satisfy these conditions: 1) they should be able to achieve extremely smaller 

droplet size required for these nanoemulsions (McClements et al., 2011) and 2) they should have 

charge (anionic or cationic) on them which is required for the presence of electrical double layer 

and repulsive gelation (Scheffold et al., 2014). This makes it challenging to find appropriate 

emulsifiers. Most of the available ionic food grade emulsifiers are anionic (e.g. mono-

diglycerides derivatives (DATEM, CITREM), Sodium Stearoyl Lactylate (SSL) and so on) and 

at least one cationic emulsifier can be found in literature ( e.g. lauric arginate) (McClements et 

al., 2011). CITREM and SSL were used for preparation of nanoemulsions in few studies and 

they achieved the required sub-micron droplet size (Wooster et al., 2009; Kaasgaard et al., 2010; 

Speranza et al., 2013). However, the charge on such emulsifiers and their potential in forming 

electrical double layer enough to form nanogel is yet to be known. On the other hand globular 

proteins (such as sodium caseinate and -lactoglobulin) were shown to induce depletion 

attraction between oil droplets in O/W emulsions leading to their gelation (Dickinson et al., 

1997). But, it is also known that proteins are not effective in achieving extremely small droplet 

sizes of nanoemulsions compared to small molecule emulsifiers (McClements et al., 2011). 

Therefore, use of solvent evaporation technique would be needed for the development of 

nanoemulsions (Lee et al., 2010). In this method, oil is mixed with an organic solvent in which it 

is soluble and homogenization is done to prepare emulsions. The oil-solvent droplets are 

stabilized by biopolymer emulsifiers. In the second step, the solvent is evaporated making the oil 

droplets to shrink and form nanodroplets (McClements et al., 2011). Lee et al. (2010) developed 

corn oil nanoemulsions stabilized by WPI using solvent evaporation technique (ethyl acetate was 
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used as solvent). Thus finding the food-grade emulsifiers and appropriate emulsification method 

is necessary for applications of these nanogels in foods.  

The repulsive nanogels in the section 4.3 showed two transitions, the first one being glass 

transition in which liquid emulsions (Gʹʹ > Gʹ) transform into the glassy state (Gʹ > Gʹʹ). It was 

followed by the jamming transition in which glassy emulsions evolved towards a jammed state 

where each droplet is caged between the neighbouring droplets (where Gʹ >> Gʹʹ). The empirical 

model in the study covered only the jamming transition and obtained the critical concentration c 

required for jamming. However, a self-consistent model that covers both the glass and jamming 

transitions is needed to understand the behavior of repulsive gelation better. Mason et al. (2014) 

developed an empirical model for monodisperse emulsions that covers both the glassy and 

jamming regions. However, the applicability of the model for polydisperse nanogels as in this 

thesis should be verified in future studies.  

Microscopic images of the nanogels would also help us to visually determine the glass and 

jamming transitions of emulsions. Confocal microscopy was tried, but was unable to resolve the 

large number of extremely small droplets of the nanogels. Transmission Electron Microscopy 

(TEM) of the nanogels did not yield the required results as the nanogels got destabilized during 

the air drying technique. An ideal microscopy needs supercritical drying of nanogels using CO2 

before characterizing the images. The nanogels can also be evaluated by Freeze-Fracture 

Scanning Electron Microscopy (FF-SEM). As discussed in section 4.4 the loss of gel strength of 

nanogels with aging was not fully understood. SEM images might shed some information on the 

changes in gel structure with aging. Image analysis of SEM micrographs can also be used to 

measure the fractal dimension (Df) of the network structures (Krohn et al., 1986; Risović et al., 

2008; Lobato-Calleros et al., 2009). SEM micrographs paired with the fractal dimension can help 

us analyze the changes in microstructure and may show subtle differences responsible for loss of 

gel strength with time. The hypothesis of slippery bonds between the nanodroplets resulting in 

restructuring and loss of gel strength (section 4.4) can be tested by measuring the fractal 

dimensions as a function time. If the slippery nature resulted in compaction of network structure, 

the fractal dimension should increase with time. 

Graves et al. (2008) in their patent work prepared elastic repulsive nanoemulsions using 

silicone oil as dispersed phase. These gels bear structural similarities with the nanogels discussed 
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in this thesis but were stable for more than a year. In this thesis, nanogels prepared with canola 

oil showed a loss of gel strength during an aging time of 90 days. It was hypothesized that (see 

section 4.4) generation of surface active oxidized products due to oxidation of canola oil droplets 

might lead to the destabilization of nanogels. This hypothesis can be tested by preparing 

nanogels with silicone oil or mineral oil which is not susceptible to oxidation or by adding 

antioxidants to oil phase that prevent oxidative destabilization of the nanogels and compare their 

aging behaviour with the present nanogels. 

The nanogels in this thesis are non-Newtonian fluids, and viscosity of such material 

depend on the magnitude of shear as well as the length of time the fluid is subjected to flow 

(Triantafillopoulos, 1948). In other words, the viscosity of thixotropic material will decrease 

with time when subjected to constant shear, which imply a progressive breakdown of structure 

(Abu-Jdayil, 2003). A preliminary study showed that the nanogels instantly recovered their 

elastic modulus when the applied stress was removed. However, more investigation is needed in 

order to fully understand this behaviour. There is also a need for creep compliance and recovery 

tests for these nanogels. This will give information on the extent of recovery of the nanogel 

structure after a constant stress is applied and then removed. This will help in understanding the 

performance of these nanogels under processing conditions typically encountered in foods. 

Therefore, time-dependent rheology, creep and recovery compliance tests would be important to 

know the unique features of these nanogels which are still in the early stages of development.   
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