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An investigation was performed into the effect of surfactants on the rheology of water-in-oil highly con- 

centrated emulsions (HCE). The surfactants were oligomers of the PIBSA-type with different headgroups 

and low-molecular-weight sorbitan monooleate (SMO). The rheological properties of HCE are presented 

by flow curves with clearly expressed yield stress and dynamic modulus which does not depend on fre- 

quency but does on the amplitude of deformations. The changes in modulus and the yield stress depend 

on the nature of the headgroups as well as the addition of low molecular weight surfactant. It was shown 

that an increase in the surfactant concentration results in the decrease in the rheological parameters. This 

shows the significance of micellar structure on the rheological behaviour of HCE. The dependencies of 

elastic modulus as well as the yield stress on droplet size are deviated from scaling by Laplace pressure. 

This means that some additional arguments to explain the elasticity of  HCE emulsions 

should be included for comparison with the classical models based on the conception of increase in the 

surface area of droplets. Finally, it was found that the scaling of shear modulus with reciprocal squared 

droplet size fulfil the zero intercept condition for this variation. 

 
 

  

 

 

1. Introduction 

 
The rheological properties of highly concentrated emulsions 

have been the subject of many studies. Starting with dilute and 

semi-dilute emulsions, one can see that the main subject of 

investigation was the concentration dependence of viscosity, as 

studied in numerous publications [1–6]. Even when concentra- 

tion approaches the limit of the closest packing of liquid spherical 

drops, the question of the concentration dependence of viscosity 

remained within the focus of discussion [7–11]. It is worth special 

attention that the concentration dependence of viscosity of emul- 

sions was treated as the analogue of the concentration dependence 

of suspension [12,13], which can be calculated with high accuracy 

using modern computational methods [14]. 

Meanwhile, new rheological effects have been observed in 

approaching the threshold of concentration of the closest pack- 

ing of dispersed spheres, ϕ*. This is, first of all, the effect 

of non-Newtonian flow and even the rather steep drop in 

apparent viscosity at the highest  concentrations,  reminding 

the appearance of the yield stress [6,7]. In addition, the first 

theoretical studies also pointed out the possibility of elastic 
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response of deformed drops after the release of external stresses 

[15]. 

Concentration of the closest packing ϕ* has a special meaning 

for emulsion. Its value is close to 0.74 for monodisperse droplets. 

For suspensions, this is the physical limit of loading a continuous 

phase. However, for emulsions, this threshold can be overcome and 

the concentration of a disperse phase can even reach 0.96. The real- 

ization of transition through the critical concentration ϕ* becomes 

possible if the liquid droplets are compressed and transformed into 

polyhedrons. It is quite evident that polyhedrons (e.g. hexahedrons 

or cubes) can fill the space rather tightly with very narrow continu- 

ous phase layers between neighbouring dispersed liquid droplets. 

The fundamental physical conception about the thermodynam-  

ics of such structures was developed in [16–18], where these highly 

concentrated emulsions (HCE) were treated as elastic materials, 

their elasticity being the result of the increase in surface area in 

transition from spheres to polyhedrons and balanced upon com- 

pression by the osmotic pressure. According to this model, elastic 

modulus was scaled with the Laplace pressure, and consequently 

should be proportional to the reciprocal size of droplets. 

Further investigation of the rheology of HCE clearly demon- 

strated that these emulsions are solid-like soft matters at low 

stresses and small deformation; it means that they really store elas- 

tic energy and cannot flow at stresses below some limit treated 

as the yield stress [17,19–23]. The solid-like behaviour is most 

clearly demonstrated by the independence of elastic modulus on 
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Fig. 1. Microscopic image depicting the emulsion with the average droplet size 

7.5   m (500×). 

 

frequency in a very wide frequency range [17–20,24]. This is charac- 

teristic of a solid matter. The second important fact is the similarity 

in changing modulus and the yield stress as the functions of var- 

ious component factors [24]. Thirdly, the rheological behaviour 

of HCE is presented by a typical non-Newtonian flow curve with 

a drop in apparent viscosity by several decimal orders with the 

increase in shear stress [18,20,24–30]. This rheological behaviour 

is observed not only for HCE but also for emulsions with concen- 

tration of the disperse phase only approaching the limit of the 

closest packing [6,31]. The non-linearity of rheological properties 

of HCE is also clearly expressed in the effect of amplitude of defor- 

mation in large-amplitude-oscillation-sweep (LAOS) on modulus 

of HCE [24,27,32,33]. And finally, deformation of HCE is accompa- 

nied by the structural rearrangement reflected in their rheopectic 

behaviour [20]. 

The influence of structural peculiarities of HCE on their rheo- 

logical properties is regularly discussed in terms of the effect of 

concentration and droplet size. The concentration argument is used 

as 1/3( − *) [26] or ( − ϕ*) [17]. The concentration range of 

HCE is rather narrow, usually from 0.74 to 0.95. The difference in 

the input of the first factor in these expressions is therefore not 

very certain, and in practice, the rheology of HCE is determined 

by the difference ( − *), i.e. by the distance above the critical 

concentration  *. 

The situation regarding the effect of the droplet size looks quite 

clear if referred to the basic physical model of HCE elasticity: as 

said above, one can expect scaling of elastic modulus G by the 

Laplace pressure and consequently linear dependence of the mod- 

ulus (and the yield stress) on D−1, where D is the characteristic 

size of droplets. Such type of dependence was observed in several 

publications. However, the other type of G(D) was also observed. 

This effect is strongly pronounced for protein-stabilized emulsions 

[25,34–37] as well as for other systems [38–40]. Experimental data 

of [25] demonstrated that the divergences from linear dependence 

of G versus D−1 became more strongly pronounced for the small D 
values. In our earlier publications it was found that in some cases, 

G appears to be proportional to the squared reciprocal size: G ∝ D−2 

[24,40,41]. The authors of [25,42] justly said that this fact should 

be treated as the necessity of additional mechanism of elasticity in 

comparison with the classical Princen–Mason model. 

It was proposed [43] that different types of G(D) dependence can 

be explained by the repulsive interaction of interface layers, which 

creates the additional source of stored energy in HCE. Meanwhile, 

the absolute majority of known experimental studies were per- 

formed with emulsions of the single recipe. A rare exception is the 

publication [32], where the influence of the molecular structure of 

the surfactant (fluorinated oils with different length of hydrocarbon 

chain) was demonstrated. 

It is generally accepted that the behaviour of emulsions is 

strongly determined by the structure of the interface layer. Study 

of these layers was performed by scattering methods in some pub- 

lications [44–47]. The results of these investigations gave us the 

quantitative characteristics of the interface structure, and this is a 

useful basis for discussion of the properties of HCE. 

Two above-mentioned factors thus determine the goal of this 

work: to study the influence of droplet size on the rheology of HCE 

in interrelation with the nature of the surfactant used for stabiliza- 

tion of these emulsions over a wide range of samples. This work 

continues our studies of water-in-oil HCE used in industry as  

 [20,22,24,40,41,48]. 

 

2. Experimental 

 
2.1. Samples 

 

Highly concentrated emulsions used for investigations in this 

work were  . They are emulsions of the water- 

in-oil type. One can find the details of the composition of these 

emulsions in our earlier publications [20,24]. So, only their basic 

characteristics will be mentioned here shortly. 

The concentration of the disperse phase in the real techno- 

logically valid recipes is 90–96 wt.%. This phase in the standard 

technological formulation is a super-cooled aqueous solution of 

mainly ammonium nitrate (AN) salt with a minor proportion of 

Ca and Na nitrates in water. Water comprises <20% by mass of this 

phase. So, the salt concentration exceeds 80%. Typical view of com- 

 

 
 

Fig. 2. Molecular structure of employed surfactants where R  shows the polyisobutylene chain with molecular weight of 1048 (corresponding to 17 repeated units). 
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pressed droplets forming the internal aqueous phase is shown in 

Fig. 1. It is evident that the droplets really have polyhedron shape. 

The equilibrium temperature of dissolving for such concentra- 

tion is about 65 ◦C. These solutions are thermodynamically unstable 

at  room  temperature  but  kinetically  they  do  not  change  during 

several weeks in the emulsified form that provides a possibility 

of performing rheological investigations. Then the internal phase 

begins to crystallize [22]. 

Three of surfactants used were PIBSA (polyisobutylene succinic 

anhydride) based compounds with different head-groups but the 

same polyisobutylene oligomer tail –(CH2–(CH3)2–CH2)–, R, with 

Mw = 1048 (Fig. 2). This corresponds to about 17 repeated units in 

the chain. Besides, a mixture of one of the PIBSA based surfactant 

with sorbitan monooleate (SMO or Span®80) which is a standard 

non-ionic surfactant, was used. The hydrophilic-lipophile balance 

of all surfactants is low (between 2 and 4). The details of surfactants 

are listed below: 

 

1. PIBSA-Amide: PIBSA reacted 1:1 with monoethanolamine to an 

uncondensed amide/acid head group. The chain may be attached 

to the carbon atom adjacent to the carboxylic acid group, rather 

than the one adjacent to the amide group as shown. The overall 

molecular weight of this surfactant is about 1109. 

2. PIBSA-Imide: PIBSA-Amide was condensed to an N-substituted 

pyrrolidinedione (succinimide) structure. The structure is shown 

in Fig. 2 and the overall molecular weight is 1091. 

3. PIBSA-Urea: PIBSA reacted with urea [49] and the structure of 

resultant surfactant is shown in Fig. 2. The molecular weight of 

this surfactant is 1109. 

4. Mixture of PIBSA-Amide and SMO taken in the ratio 10:1. The 

structural formula of SMO is shown in Fig. 2 as well. Its molecular 

weight is 428, i.e. less than of other oligomeric surfactants. 

 

The emulsifiers were dissolved in the oil phase prior to emulsifi- 

cation. The oil phase was Mosspar-H, a paraffin compounds that is 

produced and supplied by Lake International Technologies, Republic 

of South Africa. Viscosity of oil phase at 30 ◦C is 3.5 mPa s. 

The emulsions were prepared with 92% of the dispersed phase 

by weight (corresponding to 0.868 volume fraction). The dispersed 

phase of emulsion comprised 80 wt.% AN in distilled water. The 

surfactant concentration of 14 wt.% in oil phase was mainly used in 

samples. However, to study the effect of surfactant concentration 

on rheological properties, rheological investigations for PIBSA- 

Amide with 4 different concentration in oil phase were performed: 

4, 8, 14 and 20 wt.%. 

The emulsification process was conducted in 2.5 kg batches by 

Hobart N50 mixer (manufactured and supplied by the Hobart Cor- 

poration). The oil phase consisting of surfactant was first placed 

in the bowl, mixed gently and heated to about 80 ◦C. Then, the 

hot ammonium nitrate solution was slowly added, while stirring 

was maintained so as to ensure emulsification. Rapid mixing at 

higher speed of mixer was done subsequently for all formulations 

to achieve the desired samples for the study. 

The process of emulsification in all cases was not quick and we 

did not observed the sharp decrease of the size in several seconds 

as was described in [50]. Indeed, the process of emulsification in all 

cases was fitted by the exponential function [51]. 

 

2.2. Instrumentation 

 

Prior to any measurement, the samples were studied under Leica 

optical microscope with 500× magnification in both un-polarized 

and cross-polarized adjustments to be sure that the emulsions 

were stable and the crystallization of dispersed phase had not been 

started. A typical microscopic picture of a stable emulsion is shown 

in Fig. 3. 

 

 
 

Fig.  3. Typical  microscope  picture  of  studied  highly  concentrated  emulsion, 

d32 = 15.3   m. 

 

The droplet size distributions (DSD) were measured using the 

Malvern Mastersizer 2000 instrument. This method is based on 

measuring the angle distribution of the He–Ne laser light scattered 

by droplets. The angle at which the light is scattered is inversely 

proportional to the size of the droplets. DSD of prepared emul- 

sions does not significantly depend on the type of surfactant that is 

used. The emulsions were diluted prior to measurement with the 

continuous oil phase. The optical microscopy observations showed 

that the dilution results in individual droplets, hence the droplets 

are not adhesive in the studied range and obtained results from 

Mastersizer can be taken as the real droplet size distribution of 

emulsions. 

An example of DSDs with the largest deviations depending on 

surfactant type is shown in Fig. 4. In all other cases the curves were 

practically identical. This suggests that the effect of droplet size 

distribution on the rheological behaviour of studied emulsions can 

be ignored; this effect is somehow excluded, however, when the 

area–volume mean diameter (d32) is considered in studying the 

rheology of highly concentrated emulsions due to the interfacial 

area dependence of rheological behaviour. It should be noted that 

to achieve similar d32 for samples with different surfactant types 

and concentrations, different mixing time was employed. 

 

 
 

Fig. 4. Typical droplet size distribution for emulsions with different surfactants 

d32 = 7.5   m. 
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Fig. 5.  Typical frequency sweep results for two different droplet sizes of HCE stabi- 

lized with 14 wt.% PIBSA-Amide. 

 

 

All rheological studies were conducted using a rotational stress 

rheometer MCR 300 (Paar Physica) by parallel plate geometry with 

1 mm gap and sandblasted plate in order to minimize the possibility 

of slip [22]. 

The experiments were carried out mainly in two following 

deformation modes: 

 

• scanning (sweep) shear rate measurements with decreasing 

shear rate from 102 to 10−5 s−1 which was found to be physically 

meaningful and identifies flow curve of the emulsion [20,24]; 

• amplitude sweep oscillations in the range of strains from 0.1 to 

200% at the constant frequency 1 Hz. The deviation from linear 

viscoelastic behaviour in this experiment is named the large- 

amplitude-oscillation-shear (LAOS) regime of deformations. 

 

Our previous researches showed that the storage modulus of liq- 

uid explosives is independent of frequency and much higher than 

loss modulus at low frequencies which implies a significant gel- 

like behaviour [40]. Therefore, the plateau in of storage modulus 

in amplitude sweep experiment can be taken as shear modulus 

of studied HCE and it seems unnecessary to report the results of 

frequency sweep experiment; although, a typical result of such 

experiment is shown in Fig. 5. 

The stress values obtained in measurements and cited in further 

discussion were deviated from the average values (in 3–5 repeated 

sets of experiments) no more than ±2%. The accuracy limit of mea- 

surements can thus be assumed to be rigorously ±5% (bearing in 

mind temperature fluctuations, variations of shear rates, accuracy 

in calculations in dynamic measurements). 

In measuring the rheological properties of multi-component 

systems (and HCE in particular), the suspicion of wall slip 

always exists. However, special investigations [22,24] have 

proven that this factor can be neglected in our rheological 

investigations. 

Interfacial tension was measured by PAT 1 Profile Analysis Ten- 

siometer supplied by Sinterface Technologies, Berlin, Germany. The 

tensiometer operation is based on the measuring the shape of a 

liquid droplet emerging from a capillary, which depends on the 

interfacial tension of the fluid forming the droplet. The droplet 

shape is rigorously described by the Young–Laplace equation, 

which is actually the balance between the interfacial tension and 

the gravitational force. Interfacial tension values were taken after 

15,000 s to allow it to reach reasonably constant values. It should 

 

Table 1 

Interfacial properties of different surfactants used in this work. 
 

Type of surfactant o (mN/m) E′ (mN/m) 

at 0.1 Hz 

CMC × 104
 

(mol/l) 

Area per 

molecule 

    
(nm2 ) 

PIBSA-Amide 8.4 4.3 0.9 1.5 

PIBSA-Urea 5.9 3.2 1.2 1.5 

PIBSA-Imide 1.0 1.2 2.2 1.4 

SMO 0.6 0.5 0.6 0.8 

PIBSA-Amide/SMO 4.6 2.4 – – 

(10:1) 
 

 

 

be noted that the dominant part of the experiments was carried out 

at 30 ± 1 ◦C. 

 

3. Results and discussion 

 
3.1. Interfacial properties 

 

In order to understand a possible role of interfacial properties, 

we measured interfacial tension and some other characteristics of 

the surfactants used. The results are summarized in Table 1. The 

interfacial properties of SMO itself are included as well for compar- 

ison. The trend of both interfacial tension and interfacial dilational 

elasticity is as follows: 

PIBSA-Amide > PIBSA-Urea > Mixture > PIBSA-Imide 

Therefore, if the interfacial tension and/or dilatational elasticity 

are the only controlling parameters of the rheological behaviour, 

the same trend should be observed in the flow curve and elasticity 

of highly concentrated emulsions with same volume fraction and 

droplet size but different surfactant types. 

It is clear that the reduction of interfacial tension in the PIBSA- 

Amide/SMO mixture is due to low interfacial tension and elasticity 

of low molecular weight surfactant SMO. 

 

3.2. Flow curves and the yield stress 

 

Flow curves obtained for emulsions stabilized with 14% of dif- 

ferent surfactants are shown in Fig. 6a. The d32 of samples were 

7.5 ± 0.1 m. In Fig. 6b, the flow curve of emulsions stabilized with 

14 wt.% PIBSA-Amide comprising different droplet sizes are pre- 

sented. 

All flow curves are practically similar and demonstrate the fol- 

lowing effects: 

 

• visco-plastic behaviour with the clearly expressed yield stress  Y 

in all cases; 

• strong dependence of flow behaviour on the nature of a surfactant 

as well as droplet size can be seen. 

 

The results show that while non-mixture surfactants have close 

shear stresses in the 1–100 s−1 range of shear rate; the addi- 

tion of small molecule surfactant to the formulation significantly 

decreases the resistance against flow at intermediate to high shear 

rate regime. However, the addition of small molecule surfactant 

slightly reduces the magnitude of yield stress. The yield stress of 

samples has the following trend: 

PIBSA-Imide > PIBSA-Amide > PIBSA-Urea > Mixture 

It is clear that this trend contradicts the trend of interfacial ten- 

sion and dilatational elasticity. Hence, it can be concluded that 

the interfacial tension and elasticity are not the (only) controlling 

parameters of flow behaviour. In other words, according to theo- 

ries of Princen [16] and Mason et al. [12,18], scaling of rheological 

properties by Laplace pressure, /d32, results in superimposition of 
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Fig. 6.  Flow curves of emulsions with: (a) different surfactant types, d32 = 7.5    m; and (b) PIBSA-Amide surfactant and different droplet sizes. 

 

rheological behaviour of HCE with same volume fraction but dif- 

ferent surfactant types and droplet sizes, which is not the case for 

our studied samples (see Fig. 7). 

Treating the yield stress as the measure of the strength of a struc- 

ture formed in emulsions, we can say that PIBSA-Imide provides the 

highest characteristics of a material. 

One can calculate the amount of surfactant adsorbed on dis- 

persed droplets. The surface area per unit volume of droplets can 

be calculated as follows: 

6  

1.1 wt.%. In other words, most of the surfactants remain in the 

oil phase and form reversed micelles as evidenced by small angle 

neutron scattering studies [44–46]. 

In our previous work [43], we suggested that disjoining pres- 

sure could be considered as an additional source of elasticity 

for HCE that deviate from theories of Princen [16] and Mason 

et al. [12,18]. For explosive emulsions, we showed [43] that 

the contribution of Van der Waals, steric and micellar struc- 

tural force [52] are negligible, whereas the electrostatic repulsion 

enhanced by reversed micelles [53] could be responsible for their 

AN  = 
 

 

d32 

(1) high elasticity. Because, while the vast majority of uncharged 

reverse micelles exist in a dynamic equilibrium, a very small 

where is the volume fraction of dispersed phase. Therefore, based 

on measured interfacial properties, about 0.054 wt.% of PIBSA- 

Amide is enough to fully cover whole interfacial area for emulsion 

with d32 = 7.5 m. While, in the samples with 14 wt.% PIBSA-Amide 

in oil phase, the surfactant concentration in emulsion is about 

fraction of positively and negatively charged micelles are gener- 

ated by thermal fluctuations [53]. Therefore, it can be suggested 

that the difference in the flow curve and yield stress of sam- 

ples could be originated from different micellar characteristics of 

surfactants. 

 

 
 

Fig. 7. The flow curves of scaled shear stress by Laplace pressure against shear rate: (a) different surfactant types, d32 = 7.5   m; and (b) different droplet sizes, PIBSA-Amide. 



80 I. Masalova et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 375 (2011) 76–86 

 

 

 
 

 

 
Fig. 8.  Effect of surfactant concentration on flow behaviour. 

 

 

The effect of surfactant concentration can be studied as well. 

Emulsions with four different PIBSA-Amide concentrations were 

investigated: 4, 8, 14 and 20 wt.%. It is clear that the surfactant con- 

centration in all these samples is higher than CMC value, thus the 

interfacial tension is same in all cases, while the reversed micelles 

content varies. Due to very broad range of surfactant concentration, 

similar droplet size of d32 = 11.3 ± 0.1 m was achieved practically 

for all samples. The flow curve of samples is shown in Fig. 8. 

It is clear that increasing the surfactant concentration leads to 

decrease in the strength of the intermediate layers (reflected by the 

 Y values). Although, its effect on high shear rate regime is negli- 

gible. The only difference in these samples is the micelle content 

in oil phase. The maximum film thickness between neighbouring 

droplets can be obtained as follows [43]: 

hmax = d32  
∗1/3(  −1/3 − 1) (2) 

where * is the maximum closest packing of droplets. A rough 

estimation shows that the maximum film thickness of studied 

emulsions can be about 350 nm for emulsions, although the SEM 

and optical microscopic pictures suggest that this interdroplet layer 

thickness is in the range of 100 nm. The length of an oligomer 

surfactant molecule, for example PIBSA-Amide, is approximately 

1.5 nm and its micelles diameter is about 6 nm [45]. The PIBSA 

surfactant forms monolayer covers on water droplets [45]. The dif- 

ference in behaviour of various surfactants should thus be related 

to the structure in between the droplets in a continuous medium. 

Therefore, the viscometric study of a surfactant dispersed in oil 

phase could be useful. The oil solutions of all surfactants are New- 

tonian liquids in the shear rate range from 2.58 s−1 to 64.9 s−1, at 

least. The experimental data on viscosity of surfactant–solvent sys- 

tems are presented in Fig. 9 as relative viscosity, r versus volume 

concentration of a surfactant, ϕ. 

It has been found by direct experimentation that a PIBSA-type 

oligomeric surfactant forms spherical micelles in a solvent [45]. 

Therefore such a system (surfactant-in-oil) should be treated as a 

micro-emulsion. It is known that the r(ϕ) dependency for emul- 

sions is very similar to analogous dependencies for suspensions 

regardless of the viscosity ratio of the two phases (see, e.g. [9,54]). 

The most evident confirmation of this analogy was demonstrated 

in [12], where experimental data for emulsions with very different 

ratios of viscosities of continuous phase and droplets were closely 

fitted by theoretical equation obtained for suspensions within a 

wide concentration range of a dispersed phase, according to the cal- 

culations of [55]. This important experimental fact was explained 

Fig. 9. Concentration dependency of viscosity of surfactant dispersions in oil (solid 

line: theoretical dependence as described in the text; points and dotted line: exper- 

imental). 

 
 

by the formation of an elastic interfacial layer on dispersed droplets. 

This was considered as the reason for the quasi-solid behaviour of 

liquid droplets. 

The universal theoretical curve for the r(ϕ) dependency is pre- 

sented in Fig. 9 by a solid line, which is the same as calculated 

by Ladd [55] and used in [12]. One can see that the experimental 

points lie much above the theoretical curve valid for suspensions 

and emulsions, and that the concentration dependence of viscos- 

ity is rather steep, which is not typical for usual suspensions and 

emulsions. The observed r(ϕ) dependence can be well fitted by the 

Martin equation [56]: 

  =  s e
KM c[ ] (3) 

where s is the oil viscosity, KM is the M ’  constant and [ ] is 

the intrinsic viscosity. The validity of this approximation is shown 

in Fig. 10. 

The Martin equation is widely used for polymer solutions and it 

is valid for many different polymer–solvent pairs [56]. The estima- 

tion of the intrinsic viscosity by the standard Huggins procedure 

gives a value of the order of 5 ml/g. It means that the Debye crite- 

rion c[ ] < 1 in the whole concentration range studied in this work is 

valid, and we can reason that the fluctuation entanglement network 

(characteristic of polymer solutions) is absent for surfactant–oil 

systems. However, the observed  r(ϕ) dependence is rather steep, 

 

 
 

Fig. 10. The   r (ϕ) dependence in the coordinate of the Martin equation. 
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p 

p 

 

and this might be considered as the rheological evidence of very 

friable packing of micelles of a surfactant catching vast volumes in 

oil. 

Table 2 

The exponent values n for HCE with different surfactants. 
 

 

Type of a surfactant Surfactant conc. (%) n 

This result can be also treated as a reflection of the much higher 

effective concentration of a dispersed phase than that of a surfac- 

tant added to a continuous phase. Therefore, some (and maybe 

a large proportion) of a solvent is absorbed onto the surfactant 

micelles, increasing the apparent concentration of the surfactant 

. The apparent difference in the viscosity of this absorbed 

cover can be formed due to the interaction of hydrocarbon tails of 

surfactants with analogous molecules of oil. 

Since surfactant micelles form a very friable structure, this struc- 

ture could determine the strength and stability of HCE. One can 

also suppose that this is in line with the decrease of emulsion 

PIBSA- 

Amide 

PIBSA- 

Iimide 

PIBSA- 

Urea 

Mixture 

 

 

3.3. Elastic properties 

8 1.80 

14 2.03 

8 1.86 

14 1.61 

8 1.90 

14 1.90 

8 1.81 

14 1.67 

stability observed if to increase the concentration of a surfactant 

[57]. 

The exact reasons for the effect of concentration of a sur- 

factant are unclear and we can only make some suggestions. 

First, the increase in the micelle concentration in a continuous 

phase can create its own weak network. This conception was dis- 

cussed in [47]. This network is more pliable than interface layers 

and it decreases the strength (and elasticity – see below) of a 

system in whole. Second, since it has been found that the dom- 

inant mechanism of flow at low shear rates for HCE is rolling of 

droplet over each other [48], it can be assumed that the increase 

in the micelle concentrations enhances this rolling mechanism 

due to decreasing the friction between interfacial layers. Third, 

it was found that micelles could results in strong electrostatic 

repulsion as an additional source of elasticity in liquid explosives 

[43] due to presence of charged micelles generated by thermal 

fluctuations. Thus, higher concentration of micelles increases the 

possibility of charged micelles resulting in decrease in Debye 

length of electrostatic forces; and hence the electrostatic repul- 

sion decreases. Less electrostatic repulsion leads in less stored 

additional energy and resistance to flow (and elasticity – see 

below). 

Since the role of the surfactants and the surfactant aggregates is 

crucial these topics should be treated in more detail in future stud- 

ies. The presented results somehow confirm that rheology as well 

as interfacial rheology cannot grant full access to the  

, so other technique such as neutron or X-ray scattering 

might suit better for structural analysis. 

Elasticity is the main peculiarity of HCE, because the compres- 
sion of droplets above the threshold of the closest packing results 

in the storage of some excess energy. It was demonstrated in our 

earlier publications [20,22,24,40] and in accordance with other 

publications devoted to HCE, that a wide plateau on the frequency 

dependence of elastic modulus exists as a reflection of their solid- 

like behaviour (see Fig. 5). Therefore, the experimental results of 

amplitude sweep related to a single frequency will be described 

below. 

Fig. 11 presents the results of amplitude sweep measurements 

for HCE with different surfactants and different droplet sizes. The 

amplitude independent storage modulus, G′ , corresponding to 

shear modulus in Fig. 11a pursues the following trend: 

PIBSA-Amide ≈ PIBSA-Urea > PIBSA-Imide > Mixture 

In other words, the shear modulus similar to yield stress does 

not follow the trend of interfacial tension and dilatational elastic- 

ity which shows that they are not the (only) controlling parameters 

of shear modulus. However, different trends for shear modulus and 

yield stress can be due to significance of different controlling mech- 

anism. It is clear that scaling of storage modulus values by Laplace 

pressure does not result in superimposition of the variations shown 

in Fig. 11. Again, it is evident that the addition of a small amount 

of a low-molecular-weight surfactant results in a quite noticeable 

decrease in the elasticity of emulsions. 

It was mentioned that basic models predict the scaling of rhe- 

ological properties such as shear modulus, G′ , by Laplace pressure 

[12,16,18]. In other words, these models predict a linear depen- 

 

 
 

Fig. 11.  Amplitude sweep results of emulsions with: (a) different surfactant types, d32 = 7.5    m; and (b) PIBSA-Amide surfactant and different droplet sizes. 
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Fig. 12. The non-zero intercept of linear dependence of shear modulus scaled by interfacial tension versus reciprocal droplet size. 

 

dency between G′ / and 1/d32, with zero intercept and a slope 

that is only dependent on volume fraction. Therefore, studying 

the validity of a linear relationship between G′ /  and 1/d32 with 

A non-linear dependency of shear modulus can be suggested to 

accomplish zero intercept condition (1/d32 → 0, G′ → 0) as follows: 

zero intercept is an alternative method to investigate the scaling ′ 1 n 

of shear modulus by Laplace pressure. As shown in Fig. 12 , the 

linear dependence of G′ /  versus 1/d32 does not result in super- 
   

Gp = kG 

   

 
d32 

(4) 

imposition of shear modulus of emulsions stabilized with different 

surfactant types and concentrations. The zero intercept condition 

is not fulfilled as well. However, as droplet size tends to infinity 

(phase separated emulsions) d32 → ∞, the shear modulus should 

limit to zero G′  → 0. It means that the zero intercept is a compul- 

sory criterion for the variation of G′ / versus 1/d32. It is worthwhile 

to mention that decrease in droplet size results in more deviation 

of scaled shear modulus by interfacial tension for different surfac- 

tants. In other words, the smaller the droplet size, the greater the 

deviation from scaling of shear modulus with Laplace pressure is 

observed. 

where kG is a coefficient expressing the gain of elasticity and 

depends on the volume fraction. For a constant exponent, higher 

value of kG means a more elastic emulsion. n = 1 is equivalent to 

linear dependence of G′ / versus 1/d32. One can see that the shear 

modulus versus reciprocal droplet size dependence is well fitted 

by proposed non-linear model in all cases. The summary of the 

exponent values, n, for two different concentrations of employed 

surfactants is presented in Table 2. It is evident that the exponent 

values are much higher than 1 in all cases and very close to 2. These 

results are similar to our earlier results [24,40,41] as well with some 

other literature data [25,34–39]. 

 

 
 

Fig. 13.  The scaling of shear modulus by reciprocal squared droplet size. 
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Fig. 14. Amplitude sweep results of emulsions with different surfactant concentra- 

tion of PIBSA-Amide, d32 = 11.4  m. 

 
This means that the  classical  model  of  HCE  predicting  lin- 

ear dependence of elastic modulus on the reciprocal diameter 

[16–19,33], seeing the origin of elasticity in the increase of the inter- 

facial area of compressed droplets in HCE, is not sufficient. As was 

correctly said, it is necessary to look for    - 

 [25]. We suppose that this source lies in interdroplet interaction 

same type belonging to the class of liquid explosives [24,40,41]. It 

may be reasonable to suggest that this is the most general depen- 

dence for explosive emulsions. Although, other dependencies can 

exist for different HCE depending on the ratio of two determining 

factors – change of the surface area of droplets being compressed 

in HCE and the storage of energy due to interdroplet interaction. As 

a concluding remark, it is not reasonable to think that the classical 

Princen–Mason model of HCE based on the conception of scaling of 

experimental data by the Laplace pressure predicting linear depen- 

dency of elastic modules on the reciprocal diameter [16–19,33] is 

the universal meaning for all types of HCE. 

It was clearly observed in Figs. 12 and 13 that increasing the sur- 

factant concentration results in lower elasticity. This phenomenon 

was studied in a broad range of surfactant concentration as shown 

typically in Fig. 14, and the same trend was found. The flow 

behaviour and yield stress was found to decrease with increasing 

surfactant concentration as well. The significant effect of micelles 

is evident in this behaviour and possible mechanisms explained 

for flow behaviour and yield stress in preceding section could be 

responsible, although the rolling mechanism of droplets over each 

other could not be present in the linear viscoelastic region due to 

small amplitude oscillatory flow regime. 

 

3.4. LAOS behaviour 

 

Let us now compare the amplitude dependencies of elastic (stor- 

age) modulus, G′, and loss modulus, G′′. An example is shown in 

Fig. 15. While the G′( ) dependence is a monotonous (decreasing) 

function in LAOS regime, the G′′(  ) functions pass through a max- 

in terms of disjoining pressure, which gives additional input to the imum, G′′ , which lies rather close to a crossover point (where 

stored energy of compressed droplets in HCE [43]. 

To show the zero intercept condition for the scaling of shear 

modulus with reciprocal squared droplet size, we reconstructed the 

presentation of the experimental data and present them in coordi- 

nates G′ versus d−2, as shown in Fig. 13. It is seen that the G′ (d−2) 

G′ = G′′). This crossover point can be assumed to be the position 

of elastic-to-viscous transition, because beyond this point viscous 

losses dominate over elasticity. 

Fig. 15 shows that the linearity of elastic properties continues up 

to deformations of the order of 50%. As was shown in [58], the limit 
p 32 p    32 

dependence does pass through the zero point. 
Thus, one can see that for samples under study the dependence 

of elastic modules on the droplet size corresponds to the G′  ∝ d−2
 

of linearity for the  ( ) dependence, which can be treated as the 
 yield , generally depends on frequency and cannot 

be treated as the physically meaningful yield stress. We will not 
p 32 

scaling law. However, the scaling of shear modulus with interfacial 
tension was not consistent. These experimental results completely 

coincide with all our early results of measurement of size depen- 

dence of rheological parameters obtained for many samples of the 

concentrate on this effect here, because the frequency shift of this 

point for HCE is not large. However, it is worth mentioning that the 

stress at this yield point is much higher than the yield stress Y for 

HCE measured by flow curve. Consequently, the deformations of 

 

 
 

Fig. 15. Amplitude dependence of (a) G′ and G′′, and (b) shear stress for sample stabilized with 14% PIBSA-Amide at 1 Hz frequency. 
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the  elastic-to-viscous  transition    *  corresponding  to  the  equality 

G′ = G′′ are rather large. The elastic-to-viscous transition * for dif- 

ferent droplet sizes and a continuous phase with 14% of different 

surfactants lies in the range of 0.4–0.5. 

Such relatively large deformations of * are of special interest 

in light of the discussion in publications [32,59], where the method 

of LAOS was used for monitoring the  structure  in 

concentrated emulsions. The results obtained in those publications 

suggest that the transition deformation  * for polydisperse droplets 

is expected to be of the order of 0.01–0.02. 

There are two possible explanations for the rather high observed 

values of * for the materials under study. Firstly, one can sug- 

gest that the observed * values are connected with shear in the 

inter-droplet space. This is the consequence of the formation of the 

micellar structure in a continuous phase due to redundant quanti- 

ties of a surfactant, as was discussed above. Secondly, it might be 

an artefact of the same nature as was described as a formal domain 

of apparent quasi-Newtonian in the upward shear rate scanning in 

our earlier publication [40]. Actually, this effect was originated from 

transient behaviour. In our publication [20], deformations respon- 

sible for the rheopectic behaviour of emulsions in the transient zone 

were estimated at values of the order of 0.1. The analogous transient 

behaviour can exist in large amplitude deformations. 

The deformations responsible for the threshold of plasticity in 

steady shearing are noticeably lower than the solid-to-liquid tran- 

sition *. The deformation boundary  pl of plastic behaviour and the 

transition to flow can be calculated from H ’  law as follows: 

 Y 

authors are also grateful to Mr. S. Mudeme for his participation 

in the experimental part of the work. 

 
 

 pl =   ′ 
p 

(5)  

. 

The pl values calculated on the basis of the above referred 
experimental data lie in the range of 0.04–0.06 for PIBSA-Amide 

and -Urea, 0.07–0.8 for mixture, and 0.08–0.10 for PIBSA-Imide. 

This threshold can be assumed as the real physical boundary of plas- 

ticity in the visco-elastic properties of emulsions and the transition 

to flow. This is thus the point of the elastic-to-viscous transition. 

 
4. Conclusions 

 
The systematic experimental study of the influence of the sur- 

factant on rheological properties of HCE allows us to come to some 

conclusions. Firstly, the role of surfactant nature in HCE is sub- 

stantial and becomes more pronounced for smaller droplet size. 

Secondly, the elasticity and the yield stress have dissimilar trends to 

interfacial tension and dilatational elasticity for HCE stabilized with 

different emulsifiers. Moreover, the flow behaviour, yield stress and 

shear modulus do not scale with Laplace pressure. This shows that 

interfacial energy is not the controlling parameter of rheological 

behaviour and additional source of elasticity should be considered. 

Meanwhile, we found several instances of experimental evidence, 

for which only some suggestions can be advanced. These provide 

challenges to an investigator in respect of understanding and phys- 

ically interpreting them. They are: 

 
• physical reasons for the influence of different surfactants on the 

elastic and plastic properties of HCE; 

• the decrease of elasticity and plasticity of HCE when there is an 

increase in the surfactant concentration in a continuous phase; 

• the reciprocal squared dependence of elastic modulus and the 

yield stress on the droplet size. 
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