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ABSTRACT

This study investigated water-in-oil (WIG) super-concentrated emulsions used as pumpable

explosives. The aqueous phase of the emulsions is a supersaturated nitrate salt solution (at

room temperature), with a volume fraction usually greater than 0.8. Aqueous phase droplets

are deformed by packing and contact with neighbouring droplets. Compounds of this kind are

thermodynamically unstable and their instability is related to the coarsening of emulsions

(droplet coalescence) and phase transition (crystallisation) in the dispersed phase. However,

it was demonstrated that the dominating mechanism is slow crystallisation inside the super-

cooled droplets. The main goal of this thesis therefore concerned a phenomenological study

of the dependence of type and concentration of surfactant, as well as the ageing processes,

on the rheological properties of these emulsions.

The bulk rheological measurements were carried out using a rotational dynamic rheometer

MCR 300 (Paar Physica). Samples of different types of surfactant (Pibsa-MEA, Pibsa-UREA,

Pibsa-IMIDE, SMO and SMO/Pibsa-MEA) and different concentrations of surfactants were

studied. The results of the measurements include the flow and viscoelastic properties of the

materials. The rheological parameters have been correlated with the kinetics of structural

changes during ageing as a function of emulsion formulation content.

The emulsions under study were non-Newtonian liquids. It was demonstrated that different

surfactant types yield different interfacial properties. In fact, both the interfacial tension and the

interfacial elastic modulus were found to decrease according to the sequence MEA-UREA-

MEAlSMG-IMIDE-SMG. It was established that the surfactant type and surfactant

concentration affected the bulk rheological properties of explosive emulsions. Indeed, both the

elastic modulus and the yield stress as function of surfactant type decreased in the following

order: MEA-IMIDE-UREA-MEAlSMG, whereas they also decreased as the surfactant

concentration increased. However the sensitivity of the rheological parameters to the type or

concentration of surfactant was found to decrease as the droplet size increased. Moreover, the

changes in rheological parameters were more strongly expressed than any changes in

interfacial tension. This last finding is considered as rather important. It seems reasonable to

assume that it provides proof of an active role of a surfactant not only as a compound

responsible for the interfacial tension, but also creating additional sources of elasticity.

The effect of type and concentration of surfactant on Stability
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The research indicated that, in the linear regime, the dimensionless elastic moduli do not

collapse on a single master curve. Indeed, other factors such as electrolyte concentration,

phase ratio, surfactant concentration and the nature of the external phase being kept

constant, IMIDE-based emulsions, for example, showed very high dimensionless elastic

moduli compared to other Pibsa-based emulsions. This serves to confirm that the physical

interaction between interface layers of different droplets and a droplet surface layer with the

matter of a droplet does playa key role in generating additional sources of elasticity in the

system. Moreover, the increase in surfactant concentration does not affect the intrinsic

elasticity of the droplet (the capillary pressure); it decreases only the magnitude of the

additional elasticity.

The rheological parameters of emulsion explosives are sensitive to the ageing process. It

was shown by different methods that ageing leads to emulsion-to-suspension transition. This

affected the rheological properties in such a way that solid-like behaviour became

increasingly evident. Both the storage modulus and the yield stress measured in the

downward-sweeping shear rate mode increased with time. The dependencies of all the

characteristic rheological parameters on ageing were investigated. Qualitative (optical

microscope) and quantitative (X-ray diffraction analysis) investigations of the crystallisation

process showed that ageing leads to slow crystallisation within the super-cooled aqueous

droplets. In this sense, the observed emulsion-to-suspension transition was a direct

consequence of the phase transition. The kinetics of this transition are described by the

Johnson-Mehl-Avrami-Kolomogorov (JMAK) equation and correlated with the evolution of the

rheological properties of the dispersion. A general correlation between the kinetics of

crystallisation and the evolution of the rheological properties of these emulsions has been

identified and evaluated for the whole family of Pibsa-based surfactants used in this study.

The effect of type and concentration of surfactant on Stability
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GLOSSARY

This part of the Dissertation provides definitions of terms and expressions relating to the

measurement of rheological properties in liquid based systems (emulsion, suspension, etc.)

published by National Institute of Standards and Technology in "Guide to Rheological

Nomenclature" by V.A. Hackey and C.F. Ferraris, 2001, Special Publication 949. Definitions

are generally consistent with nomenclature published by the American Concrete Institute

(AIC), the British Standard Institute (BSI), the International Union of Pure and Applied

Chemistry (IUPAC) and the Society of Rheology (Hackley & Ferraris, 2001).

Terms

Coalescence

Definition

Spontaneous joining of smaller droplets in an emulsion

system to form larger ones.

Crystallinity The ratio between the mass of the crystalline region and

the total mass of the solid.

Elastic A conservative property in which part of the mechanical

energy used to produce deformation is stored in the

material and recovered on release of stress.

Elastic modulus A modulus of a body that obeys Hook's law.

Emulsion Two immiscible liquids (usually oil and water), with one

of the liquids dispersed as small spherical droplets in the

other.

Flow Continuous increasing deformation of a material body

under the action of finite forces. When the forces are

removed, the strain does not eventually return to zero,

then flow has occurred.

Flow curve A graphical representation of the behaviour of flowing

materials in which shear stress is related to shear rate.

The effect of type and concentration of surfactant on Stability
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Modulus The quotient of stress and strain where the type of

stress and strain is defined by the type of deformation

employed.

Rheology The science of deformation and flow of matter.

Shear The relative movement of parallel adjacent layers

Shear modulus The ratio of shear stress to its corresponding shear

strain.

Shear rate The rate of change of shear strain with time. For liquids,

the shear rate, rather than strain, is generally used in

describing flow.

Shear strain The relative in-plane displacement of two parallel layers.

Shear strain The relative in-plane displacement of two parallel layers

in a material body divided by their separation distance.

Shear stress The component of stress that causes successive parallel

layers of a material body to move in their own planes

(i.e. the plane of shear), relative to each other.

Shear-thinning A decrease in viscosity with increasing shear rate during

steady shear flow.

Steady shear flow Condition under which a fluid is sheared continuously in

one direction during the duration of a rheometric

experiment.

Storage modulus The quotient of the part of the stress in phase with the

strain divided by the strain under sinusoidal conditions.
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Surfactant An amphiphilic (amphipathic) molecule that has a

hydrophilic head group (polar region), which has a high

affinity for water, and a lipophilic tail group (non-polar

Region), which has a high affinity for oil

Viscoelastic A time-dependent property in which a material under

stress produces both a viscous and an elastic response.

Yield stress A critical shear stress value below which an ideal plastic

or viseoplastic material behaves like a solid (i.e. will not

flow). Once the yield stress is exceeded, a plastic

material yields (deforms plastically) while aviscoplastic

material flows like liquid.
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NOMENCLATURE

Symbol Description Unit

A interfacial area m2

ac area occupied by the surfactant headgroup

C solute concentration gil

Cel electrolyte concentration gil

CMC critical micelle concentration %

Cs solubility gil

Oord diameter of droplet (particle) m

dA increase in contact area J/m2

dG increase in free energy of the system J/m2

ds diameter of solid particles m

ES total surface energy Jlm2

F free energy J

fa' adhesion force between droplets N

G' storage modulus Pa

G" loss modulus Pa

GS surface free enthalpy Jlm2

h film thickness nm

HLB hydrophile-lipophile balance

HS surface enthalpy J/m2

scattered intensity.

lam diffraction intensity of the most nearly amorphous sample

Icry diffraction intensity of the most crystalline sample

Ijj diffraction intensity with an unknown crystallinity

K equilibrium constant

Ic the chain length of the tail A
M total mass kg

M mass kg

Mam mass of the amorphous region kg

Mcr mass of the crystalline region kg

n Avrami exponent

nj excess surfactant concentration at the surface
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solubility of the solute when contained in spherical droplet of radius r

surface entropy J/m2

absolute temperature K

time s

time scale of inherent processes in material s

characteristic time of observation s

Congelation point K.

congelation temperature K

crystallisation temperature of dispersed phase K.

crystallisation temperature of the dispersed phase: fudge point K

homogeneous nucleation temperature K

volume of emulsion droplets m3

total volume of the emulsion m3

molar volume of the solute m3/mol

relative crystallinity

P

Pc

pressure

critical packing parameter of the surfactant

surface-volume mean drop radius

solubility of the solute in the continuous phase for a droplet with

infinite curvature (a planar interface)

S(8 )

S(r)

SS
T

t

Tobs

.6.ad F free adhesion energy

drop in pressure

surface excess concentration

.6.p

r
surface excess concentration when the surface is completely

saturated with solute rnole/rn"

elasticity of the interface

dispersed phase volume fraction

<P* volume fraction that corresponds to the hexagonal close packing of

<Pc

<Peff

<Pm

<PS

y

undistorted spheres

volume fraction at which the modulus G' collapses to zero

effective volume fraction

dispersed mass fraction

volume fraction of solids in suspo-emulsion

shear strain

v volume of the hydrophobic tail

Pa

m

gil

J

Pa

mole/rrr'

Nim

%

%

%

%

%

%

%
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TC surface pressure N/m2

e characteristic time week

Pc density of the continuous phase Kg/m3

PDph density of the dispersed phase Kg/m3

(J interfacial tension NIm

'r shear stress Pa

'ry yield stress Pa

co angular frequency Hz

Subscripts

Abbreviations Explanation

am amorphous

AN ammonium nitrate

c continuous phase

Cr crystalline

Dph or d dispersed phase

Oph oil phase
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Introduction

CHAPTER 1

INTRODUCTION

The subject of this study is highly concentrated (super-concentrated) water-in-oil (W/O)

emulsions used as pumpable explosives. Such emulsions comprise a rather special class of

colloids. In contrast to standard emulsions and suspensions, the concentration of the

dispersed phase in highly concentrated explosive emulsions exceeds the limit of the closest

packing of regular spheres (app. 74 %) that is possible due to the "compressed" state of

droplets which have a polyhedron shape. The aqueous phase is an oversaturated

(overcooled) nitrate salt solution at room temperature, comprising less than 20 % water by

mass. Compounds of this kind are thermodynamically unstable and their instability is related

to the coarsening of emulsions (droplet coalescence) and phase transition (crystallisation) in

the dispersed phase.

Currently, there is considerable interest in highly concentrated emulsions (HCE) due to both

their practical applications (as pharmaceuticals, food products, crude oil recovery, mining,

polymer blends, biological liquids, explosives and so on) and the variety of rheological effects

that are observed in flow and deformations of emulsions (Barnes, 1994; Malkin, Masalova,

Slatter & Wilson, 2004a).

Bulk emulsion explosives are progressively penetrating the underground mining market and

are replacing packaged explosives for reasons of improved safety, more efficient logistics,

high rates of detonation and reduced overall blasting costs (Bampfield & Cooper, 1988).

However, these emulsions are subject to transport-induced structural decomposition caused

by high speed pumping as well as by ageing. Uncontrolled crystallisation can lead to

emulsion breakdown and/or reduction in flow ability and detonation sensitivity (Thomas &

Halou, 2003). Considerable effort has been devoted to the improvement of the emulsion

stability by explosives manufacturers, but most of the data are proprietary. For the most part

the discussions describe only a few of the improvements claimed, in particular those where a

chemical effect is assigned to the stabilising system (Becher, 1988). The flow characteristics

(rheology) are of considerable importance from both the fundamental and the applied point of

view:

o The main shortcoming in the field of the present-day state of knowledge of rheological

properties of highly concentrated water-in-oil emulsions is the absence of systematic

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Introduction 2

experimental data, especially concerning the correlation of the evolution of

rheological characteristics with the kinetics of structural changes.

o At the present, there is no quick method to relate the formulation of an explosive

emulsion to three areas, namely pumpability, stability and detonation sensitivity of the

emulsion.

The majority of publications, both theoretical and experimental, are devoted to emulsions

with the concentration of the dispersed phase less than approximately 74 % by volume,

which corresponds to the limit of close packing of homogeneous spherical droplets. Models

predicting rheological properties of such emulsions were proposed by Princen (1983; 1985),

Princen and Kiss (1986a; 1986b), Palierne (1990), Madiedo and Gallegos (1997) and Pal

(1996b; 2001). Model predictions that allow one to correlate rheological (viscoelastic)

properties with the structure of emulsions (primarily polymer blends) were proposed by

Bousmina (1999); Yu, Bousmina, Grmela, Palierne and Zhow (2002a). The theoretical model

was also developed for the non-linear domain of viscoelastic behaviour in emulsions (Yu,

Bousmina, Grmela & Zhow, 2002b).

Meanwhile, the current interest in studies of the rheological properties of emulsions has been

focused on highly concentrated emulsions as well with the content of the dispersed phase

exceeding close packing. Viscoelastic properties of such emulsions were measured (Pons,

Solans, Stebe, Erra & Ravey, 1992a; Pons, Erra, Solans, Ravey & Stebe, 1992b; Pons,

Solans & Tadros, 1995) and treated in the frames of the simplest Maxwellian relaxation

mode. The model of flow of such emulsions was also proposed by Schwartz and Princen

(1987). The concentration dependence of viscoelastic properties of highly concentrated

emulsions was discussed on the basis of Princen's theory, by Ponton, Clement & Grossiord

(2001). There was also a series of publications devoted to highly concentrated water in oil

(W/O) emulsions where the continuous phase used was fluorinated oil and non-ionic

fluorinated surfactant was based on diethylene glycol. It was shown that such highly

concentrated (up to 94 %) emulsions behave in a solid-like manner (Langenfield, Schmitt &

Stebe, 1999).

Theoretical analysis predicts the main solid-like properties of such emulsions; their elastic

modulus and yield stress (Babak, Langenfeld, Fa & Stebe, 2001). Phase behaviour and

structure of similar systems were studied by Rocca and Stebe (2000). One of the interesting

problems discussed in many publications of this type is the role of droplet size. The principal

papers devoted to modelling these systems do not distinguish between highly concentrated
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emulsions and foams (Princen, 1985; Princen & Kiss 1989).The most significant result of

these publications is the predication of the dependence of elastic modules, G, on the size of

droplets, 0, and volume fraction, ~. The theory states that the elastic modules, as well as the

yield stress, should be proportional to the reciprocal diameter of the droplets. However,

recent experimental data on highly concentrated water in oil emulsions used as pumpable

explosives (dispersed aqueous droplets supersaturated in salts, water comprising less than

20 % by mass) showed serious differences from foams. The elastic modulus was found to be

proportional to 0-2 while the Newtonian viscosity was proportional to 0-1 (Malkin et aI., 2004a;

Masalova & Malkin, 2007a; 2007c, 2008).

Of all the experimental studies on the rheology of highly concentrated emulsion explosives

reviewed, very few considered time effects and the correlation of steady-state properties of

the emulsions (as measured by rotational instruments) with prediction of their stability and

behaviour. Only a few studies are known and have been published concerning the

correlation of direct observation of the structural process (crystallisation) during ageing of the

emulsion explosives with changes of their rheological properties during storage (Kharatiyan,

2005; Masalova, Malkin, Ferg, Taylor, Kharatiyan & Haldenwang, 2006; Masalova & Malkin;

2007b). This presents a significant problem, because only an understanding of the nature of

the structural process within the emulsions under investigation would enable one to track the

evolution of the rheological properties, which determines their application value.

This study continues the above theme in the search for answers to the following questions:

o How does the emulsion content (type and concentration of surfactant) affect

the physical structure (structure and strength of the interface, thin oil film

network) and rheological properties?

o How does ageing affect the structure (shape, size of the crystals, and the

degree of crystallinity) and rheological properties of highly concentrated

emulsion explosives?

o How does the emulsion content (type and concentration of surfactant) affect

the evolution of physical structure (kinetic of crystallisation process) and

rheological properties (kinetic of changing of characteristic rheological

parameters) during ageing?

The overall aim of this study was to determine how the type and concentration of

surfactant affect the physical structure (thin oil film network, and the structure at the

interface oil-water) of a fresh explosive emulsion and the structural stability of these
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emulsions with time in the context of the evolution of rheological properties and structure

during ageing.

The specific objectives were:

o To investigate the rheological bulk properties of fresh explosive emulsions as a

function of type and concentration of surfactant for different droplet sizes.

o To investigate the structure (shape and size of crystals, and the degree of

crystallinity) and rheological properties of highly concentrated explosive emulsions as

a function of time (ageing) for different surfactant types and concentrations.

o To investigate the evolution of physical structure (kinetic of crystallisation process)

and rheological properties (kinetic of changing of characteristic rheological

parameters) during ageing as a function of type and concentration of surfactant, for

different droplet sizes.

o To evaluate, the newly developed model, the rheology-kinetics of crystallisation.

To answer these questions, and achieve the overall aim of the study, the following

methodologies were adopted:

1. Rheological investigations

The rheological experimental methods were based on measuring the rheological

properties of emulsions. They were obtained by using a Rotational Rheometer MCR-

300 Paar-Physica, Germany. The wide ranges of shear rates (from app. 10-6 to 103 s'

1) and shear stresses available for investigation allows one to obtain characteristics of

rheological properties over a very wide range. This instrument can also operate over

the wide range of frequencies from 10-3 up to 102 Hz. In this oscillating mode of

deformations, the dynamic modules are measured as a function of frequency. In

addition, the amplitude of deformations can vary between 0.01 % and 100 %.

Instrument measurements are supported with modern software, which includes many

applied programs.

Rheological investigations included:

o Flow curve and amplitude sweep of fresh explosive emulsions as functions of

type and concentration of surfactant for different droplet sizes.

o Flow curve and amplitude sweep of aged explosive emulsions as functions of

type and concentration of surfactant for different droplet sizes.

o Determination of the characteristic rheological parameters in order to use
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them for the evaluation of a newly developed model of the structural evolution

during ageing (rheology-kinetic of crystallization model).

o Correlation of the characteristic rheological parameters with emulsion

formulation and ageing period.

2. Optical and spectroscopic methods included:

2.1 Optical observations:

The optical analysis was conducted to use visual observations for the analysis of

structural changes of the materials at different emulsion formulation content and for

the analysis of size and shape of crystals during ageing. The analysis was carried out

with a Leica optical microscope equipped with a digital camera, at a magnification of

500 times.

Optical methods were also used to obtain the dispersed phase particle size

distribution. This was done using the Malvern Mastersizer 2000 technique. This

method is based on measuring the angle distribution of the He-Ne laser light

scattered by particles.

2.2 Spectroscopic methods:

X-ray diffraction pattern analysis was performed to follow the structural changes

quantitatively in terms of degree of crystallinity of emulsion with ageing. The relative

crystallinity of the material was analysed on a Brucker D8 X-ray powder diffractometer

with Cu-Ka radiation. The configuration of the device allows for the analysis of uneven

samples in particular slurries or emulsions without causing any shifts of the respective

diffracted peaks.

The following emulsion formulations were used in this study:

o 3 different droplet sizes: 10,12, and 15).lm.

o 4 types of surfactant: Pibsa-MEA, Pibsa-IMIDE, Pibsa-UREA, SMO, and one mixture

SMO/Pibsa-MEA (1 :10).

o 2 different concentrations for each surfactant 8 % and 14 % by mass in the oil phase.

o 2 different types of oil: Mosspar and Shellsol.

All the samples under investigation were tested weekly for a period of 36 weeks at 30 oe .

The findings of this study will benefit a wide range of industries, ranging from mining,

explosives, pharmaceutical, cosmetics, food industries, etc., which use highly concentrated
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emulsions, either as a mode of transportation or a process ingredient due to the need for

product storage. The main thrust of this study lies with the explosives industries, where both

long-term storage and pipeline pumping are economically viable options.

The experimental results obtained in the study will allow an understanding of the kinetic

process taking place in the evolution of structure of multi-component systems (highly

concentrated emulsions), and provides a basis for predicting pipeline transport

characteristics.

The thesis is subdivided into the following chapters:

o Chapter 1 serves as an introduction to this thesis.

o Chapter 2 is a presentation of the relevant literature pertaining to the study. It covers

relevant literature on theoretical rheological fundamentals of high internal phase ratio

emulsions, as well as the relevant experimental work.

o Chapter 3 provides a comprehensive description of the methods of experimentation,

procedures used in the analysis of the results, and the inherent discussions

pertaining to the experimental findings.

o Chapter 4 presents the summary of the thesis. It offers an overview of the research

thesis. Conclusions drawn from the experimental results are also presented.
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CHAPTER 2

THEORY AND LITERATURE REVIEW

This chapter presents the relevant fundamental rheological theory and literature pertaining to

the stability of high internal phase ratio emulsion explosives. The relevant fundamentals of

emulsion stability are discussed with greater emphasis on the stability of high internal phase

ratio emulsions, particularly high internal phase ratio emulsion explosives. The theory of the

basic rheological properties of viscoelastic materials is also presented. This includes the

applicable flow models for pseudo-plastics fluids. The dependence of surfactant type,

surfactant concentration, and the effect of the ageing processes in emulsions on the

rheological properties of such emulsions are also discussed in detail.

This chapter covers relevant theoretical aspects associated with the stability of emulsions

and the flow of non-Newtonian fluids, and the following topics are presented:

o definition of emulsions

o general consideration of emulsion stability

o factors determining emulsion stability

o surfactant and interfacial properties

o stability of high internal phase emulsion explosives

o definition of rheology

o general classifications of flow behaviour

o general description of viscoelastic behaviour

o rheology of emulsions, with emphasis on high internal phase emulsions, particularly

high-internal phase emulsion explosives

o dependence of surfactant type, surfactant concentration and ageing processes on the

rheology of high internal phase emulsions, particularly high-internal phase emulsion

explosives.

2.1 General definitions of emulsions

An emulsion is a mixture of two immiscible liquids, one of which is dispersed in the

continuous phase of the other, typically created by rupturing droplets down to colloidal sizes

through mixing. To inhibit recombination or coalescence, a surfactant which is concentrated

at the interfaces must be added to create short-ranged interfacial repulsion between the

droplets (Becher, 1965; Mason, Lacasse, Grest, Levine, BibeUe & Weitz, 1997). For an

appropriate surfactant, a quantity much less than the mass of the liquids is often sufficient to

make this interfacial repulsion strong enough to render the emulsion kinetically stable against
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coalescence and de-mixing. This kinetic stability differentiates emulsions from

thermodynamically stable micro-emulsions which form spontaneously without mixing when

the proper proportions of certain fluids and surfactants are placed in contact (Mason et al.,

1997).

(a) (b)

Figure 2.1: Microscopic images of a dilute emulsion (a) and a highly concentrated emulsion (b).

(Adapted from: (a) McClements, 2005:3; (b) Masalova & Malkin, 2007a:3)

Emulsions can be conveniently classified according to the distribution of the oil and aqueous

phases. A system consisting of oil droplets dispersed in an aqueous phase is called an oil-in-

water, or O/W, or direct emulsion. A system which consists of the water droplets dispersed in

an oil phase is called a water-in-oil or WID, or inverse emulsion. The substance that makes

up the droplets in an emulsion is referred to as the dispersed or internal phase, whereas the

substance that makes up the surrounding liquid is called the continuous or external phase. It

is also possible to prepare multiple emulsions of the oil-in-water-in-oil (O/WID) or water-in-oil-

in-water (W/O/W) type (Dickinson & McClements, 1995; McClements, 1999; 2005). For

example, a W/O/W emulsion consists of water droplets dispersed within larger oil droplets,

which themselves are dispersed in an aqueous continuous phase (McClements, 1999;

2005).

The process of converting two separate immiscible liquids into an emulsion, or of reducing

the size of the droplets in a pre-existing emulsion, is known as homogenisation.
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It is possible to form an emulsion by homogenising pure oil and pure water together, but the

two phase~ rapidly separate into a system consisting of a layer of oil (lower density) on top of

layer of water (higher density). This is because droplets tend to merge with their neighbours

when they collide with them, which eventually leads to complete phase separation. The

driving force for this process is the fact that contact between water and oil molecules is

energetically unfavourable (Israelachviii, 1992), so that emulsions are thermodynamically

unstable systems. It is possible to form emulsions that are kinetically stable (metastable)

(Atkins, 1994) for a reasonable period of time (a few days, weeks, months, or years) by

including substances known as emulsifiers and/or thickening agents prior to homogenisation.

Emulsifiers are surface-active molecules, which adsorb to the surface of freshly formed

droplets during homogenisation, forming a protective membrane, which prevents the droplets

from coming together close enough to aggregate. Most emulsifiers are amphiphilic

molecules, Thickening agents are ingredients that are used to increase the viscosity of the

continuous phase of emulsions, and they enhance emulsion stability by retarding the

movement of the droplets. A stabiliser is any ingredient that can be used to enhance the

stability of an emulsion and may therefore be either an emulsifier or a thickening agent

(McClements, 1999).

Most emulsions are much more complex than the simple three-component (oil, water and

emulsifier) systems. The aqueous phase may contain a variety of water-soluble ingredients.

The oil phase usually consists of a complex mixture of oil-soluble components. The

interfacial region may contain a mixture of various surface-active components. In addition,

these components may form various types of structural entities in the oil, water, or interfacial

region (McClements, 1999).

Knowledge of the concentration of droplets is important because the droplet concentration

influences the appearance, texture, stability and cost (in terms of concentration of the

dispersed phase and, therefore, surfactant) of emulsion-based products. The concentration

of droplets in an emulsion is usually described in terms of the dispersed phase volume

fraction (¢), which is equal to the total volume of the emulsion droplets (VOPh) divided by the

total volume of the emulsion (VE):

Equation 2.1
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•
In some situations, it is more convenient to express the composition of an emulsion in terms

of the dispersed phase mass fraction (C), which is related to the volume fraction by the

following equation:

Equation 2.2

where pc and PDPh are the densities of the continuous and dispersed phases, respectively.

When the densities of the two phases are equal, the mass fraction is equivalent to the

volume fraction. The dispersed-phase volume fraction of an emulsion is often known

because the concentrations of the ingredients used to prepare it are carefully controlled (Mc

Clements, 1999).

It is generally accepted that the volume fraction of the dispersed phase in a reasonably

stable emulsion can be increased relatively easily up to a certain critical value, above which

the emulsion tends to break or invert (Becher, 1965). In the case of an ordered,

monodispersed emulsion, Ostwald's phase volume theory (Mason et al., 1997) indicates that

this point is reached at, or is close to ~*=0.7405, i.e., the volume fraction that corresponds to

the hexagonal close packing of undistorted spheres. For randomly packed monodispersed

spheres, ~* = 0.64. As the dispersed phase volume fraction is increased above the critical

volume fraction ~*, the structure can not be described as a system of uncompressed

monodispersed spheres. Polyhedral distorsion must occur (Figure 2.1).

Emulsion explosives are high-internal-phase water-in-oil emulsions of a concentrated

solution of nitrate salts in water emulsified into an oil base. In general, commercial explosives

consist of an intimate mixture of condensed oxidizer, almost invariably the nitrate salts of

ammonia, sodium and calcium, which are mixed with a fuel and other additives. The purpose

of the latter is to control the rheology and to provide the correct reactivity, physical form, and

density to ensure reliable detonation. It is also the most technically sophisticated, as it must

meet requirements of shelf life, resistance to handling, immunity to changes in temperature,

etc. (Becher, 1988).

Emulsion explosives are also characterised by a number of unusual scientific features. Their

detonation capabilities, and particularly their high velocities of detonation, depend on

maintaining a very intimately mixed, all-liquid system. In practice, this requires droplet sizes

of the order of 1urn. Since water is an effective detonation inhibitor, the desired sensitivities
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are achieved by controlling water levels in the formulation. Finally, the requirements of redox

stoechiometry create a situation that can be resolved only by the use of a large volume of

supersaturated (and therefore metastable) salt solution, dispersed in a small volume of

hydrocarbon oil. As in most other industrial explosives, ammonium nitrate is the major

ingredient: about 70 % by mass of the overall composition. The dispersed aqueous phase,

which constitutes over 90 % by weight of the liquid fraction and generally contains other

salts, such as sodium and calcium nitrates, is emulsified into 7 to 10 % of an oil or oil/wax

phase. Additional solid ingredients (generally less than 15 % by mass) include glass or

plastic micro bubbles, aluminium powder as an energetic fuel, and some quantities of

particulate salts. A variety of other ingredients, e.g., sensitiser, may be added to perform

specific functions (Becher, 1988).

The structure of an emulsion explosive is directly relevant to its rheology, stability and

detonation properties. As the dispersed phase volume fraction is typically 88 to 94 % by

mass, the structure cannot be described as a system of uncompressed monodispersed

spheres. The polyhedral distortion must occur. Tetrakaidecahedron packing (8 contact points

at lower dispersed-phase volumes, 14 at high dispersed-phase volumes) was shown to be

more efficient for high dispersed-phase volumes (Lissant et el., 1974). Lissant, Peace, Wu

and Maykhan (1974) proposed that the free drop interface contacts the film, separating the

droplets at a finite angle, which is a function of the dispersed phase volume. This contact

angle may approach zero for thick films, or have a finite value, which may be quite large, for

thin films. This angle, however, is fixed by molecular forces across the film. This forces the

droplet into complex non-spherical shape. Kirby (1983) has developed a semi-empirical

theory of the geometry of emulsion explosives which describes this in terms of the radius of

curvature of the pockets of the oil phase at the corners between droplets, the thickness of the

film separating droplets, and the plateau angle. The latter was assumed to vary as the

inverse third power of the film thickness, this being obtained by considering the van der

Waals forces in the bilayer. The film separating the droplets may be extremely thin - down to

the thickness of two back-tc-back interlocking C16 monounsaturated chains, depending on

the oil used to form the emulsion (Becher, 1988).

To serve as a complete description of emulsions, a theory must be able to explain and

predict all aspects of emulsion formation, stability, and type; the influence of environmental

factors such as temperature and pressure; the role of emulsifiers and stabilisers and their

chemical structures; the role of the chemical structures of the immiscible phases; and the
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effects of additives in each phase. This is a highly complex problem, as illustrated by the fact

that, even though a vast amount of experimental data relating to each of these questions is

available, no generally applicable theory has yet been developed.

2.2 General consideration of emulsion stability

An emulsion (metastable system) tends to revert back to the thermodynamically most stable

state of the system, which consist of a layer of oil on top of a layer of water.

2.2.1 Different mechanisms of instability

According to Myers (1992), four terms commonly encountered in emulsion science and

technologies, relating to stability, are breaking, coalescence, creaming/sedimentation, and

flocculation. Although they are sometimes used almost interchangeably, these terms, in fact,

are quite distinct in meaning as far as the condition of an emulsion is concerned.

Coalescence, for example, refers to the joining of two (or more) drops to form a single drop

of greater volume, but a smaller interfacial area (Figure 2.2a). Such a process is obviously

energetically favourable in almost all cases. Although coalescence will result in significant

microscopic changes in the condition of the dispersed phase (e.g., changes in average

particle size and distribution), it may not immediately result in a macroscopically apparent

alteration of the system. The breaking of an emulsion (Figure 2.2b) refers to a process in

which a gross separation of the two phases occurs. The process is a macroscopically

apparent consequence of the microscopic process of drop coalescence. In such an event,

the identity of individual drops is lost, along with the physical and chemical properties of the

emulsion. Such a process obviously represents a true loss in the stability of the emulsion.

(Myers, 1992).
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Figure 2.2: The ultimate fates of emulsions related to colloidal stability: (a) coalescence; (b)
breaking; (c) flocculation; (d) creaming; (e) sedimentation

(Adapted from Myers, 1992: 213)

Flocculation refers to the mutual attachment of individual emulsion drops to form flocs or

loose assemblies of particles in which the identity of each is maintained (Figure 2.2c), a

condition that clearly differentiates it from the action of coalescence. Flocculation can be, in

many cases, a reversible process, overcome by the input of much less energy than was

required in the original emulsification process. Finally, creaming and sedimentation are both

forms of gravitational separation. Creaming describes the upward movements of droplets

due to the fact that they have a lower density than the surrounding liquid (Figure 2.2d) while

sedimentation describes the downward movement of droplets due to the difference in the

density of the two phases. The rate of creaming/sedimentation will be dependent on the

physical characteristics of the system, especially the viscosity of the continuous phase. It

does not necessarily represent a change in the dispersed state of the system; however, and

it can often be reversed with minimal energy input. Obviously, flocculation and

creaming/sedimentation represent conditions in which drops "touch" but do not combine to

form a single unit. The key to understanding the true stability of emulsions, then, lies on the

line separating the process of flocculation and coalescence. (Myers 1992).
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In addition to the mechanical action and interfacial potential energy considerations that will

act to reduce the degree of dispersion of an emulsion, other considerations act to limit the

stability of emulsions. One such factor affecting long-term stability is the phenomenon

commonly termed "Ostwald ripening". Ostwald ripening occurs because the solubility of the

material in a spherical droplet increases as the size of the droplet decreases (Dickinson,

1992):

(
2GV )S(r) = S(00)exp __ m ,
RTr

Equation 2.3

where Vm is the molar volume of the solute, (J is the interfacial tension, S( 00) is the solubility

of the solute in the continuous phase for a droplet with infinite curvature (a planar interface),

and S(r) is the solubility of the solute when contained in a spherical droplet of radius r. The

increase in solubility with decreasing droplet size means that there is a higher concentration

of solubilised material around a small droplet than around a larger one. The solubilised

molecules therefore move from the smaller droplets to the larger droplets because of this

concentration gradient. Once steady state has been achieved, the rate of Ostwald ripening is

given by (Kabalnov & Shchukin, 1992):

d(r)3 8GVmS(00)D
dt 9RT

where D is the translation diffusion coefficient of the solute through the continuous phase.

Equation 2.4

This equation indicates that the change in droplet size with time becomes more rapid as the

equilibrium solubility of the molecules in the continuous phase increases (McClements,

1999).

Myers (1992) stressed that, to obtain a useful emulsion with any long-term persistence, it is

necessary to include a third component that served some "magical" purpose and imparted

the required degree of stability. Such additives include simple inorganic electrolytes; natural

resins and other macromolecular compounds; finely divided, insoluble solid particles that

locate themselves at the interface between the two phases; and amphiphilic or surface active

materials that are soluble in one or both phases and significantly alter the interfacial

characteristics of the system.
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2.2.2 Different mechanisms of stabilisation

Early theories of emulsion stability recognised the importance of additives such as

surfactants, polymers and particles to the processes of emulsion preparation; the type of

emulsion produced; and the overall stability of the final system. However, it was not until the

work of Langmuir and Harkins (Harkins, 1952) that a reasonably sound theoretical picture

began to evolve. Based on studies of a monolayer of surfactant at interfaces, the concept of

a rigid multilayer film of adsorbed material imparting stability was discarded in favour of the

idea of oriented monomolecular films in which each portion of the adsorbed molecules

showed a strong preference for association with one of the two liquid phases. As a result, it

became possible to schematically represent the emulsion droplets as shown in Figure 2.3

(Myers, 1992).

Adsorbed ions

~

Surfactant !1==. ... Phase 1 )
stabilizers I;::T- \ .

'"..~
Polimeric
stabilizer

Phase 2
Stabilization by
particle solids

Figure 2.3: Various possible mechanisms of emulsion stabilisation

(Adapted from Myers, 1992: 218)

2.2.3 Molecular basis of an interface

An interface is a narrow region that separates two condensed phases. Atoms or molecules at

an interface will generally have higher potential energy than those in the bulk of a material.

Their location at the interface means that they will experience a net force due to

the nearest neighbour interactions significantly different from those in the bulk (Myers, 1992).

Thus, an expenditure of energy is needed to increase the interfacial area. The reversible

work at constant pressure and temperature required to increase the contact area between
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two immiscible liquids is given by the increase in free energy of the system; this work is

proportional to the increase of the surface area (Adamson, 1997; McClements, 1999):

dW = dG = erdA Equation 2.5

Equation 2.6

dG: Increase in free energy of the system

dA: Increase in contact area

er: Constant of proportionality called interfacial tension. The interfacial tension is a physical

characteristic of an interface, which is determined by the imbalance of molecular forces

across an interface: The greater the interfacial tension, the greater the imbalance of forces

(IsraelachviIi, 1992; McClements, 1999). The interfacial tension is referred to as interfacial

free energy per unit area or force per unit length.

2.2.4 Formation, stability of an interface and the interfacial tension

The change in free energy when a molecule is brought from the interior of the phase to the

interface is determined by changes in the interaction energies of the molecules involved, as

well as by various entropy effects.

GS = er= HS - TSs Equation 2.7

Often, and as a good approximation, HSand the surface energy ESare not distinguished, so

Equation 2.6 can be seen in the form (Adamson, 1997):

Equation 2.8

ES: The total surface energy; It is generally larger than the interfacial tension and is

frequently the more informative of the two quantities, or, at least, is more easily related to

molecular models (Adamson, 1997). It characterises the interaction energy between the

molecules present at the interface.

Ss: The surface entropy per unit area of surface. The thermal energy associated with the

entropy has a disorganising influence, inducing a continual motion of molecules (translation,

rotation and vibration) that opposes molecular interaction energy. The entropy effect

associated with the interface is mainly due to the fact that a molecule, when located at an

interface, is confined to a region which is considerably smaller than the volume it would

occupy in a bulk liquid and its molecular rotation is restricted. Both of these effects are

entropically unfavourable.
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Because of the thermal energy, fluctuations at the interface tend to take place to cause the

latter to be in a very turbulent state; wave-like behaviour of the interface may occur, which

will tend to merge the two phases (Adamson, 1997; McClements, 1999).

(8:TsJp -- ddTCJ
-- -Ssu Equation 2.9

• If CJ > 0 (Es> TSS), a thin, stable interface will form because the strong repulsions

between the molecules present at the interface is greater than the dispersive forces.

The interactions between the different types of molecules are highly unfavourable and

the interfacial region is relatively thin because the protrusion of a molecule from one

phase into another involves a large expenditure of energy (Adamson, 1997).

• If CJ < 0 (Es < TSs), the two liquids are miscible and the interfacial region disappears

altogether: the fluctuations will lead to a complete dispersion of one phase into

another.

• If CJ = 0 (Es = TS\ an unstable interface is formed; the liquids are partially miscible.

The fluctuation forces will lead to a partial dispersion of one phase into another and

the interfacial region increases in thickness. In this case, the interface tends to exhibit

undulations and molecules will be twisting and turning continually, as well as moving

in and out of the interfacial region (Adamson, 1997).

A general prerequisite for the existence of a stable interface between two phases is that the

free energy of formation of the interface be positive. Where the interfacial tension is negative

or zero, fluctuations would lead to partial or complete dispersion of one phase into another

system (the thickness and mobility of the interfacial region are therefore governed by a

balance between the interaction energies and the thermal energy of the system (Adamson,

1997; Israelachviii, 1992; McClements, 1999).

2.2.5 Curvature and orientation at an interface

2.2.5.1 Orientation at an interface

An important characteristic of an interface is that it is directional. Properties vary differently,

both along and perpendicular to the interface. To be incorporated at an interface, some

molecules must be in a specific orientation (McClements, 1999). Unsymmetrical molecules

will be oriented at an interface so that their mutual interaction energy will be at maximum. A

somewhat more quantitative development along this subject was given by Langmuir in what
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he termed the principle of independent surface action. He proposed that, qualitatively, one

could suppose each part of a molecule to possess local surface free energy. One can

employ this principle to decide how surface-active molecules should be oriented (Adamson,

1997).

2.2.5.2 Effect of curvature

The majority of surfaces and interfaces found in emulsions are curved rather than planar.

The curvature of an interface alters its characteristics in a number of ways (McClements,

2005).

Droplets tend to be spherical because this shape minimises the energetically unfavourable

contact area between oil and water molecules (this shape gives the smaller surface for a

given volume). At equilibrium, the pressure within the droplet is larger than that outside and

can be related to the interfacial tension and radius of the droplets, using the Laplace-

equation:

Ap = 2cr
r

Equation 2.10

Ap: The drop in pressure across a curved interface

r: radius of the droplet

. This equation indicates that the pressure difference across the interface of an emulsion

droplet increases as the interfacial tension increases or the size of the droplet decreases.

Droplets become non-spherical when they experience an external force that is large enough

to overcome the Laplace pressure (e.g. gravity, centrifugal forces or mechanical agitation).

The Laplace equation emphasises that the magnitude of the force needed to deform a

droplet decreases as the interfacial tension decreases or the radius increases. This accounts

for the ease with which the relatively large droplets in highly concentrated emulsions are

deformed into polygons (McClements, 1999; 2005).

For any curvature, the general form of the Young-Laplace equation is given by:

Equation 2.11

r1 and r2 are the principal radii of curvature.
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2.2.6 Surfactant

2.2.6.1 Definition

A surfactant is an amphiphilic (amphipathic) molecule that has a hydrophilic head group

(polar region), which has a high affinity for water, and a lipophilic tail group (non-polar

region), which has a high affinity for oil (Becher, 1988; McClements, 1999).

2.2.6.2 Molecular characteristic

The formula RX can represent a surfactant, where X represents the hydrophilic head group

and R the lipophilic tail (Dickson & McClements, 1995; McClements, 1999). The

characteristics of a particular surfactant depend on the nature of its head and tail groups.

The head group may be anionic, cationic, zwitter-lonic, or non-ionic (Myers, 1992). The tail

group usually consists of one or more hydrocarbon chains, having between 10 and 20

carbon atoms per chain (McClements, 1999). Surfactant chains may be saturated or

unsaturated, linear or branched, aliphatic and/or aromatic.

2.2.6.3 Functional properties

The dual character of a surfactant is responsible for the phenomenon of surface activity and

spontaneous aggregation in solution (McClements, 1999; 2005). Owing to their tendency to

become adsorbed at the polar/non-polar interface, in order to satisfy their double affinity, they

are often called surface active agents. As a class, these :substances can be called

association colloids, the name indicating their tendency to aggregate spontaneously in

solution to form a variety of thermodynamically stable structures known as association

colloids (e.g. micelles, bi-Iayers, vesicles, and reverse micelles). These structures are

adopted because they minimise the unfavourable contact area between the non-polar tails of

the surfactant molecules and water (McClements, 1999; 2005).
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Figure 2.4: Some typical structures formed due to the self-association of surfactant molecules
at relatively low surfactant concentrations. At higher surfactant concentrations, many different

kinds of liquid crystalline phases may form.

(Adapted from McClements, 2005: 31).

The properties of surfactant molecules dispersed as monomers are different from those in

colloidal associations. For example, surfactant monomers are amphiphilic and have a high

level of surface activity, whereas micelles have little surface activity. Consequently, the

interfacial tension decreases when surfactants are monomers, whereas it remains fairly

constant in the presence of micelles (McClements, 1999).

A surfactant forms micelles or reverse micelles in a solution when its concentration exceeds

some critical level, known as the critical micelle concentration or CMC (Myers, 1992;

McClements, 2005). Below the CMC, the surfactant molecules are dispersed, predominantly

as monomers, but once the CMC is exceeded, any additional surfactant molecules form

micelles, and the monomer concentration remains fairly constant (Hiemenz & Rajagopalan,

1997). It is worth mentioning that when surfactant is added to a solution above the CMC, the

number of micelles, rather than the size or shape of the individual micelles, tends to increase

(although this may not be true at high surfactant concentrations) (IsraelachviIi, 1992;

McClements, 2005; Michaels, 2006) .
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There is an abrupt change in the physicochemical properties of a surfactant solution when

the CMC is exceeded, for example in surface tension, electrical conductivity, turbidity, and

osmotic pressure (Figure 2.5) (Rosen, 1978; Hiemenz & Rajagopalan, 1997; McClements,

2005).

CMC

Conductivity -:
Turbidity

Surface

Surfactant Concentration

Figure 2.5: Important manifestations of micelle formation: abrupt changes in solution
conductivity, a discontinuity in the surface tension vs concentration curve and a sudden

increase in solution turbidity.

(Adapted from Michaels, 2006: 18)

Micelles have highly dynamic structures because they are only held together by physical

interactions that are relatively weak, compared to the thermal energy of the system

(Israelachviii, 1992; McClements, 2005). Despite the highly dynamic nature of their structure,

surfactant micelles have a fairly well-defined average size and shape governed by geometric

and energetic considerations. It is unreasonable to assume that surfactant molecules pack

into a micelle in such an orderly manner as to produce a smooth, perfectly uniform surface

structure. If it were possible to photograph a micelle with ultra-high-speed film, thereby

freezing the motion of the molecules, the picture would probably show an irregular molecular
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cluster more closely resembling a sweet gum seed than a golf ball (Figure 2.6) (Michaels,

2006).

Figure 2.6: Irregular surface of micelle compared to smooth uniform surface

(Adapted from Michaels, 2006: 20)

Micelles are in dynamic equilibrium with individual surfactant molecule monomers that are

constantly being exchanged between the bulk and the micelles. Additionally, micelles

themselves are continuously dissoluting and reforming (Michaels, 2006). Two relaxation

processes are involved in micellar solutions. The first one is the fast relaxation process with

relaxation time 'tI (generally in the order of microseconds), which is associated with the fast

exchange of monomers between micelles and the surrounding bulk phase (Figure 2.7). The

second relaxation time 't2 (usually in the order of milliseconds) is attributed to the micelle

formation and dissociation process (Michaels, 2006) .

•
• • • --, ..• <----'

! • •
•

Figure 2.7: Equilibrium of surfactant monomers and reverse micelles in solution

(Adapted from Michaels, 2006: 21)
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2.2.6.4 Surfactant classification

Surfactants can be classified according to their physical properties or functionalities.

The following is the most common classification and is based on the nature of the hydrophilic

group (Michaels, 2006).

Anionic: surface-active portion exhibits a negative charge

Cationic: surface-active portion exhibits a positive charge

Non-ionic: surface-active portion exhibits no charge

Zwitter-ionic: surface-active portion contains both negative and positive functional groups

o Bancroft's rule.

One of the first empirical rules developed to describe the type of emulsion that could be

stabilised by a given surfactant was proposed by Bancroft (McClements, 2005). Bancroft's

rule states that the phase in which the surfactant is most soluble will form the continuous

phase of an emulsion. Hence, a water soluble surfactant should stabilise OIW emulsions,

whereas an oil-soluble surfactant should stabilise WIO emulsions. It has recently been

highlighted that the solubility should be determined by the total surfactant concentration

(monomers + micelles) in a phase, not just the monomers (McClements, 2005).

Bancroft's rule is a useful empirical method of determining the type of emulsion that a

surfactant will potentially stabilise (OIW or W/O); however, it provides little insight into the

relationship between the molecular structure of a surfactant and the long-term stability of the

emulsions formed.

o Hydrophile-Lipophile Balance (HLB)

The HLB concept is a semi-empirical method that is widely used for classifying surfactants

(Bergenstahl, 1997). The hydrophile-lipophile balance is described by a number that gives an

indication of the relative affinity of a surfactant molecule for the oil and aqueous phases

(Becher, 1983). Each surfactant is assigned a HLB number according to its chemical

structure. A molecule with a high HLB number has a high ratio of hydrophilic groups to

lipophilic groups, and vice versa. The HLB number of a surfactant can be calculated from

knowledge of the number and type of hydrophilic and lipophilic groups it contains, or it can be

estimated from experimental measurements of its cloud point (Shinoda & Friberg, 1986). A

widely used semi-empirical method of calculating the HLB number of á surfactant is as

follows (Davis, 1994):
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HLS = 7 + L: (hydrophilic group numbers) - L: (lipophilic group numbers) Equation 2.12

Table 2.1 lists the ranges of HLS numbers that have proved most useful for various

applications.

Table 2.1: HLS ranges and their general area of application

(Adapted from Michaels, 2006: 25)

Range Application

3-10 Water-in-Oil emulsions (W/O)

7 -11 Wetting

11 - 18 Oil-in Water emulsions (OIW)

3 -15 Detergency

15 - 18 Solubilisation

o Molecular geometry and the Phase Inversion Temperature

The molecular geometry of surfactants plays an important role in the micellisation process;

therefore, it is essential to understand how surfactauts pack. Two opposing forces control the

self-association process: hydrocarbon/water interactions that favour aggregation (i.e., pulling

surfactant molecules out of the aqueous environment), and head group interactions that work

in the opposite manner. These two contributions can be considered an attractive interfacial

tension term due to hydrocarbon tails and a repulsion term depending on the nature of the

hydrophilic group. More recently, the revision and quantification of the basic idea resulted in

the concept that aggregation of surfactants is controlled by a balanced molecular geometry

(McClements, 2005; Michaels, 2006). In brief, the geometric treatment separates the overall

free energy of micellisation into three critical geometric terms:

(1) a, - the area occupied by the head group

(2) v - the volume of the hydrophobic tail

(3) Ie - the chain length of the tail

Equation 2.13

The dimensionless value of Pc is a useful quantity since it allows the prediction of aggregate

shape and size. When surfactant molecules associate with each other, they tend to form a

monolayer that has a curvature that allows the most efficient packing of the molecules. At
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this optimum curvature, the monolayer has its lowest free energy, and any deviation from this

curvature requires the expenditure of free energy. The optimum curvature (Ho) of a

monolayer depends on the packing parameter of the surfactant: for p = 1, a monolayer with

zero curvature (Ho = 0) is preferred; for p < 1, the optimum curvature is convex (Ho < 0); and,

for p > 1 the optimum curvature is concave (Ho> 0) (Figure 2.8).
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Figure 2.8: Effect of molecular geometry and system conditions on packing parameter

[Adapted from (a): Mc Clements, 1999:40; (b): Michaels, 2006:29]

The packing parameter is also useful because it accounts for the temperature dependence of

the physicochemical properties of surfactant solutions and of emulsions (Kabalnov &

Wennerstrom, 1996). The temperature at which a surfactant solution converts from a micellar

to a reverse-micellar system or an ONV emulsion changes to a W /0 emulsion is known as

the PIT (Phase Inversion Temperature) (Shinoda & Kunieda, 1983; Shinoda & Friberg,

1986).
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2.2.7 Thermodynamic of adsorption

2.2.7.1 Affinity of a surfactant molecule for an interface

The affinity of a surfactant molecule for an interface can be described by its adsorption

efficiency and its surface activity. The adsorption efficiency is a measure of the minimum

amount of surfactant required to saturate an interface. The surface activity is a measure of

the maximum decrease in interfacial tension achievable when an interface is completely

saturated; it is a measure of the ability of a molecule to accumulate at an interface

(McClements, 1999; 2005). Adsorption efficiencies and surface activities depend on the

molecular structure of the surfactant, as well as the prevailing environmental conditions

(Dickinson, 1992; McClements, 1999).

2.2.7.2 Definition of surface excess concentration

The accumulation of surfactant molecules at an interface is characterised by the surface

excess concentration

Equation 2.14

where A is the surface area and n; is the excess surfactant concentration at the surface. It

corresponds to the total amount of surfactant present in the system, minus that which would

be present if the surfactant were not surface-active (McClements, 1999; 2005).

The surface excess concentration is often identified with an experimentally measurable

parameter called the surface load, which is the amount of surfactant adsorbed to the surface

of emulsion droplets per unit area of interface (McClements, 1999; 2005).

2.2.7.3 Surface pressure and reduction of interfacial tension

The ability of surfactant molecules to shield direct interactions between two immiscible liquids

is governed by their optimum packing at the interface, which depends on their molecular

geometry. When the curvature of an interface is equal to the optimum curvature of a

surfactant monolayer, i.e., optimum packing is possible, the interfacial tension is extra low

because the direct interactions between the oil and water molecules are effectively

eliminated. On the other hand, when the curvature of an interface is not at its optimum, the

interfacial tension increases because some of the oil molecules are exposed to the polar

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Literature review 27

regions of the surfactant or some water molecules come into contact with the hydrophobic

part of the surfactant (McClements, 1999; 2005).

A quantitative prediction of the surface or interfacial tension produced by a given

concentration of surfactant can most conveniently be made using an equation of state of the

monolayer (McClements, 2005). In such equations, surface tension lowering is expressed in

terms of the surface pressure, n, defined as

Equation 2.15

(JO: the interfacial tension of the pure oil-water interface

(J: the interfacial tension in the presence of the surfactant (Hiemenz, 1986; McClements,

1999).

2.2.7.4 Relationship between adsorbed and bulk solute concentrations

There are two different thermodynamic approaches that have been developed to describe

this relationship: the Langmuir adsorption isotherm and the Gibbs adsorption isotherm

(Hunter, 1993; Hiemenz & Rajagopalan, 1997). These approaches are based on a

thermodynamic analysis of the adsorption process, assuming that the adsorption-desorption

of solutes at the surface is reversible, and that solute-solute interactions do not occur in the

bulk solution or at the surface.

The Langmuir adsorption isotherm is useful for relating the amount of solute present at a

surface to the concentration and surface activity of the solute in the bulk solution:

r /cxe - - - Equation 2.16-r
CXl

-1+ cl '
ICx

where e is the fraction of adsorption sites that are occupied, r 8 is the surface excess

concentration when the surface is completely saturated with solute, and C1/2 is the solute

concentration in the bulk solution where e = 1/2. The equilibrium constant for adsorption (K =
1/C1/2) provides a good measure for the surface activity or binding affinity of an emulsifier: the

greater 1/C1/2 the higher the binding affinity. The surface activity of a molecule is related to

the free energy of adsorption by the following equation:

Equation 2.17
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where llGads corresponds to the free energy change associated with exchanging a solvent

molecule with a solute molecule at the surface.

There is equilibrium between surfactant molecules at the interface and those in the bulk

liquid. As the concentration in the bulk liquid is increased, so does their concentration at the

interface. The presence of the surfactant molecules at the interface shields the unfavourable

contact within oil and water molecules and therefore reduces the tension. The relationship

between the decrease in interfacial tension with surfactant concentration and the amount of

surfactant present at the surface is known as the Gibbs isotherm equation.

For a dilute solution (McClements, 1999):

r - 1 [dcr] - 1 [ drr] for non-ionic surfactants
RT dlnc RT dlnc

Equation 2.18

r = __ 1_[~] = _1_[ drr ] for ionic surfactants
2RT dlnc RT dlnc

Equation 2.19

c: the concentration of surfactant in the bulk solution

T: the surface excess concentration; the slope of the curve of the interfacial tension versus

the logarithm of concentration.

o: the interfacial tension

n: surface pressure

The Gibbs adsorption isotherm can also be presented in the following form:

c
n=pRTf['(c}jlnc

o
p = -1 for non ionic surfactant; p = -1/2 for ionic surfactant.

Eq uation 2.20

Insertion of the Langmuir adsorption isotherm into the above Equation 2.20 and expressing

the surface excess concentration in units of mass per unit area rather than moles per unit

area gives

Equation 2.21

A typical plot of surface tension against the logarithm of concentration is shown in

Figure 2.9.
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Figure 2.9: Interfacial tension as a function of surfactant concentration in the bulk solution

(Adapted from McClements, 2005: 7)

2.2.8 Interfacial film and emulsion stability

As discussed by Myers (1992), the effectiveness of any adsorbed film of surface-active

materials in retarding the inevitable movement of emulsified systems toward a minimum in

. total energy may be considered in at least three contexts. The adsorbed molecules can:

• reduce the potential energy of the dispersed system by lowering the interfacial

tension

• erect a rigid or highly viscous barrier at the interface that is capable of preventing or

retarding the coalescence of droplets that collide as a result of random Brownian

motion, thermal convection, or mechanical agitation

• in cases where the adsorbed molecules carry an electric charge, impart that charge to

the surface of droplets, resulting in the formation of an electrical double layer that

lessens the frequency and effectiveness of close droplet approach and contact

leading to droplet growth.

While it may be tempting to attribute emulsion stability to the existence of low interfacial

tension, it is generally felt nowadays (Myers, 1992; McClements, 1999) that interfacial
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tension effects are less important to overall long-term emulsion stability than are the effects

of the nature of the interfacial film. The ability of the interfacial film to withstand the pressures

of droplet contacts (its tenacity), its properties as a barrier to the passage of dispersed phase

into the continuous phase (to limit Ostwald ripening), and its ability to erect a physical or

electrical barrier to droplet contact appears to be the major characteristics determining the

ultimate stability of an emulsion (Myers, 1992).

Any discussion of the stability of emulsions must be concerned not only with the mechanism

of stabilisation but also with the time frame of the stability requirements and the conditions of

treatment concerned (Myers, 1992). The rates of degradation of emulsions vary immensely,

and it is not possible to define a single number that can be used as a measure of acceptable

or unacceptable persistence. In any emulsion, especially one that is unstabilised or only very

poorly stabilised; the degradation or breaking process will involve the coalescence of

droplets brought together by the action of Brownian motion, convection currents and other

random disturbances. Their stability can be measured in the order of seconds or minutes. In

the presence of gentle agitation (stirring) the process may be accelerated, while more

vigorous stirring may result in the occurrence of a competitive process of coalescence and

new droplet formation. Therefore, such moderate agitation may result in the development of

a steady state or equilibrium particle size distribution that will be highly dependent on the rate

of agitation, the concentration of the dispersed phase, particle size distribution, and the

conditions of disturbance under which it is examined (Myers, 1992).

Emulsions that contain more effective stabilising additives may be stable for hours, days, or

months. In such systems, the action of random or induced motion and droplet collision will

continue, but the interfacial layers will possess sufficient strength and rigidity to prevent

coalescence in most cases. When emulsion creaming (or sedimentation) occurs, additional

pressures are applied to the interfacial area. At extreme pressures, as in the process of

centrifugation, or in the case of highly concentrated emulsions, the drops deform into the

shape of polyhedra. As a polyhedron necessarily has a larger area than a sphere of equal

volume, this process stretches the layer of emulsifying agent and may lead to its rupture

(Myers, 1992).
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2.2.9 Stability of explosive emulsions

Explosive emulsions are highly internal phase water-in-oil emulsions. The aqueous phase is

a supersaturated nitrate salt solution (at room temperature), with a volume fraction usually

greater than 0.8. Aqueous phase droplets are deformed by packing and contact with

neighbouring droplets.

The instability mechanisms of explosive emulsions mainly involve droplet coalescence and

crystallisation of a supercooled salt solution forming the droplets of the dispersed phase

(White, Henderson & Perriman, 2004). Recent experimental data (Malkin et aI., 2004a,

Masalova et aI., 2006; Masalova & Malkin, 2007b) demonstrated that explosive emulsions do

not flocculate, aggregate or cream because of the close packing of the droplets. On the other

hand, direct measurements of droplet size distribution during the process of multiple-month

ageing showed that there were no essential changes in the droplet size distribution or in the

average value of size dimensions prior to the crystallisation process (Kharatiyan, 2005;

Masalova et aI., 2006; Masalova & Malkin, 2007b). This means that the ageing of highly

concentrated water-in-oil emulsions of the liquid explosive type is directly related to the

crystallisation of the supersaturated aqueous salt solution forming the droplets of the

dispersed phase. It should be realised that crystals are not necessarily confined to their

original droplet size and shape, but can break through the films separating droplets (Becher,

1988; Kharatiyan, 2005; Masalova et aI., 2006; Masalova & Malkin, 2007b).

It is worth noting that uncontrolled crystallisation can lead to emulsion breakdown and

reduction in detonation sensitivity of the emulsion's explosive composition (Thomas & Halou,

2003).

The crystallisation process can be considered as:

• Initiation of crystallinity of the dispersed phase of the emulsion which depends

strongly on the purity of ammonium nitrate (Becher, 1988; Ashok & Neilson, 1991)

and could depend on the interaction between the ammonium nitrate solution and the

surfactant head group (Ganguly, Krishna, Bhasu, Mathews, Adiseshaiah & Kurma,

1992; Ashok & Neilson, 1991).

• Penetration of the crystallinity throughout the substance: could depend strongly on

micelle concentration (White, Henderson & Hawley, 2004) and/or on the strength of

the interface (Kharatiyan, 2005; White, Reynolds, Hawley & Perriman, 2005).
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2.2.9.1 Factors affecting the crystallisation process

The crystallisation of emulsified aqueous solutions in explosive emulsions is governed by

several factors, the important ones being:

• Electrolyte concentration (Ganguly et a/., 1992).

• Impurities in the electrolyte: dust (Becher, 1988), ions (Ashok & Neilson, 1991).

• Physicochemical characteristics of the surfactant (Ganguly et al., 1992; White et

al.,2004).

• Surfactant concentration (Ganguly et al., 1992; White et al., 2004).
• Droplet size distribution (Kharatiyan, 2005; Masalova et al., 2006; Masalova &

Malkin,2007b).

• Dispersed phase volume fraction (Kharatiyan, 2005; Masalova et al., 2006;

Masalova & Malkin, 2007b).

• Oil type (White et al., 2005).

2.2.9.2 Effect of droplet size and dispersed phase volume fraction

The crystallinity penetration process is sensitive to the emulsion particle size and to the

dispersed phase volume fraction. Experimental data demonstrated that the crystallinity

penetration process in explosive emulsions increase with increase in droplet size or increase

in the concentration of the dispersed phase (Kharatiyan, 2005; Masalova et al., 2006;

Masalova & Malkin, 2007b).

2.2.9.3 Effect of ammonium nitrate purity and concentration

o Effect of ammonium nitrate concentration

Ammonium nitrate (AN) holds a unique position in the properties of salts in very concentrated

aqueous solutions, because of the striking similarity of the NH/ ion to the water molecule

concerning mass, partial molar volume, bond angles and atomic distance. NH4 + and H20

form hydrogen bonds of about the same strength and the electrostatic forces exerted on their

nearest neighbours are likely to be the same (Bengtsson, Frostemark & Holmberg, 1994). On

the one hand, when increasing the AN concentration in an aqueous solution, there is a

decrease in the ammonium nitrate ion-water and nitrate ion-water coordination (Walker,

Lawrence, Neilson & Cooper, 1989; Bengtsson et a/., 1994) and the hydration shell moves

closer in at higher concentrations (Walker et al., 1989). At concentrations greater than 60 %

by mass, there is evidence which demonstrates a direct interaction between the NH/ and

N03- (Ashok & Neilson, 1991; Bengtsson et al., 1994). The increased tendency to NH/ ...
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N03- ion-pair formation with decreasing water content in the system NH4NOTH20 increases

the equilibrium crystallisation temperature of the solution. On the other hand, an increase in

AN concentration can improve the stability against the crystallisation process through its

influence on the amount of surfactant adsorbed at the interface and/or on the micelle size

and its aggregation number (Reynolds, Gilbert & White, 2001). For example, the amount of

surfactant adsorbed at the water/oil interface appears to be less than a monolayer (area per

surfactant molecule of 230 A2 for the acid amide head group) while the same head group at

the ammonium nitrate/oil interface form a close-packed monolayer of surfactant (area per

surfactant molecule of 83-140 A2) (Reynolds, Mc Gillivray, Gilbert, Holt, Henderson & White,

2003).

o Effect of impurities in ammonium nitrate solution

Stabilisation of concentrated aqueous ammonium nitrate solutions often involves the addition

of other species such as ions or molecules (Ashok & Neilson, 1991) or surfactant head group

(Ganguly et aI., 1992). The mechanism by which such stabilisation can take place and that

by which the solution becomes unstable depends on the structure of the solution and how it

can be altered (Ashok & Neilson, 1991; Ganguly et aI., 1992). For example, the effect of the

addition of Ca2
+ to AN is to increase the separation distance between NH/ and N03- ions. On

a qualitative level, the presence of doubly charged Ca2+ ions which can strongly coordinate

with N03- brings about the separation of the counter-ions. This result shows the inhibiting role

of Ca2
+ on the chemical kinetics of concentrated AN solutions (Ashok & Neilson, 1991).

It is worth mentioning that any presence of dust will accelerate the crystallisation process by

inducing heterogeneous nucleation. Large droplets have an increased chance of containing a

heterogeneous nucleus, and therefore higher crystallisation probability (Becher, 1988).

2.2.9.4 Effect of type and concentration of surfactant

o Effect of surfactant type

The nature of the surfactant has a large influence on the freezing behaviour and on

surfactant-electrolyte interactions in the case of concentrated emulsions with dissolved

electrolytes in an aqueous phase (Ganguly et aI., 1992). As pointed out by Ganguly et al.

(1992), experimental results obtained from different techniques displayed strong correlations

and led the authors to believe that there is a large interdependence between molecular-level

behaviour and bulk properties: the strong surfactant-electrolyte interaction could give rise to

more stable emulsions. Laughlin and Brown (1978) have attempted a classification of polar
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groups with respect to whether or not they are operative hydrophilic groups in relation to

surfactant behaviour. Laughlin and Brown (1978) have also examined possible relationships

between surfactant behaviour and two independent criteria of polarity, i.e. dipole moment

and hydrogen-bonding thermodynamics. They state that the phase behaviour of a surfactant

is a function of its total structure, which includes the lipophilic group, the hydrophilic group

and the proximate groups. The proximate groups include the counter-ions (solute) as well as

the hydration sphere.

o Effect of surfactant concentration

The freezing behaviour of emulsified aqueous solutions is sensitive to the surfactant

concentration (Ganguly et a/., 1992; White et a/., 2004; 2005).

Below the CMC, the surfactant concentration mainly affects the surfactant-electrolyte

interaction and the strength of the interface. As the surfactant concentration in the bulk liquid

increases, so does the concentration at the interface. Therefore the surfactant-electrolyte

interactions increase (Ganguly et a/., 1992). Furthermore, because of the increase in

surfactant concentration at the interface, the latter becomes more complex but not

necessarily more resistant (White et aI., 2005). The emulsions which are more stable to

shear or to ageing are those with the most complex interface, but in which the interface is not

very thick and/or lumpy (White et el., 2005). The elasticity of the interface could act as an

inhibitor preventing the crystallisation in one of the micron-scale aqueous droplets to

propagate through the rest of the emulsion, crystallising all droplets (White et a/., 2005).

Above the CMC, depending on the type of surfactant, the penetration of crystallinity

throughout the substance could be strongly dependent on micelle concentration. Indeed,

explosive emulsions produced by using polyisobutylene-based surfactants are highly

stabilised by a significant number of surfactant rich reverse micelles a few nanometres in

diameter in the oil phase (White et aI., 2004; 2005). The hypothesis in the proposal, that

crystallisation was triggered by changes in the monolayer at the aqueous oil interface,

thereby allowing contact between the contents of different droplets, seems untrue (White et

a/., 2004). It is the reverse micelles that prevent such contacts by an unknown mechanism.

The highly unstable emulsions are those in which the reverse micelle concentration is very

small (White et el., 2004).
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It is worth mentioning that the propagation of crystallisation from one micron-scale aqueous

droplets in emulsion explosives are stabilised by a surfactant monolayer or multilayer at the

aqueous oil interface and/or by spherical reverse micelles in the oil phase. The relative

contribution of the strength of the interface and the reverse micelle to the inhibition of

propagation of crystallinity is strongly dependent on surfactant type (White et al., 2005).

2.2.9.5 Stability of Pibsa-based and SMO-based emulsions

Sorbitan monooleate (SMO) is the historical emulsifier used by the explosive industry. Its

lower cost and wide availability make it the emulsifier of choice for mild conditions and short

sleep time (time of the explosive emulsion residence in a borehole before blasting)

applications ( Thomas & Halou, 2003).

Better performing emulsifiers were developed to make emulsion explosives which can be

used in more severe applications. These more active emulsifiers were derived mostly from

carboxylic acylating agents. Anhydride derivatives obtained by reacting an olefin, more

specifically polyisobutene (PIB), with an unsaturated anhydride can be used as such or after

further modification, most of the time by an amine or a hydroxylamine. Polyisobutene

succinic anhydrides (PIBSA) and PIBSA reacted with amine are commercial examples of

such emulsifiers used in the explosive industry (Reynolds et el., 2003).

In PIBSA-based emulsions, most of the surfactant is in the form of reverse micelles in the oil

phase, and dissolved in the oil phase (- 95 %). Rather less occurs as a monolayer at a flat

aqueous/oil interface, with a very small amount in the form of micron-scale surfactant

aggregate (White et al., 2004; Reynolds, Gilbert & White, 2000; Reynolds et al., 2001). Both

the film quality of the monolayer (interfacial area per molecule, called footprint, and film

thickness) and the reverse micelle structure (shape, size and water content) depend on the

nature of the head group, the tail length, the polydispersiveness in tail length and head group

and on ionic strength; they are independent of surfactant concentration (Reynolds et al.,

2000; 2003). The molecular area is determined partly by PIS coil size and partly, for larger

head groups, by the requirement that the whole head group has contact with the aqueous

phase. In a general case, the head group will prefer a much tighter packing, but this is

impossible because the major interactions are based on the size of the tail. The highest

molecular weight PIBSA is least flexible, with poorest coverage (Reynolds et al., 2003).
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White et al. (2004) pointed out that the stability against crystallisation of the emulsion

stabilised by Pibsa-MEA, SMO or the mixture SMO/Pibsa-MEA could be determined by

reverse micelles, rather than by the strength of the interface. According to the authors, both

lowering SMO content in SMO-based emulsions or increasing SMO content in emulsions

prepared with the mixture SMO/Pibsa-MEA (for the same total surfactant concentration)

render them susceptible to crystallisation. The SANS results showed that, in both cases, the

aqueous oil/interface was invariant, both in the thickness of the monolayer and the footprint

of the adsorbed surfactant molecules. Only reverse micelle concentration decreased - more

or less in step with total surfactant concentration (White et aI., 2004). On the other hand,

Ganguly et al. (1992) pointed out that emulsion stability could be controlled primarily by the

surfactant-electrolyte interactions. According to the authors, the high stability of Pibsa-MEA

emulsions, compared to SMO/Pibsa-MEA-based emulsions, or SMO/Pibsa-MEA emulsions

compared to SMO-based emulsions, primarily could be attributable to the much stronger

MEA-ammonium nitrate interaction, compared to the SMO-ammonium nitrate interaction

(Ganguly et aI., 1992). Indeed, the surfactant head groups in the two surfactants have a

moderate-to-strong hydrogen-bonding tendency, although the polar group in MEA could have

a much stronger interaction compared to that of the corresponding groups in SMO. This is

because, according to Laughlin's classification, the hydroxyl group just misses being

operative, while the amino group is operative (Ganguly et aI., 1992). The cumulative effect of

hydroxyl groups and the carbonyl group could account for the surfactant properties of SMO.

MEA, however, contains amino, carboxyl and hydroxyl groups which could render it a more

effective surfactant (Ganguly et aI., 1992). Moreover, with SMO the only type of interaction

possible is the hydrogen-bonding type while, in the case of Pibsa-MEA, in addition to this

type of interaction, there exists the possibility of electrostatic-type interaction (Ganguly et aI.,

1992; Reynolds et al., 2001). Pibsa-MEA has been shown to confer additional stability

provided by steric and electrostatic forces in the thin film between the adjacent droplets

(Ganguly et aI., 1992).

2.2.9.6 Degree of crystallinity

Kakudo and Kasai (1972) describe the principle of measuring crystallinity of semi-crystalline

materials. The principle relies on the fact that the total intensity of the diffracted scattering of

a body of fixed mass should be constant when the incident X-ray intensity is constant,

irrespective of the steric structure of the atoms in the bulk of the body. This implies that the

integral diffracted intensity will be constant, irrespective of the ratios of crystalline to

amorphous regions in the scattered body. If the structures of the crystalline region and the
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amorphous regions are clearly distinguishable and the interferences between the scattering

of the two regions can be ignored, the total scattering can be divided into the crystalline

scattered (Ier) region and the amorphous scattered (lam)region.

Crystallinity (XCr) is defined in terms of the total mass (M) and the respective masses of the

crystalline (Mer) and amorphous (Mam)regions, by

Equation 2.22

The ratios of the scattering densities of the X-rays from the amorphous and crystalline

regions of a material are nearly equal to the ratio of the masses of the two types of regions

as long as the compositions of the two regions are of the same material. Hence, the

crystallinity of the material can be determined from the ratio of the total scattering intensities

of the two regions.

If the diffraction intensity of the material with an unknown crystallinity has the value of lu and

the corresponding intensities of the most crystalline and most nearly amorphous samples of

the same material over the wide range of angles are leryand lam respectively, the relative

crystallinity (XCr) can be determined by

Equation 2.23

This principle can be used to determine the relative crystallinity from the intensity differences

of the fully crystalline and amorphous phases of the room temperature explosive emulsion.

Transformations involving crystal nucleation and crystal growth processes can be modelled

using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation:

Equation 2.24

where X(t) is a fraction of material that has crystallised at time t under isothermal conditions,

e is a characteristic time constant corresponding to a approximately 63 % crystallinity, and n

is the Avrami exponent that depends on the dimensionality of crystal growth and on the
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nucleation mechanism (Walter, Gross, Evans-Lutterdodt, Brown, Oh, Merchant & Naresh,

2000; Celli, Zanotto & Avramov, 2003).

Considerable effort has been devoted to the improvement of emulsion stability by explosives

manufacturers, but most of the data unfortunately are proprietary. The above discussion

describes only a few of the improvements claimed, in particular those where a chemical or

physical effect is assigned to the stabilising system.

2.3 Rheology of emulsions

Rheology is usually defined as the science of deformation and flow of matter. According to

Fredrickson (1964), "the goal of rheology is to predict the force system necessary to cause a

given deformation or flow in a body, or conversely, to predict of the deformation or flow

resulting from the application of a given force system to a body". Its techniques can be used

to study the structure of emulsions ranging in consistency from fluids to solids. The

application of a force to a fluid produces flow. When this force is removed the fluid does not

return to its original state - it undergoes irreversible deformation. The response of a solid to

an applied force depends on whether it shows elastic or plastic behaviour. An elastic solid

undergoes deformation but it does not flow. When the force is removed it returns to its

original state, thereby exhibiting reversible deformation. A plastic solid behaves in a similar

way, provided the applied force does not exceed a critical value. If this critical value is

exceeded, however, it flows as a fluid. When the applied force is removed it does not return

completely to its original state (Malkin, 1994).

2.3.1 Flow properties

Very dilute emulsions behave like simple liquids and exhibit Newtonian flow. In more

concentrated systems, droplets interact with one another and show viscoelastic behaviour:

i.e., they have rheological properties that are partly viscous and partly elastic (Sherman,

1968; Dickinson, 1992).

Non-ideality may manifest itself in a number of different ways; for example, the viscosity of a

liquid may depend on the shear rate and/or the time over which the shear stress is applied,

or the fluid may exhibit some elastic as well as viscous properties (Macosko, 1994; Tung &

Paulson, 1995).
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2.3.1.1 Shear-rate-dependent non-ideal liquids

In an ideal liquid, the viscosity is independent of shear rate and the length of time the liquid is

sheared (i.e., the ratio of the shear stress to the shear rate does not depend on shear rate or

time) (Figure 2.10).
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Figure 2.10: Comparison of the flow behaviour of ideal and non-ideal liquids - Shear stress
versus shear rate

(Adapted from Becher, 1988)

The viscosity of an emulsion may increase or decrease when the shear rate is increased,

rather than remaining constant, as for a Newtonian liquid (Figure 2.10). In these systems, the

viscosity at a particular shear rate is referred to as the apparent viscosity. The dependence

of the apparent viscosity on shear rate means that it is crucial to stipulate the shear rate used

to carry out the measurements when reporting data (McClements, 1999).

According to "Guide of Rheological Nomenclature" (Hackley & Ferraris, 2001), the following

classification system covers the six most frequently encountered flow types as illustrated in

the accompanying graph (Figure 2.10):

1. Newtonian. Differential viscosity and coefficient of viscosity are constant with shear rate

(Figure 2.10).
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2. Shear thickening. Differential viscosity and coefficient of viscosity increase continuously

with shear rate (Figure 2.10).

3. Shear thinning (pseudoplastic). Differential viscosity and coefficient of viscosity decrease

continuously with shear rate. No yield value (Figure 2.10).

4. Shear thinning (pseudoplastic) with yield response. Differential viscosity and coefficient of

viscosity decrease continuously with shear rate once the yield stress has been exceeded

(Figure 2.10).

5. Bingham plastic (ideal). Obeys the Bingham relation ideally. Above the Bingham yield

stress, the differential viscosity is constant, while the coefficient of viscosity decreases

continuously to some limiting value at infinite shear rate (Figure 2.10).

6. Bingham plastic (non-ideal). Above the apparent yield stress, the coefficient of viscosity

decreases continuously, while the differential viscosity approaches a constant value with

shear rate (Figure 2.10).

A number of emulsions exhibit rheological behaviour known as plasticity (Sherman 1968;

1970; Tung & Paulson, 1995). A plastic material has elastic properties below a certain

applied stress, known as the yield stress, but flows like a fluid when this stress is exceeded.

Above the yield stress, the fluid exhibits non-Newtonian behaviour (e.g., pseudoplastic,

dilatant, thixotropic, or rheopectic). The material also exhibits non-ideal elastic behaviour

below the yield stress (e.g., the yield point may not be sharply defined; instead, the stress

may increase dramatically, but not instantaneously, when the shear rate is increased) (Figure

2.10). This would occur if the material did not begin to flow at all at a particular stress, but

experienced a gradual breakdown of the network structure over a range of stresses

(Sherman, 1968).

2.3.1.2 Factors influencing rheological behaviour

When interpreting rheological data for emulsions, it should be appreciated that many factors

other than the phenomenological effects may exert some effect. All the factors involved are

influenced by the chemical nature, and other properties, of the ingredients used in preparing

the emulsions (Sherman, 1968). Some of the most important factors associated with

emulsion ingredients which influence rheological behaviour are (Sherman, 1968):

1. Internal phase

a. Volume concentration;

b. Viscosity; deformation of droplets in shear;
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c. Droplet size, and droplet size distribution, technique used to prepare

emulsions; interfacial tension between the two liquid phases;

d. Chemical constitution.

2. Continuous phase

a. Viscosity and other rheological properties;

b. Chemical constitution;

c. Electrolyte concentration in the polar medium.

3. Emulsifying agent

a. Chemical constitution;

b. Concentration and solubility in internal and continuous phases;

c. Thickness of film adsorbed around droplets.

4. Additional stabilising agents

Highly concentrated emulsions are classified as high internal phase ratio emulsions (or

simply HIPRE emulsions) and the dispersed phase droplets are arranged in a closely packed

hexagonal configuration (i.e. far beyond the close packing limit of spherical ordered

monodispersed droplets of 74 %). This closely packed configuration and the profound

hydrodynamic interaction between neighbouring droplets, induce mechanical interference

between the droplets, thus prohibiting their free movement. In such systems, extensive

aggregation or flocculation of the dispersed phase droplets occur, which results in a stable,

weak, gel-like, particulate network (Jager-Lézer, Tranchant, Alard, Vu, Tchoreloff &

Grossiord, 1998; Partal, Guerrero, Berjano & Gallegos, 1997).

High internal phase ratio emulsion systems exhibit a plastic-like response to shear

deformations: for small deformations, they resist the shear elastically, with the stress being

linearly proportional to the strain; however, for large enough deformations, they flow, offering

comparatively much less additional resistance (Webber, 1999; Masalova, Malkin, Slatter &

Wilson, 2003a). Grassi, Lapasin and Priel (1996) mentioned that the plastic behaviour is

generally ascribed to the existence of three-dimensional network under limiting shear

conditions (i.e. y ~ 0). The shear-dependent behaviour just described is typical of weak gel

systems (many polymer solutions and dispersed systems), for which the application of large

or continuously increasing deformations leads to the progressive breakdown of their

networks into smaller clusters (Grassi et aI., 1996) leading to a strong decrease in viscosity

and permitting the flow of the system (Manca, Lapsin, Partal & Gallegos, 2001). Since nearly

all practical applications of emulsions require their transport, it is important to understand
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how their flow behaviour is influenced by the surfactant type and concentration and the

properties of the constituent droplets, such as their packing, their degree of deformation, their

radius and their volume fraction.

As was pointed out by Mason, Bibette and Weitz (1996), the flow properties of compressed,

elastic emulsions can be broadly divided into two categories: yielding and steady shear flow.

The change from a linear to non-linear stress-strain relationship can be crudely characterised

by a yield stress, which marks the significant departure of the microscopic droplet structure

from its initial, unsheared configuration. For shear stresses higher than the yield stress, the

emulsion flows irreversibly, creating a residual deformation, after the stress has been

removed, which cannot be attributed to the equilibrium dissipation of fluctuations. During

steady shear flow, the strain rate dependence of the additional viscous stress above the yield

stress reflects the interplay of dissipative mechanisms like fluid flow and droplet

rearrangements, with storage mechanisms like deformation. Thus the flow properties of the

compressed emulsions depend sensitively on the packing and the deformation of the

droplets, and on their intrinsic elasticity.

The flow properties of polydispersed emulsions have been extensively investigated in a

comprehensive set of experiments using well-controlled samples (princen & Kiss, 1986b;

1989; Khan & Armstrong, 1987). The flow properties of emulsions have also been

investigated theoretically (princen, 1983) and through simulation (Reinelt & Kraynik, 1989;

1990). Models predicting rheological properties of emulsions were also proposed by Palierne

(1990); Madiedo and Gallegos (1997); and Pal (1997; 2001). However, this work was

focused on idealised emulsions that were perfectly monodispersed or/and perfectly ordered.

At the limit of the very high volume fraction, the emulsion is composed of a network of thin

films, and its stability under shear is determined entirely by the mechanical stability of the

intersection of these films at the plateau borders; three continuous phase films which meet at

an edge must be separated by 120
0

angles, and four films which meet at a corner must meet

at tetrahedral angles (Thomson, 1887).
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2.3.1.3 Flow properties of explosive emulsions

Emulsion explosives show many of the same features as those of more conventional W/O

emulsions provided it is remembered that at temperatures below the crystallisation

temperature of the dispersed phase (Td) the shear imparted by a viscometer can often cause

crystallisation. This results in appreciable quantities of the solid phase being presented in the

measuring region and erratic results are obtained. Also, if waxes are employed as part of the

continuous phase, the rheological properties of the emulsion will change at or about the

congelation point of the wax (Tc). We shall deal mostly with the effects observed at

processing or delivery temperatures which are usually above Te or Tc. (Becher, 1988).

A typical shear rate viscosity curve for an emulsion explosive at temperature above Te or Tc

is shown in Figure 2.11, from which it can be seen that these materials generally behave as

pseudoplastic liquids with upper and lower Newtonian reqion (Utracki, 1980).
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Figure 2.11: Viscosity of emulsion explosives (Utracki, 1980)

(Adapted from Becher, 1988)
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Recently Masalova and Malkin (2005; 2007c), Malkin and Masalova (2007) and Kharatiyan

(2005) have emphasised the presence of an inflection point on the flow curve of explosive

emulsion suggesting two competing processes taking place in the shearing of an emulsion.

One of them dominates at low shear rates and leads to an increase in viscosity, while the

other prevails at high shear rates, resulting in typical shear thinning behaviour. According to

some direct optical observations, the following model was proposed. In the low shear rate

domain, drops maintain their shape and flow proceeds as larger particles rolling over smaller

ones until a critical shear stress ("second yield stress") is reached. When t = "second yield

stress", the drops will more strongly deform and arrange in "trains", thus causing more

uniform "inner shear layers" of the oil phase, which triggers the shear thinning behaviour. The

plastic deformation of droplets occurs and then results in a catastrophic suppression of the

Reynolds mechanism of dilatancy. In addition, the yield stress was found to be proportional

to 0-2, while Newtonian viscosity is proportional to 0-1. In the low shear rate domain, emulsion

explosives are rheopectic materials (a slow increase of viscosity at constant shear rate was

observed).

2.3.1.4 Effect of surfactant type and concentration

There are no published data on the behaviour of the surfactant film in the high-internal-phase

systems such as emulsion explosives. It may be speculated that, since both distortion of

droplet shape and shearing of the inter-droplet layer must be involved, for the systems to

flow, there would be an effect due to surfactant changes. Indeed, in a quantitative way this

can be observed, e.g., oxazoline and amine surfactants tend to give lower viscosity

emulsions than do sorbitan derivatives, but little systematic work has been done on this

(Becher, 1988).

There is a further mechanism by which a surfactant in this system can affect the rheology.

Bampfield and Cooper (1988) have shown that certain polymeric surfactants dramatically

increase the viscosity of emulsion explosives, while at the same time making them rubbery. It

is possible that such materials operate through bridging between the droplets, giving some

structure to the emulsion.

2.3.2 Viscoelastic properties

Malkin (1994) marked that rheological behaviour related to viscoelasticity is the most relevant

for the description of a majority of real materials. In general, viscoelasticity is a combination
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(or superposition) of characteristic properties for liquids (viscous dissipative losses) and

solids (storage of elastic energy). Therefore, a general definition of viscoelastic materials

includes two components - elastic potential and intensity of dissipative losses. Viscoelastic

behaviour can be considered as a delayed development of stresses and deformations in

time, and this delay must not be confused with inertial effects also characterised by a specific

lag time.

The time of observation of the viscoelastic processes is very important. The dimensionless

criterion called the Deborah Number, De, was introduced to be a measure of a ratio between

characteristic time of observation, tobs, and the time scale of inherent processes in material,

tinh. The Deborah Number is especially important for viscoelastic phenomena because they

always proceed in time. Since the time interval is very wide, it must encounter a situation

when the Deborah Number is of the order of 1 (Malkin, 1994).

There are three fundamental experiments, which are treated as reflections of viscoelastic

behaviour of a matter:

• Creep - delayed development of deformations under the action of

constant force (or stress)

• Relaxation - slow delay of stresses at preserving constant deformation

• Periodic oscillations - harmonic changing of stresses or deformations with

relative shift of deformation in relation to stress.

In oscillatory shear, the evolution of the linear viscoelastic functions in the frequency range

between 10-2 and 102 rad/s, for highly concentrated emulsions, is characterised by the

appearance of a minimum in the loss modulus at intermediate frequencies and a "plateau

region" in the storage modulus (G'»G") (Franco, Guerrero & Gallegos, 1995; Franco,

Berjano & Gallegos, 1997; Tadros, 1994; Kharatiyan, 2005).

2.3.2.1 Viscoelasticity and microstructural parameters

Some attempts at correlating rheology and microstructural parameters may be found in the

literature. An early study based on a model of a foam-like structure valid for monodispersed

foams and highly concentrated emulsions was carried out by Princen (1983), who derived an

expression that related the elastic shear modulus, G', to the interfacial tension, s , the volume

fraction of the dispersed phase, ~, and a characteristic size of the unit cell, represented by
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the surface-volume mean radius of undistorted spheres, R3,2' Princen and Kiss (1986a)

extended this treatment to obtain, experimentally, an equation for the small-strain elastic

shear modulus for real polydispersed emulsions:

G = a~~1/3(~_~ *) ,
R3,2

Equation 2.25

where a and ~* are dimensionless constants, although their values may depend slightly on

the thickness of the aqueous films located between the oil droplets and droplet size

distribution (DSD). The latter constant is thought to be related to the volume fraction of close-

packed undistorted droplets (Bengoechea, Cordobés & Guerrero, 2006), Thus, it has been

shown that the elastic modulus of a concentrated emulsion is proportional to the interfacial

tension, CJ, and inversely proportional to the droplet radius, R.

As the thickness of the films separating individual droplets was negligible in the case of the

emulsions investigated by Princen and Kiss (1986a; 1989), the above equations are valid for

emulsions with negligible interdroplet film thickness. According to Princen (1983), the effect

of a finite film thickness can be taken into account by using the effective volume fraction (<j>eff)

of the dispersed phase (instead of the true volume fraction ~) in the above equations. The

relationship between (~eff) and <j>is given by (Princen & Kiss, 1986a)

-1/3 -1/3 h
'" = '" -1.105-,'Yeff 'Y D Equation 2.26

where h is the film thickness and D is the average droplet diameter,

According to this model, the considerable elasticity of the concentrated emulsions exists only

because the repulsive droplets have been compressed by an external osmotic pressure TI,

and thus concentrated to a sufficiently large droplet volume fraction ~ > ~*, which permits the

storage of interfacial elastic shear energy (Dimitrova & Leal-Calderon, 2004). Indeed, two

droplets forced together will begin to deform before their interfaces actually touch, due to the

intrinsic repulsive interactions between them. Thus, emulsions minimise their total free

energy by reducing the repulsion (which may have a different origin) at the expense of

creating some additional surface area by deforming the droplet interfaces. The necessary

work to deform the droplets is done through the application (by any means) of an external

osmotic pressure, Jr, and the excess surface area of the droplets determines the equilibrium

of elastic energy stored at a given osmotic pressure. Provided the droplets are compressed

by an osmotic pressure, additional excess surface area created by a perturbative shear

deformation determines the elastic shear modulus, G'(<j»(Dimitrova & Leal-Calderon, 2004).
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Some authors have successfully used this equation to correlate structural and rheological

parameters for emulsions stabilised by low molecular weight surfactants (prineen & Kiss,

1986b; Pons et al., 1995; Sánchez, Berjano, Brito, Guerrero & Gallegos, 1998) or polymeric

surfactants (Perrin, 2000). Working on monodispersed concentrated emulsions of dodecane

stabilised by sodium dodecyl sulphate (SOS), Mason et al. (1997) have observed a sharp

increase of the elasticity at ~* and have shown that the elastic modulus of the concentrated

emulsion could be rescaled by c IR, in agreement with Princen's model. Nevertheless, they

obtained a universal master curve for the evolution of G~versus ~ that obeyed the following

relationship:

Equation 2.27

where ~* is the close-packing volume fraction that has a value of 0.64 for randomly packed

monodispersed spheres. Therefore, the elasticity is governed by the Laplace pressure,

2s/R32 of the droplets, in agreement with Princen's model. Their work has provided

incontestable proof for the original work by Princen, who first predicted the scaling of the G'

with the capillary pressure, CY/R(CYbeing the interfacial tension and R being the drop radius).

Moreover, the scaling with CY/Rconfirms that the elasticity of compressed monodispersed

emulsions depends only on the packing geometry of the droplets (Dimitrova & Leal-Calderon,

2004). However, the increase of the elastic modulus was slower than originally predicted by

Princen. By means of numerical simulations of shearing of soft spheres, Lacasse, Grest and

Levine (1996) showed that this quasi-linear rise of G' with ~ was due to the positional

disorder of the droplets. Indeed, due to disorder, under an affine deformation, droplets depart

randomly from affine motion and thus relax some of the imposed deformation, leading to a

smaller elasticity than that predicted for ordered systems and in good agreement with

Mason's experimental results.

Some authors have recently tried to use the scaling procedure reported by Mason et al.

(1997) for protein-stabilised oil-in-water emulsions (Oimitrova & Leal-Calderon 2001; 2004;

Bressy, Hebraud, Schmitt & Bibette, 2003), water-in-oil emulsions stabilised by non-ionic

polymeric and non-ionic low molecular weight surfactants ( Malkin et al., 2004a; Masalova &

Malkin, 2007a; 2007c; Alvarez, Mougel, Baravian, Calton, Marchal, Stébé & Choplin, 2006;

Lee, 2006). However, the elastic modulus was much higher than that predicted by Princen's

model or Mason's law. Thus, an additional source of elasticity should be considered.
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2.3.2.2 Additional sources of elasticity: Effect of surfactant type and

concentration

o Interfacial dilatational and shear elasticity

In all studies cited above, it was implicitly supposed that the interfacial tension does not

change with the application of the perturbative strain, due to the rapid relaxation or the

surfactant layers. This corresponds to the case of deformation/strain applied at zero

frequency. In fact, at non-zero frequency, the local variation of the interfacial tension

(interfacial elasticity) will also contribute to the overall elasticity, and the stored elastic energy

can be higher than at rest (zero frequency) (Dimitrova & Leal-Calderon, 2004).

Lacasse et al. (1996) performed Monte Carlo simulations aimed at predicting the

dependence of the elastic shear modulus on the volume fraction. Their simulations provide a

physical insight into the origin of the behaviour of the shear modulus of emulsions: The

energy of deformation per facet (film) formed between two neighbouring droplets is not

Hookean; i.e., the droplets do not relax instantaneously.

Hemar, Hocquart & Lequeux (1995) also considered the visco-elasticity of emulsions and

showed that both dilatational and shear elasticity of the stabilising amphiphilic layer

contribute to the emulsion's overall elasticity. The contribution is pronounced differently for

the dilatational and shear case, being, as expected, a function of the frequency of the

deformation. Evidently, interfacial layers will produce an experimentally observable effect

only if their relaxation time is comparable (or higher) to the inverse frequency applied in the

conventional mechanical rheometers. Generally, the frequencies at which the elastic shear

modulus of an emulsion is determined are of the order of 1 Hz. The relaxation time of

surfactant menclayers is of the order of milliseconds (or even less), therefore, no surface

elasticity effects are detectable for a low molecular weight surfactant under typical

experimental conditions. The elasticity of the polymeric layers is generally much higher than

the elasticity of the low molecular weight surfactants and, since the polymeric layers can

store energy themselves, it is reasonable to expect this effect to influence the bulk (3D)

rheology of emulsions (Dimitrova & Leal-Calderon, 2004).

Buzza and Cates (1994) have shown that the free energy change, JF, of a piece of

interface whose area, A, is increased by 8 A, obeys:

Equation 2.28
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where £ is the elasticity of the layer, which can be formally defined in different ways.

For a static strain (zero frequency) one has F ccGa 2, where G = G' (CD = O)ex.:o/R. This

arises purely from the first term on the right-hand side in Equation (2.28). At non-zero

frequency, the local variation of the interfacial tension will also contribute, and the stored

elastic energy can be higher than in equilibrium (zero frequency). Note that the term 'non-

zero frequency' always should be considered in conjunction with the characteristic relaxation

time of the surfactant layer stabilising the emulsion. A different approach was adopted by

Hemar et al. (1995). They suggested scaling rules for G' in the case of concentrated

emulsions stabilised by layers with dilatational viscosity or shear elasticity. The scaling with

the capillary pressure on the non-deformed droplets is preserved, but the viscoelastic nature

of the interfacial layers leads in bath cases to an increase in G', i.e. G' (CJ) > 0) > G' (CJ) = 0).

Dimitrova and Leal-Calderon (2004) have studied the oscillatory shear behaviour of protein-

stabilised HIPRÉs of small droplet size (mean radius about 0.25 urn). Their data do not

support the shear modulus equation of Princen and Kiss. The values of G'I (aIR) exhibited by

their protein-stabilised emulsions were substantially larger than the ones obtained for

equivalent emulsions stabilised by low molecular weight surfactants. They found that the

protein layer adsorbed at the surface of the droplets contributes to the emulsion's overall

elasticity.

Hemar and Horne (2000) measured the dynamic rheological properties (storage and loss

moduli) of protein-stabilised HIPRÉs over a ~ range of 0.68-0.89. The Sauter mean radius of

the droplets was approximately 10 urn. Their data supported the shear modulus equation of

Princen and Kiss (1983; 1986a).

The rheological behaviour of soya bean oil emulsions stabilised by sodium caseinate (0.1

and 0.7 % sodium caseinate) was studied by Bressy et al. (2003). While having a very low

interfacial tension (a = 0.1 mNlm and 0.3 mN/m; D =1 urn and 6 urn), these emulsions, when

concentrated up to an oil volume fraction of 64 %, have very high elasticity. It is 30 times

higher than those usually observed for surfactant-stabilised emulsions. This high elasticity

originates from the interfacial shear elasticity of the bilayer interface. The elastic shear

modulus can be rescaled by 1/R but not by aIR, as predicted by Mason et al. (1997). So,

sodium caseinate-stabilised droplets can be regarded as droplets coated with a solid shell

(Bressy et ai., 2003). An opposite result was observed on hexadecane-in-water emulsions
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stabilised by casein (Dimitrova & Leal-Calderon, 2004). This is probably due to the high

value of the interfacial tension (14.5 mN/m) which might hide the other possible origins of the

elasticity or individual pure casein used by Dimitrova and Leal-Calderon (2004), which does

not have the same interfacial characteristics as the caseinate aggregates used in Bressy's

work (Bressy et ai., 2003).

Highly concentrated oil-in-water (ONV) emulsions stabilised by means of gluten and soya

protein isolate (SPI) at low pH have been characterised by means of linear dynamic

viscoelasticity (Bengoechea et ai., 2006). It should be noted that, in general, the values

obtained for SPI-based emulsions were much higher than those shown for gluten-based

emulsions. This effect should be attributed to a difference in the values of the interfacial

tension (Bengoechea et aI., 2006). The Mason model of elasticity of compressed emulsions

has been used to correlate viscoelastic and microstructural parameters, giving adequate

fitting but underestimating the elastic properties obtained for the highest concentration of

gluten. According to the authors, these deviations can be explained in terms of an

enhancement of the elastic network formed in the aqueous phase in which the glutenin

fraction must play an important role.

o Pair interaction potential energy

From a general point of view, the elasticity of concentrated dispersions was closely related to

the pair interaction potential energy (Quem ada & Berli, 2002). On the other hand, in the case

of emulsions concentrated above the critical random packing volume fraction, the elasticity is

related to the interfacial energy of deformed droplets (Prineen & Kiss, 1986a). Nevertheless,

this local elasticity is transmitted at the sample scale through the interaction potential

between droplets (Alvarez, Mougel, Bravian, Caton, Marchal, Stébé & Choplin, 2006).

Some authors pointed out the importance of the nature of the interaction potential between

droplets, which depends on the surfactant type and concentration:

• If the inter-droplet potential energy is purely repulsive for all ranges of ~ > ~*, i.e. the

inter-droplet pair energy does not present any inflection point (Figure 12a), the

elasticity is related only to the interfacial energy of deformed droplets. Indeed, Alvarez

et al. (2006) stated that the use of ionic surfactants makes electrostatic repulsion

forces dominant. In this case, the elasticity is only determined by the interfacial

tension of deformed droplets. Buzza and Cates (1994) have found that, for oil-in-

water emulsions stabilised with ionic surfactants, double-layer forces between the

charged oil drops had a significant effect on the osmotic pressure, up to a factor of
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three or four for the experimentally achievable conditions of small emulsion drops and

low ionic strength in the continuous water phase (for example, undeformed drop

radius R - 1 urn, o = 0.01 mN/m). But the double layer force contribution to G (~) for

this small-drop, low ionic strength emulsion has been found negligible.

• If the potential pair energy presents any inflection point associated with the very short-

range attractions, the overall elasticity of the system is determined not only by the

interfacial properties; the interaction potential between droplets can also play an

important role (Figure 2.12b). Indeed, Alvarez et al. (2006) stated that, in the case of

non-ionic surfactants, because there is no electrostatic charge on the surface of

droplets, the dominant behaviour of the system could be due to van der Waals forces.

According to these authors, this could explain the dependence G' cx: D-2 showed by

their experimental results. Quintero, Noïk, Dalmazzone and Grossiord (2008)

corroborated that it would seem that Princen's model could be invalid for very high

volume fractions (~ > 90 %), i.e. h ---+ 0; for such volume fractions stabilised by a non-

ionic surfactant, another correlation would be necessary, taking into account the van

der Waals attraction between the close droplets.
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Figure 2.12: The overall interaction of a pair of emulsion droplets depends on the relative
magnitude and range of any attractive and repulsive interactions. The overall interaction may

be repulsive (a) or attractive at some separations and repulsive at others (b)

(Adapted from McClements, 2005:3)
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Malkin et al. (2004a) and Masalova and Malkin (2007a; 2007c) have studied the dependence

of the elastic modulus on the average droplet size and on the volume fraction of highly

concentrated water-in-oil emulsion stabilised by Pibsa-based surfactants (non-ionic

polymeric surfactants) in the presence of a high concentration of micelles. The expected

dependence of the elastic modulus on the reciprocal diameter, as proposed in some

theoretical models (princen & Kiss, 1986; Babak et el., 2001; Pal, 2002b) and observed by

several authors (see, e.g., Aronson & Petko, 1993; Pons et el., 1992b; Langenfield, Schmitt

& Stébé, 1999), did not correspond to their experimental data, whereas the dependence of

the elastic modulus on D-·2 is really linear, i.e., emulsions exhibited relatively high values of

the elastic modulus in comparison to Princen's model.

Alvarez et al. (2006) confirmed the dependence G'oc D-2 on a highly concentrated water-in-oil

emulsion stabilised by sorbitan monooleate, a non-ionic non-polymeric surfactant, in the

presence of a high concentration of micelles. Another interesting experimental observation

from Alvarez et al. (2006) is the divergence of G' when ~ approaches 1. This divergence ..

again, is not taken into account in Princen's model.

Lee (2006) has studied the dependence of the storage modulus and the yield stress with the

average droplet size of a highly concentrated water-in-oil emulsion (~= 0.89; 2.5-24 urn;

surfactant/oil = 0.19) stabilised by a non-ionic surfactant, SMO, in concentration well above

the CMC. He found the dependence 'tyOC D-1.35.

Pal (2006) has studied the oscillatory shear behaviour of a series of O/W emulsions (0.7855

< ~ < 0.9402; d = 1.28 and 1.95 urn; continuous phase: de-ionized water) stabilised by a non-

ionic surfactant, octylphenol ethoxylate, in a concentration well above the CMC. The Princen

and Kiss equation described the storage modulus data very well when ~ = 0.93; at higher

values the experimental data fell above the predicted values.

Quintero et al. (2008) studied water-in-oil type emulsions formed during the crude oil

production process in the presence of natural non-ionic surfactants, asphaltenes and resins

(0.7 < <j> < 0.8; d = 5 urn). They found that elasticity was determined by the surface energy, as

predicted in Princen's model.
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2.3.2.3 Effect of micelle concentration: adhesive emulsions

In the presence of micelles in the oily phase, adhesive forces are generated due to the non-

compensated osmotic (depletion) pressure exerted by micelles on the emulsion droplets

because of the impossibility of the micelles to penetrate into the narrow gap between the

droplets (Figure 2.13) (Babak & Stébé, 2002). This attraction is purely entropie, and depends

on the parameters characterising the micellar solution of the continuous phase in the

emulsion (micellar concentration, size, shape, electric charge, etc.)

As has been shown by Aronson and Princen (1980a; 1980b), when increasing the surfactant

or electrolyte concentrations, the oil-in-water emulsions stabilised by ionic surfactants (e.g.,

alkyl sulphates, alkyl carboxylates) presents adhesive properties. Adhesive properties are

also observed in the case of highly concentrated water-in-oil emulsions stabilized by non-

ionic surfactants (Aronson & Petko, 1993; Leal-Calderon, Gerhardi, Espert, Brossard, Alard,

Tranchant, Stora & Bibette, 1996), as well as in the presence of non-adsorbing polymers in

the continuous liquid phase (Perrin, 2000). This adhesiveness is characterised by a critical

dependence of the functional properties of emulsions on the surfactant Cs and electrolyte Cel

concentrations, temperature T and on the droplet radius R (Aronson & Princen, 1980a;

Aronson & Petko, 1993). Beginning with some threshold values of these parameters, the

droplets become adhesive and form remarkably high contact angles (sometimes as large as

-65°) (Babak & Stébé, 2002). This means that the latter properties sharply increase,

beginning by some critical value of Cel, Cs, T, or R.

z

Figure 2.13: Schematic illustrating the mechanism of depletion attraction between two
emulsion droplets

(Adapted from Babak et ai., 2002:6)
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As pointed out by Babak and Stébé (2002), the attraction between liquid droplets is

responsible for the viscoelastic properties of gel-emulsions. According to the authors, the

Princen model describes the observed experimental dependence G' - aiR correctly,

although it does not rely on the proportionality of G' to the capillary pressure Pc in the

droplets, which is also proportional to the ratio aiR. These emulsions exhibit a yield stress

proportional to the adhesion force fa' that is characteristic of a plastic solid. According to the

theory of adhesion of fluid particles, fa' is proportional to free adhesion energy between the

interfaces in thin emulsion films, ~adF, and, consequently, there is proportionality between 'ry

and ~adF.

2.3.3 Rheological properties of high internal phase suspo-emulsions

After an emulsion has been prepared, changes occur which lead to a deterioration in

rheological properties. In all applications of highly concentrated emulsions, two principal

characteristics determine their properties: their rheological properties in a newly prepared

state ("fresh" material) and the stability of these properties in time during their storage

(ageing). Storage is important because highly concentrated emulsions consist of

incompatible components, and from the thermo-dynamical position are unstable, with a

tendency for coalescence and phase separation. In the case of emulsion explosives, the

aqueous phase is a supersaturated nitrate salt solution (at room temperature) and therefore

the instability is mostly derived from the crystallisation of the meta-stable aqueous phase.

Thus, during the ageing process, the two-phase samples will transform to multi phase

dispersions, the substances consisting of two phases (droplets and crystals) dispersed within

a continuum of a third phase. Being transformed into particle suspensions (crystals) in

viscoelastic media (emulsion) the studied samples can exhibit interesting rheological

properties (Pal, 2000b; Marcovich, Reboredo, Kenny & Aranguren, 2004; Harzallah &

Dupuis, 2003).

In such a system, the emulsion acts as the continuous phase, while the solid crystals act as

the dispersed phase. During storage, slow morphological changes of these crystals take

place, from the multi-crystalline form of a drop toward a better-defined single crystal. The

remaining droplets in the absence of the heterogeneous nuclei can be supercooled down to

the homogeneous nucleation temperature, Thn (K):

Equation 2. 29
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where k = 0.82±0.02, and Thn = -3 oe to 11°C, T, is a fudge point. If the emulsion explosive

system is carefully cooled to Thn < T < Tc, the system can be described in terms of the

rheology of a partially crystallised oil phase, which primarily depends on the rigidity of the

matrix, the wax content in the oil phase, but not on the size and/or concentration of the

dispersed water droplets. If the material is sheared, the aqueous phase will crystallise,

leading to eventual solidification of the emulsion explosive.

While a significant amount of published literature exists on the rheology of suspensions

(Jeffrey & Acrivos, 1976; Metzner & Whitlock, 1958; Michaels & Bolger, 1962) and emulsions

(Langenfeld et al., 1999; Pons et el., 1995; Bower, Gallegos, Macley & Madiedo, 1999;

Princen, 1983; 1985; Princen & Kiss, 1986b; Jager-Lézer et aI., 1998; Malkin et al., 2004a),

little work has been reported on the rheology of high internal phase suspo-emulsions.

However, from studies conducted by Pal (1990) and Yuhua, Pal and Masilyah (1991), the

following conclusions can be drawn pertaining to the rheology of suspo-emulsions:

• At lower volume fractions of the solids, i.e. ~s < 0.1, the size of the solid particles

exerts little effect on the rheology of emulsion systems. However, at ~s > 0.1, the

solid particle size effect is more pronounced, and the smaller the size the larger the

size effect.

• Addition of solids to emulsion systems leads to bimodal size suspo-emulsion

systems with higher viscosities than the parent monomodal emulsion systems.

• The emulsion system acts as a continuous phase towards the solids, when the solids

are much larger than the emulsion droplets, i.e. when the size ratio of solids to

droplets ~>3. In such systems, the Barnea and Mazrahi (1973) equation can be
d

used to describe the viscosity of the suspo-emulsion relative to that of solid-free

emulsions, provided the shape of the solid particles is spherical and ~s::; 0.04.

• In general, suspo-emulsions always have higher viscosities than solid-free emulsions

at the same total concentration of the dispersed phase (Hugelshofer, Windhab &

Wang, 2000; Hiemenz & Rajagopalan, 1997).

• The effect of solid shape on the viscosity decreases as the shear stress increases,

and that the more the solid shape deviates from that of sphere, the higher is the

viscosity of the suspensions (Bampfield & Cooper, 1988; Pal et al., 1990; Yuhua, Pal

& Masliyah, 1991; Utracki, 1980).
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2.4 Summary

Emulsion explosives are highly internal phase water-in-oil emulsions. The aqueous phase is

a supersaturated nitrate salt solution (at room temperature), with a volume fraction usually

greater than 0.8. Aqueous phase droplets are deformed by packing and contact with

neighbouring droplets.

Despite being comprised solely of liquids, emulsions consisting of highly concentrated

droplets can possess a striking shear rigidity that is characteristic of an elastic solid, which

sensitively affects their flow properties (Dimitrova & Leal-Calderon, 2004; Masson et

al.,1997). Since nearly all practical applications of emulsions require their transport, it is

important to understand how different formulation factors affect

• The emulsion elasticity in a newly prepared state ("fresh" materials) and

• Their structural stability with time in the context of the evolution of rheological

properties and structure during ageing.

Some attempts in correlating rheology and microstructural parameters may be found in the

literature. An early study based on a model of a foam-like structure valid for monodispersed

foams and highly concentrated emulsions has been carried out by Princen (1983). According

to this model the considerable elasticity of the concentrated emulsions exists only because

the repulsive droplets are deformable and thus can store the interfacial elastic shear energy

(Dimitrova & Leal-Caledron, 2004; Mason et al., 1997). Therefore the elasticity is governed

by the Laplace pressure, 20/R32, of the droplets. Some authors have successfully used this

equation to correlate structural and rheological parameters for emulsions stabilised by low

molecular weight surfactants (Princen & Kiss1986b; Pons et aI., 1995; Sanchez et aI., 1998)

or polymeric surfactants (Perrin, 2000).

Some authors have recently tried to use the scaling procedure reported by Mason and co-

workers for protein-stabilised oil-in-water emulsions (Dimitrova & Leal-Calderon, 2001; 2004;

Bressy et aI., 2003), for non-ionic polymeric-based water-in-oil emulsions (Malkin et aI.,

2004a; Masalova & Malkin, 2007a; 2007c) and for non-ionic low molecular weight-based

water-in-oil emulsions (Alvarez et aI., 2006; Lee, 2006). However, the elastic modulus was

much higher than that predicted by Princen's model or Mason's law. Thus an additional

source of elasticity should be considered.

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



57-------------------------------------------------------------------Literature review

Hemar et al. (1995) and Buzza and Cates (1994) have shown that both the dilatational and

the shear elasticity of the stabilising amphiphilic layer contribute to the emulsion's overall

elasticity. The contribution is pronounced differently for the dilatational and shear case, being

a function of the frequency of the deformation. Bressy et al. (2003) pointed out that, while the

interfacial tension is very low the interfacial shear elasticity can become the main source of

elasticity. According to the authors, the elastic shear modulus in this case can be rescaled by

1/R but not by aiR, as predicted by Mason et al. (1997).

Some authors pointed out the importance of the nature of the interaction potential between

droplets, which depends on surfactant type and concentration:

• If the inter-droplet potential energy is purely repulsive for all ranges of ~ > ~*, the

elasticity is related only to the interfacial energy of the deformed droplets (Alvarez et

al., 2006; Dimitrova & Leal-Caledron., 2004; Perrin, 2000). Indeed. Alvarez et al.

(2006) stated that the use of ionic surfactants makes electrostatic repulsion forces

dominant. In this case, the elasticity is only determined by the interfacial tension of

the deformed droplets. Buzza and Cates (1994) have found that, for oil-in-water

emulsions stabilised with ionic surfactants, double-layer forces between the charged

oil drops have a significant effect on the osmotic pressure. However, the study of the

contribution of double-layer forces to G (<I» have been found to be negligible.

• If the potential pair energy presents any inflection point associated with the very short-

range attractions, the overall elasticity of the system is determined not only by the

interfacial properties; the interaction potential between droplets can also play an

important role. Indeed, Alvarez et al. (2006) stated that, in the case of non-ionic

surfactants, because there is no electrostatic charge on the surface of droplets, the

dominant behaviour of the system could be due to van der Waals forces. According to

the authors, this could explain the dependence G' cx: D-2 showed by their experimental

results. Quintero et al. (2008) corroborated that it would seem that Princen's model

could be invalid for very high volume fractions (~ > 90 %), i.e. h ~ 0; for such volume

fractions stabilised by a non-ionic surfactant, another correlation would be necessary,

taking into account the van der Waals attraction between the close droplets.

Malkin et al. (2004a) and Masalova and Malkin. (2007a; 2007c) have studied the

dependence of the elastic modulus on the average droplet size and on the volume fraction of

highly concentrated water-in-oil emulsions stabilised by Pibsa-based surfactants (non-ionic

polymeric surfactants) in the presence of a high concentration of micelles. The expected
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dependence of the elastic modulus on the reciprocal diameter, as proposed in some

theoretical models (princen & Kiss, 1986a; 8abak et af., 2001; Pal, 2002) and observed by

several authors (see, e.g., Aronson and Petko, 1993; Pons et af., 1992b; Langenfield et af.,

1999), did not correspond to their experimental data, whereas the dependence of the elastic

modulus on 0-.2 was really linear, i.e., emulsions exhibited relatively high values of the elastic

modulus in comparison with the Princen model.

Lee (2006) studied the dependence of the storage modulus and the yield stress with the

average droplet size of a highly concentrated water-in-oil emulsion (~= 0.89; 2.5 - 24 urn:

surfactant/oil = 0.19) stabilised by a non-ionic surfactant, SMO, in concentrations well above

the CMC. He found the dependence 'ry cx: 0.1.35.

Pal (2006) studied the oscillatory shear behaviour of a series of OIW emulsions (0.7855 < ~ <

0.9402; d = 1.28 and 1.95 urn; continuous phase: de-ionized water) stabilised by a non-ionic

surfactant, octylphenol ethoxylate, in concentrations well above the CMC. The Princen and

Kiss equation described the storage modulus data very well when ~ = 0.93; at higher values

the experimental data fell above the predicted values.

After an emulsion has been prepared, changes occur which lead to a deterioration in

rheological properties. In the case of emulsion explosives, the instability mostly derives from

the crystallisation of the meta-stable aqueous phase. Thus, during the ageing process, the

two-phase samples will transform into multiphase dispersions, the substances consisting of

two phases (droplets and crystals) dispersed within a continuum of a third phase.

The freezing behaviour of emulsified aqueous solutions seems to be strongly dependent on

the chemical structure of the surfactant and its possible influence on surfactant-electrolyte

interactions (Ganguly et af., 1992) and on the strength of the interface (White et af., 2005).

The emulsions which are expected to be more stable to shear at low surfactant

concentrations are those with the more intense surfactant-electrolyte interactions (Ganguly et

af., 1992) and/or the most complex interface, but in which the interface is not very thick and

lumpy. The latter could act as an inhibitor preventing the crystallisation in one of the micron

scale aqueous droplets to propagate through the rest of the emulsion, crystallising all

droplets (White et af., 2005).
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Above the CMC, depending on the type of surfactant, the penetration of crystallinity

throughout the substance could be strongly dependent on micelle concentration (White et aI.,

2004). Indeed, explosive emulsions produced by using polyisobutylene-based surfactants

are highly stabilised by a significant number of surfactant-rich reverse micelles a few

nanometres in diameter in the oil phase. The hypothesis in the proposal that crystallisation

was triggered by changes in the monolayer at the aqueous oil interface allowing contact

between the contents of different droplets seems untrue. It is the reverse micelles that

prevent such contacts by an unknown mechanism. The highly unstable emulsions are those

in which the reverse micelle concentration is very small (White et aI., 2004).

2.5 Research issues identified

The main shortcoming in the present-day state of knowledge of rheological properties of

highly concentrated inverse phase emulsions is the absence of systematic experimental

data, especially concerning

o the effect of the oil phase composition (type and concentration of surfactant) on the

rheology of fresh emulsion explosives

o the slow evolution of emulsion properties with different types and concentrations of

emulsifiers, as a result of ageing, leading to delicate structural rearrangements of a

colloid system.

It must also be mentioned that, among the numerous published works devoted to emulsions,

only a limited number touch on emulsions of the type which is the subject of this project, i.e.

emulsions in which the dispersed phase is formed by supercooled water solutions of

inorganic salts. Meanwhile, the metastable nature of this phase creates new and very

promising features for these types of systems.

The interest in such highly concentrated emulsions is great because they have numerous

potential technological applications in cosmetics, mining, oil recovery and explosives. In all

these applications, two principal characteristics of highly concentrated emulsions determine

their properties, their rheological properties in a newly prepared state ("fresh" materials) and

the stability of these properties over time during their storage. Storage is important because

highly concentrated emulsions are unstable, with a tendency to coalescence and phases to

separate. The results from studies of the rheological properties of highly concentrated

emulsions are rather rarely published, though some interesting exceptions are known.
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Very little is known and published concerning the correlation of direct observations of

structural processes in the ageing of emulsions with changes of their rheological properties.

This presents a significant problem because only an understanding of the structural

processes of emulsions will enable us follow the evolution of the rheological properties,

which determines their application value.

The main objective of this study was to determine how the surfactant type and concentration

affects the structural stability of highly concentrated water-in-oil emulsion explosives over

time in the context of the evolution of rheological properties and structure during ageing.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Introduction

This chapter is devoted to the interpretation of experimental results of an investigation of the

rheological properties of highly concentrated water-in-oil emulsions and the kinetics of the

crystallisation process of the aqueous phase of an emulsion with ageing. The results of the

measurements include:

o Flow properties

o Viscoelastic properties

o X-ray diffraction patent analysis

o Optical observations

The main goal of this work, however, was to correlate rheological parameters of emulsion

explosives with the kinetics of the crystallisation process of the emulsion's aqueous phase

with ageing, in order to estimate the stability of the emulsion with ageing by a measured

constant, namely yield stress. Emulsion formulations with four different surfactant types,

each of them used in two different concentrations, were investigated. Samples of fresh

emulsions were investigated by all the above-mentioned methods. All tests were repeated

weekly over a period of 36 weeks under the same experimental conditions.

3.2 Materials

Samples were provided by Lake International Technologies as surfactarits dissolved in

hydrocarbon-based oils at various concentrations. Four surfactants were used for this study;

they are known here as Pibsa-MEA, Pibsa-IMIDE, Pibsa-UREA, and SMO. The first three

are derivatives of Polyisobtylene succinic anhydride (Pibsa). So, they belong to the same

type of chemical compounds, though with different end groups, and they can be treated as

oligomers, while SMO (a sorbitan ester) is a monomeric product. Mixtures of Pibsa-MEA and

SMO (taken in the ratio 10:1) were used in some cases. When originally synthesised, the

surfactants were dissolved or dispersed in Parprol 32, paraffinic petroleum oil with no

additives. Further dilution with other hydrocarbon-based oils was used to achieve the desired

concentration and viscosity.

Two oils besides Parprol 32 where used in this study; here they are named Shellsol 2325,

and Mosspar-H.
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3.2.1 Surfactants

The hydrophobic moiety for the three Pibsa derivatives is the polyisobutylene group, with an

approximate relative molecular mass of 1050; the hydrophilic moiety is the modified succinic

anhydride group, with an approximate relative molecular mass of 150. Thus the hydrophilic-

lipophilic balance (HLS) lies heavily towards lipophilicity (Le. hydrophobicity), and the

surfactants are soluble in hydrocarbon oils, but insoluble in water. For the SMO, the

hydrophobic moiety is an oleic group with an approximate relative molecular mass of 280.

The hydrophilic moiety is the sorbitan group with a relative molecular mass of 160. Thus the

balance is also towards lipophilicity.

3.2.1.1 Pibsa-MEA

This, described by Lake as Pibsa (Le. polyisobutylene succinic anhydride) of molecular

weight 1048, reacted approx 1:1 with monoethanolamine to an uncondensed amide/acid

head group, as shown in Figure 3.1.

o H
I
N~OH

R

HO
o

Figure 3.1: Structure of Pibsa-MEA

The R indicates polyisobutylene, the repeat unit of which is -C(CH3h-CHr i.e. a chain of

carbon atoms with two methyl side groups attached to every second one. To give a

molecular weight of 1048, there would have to be about 19 repeat units in the chain. If these

are contained in a single chain, the length would be 38 carbon atoms with an additional 38 in

the methyl side groups (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 will be about 1109. The HLS number is not known precisely, but will

be low « 4). One of the possible conformations of Pibsa-MEA surfactants is shown in Figure

3.2.
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Oxygen-red
Nitrogen - blue
Carbon - light blue
Hydrogen - white

Figure 3.2: 3-D VIEW of one of the possible conformations of Pibsa-MEA

3.2.1.2 Pibsa-IMIDE

Pibsa-IMIDE is described by Lake as Pibsa-MEA condensed to an N-substituted

pyrrolidinedione (succinimide) structure, as shown below in Figure 3.3.

o
R

Figure 3.3: Structure of Pibsa-IMIDE of one of the possible conformations of Pibsa-MEA

The overall molecular weight will be 1091, the HLB number will be low « 4). One of the

possible conformations of the Pibsa-IMIDE surfactant is shown in Figure 3.4.
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Oxygen-red
Nitrogen - blue
Carbon - light blue
Hydrogen - white

Figure 3.4: 3-D VIEW of one of the possible conformations of Pibsa-IMIDE

3.2.1.3 Pibsa-UREA

Pibsa-UREA is adduct of Pibsa and urea, with a head group structure as shown in Figure 3.5

Figure 3.5: Structure of Pibsa-UREA

The overall molecular weight is about 1109, and the HLS number will be low « 4). One of the

possible conformations of Pibsa-UREA surfactant is shown in Figure 3.6.

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 65------------------------------------------------------------

Oxygen-red
Nitrogen - blue
Carbon - light blue
Hydrogen - white

Figure 3.6: 3-D VIEW of one of the possible conformations of Pibsa-UREA

3.2.1.4 Sorbitan MonoOleate (SMO)

This is an ester formed between sorbitan and oleic acid (oleic acid is a C18 fatty acid with a

single cis double bond, written as C18:1). The structure of SMO is given below in Figure 3.7.

Figure 3.7: Structure of SMO

The molecular weight of sorbitan monooleate is 428, with the HLS number about 4.3.

Commercial SMO is often known by its trade name Span®80.
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3.2.1.5 Summary of surfactant properties

The properties described above are summarised in Table 3.1

Table 3.1: Summary of surfactant properties

Name Relative molecular mass HLB number
Pibsa-MEA 1109 Low «4)
Pibsa-IMIDE 1091 Low «4)
Pibsa-UREA 1109 Low «4)
SMO 428 4.3

3.2.2 Fuel oils

The surfactants used for this study were originally dissolved at high concentrations in Parprol

32. Fuel oils used for dilution to the required concentration were Mosspar-H and Shellsol

2325. The properties of these materials are given in Table 3.2.

Table 3.2: Properties of fuel oils

Parprol32 Mosspar H Shellsol 2325

Manufacturer Engen PetroSA Shell ChemicalsChemicals

Solvent Wide cut mixture of

dewaxed paraffins, cycloparaffins
Manufacturer's

light Isoparaffinic and aromatics ... high
description paraffinic solvent flash, slow evaporating

distillate type of hydrocarbon
solvent

Boiling range, °C 290 - 300 220 - 250
iso-paraffins, % 70 80-90

60n-paraffins, % 1-10
Cycloparaffins, % 26 10-15 21
Aromatics, % 4 < 0.1 typical) 19

Density 20°C, kg m-3 866or874 790 - 820 812(792 typical)
Density 22°C, kg m-3 863 794 800
(measured)
Viscosity 40°C, cSt 28- 33 2.5 <7
Viscosity 30°C, mPa.s 42.9 2.9 1.7
_{measured}
Refractive index, n ~o 1.478 1.443 1.451
(measured)
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The internal phase was formed by an oversaturated aqueous solution of ammonium nitrate

(AN).

For the preparation of the emulsions, the granulated AN was added to the distilled water at

80° C. The concentration of AN in the aqueous solution was kept at 80-wt %. The equilibrium

crystallisation temperature (fudge point) of the solution with the chosen concentration of AN

was app. 63° C. The density of the solution was about 1.4 to 1.5 g/I. For all emulsion

formulations, the concentration of the aqueous phase was kept at 85 % by volume.

3.2.3 Preparation of the emulsion samples

To manufacture emulsion samples, the Hobart mixer was used and the following instructions

were applied:

• Transfer the fuel phase into the preheated bowl. Allow 5 minutes for the fuel phase to

heat up.

• Switch "on" the mixer at speed 1.

• Slowly transfer the oxidiser solution into the bowl by running the solution into the bowl

by means of a spatula.

• Ensure that an emulsion is formed.

• Continue adding the entire oxidiser solution. Stop the mixer and switch to speed

2.Then run the mixer at speed 2 for a further 2 minutes.

• Stop the mixer and switch to speed 3.

• Cover the mixing bowl with plastic or the aluminium cover to stop the emulsion from

splashing.

• Let the mixer run at speed 3 until the required viscosity is reached.

Continuous sampling procedure

• Small samples were taken from speed 3 every 2.5 mins till 30 mins. This procedure

was repeated for all formulations.

• Samples were then taken for measurement of droplet size distributions, using the

Malvern Matersizer.

• Droplet sizes with similar size distributions were then selected and made into

batches.

3.2.4 Matrix of samples

The manufactured emulsion samples can be divided into the following groups:
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(a) Materials with the same surfactant concentration and oil type, but different surfactant

types.

(b) Materials with the same surfactant type and oil type, but of varying surfactant

concentration.

(c) Materials with the same surfactant type and concentration, but different oil types

(a) Table 3.3: Samples with different surfactant types

% Oxidiser (AN) Fuel oil % surfactant d,)..Lm Surfactant type
Pibsa-MEA
Pibsa-IMIDE

10 Pibsa-UREA
SMO/Pibsa-MEA
SMO
Pibsa-MEA

8 12 Pibsa-IMIDE
Pibsa-UREA
SMO/Pibsa-MEA
Pibsa-MEA

15 Pibsa-IMIDE
80 Mosspar-H Pibsa-UREA

SMO/Pibsa MEA
Pibsa-MEA
Pibsa-IMIDE

10 Pibsa-UREA
SMO/Pibsa-MEA

14 SMO
Pibsa-MEA

12 Pibsa-IMIDE
Pibsa-UREA
SMO/Pibsa-MEA

15 Pibsa-MEA
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(b) Table 3.4: Samples with different surfactant concentrations

% Oxidiser (AN) Fuel oil Surfactant type d, urn % Surfactant

10 8
14Pibsa-MEA 812 14

10 8
14

Pibsa-IMIDE 1012 14
10 8

1480 Mosspar-H Pibsa-UREA 812 14
10 8

14
SMO/Pibsa-MEA 812 14

10 8
14

SMO 812 14

(c) Table 3.5: Samples with different oil types

% Oxidiser (AN) Surfactant type % Surfactant d, urn Fuel oil

10 Mosspar-H
Shellsol 2325

8 12 Mosspar-H
Shellsol 2325

80 Pibsa-IMIDE 15 Mosspar-H
Shellsol 2325

10 Mosspar-H
Shellsol 232514 Mosspar-H12
Shellsol 2325

3.3 Instrumentation

Optical microscopy, rheological analysis and X-ray diffraction were performed to characterise

the different concentrated emulsions.

3.3.1 Microscopy

The observations were carried out on the samples under investigation with an optical

microscope (Leica') equipped with a digital camera, at a magnification of x 500.
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3.3.2 Rheological analysis

All bulk rheological measurements were carried out with the use of a rotational dynamic

rheometer MCR 300 (Paar Physica). The geometry of the measuring unit was a "bob-in-cup"

(coaxial cylinder with conical base to the bob) with a sandblasted bob surface. The bob

diameter was 27 mm and the gap distance between cup and bob was 1 mm. The

experiments were conducted in the following regimes of deformation:

• Steady state flow measuring flow curves (shear stress versus shear rate);

• Oscillatory measurements for measuring amplitude dependence of the (storage

and loss) components of the dynamic modules.

All experiments were carried out at 30°C.

3.3.3 X-ray diffraction patent analysis

The relative crystallinity of the material was analysed in a Brucker 08 X-ray power

diffractometer with Cu radiation. The diffractometer was fitted with a primary parallel beam

monochromator (Goebel Mirror). The scintillation detector was fitted with a standard solar slit

and a 0.6 mm receiving slit.

3.4 Experimental investigation

3.4.1 Microscopic observation of concentrated emulsions

Figure 3.8: Microscopic image depicting the emulsion with 8 % Pibsa-IMIDE for d = 15 J.Un

(500 times magnification)
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The analysis showed that the samples that were studied were polydispersed. The drops

were deformed by packing into polyhedral structures and by contact with neighbouring

droplets. They were separated by a thin film of continuous phase (see Figure 3.8).

3.4.2 Rheological Behaviour of Highly Concentrated Emulsion

In this section, typical rheological properties of highly concentrated water-in-oil emulsions will

be discussed.

3.4.2.1 Viscoelastic properties - Amplitude sweep

The oscillation amplitude was selected as a variable and the frequency kept constant in the

amplitude sweep test. The frequency was 1 Hz and the strain was controlled between 0.1

and 200 %. The corresponding storage modulus, which reflects the elasticity of the emulsion,

and the loss modulus, which reflects the dissipation, was measured as a function of strain.

Figure 3.9 shows the evolution of the storage (G'), and loss (G") moduli according to the

increase of strain amplitude.
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Figure 3.9: Typical amplitude sweep for highly concentrated explosive emulsion

(8 % IMIDE-Mosspar, 10~)
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For the material, the elastic modulus G' was greater than the viscous modulus G" over the

entire range of applied strain, indicating the predominantly elastic behaviour of the material

with G'/G" » 10 in all cases, at low test strains. As can be seen, the storage modulus was

independent of strain amplitude up to some critical deformation (approximately 9 %), a zone

of constant response (plateau region) indicating an unaltered structure not disturbed by

shear. It was related only to the equilibrium microscopic structure, forces, and inherent

dissipation of fluctuations (Bird, Armstrong & Hassager, 1987). In this linear region the

particles were crowded and could not move freely past one another, which defined the elastic

domain. At higher deformations, the values of the storage modulus decreased with a

deformation increase, the applied strain being sufficient to allow the particles to move past

one another and inducing a transition to the viscous domain. Above the critical shear stress

value, emulsions lose their viscoelasticity and become a fluid. This stress is known as yield

stress. The peak in loss modulus also confirms and elucidates the transition from elastic to

viscous region. From an empirical point of view, the existence of a loss modulus maximum

means a transition phenomenon in most cases, whatever its nature. From a microstructural

point of view, this peak probably means that the dissipation of energy is maximal when the

droplets are deformed and flattened enough to allow flow despite the crowding (Jager-Lézer

et al., 1998; Ponton et a/., 2001)

The length of the plateau of the elastic modulus is an indication of the structure flexibility to

deformation and the drop of modulus is related to the break-down of the solid structure.

The storage modulus was obtained from the linear region of the storage modulus by

extrapolation of the curve to zero deformation.

3.4.2.2 Flow properties

The shear rate was controlled in the decreasing regime of deformation over a range of 10-6to

200 S-1. Figure 3.10 represents a typical flow curve.

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 73------------------------------------------------------------

1.E+03

1.E+02

ro
a..
p

1.E+01

1.E+00

1.E-05

oo
oo

o 0o
000

o 0
o 0

000000000000

1.E-03 1.E-01 1.E+01 1.E+03

. -1r,s
Figure 3.10: Typical flow curve for highly concentrated emulsion explosives

(8 % IMIDE-Moss par, 10 J.U")

The flow curve shows an inflection point at some specific value of shear stress as pointed out

earlier (Masalova & Malkin 2005; 2007c; Malkin & Masalova 2007; Kharatiyan, 2005).

According to these authors, two competing processes occur in the shearing of an explosive

emulsion. One of them dominates at low shear rates and leads to an increase in viscosity,

while the other prevails at high shear rates, resulting in typical shear thinning behaviour.

According to the authors, drops maintain their shape in the low shear rate domain and flow

proceeds as larger particles rolling over smaller ones until a critical shear stress ("second

yield stress") is reached. When r ;;:::"second yield stress" the drops will more strongly deform

and arrange in "trains", thus causing more uniform "inner shear layers" of the oil phase,

which triggers the shear thinning behaviour. The plastic deformation of droplets occurs and

then results in a catastrophic suppression of the Reynolds mechanism of dilatancy.

Therefore one can conclude that, below the first yield stress, the elasticity is dominated by

the resistance to the rolling rather than the resistance to the deformation.
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3.4.3 Effect of surfactant type on rheological properties of explosive

emulsions

The basic idea of this section was the clearing up of the role of a surfactant in the rheological

properties of a higly concentrated emulsion with an oversaturated (overcooled) internal

phase. Two starting arguments had to be discussed. On one hand, the samples used had

the same dispersed phase volume fraction, the droplet size distributions were analogous in

all cases (see section 3.4.3). Bearing in mind the basic conception of the Princen-Mason

model of highly concentrated emulsions, any difference in rheological properties of the

samples prepared with different surfactant types should be expected to originate only from

differences in interfacial tensions. However, the study of the effect of droplet size on

rheological properties of explosive emulsions stabilised by Pibsa-based surfactants (Malkin

et al., 2004a; Masalova & Malkin, 2007a; 2007c) has shown that the expected dependence

of the elastic modulus on the reciprocal diameter did not correspond to the experimental

data. The emulsions exhibited relatively high values of the elastic modulus in comparison to

Princen's model. Therefore, additional sources of elasticity does exist in Pibsa-based

explosives emulsions. The role of the surfactant's nature might be richer than could be

expected from the basic model.

The volume fraction of the dispersed phase was fixed at 85 % for all samples. The droplet

size distributions of samples used in this section are given below.

3.4.3.1 Droplet size distribution

The droplet size distribution in all samples was measured using the Malvern Mastersizer

2000 technique. The particular procedure is based on sample dispersion under software

control and the measurement of angle dependence of the intensity of scattering of a

collimated He-Ne laser beam. Particle size in the range from 0.02 to 2000 urn can be

measured by this means; this range is much wider than the droplet size distribution of the

real samples used in this work, however. The particle size distribution calculations are based

on the rigorous Mie theory and the use of the standard software applied to the instrument.

The sample was diluted in the oil of the continuous phase just before the measurements

were taken. The results are shown below, in Figures 3.11 to 3.14 and Tables 3.6 to 3.8.
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o Particle size distribution (d = 10 J.lI1l)
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Figure 3.11: Histogram of drop size distribution of the emulsion for different PIBSA-based
surfactant types and the SMO/Pibsa-MEA mixture (d = 10 J.lI1l)
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Figure 3.12: Histogram of drop size distribution of the emulsion for different concentrations of
SMO (d = 10 J.lI1l)
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Table 3.6: Drop sizes of the emulsion with different surfactant types with droplet size 10 J.Un

Surfactant type %
d 0.1 (urn) d 0.5 (urn) d o.g(f.lm) D[3,2]Surfactant

Pibsa-MEA 8 7.1 10.7 15.9 10.1
14 6.8 10.2 14.9 9.6

Pibsa-IMIDE 8 6.7 10.1 15.1 9.6
14 6.1 9.6 14.8 9

Pibsa-UREA 8 7.3 10.5 15.1 10.1
14 6.6 9.9 14.4 9.4

SMO/Pibsa-MEA 8 7 10.1 14.4 9.7
14 6.9 10.4 15.4 9.9

SMO
8 5.8 10 17.2 9.2
14 5.1 10 21.8 8.9

It is clear from the above results that all samples for which the PIBSA-based surfactants

were used, as well as the one for which the SMO/Pibsa-MEA mixture was used, had similar

droplet sizes and droplet size distributions. However, the sample for which pure SMO was

used had a markedly different particle size distribution, and therefore that sample was not

included in the rheological investigation.

o Particle size distribution (d=12 J.Un).

1 10 100 1000

- 20
~ 15~
UJ 10~
::> 5_J

0
~.01> 0.1

--.--.--;-:---.,---~.~-c-~--,+,---------------

------"--A_
Particle Size (urn)

-14% Pibsa-MEA in Mosspar
- 8% Pibsa-IMIDE in Shellsol
- 8% Pibsa-IMIDE in Mosspar
-14% Pibsa-IMIDE in Mosspar
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- 8% Pibsa-UREA in Mosspar

Figure 3.13: Histogram of drop size distribution of the emulsion for different types of
surfactant (d = 12 J.Un)
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Table 3.7: Drop sizes of the emulsion with different surfactant types with droplet size 12 J.U11

Type of surfactant %
d 0.1(urn) d 0.5(urn) d 0.9(llm) 0[3,2]Surfactant

Pibsa-MEA 8 8.5 12.5 19.6 12.3
14 7.8 11.9 17.7 11.5
8 8.2 12.7 19.2 12

Pibsa-IMIOE
14 7.5 11.6 17.4 10.9
8 8.1 12.4 18.6 11.7
14 7.8 12.7 20.5 11.9

Pibsa-UREA 8 8.9 13.6 20.2 12.9
14 8.7 13.5 20.3 12.7

SMO/Pibsa-MEA 8 7.9 11.7 17.3 11.2
14 - - - -

It is clear that all the samples had a similar droplet size and droplet size distribution

o Particle size distribution (d = 15 J.U11).

-
~ 15
LU
~ 10::>
....J

~ 5
g.01 1 100 1000100.1

Particle Size (urn)

8% Pibsa-IMIOE in Shellsol
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8% Pibsa-IMIOE in Mosspar

Figure 3.14: Histogram of drop size distribution of the emulsion for different types of surfactant
(d = 15 J.U11)
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Table 3.8: Drop sizes of the emulsion with different surfactant types with droplet size 15 J.Ul1

Type of surfactant %
D 0.1(J.1m) d 0.5(J.1m) d 0.9(J.1m) D[3,2]Surfactant

Pibsa-MEA 8 9.8 15.2 22.4 14.3
14 9.6 15.2 23.1 14.2

Pibsa-IMIDE 8 9.2 14.7 22.6 13.7
Pibsa-UREA 8 9.4 15.4 24.6 14.3
SMO/Pibsa-MEA 8 9.3 14.5 22.5 13.7

It is clear that all the samples had the same droplet size and droplet size distribution

3.4.3.2 The effect of surfactant type on viscoelastic properties

The oscillation amplitude was selected as the variable and the frequency was kept constant

in the amplitude sweep test. The frequency was 1 Hz and the strain was controlled between

0.1 and 200 %. The corresponding storage modulus, relating to the elastic portion of the

sample, and the loss modulus, the viscous portion of the sample, was measured as a

function of strain. Figures 3.15 to 3.19 show the evolution of the storage (G') modulus

according to the increase of strain amplitude as a function of surfactant type for two different

surfactant concentrations and three different droplet sizes.
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Figure 3.15: Effect of type of surfactant on viscoelastic properties

(d = 10 J.Ul1. 8 % surfactant in Mosspar)
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Figure 3.16: Effect of type of surfactant on viscoelastic properties

(d = 12 urn, 8 % surfactant in Mosspar)
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Figure 3.17: Effect of type of surfactant on viscoelastic properties

(d = 15 urn, 8 % surfactant in Mosspar)
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Figure 3.18: Effect of type of surfactant on viscoelastic properties

(d = 10 J.U", 14 % surfactant in Mosspar)
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Figure 3.19: Effect of type of surfactant on viscoelastic properties

(d=12 J.U", 14% surfactant in Mosspar)
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The effects of surfactant type on the storage modulus associated with the linear region, for all

surfactant concentrations, are listed in Table 3.9

Table 3.9: Storage modulus values for all emulsions with different surfactant types determined

by amplitude sweep experiment

d,l1m Pibsa-MEA Pibsa-IMIDE Pibsa-UREA SMO/Pibsa-MEA

G', Pa; 8 % surfactant

10 1012 948 911 661

12 696.5 669.5 656.4 511.4

15 439.3 433.1 428.5 401.3

G', Pa; 14 % surfactant

10 884 868.9 809.8 550

12 630.5 622.2 603 -

From the above it is clear that the measured values of G' depend on the type of surfactant:

• The nature of the surfactant does influence the elasticity of highly concentrated

explosive emulsions. Without a doubt, the elastic modulus decreases according to the

sequence MEA-IMIDE-UREA-MEAlSMO. However, the sensitivity is less pronounced

for bigger droplets.

• The influence is especially evident in the transition from oligomeric surfactants to the

mixture [low molecular weight surfactant (SMO)/ oligomeric surfactant]. In this

transition the changes in the storage modulus (see Table 3.9) are much more

strongly expressed than the changes in the interfacial tension (see Table 3.10).

Indeed, for the same total surfactant, the addition of SMO in low concentration (1 :10)

to Pibsa-MEA lowers the elastic modulus much more than it does the interfacial

tension. The rather close values of the interfacial elastic modulus (see Table 3.10)

cannot explain this observation. We consider the last fact as rather important. It

seems reasonable to accept it as a proof of an active role of a surfactant not only as a

compound responsible for the interfacial tension, but also as creating additional

sources of elasticity by means of physical interaction between interface layers of

different droplets and a surface layer with the matter of droplet.

It is more instructive to plot the data in the G'/(cr/R) - y coordinates, c being the interfacial

tension, and R being the mean drop radius. This type of plot provides the possibility of
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comparing the results, with exclusion of the effects of particle size and interfacial tension

(Dimitrova & Leal-Caledron, 2004). By doing this, one can easily detect the presence of any

additional source of elasticity in the system (see Figure 3. 21).

3.4.3.3 Interfacial properties: Interfacial tension and Interfacial elasticity

The dynamic interfacial tension and interfacial moduli were determined using a PAT 1

tensiometer supplied by Sinterface Technologies, Berlin, Germany. The basic principles of

the operation of this instrument is that the Young-Laplace equation is fitted to the profile of an

image of a droplet in the more dense phase suspended in the less dense phase from a

capillary. The Young-Laplace equation balances the interfacial tension against gravity, with

the interfacial tension tending to reduce the interfacial area and gravity tending to increase it

by extending the droplet. This balance leads to certain practical considerations concerning

the capillary diameter and the droplet volume. For example, if the droplet volume is too low,

the interfacial tension dominates and the droplet assumes a spherical shape from which the

interfacial tension cannot be extracted. If the droplet volume is too high, gravity dominates

and the droplet detaches from the capillary. A droplet volume of 3 rnrrr' with a capillary outer

diameter of 1.97 mm was used for the samples considered here.

Except for SMO, the interfacial tension quoted was measured after 15,000 seconds, by

which time a reasonably constant value had been reached. For SMO, the droplet tended to

detach from the capillary, and the experiment could only be sustained for one hour.

For the Fourier algorithm to be applicable, and for measurements made at different

frequencies to be comparable, the interfacial tension should be constant. In practice this

criterion should not change appreciably for the duration of the oscillation experiment.

The range of frequencies used was also a matter of judgment and trial and error. The Fourier

software requires at least two cycles, preferably more, so the low frequency limit depends in

part on the rate at which the material properties are changing over time, and in part on how

long the operator is prepared to wait for a data point. But the magnitude of the complex

interfacial modulus, and therefore the amplitude of the oscillating interfacial tension, must

increase with increasing frequency. This means that the lower the frequency, the lower the

oscillation amplitude, and the less easily the oscillating interfacial tension can be

distinguished from the mean interfacial tension. Thus the low frequency limit also depends on

the material properties and the resolution of the instrument. The high frequency limit depends
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on the response time of the mechanical components of the instrument, and on the sampling

rate, since the Fourier algorithm requires a minimum number of points per cycle.

It was found that a frequency range of 0.01 Hz to 1 Hz could be used for most samples,

although, in cases where the interfacial moduli were low, the results at the higher and lower

frequencies may have large uncertainties associated with them. The frequencies used were

0.01 Hz, 0.02 Hz, 0.05 Hz, 0.1 Hz, 0.2 Hz, 0.5 Hz and 1.0 Hz for a nominal strain of 7.5 %. In

the results section of this study, a table of moduli at 0.1 Hz is given, as data at this frequency

were the most reliable.

o Determination of surfactant CMC

The CMC is given by the concentration at which there is an abrupt change in the slope of the

curve of concentration plotted against interfacial tension. Below the critical micelle

concentration, the surfactant interfacial excess concentration, I', is given by Equation 2.1

(see section 2.2.7), which is derived from the Gibbs adsorption isotherm (McClements, 1999;

2005). Thus the CMC can be obtained from a plot of interfacial tension against the natural

logarithm of the surfactant bulk concentration. If the condition of saturation adsorption is

achieved, the plot of concentration against the natural logarithm of the interfacial tension will

be linear.

The interfacial tension was determined using the Kruss K100 tensiometer, supplied by Kruss

Gmbh, Germany. This was used in preference to the PAT1 because Equation 3.1 requires

the equilibrium interfacial tension, which is arrived at more rapidly with the K100.

The principle of operation of the K100 is straightforward. About 15 ern" ammonium nitrate

solution is placed in a clean 70 mm diameter glass dish. A hydrophilic platinum (Wilhelmy)

plate is suspended vertically from a sensitive force transducer with its lower edge penetrating

the surface of the ammonium nitrate solution. About 50 ern" of the oil phase are added, so

that the plate is wholly submerged. The interfacial tension is given by Equation 3.1.

F
Equation 3.1G=------

2(Lp + Tp )cos a '

where F is the vertical force acting on the plate, after a correction for the plate's buoyancy

has been made, Wp and T p represent the plate length and thickness respectively, and a. is

the contact angle. Since the plate is hydrophilic, the contact angle is taken as zero.
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Surfactant solutions were made up by successive dilution. After each dilution, the solution

was split and the interfacial tension measurement was taken using one part, the other part

being used for the next dilution. All experiments were conducted at 30°C.

Figure 3.20 shows an example of a plot of interfacial tension against the natural logarithm of

the surfactant bulk concentration for the PIBSA-MEA surfactant in Mosspar.
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Figure 3.20: interfacial tension against In (surfactant concentration) for the system

Pibsa-MEA I Mosspar I 40 % ammonium nitrate

Results of interfacial tension, interfacial elastic modulus and CMC readings for different

surfactant types and concentrations are summarised in Table 3.10.
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Surfactant type % Surfactant 0', mN/m E', mN/m CMC,%

Pibsa-MEA 8 7.7 2.9 1.5.10-2
14 7.5 3

Pibsa-IMIDE 8 3.5 1.1 6.2.10-2
14 3.6 1.2

Pibsa-UREA 8 6.4 2.9 1.7.10-2
14 6.5 2.7

SMO/Pibsa-MEA 8 5.1 2.1 -
14 4.9 2

SMO 8 1.9 0.3 2.3.10-2
14 1.8 0.3

Table 3.10: Interfacial tension, interfacial elastic modulus and CMC for different PIBSA-based

surfactants and SMO

The following can be noted from Table 3.10:

• The total amount of surfactant used in this work is far in excess of the amount

adsorbed at the oil/water interface, even for the lowest surfactant concentration. This

provides the evidence for the presence of reverse micelles in the oily phase. The

reverse micelle shape is expected to be spherical, with a mean radius or an

aggregation number depending on the surfactant head group (White et aI., 2004;

Reynolds et aI., 2000; 2001; Shen & Duhamel, 2008). It is worth mentioning that

Pibsa-based reverse micelles present in the oily phase of explosive emulsions

contain ammonium nitrate in their care (Reynolds et aI., 2000; 2001) and that the

associative strength (aptitude to induce self-assembly of surfactant molecules)

originates from hydrogen-bondings between the surfactant head group and the

ammonium nitrate solution (Ganguly et aI., 1992; Shen & Duhamel, 2008).

• The onset of micellation of Pibsa-MEA, Pibsa-UREA and Pibsa-IMIDE occurs at 1.5

% (99 ~lM), 1.7 % (112 ~M) and 6.2 % (409 ~M), respectively. These critical micelle

concentrations are small compared to that of AOT, i.e. sodium bis(2-ethyl-1-hexyl)

sulfa-succinate (-1 000 ~M), suggesting that Pibsa-based surfactants aggregate at

low concentrations, as was observed earlier with other succinimide dispersants

(Vipper et aI., 1968; Shen & Duhamel, 2008). Since, for Pibsa-based surfactants, a

lower CMC is a reflection of both a high associative strength and a strong anchor of

the polar head group onto the interface (Shen & Duhamel, 2008), it seems

reasonable to assume that the AN-surfactant interaction is following the trend MEA-

UREA-IMIDE. This hypothesis can be supported by the fact that both the associative
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strength and the binding energy at the interface are governed by the hydrogen

bondings between the surfactant head core and the ammonium nitrate.

• Among the four surfactants, Pibsa-IMIDE or SMO, which have no secondary amine in

their polar head core, exhibit the highest CMC values. This result suggests that the

micellation of a Pibsa-based surfactant is favoured by the presence of secondary

amines in the polar core of the surfactant, as was observed earlier with other

succinimide dispersants (Shen & Duhamel, 2008). The high CMC value associated

with IMIDE compared to SMO could suggest a high associative strength of SMO

reverse micelles.

The last fact is considered as rather important. It seems reasonable to assume it to be the

proof of the increase of AN-surfactant interaction with the presence of secondary amines

(because, as we said, a high CMC value is a reflection of a weak anchor of the polar head

group onto the interface). Indeed, the surfactant head groups in all the surfactants used in

this study have a moderate-to-strong hydrogen-bonding tendency, although the polar group

in MEA or UREA might have a much stronger interaction compared to that of the

corresponding groups in SMO or IMIDE. This is because the presence of secondary amines

increases the hydrogen-bonding strength of the surfactant which, in turn, improves its

efficiency at binding onto the interface (Shen & Duhamel, 2008). According to Laughlin's

classification, the hydroxyl group just misses being operative in hydrogen bondings while the

amino group is operative (Ganguly et aI., 1992). The cumulative effect of hydroxyl groups

and the carbonyl groups could account for the surfactant properties of SMO and IMIDE. MEA

or UREA, however, contains amino, carboxyl and hydroxyl groups which could render them

more effective surfactants. Moreover, with SMO the only type of interaction possible is the

hydrogen-bonding type, while in the case of MEA, in addition to this type of interaction, there

exists the possibility of an electrostatic-type of interaction (Ganguly et ai., 1992; Reynolds et

aI., 2001). The chemical structures of IMIDE and UREA head groups (see sub-sections

3.2.1.2 and 3.2.1.3) suggest that, with IMIDE, the only interaction might be the hydrogen

bondings, while UREA, which has many groups similar to those present in MEA, the

electrostatic type of interaction is also possible.

From the above, it seems reasonable to assume that the AN-surfactant interaction follows

the trend MEA> UREA> SMO > IMIDE.

• Neither the interfacial tension nor the dilatational elastic modulus is sensitive to the

surfactant concentration. This is probably due to the fact that the total amount of
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surfactant is far in excess of the amount adsorbed at the oil/water interface. However,

the reverse micelle concentration is expected to increase with increase in surfactant

concentration while the non-dependence of reverse micelle size (aggregation

number) from this factor is also expected (McClements, 1999; 2005; Reynolds et aI.,

2000; 2001; Shen & Duhamel, 2008).

• Different surfactant types yield different interfacial properties. Both the interfacial

tension and the interfacial elastic modulus decrease according to the following

sequence MEA-UREA-MEA/SMO-IMIDE-SMO.

The above suggests a similarity of trend, among the three Pibsa-based surfactants, between

the AN-surfactant interaction (MEA-UREA-SMO/MEA-IMIDE) and the interfacial properties

(MEA-UREA-SMO/MEA-IMIDE). This similarity of trend could be an indication that any effect

of Pibsa-based surfactants on interfacial tension values or on the interfacial dilatational

elastic modulus primarily can be attributable to the intensity of surfactant-ammonium nitrate

interaction (because, as we said, all Pibsa-based surfactants have the same hydrophobic

tail). A high level of surfactant-ammonium nitrate interaction could generate a high interfacial

elasticity (strength of the interface).

The lowest values of interfacial properties associated with SMO were expected, since SMO

is a low molecular weight surfactant. Indeed, the lowest value of the interfacial tension shown

by SMO is due to the high efficiency of packing of molecules of this surfactant at the interface

(because there is no steric congestion) allowing the adsorption of a large amount of

surfactant onto the interface (McClement, 1999; 2005; Myers, 1992). On the other hand, as

pointed out by Dimitrova & Leal-Calderon (2004), the relaxation time of low molecular weight

surfactant monolayers is of the order of milliseconds (or even less) and interfacial layers can

produce an experimentally observable surface elasticity effect only if their relaxation time is

comparable (or higher) to the inverse frequency applied in the conventional mechanical

rheometers. Since the applied frequency in the current study was 1 Hz, no significant surface

elasticity could be detected for SMO.

A comparison between Table 3.9 and Table 3.10 shows that, except for IMIDE-based

emulsions, the bulk elasticity of Pibsa-based emulsions follows the same trend as the

interfacial elasticity (interfacial tension or interfacial dilatational elasticity). This could be an

indication of the high impact of interfacial elasticity on the bulk elasticity of emulsions

prepared with MEA, UREA or the mixture MEA/SMO.
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The plot of the storage modulus data in the G'/(cr/R)- ycoordinates is shown below in

Figure 3. 21.

3.4.3.4 Scaling of Elastic modulus by Laplace pressure
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Figure 3.21: Effect of surfactant type on the dimensionless elastic modulus

The effect of surfactant type on the dimensionless elastic modulus of emulsion explosives is

quite evident from Figure 3.21, above:

• This shows that the scaled elastic moduli G'/(cr/R) obtained for emulsions stabilised

by different surfactant types do not collapse on a single master curve. Thus,

additional sources of elasticity exist in the system.

• The dimensionless elastic moduli emphasise the considerable difference between

W/O emulsions prepared with Pibsa-IMIDE and W/O emulsions stabilised with other

Pibsa-based surfactants. Indeed other factors such as electrolyte concentration,

phase ratio, surfactant concentration and the nature of the external phase being kept

constant, IMIDE-based emulsions show very high dimensionless elastic moduli

compared to other Pibsa-based emulsions. Therefore the observed differences have

to be attributed primarily to the different chemical structures of the surfactant head

group and their influence on the surfactant-electrolyte interactions. This fact can be
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considered as rather important. It can be used as proof of the most active role of

Pibsa-IMIDE as a compound creating additional sources of elasticity by means of the

physical interaction between interface layers of different droplets and/or a droplet

surface layer with the matter of a droplet.

The effect of surfactant type on the dimensionless elastic modulus can be accounted for on

the basis of the balance between van der Waals attraction and repulsive forces (DLVO

theory):

• On the one hand, because of the non-ionic character of Pibsa-based surfactants used

in this work, the dominant interaction energy between droplets could be due to van

der Waals attraction (Alvarez et al., 2006; Bibette, Leal-Calderon & Poulin, 1999;

Baravian, Mougel & Alvarez, 2006; Quintero et al., 2008). The latter could act as a

source of additional elasticity (Alvarez et al., 2006; Baravian et al., 2006; Quintero et

al., 2008). Moreover, because of the presence of ions (NH/, N03-) within the

aqueous droplets, an additional attractive potential energy could be generated in the

thin film between droplets. Indeed, ion-fluctuation gives rise to attraction between

adjacent micro droplets, similar to the van der Waals interaction between neutral

atoms (Sheng & Tsao, 2004; Tsao, Sheng & Chen, 2002). This electrostatic attraction

is not sensitive to the ion concentration and consists of contributions from various

induced multipole-multipole interactions, including dipole-dipole, dipole-quadrupole,

dipole-octupole, and quadrupole-quadrupole interactions (Sheng & Tsao, 2004). Tsao

et al. (2002) pointed out that the fluctuation-driven attraction is so strong at short

distance that it may dominate over the Coulomb repulsion between like-charged

droplets.

• On the other hand, because of its strong tendency to form hydrogen bonds, the

ammonium ion (NH/) interacts with the surfactant head group to form hydrogen

bonded species, whereas the nitrate ion (N03-) is less involved (Ganguly et al., 1992).

Thus, on a qualitative level, the AN-surfactant interaction is expected to increase the

separation distance between NH4+ and N03- ions (Ashok & Neilson, 1991; Ganguly et

al., 1992). The charge separation could give rise to electrostatic repulsion between

adjacent droplets, similar to the repulsions between permanent dipoles. In fact, the

surfactant head group pulls the NH4+ more strongly than the nitrate ion, and so a

dipole could be formed as a result of different micro-dipoles induced inside the

droplet. The higher the surfactant-AN attraction, the higher might be the dipole

moment. Thus, the dipole moment of the droplet could follow the same trend as the

surfactant-electrolyte interaction (MEA-UREA-MEA/SMO-IMIDE-SMO). It is worth
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mentioning that the contribution of the positive pair potential energy to the overall

elasticity has been found to be negligible (Alvarez et al., 2006; Buzza et al., 1994).

According to the above references we can assume that the appearance of electrostatic

repulsive forces could affect the negative pair potential energy between adjacent droplets. An

increase in the positive potential pair energy could reduce the impact of van der Waals

attraction as an additional source of elasticity, and consequently the overall elasticity.

Accordingly, the balance of repulsive forces-attractive forces could be one of the major

factors which could determine the magnitude of the additional elasticity of explosive

emulsions.

From the above we can assume that:

• The effect of positive pair potential energy on the overall pair potential energy in the

thin film could be less pronounced in the case of IMIDE compared to other Pibsa-

based surfactants. Thus the strong deviation of the IMIDE-scaled elastic modulus in

comparison with other surfactants could be an indication of the highest impact of van

der Waals forces as an additional source of elasticity to the overall elasticity of the

system. This hypothesis could be supported by the high instability of IMIDE-based

emulsions, compared to other Pibsa-based surfactants (see section 3.4.6).

• The addition of SMO to Pibsa-MEA could reduce the impact of positive pair potential

in the thin film between droplets. Indeed the dimensionless elastic moduli

corresponding to the mixture MEA/SMO is markedly higher than the ones associated

with Pibsa-MEA, no matter what the droplet size is. This could be due to the fact that

the replacement of some MEA surfactant by SMO is expected to reduce the degree

of charge separation inside the droplet because the surfactant-electrolyte interaction

is more intense in the case of MEA, compared to SMO (Ganguly et al., 1992). This

hypothesis, once again, could be supported by the very high stability of MEA-based

emulsions, compared to MEA/SMO-based emulsions (see section 3.4.6).

From the above analysis one can conclude that the differences in elasticity shown by

different surfactant types used in this study could result from the combination of interfacial

elasticity (interfacial tension and interfacial dilatational modulus) and the attractive pair

potential energy (van der Waals attraction, ion-fluctuation attraction) as an additional source

of elasticity. Due to their different influence on surfactant-electrolyte interactions, different

surfactant types induce different interfacial properties and could induce a different balance of
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repulsive forces-attractive forces in the thin film between droplets; therefore, different

contributions of additional elasticity.

3.4.3.5 The effect of surfactant type on flow properties

Flow curves of the emulsion with different types of surfactant for three droplet sizes and two

surfactant concentrations are shown in Figures 3.22 to 3.26.
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Figure 3.22: Effect of surfactant type on flow properties (d = 10 urn, 8 % surfactant in Mosspar)
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Figure 3.23: Effect of surfactant type on flow properties (d = 12 um, 8 % surfactant in Mosspar)
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Figure 3.24: Effect of surfactant type on flow properties (d = 15 um, 8 % surfactant in Mosspar)
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Figure 3.25: Effect of surfactant type on flow properties (d = 10~, 14 % surfactant in Mosspar)
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Figure 3.26: Effect of surfactant type on flow properties (d =12 J.U11, 14 % surfactant in Mosspar)

The effect of the type of surfactant on the yield stress for all surfactant concentrations, are

listed in Table 3.11.

Table 3.11: Yield stress values determined from Fe for different types of surfactant

d, J.U11 PIBSA-MEA PIBSA-IMIDE PIBSA-UREA SMO/PIBSA-MEA

'ty, Pa; 8 % surfactant
10 41.9 37.4 35.6 22.6

12 24.8 21.9 21.9 15.4

15 16 15.7 15.3 11.6

'ty, Pa; 14 % surfactant
10 34.5 30.5 24.6 18.2

12 20.5 19.3 16 -

It can be seen clearly that the type of surfactant affects the yield stress of emulsion explosives

and reveal the same trend as the elastic modulus.
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3.4.4 Effect of surfactant concentration on rheological properties of

explosive emulsions

The volume fraction of the dispersed phase was fixed at 85 % for all samples. The droplet

sizes and droplet size distributions used in this section are given below in Figures 3.27 to

3.35 and Tables 3.12 to 3.20. Both surfactant concentrations used in this section (8 % and

14 %) were well above the CMC (see Table 3.10).

3.4.4.1 Droplet size distribution

o Particle size distribution (d = 10 f.UT1)
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14% Pibsa-MEA in Mosspar

Figure 3.27: Histogram of drop size distribution of the emulsion for different Pibsa-MEA
concentrations in Mosspar

Table 3.12: Under sizes of the emulsion at different Pibsa-Mea concentrations in Mosspar with
droplet size 10 f.UT1

% Surfactant d 0.1(J,1m) d 0.5(J,1m) d 0.9(J,1m) 0[3,2]

8 7.1 10.7 15.9 10.1

14 6.8 10.2 14.9 9.6
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Figure 3.28: Histogram of drop size distribution of the emulsion for different Pibsa-IMIDE
concentrations in Mosspar

Table 3.13: Under sizes of the emulsion at different Pibsa-IMIDE concentrations in Mosspar
with droplet size 10~.

% Surfactant d 0.1 (J.1m) d 0.5 (J.1m) d o.g(J.1m) 0[3,2]

8 6.7 10.1 15.1 9.6

14 6.1 9.6 14.8 9
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Figure 3.29: Histogram of drop size distribution of the emulsion for different Pibsa-IMIDE
concentrations in Shellsol

Table 3.14: Under sizes of the emulsion at different Pibsa-IMIDE concentrations in Shellsol with
droplet size1 0 J.lI1l

% Surfactant d 0.1(am) d 0.5(urn) d 0.9(flm) 0[3,2]

8 7.1 10.9 16.5 10.3

14 6.9 10.4 15.4 9.9
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Figure 3.31: Histogram of drop size distribution of the emulsion for different SMO/Pibsa-MEA in
Mosspar

Table 3.16: Under sizes of the emulsion at different SMO/Pibsa-MEA concentrations in Shellsol
with droplet size 10 urn

% Surfactant d 0.1 (J.,Lm) d 0.5 (J.,Lm) d 0.9(J.,Lm) 0[3,2]

8 7 10.1 14.4 9.7

14 6.9 10.4 15.4 9.9

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 99----------------------------------------------------------

o Particle size distribution (OS = 12 J.U11)
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Figure 3.32: Histogram of drop size distribution of the emulsion for different Pibsa-MEA
concentrations in Mosspar.

Table 3.17: Under sizes of the emulsion at different Pibsa-MEA concentrations in Mosspar with
droplet size 12 urn

% Surfactant d 0.1 (J.1rnj d 0.5 (urn) d 0.9{~rn) 0[3,2]

8 8.5 12.5 19.6 12.3

14 7.8 11.9 17.7 11.5

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 100----------------------------------------------------------

----------------r--------------------.~~-_:

1 5

-:::R0-LU 10
::2:
::::>
....J
0
> 5

o
0.01 1 10 1000

Particle Size (urn)

100

8% Pibsa-IMIDE in Mosspar

14% Pibsa-IMIDE in Mosspar

Figure 3.33: Histogram of drop size distribution of the emulsion for different Pibsa-IMIDE in
Mosspar

Table 3.18: Under sizes of the emulsion at different Pibsa-IMIDE concentrations in Mosspar
with droplet size 12 J.U11

% Surfactant d 0.1(urn) d 0.5(urn) d 0.9(llm) 0[3,2]

8 8.2 12.7 19.2 12

14 7.5 11.6 17.4 11.9
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Figure 3.34: Histogram of drop size distribution of the emulsion for different Pibsa-IMIDE in
Shellsol

Table 3.19: Under sizes of the emulsion at different Pibsa-IMIDE concentrations in Shellsol with
droplet size 12 J.UTI

% Surfactant d 0.1 (urn) d 0.5 (j.1m) d 0.9(j.1m) 0[3,2]

8 8.1 12.4 18.6 11.7

14 7.8 12.7 20.5 11.9
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Figure 3.35: Histogram of drop size distribution of the emulsion for different Pibsa-UREA
concentrations

8% Pibsa-UREA in Mosspar

14% Pibsa-UREA in Mosspar

Table 3.20: Under sizes of the emulsion at different Pibsa-UREA concentrations in Mosspar
with droplet size 12 urn

% Surfactant d 0.1(~m) d 0.5(urn) d 0.9(~m) 0[3,2]

8 8.9 13.6 20.2 12.9

14 8.7 13.5 20.3 12.7

There is no need to demonstrate all the experimental results here, because all are essentially

similar. All rheological properties and dependence of rheological properties on the surfactant

concentration will be presented on the basis of the behaviour of samples with Pibsa-IMIDE in

Mosspar. For the rheological data on emulsions with Pibsa-MEA, Pibsa-UREA and

SMO/Pibsa-MEA, see Appendix A.

3.4.4.2 Viscoelastic properties

Figure 3.36 and Figure 3.37 show the influence of the surfactant concentration on the storage

modulus as a function of strain amplitude, for two droplets sizes.
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Figure 3.36: Strain amplitude dependencies of the storage modulus as a function of surfactant
concentration in Mosspar (Pibsa-IMIDE, d = 10 urn)
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Figure 3.37: Strain amplitude dependencies of the storage modulus as a function of surfactant
concentration in Mosspar (Pibsa-IMIDE, d = 12 urn)
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The effects of the surfactant concentration on the storage modulus associated with the linear

region, for all surfactant types, are listed in Table 3.21.

Table 3.21: Effect of surfactant type on viscoelastic properties of explosive emulsions

Surfactant type d, urn % Surfactant G', Pa

10 8 1012
14 884Pibsa-MEA
8 696.512
14 630.5

10 8 948
14 868.9Pibsa-IMIDE
8 669.512
14 622.2

10 8 953
14 877Pibsa-IMIDE
8 675

12
14 630.3

10
8 911
14 809.8

Pibsa-UREA
8 656.412
14 603

Pibsa-MEA/SMO 10 8 661
14 550

The effect of the surfactant concentration on the viscoelastic properties is quite evident:

• For all Pibsa-based surfactants used in this study, the storage modulus of explosive

emulsions was sensitive to the surfactant concentration. However, the effect was seen

to decrease as the droplet size increased.

• The storage modulus was a decreasing function of surfactant concentration within our

experimental window. This effect could not be accounted for on the basis of the

interfacial tension or adhesive forces. In fact, the interfacial tension was not sensitive to

the surfactant concentration (see Table 3.10). On the other hand, an increase in

reverse micelle concentration was expected to increase the depletion osmotic pressure

and thus improve elasticity because of the increase in adhesive forces between

droplets (Babak et a/., 2002).

The above results emphasise that an increase in reverse micelle concentration does not

affect the intrinsic elasticity of the droplet (the capillary pressure). It decreases only the

magnitude of the additional elasticity. The interfacial elastic modulus cannot explain this

observation (because, as said before, the dilatational elastic modulus was not sensitive to
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the surfactant concentration). We consider this fact as rather important. It is reasonable to

accept it as additional proof of the impact of the interaction potential between droplets on the

bulk elasticity of explosive emulsions.

In explosive emulsions reverse micelles could act as stabilisers in preventing contact between

the contents of different droplets. Indeed, the highly unstable emulsions are those in which the

reverse micelle concentration is very small (White et aI., 2004). The stabilising forces could be

attributable to both steric and electrostatic repulsive forces (Ganguly et aI., 1992). It is worth

mentioning that Pibsa-based reverse micelles present in the oily phase of explosive emulsions

possess electrical charges because of the presence of ammonium nitrate in the core

(Reynolds et aI., 2000; 2001). According to these references we can assume that an increase

in reverse micelle concentration could increase the repulsive (steric and electrostatic) forces in

the system. This could reduce the impact of van der Waals attraction as additional source of

elasticity, thus reducing the overall elasticity of the system.

3.4.4.3 Flow properties

Flow curves of the emulsions with different surfactant concentrations for two droplet sizes are

shown in Figures 3.38 and 3.39
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Figure 3.38: Flow curves of the emulsions with different surfactant concentrations

(d = 10 J.1 m, Pibsa-IMIDE in Mosspar)
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Figure 3.39: Flow curves of the emulsions with different surfactant concentrations

(d = 10 urn, Pibsa-IMIDE in Mosspar)

Surfactant type d, urn % Surfactant ty, Pa

10 8 41.9
14 34.5Pibsa-MEA
8 24.812
14 20.5

10 8 37.4

Pibsa-IMIDE 14 30.5
8 21.912
14 19.3

10 8 39.5
14 31.2Pibsa-IMIDE
8 22.512
14 20.1

10 8 35.6
14 24.6

Pibsa-UREA
8 21.912
14 16

Pibsa-MEA/SMO 10 8 22.6
14 18.2

The values of yield stress as a function of surfactant concentration are reported in Table 3.22.

Table 3.22: Yield stress values determined from Fe for different surfactant concentrations

Nsenda Ngenda TshilumbuThe effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions



Results and Discussion 107--------------------------------------------------------~

It is clear that the type of surfactant affects the yield stress of explosive emulsions, following

the same trend as the elastic modulus.

3.4.5 General conclusions regarding the effect of surfactant type and

concentration

The sensitivity of the rheological properties of high-internal phase water-in-oil explosive

emulsions to the type and concentration of the surfactant has been investigated in this study

(see section 3.4.3 and section 3.4.4). It was found that the type of surfactant and surfactant

concentration affect the rheological properties of explosive emulsions. In fact, both the elastic

modulus and the yield stress decrease in the following order: MEA-IMIDE-UREA-MEAlSMO

and also decrease as the surfactant concentration increases. However, the sensitivity of the

rheological parameters to the type or concentration of surfactant becomes less pronounced as

the droplet size increases.

In the linear regime, the dimensionless elastic modulus was found to depend on the type and

concentration of surfactant. This was an indication of the existence of additional sources of

elasticity in the system. Indeed, with other factors such as electrolyte concentration, phase

ratio, surfactant concentration and the nature of the external phase being kept constant,

IMIDE-based emulsions showed very high dimensionless elastic moduli compared to

emulsions prepared with other Pibsa-based surfactants. It was found, moreover, that changing

the surfactant type affects both the intrinsic elasticity of the droplets (by changing the

interfacial tension) and the magnitude of the additional elasticity while an increase in surfactant

concentration does not affect the intrinsic elasticity of the droplet (the capillary pressure). It

decreases only the magnitude of the additional elasticity.

The structure of the emulsion explosive is directly related to its rheology. Because the

dispersed phase volume fraction was much higher than the critical concentration for systems

with uncompressed spheres, the polyhedral distortions occurred in the emulsion under

investigation (see Figure 3.8).

Lissant et al. (1974) proposed that free droplets make contact with the film separating the

droplets at a finite angle which is a function of the dispersed phase volume fraction and a

function of molecular forces across the film. This forces the droplets into complex non-

spherical shapes. Kirby (1983) has developed a semi-empirical theory for the geometry of

emulsion explosives which describes this in terms of the radius of curvature of the pockets of
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oil phase at the corners between droplets, the thickness of the film separating droplets, and

the plateau angle.

It has been emphasised before in this study (see section 3.4.3) that the surfactant

concentrations that were used were far above the CMC. In our emulsion, therefore, the major

part of the surfactant was in the form of reverse micelles in the oil phase, and dissolved in

the oil phase. Rather less occurred as a monolayer at a flat aqueous-oil interface.

Furthermore, Pibsa-based reverse micelles present in the oily phase of explosive emulsions

are expected to be spherical and to possess electrical charges because of the presence of

ammonium nitrate in the care (Reynolds et a/., 2000; 2001).

The rheological properties of concentrated emulsions are governed by the different forces

that occur in the system, which, in turn, depend on the thickness of the interdroplet layer (thin

film between droplets), on type of surfactant and on surfactant concentration. In the particular

case of the Pibsa-based emulsion explosives used in this study: on the one hand, because of

the non-ionic character of surfactants, the dominant interaction energy between droplets

could be ascribed to van der Waals attraction (Alvarez et aI., 2006; Bibette et a/., 1999;

Baravian et el., 2006; Quintero et a/., 2008). Moreover ion-fluctuation within the aqueous

droplets could have given rise to an additional attractive potential energy in the thin film

between droplets, similar to the van der Waals interaction between neutral atoms (Sheng et

a/., 2004; Tsao et a/., 2002). Such electrostatic attraction is insensitive to the ion

concentration and consists of contributions from various induced multipole-multipole

interactions, including dipole-dipole, dipole-quadrupole, dipole-octupole, and quadrupole-

quadrupole interactions (Sheng et a/., 2004). On the other hand, because of the polymeric

nature of the surfactants and the presence of AN in their core (Reynolds et a/., 2000; 2001),

reverse micelles might induce both steric and electrostatic repulsive forces (Ganguly et aI.,

1992), whereas the separation of charges induced by surfactant-electrolyte interaction

(Ashok et a/., 1991; Ganguly et el., 1992) could give rise to electrostatic repulsion between

adjacent droplets, similar to the repulsions between permanent dipoles.

In summary: above the CMC, the influence of the surfactant concentration on the rheological

behaviour for our emulsions was qualitatively different from the effect of surfactant type. All

changes observed could be understood by taking into account that changing of surfactant type

gives rise to modification of both the interfacial properties (interfacial tension and interfacial

elasticity) and the reverse micelle structure in the oily phase. It could also have affected the

distribution of ions within the droplet (number of ions involved in the formation of hydrogen-

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 109-------------------------------------------------------

bonded species with the surfactant, ion-fluctuation and the magnitude of the dipole moment of

the droplet). In contrast, the variation of surfactant concentration led only to changes in reverse

micelle concentration, the quality of the monolayer and interfacial properties remaining the

same. However it must be emphasised that in both cases the thickness of the interdroplet

layer may have undergone slight changes due to the modification in molecular forces across

the film (interactions between surfaces of adjacent droplets and/or interactions between

reverse micelles in the thin film). Furthermore, because of their electrostatic charge, reverse

micelles may well have affected the distribution of charges inside the droplet.

The rheological properties of the compressed emulsions under investigation depended

sensitively on the intrinsic elasticity of the droplets, on the concentration of reverse micelles

and seemed to depend also on the interfacial elastic modulus, the distribution of ions within

the droplet (surfactant-electrolyte interactions, ion-fluctuation, dipole-dipole ... ) and the van

der Waals attraction between adsorbed surfactants. The elasticity of droplets, and the degree

of deformation, are controlled by their internal pressure (Laplace pressure) and the oil film

network structure, whereas the strength of the interface could have been controlled mainly by

the surfactant-AN interaction (binding affinity of the surfactant). On the other hand, the

reverse micelle concentration, the distribution of ions within the droplet, the physical

interaction between interface layers of different droplets and the van der Waals attraction

could have controlled the pair potential energy in the thin film between droplets. Indeed, the

dilatational elastic modulus, the ion-fluctuation attraction and the van der Waals attraction

could have acted as sources of additional elasticity. However, any increase in electrostatic or

steric repulsive forces in the system (increase in dipole moment of the droplet or increase in

reverse micelle concentration) could have reduced the contribution of the van der Waals

attraction to the overall elasticity. The balance repulsive forces-attractive forces could be one

of the major factors which might determine the magnitude of the additional elasticity in the

overall bulk elasticity of explosive emulsions. The strong deviation of the IMIDE-scaled elastic

modulus in comparison with other surfactants could be an indication of the highest impact of

attractive forces (ion-fluctuation and van der Waals forces) as additional sources of elasticity.

It can be concluded that, because the lipophilic tail group (non-polar region) is the same for

all surfactants used in this study, the observed differences in rheological properties of

explosive emulsions have to be attributed primarily to the different chemical structures of the

surfactant head group and their possible influence on the surfactant-electrolyte interactions.

Indeed the balance repulsive-attractive forces, the intrinsic elasticity or the interfacial elastic

modulus are very sensitive to this factor.
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The stability of emulsion explosives is connected with crystallisation of the aqueous phase. In

fact, because of the presence of supersaturated drops, emulsions in this study were in an

inherently metastable system. At temperatures lower than the crystallisation temperature of

the AN-solution (fudge point = 60° C) we had to be concerned with crystal nucleation. As a

result, the ageing of the emulsion under investigation had to be associated with the

crystallisation process of AN droplets (metastable).

The above denotes that, during the ageing process, the two-phase samples would transform

to multiphase dispersions, the substances consisting of two phases (droplets and crystals)

dispersed within a continuum of a third phase. Being transformed into particle suspensions

(crystals) in viscoelastic media (emulsion) the studied samples could exhibit interesting

rheological properties (Pal, 2000b; Marcovich et aI., 2004; Harzallah & Dupuis, 2003).

It should be realised that crystals are not necessarily confined to their original droplet shape,

but can break through the films separating droplets (Becher, 1988; Kharatiyan, 2005;

Masalova et aI.; 2006; Masalova & Malkin, 2007b). Therefore, the strength (elasticity) of the

interface (Masalova et aI., 2005; White et aI., 2005), the reverse micelle concentration (White

et al.,2004), the interfacial tension and the van der Waals attraction are important when

investigating the emulsion stability (degree of crystallisation) with ageing.

The ageing could be considered as:

• Initiation of crystallisation of the dispersed phase of the emulsion

• Penetration of the crystallinity throughout the substance

The homogeneous nucleation process depends strongly on the spatial distribution of ions

within the droplet. In fact, when increasing the AN concentration in an aqueous solution,

there is a decrease in the coordination number and the hydration shell moves closer in at

higher concentrations. With AN concentrations higher than 60 % by mass, there is evidence

of direct interaction between NH/ and N03- (Walker et aI., 1989). Thus the stability against

homogeneous nucleation depends mostly on the ability of additives (ions, molecules,

surfactant head group) to increase the separation distance between NH/ and N03- ions

(Ashok et aI., 1991; Ganguly et al., 1992).

The penetration of the crystallisation process with time (kinetic of crystallisation) could

depend on reverse micelle concentration as well as on the strength of the interface

(Kharatiyan, 2005; White et aI., 2005). In fact, the strength of the interface could act as an
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3.4.6.1 Droplet size measurements

The droplet size measurements of samples were performed every week until the

crystallisation process initiation showed no significant changes in the sizes of droplets

(Figure 3.40).

o Particle Size Distribution (8 % Pibsa-IMIDE in Mosspar for droplet size 10urn)

o
>

Particle Size Distribution20 ,-----------------------------------------------..,
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Figure 3.40: Histogram of typical droplet size distribution of the emulsion with time before the
crystallisation of the dispersed phase took place.

Based on the above histogram, we may assume that no coalescence took place during the

process of ageing of the samples under investigation, and all structural changes are related

to the crystallisation of the dispersed phase. A similar result was found in earlier publications

(Kharatiyan, 2005; Masalova et aI.; 2006; Masalova & Malkin, 2007b). This could be related

to the electrostatic and steric effects induced by the presence of reverse micelles and/or the

presence of a net electrostatic charge inside the droplets caused by the surfactant-electrolyte

interaction.

3.4.6.2 Optical analysis

A qualitative investigation of the crystallisation process was performed using an optical 'Leica'

microscope equipped with a digital camera, at a magnification of 500 times. The aim of this

exercise was to analyse the shape and size of crystals as a function of surfactant type.

The optical microscopy showed that ageing of the emulsion was associated with the

crystallisation process of the dispersed phase. The observation of microscopic images also

suggested that the crystals were a mixture of stone-like and needle-like shapes. It should be

noted, also, that the droplets of emulsions are much smaller than the suspended crystals as

can be seen clearly from the photomicrographs shown in Figures 3.41 to 3.43. This result
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can be understood as follows: no matter which type of surfactant is used, when crystallisation

starts, the crystals do not remain inside the droplet.

Figure 3.42: Microscopic image, magnification 500 x, age 17 weeks

(8 % Pibsa-IMIDE in Mosspar, 10~)

Figure 3.41: Microscopic image, magnification 500 x, age 17 weeks

(8 % Pibsa-IMIDE in Shellsol, 10 urn)
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Figure 3.43: Microscopic image, magnification 500 x, age 17 weeks

(8 % Pibsa-MEAlSMO in Mosspar, 10 J.I1ll)

3.4.6.3 X-ray diffraction

The X-ray analysis was performed weekly over a period of 36 weeks for all samples under

investigation in order to quantitatively follow the structural changes in terms of the degree of

crystallinity of emulsion with ageing. The X-ray diffraction analysis to determine the

emulsions crystallinity was done on a Bruker D8 Advance powder diffractometer using Cu

radiation. Conventional Bragg Brentano geometry was used with a Ni filter and a 28 scan

range of 10 to 600 at 0.02-step intervals and at a scan rate of 1 sec/step. The emulsion

samples were placed into a standard top-loading polycarbonate sample holder and

supported on a horizontal rotating sample stage. Structural information obtained from the

literature of the various solid phases of ammonium nitrate was used to do Rietveld

refinement of the complete diffraction pattern and to determine the degree of crystallinity,

using the Topas 3.0. Once a sample had achieved full crystallisation, the degree of

crystallinity for each sample as determined from the diffraction data and the subsequent

Rietveld refinement could be normalised relative to the fully crystallised sample. This

configuration allowed the analysis of uneven samples in particular slurries or emulsions

without causing any shifts of the respective diffracted peaks. An external corundum standard

was used to align the diffractometer, ensuring that similar diffracted intensity peaks were

obtained for each batch of samples analysed.
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X-ray studies were based on following the diffraction pattern of NH4 N03 (AN) as the main

solid component of a dispersed phase.

The relative crystallinity, X, was determined from the intensity differences of the fully

crystalline and the amorphous phases of the room temperature AN emulsion. This was done

by considering the super-cooled emulsion as amorphous (lam).The fully crystalline phase (Ier)

is observed when the AN emulsion has completely broken down resulting in almost complete

crystallisation of the material. This is achieved by observing the fact that a selected sample

indicates very little or no change in its respective intensities of the diffraction pattern over

time. The peak intensities chosen for this study were the 17 reference peaks for pure AN

phase IV obtained from PDF (powder diffraction file release, 2002).

The X values were calculated from the dependence of (l,- lam)versus (Ier- lam)where Ix is the

intensity of a sample with unknown crystallinity. The differences of (l, - lam)versus (Ier- lam)

are shown graphically in Figure 3.44 for 17 reference peaks with the corresponding straight

line that passes through the origin. It is important that all 17 points lie on the straight line

where the slope of the straight line relates to the relative crystallinity. It is evident that, for an

amorphous sample, the slope equals zero and, for a completely crystalline sample, the slope

equals 1. In an example presented in Figure 3.44 X = 78% with a R2 correlation of 0.99.

4000

I zoon>~ ..:..- -

I)

I) 2000 4000
I er - I am

6000

Figure 3.44: Calibration line for X-ray analysis for a sample aged 17 weeks and showing a
crystallinity of 78 %.
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X-ray diffraction patent analysis was devoted to evaluating the structural changes (degree of

crystallinity of the dispersed phase, and phase transitions of ammonium nitrate solid) during

the ageing period.

There is no need to demonstrate all the experimental results here because all the

experimental diffractograms are essentially similar. Typical diffractograms of the AN

emulsions studied are shown in Figure 3.45.

Degree of crystallinity 5.7%

600
NH4N03 phase 4 59.60 %

NH4N03 phase 2 40.40 %

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
2Th Degrees

Figure 3.45: Staggered X-ray powder diffractograms of the AN emulsion

The kinetic of crystallisation and different phase transitions in the solid state could be

extracted from the X-ray diffraction analysis and the results are presented in Tables 3.23,

3.24, 3.25, 3.26 and 3.27 respectively for all surfactant types in Mosspar and Shellsol for all

surfactant concentrations.
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Table 3.23: Degree of crystallinity and phase transitions for different surfactant types during
ageing (Pibsa-IMIDE in Mosspar)

Surfactant Phase

Type % Surfactant d.urn t, week XCr, % transition,
IV to II

0-8 0
9 2.5 85/15
10 3.5 81/19
13 6.5 88/12

10 17 13.5 57/43
19 19 82/18
24 24 64/36
27 41.5 55/45
31 49 76/24
0 0 -
3 1 -
6 2 -
9 4.5 42/58

12
10 15 29/71
19 27 43/57

8 24 61 87/13
27 76 93/7
31 100 100/0
36 100 -
0 0 -
3 1.5 -
6 2 -
10 6 -Pibsa-IMIDE
13 11 80/20

15 17 24 57/43
19 32 72/28
24 71 96/4
27 94 100/0
31 100 -
36 100 -

0-13 0 -
17 5.5 38/62

10
24 6 54/46
27 12 70/30
31 13 42/58
36 17 24/76
0-6 0 -
7 4 -14
10 6.5 38/62
13 8.5 36/64

12 17 9.5 39/61
19 11 36/64
24 26 23/77
27 31 39/61
31 39 50/50
36 42 65/35
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Surfactant Phase

Type % Surfactant d.um t, week XCr, % transition,
II to IV

0-4 0
6 1 -
8 4.5 -
10 5 -

10 13 16 -
17 36 24/76
24 40 29/71
27 45 37/63
31 50 72/28
0-4 0 -
6 5.5 -

8 8 11.5 -
12 10 13 46/54

13 37 67/33
17 100 97/3
17.5 100 -
0 0
3 0.98 -
4 12.20 31/69

15 6 31.22 47/53

Pibsa-IMIDE
10 73.17 90/10
13 100 98/2
17 100 100
0-9 0
10 2 46/54
13 4 67/33
17 7 97/3

10 19 7 -
24 16 34/66
27 23 54/46
31 28 -
36 30 -

14 0-5 0 -
6 3.8 61/39
8 9.23 49/51
10 15.38 18/82

12
13 20.38 68/32
17 41.92 63/37
19 39.62 59/41
24 65 79/21
27 70 98/2
31 100 100/0

Table 3.24: Degree of crystallinity and phase transitions for different surfactant types during
ageing (Pibsa-IMIDE in Shellsol).
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Table 3.25: Degree of crystallinity and phase transitions for different surfactant types during
ageing (SMO/Pibsa-MEA in Mosspar)

Surfactant Phase

Type % Surfactant d,J..lm t, week Xcr, % transition,
IV to II

0-5 0
6 1.5 -
9 4.5 39/61
10 5 42/58
13 10.5 68/32

10 17 21 11/89
19 34.5 57/43
24 41 85/14
27 68.5 -
31 89 56/44
36 100 -
0-9 0 -
10 1.5 -
13 1.5 -

8 17 3.5 -
12 19 3 -

24 8.5 -
SMO/Pibsa-MEA 27 7.5 -

31 13 -
36 16 -
0-5 0
6 1.5 -
10 3 -
13 4 -

15 17 5.5 -
24 6.5 23/77
27 7.5 40/60
31 16 7/92
36 23.5 20/80
0 0
17 2.5 -

14 10 24 7 -
27 7 -
31 12.5 -
36 16 -
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Table 3.26: Degree of crystallinity and phase transitions for different surfactant types during
ageing (SMO in Mosspar).

Surfactant
Phase

Type % Surfactant d, urn t, week x., % transition,
IV to II

0 0 -
3 7.1 -
3.5 12.3 -

10
4 20.7 -

8 7 75.8 -
8 100 -

SMO
10 100 -
13 100 -
0 0 -
3 5 -

14 10
8 94.6 -
10 100 -
13 100 -
17 100 -

Table 3.27: Degree of crystallinity and phase transitions for different surfactant types during
ageing (Pibsa-MEA, and Pibsa-UREA in Mosspar).

Surfactant
Phase

Type % Surfactant d, urn t, week XCr, % transition,
IV to II

10 0-36 0
8 12 0-36 0 -

Pibsa-MEA
15 0-36 0
10 0-36 0 -

14 12 0-36 0 -
15 0-36 0 -
10 0-36 0 -
12 0-36 0 -

8 0-35 1 33/67
Pibsa-UREA

15
36 1.5 3/97

10 0-36 0 -
14 12 0-36 0 -

15 0-36 0 -

3.4.6.4 Phase transition

The dispersed aqueous droplets in our emulsions consisted of a supersaturated aqueous

solution of ammonium nitrate salt (at room temperature). The ammonium nitrate

concentration was 80 % by mass while water comprised less than 20 % by mass. It is worth

noting that this concentration of AN corresponded to ca. 1:1 molecular ratio of H20: NH4N03

(Ashok & Neilson 1991).
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Solid ammonium nitrate (NH4N03) exists in five stable polymorphic forms (designated as

phases I, II, III, IV, and V) below its melting point at around 170°C (Doxsee & Francis, 2000;

Wu, Chan & Chan, 2007). (See Table 3.28).

Table 3.28:. Ambient Pressure Phases of AN

Phase Phase designation Crystal system Space
designation range of stability (0C) group

I 125.2-169.2 Cubic Pm3m

II 84.2-125.2 Tetragonal P421m

III 32.2-84.2 Orthorhombic Pnma

IV -18-32.2 Orthorhombic Pmmn

V Less than -18 Orthorhombic Peen

(Adapted from Doxsee & Francis, 2000:3493)

Hendricks et al. (1932) gave the transition temperatures as

-18°C 32.2°C 84.2°C 152.2°C

V ~ IV ~ III ~ II ~

They also observed a metastable transition IV ~ II at ca 50°C. This has been confirmed by

Shinnaka (1956).

Forms V, IV, II and I are structurally similar and the transitions between them can take place

with only minor distortions of the crystals and there is a marked tendency for the

crystallographic axes to be maintained (Brown & McLaren, 1961). The crystal structures of

these modifications revert to the CsCI pattern of arrangement (Hendricks, Posnjak & Kracek,

1932). Conversely, phase III has a completely different, loose-packing mode of molecules in

a crystal lattice that resemble NiAs (Wyckoff, 1964). Thus a considerable distorsion of the

crystals occurs during the II~IIII or IV~III transitions because of the severe structural

changes involved. Moreover, transitions involving phase III are kinetically sluggish in

anhydrous ammonium nitrate, so that routine thermal analysis frequently displays only the

IV~II transition. The introduction of increasing amounts of water kinetically reintroduces the

IV~III phase change (Boeyens et ai., 1991).

From Table 3.24, Table 3.25, Table 3.26 and Table 3.27 it can be seen clearly that: the

interconversion of phase II and phase IV during the crystallisation process of super-cooled
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dispersed droplets is quite evident. However, phase II, which is metastable at room

temperature, completely disappeared when the sample was fully crystallised. Moreover, it is

possible to notice that the transition III~IV is absent.

The IV~II transition was not expected to occur in our emulsions because the storage

temperature (ca. 20°C) was lower than the temperature corresponding to this transition (ca.

SOOe) (Brown & McLaren, 1961; Doxee & Francis, 2000). It is worth mentioning that the

main difference between phase II and phase IV is that, in phase IV, the O-H bond between

NH/ and N03- ions is strong enough to produce an ordered structure (alignment of the N03-

ion planes parallel to the (010) plane, and orientational ordering of each N03- ion within its

own plane and spatial ordering of the NH/ ions) whereas this bond is not strong enough to

avoid a high degree of disorder in the structure in phase II. In effect, in phase II the N03- ions

are partially orientationally disordered and this involves the rupturing of O-H bonds. This

might increase the probability of the NH/ ion to move away from its lattice site and may

explain the partial ordering of the NH/ ions (Brown & McLaren, 1961). It must be

emphasised that an energy barrier comes into operation at the II~IV transition, locking the

N03- ions into a fixed orientation (Hendricks et aI., 1932; Brown & McLaren, 1961) and

preventing the translational diffusion of the NH/ ions. This is accompanied by a further

distortion of the lattice from tetragonal to orthorhombic (see Figure 3.46) (Brown & McLaren,

1961 ).

According to the above references we can assume that the appearance of phase II (the

phase in which the degree of disorder is higher, compared to phase IV) at room temperature

could be primarily attributed to the presence of surfactant head groups and their impact on

surfactant-AN interactions. Indeed, when there is not enough water in the system to induce

drastic transformations (transformations involving phase III), all the transitions appear to be

of the order-disorder type. When decreasing the temperature, the different structures arising

from the development of different degrees of order in the orientation of the N03- ions and/or

in the position of the NH/ ions (Brown & McLaren, 1961). On the other hand, by interacting

with the NH/, the surfactant head groups break the O-H bond by increasing the distance

between NH/ and N03- (Ashok & Neilson, 1991; Ganguly et aI., 1992). Thus, by trying to

maintain the O-H bond in a broken state, the AN-surfactant interaction and the repulsive

forces between droplets could introduce an energy barrier which could delay the organisation

of the system at room temperature (in delaying crystallisation or the appearance of more

ordered structures) and at the same time promote the appearance of phase II, which is more

disordered. This hypothesis can be supported by the fact that the appearance of phase II
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was not observed in very unstable emulsions such as SMO-based emulsions. Indeed, the

quasi-absence of steric effects, combined with the van der Waals attraction between

surfactant layers (reinforced by the non-ionic nature of SMO), enhance the susceptibility to

coalescence (Alvarez et al. 2006). The resulting increase of droplet size could weaken the

AN-surfactant interaction.

WOl)

lJ

0(1) IVII

(OOU

o
N ofNHJ · 00N of N05 oxygen

reorienting NOs

Figure 3.46: Projections of the structures of forms" and IV of ammonium nitrate

(Adapted from Brown & McLaren, 1961:341)

Since there was less water in the system and the storage temperature (ca. 20°C) was less

than the temperature corresponding to the transition 11+-+111(84.2°C) or III+-+IV (32.2°C), the

absence of phase III was expected. Indeed the structural changes involved in the IV+-+IIIor

11+-+111transitions are drastic and it is for this reason that the presence of water is needed.

These do not appear to be order-disorder transitions, but rather transitions involving a

process of dissolution and crystallisation. The phase boundary between the two solid phases

is, therefore, visualised as a region of almost complete disorder and its width is probably

large compared with inter-ionic distances (Brown & McLaren, 1961; Oommen & Jain, 1999).

The projection onto (001) of the structures of form III of ammonium nitrate is shown below in

Figure 3.47.
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Figure 3.47: Projection onto (001) of the structures of form III of ammonium nitrate

Another feature of the complex phase behaviour of our emulsions was that solid AN

exhibited interesting behaviour on thermal cycling. The transition behaviour on thermal

cycling was found to depend on the heating temperature:

Our experimental results showed that, when a fully crystallised sample was heated up to

40°C, one obtained an amorphous structure after cooling at room temperature. The

amorphous structure disappeared in the next cycle, during which the sample was heated up

to 55°C and cooled down to room temperature. In this case, phase II appeared on heating

and the" t-tIV transition was observed on cooling.

The appearance of the amorphous structure could not have been a consequence of the

1It-tIV transition since this transition involves minor structural changes and the boundary

between the forms during the transformation therefore may be expected to have properties

not markedly different from the stable forms (Brown & McLaren, 1961). The amorphous

structure could have been a metastable product generated during the IVt-t1l1 transition, due

to the simultaneous actions of water, AN-surfactant interaction and temperature. On the one

hand, the IVt-t III transition, on heating, undeniably takes place by the dissolution and re-

crystallisation of the solid (Brown & McLaren, 1961; Boeyens et aI., 1991, Doxee & Francis,
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2000) and its kinetic is well known to be a decreasing function of water content (Brown &

McLaren, 1961; Boeyens et aI., 1991). Therefore the presence of water in our emulsion could

have promoted the IV+-+IIItransition, and its amount may not have been enough to markedly

improve the kinetics of this transition. On the other hand, since the phase boundary between

the two solid phases is visualised as a region of almost complete disorder (Brown &

McLaren, 1961), the AN-surfactant interaction could maintain the sample in this state by

delaying the initiation of recrystallisation.

3.4.6.5 Kinetics of crystallisation

Figures 3.48 and 3.49 respectively show the results of the kinetics of crystallisation for

several surfactant types. The results give the quantitative measure of the crystallisation rate

that can be satisfactorily described by the standard JMAK equation:

X =1_e-(i)
Cr , Equation 3.2

where XCr is the degree of crystallinity, e is the characteristic time-related constant of the

process and n is an empirical factor called the Avrami coefficient. However, the choice of the

constants is ambiguous due to the non-linear procedure of fitting, though the values in Table

3.27 are satisfactory for e and n for different surfactants studied.

It is worth mentioning that the relative crystallinity for samples which are fully crystallised is

between 20 and 25% of the total mass of the emulsion. This average value will be used as a

basis to predict the kinetics of crystallisation of samples which are not yet fully crystallised.
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Figure 3.48: Change in relative crystallinity over time for different surfactant types

(8% surfactant; d =10~)
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Figure 3.49: Change in relative crystallinity over time for different surfactant types

(14% surfactant; d =10 J,Lm)
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Table 3.29: The JMAK equation constants for all surfactant types in Mosspar

% surfactant d, urn Surfactant type e, week n, 1

Pibsa - IMIDE 30 6

10 SMO/Pibsa - MEA 22 6

SMO 5 6

8 Pibsa - IMIDE 24 6
12

SMO/Pibsa - MEA 34 6

Pibsa-IMIDE 22 6
15

SMO/Pibsa - MEA 29 6

Pibsa - IMIDE 38 6

10 SMO/Pibsa - MEA 40 6
14

SMO 6 6

12 Pibsa - IMIDE 28 6

It is interesting that the constant n in all cases can be assumed equal to 6 (Table 3. 29) as

was obtained in earlier publications (Kharatiyan, 2005; Masalova et aI.; 2006; Masalova &

Malkin,2007b).

This is an unusually high value (for the position of the Kholmogorov-Avrami kinetic models)

because n should not be higher than 4 in all geometrical schemes of homogeneous

crystallisation taking place on individual sites and treated within the frames of the

Kholmoqorov-Avrarni growth of crystals (Walter et aI., 2000; Humphreys & Hatherly, 1996).

Actually, it reflects the special character of the mechanism of crystallisation in our case,

because - as mentioned above - crystals, in the observed cases, did not grow from different

independent centres but by single crystals breaking through boundaries of droplets

occupying several separate droplets. This mechanism of crystal growth is clearly seen in

Figures 3. 41, 3.42 and 3.43.

The onset of crystallisation (- 2 % crystallinity), the time of 10 %,20 %,30 %, 50 % and 100

% crystallinity for all surfactant types in Mosspar, different types of oils and for all surfactant

concentrations was determined using Equation. 3.1 and this is listed in Table 3.30.
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Table 3.30: Stages of crystallisation for different surfactant types

d,llm % surfactant Surfactant type Crystallinity, week

2% 10% 20% 30% 50% 100%
Pibsa-IMIDE 16 21 23 25 28 39

SMO/Pibsa-MEA 12 15 17 19 21 29

10 SMO 2 3 4 4 4 6

Pibsa-MEA Still fresh

Pibsa-UREA Still fresh

Pibsa-IMIDE 13 17 19 20 23 31

8 SMO/Pibsa-MEA 18 24 27 29 32 44
12

Pibsa-MEA Still fresh

Pibsa-UREA Still fresh

Pibsa-IMIDE 12 15 17 19 21 29

SMO/Pibsa-MEA 15 20 22 24 27 37
15

Pibsa-UREA 17 - - - - -
Pibsa-MEA Still fresh

Pibsa-IMIDE 20 26 29 32 36 49

SMO/Pibsa-MEA 21 27 31 34 38 52

10 SMO 4 5 5 6 6 9

Pibsa-MEA Still fresh

14 Pibsa-UREA Still fresh

Pibsa-IMIDE 15 20 22 24 27 37

12 Pibsa-MEA Still fresh

Pibsa-UREA Still fresh

15 Pibsa-MEA Still fresh

As can be seen clearly from the above Table 3.30, Figure 3.48 and Figure 3.49,

The stability of explosive emulsions was sensitive to the surfactant type according to

the sequence MEA-UREA-MEA/SMO-IMIDE-SMO. The effect was so strong that it

masked the effect of other important factors reported in the literature, such as droplet

size (Kharatiyan, 2005; Masalova et aI.; 2006; Masalova & Malkin, 2007b) or

surfactant concentration (Ganguly et a/., 1992; White et a/., 2004). Indeed, after 36

weeks of ageing, MEA-based or UREA-based emulsions were still fresh for all droplet

sizes and all surfactant concentrations while emulsions prepared with IMIDE, SMO or

The effect of type and concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 129-----------------------------------------------------------

the mixture MEA/SMO were almost fully crystallised (even those corresponding to the

smallest droplets and/or the highest surfactant concentration).

Among the three Pibsa-based surfactants. the effect of surfactant type on both the

onset of crystallisation and the kinetic of crystallisation were observed to follow the

same trend as the expected sequence of surfactant-ammonium nitrate interaction

(MEA-UREA-IMIDE), opposite to the expected trend following the impact of the van

der Waals attraction on the pair potential energy in the thin film separating adjacent

droplets (IMIDE-UREA-MEA) (see section 3.4.3).

SMO-based emulsions were the most unstable emulsions, despite the fact that the

AN-surfactant interaction with SMO was expected to be higher than the one with

IMIDE. The high instability of SMO originates from the quasi-absence of steric effects

(because SMO is a low molecular weight surfactant) combined with the high van der

Waals attraction created by the physical interaction between the surfactant layers

(because SMO is a non-ionic surfactant). Therefore SMO-based emulsions are

susceptible to coalescence (Alvarez et aI., 2006). The resulting increase of droplet

size could have weakened the impact of AN-surfactant interaction within the droplet,

enhancing the susceptibility of explosive emulsions to the crystallisation process.

The above observations might support the fact that the initiation of crystallisation could

depend mostly on surfactant-electrolyte interaction and might playa major role in the overall

process of crystallisation in the case of emulsions with dissolved electrolytes in the aqueous

phase (Ashok et aI., 1991; Ganguly et aI., 1992). Indeed, the initiation of crystallisation

depends mostly on the ability of additives (ions, molecules, or surfactant head group) to

increase the separation distance between NH/ and N03- ions (Ashok et aI., 1991; Ganguly

et aI., 1992). The separation of charges inside the droplet is expected to keep the emulsion

in a super-cooled state by reducing the chemical kinetics of oversaturated ammonium nitrate.

Moreover, this separation could generate repulsive forces in the thin film between droplets,

which could reduce the van der Waals attraction and consequently improve the stability. On

a qualitative level, a strong surfactant-ammonium nitrate interaction is expected to give rise

to a more stable emulsion (Ganguly et aI., 1992).

• The effect of surfactant type on the kinetics of propagation of the crystallisation

throughout the emulsion was observed to be following the same trend as our results

on the dilatational elastic modulus (MEA-UREA-MEAlSMO-IMIDE-SMO). This

observation might support the fact that the strength of the interface could act as an
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inhibitor to the propagation of crystallisation (Kharatiyan, 2005; White et ai., 2005).

The high instability of IMIDE-based emulsions compared to other Pibsa-based

emulsions could be due to both its less intense surfactant-ammonium nitrate

interaction and its low interfacial elasticity. It must be emphasised that the high impact

of van der Waals attraction associated with this surfactant could play an important

role as well. It might enhance the probability of contact between different contents of

droplets (Alvarez et el., 2006) and thus facilitate the propagation of crystallisation

from one droplet to another.

• Table 3.30 shows considerable differences between W/O explosive emulsions

prepared with MEA/SMO and those corresponding to MEA. The stability of the MEA-

based emulsions is extremely high, independently of droplet size and surfactant

concentration, compared to MEA/SMO-based emulsions. This could be due to the

fact that the presence of SMO reduced the strength of the interface (see Table 3.10)

and, possibly, the effectiveness of charge separation inside the droplet (Ganguly et

aI., 1992). Indeed the surfactant-electrolyte interactions were more intense in the

case of Pibsa-MEA compared to SMO. On the other hand, the presence of SMO

could reduce the reverse micelle concentration, enhancing the probability of contact

between contents of different droplets (White et al., 2004).

• For a given surfactant type and a given surfactant concentration, bigger droplets were

crystallising faster than the small ones. This could be attributable to the more effective

charge separation inside small droplets, compared to the bigger ones, because of

their differences in volume. Moreover, the smallest interdroplet layer associated with

the smallest droplets could have given rise to a more effective packing of reverse

micelles, reducing the probability of contact between contents of different droplets.

It can be concluded that:

o The degree of crystallinity increases with ageing.

o The rate of crystallisation is very sensitive to the surfactant head group, therefore the

evolution of emulsion ageing can be controlled by varying the surfactant head group.

o The initiation of crystallisation could be strongly dependent on the interactions

between the surfactant head group and the ammonium nitrate solution, while the

propagation of crystallisation could depend on the physical interaction between

interface layers of different droplets, on the strength of the interface and/or on reverse

micelle type and concentration. Indeed, as pointed out before, because of the non-

ionic nature of the surfactant used in this study, the dominant interaction between

droplets could be the van der Waals attraction (Alvarez et ai., 2006). The strength of
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o Flow properties

In order to investigate the effect of ageing on flow behaviour, all samples were tested weekly

over a period of 36 weeks. The typical effect of ageing on flow behaviour of the emulsion with

8 % Pibsa-IMIDE in Mosspar for a droplet size of 10 urn is shown in Figure 3.50.

It was found that the character of flow behaviour was not affected by storage, but all flow

curves were shifted to higher values of shear stresses over the whole region of shear rates

within the experimental window. In all cases, the increase in degree of crystallinity led to an

increase in the viscosity, this increase being less marked at high shear rates. The same

effect was observed in the ageing of explosive emulsions (Masalova et aI., 2006; Masalova &
Malkin, 2007b; Kharatiyan, 2005 ) and by other rheologists, for suspensions of solid particles

in a polymer solution (Harzallah & Dupuis, 2003).
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Figure 3.50: Flow curves of fresh and aged emulsions

(8 % Pibsa-IMIDE for droplet size 10 JlI1l).

The evolution with ageing of the yield stress for emulsions with all different surfactant types is

presented in Table 3.31 and Table 3.32.
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Table 3.31: Effect of ageing on the yield stress of emulsions with different PIBSA-based

surfactants in Mosspar (8 % surfactant)

% Surfactant d, urn Surfactant type t, week 'ty, Pa
1 - 17 37.4
19 49.1
21 55

Pibsa-IMIDE
24 66.3
26 75.8
28 80
32 85
36 90

10 1 - 13 22.6
15 42.1

SMO/Pibsa-MEA
18 56
23 64
28 75.8
30 76.8

0-1 15.8
SMO

3 45
5 68
7 66

1 - 12 21.9
14 31
16 52

Pibsa-IMIDE 22 67
25 73

8 28 74
31 7312 1 - 17 17
21 35
23 40

SMO/Pibsa-MEA 25 45
28 55
32 62
36 70

1 - 12 15.7
14 20
18 32

Pibsa-IMIDE
21 40
24 50.25
26 60
28 65

15 30 67
1 - 15 15
17 20
20 32.2

SMO/Pibsa-MEA 24 38
27 48
30 55.7
33 65.8
36 66.5
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Table 3.32: Effect of ageing on the yield stress of emulsions with different PIBSA-based

surfactants in Mosspar (14 % surfactant)

% Surfactant d,llm Surfactant type t, week 'ty,Pa

1 - 20 31
22 37.4
24 45

Pibsa-IMIDE 26 55
28 63
32 69.7
36 77

1 - 23 18.2
25 23

10 SMO/Pibsa-MEA 27 28
29 37
32 58
36 65
1 - 4 20.9

14 5 30

SMO 6 45
7 60
8 70
9 71

1 - 15 22
17 25.4
19 30
21 39.7

12 Pibsa-IMIDE
23 45.1
25 59
27 63
30 68
33 72
36 74

Due to the fact that the physical meaning of a yield stress is related to the strength of

interparticular interactions in the physical structure of multi-phase systems, this parameter

will be considered as a factor of emulsion stability in the following discussions.

It was found that the yield stress value is sensitive to the structure evolution of our emulsion

with storage. It is clearly shown in Figures 3.51, 3.52 and 3.53 that the yield stress increased

with ageing for all surfactant types used in the investigation for all droplet sizes.
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Figure 3.51: Yield stress vs ageing as function of surfactant type in Mosspar
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Figure 3.52: Yield stress vs ageing as function of surfactant type in Mosspar
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Figure 3.53: Yield stress vs ageing as function of surfactant type in Mosspar

The values of yield stress depend on the arrangement of crystals or, more precisely, of

aggregate particles. The effect is enhanced by irregular shape of clusters which may cause a

blocking of flow (Harzallah & Dupuis, 2003). At rest, crystals are distributed in irregularly

shaped and non-uniformly sized aggregates. By increasing the concentration of crystals, the

building of structures can take place and this can result in stronger resistance to the shear

flow. The increase in the yield stress values with ageing point to an increase in the rigidity of

the system and an increase in the strength of the solid particle (crystal) structure with ageing.

In conclusion:

• The yield stress value is sensitive to ageing (to the degree of crystallinity) of

the emulsion.

• The highest yield stress value was obtained for fresh emulsions with the

highest yield stress for both surfactant concentrations.

• For the same surfactant concentration, except for Pibsa-IMIDE, which was

falling apart, the fresh emulsion with a lower value of yield stress reached the

maximal value of yield stress (corresponding to 100 % crystallinity) in the

shortest period of time.
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o Viscoelastic properties

The ageing of the emulsions was investigated by measuring the storage modulus as a

function of strain amplitude at constant frequency (1Hz). The experiments realised with the

sample containing 8 % Pibsa-IMIDE in Mosspar-H for d = 10urn are depicted in Figure 3.54.
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Figure 3.54: Storage modulus dependence on strain amplitude for fresh and aged samples

(8% Pibsa·IMIDE in Mosspar for d = 10J..Lm)

The evolutions with ageing of the storage modulus for emulsions with all different surfactant

types are summarised in Table 3.33 and Table 3.34.
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Table 3.33: Effect of PIBSA-based surfactant type on storage modulus over ageing

(8 % surfactant)

% Surfactant d, urn Surfactant type t, week G', Pa

1-17 948
19 1228
21 1375

IMIDE 24 1658
26 1895
28 2000
32 2125
36 2250

10 1 - 13 661
15 1053

MENSMO
18 1400
23 1600
28 1895
30 1870
0- 1 463

SMO 3 1125
5 1450
7 1575

1 - 12 670
14 775
16 1300

IMIDE 22 1675
25 1825

8 28 1850
12 31 1875

1 - 17 511
21 875
23 1000

MENSMO 25 1125
28 1375
32 1550
36 1750

1 -12 433
14 500
18 800

IMIDE 21 1000
24 1256
28 1625
30 1675

15 1 -15 401
17 500
20 805

MEA/SMO
24 950
27 1200
30 1393
33 1645
36 1663
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Table 3.34: Effect of PIBSA-based surfactant type on storage modulus over ageing

(14% surfactant)

% Surfactant d,/-Lm Surfactant type t, week G'J Pa

1 - 20 869
22 1048
24 1261

Pibsa-IMIDE 26 1542
28 1766
32 1954
36 2102

1 - 23 550
25 695

10 SMO/Pibsa-MEA
27 846
29 1118
32 1451
36 1662
1 - 4 630.9

14 5 750

SMO 6 1125
7 1500
8 1750
9 1775

1 - 15 670
17 635
19 750
21 993

12 Pibsa-IMIDE
23 1128
25 1475
27 1575
30 1700
33 1800
36 1850

The effect of ageing on the storage modulus for different surfactant types is illustrated in

Figure 3.55, Figure 3.56 and Figure 3.57.
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Figure 3.56: Storage modulus vs ageing as function of surfactant type in Mosspar
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Figure 3.57: Yield stress vs ageing as function of surfactant type in Mosspar

It was found that ageing process affects the storage modulus in the same trend as the yield

stress, i.e. the sample with the lowest initial storage modulus reached the highest storage

modulus in the shortest time.

3.4.7 Effect of surfactant concentration on the stability of explosive emulsions

with ageing

3.4.7.1 X-ray diffraction

The kinetics of the crystallisation process with ageing was investigated for samples with

different surfactant concentrations by means of X-ray analysis. The results of measuring

crystallinity over time as a function of surfactant concentration are presented in Figure 3.58,

Figure 3.59 and Figure 3.60.
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Figure 3.58: Change in relative crystallinity with time for different Pibsa-IMDE concentrations in
Mosspar
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Figure 3.59: Change in relative crystallinity with time for different Pibsa-IMDE concentrations in
Shellsol
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Figure 3.60: Change in relative crystallinity over time for different SMO/Pibsa-MEA

concentrations

The values of the JMAK equation constants for samples with different surfactant

concentrations are listed in Table 3.35.

Table 3.35: Effect of surfactant concentration on JMAK equation coefficients (Pibsa-IMIDE).

d, um Surfactant type % surfactant e, week n, 1

Oil phase: Mosspar - H
IMIDE 8 30 6

14 38 6
10 MEA/SMO 8 22 6

14 40 6
SMO 8 5 6

14 6 6

12 IMIDE 8 24 6
14 28 6

Oil phase: Shellsol

10 IMIDE
8 21 6
14 33 6

12 IMIDE
8 11 6
14 19 6
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The onset of crystallisation, the times of 50 % and 100 % crystallinity for different surfactant

concentrations and for all droplet sizes were determined using Equation. 3.2 and these are

listed in Table 3.36

Table 3.36: Stages of crystallisation for different surfactant concentrations in Mosspar

d,j..lm Surfactant type % Surfactant
Crystallinity, week

2% 10 % 20 % 30 % 50% 100 %
Oil phase: Mosspar-H

8 16 21 23 25 28 39
IMIDE

20 26 29 32 36 4914

8 12 15 17 19 21 29
10 SMO/MEA

14 21 27 31 34 38 52

8 2 3 4 4 4 6
SMO 4 5 5 6 6 914

8 13 17 19 20 23 31
12 IMIDE

14 15 20 22 24 27 37

Oil phase: Shellsol

8 11 14 16 17 19 27
10 IMIDE

14 17 23 26 28 31 43

8 6 8 9 9 10 14
12 IMIDE

14 10 13 15 16 18 25

As can be seen from the above, in Figure 3.59, Figure 3.60, Table3.35 and Table 3.36,

o The degree of crystallinity was sensitive to the surfactant concentration. The effect

was less pronounced compared to the effect of surfactant type or the effect of droplet

size. Without a doubt, bigger droplet sizes associated with higher surfactant

concentrations crystallised faster than small droplets associated with lower surfactant

concentrations.

o The stability of explosive emulsions was improved by an increase in total surfactant

concentration. This was attributable to the impact of reverse micelles. Indeed, as was

mentioned before, the quality of the monolayer and the dilatational elastic modulus do

not depend on surfactant concentration, while the reverse micelle concentration

increases with increase in surfactant concentration (Reynolds et aI., 2000; 2001). The

reverse micelles are expected to prevent contact between the contents of different
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droplets, acting as a barrier to the propagation of crystallisation from one micron scale

aqueous droplet through the rest of the emulsion (White et aI., 2004).

The inhibiting effect could be related to the repulsive forces (electrostatic and steric)

exerted by reverse micelles between adjacent droplets (Ganguly et aI., 1992).

3.4.7.2 Rheological behaviour

The evolution of rheological data with ageing for this set of samples was similar to those

previously shown in section 3.4.6. The relevant data can be found in appendix D, but the

evolution of the main material characteristics as a function of surfactant concentration is

presented in this section.

o Flow properties

Shear-rate stress measurements were carried out as a function of age for all surfactant

concentrations over a period of 36 weeks. Flow curves were used to determine the

values of yield stress (Table 3. 37, Table 3.38 and Table 3. 39). The evolution of yield

stress values with ageing as a function of surfactant type is shown in Figure 3. 61

Table 3.37: Effect of IMIDE (Mosspar and Shellsol) concentration on yield stress with ageing

Surfactant type Oil type d, urn % t, weekSurfactant 'ty, Pa
1 - 17 37.4
19 49.1
21 55

8
24 66.3
26 75.8
28 80
32 85

Pibsa-IMIDE Mosspar 10 36 90
1 - 20 31
22 37.4
24 45

14 26 55
28 63
32 69.7
36 77
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Figure 3.58: Change in relative crystallinity with time for different Pibsa-IMDE concentrations in
Mosspar
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Figure 3.59: Change in relative crystallinity with time for different Pibsa-IMDE concentrations in
Shellsol
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Figure 3.60: Change in relative crystallinity over time for different SMO/Pibsa-MEA
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The values of the JMAK equation constants for samples with different surfactant

concentrations are listed in Table 3.35.

Table 3.35: Effect of surfactant concentration on JMAK equation coefficients (Pibsa-IMIDE).

d, urn Surfactant type % surfactant 8, week n, 1

Oil phase: Mosspar - H
IMIDE 8 30 6

14 38 6
10 MEA/SMa 8 22 6

14 40 6
SMa 8 5 6

14 6 6

12 IMIDE 8 24 6
14 28 6

Oil phase: Shellsol

10 IMIDE 8 21 6
14 33 6

12 IMIDE 8 11 6
14 19 6
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The onset of crystallisation, the times of 50 % and 100 % crystallinity for different surfactant

concentrations and for all droplet sizes were determined using Equation. 3.2 and these are

listed in Table 3.36

Table 3.36: Stages of crystallisation for different surfactant concentrations in Mosspar

d, urn Surfactant type % Surfactant Crystallinity, week

2% 10 % 20 % 30 % 50 % 100 %
Oil phase: Mosspar-H

8 16 21 23 25 28 39
IMIDE

20 26 29 32 36 4914

8 12 15 17 19 21 29
10 SMO/MEA

14 21 27 31 34 38 52

8 2 3 4 4 4 6
SMO

4 5 5 6 6 914

8 13 17 19 20 23 31
12 IMIDE

14 15 20 22 24 27 37

Oil phase: Shellsol

8 11 14 16 17 19 27
10 IMIDE

14 17 23 26 28 31 43

8 6 8 9 9 10 14
12 IMIDE

14 10 13 15 16 18 25

As can be seen from the above, in Figure 3.59, Figure 3.60, Table3.35 and Table 3.36,

o The degree of crystallinity was sensitive to the surfactant concentration. The effect

was less pronounced compared to the effect of surfactant type or the effect of droplet

size. Without a doubt, bigger droplet sizes associated with higher surfactant

concentrations crystallised faster than small droplets associated with lower surfactant

concentrations.

o The stability of explosive emulsions was improved by an increase in total surfactant

concentration. This was attributable to the impact of reverse micelles. Indeed, as was

mentioned before, the quality of the monolayer and the dilatational elastic modulus do

not depend on surfactant concentration, while the reverse micelle concentration

increases with increase in surfactant concentration (Reynolds et a/., 2000; 2001). The

reverse micelles are expected to prevent contact between the contents of different
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droplets, acting as a barrier to the propagation of crystallisation from one micron scale

aqueous droplet through the rest of the emulsion (White et ai., 2004).

The inhibiting effect could be related to the repulsive forces (electrostatic and steric)

exerted by reverse micelles between adjacent droplets (Ganguly et ai., 1992).

3.4.7.2 Rheological behaviour

The evolution of rheological data with ageing for this set of samples was similar to those

previously shown in section 3.4.6. The relevant data can be found in appendix 0, but the

evolution of the main material characteristics as a function of surfactant concentration is

presented in this section.

o Flow properties

Shear-rate stress measurements were carried out as a function of age for all surfactant

concentrations over a period of 36 weeks. Flow curves were used to determine the

values of yield stress (Table 3. 37, Table 3.38 and Table 3. 39). The evolution of yield

stress values with ageing as a function of surfactant type is shown in Figure 3. 61

Table 3.37: Effect of IMIDE (Mosspar and Shellsol) concentration on yield stress with ageing

Surfactant type
Oil type

d, J.1I1l
% t, weekSurfactant 'ty,Pa

1 - 17 37.4
19 49.1
21 55

8
24 66.3
26 75.8
28 80
32 85

Pibsa-IMIDE Mosspar 10 36 90
1 - 20 31
22 37.4
24 45

14 26 55
28 63
32 69.7
36 77
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Table 3.38: Effect of IMIDE (Mosspar and Shellsol) concentration on yield stress with ageing

Surfactant type Oil type d, urn % t, weekSurfactant 'ty. Pa
1 -12 21.9
14 31
16 52

8 22 67
25 73
28 74
31 75

1 -15 22
Mosspar 12 17 25.4

19 30
21 39.7

14 23 45.1
25 59
27 63
30 68
33 74

Pibsa-IMIDE 36 76
0-12 39.5
14 48.4
16 56
18 65

8 20 74
22 80
24 88

Shellsol 10 26 92
28 94

0-18 31.4
20 38
22 47

14 26 58
30 68
32 72
36 78
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Table 3.39: Effect of IMIDE (Shellsol), SMO/MEA and SMO concentrations on yield stress with
ageing

Surfactant type Oil type d, urn % t, weekSurfactant 'ty,Pa

0-7 22.8
9 27
10 39.5

8 11 45.6
12 54.2
13 64.8
14 74

Pibsa-IMIDE Shellsol 12 15 76
0-11 22
13 25
15 32

14 17 49
21 60
23 72
25 74

1 -13 22.6
15 42.1

8 18 56
23 64
28 75.8

SMD/Pibsa-
Mosspar 10 30 76.8

MEA 1 -23 18.2
25 23

14 27 28
29 37
32 58
36 65
0-1 15.8
2 30

8 3 45
5 68
7 70

SMD Mosspar 10 1 -4 20.9
5 30

14 6 45
7 60
8 70
9 71
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Figure 3.61: Yield stress vs ageing as a function of surfactant concentration in Mosspar

From the results shown in Figure 3.61 it can be seen that the yield stress increases with

ageing. The yield stress as a function of time for different surfactant concentrations shows

that for any of the emulsions studied, the shape of the curve of the yield stress as a function

of time is similar. Furthermore, the lower the surfactant concentration, the higher the yield

stress.

o Viscoelastic properties

From the dynamic measurements, the storage and loss moduli were obtained as a

function of amplitude of deformation (amplitude sweep) for samples with all surfactant

concentrations during the ageing period. The values of storage moduli obtained from the

above experiments with time for all samples are listed in Table 3.40 and Table 3.41. The

evolutions of storage modulus with ageing as a function of surfactant concentration are

presented in Figure 3. 62.
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Table 3.40: Effect of IMIDE (Mosspar and Shellsol) concentration on storage modulus with

ageing

Surfactant type Oil type d,)..Lm % t, week G', PaSurfactant
1-17 948
19 1228
24 1658

8 26 1895
28 2000
32 2125

10 36 2250
1 -20 869
22 1048
24 1261

14 26 1542
28 1766
32 1954
36 2102

Mosspar 1 -12 670
14 775
16 1300

8 22 1675
25 1825
28 1850
31 1875

12 1-15 670
Pibsa-IMIDE 17 635

21 993
23 1128

14 25 1475
27 1575
30 1700
33 1800
36 1850

0-12 953
14 1168
16 1351
18 1568

8 20 1785
22 1930
24 2123

Shellsol 10 26 2220
28 2278

0-18 869
20 1048
22 1261

14 26 1542
30 1766
32 1954
36 2102
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Table 3.41: Effect of IMIDE (Shellsol), SMO/MEA and SMO concentration on storage modulus
with ageing

Surfactant type Oil type d, urn % t, week G', PaSurfactant
0-7 672
9 775
10 988

8 11 1140
12 1355
13 1620
14 1850

Pibsa-IMIDE Shellsol 12 15 1900
0-11 618
13 702
15 899

14 17 1376
21 1685
23 2023
25 1850

1 -13 661
15 1064

8 18 1416
23 1618
28 1916

SMO/Pibsa-MEA Mosspar 10 30 1891
1 -23 550
25 695

14 27 846
29 1118
32 1451
36 1662
0-1 463
2 758

8 3 1138
5 1719
7 1770

SMO Mosspar 10 1 -4 463
5 665

14 6 997
7 1329
8 1551
9 1573
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Figure 3.62: Storage modulus vs ageing as a function of surfactant concentration in Mosspar

The results presented in Figure 3.62 clearly show that the storage modulus as a function of

time increased for both surfactant concentrations.

3.4.8 Effect of oil type

The main goal of the discussion on the stability of explosive emulsions was the investigation

of the surfactant nature and surfactant concentration with regard to the kinetic of the

crystallisation of the internal phase providing the instability of explosive emulsions.

Meanwhile, it is impossible not to pay attention to the influence of the continuous oil phase

on the kinetic of crystallisation.

3.4.8.1 X-ray diffraction

The kinetic of the crystallisation process with ageing was investigated for samples with

different oil types by X-ray analysis. The results of measuring crystallinity over time as a

function of oil type for three different droplet sizes and two different surfactant concentrations

are presented in Figure 3.63 and Figure 3.64.
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Figure 3.63: Change in relative crystallinity over time for two different oils (8 % Pibsa-IMIDE)
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Figure 3.64: Change in relative crystallinity over time for two different oils (14 % Pibsa-IMIDE)
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The values of the JMAK equation constants for Pibsa-IMIDE samples with different oils are

listed in Table 3.42.

Table 3.42: Effect of oil type on JMAK equation coefficients (Pibsa-IMIDE)

d,J..Lm % Pibsa-IMIDE Oil type e,week n, 1
8 Mosspar-H 30 6

-

8 Shellsol 21 6
10

14 Mosspar-H 38 6

14 Shellsol 33 6

8 Mosspar-H 24 6

8 Shellsol 11 6
12

14 Mosspar-H 28 6

14 Shellsol 19 6

8 Mosspar-H 22 6
15

8 Shellsol 7 6

The onset of crystallisation, the time of 10 %, 20 %, 30 %, 50 % and 100 % of crystallinity for

different oil types and for all surfactant concentrations and droplet sizes were determined

using Equation. 3.2. These findings are listed in Table 3.43.

Table 3.43: Stages of crystallisation for different oil types

d, J..Lm Oil type % Surfactant
Crystallinity, week

2% 10 % 20 % 30% 50 % 100 %
Mosspar-H 8 16 21 23 25 28 39

Shellsol 8 11 14 16 17 19 27
10

Mosspar-H 14 20 26 29 32 36 49

Shellsol 14 17 23 26 28 31 43

Mosspar-H 8 13 17 19 20 23 31

Shellsol 8 6 8 9 9 10 14
12

Mosspar-H 14 15 20 22 24 27 37

Shellsol 14 10 13 15 16 18 25

Mosspar-H 8 12 15 17 19 21 29
15

Shellsol 8 3 5 5 6 6 8
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From Figure 3.63, Figure 3.64, Table 3.42 and Table 3.43, it is possible to conclude that the

rate of crystallisation is sensitive to the oil type. The emulsions prepared with Mosspar were

more stable than the ones prepared using Shellsol for all surfactant concentrations and

droplet sizes. At a low surfactant concentration the effect was strong enough to dominate the

effect of droplet size. Indeed, even bigger droplets associated with Mosspar-based

emulsions were more stable than the smaller ones corresponding to Shellsol-based

emulsions.

The effect of oil type on the stability of explosive emulsions can be accounted for on the

basis of the compactability effect between the hydrocarbon chains of IMIDE and the

hydrocarbon phase (oil phase):

• Chemical structure of IMIDE (see sub-section 3.2.12) and chemical composition of

Mosspar and Shellsol (see Table 3.2) molecules suggest that the hydrocarbon chains

of IMIDE can accommodate Mosspar (isoparaffinic solvent) molecules better than the

Shellsol oil (mixture of paraffins, cycloparaffins and aromatics). Bearing in mind that a

high degree of penetration of the oil molecules in the aliphatic layers of the surfactant

films increases the cohesive interactions in the aliphatic layer, leading to a long-range

ordered and more rigid interface (Gaicha, Leblanc, Villamagna & Chattopadhyay,

1995), it seems reasonable to assume that IMIDE in Mosspar gives rise to a more

rigid interface compared to IMIDE in Shellsol.

• Many experimental and theoretical studies on amphiphilic bilayers and reverse

micelles have suggested that oil penetration into the interfacial area increases the

interfacial mixing entropy and stabilises the interfacial film (Magid & Martin, 1984;

Friberg, Christenson, Bertrand & Larsen, 1984; Gaicha et al., 1995). From these

references we can assume that IMIDE in Mosspar forms stable reverse micelles

compared to IMIDE in Shellsol.

• The nature of the hydrocarbon phase (oil phase) strongly influences the packing

behaviour of the surfactant molecules (Ghaicha et al., 1995). The differences in

packing features are due to the differences in the penetration of the oil molecules in

the aliphatic layers of the surfactant films (Ghaicha et al., 1995). From this it can be

assumed that the surfactant-AN nitrate interaction and/or the physical interaction

between interface layers of different droplets associated with IMIDE in Mosspar are

different from those associated with IMIDE in Shellsol.

The effect of type and-concentration of surfactant on Stability
and Rheological properties of explosive emulsions

Nsenda Ngenda Tshilumbu



Results and Discussion 155---------------------------------------------------------

3.4.8.2 Rheological behaviour

o Flow properties

Shear-rate stress measurements were carried out as a function of age for all oil types

over a period of 36 weeks. Flow curves were used to determine the values of yield stress

(Table 3.44,Table 3.45and Table 3.46).The evolution of yield stress values with ageing

as a function of oil type is shown in Figure 3. 61

Table 3.44: Effect of oil type on yield stress with ageing

% Surfactant d, urn Oil type t, week 'ty,Pa
1-17 37.4
19 49.1
21 55

Mosspar 24 66.3
26 75.8
28 80
32 85
36 90

8 10 0-12 39.5
14 48.4
16 56
18 65

Shellsol 20 74
22 80
24 88
26 92
28 94
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Table 3.45: Effect of oil type on yield stress with ageing

% Surfactant d, urn Oil type t, week 'ty,Pa
1-12 21.9
14 31
16 52

Mosspar 22 67
25 73
28 74
31 75

12 0-7 22.8
9 27
10 39.5

Shellsol
11 45.6
12 54.2
13 64.8
14 74

8 15 76
1 -12 15.7

14 20
18 32

Mosspar
21 40
24 50.25
26 60

15 28 65
30 67

0-4 16
5 22.6

Shellsol
6 37.9
7 47
8 58
9 70
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Table 3.46: Effect of oil type on yield stress with ageing

% Surfactant durn Oil type t, week 'ty,Pa
1- 20 31
22 37.4
24 45

Mosspar 26 55
28 63
32 69.7

10 36 75
0-18 31.4
20 38
22 47

Shellsol 26 58
30 68
32 72
36 78

1-15 22
14 17 25.4

19 30
21 39.7

Mosspar
23 45.1
25 59
27 63
30 68

12 33 74
36 76

0-11 22
13 25
15 32

Shellsol 17 49
21 60
23 72
25 74
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Figure 3.65: Yield stress vs ageing as a function of oil type (Pibsa-IMIDE)

From results presented in Figure 3.65 it can be seen that the yield stress as a function of

time increases for both oil types.

o Viscoelastic properties

From the dynamic measurements, the storage and loss moduli were obtained as a function

of amplitude of deformation (amplitude sweep) for samples with all surfactant concentrations

during the ageing period. The values of storage moduli obtained from the above experiments

with time for all samples are listed in Table 3.47 and Table 3.48. The evolutions of storage

modulus with ageing as a function of surfactant concentration are presented in Figure 3. 66.
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Table 3.47: Effect of oil type on storage modulus over ageing (8 % IMIDE)

% Surfactant d, urn Oil type t, week G', Pa

1-17 948
19 1228
21 1375

Mosspar
24 1658
26 1895
28 2000
32 2125
36 2250

10 0-12 953
14 1168
16 1351
18 1568

Shellsol 20 1785
22 1930
24 2123
26 2220
28 2278

1 -12 670
14 775
16 1300

Mosspar 22 1675
25 1825

8 28 1850
31 1875

12 0-7 672
9 775
10 988

Shellsol
11 1140
12 1355
13 1620
14 1850
15 1900

1-12 433
14 500
18 800

Mosspar
21 1000
24 1256
26 1500

15 28 1625
30 1675

0-4 431
5 609

Shellsol
6 1021
7 1266
8 1562
9 1886
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Table 3.48: Effect of oil type on storage modulus over ageing (14 % IMIDE)

% Surfactant d, urn Oil type t, week G', Pa

1- 20 869
22 1048
24 1261

Mosspar 26 1542
28 1766
32 1954

10 36 2102
0-18 887
20 1073
22 1328

Shellsol 26 1638
30 1921
32 2034
36 1950

1-15 670
14 17 635

19 750
21 993

Mosspar
23 1128
25 1475
27 1575
30 1700

12 33 1800
36 1850

0-11 618
13 702
15 899

Shellsol 17 1376
21 1685
23 2023
25 1850
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Figure 3.66: Yield stress vs ageing as a function of oil type (Pibsa-IMIDE)

Results presented in Figure 3.66 clearly show that the storage modulus as a function of time

increases for both oil types.

3.4.9 Conclusion on stability of explosive emulsions with ageing

The stability (ageing) of water-in-oil explosive emulsions under investigation is connected to

the crystallisation of the aqueous phase, which is a super-cooled ANFO-solution. This

process leads to the increase of solid-like properties of the dispersion, which can be

considered as the emulsion-to-suspension transition. Actually, an emulsion becomes a

suspension of solidified droplets. In the process of ageing before crystallisation takes place,

the size of droplets in Pibsa-based emulsions does not change. Any coalescence effects are

therefore excluded. Ageing results in an increase of storage modulus over time. Viscosity

measurements in the downward mode demonstrate plastic-like behaviour with an

appearance of a strongly pronounced yield stress. This is a consequence of partial sol-ta-gel

transition. The rheological data provided information on the structural change during ageing

which was consistent with the microscopic observation and the X-ray analysis. The stability

of explosive emulsions is sensitive to the surfactant type, to the surfactant concentration and

to the oil type with regard to the following trends:
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• Surfactant type: (MEA, UREA)-MEAlSMO-IMIDE-SMO. As previously

mentioned in this study, MEA-based and UREA-based emulsions were still

fresh after 36 weeks of ageing

• Surfactant concentration: for the same type of surfactant, the emulsion with

the lower surfactant concentration was less stable.

• Oil type: IMIDE-based emulsions prepared using Mosspar were more stable

than the ones associated with Shellsol.

The following figures (for droplets with an average size of 10 urn) demonstrate the role of the

surfactant nature:

Surfactant /MIDE MEA/SMO SMO (MEA, UREA)

for 8 % concentration of a surfactant:

Characteristic time,e, week 30 22 5 fresh (36 weeks' ageing)

for 14 % concentration of a surfactant:

Characteristic time, e, week 38 40 6 fresh (36 weeks' ageing)

The role of the droplet size is illustrated by the following figures (surfactant: /M/DE.

Concentration of a surfactant 8 %):

Average droplet size, urn

Characteristic time, e, week

10

30
12

24

15

22

The following figures demonstrate the superiority of the nature of the surfactant on the size of

the droplet

Surfactant SMa /M/DE MEA/SMa (MEA, UREA)

for 8 % concentration of a surfactant:

Characteristic time, e, week 5 (10 urn) 24 (12 urn) 29 (15 urn) fresh (15 urn)

The following figures (for droplets with an average size of 12 urn) demonstrate the superiority

of the nature of the surfactant on the surfactant concentration:

Surfactant /M/DE MEA/SMa (MEA, UREA)

for 8 % concentration of a surfactant:
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Characteristic time, e, week 28 (14 % surf.) 34 (8 % surf.) fresh (8 % surf.)

The role of the oil type is illustrated by the following figures (for droplets with an average size

of 10 urn; surfactant: Imide. Concentration of the surfactant: 8 %):

Oil type

Characteristic time, e, week
Mosspar

30

Shellsol

21

These data are rather representative. Firstly, they show that, above the CMC, the stability of

WIO explosive emulsions is improved by the increase in total surfactant concentration but

this factor does not playa key role. This is in contradiction with some earlier publications

(White et ai., 2004; 2005). At least, the changes in characteristic times are less than the

changes in the surfactant concentration in a continuous phase. This is explained by the fact

that the surfactant molecules do not only form interfacial layers, but are partly dissolved in a

continuous oil phase forming the reverse micelles (Reynolds et ai., 2000; 2001; White et ai.,

2004; 2005). Secondly, the droplet size only slightly influences the kinetics of crystallisation,

increasing the rate of crystallisation with the increase of the droplet size. Thirdly the oil type

also slightly influences the kinetics of crystallisation, increasing the rate of crystallisation with

the change in oil type from Mosspar to Shellsol. And finally, the above clearly shows that the

nature of a surfactant plays a key role in the kinetics of the crystallisation. Indeed, its effect is

sufficiently pronounced to obscure other important factors reported in the literature such as

droplet size (Masalova et ai., 2006; Masalova & Malkin, 2007b) or surfactant concentration

(White et ai., 2004; 2005). This is especially evident in the transition from oligomeric (PIBSA-

based surfactants) to low-molecular-weight surfactants (SMO) or in the transition from

surfactants with a head group rich in secondary amino groups (MEA, UREA) to those poor in

secondary amino groups (IMIDE or SMO). It can be concluded that the surfactant type does

playa key role in the stability of explosive emulsions. Moreover, the changes in the rate of

crystallisation (the changes in the stability of the emulsion) are more strongly expressed than

any possible changes in the interfacial tension. We consider the last fact as rather important.

It seems reasonable to accept it as proof of an active role of a surfactant not only as a

compound responsible for interfacial tension, but also creating physical interaction between

interface layers of different droplets (because, as has been said, crystallisation develops by

interaction of neighbouring droplets) and a droplet surface layer with the matter of a droplet.

On the basis of the results obtained in this study, it appears that:

o The initiation of crystallisation could be strongly dependent on the interactions

between the surfactant head group and the ammonium nitrate solution, while the
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propagation of crystallisation could depend on the reverse micelle type, the reverse

micelle concentration and on the strength of the interface. Indeed the kinetic of

crystallisation has been found to follow the same trend as the interfacial elastic

modulus (see section 3.4.6). The strength of the interface could act as a mechanical

barrier to the propagation of crystallisation throughout the emulsion, while the reverse

micelle might act as both an electrical (due to its electrostatic charge) or steric barrier

(due to the polymeric nature of the surfactant molecules) by reducing the large impact

of the van der Waals attraction, reinforced by the non-ionic nature of the surfactant.

o The high instability of IMIDE-based emulsions compared to other Pibsa-based

emulsions could be due to both its the less intense surfactant-ammonium nitrate

interaction and its low interfacial elasticity. The high impact of van der Waals

attraction associated with this surfactant could play an important role as well. It might

enhance the probability of contact between different contents of droplets, thus

facilitating the propagation of crystallisation from one droplet to another.

Based on conclusions made in this study it can be assumed that:

1. The propagation of the crystallisation throughout the emulsion could be governed by:

o The presence of a mechanical barrier at the interface (strength of the interface).

o The presence of any repulsive potential energy in the thin film between droplets

induced either from the inside of the droplet (presence of a net charge in the droplet)

or from the oily phase (reverses micelles). Indeed, an increase in the positive

potential is expected to reduce the probability of contact· between droplets by

reducing the impact of the Van der Waals attraction.

2. The stability (delay of both initiation and propagation of crystallisation) of W/O explosive

emulsions is governed by several factors, the important ones being:

o the surfactant head group-ammonium nitrate interaction;

o the strength of the interface;

o The reverse micelle structure and the reverse micelle concentration; packing of

reverse micelles in the interdroplet layer, reverse micelle-droplet interaction, reverse

micelle-reverse micelle interaction.

o The ammonium nitrate-surfactant head group interaction could play the most

important role in the stability of explosive emulsions. Indeed, besides its strong

influence on the onset of crystallisation, the ammonium nitrate-surfactant interactions

might affect the strength of the interface through the binding energy of the surfactant
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to the interface. Moreover, the structure of reverse micelles could depend strongly on

this parameter (Reynolds et ai., 2000; 2001)

The two parameters, yield stress and storage modulus, characterise the microstructure of the

dispersions, especially the tendency of emulsions to form the elastic network or the tendency

of solid particles to form aggregates, and the resistance to the break-up of the network or

aggregates. The evolution of the storage modulus follows the same pattern as the evolution

of yield stress with ageing. That is why only one characteristic parameter namely the yield

stress was chosen for the correlation with the kinetic of structural changes (degree of

crystallinity) in the following analysis.

3.4.10 Using rheology in the estimation of degree of crystallinity of the

emulsion dispersed phase

This effect has already been described for a single surfactant by Masalova et al. (2006);

Masalova and Malkin (2007b) and Kharatiyan (2005). However the experimental data

obtained in this work allows us to answer the question about the general character of the

correlation between the yield stress (as the most evident rheological parameter of emulsions)

and the relative degree of crystallinity assumed in Masalova et al. (2006); Masalova and

Malkin (2007b) and Kharatiyan (2005) for different surfactants.

3.4.10.1 Correlation stability-rheology

In emulsion explosives, the yield stress is sensitive to the ageing (to the degree of

crystallinity) of emulsions. The values of yield stress depend on the arrangement of crystals

or, more precisely, of aggregate particles. The effect is enhanced by the irregular shape of

clusters which may cause a blocking of flow (Harzallah & Dupuis, 2003). At rest, crystals are

distributed in irregular shapes and non-uniform-sized aggregates. By increasing the

concentration of crystals, the building of structures can take place and this can result in

stronger resistance to the shear flow. The increase in the yield stress values with ageing

points to an increase in the rigidity of the system and to an increase of the strength of solid

particle (crystal) structure with ageing (Masalova et ai., 2006; Masalova & Malkin, 2007b;

Kharatiyan, 2005). Empirical quantitative relations between the rheological parameters and

characteristic parameters of relative crystallinity have been established by Masalova et al.

(2006); Masalova and Malkin (2007b) and Kharatiyan (2005).
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e = 0.7-r/ + 10 Equation 3.3

Equation 3.4

y=
t 0

l' -1' ()Y Y _ X 0.51 0.461-XCR
max 0 - CR e

Ty -Ty
Equation 3.5

The authors found that the above relations were valid in their experimental window, no

matter what the formulation of the emulsion (dispersed phase volume fraction) was or what

the emulsion droplet size was. However, it is worth mentioning that the above correlations

were established for a single surfactant and a constant surfactant concentration.

3.4.10.2 Correlation between e and -ry0

The characteristic time of the Avrami-Kolmogorov Equation 3.2 for all emulsions used in this

study was plotted against the yield stress of fresh samples and is shown in Figure 3.56.
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Figure 3.67: Relation between characteristic time and minimal value of the yield stress.

As can be seen from Figure 3.65, the relation between characteristic time and the yield

stress of the emulsion at 0 % of crystallinity can be described by the following equations:
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e = 0.7 ry 0 + 6 -----+ 8% surfactant concentration Equation 3.6

e = O.7 ry 0
+ 20 -----+ 14% surfactant concentration Equation 3.7

A general relation can be written as follows

o
8=0.7ry +C, Equation 3.8

where the constant, C, seems to be related to the initial micelle concentration, where e is the

characteristic time of the sample, as defined by the JMAK equation, and ./ is the yield

stress of the fresh sample. The above relations are valid for all droplet sizes and all

surfactant types, except IMIDE. This is probably due to the fact that the dominant source of

elasticity for other Pibsa-based surfactants is the interface, while the van der Waals attraction

could be the main source of elasticity in the case of IMIDE. Indeed, the effect of interfacial

elasticity on the bulk rheology follows the same trend with regard to its effect on emulsion

stability. However, the van der Waals attraction decreases the emulsion stability while

increasing the overall elasticity. Different surfactant concentrations affect only the intercept.

The latter decreases as the surfactant concentration increases. Once again, this could be

due to the fact that an increase in reverse micelle concentration could reduce the impact of

the van der Waals attraction in the thin film separating adjacent droplets. This effect is

expected to reduce elasticity while the stability is improved.

It can be concluded that the characteristic time is an increasing function of the yield stress of

the fresh sample only if the main source of elasticity is the interface. If the impact of the van

der Waals attraction on the overall elasticity is large, the opposite effect might be observed.

3.4.10.3 Correlation between ry max and ry 0

The yield stress of fully crystallised emulsion (maximal yield stress) is plotted against the

yield stress of the fresh sample (minimal value of the yield stress) for all surfactant types, all

surfactant concentrations and all droplet sizes (Figure 3.68).
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Figure 3.68: Maximal yield stress vs minimal yield stress

As can be seen from Figure 3.66, the relation between maximal and minimal yield stress (no

matter what the surfactant type is, what the surfactant concentration is, or what droplet sizes

are used) can be described by the following equation:

Equation 3.9

where ry max is the maximal value of the yield stress (at 100 % of crystallinity), ry 0 is the

minimal value of the yield stress (at 0 % of crystallinity).

It can be concluded that the above relation is valid, no matter what the emulsion formulation is,

what the emulsion droplet size is, what the surfactant type is and what surfactant concentration

is used.

3.4.10.4 Correlation between the relative growth of yield stress Y and XCr

The relative growth of the yield stress during ageing (Y) was calculated using the following

equation:
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y=
~ max 0
~y -Ty

Equation 3.10

where Ty
0 is the yield stress of a fresh sample, Tymax is the yield stress of a fully crystallised

sample, and T/ is the yield stress of a sample aged for t weeks. The evolution of the relative

growth of yield stress with ageing as a function of relative crystallinity for all samples (all

surfactant types, all surfactant concentrations, all droplet sizes and, both oil types) is

presented in Figure 3.67.
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Figure 3.69: Relative growth of the yield stress vs relative crystallinity

The dependence of the relative yield stress on the relative crystallinity for all surfactant types,

all surfactant concentrations, all droplet sizes and for both oil types can be described by the

equation:

t 0

Y = Ty - 'ry = X 0.51 0.46(l-XCR)
rna 0 a e ,

'ry -'ry

where 'ry
0 is the yield stress of the fresh sample, 'rymax is the yield stress of the fully

Equation 3.11

crystallised sample, T/ is the yield stress aged for a sample of t weeks, and XCr is the relative
crystallinity.
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One can see that this fitting equation is equivalent to one obtained by Masalova et al. (2006);

Masalova and Malkin (2007b) and Kharatiyan (2005) for a single surfactant. This equation

therefore is of general value for the description of the evolution of rheological properties for

different explosive emulsions during their ageing.

This equation allows one to predict rheological behaviour on the basis of the kinetics of

crystallisation and vice versa.
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CHAPTER4

SUMMARY AND CONCLUSION

The rheological properties of highly concentrated water-in-oil explosive emulsions (emulsions

in which the dispersed droplets are super-cooled aqueous solutions of mainly ammonium

nitrate salt in water and are deformed from the optimal spherical shape by the presence of

neighbours); the effect of the surfactant type, the effect of the surfactant concentration on

rheological properties of the emulsion; and the influence of emulsion formulation on its

stability with ageing were investigated experimentally, and the results were used in the

estimation of the sensitivity of the rheological parameter (namely yield stress) to the

structural changes in the emulsion (crystallisation process) during ageing.

The relative crystallinity of the materials during ageing was analysed using a Brucker D8 X-

ray powder diffractometer with Cu radiation.

The bulk rheological measurements were carried out using a rotational dynamic rheometer

MCR 300 (Paar Physica). Samples of different surfactant types (Pibsa-MEA, Pibsa-UREA,

Pibsa-IMIDE, SMO and SMO/Pibsa-MEA) and different surfactant concentrations were

studied. The first three surfactants belong to the same type of chemical compounds, though

with different end groups, and they can be treated as oligomers, while SMO is a monomeric

surfactant. It is also worth mentioning that the droplet size distributions for all samples under

investigation were Gaussian and, practically, did not depend on the nature or concentration

of the used surfactant. The bulk rheological measurements included the following:

o Flow curves including yield stress;

o Strain amplitude dependence of the components of dynamic modules.

A system of parameters characterising the bulk rheological properties of the samples under

investigation was obtained.

All the above bulk rheological factors are connected with the structure of the oil film network

of the emulsions under investigation; different forces induced in the interdroplet layer

(surfactant-surfactant interaction, ion-fluctuation within the droplets, surfactant-electrolyte

interactions); as well as with the content of crystals (solid particles) of the ammonium nitrate

solution of the super-cooled phase, which appears to increase during ageing. The

dependence of the relative growth of the yield stress on relative crystallinity was found to be
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uninfluenced by the type of surfactant, surfactant concentration and the size of droplets used

for this study.

It has been shown that the total amount of surfactant used in this study is far in excess of the

amount adsorbed at the oil/water interface, even for the lowest surfactant concentration. This

was an indication that the majority of Pibsa-based surfactants is in the form of spherical

reverse micelles in the oily phase, and dissolved in the oil phase. Rather fewer occur as a

monolayer at a flat aqueous-oil interface (White et aI., 2004; Reynolds et aI., 2000; 2001).

Moreover, it was found that different types of surfactant yield different interfacial properties.

Indeed, both the interfacial tension and the dilatational elastic modulus were found to

decrease according to the sequence MEA-UREA-MEA/SMO-IMIDE-SMO. The important

finding in this study was the rather close values of the interfacial properties (interfacial

tension and the interfacial elastic modulus) of all the Pibsa-based surfactants and their non-

dependence on surfactant concentration.

The typical rheological behaviour was investigated and existence of the yield stress and strong

non-Newtonian behaviour at high shear stresses were observed.

It was established that the surfactant type and surfactant concentration affect rheological

properties of explosive emulsions. In fact, both the elastic modulus and the yield stress

decrease in the following order: MEA-IMIDE-UREA-MEA/SMO, whereas they decrease as the

surfactant concentration increases. However, the sensitivity of the rheological parameters to

the type or concentration of surfactant was found to decrease as the droplet size increases.

The changes in rheological parameters have been found to be much more strongly expressed

than any changes in interfacial tension (e.g. an increase in surfactant concentration decreases

the storage modulus and the yield stress, while the interfacial tension remains constant). This

last fact was considered as rather important. It seemed reasonable to assume that it provided

proof of an active role of a surfactant, not only as a compound responsible for the interfacial

tension, but also as creating additional sources of elasticity.

The research indicated that, in the linear regime, the dimensionless elastic moduli do not

collapse on a single master curve. Indeed, with other factors such as electrolyte

concentration, phase ratio, surfactant concentration and the nature of the external phase

being kept constant, IMIDE-based emulsions, for example, showed very high dimensionless

elastic moduli compared to other Pibsa-based emulsions. Moreover, it was found that an

increase in surfactant concentration does not affect the intrinsic elasticity of the droplets (the
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capillary pressure). It decreases only the magnitude of the additional elasticity. Bearing in

mind the rather close values of the interfacial elastic modulus of all the surfactants used and

the non-dependence of this factor on the surfactant concentration, the above observations

were indications that the interaction potential between droplets (physical interaction between

interface layers of different droplets and a droplet surface layer with the matter of a droplet)

does playa key role in generating additional sources of elasticity in the system.

The rheological properties of concentrated emulsions are governed by the different forces

that occur in the system, which, in turn, depend on the thickness of the interdroplet layer (thin

film between droplets), on surfactant type and on surfactant concentration. In the particular

case of the Pibsa-based emulsion explosives used in this study, the dominant interaction

energy between droplets could be due to van der Waals attraction because of the non-ionic

character of surfactants (Alvarez et a/., 2006; Bibette et a/., 1999; Baravian et a/., 2006;

Quintero et a/., 2008). Moreover, ion-fluctuation within the aqueous droplets could give rise to

an additional attractive potential energy in the thin film between droplets, similar to the van

der Waals interaction between neutral atoms (Sheng et a/., 2004; Tsao et a/., 2002). This

electrostatic attraction is insensitive to the ion concentration and consists of contributions

from various induced multipole-multipole interactions, including dipole-dipole, dipole-

quadrupole, dipole-octupole, and quadrupole-quadrupole interactions (Sheng et a/., 2004).

On the other hand, because of the polymeric nature of the surfactants and the presence of

AN in their core (Reynolds et aI., 2000; 2001), reverse micelles might induce both steric and
,

electrostatic repulsive forces (Ganguly et a/., 1992), whereas the separation of charges

induced by surfactant-electrolyte interaction (Ashok et a/., 1991; Ganguly et et., 1992) could

give rise to electrostatic repulsions between adjacent droplets, similar to the repulsions

between permanent dipoles.

In summary: above the CMC the influence of surfactant concentration on the rheological

behaviour for our emulsions was qualitatively different from the effect of surfactant type. All

changes observed may be understood by taking into account that changing of the surfactant

type gives rise to a modification of interfacial properties (interfacial tension and interfacial

elasticity) and could affect the pair potential energy in the thin film between adjacent droplets.

In fact, because of the differences in their head groups, it seemed reasonable to assume that a

change in surfactant type can affect the AN-surfactant interaction, the physical interaction

between interfacial layers of different droplets, the interaction between reverse micelles and

droplets and the distribution of ions within the droplets (number of ions involved in the
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formation of hydrogen-bonded species with the surfactant, ion-fluctuation or the magnitude of

the dipole moment of the droplet). On the other hand, the variation of surfactant concentration

leads only to the changes in reverse micelle concentration, the quality of the monolayer with

interfacial properties remaining the same. Therefore the surfactant concentration can affect

only the potential energy in the thin film. It must, however, be emphasised that, in both cases,

the thickness of the interdroplet layer may undergo slight changes due to modification in the

molecular forces across the film (interactions between surfaces of adjacent droplets and/or

interactions reverse micelle-droplet or reverse micelle-reverse micelle).

The rheological properties of the compressed emulsions under investigation depended

sensitively on the intrinsic elasticity of the droplets and the pair potential energy in the thin

film, and could depend on the interfacial elastic modulus. The elasticity of droplets and the

degree of deformation are controlled by their internal pressure (Laplace pressure) and the oil

film network structure, whereas, above the CMC, the strength of the interface could be

controlled mainly by the surfactant-AN interaction. On the other hand, the reverse micelle

concentration, the distribution of ions within the droplet and the van der Waals attraction

could control the pair potential energy in the thin film between droplets. The dilatational

elastic modulus, the ion-fluctuation and the van der Waals attraction (reinforced by the non-

ionic nature of the surfactant) could indeed act as sources of additional elasticity. It is worth

mentioning that any increase in electrostatic or steric repulsive forces in the system (e.g. an

increase in reverse micelle concentration) could reduce the contribution of the van der Waals

attraction to the overall elasticity. The balancing repulsive-attractive forces could be one of

the major factors which might determine the magnitude of the additional elasticity in the

explosive emulsions. As mentioned before, the tails of oligomeric surfactants used in this

study are the same. Therefore the possible differences in the conformations, in the

distribution of ions within the droplets, and in the reverse micelle structure will have

depended mainly on the AN-surfactant interaction (because, as we have said, emulsions

prepared with different surfactants were tested under the same environmental conditions). It

seemed reasonable to assume that the balancing attractive-repulsive forces (the interaction

potential between droplets) is controlled by the AN-surfactant interaction. A high level of

surfactant-AN interaction is expected to increase repulsive forces in the system. The strong

deviation of the IMIDE-scaled elastic modulus in comparison with other surfactants could be

an indication of the highest impact of attractive forces (ion-fluctuation and van der Waals

forces) due to the expected low magnitude of AN-surfactant interaction.
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The stability of emulsion explosives was connected with the crystallisation of the aqueous

phase, which was a super-cooled ANFO-solution. A qualitative investigation of the

crystallisation process as a function of surfactant type was performed using an optical

microscope. The results showed the crystals as a mixture of stone-like and needle-like forms,

whereas the droplets of emulsions were much smaller than the suspended crystals. These

results can be understood in that, no matter what type of surfactant was used, the crystals

did not grow from different independent centres, but by single crystals breaking through the

boundaries of the droplets to occupy several separate droplets. The quantitative measure of

the crystallisation rate showed that the kinetics of crystallisation was sensitive to both the

surfactant type and surfactant concentration:

o The experimental data showed that the stability of W lO explosive emulsions is

improved above the CMC by an increase in total surfactant concentration, but this

factor does not playa key role. At least, the changes in characteristic times were less

than changes in the surfactant concentration in a continuous phase. This is explained

by the fact that the surfactant molecules do not form interface layers only, but are

partly dissolved in a continuous oil phase forming the reverse micelles (Reynolds et

al., 2000; 2001; White et al., 2004; 2005).

o The droplet size only slightly influences the kinetics of crystallisation, in increasing

the rate of crystallisation with the increase of the droplet size.

o The nature of a surfactant does influence the kinetics of crystallisation according to

the following trend: MEA-UREA-MEAlSMO-IMIDE-SMO. It was clearly demonstrated

that this parameter plays a key role in the kinetics of crystallisation (in the stability of

explosive emulsions). Indeed, its effect has been found to be so pronounced as to

obscure other important factors reported in the literature, such as droplet size

(Masalova et a/., 2006; Masalova & Malkin, 2007b) or surfactant concentration

(White et ai., 2004; 2005). This was especially evident in the transition from

oligomeric (PIBSA-based surfactants) to low-molecular-weight surfactants (SMO), or

in the transition from surfactants with a head group rich in secondary amino groups

(MEA or UREA) to the ones poor in the latter groups (IMIDE or SMO). Moreover, the

changes in the rate of crystallisation (the changes in the emulsion's stability) are

more strongly expressed than any possible changes in the interfacial tension. We,

again, consider this a rather important fact. It confirms the active role of a surfactant

not only as a compound responsible for interfacial tension, but also as creating the

physical interaction between interface layers of different droplets (because, as was

said, crystallisation develops by the interaction of neighbouring droplets) and a

droplet surface layer with the matter of a droplet.
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o X-ray diffraction demonstrated the interconversion of phase II and phase IV during

the crystallisation of Pibsa-based explosive emulsions at room temperature. The

formation of a more disordered phase (Phase II) at room temperature in Pibsa-based

emulsions was assumed to be an additional proof of the strong influence of both the

surfactant-electrolyte interaction and the physical interaction between interface layers

of different droplets on the stability of explosive emulsions. A strong surfactant-

ammonium nitrate interaction and/or a strong repulsion between different droplets

introduce an inhibiting force in the formation of organised phases (because the AN-

surfactant introduces charge separation inside the droplet and a strong repulsive

force between droplets can avoid a weakening of the surfactant-electrolyte

interaction due to coalescence). Transitions involving phase III were absent, probably

because of the low level of water in the system.

It has been found reasonable to assume that the initiation of crystallisation is strongly

dependent on the AN-surfactant interaction and on the physical interaction between interface

layers of different droplets. On the other hand, the propagation of crystallisation from one

droplet to another could depend on the strength of the interface (mechanical barrier) and/or

on micelle type and micelle concentration (electrical and/or steric barrier). Among the three

Pibsa-based surfactants used in this study (same hydrophilic tail), the ammonium nitrate-

surfactant head group interaction could play the most important role in the stability of

explosive emulsions. Besides its strong influence on the onset of crystallisation (the higher

the AN-surfactant interaction, the more stable the emulsion), the degree of ammonium

nitrate-surfactant interaction could strongly influence the binding energy of the surfactant to

the interface and thus the strength of the interface. The structure of reverse micelles could

depend strongly on this parameter and the formation of phase II at room temperature could

be promoted by this parameter. The results of ageing involving all the non-ionic surfactants

suggested that the stability of explosive emulsions is governed by both the AN-surfactant

interaction and the (steric and/or electric barrier) balancing repulsive forces-attractive forces

(van der Waals attraction). Indeed, the length of the hydrophobic tail and the presence of

secondary amines in the core can be considered as the two parameters that strongly

influence surfactant ability in stabilising explosive emulsions.

It has been found that the length of the hydrophobic tail and the presence of secondary

amines in the core are two parameters that strongly influence the surfactant ability in

stabilising explosive emulsions.
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The process of ageing leads to an increase in solid-like properties of the dispersion that can

be considered as the emulsion-to-suspension transition. Actually, the emulsion becomes a

suspension of solidified droplets. This transition is incomplete because these very

concentrated dispersions store the possibility of flow. In the process of ageing, before the

crystallisation takes place, the size of droplets does not change. Any effect of coalescence is

therefore excluded. Ageing results in an increase in the storage modulus over time. Flow

curves measured in the downward mode demonstrated plastic-like behaviour with a strongly

pronounced yield stress. This also is a consequence of partial sol-ta-gel transition. The

kinetics of crystallisation corresponds to the evolution of plastic behaviour (characterised by

the yield stress) of the emulsion.

It has been established that:

o For the same surfactant concentration, the rate of the crystallisation process

(characteristic time of the crystallisation process) depended on the value of the yield

stress of the fresh sample, no matter what the surfactant type and/or the oil type

and/or what the droplet size used in our investigation. Except for IMIDE-based

emulsions, it was found that the more stable emulsion formulations were those

corresponding to the highest values of yield stress. This is probably due to the fact

that the dominant source of elasticity for other Pibsa-based surfactants is the

interface, while the van der Waals attraction could be the main source of elasticity in

the case of IMIDE. The effect of interfacial elasticity on the bulk rheology was found

to follow the same trend as on emulsion stability in contrast to the van der Waals

attraction, which decreases emulsion stability while increasing the overall elasticity.

o There was a linear relationship between the maximal (of fully crystallised emulsion)

and minimal (of fresh material) values of yield stress, no matter what the surfactant

type and/or what the surfactant concentration and/or what the droplet size used in our

investigation;

o The relative growth of the yield stress during ageing was related exponentially to the

relative crystallinity, no matter what the surfactant type and/or what the surfactant

concentration and/or what the emulsion droplet size used in our investigation. The

fitting equation is equivalent to the one obtained in Masalova et al. (2006); Masalova

and Malkin (2007b) and Kharatiyan (2005) for a single surfactant:

max = 52 1 5 0ry + . ry Equation 3.12

e = 0.7r/ + C (C = 6 and 20 respectively for 8 % and 14 %) Equation 3.13
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t 0
y = ry - ry = X 0.51 0.46(I-XCR)

max 0 CR e
ry -ry

Equation 3.14

It is possible to see that the degree of crystallinity in the ageing of emulsions really is a

unique measure of the rheology of these emulsions. These equations therefore are of a

general value for the description of the evolution of rheological properties for different

explosive emulsions in their ageing.

These equations allow one to follow the structural changes by the structural characteristic,

namely yield stress, and to predict the degree of crystallinity of the sample stored for some

time by measuring the yield stress of fresh emulsion and the yield stress of stored emulsions;

or to predict the time when the emulsion will reach a certain degree of crystallinity by

measuring the yield stress of the fresh sample.

The following aspects were not covered in this thesis and should be investigated:

o The effect of the type and concentration of surfactant on the surfactant-electrolyte

interaction;

o The effect of the type and concentration of surfactant on the initiation of

crystallisation;

o The effect of the ammonium nitrate concentration on rheological properties and

ageing of explosive emulsions; and

o The effect of the type and concentration of surfactant on the structural parameters of

the micellar solution of the continuous phase (micellar concentration, size, electrical

charge, etc.).
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APPENDICES

APPENDIX A: Effect of surfactant concentration on rheological properties of explosive

emulsions
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Figure A.1: Effect of surfactant concentration on storage modulus of explosive emulsions
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Figure A.11: Flow curves of the emulsions with different surfactant concentrations
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APPENDIX 8: Effect of type and concentration of surfactants on interfacial properties

of explosive emulsions and determination of CMC
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APENDIX C: Effect of surfactant type on the stability of explosive emulsions
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Figure C.1: Storage modulus dependence on strain amplitude for fresh and aged samples

(8 % SMO/Pibsa-MEA in Mosspar for d = 10 1J1l1)
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Figure C.2: Flow curves of fresh and aged emulsions

(8 % SMO I Pibsa-MEA for droplet size 10 1J1l1).
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APENDIX 0: Effect of surfactant concentration on the stability of explosive emulsions
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Figure C.3: Storage modulus dependence on strain amplitude for fresh and aged samples

(14 % Pibsa-IMIDE in Mosspar for d = 10 um)
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Figure C.4: Flow curves of fresh and aged emulsions

(14 % Pibsa-IMIDE for droplet size d = 10 um),
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APPENDIX E: Effect of oil type on the stability of explosive emulsions
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Figure C.S: Storage modulus dependence on strain amplitude for fresh and aged samples

(14 % Pibsa-IMIDE in Mosspar for d = 10 urn)
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Figure C.6: Flow curves of fresh and aged emulsions

(8 % Pibsa-IMIDE for droplet size 10 urn).
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