
Advances in Colloid and Interface Science 220 (2015) 78 91 

 

 

 

 

 

 

 
 

 

 

Historical perspective 

Physical chemistry of highly concentrated emulsions 

Reza Foudazi a,⁎, Sahar Qavi a, Irina Masalova b, Alexander Ya. Malkin b,c
 

a 
Department of Chemical and Materials Engineering, New Mexico State University, Las Cruces, NM, USA 

b 
Cape Peninsula University of Technology, Cape Town, South Africa 

c 
Institute of Petrochemical Synthesis, Academy of Sciences, Moscow, Russia 

 
 

 

a  r  t  i  c  l  e i n  f  o   

 
Available online 23 March 2015 

 
Keywords: 

Highly concentrated emulsions 

Elasticity 

Yield stress 

Stability 

Disjoining pressure 

a b  s  t  r  a  c  t   
 

 

This review explores the physics underlying the rheology of highly concentrated emulsions (HCEs) to determine 

the relationship between elasticity and HCE stability, and to consider whether it is possible to describe all 

physicochemical properties of HCEs on the basis of a unique physical approach. We define HCEs as emulsions 

with a volume fraction above the maximum closest packing fraction of monodisperse spheres, φm = 0.74, 

even if droplets are not of polyhedron shape. The solid-like rheological behavior of HCEs is characterized by 

yield stress and elasticity, properties which depend on droplet polydispersity and which are affected by caging 

at volume fractions about the jamming concentration, φj. A bimodal size distribution in HCEs diminishes caging 

and facilitates droplet movement, resulting in HCEs with negligible yield stress and no plateau in storage 

modulus. Thermodynamic forces automatically move HCEs toward the lowest free energy state, but since 

interdroplet forces create local minimums  points beyond which free energy temporarily increases before it 

reaches the global minimum of the system  the free energy of HCEs will settle at a local minimum unless 

additional energy is added. Several attempts have been undertaken to predict the elasticity of HCEs. In many 

cases, the elastic modulus of HCEs is higher than the one predicted from classical models, which only take into 

account spatial repulsion (or simply interfacial energy). Improved models based on free energy calculation 

should be developed to consider the disjoining pressure and interfacial rheology in addition to spatial repulsion. 

The disjoining pressure and interfacial viscoelasticity, which result in the deviation of elasticity from the classical 

model, can be regarded as parameters for quantifying the stability of HCEs. 

 

 
 

 

Contents 

1. Introduction ....................................................................................................................................................................................................................................... 79 

2. Structure of HCEs .............................................................................................................................................................................................................................. 79 

3. Microscopic properties of HCEs ........................................................................................................................................................................................................ 80 

3.1. Droplet size distribution ........................................................................................................................................................................................................ 80 

3.2. Interfacial tension .................................................................................................................................................................................................................. 81 

3.3. Possible interdroplet forces ................................................................................................................................................................................................... 81 

4. Macroscopic properties of HCEs ............................................................................................................................................................................................ 82 

4.1. Osmotic pressure ................................................................................................................................................................................................................... 82 

4.2. Shear modulus ....................................................................................................................................................................................................................... 83 

4.3. Storage and loss moduli ........................................................................................................................................................................................................ 84 

4.4. Yield stress and strain ........................................................................................................................................................................................................... 85 

4.5. Flow behavior ......................................................................................................................................................................................................................... 86 

4.6. Case study: binary mixture of HCEs ............................................................................................................................................................................ 86 

5. Stability of HCEs ................................................................................................................................................................................................................................ 87 

6. Concluding remarks .......................................................................................................................................................................................................................... 89 

Acknowledgments ...................................................................................................................................................................................................................................... 89 

References ................................................................................................................................................................................................................................................... 89 

* Corresponding author at: South Horseshoe Oval, Jett Hall, Room 257, P.O. Box 30001, MSC 3805, Las Cruces, NM 88003-8001, USA. Tel.: +1 575 646 3691. 

E-mail address: rfoudazi@nmsu.edu (R. Foudazi). 

http://dx.doi.org/10.1016/j.cis.2015.03.002 

0001-8686

 

Advances in Colloid and Interface Science 

 

http://dx.doi.org/10.1016/j.cis.2015.03.002
mailto:rfoudazi@nmsu.edu
http://dx.doi.org/10.1016/j.cis.2015.03.002


R. Foudazi et al. / Advances in Colloid and Interface Science 220 (2015) 78–91 79 

 

 

1. Introduction 

 
Among the most important and interesting categories of complex 

fluids are emulsions, which have numerous applications in food, 

cosmetic, and mining industries, and are also encountered in petroleum 

industries. Over the years, a great deal of effort has been expended on 

understanding and controlling the structure and rheological properties 

of emulsions to ensure acceptable quality, processability, and perfor- 

mance of final products. Generally, emulsions are classified according 

to the distribution of the oil and aqueous phases. A system that consists 

of oil droplets dispersed in a water phase is known as an oil-in-water 

(o/w) emulsion, while a system of water droplets dispersed in an oil 

phase is known as a water-in-oil (w/o) or inverse emulsion. 

For monodisperse spheres arranged in a face-centered cube crystal- 

line structure, it is well known that the volume fraction of the closest 

packing of monodisperse particles, φm, which is the geometrical limit 

for loading a dispersed phase in suspensions, is about 0.74. For random 

close packing, φm is about 0.64 [1]. However, polydisperse spheres can 

shift φm to higher concentrations. This threshold can be overcome in 

emulsions where the concentration for a dispersed phase can reach 

even 0.99 [2,3]. A transition through the critical concentration φm in 

emulsions becomes possible if the liquid droplets are compressed and 

transformed into polyhedrons to fill the space much more tightly, 

with very narrow continuous phase layers between neighboring 

dispersed liquid droplets (Fig. 1). The obtained system is called a highly 

concentrated emulsion (HCE), also known as a high internal phase emul- 

sion (HIPE) or gel emulsion. Practically, HCEs can be made by imposing 

gravitational forces on a dilute emulsion, through sedimentation or 

creaming. Alternatively, they can be made by adding the dispersed 

phase slowly over time to a continuous phase containing a proper surfac- 

tant. The peculiar rheological behavior of emulsions gives rise to their ap- 

plication in many fields. Presently, there is considerable interest in HCEs 

due to their numerous potential industrial applications e.g., cosmetics 

and personal care, food, oil recovery, and mining industries [4]. 

The compressed structure of droplets in HCEs induces close contact 

among interfacial layers, and consequently creates an interdroplet 

repulsion, called interdroplet interaction in this work, which is crucial 

for stabilizing droplets against coalescence. Additionally, compressed 

droplets have a significant spatial repulsion, which can be modeled by 

different approaches such as increase in interfacial area [5 8] and 

contact mechanics [9,10]. Because compressed droplets have a higher 

interfacial area, they also have a higher interfacial energy (interfacial 

tension between two immiscible phases multiplied by interfacial 

area). Therefore, the spatial repulsion originating from interfacial 

tension scales with Laplace pressure, which is the ratio of interfacial 

tension to droplet size, ΠL = /R. While the interfacial tension acts 

parallel (tangential) to the interface [11], the repulsion force between 

two droplets pushed against each other is perpendicular to the touching 

interfaces. 

The viscoelastic properties of HCEs have been studied widely, both 

experimentally and theoretically [5 8,12 23]. It has been shown that 

viscoelastic properties depend on the mean diameter of dispersed 

particles, polydispersity, interfacial tension, and particularly on the 

dispersed phase volume fraction, although it is accepted that by consid- 

ering the area volume mean droplet size, polydispersity does not have 

a pronounced effect [24]. In this review paper, we discuss the physics 

underlying the relationship between rheology and stability in HCEs in 

order to determine: 

 

• Whether it is possible to describe all physicochemical properties of 

HCEs based on a unique physical approach; 

• Whether there is a correlation between rheological properties and the 

stability of HCEs; and 

• What role surfactants play in HCEs. 

 
 

This review article provides the necessary background and key con- 

cepts about HCEs. In Section 2, we discuss the structure of HCEs. Micro- 

scopic and macroscopic properties of HCEs will be covered in Sections 3 

and 4, respectively. In Section 5, we review the stability of HCEs. We 

conclude the relationship between stability and the elasticity of HCEs 

in Section 6. 

 

2. Structure of HCEs 

 
Two levels of structure can be considered for an emulsion: the inter- 

facial geometry of individual droplets, and the positional configurations 

of droplets. The deformable nature of droplets provides the possibility of 

different interfacial configurations, which range from spherical to nearly 

polyhedral. The positional configurations of droplets can be classified as 

ordered or disordered. For both classes of emulsion, the structure is 

strongly dependent on the volume fraction. 

There are some ambiguities in the definition and characterization 

of some specific states of HCEs that need to be clarified. Many liquids 

undergo a glass transition when rapidly cooled, and their viscosity 

increases by orders of magnitude for only modest decreases in temper- 

ature. This drastic increase in viscosity is not accompanied by significant 

structural changes; instead, the dynamic slows dramatically [25]. In 

colloidal systems, as the concentration of the dispersed phase is 

increased, the system exhibits an increase in viscosity. At some volume 

fraction, while the system structurally still resembles a liquid, random 

motions within the system are slow enough that it can be considered 

 

 
 

Fig. 1. (a) Typical compressed nature of HCE droplets in a scanning electron micrograph, and (b) indication of Plateau border (circle) and an interdroplet film (rectangle) in a typical optical 

microscopic picture of an HCE [by authors]. 
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kinetically frozen. Hunter and Weeks call this kinetic arrest, where 

viscosity shows a dramatic increase, as the colloidal glass transition 

and the corresponding volume fraction are defined by φg [26]. Cates et al. [27] suggest that jammed systems of granular materials 

modeled the excess surface area with Brakke's surface evolver software 

[39] and fitted the results with a power-law relationship K(φeff − φm)α, 

where φeff is the volume fraction of the compressed droplet. However, Foudazi et al. [36] observed an improved fitting with Kφeff(φeff − φm) . 
α  

can be classified as fragile matter . If particles can deform, the jammed 

material can respond elastically to sufficiently small loads [28]. Foams 

and highly concentrated emulsions are examples of such jammed and 

yet not fragile systems. While fragile matter responds to a shear stress 

plastically, foams and HCEs show an elastic behavior below a stress 

threshold, which is known as the yield stress [28]. The thermally- 

induced glasses fall out of equilibrium into a disordered state similar 

to a jammed granular material. Glass transition temperature is mainly 

considered as the jamming temperature of molecular systems [28]. It 

seems that the jamming state  terminology is more consistent with 

the structure of HCEs and foams than glassy state , according to the 

phase diagram of jamming suggested by Liu and Nagel [28]. In addition, 

the jamming in emulsions can occur only when the volume fraction of 

the dispersed phase is above a threshold, φj. Since the boundary 

between unjammed and jammed states is the yield stress line [28], 

the yield stress in HCEs can be considered as an indication of jamming 

state. It should be noted that Mason et al. introduced a glass transition 

for HCEs in analogy to colloidal systems (originated from dynamic ar- 

resting), and according to their experimental results, suggested [15] 

that φg takes place at 0.58 for monodispersed emulsions. This result is 

lower than commonly reported concentrations for φj ≈ 0.64 in such 

systems. However, Mason et al. used the yield stress as an indication 

for the occurrence of φg. Therefore, in light of Liu and Nagel's jamming 

phase diagram, the φg introduced by Mason et al. is indeed the φj. In ad- 

dition, Liu and Nagel [29] state that jamming in emulsions and foams, 

which has kinetic origin, is analogous to the φg of colloidal systems, 

which has entropic origin. Foudazi et al. [30,31] report an HCE with 

bimodal size distribution that is above φm, but has a negligible yield 

stress, so it is not jammed yet. In addition, the experimental uncertainty 

in the definition of yield stress [32,33] implies the need for further 

studies on the jamming of granular systems with deformable particles. 

Therefore, more fundamental studies are required to study possible 

distinction among geometrical random closest packing, φm, jamming 

volume fraction, φj, and colloidal glass transition, φg, in concentrated 

emulsions, especially in the case of emulsions with nanometer-size 

droplets where entropic contributions are expected to become increas- 

ingly important [34]. 

As a result, the osmotic pressure and elasticity change with the excess 

surface area of droplets, and thus, with the volume fraction [8,36]. 

Obviously, compression and interfacial energy increase as the volume 

fraction φ increases above φm. Therefore, the extent of droplet compres- 

sion decreases as the droplet size distribution becomes broader. This 

raises the question of whether an HCE should be considered as a system 

with a volume fraction of a dispersed phase in super-concentrated re- 

gime (φ N 0.74), or as an emulsion with compressed droplets (φ N φm). 

Since the name highly concentrated emulsion  mainly stresses the con- 

centration and not the structure of droplets, the former definition seems 

to be more reasonable. Therefore, we can consider HCEs as emulsions 

with a volume fraction above 0.74, as traditionally accepted, even if the 

droplets do not have a polyhedron shape. The size distribution of drop- 

lets determines whether the emulsion has compressed droplets and/or 

a jammed structure, and thus, a solid-like behavior. 

 

3. Microscopic properties of HCEs 

 
Properties of emulsions can be described on microscopic and macro- 

scopic levels. Microscopic properties include the viscosity and surface 

energy of the fluid, droplet size distribution, interfacial interaction, 

and the structure within the bulk emulsion. 

 
3.1. Droplet size distribution 

 
Since micron-sized droplets are formed in the preparation of HCEs 

by breaking up liquid jet/millimeter-sized droplets in the flow field of 

an emulsification device, final HCEs are usually polydisperse due to 

the variation of shear rate in the flow field [40]. Moreover, the shear 

may induce film rupturing and coalescence between highly deformed 

droplets, which results in the formation of isolated large droplets in a 

sea of smaller droplets [41]. 

Let d show the droplet size (diameter), and f(d) represent its 

frequency distribution given in number per unit volume per unit of d 

frequency. The nth moment of the distribution, Sn, is defined as follows 

[42]: 

The typical compressed nature of HCEs is shown in Fig. 1. As can be 

seen, in these dense admixtures, the touching droplets form a flattened Sn ¼ 

Z ∞  
n n 

d  f ðdÞdd≈
X 

Nid ð1Þ 
0 

interdroplet layer where the disjoining pressure and the contact force 
i¼1 

are equilibrated to resist coalescence. An interdroplet film (interfacial where Ni represents particles in size class i; therefore, S0 is the total 
layer) forms at the contact region of droplets and extends as the droplet 
becomes more compressed. The region where three interdroplet films 

meet is termed the Plateau border. Ideally, the contact angle between 

two droplets should be zero, although depending on the nature of inter- 

number of droplets. Different average droplet sizes can be defined on 

the basis of distribution moments: 

 
    1   

   
a   

a−b 

facial interactions, a non-zero contact angle may also be observed [35]. 
The main portion of the continuous phase is stored at the Plateau 

borders (see Fig. 1.b). As the volume fraction of dispersed droplets ap- 

dab ¼ 
b 

ð2Þ 

proaches unity, the Plateau borders shrink. φ = 1 is the limit of where 

Plateau's laws for the equilibrium neighborhood of droplets hold [35]. 

Minimum energy calculations show that face-centered cubic pack- 

ing of monodisperse droplets is favored at volume fractions below 

0.94, while body-centered cubic packing becomes more favored as we 

where a and b are constant numbers. A widely used method of express- 

ing the mean droplet size is the area volume mean diameter or Sauter 

mean diameter, d32, which is related to the average surface area of drop- 

lets exposed to the continuous phase per unit volume of emulsion [42] : 

 
6φ 

approach volume fractions close to unity [36]. The minimum free ener- 

gy of an HCE with φ = 1 can be achieved with the Weaire Phelan struc- 

ture, in which two different unit cells with the same volume are packed 

AN ¼   

d32 

ð3Þ 

with the minimum interfacial area [37]. Since liquid liquid HCEs often 

have volume fractions below 0.94 and have incompressible dispersed 

phases, they cannot be treated theoretically as gas foams with a volume 

fraction approaching 1 without the risk of inappropriate conclusions. 

If the volume fraction of an HCE is greater than φm, droplets will be 

compressed, and their surface area will increase. Lacasse et al. [38] 

where φ is the volume fraction of the dispersed phase. 

Since smaller droplets can pack more efficiently in the Plateau 

border formed between bigger droplets, the deviation from monodis- 

perse size distribution to a polydisperse size distribution shifts the φm 

of HCEs to higher concentrations. The optimum case for maximizing 

φm is a multimodal size distribution of droplets in which the size of 

S 
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smaller droplets fits the space in the Plateau border of the bigger drop- 

lets [30,31,43]. 

 

3.2. Interfacial tension 

 
Interfacial tension plays a major role in the rheology of emulsions 

[44]. The origin of the interfacial properties of emulsions lies in the 

interactions between the molecular constituents of the phases and the 

surfactant. The interfacial tension, , is determined by the difference 

in intermolecular attraction and the surface density of the surfactant. 

Because the surface density is in equilibrium with the volumetric densi- 

ty of surfactant,  depends on the bulk surfactant concentration, C. The 

surfactant in a liquid can form micelles, which exist in equilibrium with 

free surfactant molecules. A finite surfactant concentration lowers the 

interfacial tension from its maximum at C = 0, but once the surfactant 

concentration at the interface reaches equilibrium with the micelles 

and free surfactant molecules in the bulk, the interfacial tension 

becomes relatively insensitive to a larger C. This concentration is 

known as the critical micelle concentration, or CMC. 

Surfactants play an important role in the rheological behavior of 

emulsions at any concentration. The nature and concentration of a sur- 

factant in a system can determine the aggregation stability of droplets 

by creating and stabilizing the emulsion [45]. Surfactants are adsorbed 

at internal interfaces and decrease the interfacial tension. They provide 

effective repulsion between droplet interfaces and thereby prevent 

coalescence. 

In recent years, using mixtures of different surfactants to stabilize 

concentrated and highly concentrated emulsions has become rather 

popular [46 49]. The rheological properties of interface and emulsion 

stability can be varied by using different surfactants and by combining 

various surfactant pairs to provide intermolecular interaction [50 52]. 

Sanatkaran et al. [50] have studied the physical properties of different 

co-surfactant systems for water-in-oil HCEs. They have shown a direct 

relationship between synergism of the surfactant and nonionic co- 

surfactants (both oil soluble and water soluble) with the stability of 

HCEs (which will be discussed in Section 5). The synergism depends 

on the chemistry of a head group as well as on the hydrophobic tails' 

structural properties such as length, presence of double bonds, and 

number of arms. 

 
3.3. Possible interdroplet forces 

 
The free energy of HCEs increases when droplet size decreases or 

interfacial tension increases. The compression of droplets in volume 

fractions above φm also raises the interfacial energy. All of these factors 

may be considered as parameters that lower the stability of HCEs. As 

will be discussed later, the effects of interfacial tension on stability can 

be less important than the nature of the interfacial film, which provides 

tenacity, a diffusion barrier, and interdroplet repulsion/attraction [53]. 

The nature of interdroplet film can be formulated in terms of 

disjoining pressure. Interdroplet interaction originates from electrostat- 

ic, Van der Waals, and steric colloidal forces, as well as from micellar and 

other depletion attractions [54 57]. Currently, different models account 

for different forces [58]. The combination of electrostatic repulsion and 

Van der Waals attraction is considered in the Derjaguin Landau  

Verwey Overbeek (DLVO) model [57,59]. The electrostatic repulsion 

is well formulated for oil-in-water emulsions that are stabilized by 

ionic surfactants [60]. If the employed surfactant has a polymeric 

chain in the continuous phase, a steric repulsion can build up when 

the interdroplet thickness becomes comparable to the gyration radius 

of a polymer chain. This steric repulsion can be modeled by De Gennes 

theory [61]. 

Oscillatory structural forces in the interdroplet layer can be caused 

by the presence of micelles, and can be modeled as described in the 

work of Kralchevsky et al. [62] and Trokhymchuk et al. [63]. If the 

micelles are completely excluded from the interdroplet layer and 

consequently concentrate in the Plateau border, an attraction force is 

imposed on the interfacial layer due to the depletion of the continuous 

phase from the interfacial layer as a result of the difference in osmotic 

pressure between the interdroplet film and the Plateau border. This 

force is known as depletion attraction, and it can originate not only 

from micelles but also from any other component  such as a polymer, 

protein, or particle  that has a characteristic length longer than the 

interdroplet film thickness. 

The sum of interdroplet forces, which can be formulated in terms of 

disjoining pressure between interfaces, includes both the contribution 

of tenacity and interdroplet interaction, and consequently can be an in- 

dicator of stability. Since the disjoining pressure varies by separation 

length, the corresponding free energy versus separation length may 

have several minimums and maximums. Depending on the potential 

wells and available kinetic energy, the system may be trapped in a 

local minimum over an observable period of time. If the separation 

length of such a potential well is smaller than the center-to-center 

distance between two spherical droplets, an aggregation of droplets 

can result. The resulting emulsion will be an adhesive one [64], and 

will have a non-zero contact angle [65]. Any other type of emulsion is 

known as a repulsive emulsion. As reviewed by Babak et al. [65], 

adhesive emulsions remain stable, while non-adhesive emulsions 

relax and the volume fraction of dispersed phase decreases. Adhesive 

emulsions can form spontaneously. Non-adhesive emulsions do not 

form spontaneously; instead, they can be formed by centrifugation but 

they relax afterwards [66,67]. Emulsions would be adhesive if the 

osmotic pressure exceeds the capillary pressure in the interdroplet 

film [68]. Generally, emulsions stabilized by ionic surfactants become 

adhesive at high electrolyte concentrations due to the significant screen- 

ing of all electrostatic repulsion forces by electrolytes [68]. Whereas, in 

case of nonionic surfactants, which do not have long-range repulsion 

forces like those of electrostatic interactions, emulsions may be adhesive 

even without electrolytes if the steric repulsion is not strong. Increasing 

electrolyte concentration in o/w systems stabilized by nonionic surfac- 

tants leads to transition from adhesive to non-adhesive behavior [69]. 

Strong electrostatic repulsion has also been reported recently at 

vanishing ionic strength in a nonpolar oil phase [70 73]. In a nonpolar 

oil phase, reverse micelles containing electrolytes play the role of 

screening components [70 72]. This can be the case for w/o emulsions. 

While increasing the electrolyte concentration in the dispersed phase of 

w/o emulsions may decrease the electrostatic repulsion according to the 

above-mentioned discussion, it will also decrease the Van der Waals at- 

traction between aqueous droplets due to an increase in their refractive 

index [3,74,75], which may even result in the formation of transparent 

HCEs. 

The spatial repulsive force of droplets, which can change the position 

of a local minimum, also influences the total free energy of a system. 

Even if the droplets are adhesive, there is a repulsive force between 

interfacial layers that resists coalescence and can kinetically trap the 

emulsion in a potential well, preventing the emulsion from coalescing 

to the global minimum of systemic free energy, which is the complete 

breakdown of the emulsion into two separated phases. 

For highly concentrated regimes with compressed droplets, the situ- 

ation is similar. The balance of interdroplet interaction and the spatial 

repulsion between droplets falls in a potential well, which controls the 

interdroplet contact area  and interdroplet film thickness. The free 

energy of potential wells, which is always positive for two immiscible 

liquids, controls the physicochemical properties of HCEs. Typical varia- 

tions on the total free energy of repulsive and adhesive droplets are 

shown in Fig. 2, where point A is the free energy of individual droplets 

spaced far enough apart to neglect the interdroplet interaction, point 

B represents the optimum interdroplet separation that corresponds to 

the minimum free energy in the absence of external compression, 

point C is the minimum energy for compressed droplets to reach a 

volume fraction φ N φm, and point D is the free energy of coalesced 

droplets. 
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The osmotic pressure of an emulsion is defined in terms of the first 

derivative of the total Helmholtz free energy, F, of the droplets with re- 

spect to total volume, V, at fixed dispersed phase volume, V0, as follows: 
 

∂ F 
 
 φ2 ∂ F 

 
 

Π ¼ −    
 
 

 
V0

 
¼ 

  
V  ∂φ

 
 

0 

ð4Þ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Typical variation of the free energy for compressing two droplets against each other 

for (a) repulsive and (b) adhesive emulsions. Point A is the free energy of individual drop- 

lets, point B represents the minimum free energy when droplets are in a distance where 

they can interact with each other, point C is the local minimum energy for droplets com- 

pressed to volume fraction φ, and point D is the free energy of coalesced droplets. 

 

 

The free energy of point B is slightly lower than that at point A since 

the disjoining pressure is minimized with optimum interdroplet separa- 

tion. The kinetic energy for escaping from the well B, which is controlled 

by Van der Waals and depletion attractions, may be provided by 

Brownian motion. The maximum volume fraction for a repulsive system 

at point B corresponds approximately to the range of 0.6 ~ 0.74. While 

reaching a highly concentrated region (point C) increases the free ener- 

gy of the system, the film thickness is optimized by minimizing the free 

energy. Compressing droplets to a critical concentration where the 

interdroplet film becomes unstable (because the disjoining pressure 

cannot withstand the applied mechanical force) results in coalescence 

and demulsification in the bulk scale. 

 

4. Macroscopic properties of HCEs 

 
Macroscopic properties of emulsions include volume fraction, os- 

As in conventional solutions, Π increases with an increasing volume 

fraction of HCEs. Mason et al. [8] formulated the osmotic pressure of 

highly concentrated emulsions and showed that the osmotic pressure 

is a function of dispersed phase volume fraction, droplet size, and inter- 

facial tension. They mentioned that electrostatic repulsion, the major 

component of disjoining pressure, exists in their system [8], and claimed 

that such an effect can be taken into account by introducing an effective 

volume fraction in which the contribution of film thickness to volume 

fraction is removed as long as film thickness is much smaller than the 

droplet size. Additionally, it appears (according to pp. 109 110 of 

[76]) that Mason et al. estimated the film thickness through superimpo- 

sition of scaled shear modulus data versus volume fraction of HCEs with 

different droplet sizes. Therefore, the energetic contribution of electro- 

static repulsion to osmotic pressure and shear modulus is not consid- 

ered in their method. 

Buzza and Cates [60] introduced the electrostatic repulsion in the 

formulation of free energy to calculate the osmotic pressure, and they 

showed that the presence of such interaction significantly changes the 

properties of HCEs. In their model, surface charge density and the num- 

ber density of ion pairs in the solution are two important parameters. 

Since significant interdroplet interaction implies a film thickness suffi- 

cient to minimize free energy, for the system located in a local minimum 

it is reasonable to assume that the physicochemical models of HCEs con- 

tain the film thickness as a structural parameter. Foudazi et al. [36,77] 

introduced the disjoining pressure to their model in terms of micellar, 

steric, Van der Waals, and electrostatic interactions. Mason and 

Scheffold [34] developed a model of the osmotic pressure of uniform 

disordered emulsions that includes energetic contributions from entro- 

py and interfacial deformation. This model does not consider the impact 

of interdroplet interaction on the osmotic pressure. However, it can pre- 

dict the smooth crossover from entropically dominated behavior below 

jamming threshold to interfacially dominated behavior above jamming. 

A future research area could be the development of models by consider- 

ing both disjoining pressure and energetic contribution in addition to 
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motic pressure, and the rheology, which are mainly controlled by the 

microscopic properties. 

 
4.1. Osmotic pressure 
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Osmotic pressure is defined as the measure of a solution's tendency 

to take in additional liquid by osmosis. It represents the equilibrium en- 

ergy density required to confine the dispersed phase droplets to a finite 

continuous phase volume fraction. The compressed nature of droplets in 

HCEs results in the development of osmotic pressure. Indeed, one may 

consider that the application of an external pressure to squeeze out 

the continuous phase of a dilute emulsion is what causes the emulsion 

to reach a highly concentrated state. The osmotic pressure in HCEs is 

equal to that external pressure [5], and can be treated as a reflection 

of spatial repulsive forces between neighboring droplets [5,8]. The os- 

motic pressure can be measured by dialysis against a hydrophilic poly- 

10
-2 
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-4 
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Fig. 3. Scaled osmotic pressure versus volume fraction of dispersed phase. Foudazi et al.'s 

[36] result is based on film thickness d = 1 μm, Buzza and Cates [60] introduced the 
−2 

mer to withdraw water from emulsion, or calculated from the density electrostatic repulsion in the model with n = 0.01 M and  = 0.2 C m , Mason et al. 

difference between oil and water in the presence of an effective gravita- 

tional field obtained by centrifugation or creaming [8,60]. 

[8] did not include the interdroplet interactions, Dimitrova et al. [78] data for o/w 

emulsions stabilized with proteins (BSA and casein), Maestro et al. data [79] is based on 

polydisperse emulsions with R = 11 μm. 
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interfacial energy. Fig. 3 shows the osmotic pressure as a function of vol- 

ume fraction obtained from different studies. Comparing the results of 

Foudazi et al. [36] and Mason et al. [8] reveals that interdroplet interac- 

tions significantly increase the osmotic pressure of HCEs. 

 

4.2. Shear modulus 

 
Jamming of droplets in emulsions induces a significant increase in 

the elasticity. Droplets apply forces to their neighboring counterparts 

in order to bear the osmotic pressure. All these forces must be balanced 

to maintain mechanical equilibrium [8]. In other words, although HCEs 

solely consist of two immiscible liquids, they show shear rigidity, which 

is entropic in origin for concentrations slightly lower than φg [80]. It 

seems that by increasing the volume fraction above φm, the enthalpic in- 

terfacial energy dominates the physicochemical behavior since the en- 

tropic contribution tends to zero upon complete caging. Increased 

interfacial area, which is caused by the polyhedron shape of compressed 

droplets, increases the free energy. The free energy is minimized by an 

optimum film thickness, which provides a significant energy barrier 

against demulsification as discussed in Fig. 2. The increase in the opti- 

mum free energy per volume that results from an applied strain at a 

constant volume determines the elasticity of an HCE. The droplet defor- 

mation under strain may also change the optimum film thickness; how- 

ever, this has been neglected in most of the theoretical models 

developed for HCEs. 

The free energy is a sum of even powers of strain, , because symme- 

try dictates that it must be invariant with respect to the direction of the 

strain. If the material is incompressible (which is true for liquid-in- 

liquid dispersions), the free energy can be written as follows [81]: 

 

 h  
4 
i 

While some studies predict the scaling of osmotic pressure, shear 

modulus, and yield stress with the Laplace pressure [5,12,13,74,79,82, 

84 87], there are several experimental works that report deviation 

from this fundamental scaling [16,18,88 98]. Furthermore, the recipro- 

cal squared diameter of dependency of elastic modulus has been pro- 

posed by Masalova and Malkin [19] and Foudazi et al. [21] for w/o 

HCEs of supersaturated aqueous solutions. The deviation is attributed 

to different parameters such as sticky surface aggregates of protein sur- 

factant [78,98], Van der Waals interaction [94], neglecting continuous 

phase viscosity and film thickness [88], and ignoring the film thickness 

[18]. 

It has also been reported that the elastic modulus of droplets with 

viscoelastic interfaces  e.g., droplets in emulsions stabilized by pro- 

teins  is significantly higher than the prediction from the models sug- 

gested by Princen and Mason et al. [78,91]. In fact, the elasticity of 

HCEs stabilized by proteins deviates from the classical model because 

of significant interfacial viscoelasticity [99 101] and disjoining pressure 

[98]. 

As mentioned, the model developed by Mason and Scheffold [34] in- 

cludes energetic contributions from entropy and interfacial deforma- 

tion. They assume that the droplet surfaces are uncharged or, if they 

are charged, that the Debye screening length is extremely small, so 

that electrostatic contributions to the free energy can be neglected. 

Since colloidal droplets diffusively translate in three dimensions at a 

temperature T, the entropic contributions to the free energy and to os- 

motic pressure and shear modulus dominate below φm, whereas inter- 

facial contributions dominate above it. Moreover, the model predicts 

that entropic contributions to the shear modulus can become more sig- 

nificant for nanoemulsions as compared to emulsions with micron-size 

droplets. Scheffold et al. [102] developed a model which includes both 

interfacial deformation and electrostatic repulsion of droplets stabilized 

F ¼ F0 þ VG 
2 

þ O  
ð5Þ by ionic surfactants. While the interdroplet region  where the colloidal 

forces are significant  is flattened above φm, they assumed that drop- 

lets remain spherical. The fitting of shear modulus data with this 
where F0 is constant energy of the expansion that does not play any role 
in the shear deformation, V is the volume, and G is the shear modulus. 

Hooke's law can be recovered by differentiating the free energy once 

with respect to . The elastic shear modulus, G, can be found by differen- 

tiating twice with respect to : 

model predicts the surface potential of electrostatic repulsion to be 

about ten times higher than the reported values in the literature. The 

improvement of such models to predict the behavior of bimodal HCEs 

is an open research problem. 

To provide a more accurate approach, Foudazi et al. [36,77] also de- 

veloped  a  model  that  includes  both  the  interfacial  energy  and 

1 ∂2 
F 

 

 φ ∂2 
F

 

 interdroplet interaction. The interdroplet interaction was introduced 
G ¼ 

V ∂ 2 

 

 
  ¼ 

  
V 0 ∂ 2 

 
 

  
ð6Þ through the disjoining pressure and minimization of the total energy 

of the system. So, the free energy has two dominant sources: interfacial 

energy and interdroplet interaction. The interfacial energy scales with 

If we ignore the interdroplet interaction, the above equation predicts 

that the shear modulus scales with Laplace pressure [6,8]. A model 

based on the dimensionless analysis, which takes film thickness into ac- 

count as one of the significant parameters on the elasticity, concluded 

that the elastic modulus of HCEs scales with the reciprocal of squared 

droplet size [18]. 

Babak et al. [82] developed a model for adhesive HCEs that predicts 

the yield stress, yield strain, and the proportionality of the elastic mod- 

ulus to the Laplace pressure. However, their model does not rely upon 

the proportionality of the elastic modulus to the capillary pressure in 

the droplets. The contact mechanics can also be used to predict the elas- 

ticity of HCEs. When the droplet deformation is small compared to the 

size of the undeformed spheres, Hertzian contact mechanics can be 

used to estimate the elastic energy associated with contact deformation 

[9]. In this case, interaction energy between compressed droplets is as- 

sumed to be quite similar to the elastic energy for Hertzian contacts, 

with the contact elastic modulus being proportional to the Laplace pres- 

sure. As an improvement over the Hertzian theory, the JKR theory was 

developed by Johnson, Kendall and Roberts [83]. This theory correlates 

the contact area to the elastic material properties plus the interfacial 

interaction strength. Therefore, the JKR theory has the potential to be 

used for modeling HCEs in the presence of interdroplet interaction. 

the interfacial area of one droplet, while the interdroplet interaction is 

significant in the contact area of neighboring droplets as shown in Fig. 4. 

By using Brakke's surface evolver software [39], the shape of a single 

droplet with a minimum surface area under the constraint of fixed 

droplet volume was calculated by confining the droplet inside a 

 

 
 

Fig. 4. Typical deformation of two droplets in HCE. 
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polyhedral cell, particularly the rhombic dodecahedron (face-centered 

cubic), truncated octahedron (body-centered cubic), and simple cube. 

The total area and the flattened area (parts of droplet surface touching 

Therefore, the formulation of free energy can be modified as follows: 

 

 h  
4 
i 

the polyhedral confinement) of the droplet with a unit radius were re- 

corded as the results of this simulation. 
F ¼ F0 þ ðVG þ k1 AεÞ 

2 
þ O  

ð10Þ 

Mason et al. used the theoretical results developed by Lacasse et al. 

[38] (who also used surface evolver software) to fit the excess surface 

area with a power-law relationship, K(φeff − φm)α. However, we ob- 

where k1 is a geometrical coefficient that converts the bulk strain, , to 

the interfacial strain, ln A. Both V and A are dependent on strain. The 

apparent (or total) shear modulus of the system can be obtained in a 
served an improved fitting with Kφeff(φeff − φm)  in our work (see manner similar to Eq. (6). 
Fig. 3 of Foudazi et al. [32]). Here φm and φeff, respectively, are the vol- 

ume fractions of closest packing and the compressed droplet. Since un- 

compressed droplets also have interfacial energy and can go through 

deformation as long as they are jammed, they will show a degree of 

elasticity. As a result, the following relationship for elastic modulus 

can be obtained [31]: 

 
4.3. Storage and loss moduli 

 
Viscoelastic properties of highly concentrated emulsions have been 

studied widely [5 8,12 23], and it has been shown that viscoelastic 

properties depend on the mean diameter of dispersed particles, polydis- 

persity, interfacial tension, interdroplet interaction, and dispersed 
Z ∞ 

Πdisdh volume fraction. At concentrations well above φ m, the rheology of 
−2 

G ¼ 1:2φ d32 
ðφ−φmÞ þ 0:102

i 
þ h 

d32 

−16 

1:6φ ðφ−φmÞ 
0:6 

þ 10:6
i
 jammed HCEs demonstrates a wide range of frequency-independent 

, which is orders of magnitude higher than loss 

ð7Þ 

 
where Πdis is the disjoining pressure in the film between neighboring 

droplets with thickness h [77]. The first term on the left hand side is 

the contribution of interfacial energy, while the second term is obtained 

from the product of disjoining pressure and interdroplet contact area. 

The predictions of different models and comparisons with experimental 

data are presented in Fig. 5. 

The interfacial viscoelasticity may be correlated with the tenacity of 

interfacial film. The elasticity and viscosity of the interfacial layer can be 

obtained from the variation of interfacial tension with area [99]: 

 
d  d  

ε ¼ A 
dA 

¼ 
d ln A 

ð8Þ 

storage modulus, G 

modulus, G . Therefore, such HCEs have solid-like behavior, and the 

value of the G  plateau, G p, can be treated as the equilibrium shear mod- 

ulus of the system (see Fig. 6). 

If the experimentally swept angular frequency range is broad 

enough, a minimum in G  will be observed (see Fig. 6). Mason et al. 

[8] suggested that while the role of continuous phase viscosity is signif- 

icant at high frequencies, the configurational rearrangements control 

the low frequencies' behavior. As a result, a minimum in G  is observed 

due to different mechanisms of relaxation at low and high frequencies. 

Liu et al. [104] proposed a model for concentrated emulsions based 

on non-affine deformation. The model predicts a high level of viscous 

dissipation in dense emulsions under high-frequency oscillatory shear- 

ing deformations. The data of Liu et al. on the complex modulus G* can 

be represented by following expression: 
 

K ¼     
d   

ð9Þ 
d lnA=dt 

G  ¼ G
0 
þ iG  ¼ G

0 
þ AðφÞðiω 

1=2
 þ η∞iω ð11Þ 

 
where ε is the dilatational modulus, κ is the interfacial viscosity, and A is 

the interfacial area. The ln A term can be considered as interfacial strain. 

Since droplet deformation implies a dilatational action on the interfacial 

layer of surfactant stabilized droplets, it is reasonable to assume that the 

main type of interfacial rheology that contributes to the modulus of a 

system is the dilatational one obtained from the above equations. 

where i is the imaginary unit, ω is the angular frequency, and A(φ) is a 

function of the volume fraction. This expression contains a low- 

frequency plateau modulus, G p; a high-frequency viscosity, η∞, due to 

the continuous phase in the films; and an anomalous power-law contri- 

bution at intermediate frequencies that is caused by slippage of layers of 

droplets against each other along randomly oriented weak planes . As 

a result, the complex modulus at that orientation is locally minimum. 
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Fig 5. (a): Scaled shear modulus based on prediction of different models and comparison with experimental data; Scheffold et al. [102] models are based on nano- and micro-scale emul- 

sions above the onset of elasticity; Foudazi et al. model with and without considering disjoining pressure [77]; Mason et al. data are based on monodispersed emulsions with droplet size of 

0.25 μm. (b): Change of shear modulus with reciprocal of droplet size; Mason et al. [8] data are based on monodispersed o/w HCE with droplet size of 0.25 μm; w/o HCE of supersaturated 

aqueous phase stabilized with 8 wt.% sorbitan monooleate (SMO), PIBSA-Imide, PIBSA-Urea, or PIBSA-MEA are based on Foudazi et al. work [77]; Foudazi et al. model without disjoining 

pressure [77]; Mougel et al. [94] data are based on w/o HCE with φ = 0.85 and stabilized with sorbitan monooleate. 
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which the material does not flow. Thus, the stress values obtained 

from flow curve measurement, stress versus shear rate, at shear rates 

approaching zero resemble the physical meaning of yield stress [109]. 

The accuracy of the intersection method drops when the nonlinear 

flow regime has a slope that approaches one for weakly yielding mate- 

rials. Furthermore, since G* may depend on frequency as investigated by 

Masalova et al. [109], the deflection point depends on the measurement 

frequency as shown in Fig. 4. So, we may conclude that the values of the 

critical stress found in the oscillating experiment do not coincide with 

real ( physical ) yield stress estimated from flow curves. In fact, the 

deflection point shows the start of nonlinear viscoelastic behavior of 

emulsions in oscillatory shear flow. 

0              G'': Mason et al. 
G': Paruta-Tuarez et al. 
G'': Paruta-Tuarez et al. 
G': Masalova et al. 

The transition from solid-like behavior to liquid-like behavior at a mi- 

croscopic level has been studied using microscopic and spectroscopic 

techniques. Hebraud et al. [111] have used diffusive wave spectroscopy 

10-1 G'': Masalova et al. (DWS) to study the microscopic dynamics of concentrated emulsions 

10-3 10-2 10-1 100 101 102
 

(rad/s) 

 
Fig. 6. Frequency sweep measurements of HCEs. Mason et al. data are based on unimodal 

monodisperse oil-in-water emulsions with droplet size = 0.53 μm, φ = 0.77 [8]; Paruta- 

Tuarez et al. data are based on unimodal water-in-oil emulsions with droplet size = 

6.2 μm, φ = 0.9 [97,103]; and Masalova et al. data are based on unimodal w/o emulsions 

with droplet size = 7.6 μm, φ = 0.868 [22]. 

 

 

4.4. Yield stress and strain 

 
In jammed systems such as concentrated suspensions and emul- 

sions, the structural caging induces viscoplastic behavior because the 

mobility of dispersed particles/droplets is limited by neighboring parti- 

cles/droplets as a result of the limited free volume available in the sys- 

tem. In other words, there is a stress limit below which particles/ 

droplets exhibit zero entropy and the system does not flow [105]. 

Yield stress, y, is defined as the critical stress below which a material 

acts like a solid and does not flow; there are, however, some debates 

about the reality of yield stress and its dependence on both the mini- 

mum experimentally attainable shear rate and the mode of deformation 

[106 109]. Mason [76] and Mason et al. [15] suggest that the strain at 

which the behavior departs from linear viscoelasticity in oscillatory 

shear flow experiment can be taken as yield stress, as is shown by the 

arrows in Fig. 7. However, yield stress is accepted as the stress below 
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Fig. 7. Stress strain experiment data. Mason et al. [15] did the experiment at constant fre- 

quency, ω =1 rad s
−1

, for oil-in-water emulsions with different droplet fractions (φ) and 

droplet size of 0.53 μm; Knowltonet et al. [110] data are based on PDMS oil-in-water emul- 
−1 

under a sinusoidal shear deformation. They have found that plastic rear- 

rangements are highly heterogeneous. In other words, the majority of the 

sample is deformed elastically and recovers its microscopic configuration 

after a full cycle, while a small fraction of droplets undergo irreversible 

rearrangements. These rearrangements repeatedly affect the same sub- 

population of droplets. Since interpretation of DWS data is difficult and 

could be ambiguous, optical microscopy has been used in recent years 

as an alternative to DWS in order to study solid liquid transition. 

Fig. 5 shows the amplitude dependencies of storage modulus, G , and 

loss modulus, G . At low shear strains, G  is greater than G , so the nature 

of emulsion is elastic. As shear strain increases, elastic modulus decreases 

due to breakdown of interdroplet structure; however, G  passes through 

a maximum, which lies rather close to a crossover point, co, (where G 

 = G ) [110]. Since viscous losses dominate over elasticity beyond this 

point, co can be considered as the elastic-to-viscous transition or (called 

fluidization strain). For monodisperse emulsions, G G  crossover strain 

shows values of about 10%; in contrast, polydisperse emulsions exhibit 

co values of 1 2% [112]. Masalova et al. [22] observe that, for w/o HCEs 

of supersaturated aqueous phase, co for different droplet sizes and 

surfactants lies in the range of 50%. They attributed this behavior to 

shear in the interdroplet space and/or rheopexy of emulsions. 

Knowlton et al. [110] have reported an optical microscopy study of 

the dynamics of concentrated emulsions under oscillatory shear and 

conducted rheological experiments for emulsions with different volume 

fractions from just above close random packing to φ = 0.88. They found 

that, as φ increases, the transition becomes sharper. The comparison 

between the solid liquid transition behavior resulting from the 

stress strain curve (Mason's definition) and the crossover point of G  

and G  in oscillatory rheology experiment (see Fig. 8) shows that differ- 

ent definitions do not correspond with the same behavior [110]. In 

other words, transition based on deviation from a linear regime of the 

stress strain curve (deflection point) occurs earlier than fluidization 

strain. Since fluidization transition, similar to the deviation from linear 

behavior in a stress strain curve, is obtained from amplitude sweep 

tests at a specific frequency, the dependence of fluidization transition 

on measurement frequency remains ambiguous. 

Foudazi et al. [21] studied the yield stress, determined from stress 

versus shear rate curves, of HCEs of supersaturated aqueous solutions 

in oil. This showed that the significance of interdroplet interaction can 

be detected by the non-zero intercept of yield stress versus reciprocal 

droplet size, and/or different trends of yield stress and interfacial ten- 

sion values for HCEs stabilized with different surfactants. In addition, 

they found that the yield stress scaling with φ(φ − φm)2, suggested by 

Mason et al. [80], is valid only when the interdroplet interaction is 

negligible. 

The yield strain can be calculated from Hooke's law as follows: 

sions at constant frequency, ω = 1 rad s  , droplet size of 0.53 μm, and constant droplet 
y

 

volume fraction of φ = 0.83; and Masalova et al. [109] data is for w/o emulsions at several 

frequencies with droplet size of 13 μm and volume fraction of φ = 0.94. 
y ¼   0 
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In a compressed emulsion at shear stresses slightly higher than the 

yield stress, droplets move by rolling over each other (Reynolds dilatan- 

cy). At high shear rates, where a hump in the flow curve is observed (see 

Fig. 10), droplet deformation provides necessary free volume for flow 

[20]. The nature of HCEs causes wall slip [12,114 116] and shear 

banding similar to what is observed in other viscoplastic matter [113, 

117]. Meeker et al. [114] contend that by using rough geometries for 

rheological measurements, the hump in flow curve disappears. 

Masalova et al. [19,92], however, have shown that slip in the rheology 

of HCE could be hindered by using sandblasted geometry, while the 

hump at intermediate shear rates is still present. In fact, in the low 

shear rate region, a unimodal polydisperse HCE flows as larger particles 

roll over smaller ones, whereas, in the high shear rate domains, strong 

deformation of droplets is the dominating mechanism. In other words, 

deformed droplets most likely do not mount over each other in the 

high shear rate regime but slide between other droplets, and, hence, 

10-4 10-3 10-2 10-1 100 101 102 103 104
 

%


Fig. 8. Amplitude dependencies of elastic modulus, G , and loss modulus, G , in LAOS re- 

gime. Data of Knowlton et al. [110] have been measured for oil-in-water emulsion at 

the effect of Reynolds' dilatancy disappears at high shear rates [20]. It 
can be concluded that the shear rate at which the flow mechanism 

changes corresponds to the observed hump. The following empirical 

model developed by Foudazi et al. [21] can be employed to fit the flow 

curve of HCE with any kind of droplet size distribution: 

ω =1 rad s
−1

, φ − φ = 0.19, droplet size = 2.4 μm; Mason et al. [8] have done the ex- 
−1 

periments for oil-in-water emulsion at ω = 1 rad s , φ − φm = 0.05, droplet size =     0:5 − =  
 

 

1.06 μm; Masalova et al. [22] have done the experiments for water-in-oil emulsions at  ¼ y þ K  þ  y    − y     1−e ð13Þ 

ω = 1 rad s
−1

, φ − φ = 0.01, droplet size = 7.5 μm.  
where y is the yield stress, K and n are empirical constants, and y* and 

The obtained values for w/o HCEs of supersaturated aqueous solu- 

tions stabilized with different surfactants lie in the range of 4 to 10% 

[22]. The yield strains of monodispersed o/w HCEs stabilized with 

ionic surfactants also lie in the same range [102]. 

 

 
4.5. Flow behavior 

 
Becu et al. [113] have measured the rheological behavior of concen- 

trated emulsions in both adhesive and non-adhesive cases, and have de- 

veloped the local and bulk flow curves for each type of concentrated 

emulsion. Fig. 9 shows that in the case of adhesive emulsions, the flow 

curve shifts upward to higher stresses. Additionally, the flow curve of 

adhesive emulsion is completely inhomogeneous, which points to the 

discontinuous transition characterized by the coexistence of fluid-like 

and jammed materials [113]. The flow of a non-adhesive emulsion, on 

the other hand, remains homogeneous throughout the transition from 

solid to liquid. 

   are the characteristic stress and shear rate of the hump in the flow 

curve. 

 

4.6. Case study: binary mixture of HCEs 

 
Droplet size distribution plays an important role in the rheological 

properties of HCEs. Polydisperse emulsions are difficult to study because 

droplets have different Laplace pressures. Thus, at a fixed osmotic 

pressure, the larger droplets may deform while the smaller ones remain 

undeformed [8]. Generally speaking, the observed size dependencies of 

rheological parameters for HCEs are consistent regardless whether the 

size distribution is wide or narrow [8,18]. 

Ramirez et al. [119] showed that binary mixtures of emulsions 

(not HCEs) can exhibit viscosity reduction with respect to the base 

emulsions, depending on droplet size ratio, polydispersity, and the 
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Fig. 9. Local flow curve compared to bulk flow curve for non-adhesive and adhesive oil-in- 

water concentrated emulsions, droplet size = 0.3 μm, φ = 0.73 [113]. 
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Fig. 10. Flow curve for HCEs. Filled circles are w/o emulsions with droplet size of 7.6 μm 

and φ = 0.868 [21], unfilled circles are o/w emulsions with droplet size of 0.25 μm and 

φeff  = 0.65 [8], filled triangles are w/o emulsions with droplet size of 10 μm and φ = 

0.85 [114], and unfilled triangles are w/o emulsions with droplet size of 17 μm and 

6 wt.% nano-silica dispersion in oil [118]. 
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separation/overlapping of droplet size distribution. However, Pal [120] 

found a monotonic change in the rheological properties of HCE binary 

mixtures with gradual variation of the content of the two-component 

mixtures. In contrary, Foudazi et al. [30,31] found a strong decrease in 

the viscosity, elastic modulus, yield stress, and yield strain of binary 

mixtures of HCE when the droplet size ratio of components has been 

chosen to increase the maximum closest packing of spheres through ef- 

ficient spatial filling  e.g., a droplet size ratio of 6, which comprises 

10 25% of small droplets [31]. They also found that if the volume frac- 

tion of such binary mixtures is close to φm, the caged mechanism of 

droplet dynamics is not dominant (probably, the jamming is retarded), 

and, hence, a strong deviation from the universal model of Seth et al. 

[121] is observed. In addition, the hump in the flow curve disappears. 

Fig. 11 shows the rheology of an HCE with φ = 0.85, but different 

φms, which are attained by mixing HCEs with different droplet size ra- 

tios in an 80/20 ratio of big/small droplets in order to change the size 

distribution. The binary mixture of HCEs with a droplet size ratio of 6 

has φm = 0.82 and an interfacial energy higher than unimodal counter- 

parts. However, it demonstrates a liquid-like behavior with negligible 

yield stress and a lower non-plateau storage modulus than unimodal 

counterparts (Fig. 9) [30,31]. The bimodal distribution in this sample fa- 

cilitates the uncaged arrangement of droplets. This result clearly proves 

the significance of HCE elasticity at zero entropy, also known as zero- 

temperature limit [122,123]. In other words, a bimodal size distribution 

could shift the zero temperature, and thus φj, to values higher than φm. 

In addition, the plateau in storage modulus and the pronounced yield 

stress of HCEs is driven by the jammed state of droplets. 

 

5. Stability of HCEs 

 
There are two principal types of stability for emulsions, droplet sta- 

bility and dispersion stability. Two principle mechanisms which destroy 

the droplet stability are coarsening and coalescence. Coarsening in- 

volves diffusion of the dispersed phase from smaller to larger droplets, 

driven by their differences in Laplace pressure. The small droplets con- 

tinue to decrease in size until they disappear, because their interfacial 

pressure increases as they get smaller. The big droplets around them be- 

come even larger as they receive molecules from the smaller droplets. 

The growth of these larger droplets through coarsening is also known 

as Ostwald ripening. The rate of molecular diffusion through the inter- 

face is dependent on the interfacial barrier created by the surfactant 

[124]. When two droplets of the dispersed phase approach each other, 

they will coalesce, thereby reducing their total interfacial area, unless 

a repulsion between the droplet interfaces inhibits this process. To 

prevent coalescence, a surfactant must provide effective repulsion be- 

tween droplet interfaces. The repulsion is dependent on the surfactant 

concentration at the interface [124]. 

Flocculation happens in adhesive emulsions whereby droplets aggre- 

gate and the stability of the HCE decreases significantly. Fig. 12 shows 

schematically different instabilities in HCE systems. Jamming and the 

glassy state of droplets suppress Brownian motions. Consequently, colli- 

sions of droplets that lead to coalescence, and thus, to the instability of 

emulsions, become negligible. Additionally, two phases are usually highly 

immiscible in HCEs, whereby the diffusion barrier hinders Ostwald ripen- 

ing significantly. It can be concluded that the controlling parameter of 

instability in HCEs is the interdroplet forces (Van der Waals, steric, elec- 

trostatic, depletion attraction), or, in short, disjoining pressure. Therefore, 

the interdroplet forces in HCEs are critical in both stability and elasticity. 

The disjoining pressure, in addition to the spatial repulsion, contrib- 

utes to the free energy and therefore elasticity. Since the disjoining pres- 

sure results from electrostatic, Van der Waals, steric, micellar, and 

depletion interactions, which include the tenacity of interfacial film 

and interdroplet interaction, the elasticity and stability of emulsions 

are interrelated. The excess energy due to the disjoining pressure with 

respect to interfacial energy shows the extent of emulsion stability. 

Therefore, a method for comparing the stability of emulsions can be to 

evaluate how much the elasticity of repulsive HCEs deviates from the 

classical model that only includes spatial repulsion. 

The breakdown of droplet structure leads to a transition from the 

elastic to the viscous nature of emulsions. Consequently, the co values 

are an indication of the structural stability of an emulsion. Therefore, a 

reduction in co at high volume fractions shows the structural instability 

of emulsions. Several factors such as rotation of droplets, surface fluidity 

of droplets, segregation of droplet clusters, and rotation of droplet 

clusters induce structural instability of concentrated emulsions [112]. 

The lifetime of emulsions varies from several hours to many years, 

depending on the physicochemical parameters (volume fraction of the 

dispersed phase, temperature, co-surfactant, electrolyte concentration, 

and the ratio of oil or water to surfactant) and interactions between con- 

tinuous phase, disperse phase, and surfactant. The long term stability of 

concentrated emulsions has been studied widely [6,94,125 127]. Babak 

et al. [65] have shown that low interfacial tension tends to decrease the 

stability of HCE by rupturing thin films between droplets. On the other 

hand, high interfacial tension leads to an increase in Laplace pressure, 

which in turn tends to decrease the lifetime of the emulsion film. 

When the capillary pressure exceeds the disjoining pressure of the 

steric repulsion inside the film, the liquid film will be ruptured. So, it 

seems that an optimum interfacial tension is present. Babak et al. [65] 
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Fig. 11. (a) The flow curve, and (b) the storage modulus versus frequency of binary mixtures of HCE with different droplet size ratios, big to small droplet volume ratio = 80/20, dispersed 
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Fig. 12. Different mechanisms contribute to instabilities of highly concentrated emulsions. 

 

suggested that for HCEs with a droplet size of 1 10 μm, sufficiently low 

interfacial tension in the order of ~ 0.1 1 mN/m is optimum to provide a 

high stability. Film thickness is another important parameter that affects 

stability of emulsions. The thicker the film, the more stable will be the 

emulsion. 

As mentioned in the introduction, Laplace pressure has a direct rela- 

tionship with interfacial tension, so the elasticity of emulsions is related 

to interfacial tension. While it may be tempting to attribute the emul- 

sion stability to the existence of a low interfacial tension as Babak 

et al. [65] suggest, it is generally accepted [53,128] that the interfacial 

tension effects are less important to overall long-term emulsion stability 

than the nature of the interfacial film. The ability of the interfacial film to 

withstand the pressures of droplet contact (tenacity), its properties as a 

barrier to the passage of the dispersed phase into the continuous phase, 

and its ability to erect a physical or electrical barrier to droplet contact 

appear to be the major characteristics determining the ultimate stability 

of an emulsion [53]. 

As discussed, the electrolyte concentration in the dispersed phase of 

w/o emulsions affects the electrostatic repulsion and Van der Waals 

attraction between aqueous droplets [3,74,75]. Therefore, the effect of 

electrolyte concentration on the stability of HCEs is not straightforward. 

In fact, in w/o HCEs, low concentrations of electrolytes (~0.02 M) pro- 

vide a higher adsorption density of surfactant that leads to increasing 

resistance to coalescence and HCE stability [74], while a high concentra- 

tion of electrolytes may decrease HCE stability due to an increase in 

attraction forces between droplets [75]. 

The rheological behavior of emulsions is affected by instability either 

during formation or with time. Consequently, the evolution of rheolog- 

ical properties with time can be a simple method for studying the 

stability and aging of emulsions. In low shear rates, coagulation and 

aggregation of droplets result in an increase in emulsion viscosity [45]. 

One can study the aging by measuring the dynamic elastic modulus of 

HCEs with time as shown in Fig. 13. 

Another point that should be taken into consideration is the effect of 

droplet volume fraction and size on the stability of emulsions. An in- 

crease in droplet volume fraction decreases the stability of emulsions 

because droplets undergo more repulsion by other droplets in their sur- 

roundings, which can intensify coalescence and Ostwald ripening. As 
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Fig. 13. Aging in HCEs. Elastic modulus data obtained from Langenfeld et al. [2], w/o 

emulsion with droplet radius of 0.90 μm and φ = 0.94 and T = 30 °C; and Mougel et al. 

[94], w/o emulsions with φ = 0.92 and 0.85. 

 

 

droplet size decreases, Laplace pressure increases and the emulsion 

would be more elastic due to the direct relationship between Laplace 

pressure and elastic modulus. Theoretically, it seems that smaller drop- 

lets have higher Laplace pressure, and, thus, are more susceptible to 

instability at the same volume fraction. However, to produce smaller 

droplets, more surfactant molecules are adsorbed at the interface, 

which results in lower micelle concentration and weaker induced 

depletion attraction. Droplet size has a prominent effect on the depen- 

dence of stability on surfactant concentration. In fact, emulsions with 

larger droplet size are much more sensitive to surfactant concentration 

that can lead to the destabilization of the HCE [68]. Aronson [68] has 

shown that certain nonionic surfactants cause o/w emulsions to cream 

at a critical concentration above CMC, due to depletion attraction 

enhanced by surfactant/micelle exclusion between oil droplets. The 

work has shown that the larger the droplet size, the greater is the 

sensitivity to micellar exclusion at lower concentrations of surfactant. 

 

 

6. Concluding remarks 

 
We propose for HCEs to be considered as colloidal systems with a 

volume fraction of the dispersed phase in the super-concentrated 

regime that is nominally higher than 0.74, even if droplets are not com- 

pressed to a polyhedron shape. The general approach to understanding 

properties of HCEs is based on a calculation of the free energy that is 

then used to derive the elasticity of a HCE by considering spatial repul- 

sions, disjoining pressure (originated from electrostatic, Van der Waals, 

steric, micellar and depletion interactions), and interfacial rheology. The 

disjoining pressure and interfacial viscoelasticity show the interdroplet 

interaction and the tenacity of interfacial film, respectively. Therefore, 

the deviation of elasticity from the classical model, which only considers 

spatial repulsion, can be regarded as a parameter for quantifying the 

stability of HCEs. 

The state of HCEs is thermodynamically favored by minimization of 

the free energy, which will consequently be trapped in a local minimum. 

However, the system can go through instability or demulsification if 

kinetic energy can overcome the energy barrier where free energy 

temporarily increases to reach actual minimum free energy levels 

(demulsification). Experimental studies show that the enthalpic contri- 

bution to the rheology of HCE becomes significant only if the entropy 

due to the cage effect reaches zero. This will not affect the modeling as- 

sumptions since the calculation is usually based on an individual droplet 

that can deform but does not have translational motion (or, simply, it is 

assumed that droplets are trapped in the cage formed by neighboring 

droplets). 

Several questions are identified by the work presented here and will 

deserve further investigation. Bulk rheological  models to consider 

interfacial rheology and disjoining pressure, in addition to the mechan- 

ical repulsion of droplets in HCEs, need to be developed. A second 

research direction is modeling the rheology of HCEs with bimodal 

size distribution for (i) φm b φj, and (ii) φm N φj. Also, further investiga- 

tions are necessary to determine the significance of disjoining 

pressure and interfacial rheology on the bulk rheology of model HCE 

experimentally. 
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