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Preface

The rheology (flow characteristics) of dispersions of both solid/liquid (suspen-
sions) and liquid/liquid (emulsions) types is applicable to many industrial situa-
tions, including paints, printing inks, paper coatings, ceramics, cosmetics, food
systems, pharmaceutical and agrochemical formulations, and liquid detergents.
In all of these complex multiphase systems it is necessary to control the rheology
of a formulation during its preparation, to maintain its long-term physical stability,
and during its application. The requirements for a good paint formulation illus-
trate these points very well: a paint may consist of polymer particles (latexes) and
pigments that must be maintained in a colloidally stable state not only in the
formulation but also on coating, to produce a uniform film. In storage, the paint
formulation should not show any sedimentation of the pigments, there should be
no separation (syneresis), and it should produce a weak gel that is thixotropic in
nature. This means that, on application, the gel structure must be broken under
shear so as to produce a uniform film, but recovered within a controlled time scale
so as to prevent the paint from dripping. But, if the gel structure is recovered too
quickly after application, the paint film will show brush marks! In order to achieve
such behavior on both storage and application, rheology modifiers—which some-
times are referred to as “thickeners” or “gels”—must be incorporated into the
formulation. Today’s research chemist, when formulating a chemical product,
must understand the basic principles of rheology and how to control the various
parameters of the system so as to achieve a desired effect. In addition, the formula-
tion chemist must design accelerated tests to predict any changes that might occur
in the system during storage. Rheological measurements represent the most pow-
erful tools for such predictions, as the formulation can be investigated without
dilution or disturbing its structure.

This book is targeted at research scientists, both in industry and in academic
institutes. Following a brief introduction (Chapter 1) which highlights the scope
of the book, Chapter 2 is dedicated to understanding the colloidal properties of
dispersions, where the theories of colloid stability—both for electrostatically and
sterically stabilized dispersions—are briefly summarized. This is followed by a
description of the conditions required for the stability/instability of a dispersion,
with particular attention being paid to the states of suspensions and emulsions on
standing. The various breakdown processes are described and analyzed in terms
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Preface

of the interaction forces between the particles or droplets. Chapters 3 and 4
describe the basic principles of rheology, and the experimental techniques that
can be applied to investigate the rheological properties of a system. In this case,
it was convenient to separate the basic principles into two chapters. First, the
steady-state principles (high deformation measurements) are outlined in Chapter
3, whereby a constant and increasing shear rate is applied to a system (which may
be placed in the gap between concentric cylinders, parallel plates, or cone and plate
geometry), after which the stress and viscosity are obtained as a function of shear
rate so as to distinguish between Newtonian and non-Newtonian systems. The
flow curves of shear stress versus shear rate can be fitted to various models, and
particular attention is given to the reversible time-dependence of viscosity (thixot-
ropy and negative thixotropy). Chapter 4 provides details of viscoelastic behavior
(low-deformation measurements), with descriptions of three methods (that are
equivalent, but not identical) which can be applied: (i) strain relaxation after the
sudden application of stress (constant-stress or creep measurements); (ii) stress
relaxation after the sudden application of strain; and (iii) dynamic (oscillatory)
techniques. The models that can be applied to describe each of these measure-
ments are briefly outlined. In this way, various rheological parameters can be
obtained, such as creep compliance, residual (zero) shear viscosity, relaxation time,
storage (elastic) and loss (viscous) modulus. Each of these parameters is important
for controlling the physical stability of the dispersion, as well as predicting its
long-term stability. Chapter 5 describes the rheology of suspensions, with four
basic systems being outlined. The first of these is hard-sphere dispersions, where
both repulsion and attraction are screened (neutral stability). In this case, the
rheological behavior is simple as it depends only on the balance between Brownian
diffusion and hydrodynamic interaction. These hard-sphere dispersions form the
basis of the development of theoretical treatments of the rheology of suspensions.
The second system is that of “soft” (electrostatic) interaction, where rheology is
determined by double-layer repulsion. For this, models are available to relate some
of the rheological parameters such as the high-frequency modulus to the double-
layer repulsion energy of interaction. The third category is that of sterically stabi-
lized systems which contain adsorbed or grafted nonionic polymers. In this case,
the rheology is determined by the steric repulsion of the adsorbed or grafted
chains. It is also possible to relate the high-frequency modulus to the steric interac-
tion energy. Finally, flocculated and coagulated systems, where the rheology is
determined by the van der Waals attractions, can be used to distinguish between
weak (reversible) and strong (irreversible) systems. The rheology of these floccu-
lated systems is complicated, as they are under nonequilibrium, and only semi-
empirical models are available for this purpose. The use of a fractal dimension
concepts allows information to be obtained on the structure of flocculated systems.
Chapter 6 deals with the rheology of emulsions. It starts with a discussion of
interfacial rheology and how this can be correlated with emulsion stability. The
bulk rheology of emulsions is described at a fundamental level with special refer-
ence to the analysis of the rheology of concentrated emulsions and the effect of
droplet deformability. A section is devoted to the rheology of high internal phase
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emulsions (HIPE). Chapter 7 provides information on the rheology of modifiers,
thickeners and gels, with various systems being described ranging from physical
gels (obtained simply by an overlap of the polymer coils) to associative thickeners
(hydrophobically modified polymers), crosslinked polymers, and particulate gels
(including swellable clays and silica gels). One important rheology modifier that
is used in many cosmetic creams and liquid detergents is based on surfactant
liquid crystalline phases. In Chapter 8, the various rheological methods that can
be applied to assess and predict the long-term physical stability of dispersions are
described, with practical examples being given to illustrate the validity of these
methods.

Although this book is by no means comprehensive, its aim is to provide both
the fundamentals and applications of the rheology of dispersions. It should serve
as a valuable text for those scientists in industry who deal regularly with the for-
mulation of chemicals, and also as an introduction to those research workers
investigating the rheology of dispersions.

February 2010 Tharwat Tadros






1
General Introduction

Several types of disperse system may be defined, depending on the nature of the
disperse phase and medium; these are summarized in Table 1.1.

The present book deals with the rheology of three main disperse systems,
namely solid in liquid (suspensions), liquid in liquid (emulsions), and liquid in
solid (gels). It is essential to define the dimensions of the particles or droplets of
the internal phase. Systems where such dimensions fall within 1nm to 1000nm
(1um) are classified as “colloidal systems,” whereas those which contain particles
or droplets larger than 1um are outside the colloid range. However, in both cases,
the property of the system is determined by the nature of the interface which sepa-
rates the internal phase from the medium in which it is dispersed. Clearly, with
colloidal systems the interfacial region presents a significant proportion of the
whole system. The structure of the interfacial region determines the properties of
the system, and in particular the tendency of the particles to form aggregate units
or to remain as individual particles.

Two main types of interfacial structure may be distinguished. The first type
occurs with charged interfaces, whereby a double layer develops as a result of the
presence of a surface charge which is compensated near the interface by unequal
distribution of counter-ions and co-ions. At the interface, there will be an excess
of counter-ions and a deficiency of co-ions. This picture of the double layer has
been introduced by Gouy and Chapman [1, 2], and is referred to as “the diffuse
double layer.” Later, Stern [3] introduced a modified picture whereby the first layer
of the counter-ions is regarded to be fixed (due to specific adsorption) and the rest
of the double is diffuse in nature. In this way, Stern defined a potential y, at the
center of the first fixed layer; this potential may be close to the measurable elec-
trokinetic or zeta potential. A modification of the Stern picture was later intro-
duced by Grahame [4, 5], who considered two planes: an inner Helmholtz plane
(IHP) at the center of the counter-ions that lose their hydration shell (chemisorbed
counter ions); and an outer Helmholtz plane (OHP) at the center of the physically
adsorbed counter-ions with their hydration shell. As will be seen in Chapter 2, the
extension of the double layer depends on the concentration of counter-ions and
co-ions, as well as their valency. At low electrolyte concentrations (<102 moldm™
for 1:1 electrolyte and (<107 moldm™ for 2:2 electrolyte), the double layer is suf-
ficiently extended.
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1 General Introduction

Table 1.1 Types of disperse systems.

Disperse phase Disperse medium Type

Solid Liquid Suspension
Liquid Liquid Emulsion
Liquid Solid Gel

Liquid Gas Aerosol
Gas Liquid Foam

Solid Solid Composite

As will be discussed in detail in Chapter 2, when two particles or droplets with
their extended double layers (at low electrolyte concentration) approach each other
to a distance of separation at which the diffuse parts of the double layers begin to
overlap, a strong repulsion occurs as the double layers can no longer develop
unrestrictedly. This repulsion decreases exponentially with the decrease in the
distance of separation h between the particles or droplets. The magnitude of the
repulsive energy, Gg, at any separation distance h increases with a decrease in
electrolyte concentration and a decrease in the valency of the electrolyte.

In addition to the repulsive energy described above, the particles or droplets in
a dispersion have an attractive energy, sometimes referred to as van der Waals
attraction, G,, which is universal to all disperse systems. The main contribution to
the van der Waals attraction is the London dispersion energy, and expressions have
been derived by Hamaker [6] for G, (as will be discussed in detail in Chapter 2).

The combination of G4 and G, results in the well-known theory due to
Derjaguin-Landau—Verwey—Overbeek (DLVO [7, 8]; this is discussed in detail in
Chapter 2). The DLVO theory predicts the presence of an energy barrier at inter-
mediate distances of separation between the particles that prevents flocculation of
the dispersion. The height of the barrier depends on the surface or zeta potential,
the electrolyte concentration, and the particle radius.

The second type of interfacial structure arises when surfactants and/or macro-
molecules are adsorbed at the particle surface. With surfactant molecules consist-
ing of few units, adsorption simply occurs with one part of the molecule being
preferentially attached to the particle surface. For example, with ionic surfactants
adsorbed onto charged surfaces, an electrostatic attraction occurs between the
charged head groups of the surfactant molecule and the charged sites on the
surface. The surfactant molecules may adopt either horizontal or vertical orienta-
tions. With nonionic surfactants, such as alcohol or alkyl phenol ethoxylates, the
alkyl or alkyl phenyl chain may become adsorbed onto a hydrophobic surface,
leaving the poly(ethylene oxide) (PEO) chain dangling in solution.

With polymer molecules consisting of a large number of units, the adsorbed
molecule adopts different configurations depending on the concentration, the
molecular weight of the polymer, and its structure (e.g., flexibility, branching, etc).
The most general configuration is that whereby a number of units become attached



1 General Introduction

to the surface, in so-called “trains,” with loops in between and tails at the ends of
the chain. However, with block copolymers of the A-B or A-B-A type (where B
represents the “anchor” chain that is strongly attached to the surface by small loops
and A is the stabilizing chain), the polymer can adopt a configuration whereby the
B chain becomes strongly attached to the surface, leaving one or two A chains
(which are strongly solvated by the molecules of the medium) that provide a strong
steric repulsion; in this way, a very stable dispersion is produced.

When two particles or droplets which have a radius R and contain adsorbed
layers with thickness & approach each other to a surface-to-surface distance h that
is less than 26, a strong repulsion will occur as a result of two main effects [9].
When the layers begin to overlap, the segment density in the overlap region
becomes larger than the rest of the layer, and this results in an increase in the
osmotic pressure in this region. Provided that the stabilizing chains are in good
solvent conditions, this increase in osmotic pressure resists any overlap of the
layers (unfavorable mixing of the stabilizing chains) and results in a strong repul-
sion that is given by G, (which has a positive sign). As a result, solvent diffuses
to the overlap region, thus separating the particles or droplets. The second repul-
sive energy arises from the loss of configurational entropy of the chains on sig-
nificant overlap; this is referred to as elastic interaction, G,. A combination of G,
and G, gives the total steric interaction free energy which, when added to the van
der Waals attraction, causes the energy—distance curve to show a shallow minimum
at separation distances comparable to 28; moreover, when h < 28 a strong repul-
sion will occur with a further decrease of h.

As mentioned above, the structure of the interfacial region determines the
interaction between particles in a disperse system. For example, with systems
containing double layers or adsorbed layers of surfactants or polymers, an interac-
tion will lead to a repulsion as soon as the double layers or the adsorbed layers
begin to overlap. This repulsion leads to a colloidally stable system. On the other
hand, if the repulsive energy is not sufficiently large, then the van der Waals attrac-
tion will dominate the interaction and an aggregated system will result. These
interactions determine the flow characteristics (theology) of the disperse systems.

The main objective of this book is to describe the rheology of dispersions in
terms of the various forces between the particles or droplets. The rheology of a
dispersion is determined by the balance of three main forces [10-12]: Brownian
diffusion; hydrodynamic interaction; and surface forces (repulsive or attractive).
For this reason, Chapter 2 will be dedicated to describing these interaction forces,
and how these can be controlled in practice. As will be seen, four different types
of interaction must be considered:

e Hard-sphere interaction, whereby both the repulsive and attractive forces are
screened (this is sometimes referred to as “neutral stability”). In this case, the
rheology of the dispersion is determined by the balance between Brownian
diffusion and hydrodynamic interaction. This simplifies the analysis and, as
will be seen in Chapter 3, theories are available to describe the variation of
relative viscosity 1), with the volume fraction ¢ of the dispersion.

3
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1 General Introduction

e Systems with “soft” (electrostatic) interaction with extended double layers. As
will be seen in Chapter 3, the rheology of the dispersion will be determined by
the double-layer repulsion.

e Systems with steric interaction—that is, containing adsorbed surfactant or
polymer layers. In this case, the rheology of the dispersion is determined by
the steric repulsion.

o Systems where the net interaction is attractive; in this case, it is possible to
distinguish between weak and strong flocculation, depending on the magni-
tude of the attraction.

Particular attention will be given to concentrated systems and the formation of
three-dimensional (3-D) structural units that determine the rheology of disper-
sions. These structural units are the result of the balance between the various
interaction forces. In addition, the effect of gravity must be considered, since the
presence of dense particles with diameters larger than the colloid range may result
in the settling and formation of hard sediments. The latter must be prevented
when dealing with suspensions.

Investigations of the rheology of dispersions are very important in many indus-
trial applications such as:

Paints: The rheological characteristics of any paint formulation is important, both
for its long-term stability as well as on application.

Printing inks: The flow behavior of inks (e.g., ink jets) is crucial for its application.

Paper coatings: These mostly consist of suspensions which need to be applied at
high shear rates. Shear thickening (dilatancy) must be prevented under these
conditions.

Ceramics: These are suspensions with a high volume fraction (approaching
maximum packing), and control of their rheology for molding and casting is
crucial.

Cosmetics: Most cosmetic formulations consist of emulsions or suspensions and
their mixtures. The control of their rheology is crucial for long-term stability
and application (skinfeel).

Food industry: Most products used in the food industries, such as mayonnaise,
salad creams, and desserts require an accurate control of their rheology for good
texture and mouthfeel.

Pharmaceutical formulations: These include emulsions, suspensions, creams, and
gels. The control of rheology is crucial for long-term physical stability and appli-
cation, especially for injectables and topical applications.

Agrochemical formulations: These consist mostly of concentrated suspensions
and emulsions. To control the rheology of the formulation is important for the
long-term physical stability, as well as applications in the spray tank.
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Liquid detergents: These consist of concentrated surfactant solutions in which
solids such as phosphates and silicates are dispersed. Rheology modifiers are
required to prevent separation and facilitate dispersion on dilution.

At a fundamental level, it is important to relate the bulk rheology of dispersions
to the interaction forces between the particles or droplets. Some progress has been
made as a result of the possibility of directly measuring the interaction energies
between macroscopic bodies, using for example the surface force apparatus and
the technique of atomic force microscopy (AFM).

Within this book, the text is organized as follows. In Chapter 2, attention is
focused on the colloidal aspects of dispersions, both of the solid-liquid (suspen-
sions) and liquid-liquid type. The three main energies involved—namely, double-
layer repulsion, steric interaction, and van der Waals attractions —will be considered.
A combination of these energies provides energy—distance curves that can be used
to describe the stability/flocculation of dispersions. The different states of suspen-
sions and emulsions will also be described, highlighting the structure of the
concentrated dispersions that are produced on standing. Particular attention will
also be given to the sedimentation of suspensions and creaming of emulsions.
The flocs that can be produced as the result of a lack of stability are described, and
both strong and weak flocculation can be distinguished in these dispersions. Sub-
sequently, Chapters 3 and 4 describe the basic principles of rheology in relation
to both steady-state and viscoelastic behaviors, and also provide details of the
experimental techniques that may be applied for their investigation. Rheology is
well recognized as the study of the deformation and flow of matter. Typically,
steady-state measurements are carried out using shear rate-controlled rheometers,
where the shear is gradually increased while simultaneously measuring the stress
produced, so as to produce flow curves of shear stress and viscosity versus shear
rate. The curves obtained may then be analyzed by using different models, so as
to produce the various rheological parameters such as yield value, viscosity, and
shear thinning index. The viscoelastic measurements (which are referred to as
“low-deformation measurements”) are carried out using highly sensitive rheom-
eters that are capable of applying low torques (stress) or oscillation at a variety of
amplitudes and frequency. For this, three main types of investigation can be
applied: (i) strain relaxation after the application of constant stress (referred to as
“creep measurements”); (ii) stress relaxation after a sudden application of strain;
and (iii) dynamic or oscillatory techniques. In the latter case, a sinusoidal strain
(with amplitude ) or stress (with amplitude o,) is applied at a frequency w
(rads™), and the sign waves of strain and stress (or stress and strain) are compared
so as to obtain the phase angle shift, 8. In this way, the various rheological param-
eters can be obtained as a function of amplitude and frequency, and the elastic
and viscous components of the system thus obtained, with a variety of models
being used to analyze the results. The basic laws that govern the rheology of a
dispersion are also described, whilst avoiding—as much as possible—the use of
complex mathematical analyses. The rheology of suspensions is discussed in
Chapter 5, by describing the four main forces—hard-sphere, electrostatic, steric,
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and van der Waals attractions—where the rheological behavior of each system is
described using the well-known theories of rheology of dispersions. The rheology
of emulsions, which have some features in common with suspensions, is detailed
in Chapter 6. Due to the fluid nature of the interface, it is also necessary to consider
the interfacial rheology that results from surfactant and/or polymer adsorption.
The deformability of the emulsion droplets must also be considered, particularly
at the high volume fraction of the emulsion.

Finally, a section will be devoted to the rheology of highly concentrated emul-
sions (high internal-phase emulsions, HIPE), whereby the rheology of emulsions
during flow and the break-up of drops will also be described. Consequently,
Chapter 8 is devoted to rheology modifiers, thickeners, gels, and liquid crystalline
structures, and considers the application of rheological measurements to assess
and predict the long-term physical stability of dispersions, which is especially
important in their industrial application.
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2
Interparticle Interactions and Their Combination

In order to control the properties (rheology) of concentrated dispersions, it is first
essential to control the interparticle interactions [1], four different types of which
can be distinguished (see Figure 2.1). Details of these interactions are summarized
as follows.

2.1
Hard-Sphere Interaction

The particles are considered to behave as “hard-spheres” with a radius Rys that is
slightly larger than the core radius R (Figure 2.1a). When the particles reach a
center-to-center distance that is smaller than 2 Ry, the interaction increases very
sharply, approaching ee. It is possible to define a maximum hard-sphere volume
fraction above which the flow behavior suddenly changes, from “fluid-like” to
“solid-like” (a viscous to elastic response).

2.2
“Soft” or Electrostatic Interaction

The particles in this case have a surface charge (either by ionization of surface
groups as in the case of oxides) or in the presence of adsorbed ionic surfactants
(Figure 2.1b). The surface charge o, is compensated by unequal distribution of
counter-ions (opposite in charge to the surface) and co-ions (same sign as the
surface) which extend to some distance from the surface [2]. This is shown sche-
matically in Figure 2.2.

The potential decays exponentially with distance x. At low potentials,

v =y, exp— (k%) 2.1)
Note that when x = 1/x, ¥, = W,/e; 1/k is referred to as the “thickness” of the
double layer.

The double-layer extension depends on electrolyte concentration and valency of
the counter-ions,
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Figure 2.1 Types of interaction force.

Figure 2.2 Schematic representation of the diffuse double layer according to Gouy and
Chapman [2].

(1)_ £, kT /2 2.2)
K 2n, Z2e '

where ¢, is the permittivity (dielectric constant; this is 78.6 for water at 25°C), &,
is the permittivity of the free space, k is the Boltzmann constant, T is the absolute
temperature, n, is the number of ions per unit volume of each type present in

bulk solution, Z; is the valency of the ions, and e is the electronic charge.
Values of (1/x) for 1:1 electrolyte (e.g., KCl) are given in Table 2.1.
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Table 2.1 Values of (1/x) for a 1:1 electrolyte at 25°C.

C (moldm™)
10° 10 10° 102 10"
(1) (nm) 100 33 10 33 1

0,=0,%+ 0y g
o, = Charge due to ©)
specifically adsorbed -
Stern X
counter-ions plane

Figure 2.3 Schematic representation of the double layer according to Stern and Grahame [2].
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\VV
x=0 x=H/2 x=H

Figure 2.4 Schematic representation of double layer interaction for two flat plates.

The double-layer extension increases with a decrease in electrolyte
concentration.

Stern [3] introduced the concept of the nondiffuse part of the double layer for
specifically adsorbed ions, the rest being diffuse in nature. This is shown schemati-
cally in Figure 2.3. In this case, the potential drops linearly in the Stern region,
and then exponentially. Grahame distinguished two types of ion in the Stern
plane—physically adsorbed counter-ions (outer Helmholtz plane), and chemically
adsorbed ions (that lose part of their hydration shell) (inner Helmholtz plane).

When charged colloidal particles in a dispersion approach each other such that
the double layers begin to overlap (the particle separation becomes less than twice
the double layer extension), then repulsion will occur. The individual double layers
can then no longer develop unrestrictedly, as the limited space does not allow
complete potential decay [3]. This is illustrated in Figure 2.4 for two flat plates.
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Figure 2.5 Variation of G, with h at different electrolyte concentrations.

The potential 4y, half-way between the plates is no longer zero (as would be
the case for isolated particles at x — oo).

For two spherical particles of radius R and surface potential y, and condition
KR < 3, the expression for the electrical double-layer repulsive interaction is given
by [4]:

_ 4me,,Ry2 exp—(kh)

Gel
2R+h

(2.3)

where h is the closest distance of separation between the surfaces.

The above expression shows the exponential decay of G, with h. The higher the
value of « (i.e., the higher the electrolyte concentration), the steeper the decay, as
shown schematically in Figure 2.5. This means that at any given distance h, the
double-layer repulsion decreases with an increase of electrolyte concentration.

The importance of the double-layer extension can be illustrated as follows. First,
consider a very small particle with a radius of 10nm in 10 moldm™ NaCl. The
core radius R is 10nm, but the effective radius R (the core radius plus the double-
layer thickness) is now 110nm. The core volume is (4/3) X X R* = (4/3) X m X
(10)’nm™, but the effective volume is now (4/3) x 7 x (110)?, which is ~1000-fold
higher than the core volume. The same applies to the volume fraction:

¢eff:¢(%) ~1000¢ 2.4)

For a dispersion with equal-sized particles, the maximum possible volume fraction
(for hexagonal packing) ¢, is 0.74. For the above case of 10nm particles in
10 moldm™ NaCl, the maximum core volume fraction is ~7.4 x 10™*, while at
and above this volume fraction a strong repulsion occurs such that the system may
now be considered as concentrated.

With an increase in electrolyte concentration, the double-layer thickness
decreases and ¢.¢ decreases; thus, the core volume fraction must be increased
in order to produce a “concentrated” system.

23
Steric Interaction

Steric interaction occurs when the particles contain adsorbed nonioinic surfactant
or polymer layers of the A-B, A-B-A block or BA, graft types, where B is the



2.3 Steric Interaction
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Figure 2.6 Schematic representation of the interaction between particles containing adsorbed
polymer layers.

“anchor” chain that has a high affinity to the surface (strongly adsorbed) and A is
the “stabilizing” chain that is highly soluble in the medium and strongly solvated
by its molecules (see Figure 2.1c). It is possible to define an adsorbed layer thick-
ness 8, for the surfactant or polymer and hence an effective radius Ryg= R + 8.

When two particles, each of radius R and containing an adsorbed polymer layer
with a hydrodynamic thickness 8,, approach each other to a surface—surface sepa-
ration distance h that is smaller than 2 &,, the polymer layers interact with each
other to result in two main situations [5]: (i) The polymer chains may overlap with
each other; or (ii) the polymer layer may undergo some compression. In both
cases, there will be an increase in the local segment density of the polymer chains
in the interaction region, as shown schematically in Figure 2.6. However, the “real”
situation is perhaps in between the above two cases—that is, the polymer chains
may undergo some interpenetration and some compression.

Provided that the dangling chains (the A chains in A-B, A-B—A block or BA,
graft copolymers) are in a good solvent, this local increase in segment density in
the interaction zone will result in a strong repulsion as a result of two main effects:

¢ An increase in the osmotic pressure in the overlap region as a result of the
unfavorable mixing of the polymer chains, when these are in good solvent
conditions; this is referred to as “osmotic repulsion” or “mixing interaction,”
and is described by a free energy of interaction Gy,

¢ Areduction of the configurational entropy of the chains in the interaction zone;
this entropy reduction results from a decrease in the volume available for the
chains when these are either overlapped or compressed; this is referred to as
“volume restriction interaction” or “entropic or elastic interaction,” and is
described by a free energy of interaction Gy.

A combination of G,;, and G, is usually referred to as the steric interaction free
energy, G that is:

Gs: Gmix+Gel (25)

The sign of G, depends on the solvency of the medium for the chains. If in a
good solvent (i.e., the Flory-Huggins interaction parameter y is <0.5), then G,y
is positive and the mixing interaction leads to repulsion (see below). In contrast,
if ¥ > 0.5 (i.e, the chains are in a poor solvent condition), then G, is negative

n
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Figure 2.7 Schematic representation of polymer layer overlap.

and the mixing interaction becomes attractive. G is always positive such that, in
some cases, it is possible to produce stable dispersions in a relatively poor solvent
(enhanced steric stabilization).

As mentioned above, the mixing interaction results from the unfavorable mixing
of the polymer chains, when these are in a good solvent conditions; this is shown
schematically in Figure 2.7. In this case, consider two spherical particles with the
same radius, each containing an adsorbed polymer layer with thickness §. Before
overlap, it is possible to define in each polymer layer a chemical potential for the
solvent ;" and a volume fraction for the polymer in the layer, ¢,.

In the overlap region (volume element dV), the chemical potential of the solvent
is reduced to wP; this results from the increase in polymer segment concentration
in the overlap region, where the chemical potential of the polymer chains is now
higher than in the rest of the layer (with no overlap). This amounts to an increase
in the osmotic pressure in the overlap region, which in turn causes solvent to
diffuse from the bulk to the overlap region so as to separate the particles. The strong
repulsive energy which arises from this effect can be calculated by considering the
free energy of mixing of two polymer solutions, as for example treated by Flory and
Krigbaum [6]. The free energy of mixing is given by two terms: (i) an entropy term
that depends on the volume fraction of polymer and solvent; and (ii) an energy
term that is determined by the Flory—~Huggins interaction parameter, y.

By using the above theory it is possible to derive an expression for the free
energy of mixing of the two polymer layers (assuming a uniform segment density
distribution in each layer) surrounding two spherical particles as a function of the
separation distance h between the particles [4]. The expression for G, is,

. 2 2
Cmix _(2V2 22(1—;()(6—E) (3R+26+E) (2.6)
kT v 2 2 2
where k is the Boltzmann constant, T is the absolute temperature, V, is the molar

volume of polymer, V; is the molar volume of solvent, and v, is the number of
polymer chains per unit area.
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Figure 2.8 Schematic representation of configurational entropy loss on approach of a second
particle.

The sign of G, depends on the value of the Flory—-Huggins interaction param-
eter y: if ¥ < 0.5, G, is positive and the interaction is repulsive, but if y > 0.5,
Gmix 18 negative and the interaction is attractive. If y = 0.5, G5, = 0, and this defines
the 6-condition.

The elastic interaction arises from the loss in configurational entropy of the
chains on the approach of a second particle. As a result of this approach, the
volume available for the chains becomes restricted, and this results in a loss of
the number of configurations. This can be illustrated by considering a simple
molecule, represented by a rod that rotates freely in a hemisphere across a surface
(Figure 2.8). When the two surfaces are separated by an infinite distance, oo, the
number of configurations of the rod is €(ee), which is proportional to the volume
of the hemisphere. When a second particle approaches to a distance h, such that
it cuts the hemisphere (thus losing some volume), the volume available to the
chains is reduced and the number of configurations becomes Q(h), which is less
than Q(ec). For two flat plates, G is given by the following expression [5]:

Q(h)

Gel _ _
iT 2v, ln[ig(w)} =2v,R,(h) (2.7)

where Ry(h) is a geometric function the form of which depends on the segment
density distribution. It should be stressed that G, is always positive, and could
play a major role in steric stabilization; typically, it becomes very strong when the
separation distance between the particles becomes comparable to the adsorbed
layer thickness, 6.

It is also possible to define an effective volume fraction @ that is determined
by the ratio of the adsorbed layer thickness 6 to the core radius:

5 3
eif =@ 1+ (—ﬂ 2.8
o =0| 1+ 23)
If (6/R) is small (say for a particle with radius 1000nm and & of 10nm), ¢. ~ ¢
and the dispersion behaves as near “hard-sphere”; in this case, high ¢-values can
be reached before the system becomes “concentrated.” However, if (§/R) is appre-
ciable (e.g., >0.2 for particles with a radius of 100nm and & of 20nm), then ¢.;> ¢
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and the system will show a strong interaction at relatively low ¢-values. For
example, if = 0.5¢, ¢ ~ 3.4¢ and the system may be considered concentrated at
a core volume fraction of ~0.2.

2.4
van der Waals Attractions

It is well known that atoms or molecules always attract each other at short dis-
tances of separation, the attractive forces being of three different types: (i) dipole-
dipole interaction (Keesom); (ii) dipole-induced dipole interaction (Debye); and (iii)
the London dispersion force. Of these three, the London dispersion force is the
most important, as it arises from fluctuations in electron density distribution and
occurs for both polar and nonpolar molecules.

At small distances of separation r in vacuum, the attractive energy between two
atoms or molecules is given by:

Gu=-Ln 29)
where f3,, is the London dispersion constant.
For colloidal particles which are made from atom or molecular assemblies, the
attractive energies may be added, and this results in the following expression for
two spheres (at small h) [7]:

__ AupR

= 2.10
A 12h (2.10)

where Ajy is the effective Hamaker constant of two identical particles with
Hamaker constant A;; in a medium with Hamaker constant A,,. When the parti-
cles are dispersed in a liquid medium, the van der Waals attractions have to be
modified to take into account the medium effect. For example, when two particles
are brought from infinite distance to h in a medium, an equivalent amount of
medium must be transported in the other direction. Hamaker forces in a medium
are excess forces.

Consider two identical spheres 1 at a large distance apart in a medium 2, as
illustrated in Figure 2.9a; in this case, the attractive energy is zero. Figure 2.9b
shows the same situation, with the arrows indicating the exchange of 1 against 2.
Figure 2.9c demonstrates the complete exchange, which now shows the attraction
between the two particles 1 and 1 and equivalent volumes of the medium 2 and 2.

The effective Hamaker constant for two identical particles 1 and 1 in a medium
2 is given by:

2
Ang=Ant+Ay—2A,= (Ai/lz - A;/zz) (2.11)

Equation 2.8 shows that two particles of the same material attract each other unless
their Hamaker constant exactly matches each other. The Hamaker constant of
any material is given by:
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Figure 2.9 Schematic representation of the interaction of two particles in a medium.

Table 2.2 Hamaker constants of some liquids.

Liquid Ay X 107
Water 3.7
Ethanol 4.2
Decane 4.8
Hexadecane 5.2
Cyclohexane 5.2

Table 2.3 Effective Hamaker constant Ayy, of some particles in water.

System Ang X 10%)
Fused quartz/water 0.83

Al,O;/water 5.32

Copper/water 30.00

Poly(methylmethacrylate) /water 1.05

Poly(vinylchloride)/water 1.03

Poly(tetrafluoroethylene) /water 0.33

A=rg*Bn (2.12)

where g is number of atoms or molecules per unit volume.

In most cases, the Hamaker constant of the particles is higher than that of the
medium. Examples of Hamaker constant for some liquids are given in Table 2.2,
while values of the effective Hamaker constant for some particles in some liquids
are listed in Table 2.3. Generally speaking, the effect of the liquid medium is to
reduce the Hamaker constant of the particles below its value in vacuum (air).
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As shown in Figure 2.1d, V, increases very sharply with h at small h values. A
capture distance can be defined at which all the particles become strongly attracted
to each other (coagulation).

2.5
Combination of Interaction Forces

The combination of G4 and G, results in the well-known theory of stability of
colloids [the Derjaguin—-Landau—Verwey—Overbeek (DLVO) theory] [8, 9]:

Gr=Ga+G, (2.13)

A plot of Gr versus h is shown in Figure 2.10, which represents the case at low
electrolyte concentrations—that is, with a strong electrostatic repulsion between
the particles. G4 decays exponentially with h; that is, Gq — 0 as h becomes large,
while G, is e 1/h, so that G, does not decay to 0 at large h.

Atlong distances of separation, G, > G, which will result in a shallow minimum
(secondary minimum); however, at very short distances, G, >> G, this will result
in a deep primary minimum. At intermediate distances, G, > G,, the result will
be an energy maximum, G, the height of which will depend on y, (or ) and
the electrolyte concentration and valency.

At low electrolyte concentrations (<10”moldm™ for a 1:1 electrolyte), G is
high (>25kT), and this prevents particle aggregation into the primary minimum.
Thus, the higher the electrolyte concentration (and the higher the valency of the
ions), the lower the energy maximum.

Under some conditions (depending on electrolyte concentration and particle
size), flocculation into the secondary minimum may occur, although such floccula-
tion will be weak and reversible. By increasing the electrolyte concentration,
however, G, will be decreased until, at a given concentration, it vanishes and

G

primary L

Figure 210 Schematic representation of the variation of Gy with h according to the
Derjaguin—-Landau-Verwey—-Overbeek (DLVO) theory.
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Figure 2.11 Variation of G with h at various electrolyte concentrations.
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Figure 2.12 Energy—distance curves for sterically stabilized systems.

particle coagulation occurs. This situation is illustrated in Figure 2.11, which
shows the variation of Gr with h at various electrolyte concentrations.

The combination of G, and G, with G, (the van der Waals attractive energy)
gives the total free energy of interaction Gr (assuming that there is no contribution
from any residual electrostatic interaction); that is:

Gr = Guix+ Ga+Ga (2.14)

A schematic representation of the variation of G,;,, Ga, Ga and Gt with surface-
surface separation distance h is shown in Figure 2.12. In this case, G, increases
very sharply with a decrease in h, when h < 26. Likewise, G, increases very sharply
with a decrease in h, when h < 6, while Gt versus h shows a minimum, G,,,, at
separation distances comparable to 28. When h < 26, Gy shows a rapid increase
with any decrease in h.
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Figure 2.13  Variation of Gy with h at various /R values.

The depth of the minimum depends on the Hamaker constant A, the particle
radius R, and the adsorbed layer thickness, 6. G, increases with increase of A
and R such that, at a given A and R, G, will increase with a decrease in § (i.e.,
with decrease of the molecular weight, M,,, of the stabilizer). This effect is illus-
trated graphically in Figure 2.13, which shows the energy—distance curves as a
function of d/R; typically, the larger the value of §/R, the smaller the value of Gy,.
In this case, the system may approach thermodynamic stability, as is the case with
nanodispersions.

The combination of electrostatic repulsion, steric repulsion and van der Waals
attractions is referred to as “electrosteric stabilization,” and this is the case when
using a mixture of ionic and nonionic stabilizers, or when using polyelectrolytes.
In this case, the energy—distance curve has two minima, one shallow maximum
(corresponding to the DLVO type), and a rapid increase at small h corresponding
to steric repulsion; this is illustrated in Figure 2.14.

2.6
Flocculation of Dispersions, and Its Prevention

Flocculation is the result of van der Waals attractions that is universal for all dis-
perse systems. The van der Waals attractions, G,, are inversely proportional to the
particle—particle distance of separation h, and depends on the effective Hamaker
constant A of the suspension. One way to overcome the van der Waals attractions
is by electrostatic stabilization using ionic surfactants; this results in the formation
of electrical double layers that introduce a repulsive energy which overcomes the
attractive energy. Suspensions stabilized by electrostatic repulsion become floc-
culated at intermediate electrolyte concentrations (see below).

The second —and most effective—method of overcoming flocculation is by “steric
stabilization,” using nonionic surfactants or polymers. In this case, stability may
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Figure 2.14 Energy—distance curve for electrosteric stabilization.

be maintained in electrolyte solutions (up to 1moldm™, depending on the nature
of the electrolyte) and up to high temperatures (in excess of 50°C), provided that
the stabilizing chains [e.g., poly(ethylene oxide); PEO] are still in better than 6-
conditions (y < 0.5).

2.6.1
Mechanism of Flocculation

Flocculation can occur if the energy barrier is small or absent (for electrostatically
stabilized dispersions), or when the stabilizing chains reach poor solvency (for
sterically stabilized dispersions, i.e., ¥ > 0.5). At this point, for convenience, the
flocculation of electrostatically and sterically stabilized suspensions will be dis-
cussed separately.

2.6.1.1 Flocculation of Electrostatically Stabilized Suspensions
As noted above, the condition for kinetic stability is G, > 25kT, but when
Gax < 5KT, flocculation occurs.

Two types of flocculation kinetics may be distinguished: (i) fast flocculation with
no energy barrier; and (ii) slow flocculation when an energy barrier exists. The
kinetics of fast flocculation was treated by Smoluchowski [10], who considered the
process to be represented by second-order kinetics and the process simply to be
diffusion-controlled.
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Table 2.4 Half-life of dispersion flocculation.

Rum) $=10"° =107 $=10" ¢=5x10"

0.1 7655 76 ms 7.6ms 1.5ms
1.0 21h 765 7.6s 1.5s
10.0 4months 21h 2h 25min

The number of particles n at any time t may be related to the initial number (at
t=0)n,:

o
n=
1+kn,t

(2.15)

where k is the rate constant for fast flocculation that is related to the diffusion
coefficient of the particles D; that is:

k =87DR (2.16)
where D is given by the Stokes—FEinstein equation:

kT
D=——
c (2.17)

By combining Equations 2.16 and 2.17,

k= %k—T =5.5%10""® m? s 'for water at 25°C (2.18)
n

The half life t;,, (n = (1/2) n,) can be calculated at various n, or volume fraction ¢,
as given in Table 2.4.
The slow flocculation kinetics was treated by Fuchs [11] , who related the rate
constant k to the Smoluchowski rate by the stability ratio W:
ko

W=t (2.19)

where W is related to G, by the following expression [12]:

W= %exp( O ) (2.20)

Since Gy is determined by the salt concentration C and valency, it is possible to
derive an expression relating W to C and Z:

2
log W =—2.06x10° (RZJZ)logC (2.21)

where yis a function that is determined by the surface potential v,
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 Lexp(ZEw, /kT)+1

Plots of log W versus log C are shown in Figure 2.15 for 1:1 and 2:2
electrolytes.

The condition log W =0 (W = 1) is the onset of fast flocculation; the electrolyte
concentration at this point defines the critical flocculation concentration (CFC).
Above the CFC, W< 1 (due to the contribution of van der Waals attractions, which
accelerate the rate above the Smoluchowski value). Below the CFC, W > 1, and
this increases with a decrease in electrolyte concentration. It can also be seen from
Figure 2.15 that the CFC decreases with an increase of valency, in accordance with
the Schultze-Hardy rule.

Weak (Reversible) Flocculation Another mechanism of flocculation is that involv-
ing the secondary minimum (G,y;,) which is a few kT units. In this case, floccula-
tion is weak and reversible, and hence both the rate of flocculation (forward rate
kg and deflocculation (backward rate k;,) must be considered. The rate of decrease
of particle number with time is given by the expression:

—% = —k{nz + kbn (223)

The backward reaction (break-up of weak flocs) reduces the overall rate of
flocculation.

Orthokinetic (Shear-Induced) Flocculation Another process of flocculation that
occurs under shearing conditions is referred to as “orthokinetic” (to distinguish it
from the diffusion-controlled perikinetic process). In this case, the rate of floccula-
tion is related to the shear rate by the expression:

an 16 ,. .
_ =—o“YR 2.24
dt 3 r (2.24)
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where o is the collision frequency, that is, the fraction of collisions that result in
permanent aggregates.

2.6.1.2 Flocculation of Sterically Stabilized Dispersions

Flocculation can be weak and reversible or strong and irreversible, depending on
the magnitude of the attractive energy. Weak flocculation can occur when the thick-
ness of the adsorbed layer becomes small, such that the attractive minimum (G y;,)
in the energy—distance curve reaches several kT units for weak flocculation to occur.
Strong flocculation occurs when the solvency of the medium for the chains reaches
the @-point (i.e., the Flory—-Huggins interaction parameter y > 0.5). This situation
results in catastrophic flocculation, referred to as “incipient flocculation.”

Weak Flocculation The G—h for systems that are sterically stabilized show only
one minimum, G,,, followed by sharp increase in Gy with a decrease in h (when
h < 26). The depth of the minimum depends on the Hamaker constant A, the
particle radius R, and adsorbed layer thickness &, while G, increases with
increases of both A and R. At a given A and R, G, will increase with a decrease
in 0 (i.e., with a decrease of the molecular weight, M,,, of the stabilizer. This was
illustrated in Figure 2.13, which shows the energy—distance curves as a function
of §/R; in this case, the smaller the value of §/R, the larger was the value of Gy,
When G, reached a critical value which depended on the volume fraction of the
suspension, a weak flocculation occurred. However, such flocculation was revers-
ible and, when the suspension was gently stirred, the particles became dispersed.
On removal of the shear force, however, flocculation occurred.

Incipient Flocculation This occurs when the solvency of the medium for the chain
becomes worse than a 6-solvent (y > 0.5). Under these conditions, G, becomes
negative; that is, an attractive and a deep minimum is produced which results in
catastrophic flocculation (this is referred to as “incipient flocculation”), as shown
schematically in Figure 2.16.

GT
G,, Grmix G, G;
G
Reduce
solvency
5 h 26 h
GA
x<0.5

Figure 2.16 Schematic representation of the flocculation of sterically stabilized emulsions.



2.6 Flocculation of Dispersions, and Its Prevention

With many systems, a good correlation between the flocculation point and the
6 point is obtained. For example, the suspension will flocculate at a temperature
(referred to as the critical flocculation temperature, CFT) that is equal to the 6-
temperature of the stabilizing chain. The suspension may flocculate at a critical
volume fraction (CVF) of a nonsolvent, which is equal to the volume of nonsolvent
that brings it to a 6-solvent.

2.6.1.3 Bridging or Charge Neutralization by Polymers

Bridging flocculation occurs under conditions of incomplete coverage of the par-
ticles by the polymer chains [13]. Segments of a polymer chain may adsorb onto
different particles, causing them to link together. Such adsorption is an essential
step, and requires certain favorable interactions between the polymer segments
and the particle surface. Typical polymeric flocculants have molecular dimensions
comparable to the size of colloidal particles (0.1-1um). Typically, the flocs pro-
duced by polymer bridging are considerably stronger than aggregates formed by
the coagulation of dispersions by electrolytes.

With polyelectrolytes, however, the picture is more complicated as the dimen-
sions of the polyelectrolyte chains depend on the ionic strength. At low ionic
strength, screening of the charges on the chains is limited and the polyelectrolyte
adopts an extended configuration, which makes bridging more likely. However,
at a high ionic strength, screening of the charge produces a more compact con-
figuration, thus reducing the chance of bridging. Yet, increasing the electrolyte
concentration also results in a reduction in the range of interparticle repulsion,
such that compact chains could still bridge the particles.

At a high electrolyte concentration, the adsorption of polyelectrolytes with the
same charge sign on the particle surface is enhanced, and this also increases the
likelihood of bridging.

Polyelectrolytes with a charge opposite to that of the particles are very effective
in the flocculation of dispersions. With oppositely charged polyelectrolytes, it is
likely that adsorption provides a rather flat configuration of the adsorbed chain,
as a result of the strong electrostatic interaction between the ionic groups on the
polyelectrolyte chain and charge sites on the surface; this most likely reduces the
probability of bridging. The electrostatic-patch model can explain the flocculation
by polyelectrolytes, since patches of excess positive charge, which correspond to
the adsorbed polyelectrolyte chains (possibly in a flat configuration), are sur-
rounded by areas of negative charge, representing the original particle surface.
Those particles which have this patchy or mosaic-type surface may interact in such
a way that positive and negative patches come in contact, providing a quite strong
attachment (though not a strong as bridging flocculation).

2.6.2
General Rules for Reducing (Eliminating) Flocculation

The general rules for reducing (or even eliminating) flocculation include the
following:

23
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¢ Charge-stabilized suspensions: Examples include the use of ionic surfactants,
where the most important criterion is to make G, as high as possible. The
condition for a high kinetic stability is G, > 25kT; this can be achieved by
three main conditions: (i) a high surface or zeta potential; (ii) a low electrolyte
concentration; and (iii) a low valency of ions.

¢ Sterically stabilized suspensions: In this case, four main criteria are necessary:
(i) Complete coverage of the particles by the stabilizing chains; (i) A firm
attachment (strong anchoring) of the chains to the particles or droplets. This
requires the chains to be insoluble in the medium and have a strong affinity
to the surface. However, this is incompatible with stabilization, which requires
a chain that is soluble in the medium and strongly solvated by its molecules.
These conflicting requirements are overcome by the use of A-B, A-B—A block
or BA, graft copolymers (where B is the “anchor” chain and A is the stabilizing
chain(s)). Examples of the B chains for hydrophobic particles include polysty-
rene, poly(methylmethacrylate) (PMMA), poly(propylene oxide) (PPO) and
alkyl polypropylene oxide. For the A chain(s), poly(ethylene oxide) (PEO) or
poly(vinyl alcohol) (PVA) are good examples; (c) Thick adsorbed layers, where
the adsorbed layer thickness should be in the region of 5-10nm. This means
that the molecular weight of the stabilizing chains could be in the region of
1000-5000 Da; (iv) The stabilizing chain should be maintained in good solvent
conditions (y < 0.5) under all conditions of temperature changes on storage.

2.7
Distinction between “Dilute,” “Concentrated,” and “Solid” Dispersions

A possible distinction between “dilute,” “solid,” and “concentrated” dispersion
may be made by considering the balance between the thermal (or Brownian)
motion and the hydrodynamic and interparticle interaction [14, 15]. If Brownian
diffusion predominates over the effect of hydrodynamic interaction, then the
dispersion may be considered “dilute.” In this case, the distance between the
particle surfaces is large compared to the range of the interaction forces (hydro-
dynamic or surface). For “dilute” dispersions, the particle interactions can be
represented by two-body collisions when, provided that the gravitational force can
be neglected (i.e., no settling occurs), the properties of such “dilute” dispersions
are essentially time-independent. Any time-average quantity, such as light scatter-
ing, osmotic pressure and viscosity, may be extrapolated to infinite dilution so as
to obtain the fundamental properties of the system, such as the particle or hydro-
dynamic radius.

As the particle number concentration in a dispersion is increased, the volume
of space occupied by the particles relative to the total volume (i.e., the volume
fraction, ¢) is increased, such that a proportion of space is excluded in terms of
its occupancy by any single particle. The probability of particle—particle interaction,
both hydrodynamic and surface, is then increased. The hydrodynamic and surface
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forces play dominant roles in determining the properties of the system, such as
its structure in space and its flow characteristics. With a gradual increase in par-
ticle number concentration, however, a situation is reached whereby the interpar-
ticle distances become relatively small compared to the particle radius; in this case,
the system is referred to as a “solid” suspension. Any particle in the system can
interact with many neighbors, and the repulsive interactions produce a specific
order between the particles, to the extent that a highly developed structure is
reached. However, when the spacing between the particles is very small, they can
only undergo vibration with an amplitude smaller to the particle radius. This
system will behave like a “solid,” and show an elastic response but will not dem-
onstrate any time-dependence of its properties. The above system is conveniently
referred to as a “solid suspension” (e.g., the “green body” in ceramics).

Between the above two extremes of “dilute” and “solid” suspensions, it is pos-
sible to define a “concentrated” suspension [14, 15], where the volume fraction ¢
is sufficiently high for many-body interactions to occur. Both, hydrodynamic and
surface interactions play a major role in determining the properties of the system.
The interparticle distances are comparable to the particle size, and this allows the
particles to diffuse (albeit slowly), while the properties of the system show time-
dependence. The particle arrangements also show spatial correlations; that is, the
position of one particle in space becomes determined by the position of the other
particles in the neighborhood. The diffusion coefficient of the particles become a
strong function of the volume fraction; that is, the system shows temporal
correlations.

In order to understand the property of any dispersion, it is important to consider
the arrangement of the particles in the system, whether a random arrangement
with free diffusion, dilute or “vapor-like,” loosely ordered with restricted diffusion,
concentrated or “liquid-like,” highly ordered, solid, or “crystal-like.”

The microstructure of the dispersion may be investigated using either small-
angle X-ray scattering (SAXS) or neutron scattering. When the microstructure of
the system is understood, it is possible to recognize exactly how the interparticle
interactions influence the macrostructure of the system, such as its osmotic pres-
sure and rheology.

One convenient method to describe the structure of the suspension is to use the
radial distribution function g(r). If a system containing N, particles in a volume V
is considered, then the average macroscopic density, p,, is expressed by:

po=— (2.25)
If the container is examined more closely on a microscopic scale, it is possible to
obtain the distribution of particles around any reference particle, as illustrated in
Figure 2.17. In the immediate vicinity of the central particle, there is a space in
which the particle density is zero. However, with an increasing distance r from
the center of the chosen particle, the number of particles with their centers in any
shell of thickness dr will vary.
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Figure 2.17 Microscopic view (schematic) of the distribution of particles around a central
particle.

It is possible to define a number density p(r) which varies with r and which
describes the distribution of particles. This density function will have two limiting
values:

p(r) = 0 as r —> 2R (where R is the particle radius); p(r) = p, as r — oo,

The pair distribution function, g(r) can be defined as:

g(r)= i) (2.26)
P

o

which has the properties g(r) — 0 as r — 2R and g(r) — 1 as r — oo. g(r) is directly
related to the potential ¢(r) of mean force acting between the particles,

g(r) :eXP—(%) (2.27)
¢(r)=V(r)+y(r) (2.28)

where V(r) is the simple pair potential and y(r) is a perturbation term that takes
into account the effect of many-body interactions.

For very dilute systems, with particles undergoing Brownian motion, the distri-
bution will be random, and only occasional contacts will occur between the parti-
cles; that is, there will be only pairwise interaction (y(r) = 0). In this case, g(r) will
increase rapidly from the value of zero at r = 2R to its maximum value of unity
beyond the first shell (Figure 2.18a). With such dilute systems (“vapor-like”), no
structure develops.

For “solid” suspensions, g(r) shows distinct, sharp peaks similar to those
observed with atomic and molecular crystals (Figure 2.18c). For “concentrated
dispersions” (“liquid-like”), g(r) shows the form represented in Figure 2.18b; this
consists of a pronounced first peak, followed by a number of oscillatory peaks
damping to unity beyond four or five particle diameters. On proceeding outwards
from the first shell, the peaks become broader, while the dependence of g(r) on r
for colloidal dispersions can be determined by using scattering techniques.
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Figure 2.18 Radial distribution function for (a) “dilute,” (b) “concentrated,” and (c) “solid”
suspensions.

2.8

States of Suspension on Standing

Several states can be identified (see Figure 2.19) which depend on:

The magnitude and balance of the various interaction forces.

The particle size distribution and density difference between the dispersed
particles and the medium.

The conditions and prehistory of the suspension, for example, agitation which
determines the structure of the flocs formed (chain aggregates, compact clus-
ters, etc.).

The presence of additives in the formulation; for example, high-molecular-
weight polymers may cause bridging or depletion flocculation.

All of the above factors can determine the flow characteristics or rheology of the
system.

In Figure 2.19, states (a) to (c) represent the case for colloidally stable

suspensions:

Small particles (nanoparticles), whereby the Brownian diffusion overcomes the
gravity force (Figure 2.19a).

Large uniform particles (>1um) (Figure 2.19b) which settle individually under
gravity to form a very compact sediment at the bottom of the container. These
compact sediments (which are dilatant) are very difficult to redisperse, and
must be prevented.

27



28 | 2 Interparticle Interactions and Their Combination

-

(b) ()

Stable colloidal Stable coarse Stable coarse
suspension suspension suspension
(uniform size) (size distribution)

7

o @)

Coagulated Coagulated Coagulated
suspension suspension suspension
(chain aggregates) (compact clusters) (open structure)

&';d
o

’

>

()] (h)
Weakly Bridging Depletion

Figure 2.19 States of the suspension.

o Large particles with size distribution (Figure 2.19c¢); the larger particles may settle
to form a hard sediment, leaving the smaller particles suspended in the top of

the container.

In Figure 2.19d-f, the states represent the situation with very strong attraction
(coagulation):

e Chain aggregates are produced under conditions of minimum agitation (Figure

2.19d). These aggregates may settle to form a sediment with an “open”
structure.

e Compact clusters (Figure 2.19e) are produced for coagulated suspensions under
conditions of agitation. The compact clusters may settle to form a “compact”
sediment.

e A strong “gel network” may be formed at high particle volume fraction (Figure
2.19f). Here, the particles may aggregate in chains, while cross-chains may
form a “one-floc” system which that undergo syneresis.
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Figure 220 Schematic representation of depletion flocculation.

In Figure 2.19gi, the states represent the case of relatively weak flocculation:

e The weak flocculation of particles can result in the formation of a “three-
dimensional” (3-D) weak gel which could be fluidized by shaking. This weak
gel can be applied to reduce sedimentation, and may also provide interesting
rheological characteristics (e.g., thixotropy).

e Bridging flocculation; when using high-molecular-weight nonionic polymers,
which are only weakly attached to the particles, bridging can produce a weak
“gel-network” that may also be useful in some applications.

e Depletion flocculation [16, 17]; this results when using a “free” (nonadsorbing)
polymer. When the concentration of the polymer exceeds a certain critical
concentration (which depends on the molecular weight of the polymer), the
chains are “squeezed out” from between the particles. As a consequence,
the osmotic pressure outside the particle surfaces is higher than in between
the particles, and this results in weak attraction. A schematic representation
of depletion flocculation if given in Figure 2.20.

2.9
States of the Emulsion on Standing

Emulsions show similar characteristics to suspensions, including sedimentation
(when the density of the disperse phase is higher than the medium), flocculation,
and Ostwald ripening (disproportionation) [18, 19]. However, they differ from
suspensions in three aspects, namely creaming (when the density of the disperse
phase, e.g., oil, is lower than that of the medium), coalescence, and phase inversion.
A schematic representation of emulsion states on storage is shown in Figure 2.21.

The physical phenomena involved in each breakdown process is not simple,
and requires an analysis of the various surface forces involved. In addition, the
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Figure 2.21 Schematic representation of emulsions on standing.

above-described processes may take place simultaneously rather than consecu-
tively, which further complicates the analysis. Model emulsions, with monodis-
perse droplets cannot be easily produced, and hence any theoretical treatment
must take into account the effect of droplet size distribution. Theories that take
into account the polydispersity of the system are complex, and in many cases only
numerical solutions are possible. In addition, measurements of surfactant and
polymer adsorption in an emulsion are not easily made, and it is necessary to
extract such information from measurements at a planar interface.

A summary of each of the above breakdown processes is provided in the
following sections.

2.9.1
Creaming and Sedimentation

This process results from external forces which, usually, are either gravitational
or centrifugal. When such forces exceed the thermal motion of the droplets
(Brownian motion), a concentration gradient builds up in the system such that
the larger droplets move more rapidly either to the top of the container (if their
density is less than that of the medium) or to the container bottom (if their density
is greater than that of the medium). In the limiting cases, the droplets may form
a close-packed (random or ordered) array at the top or bottom of the system, with
the remainder of the volume occupied by the continuous liquid phase:

Cc(h)=C, exp(—n;—?l) (2.29)



2.9 States of the Emulsion on Standing | 31

where C(h) is the concentration (or volume fraction ¢) of droplets at height h,
whereas C, is the concentration at zero time, which is the same at all heights.

Several methods may be applied to prevent creaming or sedimentation of
emulsions:

e Matching density of oil and aqueous phases: Clearly, if Ap = 0, the rate of sedi-
mentation v = 0. However, this method is seldom practical. Density matching,
if possible, occurs only at one temperature.

o Reduction of droplet size: As the gravity force is proportional to R, then if R is
reduced by a factor of 10, the gravity force is reduced by 1000. Below a certain
droplet size (which also depends on the density difference between oil and
water), the Brownian diffusion may exceed gravity, and creaming or sedimenta-
tion will be prevented. This principle is employed in the formulation of nanoe-
mulsions (with size range 20-200nm), which may show very little or no
creaming or sedimentation. The same applies to microemulsions (size range
5-50nm).

o The use of “thickeners”: these are high-molecular-weight polymers, both natural
and/or synthetic, such as xanthan gum, hydroxyethyl cellulose, alginates, and
carrageenans.

In order to understand the role of these “thickeners”, it is important to consider

the gravitational stresses exerted during creaming or sedimentation:

. .4
stress = mass of dropx acceleration due to gravity = gnR3Apg (2.30)

In order to overcome such stress, a restoring force is required:
Restoring force = area of drop X stress of drop = 47R’0, (2.31)

Thus, the stress exerted by the droplet o, is given by:
o, == (2.32)

A simple calculation shows that o, is in the range 10~ to 107 Pa; this implies that,
in order to predict creaming or sedimentation, it is necessary to measure the
viscosity at such low stresses. This can be achieved by using constant stress or
creep measurements (these are discussed in Chapter 4).

29.2
Flocculation

Flocculation is the result of van der Waals attractions that is universal for all dis-
perse systems. As described previously, the van der Waals attractions, G, (see
Figure 2.1c) are inversely proportional to the droplet—droplet distance of separation
h, and depend on the effective Hamaker constant A of the emulsion system. One
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way of overcoming the van der Waals attractions is by electrostatic stabilization
using ionic surfactants; this results in the formation of electrical double layers that
introduce a repulsive energy that overcomes the attractive energy. Emulsions
stabilized by electrostatic repulsion then become flocculated at intermediate elec-
trolyte concentrations. The second and most effective method of overcoming floc-
culation is by “steric stabilization,” using nonionic surfactants or polymers. In this
case, stability may be maintained in electrolyte solutions (as high as 1moldm™,
depending on the nature of the electrolyte) and up to high temperatures (in excess
of 50°C), provided that the stabilizing chains (e.g., PEO) are still in better than
6-conditions (y < 0.5).

2.9.3
Ostwald Ripening (Disproportionation)

The driving force for Ostwald ripening is the difference in solubility between the
small and large droplets (the smaller droplets have a higher Laplace pressure and
a higher solubility than their larger counterparts). This is illustrated in Figure 2.22,
where r; decreases and r, increases as a result of diffusion of molecules from the
smaller to the larger droplets.

The difference in chemical potential between the different-sized droplets was
given by Kelvin [20]:

(2.33)

S(r) =S(oo)exp(2yvm)

rRT

where S(r) is the solubility surrounding a particle of radius r, S(eo) is the bulk
solubility, V,, is the molar volume of the dispersed phase, R is the gas constant,
and T is the absolute temperature. The quantity (2 V,,/RT), termed the “charac-
teristic length,” has an order of ~1nm or less, indicating that the difference in
solubility of a 1um droplet is of the order of 0.1%, or less. Although, in theory,
Ostwald ripening should lead to the condensation of all droplets into a single drop,

molecular
diffusion of oil

Sl=2y/r1

Figure 2.22 Schematic representation of Ostwald ripening.
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this does not occur in practice as the rate of growth decreases with an increase of
droplet size.
Typically, for two droplets with radii r, and r, (r; < 1)),

Eln[s(m] =2y[3—1] (2.34
Vi S(ry) n n

Equation 2.34 shows that the larger the difference between r, and r,, the higher
the rate of Ostwald ripening.

Ostwald ripening can be quantitatively assessed from plots of the cube of the
radius versus time ¢ [21, 22],

SUECHAL
9 PRT

(2.35)

where D is the diffusion coefficient of the disperse phase in the continuous phase,
and p is the density of the disperse phase.
Several methods may be applied to reduce Ostwald ripening [23, 24]:

¢ The addition of a second disperse phase component which is insoluble in
the continuous medium (e.g., squalane). In this case, partitioning between
different droplet sizes occurs, with the component having a low solubility
expected to be concentrated in the smaller droplets. During Ostwald ripening
in a two-component system, equilibrium is established when the difference
in chemical potential between different-sized droplets (which results from
curvature effects) is balanced by the difference in chemical potential resulting
from partitioning of the two components. This effect reduces further the
growth of droplets.

¢ Modification of the interfacial film at the oil/water interface. According to
Equation 2.35, a reduction in y will result in a reduction of the Ostwald ripen-
ing rate. By using surfactants that are strongly adsorbed at the oil/water inter-
face (i.e., polymeric surfactants), and which are not desorbed during ripening
(by selecting a molecule that is insoluble in the continuous phase), the rate
could be significantly reduced. An increase in the surface dilational modulus
€ (=dy/dln A) and a decrease in y would be observed for the shrinking drop,
and this would tend to reduce further growth.

A-B-A block copolymers such as poly(hydroxystearic acid) (PHS)-PEO-PHS
(which is soluble in the oil droplets but insoluble in water) can be used to achieve
the above effect. Similar effects can also be obtained using a graft copolymer of
hydrophobically modified inulin, namely INUTEC®SP1 (ORAFTI, Belgium). This
polymeric surfactant adsorbs with several alkyl chains (which may dissolve in the
oil phase), leaving loops and tails of strongly hydrated inulin (polyfructose) chains.
The molecule has limited solubility in water, and hence resides at the oil/water
interface. These polymeric emulsifiers enhance the Gibbs elasticity, and thus
significantly reduce the Ostwald ripening rate.
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CO—CO

Figure 2.23 Schematic representation of surface fluctuations.

29.4
Emulsion Coalescence

When two emulsion droplets come into close contact in a floc or creamed layer,
or during Brownian diffusion, then thinning and disruption of the liquid film may
occur, resulting in eventual rupture. On close approach of the droplets, film thick-
ness fluctuations may occur or, alternatively, the liquid surfaces may undergo
fluctuations to form surface waves (as illustrated in Figure 2.23). The surface waves
may grow in amplitude, and the apices may join as a result of the strong van der
Waals attractions (at the apex, the film thickness is the smallest). The same applies
if the film is thinned to a small value (the critical thickness for coalescence).

A very useful concept was introduced by Derjaguin [25], who suggested that a
“disjoining pressure” m(h) is produced in the film which balances the excess
normal pressure:

7(h)=P(h)-P, (2.36)

where P(h) is the pressure of a film with thickness h, and P, is the pressure of
a sufficiently thick film such that the net interaction free energy is zero. In this

case, m(h) may be equated to the net force (or energy) per unit area acting across
the film:

dGr
dh

m(h)=— (2.37)
where Gy is the total interaction energy in the film.

Here, m(h) is made of three contributions due to electrostatic repulsion (),
steric repulsion (), and van der Waals attractions (7,):

w(h)=ms+m+ T (2.38)

In order to produce a stable film, 7z + 7, > m,, and this is the driving force for the
prevention of coalescence, which can be achieved by two mechanisms and their
combination: (i) an increased repulsion, both electrostatic and steric; and (ii) a
dampening of the fluctuation by enhancing the Gibbs elasticity. In general, smaller
droplets are less susceptible to surface fluctuations, and hence coalescence is
reduced. This explains the high stability of nanoemulsions.

Several methods may be applied to achieve the above effects:

¢ The use of mixed surfactant films (such as anionic and nonionic or long chain
alcohols) can, in many cases, reduce coalescence as a result of several effects:
a high Gibbs elasticity; a high surface viscosity; and hindered diffusion of the
surfactant molecules from the film.
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e The formation of lamellar liquid crystalline phases at the oil/water interface.
This mechanism was proposed by Friberg and coworkers [26], who suggested
that a surfactant or a mixed surfactant film could produce several bilayers that
would “wrap” the droplets. As a result of these multilayer structures, the poten-
tial drop would be shifted to longer distances, thus reducing the van der Waals
attractions. For coalescence to occur, these multilayers would have to be
removed “two-by-two,” and this would form an energy barrier preventing
coalescence.

Just as film drainage and rupture is a kinetic process, so too is coalescence. For
example, when measuring the number of particles n (whether flocculated, or not)
at time ¢,

n=n,+n,m (2.39)

where n, is the number of primary particles remaining, and #, is the number of
aggregates consisting of m separate particles.

When studying emulsion coalescence, it is important to consider the rate con-
stant of flocculation and coalescence. If coalescence is the dominant factor, then
the rate K will follow a first-order kinetics,

Mo a
n= E[l +exp(—Kt)] (2.40)

which shows that a plot of log n versus ¢ should produce a straight line from which
K can be calculated.

2.9.5
Phase Inversion

The phase inversion of emulsions may be one of two types: (i) transitional inversion,
which is induced by changing factors that affect the hydrophilic-lipophilic balance
(HLB) of the system, such as the temperature and/or electrolyte concentration;
and (ii) catastrophic inversion, which is induced by increasing the volume fraction
of the disperse phase. Inversion occurs at a critical ¢, which may be identified
with the maximum packing fraction. At ¢,  will suddenly be decreased, as the
inverted water-in-oil emulsion will have a much lower volume fraction. The con-
ductivity, k; also decreases sharply at the inversion point as the continuous phase
is now oil.

Earlier theories of phase inversion were based on packing parameters. When ¢
exceeds the maximum packing (~0.64 for random packing, and ~0.74 for hexago-
nal packing of monodisperse spheres; for polydisperse systems, the maximum
packing exceeds 0.74), then inversion will occur. However, these theories are not
adequate, as many emulsions invert at ¢-values well below the maximum packing
as a result of the change in surfactant characteristics with any variation of condi-
tions. For example, when using a nonionic surfactant based on PEO, the latter
chain changes its solvation by an increase of temperature and/or the addition of
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electrolyte. Many emulsions demonstrate phase inversion at a critical temperature
(the phase inversion temperature) which depends on the HLB number of the
surfactant, as well as the presence of electrolytes. By increasing the temperature
and/or the addition of electrolyte, the PEO chains become dehydrated and finally
become more soluble in the oil phase, although under these conditions the oil-in-
water emulsion will invert to a water-in-oil emulsion. The above dehydration effect
amounts to a decrease in the HLB number such that, when the latter reaches a
value that is more suitable for a water-in-oil emulsion, then inversion will occur.
At present, however, there is no quantitative theory that accounts for the phase
inversion of emulsions.
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3
Principles of Steady-State Measurements

In this chapter, the principles of measurements under steady state will be described.
In this case, the dispersion which is placed in the gap between concentric cylin-
ders, cone and plate or parallel plates will be subjected to a constant shear rate
until a steady state is reached whereby the stress remains constant. The measure-
ment allows the stress and viscosity to be obtained as a function of the shear rate.
Before describing these principles, it is useful to define the stress, strain, strain
(shear) rate, and viscosity. The laws of elasticity (Hooke’s law) and viscosity (New-
ton’s law) are briefly described, and the reversible time effects of viscosity (thixot-
ropy and dilatancy) are also discussed.

Stress (0): The deformation produced by a force acting on a material depends on
the magnitude of the force per unit area (stress). The units of o are Nm™ or Pa
(ST units, kgm™s™); 0 may also be expressed in dynecm™ (c.g.s. units). The
dimension of the Pa is kg™'s™, and that of the dynecm™ is gem™ s hence,
1Pa =10dynecm™

Strain (y): A stress, when applied to a material, results in its deformation. This is
illustrated in Figure 3.1, which shows a schematic representation of the deforma-
tion of a material represented by ABC when a stress o is applied. The material
acquires a new shape, A’B’C’. Note that AB # A’B’; AC# A’C’; ABC#A'B’C".

In simple shear strain, the successive layers of a material move in their own
planes, relative to a reference layer. The displacement of a layer is proportional to
its distance from the reference layer (similar to a deck of cards that can only be
deformed sideways). This is shown schematically in Figure 3.2 for two layers
(represented by a rectangle).

Strain = o (3.1)
/
Dimensionless
tany = % (3.2)

When yis very small, tan y~ 7.

Rheology of Dispersions: Principles and Applications. Tharwat F. Tadros
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32003-5
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Cc
c’

Stress 0>

A B A B’

Figure 3.1 Schematic representation of deformation on the application of stress.

Figure 3.2 Deformation of a rectangular element in simple shear.
The shear strain is simply the angle of shear (in radians).

3.1
Strain Rate or Shear Rate

The shear rate is simply given by the change of strain with time, and has the
unit s

. dy
=27 3.3
r=3, (3-3)

When the flow is linear, a layer at a distance ! from the reference layer moving
with a velocity v will travel a distance 8l = vt, so that:

. 880y v mst
—— () == = 3.4
’ St( f) {  m * (4

3.2
Types of Rheological Behavior in Simple Shear

Consider a layer of material placed between two large parallel plates (edge effects
neglected) to which it adheres, such that a shear stress o is applied via the plates.
If the stress is removed, the strain may or may not return to zero, and this allows
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Figure 3.3 Hooke’s law of elasticity.

the flow behavior to be distinguished. The strain does not return to zero; rather,
flow has occurred and the material is considered as a liquid. Moreover, if flow
occurs even for a vanishingly small stress, the material is still considered as a
liquid. Types of rheological behavior can be considered as:

e Inelastic solids: no strain recovery occurs.

e Elastic liquids: a partial recovery occurs (e.g., adhesives).

e Ideally elastic: deformation followed by an instantaneous recovery.

e Slow recovery: viscoelastic (e.g., polymer solutions, suspensions and
emulsions).

3.2.1
Models for Flow Behavior

3.2.1.1 Law of Elasticity (Hooke’s Model)

The stress (force per unit area) is proportional to the relative deformation (strain).
A plot of stress o versus strain y gives a straight line (at small applied strains),
with a slope equal to the shear modulus G”:

o=Gy (3.5)

Figure 3.3 shows the relationship for an elastic solid. A material that obeys Hooke’s
law is described as a “Hookean solid”. in this case, G’ is independent of the applied
stress.

3.2.1.2 Newton’s Law of Viscosity

The resistance which arises from the lack of slipperiness of parts of a liquid (all
other things being equal) is proportional to the velocity with which the parts of
the liquid are separated one from another. The strain rate 7 is a single valued
function of the stress o

y=f(0) (3.6)

In other words, the stress o versus shear rate 7 is linear, and the slope is equal
to the viscosity n (Pa-s):
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(Pa) (Pa-s)

Y Y

Figure 3.4 Newton'’s law.

o=ny (3.7)

Plots for o and 7 versus shear rate are given in Figure 3.4. A material that obeys
Newton’s law is described as “Newtonian.”
The viscosity 7 is given by the ratio of shear stress over shear rate:

-2

-2 Nri =Nm™s=Pa-s (3.8)
y s

71 =dyne cm™s = Poise (3.9)

Note that 1Pa-s = 10Poise (P). The viscosity of water at ~20°C is 10°Pa-s or
1mPa-s (as this is also 107 Poise or 1¢P, 1mPa-s = 1¢P).

3.2.1.3 The Kinematic Viscosity v

When Newtonian liquids are tested by means of capillary viscometers (see below),
the kinematic viscosity v is often used. In this case, the force of gravity acts as the
force driving the liquid sample through the capillary. The density of the liquid is
one additional parameter, and the kinematic viscosity is simply the ratio of the
dynamic viscosity to the density of the fluid. The unit of kinematic viscosity is
the Stoke (St) or centi-Stoke (cSt), where 1St =100cSt (1cSt is equal to 1mm?s™).
In SI units, the kinematic viscosity is given by the ratio of viscosity (in Nm™s) to
the density (in kgm™), so that v=m’s™".

3.2.1.4 Non-Newtonian Flow

Most dispersions—and particularly those with a high volume fraction and/or
containing rheology modifiers—do not obey Newton’s law. This can be clearly
shown from plots of shear stress o versus shear rate, as illustrated in Figure 3.5.
In this figure, five different flow curves can be identified: (a) Newtonian;
(b) Bingham plastic; (c) Pseudoplastic (shear thinning); (d) Dilatant (shear thicken-
ing); and (e) Yield stress and shear thinning. The variation of viscosity with shear
rate for the above five systems is shown in Figure 3.6. Apart from the Newtonian
flow (curve a), all other systems show a change of viscosity with applied shear rate.
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(e) Yield value + Pseudoplastic

(b) Plastic
(d) Dilatant
(c) Pseudoplastic
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Figure 3.5 Flow curves for various systems.
n(0)
(d) Dilatant
n(Pa-s)
(b) Plastic

Yield value +
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/ (c) Pseudoplastic

(a) Newtonian

Y

Figure 3.6 Viscosity—shear rate relationship.

3.22
Rheological Models for the Analysis of Flow Curves

3.2.2.1 Newtonian Systems
In this case:

o=ny (3.10)
where 7 is independent of the applied shear rate, for example, in simple liquids
and very dilute dispersions.
3.2.2.2 Bingham Plastic Systems [4]

In this case:

O =0p+MNuY (3.11)

4
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Figure 3.7 Bingham plots for a latex dispersion, using two ranges of shear rate.

The system shows a (dynamic) yield stress op that can be obtained by extrapolation
to zero shear rate. Clearly, at and below o the viscosity 7 — oo, while the slope of
the linear curve gives the plastic viscosity 17,.. Some systems, such as clay suspen-
sions, may show a yield stress above a certain clay concentration.

The Bingham equation describes the shear stress/shear rate behavior of many
shear thinning materials at low shear rates, although unfortunately, the value of
o obtained depends on the shear rate ranges used for the extrapolation procedure.
This is illustrated in Figure 3.7 for a latex dispersion, whereby the extrapolation
was made using the shear rate range 20 to 160s™ (Figure 3.7a) where a o value
of 9.5Pa is obtained; in contrast, when the extrapolation was made in the shear
rate range 1 to 657, a o value of 5.0 Pa is obtained.

3.2.2.3 Pseudoplastic (Shear Thinning) System

In this case, the system does not show a yield value, but rather shows a limiting
viscosity 1n(0) at low shear rates (this is referred to as “residual” or “zero shear”
viscosity). The flow curve can be fitted to a power law fluid model (Ostwald de Waele):

c=kj" (3.12)

where k is the consistency index and # is the shear thinning index (n < 1).
By fitting the experimental data to Equation 3.12, it is possible to obtain values
of both k and n. The viscosity at a given shear rate can be calculated:
k 1
_O_M 4

=57 A (3.13)

The power law model (Equation 3.12) fits the experimental results for many non-
Newtonian systems over two or three decades of shear rate. Thus, this model is
more versatile than the Bingham model, although care should be taken when
applying this model outside the range of the data used to define it. In addition,
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Table 3.1 Typical power-law parameters of some non-Newtonian systems for a particular
range of shear rates.

Material k (Pa:s") n Shear rate
range (s™')
Ball-point pen ink 10 0.85 10°-10°
Fabric conditioner 10 0.6 10°-10°
Polymer melt 10000 0.6 10-10*
Molten chocolate 50 0.5 107'-10
Synovial fluid 0.5 0.4 107-10?
Toothpaste 300 0.3 10°-10°
Skin cream 250 0.1 10°-10?
Lubricating grease 1000 0.1 107'-10?

the power law fluid model fails at high shear rates, whereby the viscosity must
ultimately reach a constant value; that is, the value of n should approach unity.
This problem can be rectified by using other models such as the Sisko model [5]
(see below). Some typical values for the power law parameters for some non-
Newtonian systems are listed in Table 3.1 [2].

3.2.2.4 Dilatant (Shear Thickening) System

In some cases, the very act of deforming a material can cause a rearrangement of
its microstructure such that the resistance to flow increases with any increase in
shear rate. In other words, the viscosity increases with applied shear rate and the
flow curve can be fitted with the power law (Equation 3.13), although in this case
n> 1. A typical example is shown in Figure 3.8 for a deflocculated clay suspension
[6], whereby the viscosity is plotted as a function of shear rate at various clay
concentrations.

The shear thickening regime extends over only about a decade of shear rate. In
almost all cases of shear thickening, there is a region of shear thinning at low
shear rates.

Several other systems can show shear thickening, such as wet sand, corn starch
dispersed in milk, and some polyvinyl chloride sols. Shear thickening can be
illustrated when a person walks on wet sand, such that some water is “squeezed
out” and the sand appears dry. In this case, the deformation applied by the foot
has caused a rearrangement of the close-packed structure produced by the water
motion. The process is accompanied by a volume increase (hence the term “dila-
tancy”) as a result of the “sucking in” of water. Overall, the process amounts to a
rapid increase in viscosity.

3.2.2.5 The Herschel-Bulkley General Model [7]
Many systems show a dynamic yield value followed by a shear thinning behavior.
The flow curve can be analyzed using the Herschel-Bulkley equation:
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Figure 3.8 Viscosity—shear rate relationship for clay suspensions at various concentrations.

o=0p+ky" (3.14)

When o3 =0, Equation 3.14 reduces to the power fluid model, whereas when n=1,
Equation 3.14 reduces to the Bingham model. When o = 0 and n = 1, Equation
3.15 becomes the Newtonian equation.

Although, the Herschel-Bulkley equation fits most flow curves with a good cor-
relation coefficient, and hence is the most widely used model, several other models
have been suggested of which the following is worthy of mention.

3.2.2.6 The Casson Model [8]
This is a semi-empirical linear parameter model that has been applied to fit the
flow curves of many paints and printing ink formulations:

o’ =ol* + e’y (3.15)

Thus, a plot of 6"/ versus ¥ should give a straight line from which o and n¢
can be calculated from the intercept and slope of the line.

Care should be taken when using the Casson equation, however, as straight
lines are only obtained from the results above a certain shear rate.

3.2.2.7 The Cross Equation [9]

This can be used to analyze the flow curve of shear thinning systems that show a
limiting viscosity 17(0) in the low shear rate regime, and another limiting viscosity
7N(ee) in the high shear rate regime. These two regimes are separated by a shear
thinning behavior, as shown schematically in Figure 3.9.

n-n(=) _ 1
n(0)=mn(e) 1+Ky"

(3.16)
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Figure 3.9 Viscosity versus shear rate for a shear thinning system.

where Kis a constant parameter with dimension of time, and m is a dimensionless
constant.

An equivalent equation to (3.16) is:
o —1N :
2L =(Ky™) 3.17
n—n. (3.17)

An alternative model was given by Carreau [10]:

L/ LI ! 3.18
Mo=1-  (1+(& 7)) (-18)

where K; and m,; have a similar significance to the Cross model.
The Cross model can provide several approximations; for example, when 1 << 1,
and 1 >> 1., the Cross equation reduces to:
Mo
n=—- 3.19
(k) )

Equation 3.19 reduces to the power law model,

n=Ky"! (3.20)

such that K, is now the consistency, with units of Pa-s.
Further, if n << 1n,,

Mo
(Ky)"

which can be written as:

n=1.+ (3.21)

n="n.+K7p"" (3.22)
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Figure 3.10 Schematic representation of the variation of viscosity with shear rate according to
the power law, and the Sisko and Cross models.

Equation 3.22 is referred to as the Sisko model.
Ifn=0,

K,
n=n.+— (3.23)
7

which, with a simple redefinition of parameters can be written as,
c=0,+N,7 (3.24)

which is the Bingham equation.
A schematic representation of the variation of viscosity with shear rate according
to the power law, the Sisko, and Cross models is shown in Figure 3.10.

33
Time Effects During Flow: Thixotropy and Negative (or Anti-) Thixotropy

When a shear rate is applied to a non-Newtonian system, the resulting stress may
not be achieved simultaneously because: (i) the molecules or particles will undergo
a spatial rearrangement to follow the applied flow field; and/or (ii) the structure
of the system may change. The latter may include the breaking of weak bonds,
the alignment of irregularly shaped particles, and the collision of particles to form
aggregates.
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Figure 3.11  The loop test for studying thixotropy.

The above changes are accompanied by a decrease or an increase of viscosity
with time at any given shear rate. These changes are referred to as “thixotropy” if
the viscosity decreases with time, or “negative thixotropy” or “anti-thixotropy” if the
viscosity increases with time.

Thixotropy: This refers to the reversible time-dependent decease of viscosity.
When the system is sheared for some time, the viscosity decreases; however,
when the shear is stopped (when the system is left to rest) the viscosity of the
system is restored. Practical examples for systems that show thixotropy include
paint formulations (these sometimes are referred to as thixotropic paints),
tomato ketchup, and some hand creams and lotions.

Negative thixotropy or anti-thixotropy: When the system is sheared for some time
the viscosity increases; however, when the shear is stopped (the system is left
to rest), the viscosity decreases. A practical example of the above phenomenon
is corn starch suspended in milk.

Generally speaking, two methods can be applied to study thixotropy in a paint
formulation. The first—and most commonly used—procedure is the “loop test,”
whereby the shear rate is increased continuously and linearly in time from zero
to a maximum value, and then decreased to zero in the same way. This is illus-
trated schematically in Figure 3.11.

The main problem with the above procedure is the difficulty in interpreting the
results. The nonlinear approach used is not ideal for developing loops because, by
decoupling the relaxation process from the strain, the material may not be allowed

47



48

3 Principles of Steady-State Measurements

(4]

-

©

(o

S

@®©

Q

<

(/0]

@ Time

e Breakdown Equlllbl’lum
- level of stress
S

o

g Rebuilding

Time

Figure 3.12 The step change test for studying thixotropy.

to recover. Nonetheless, the loop test does provide a qualitative behavior of paint
thixotropy.

An alternative method for studying thixotropy is to apply a “step change test,”
whereby the paint is suddenly subjected to a constant high shear rate, after which
the stress is followed as a function of time whereby the structure breaks down and
an equilibrium value is reached. The stress is further followed as a function of
time to evaluate the rebuilding of the structure. A schematic representation of the
step change test is shown in Figure 3.12.

Application of the above tests for a highly elastic dispersion is not straightfor-
ward, as there are contributions to the stress growth and decay from viscoelasticity.
The occurrence of thixotropy implies that the flow must be taken into account
when making predictions of flow behavior.

The above analysis may not be straightforward, however, as many systems may
also show an “elastic overshoot,” as indicated in Figure 3.13. Simple nonlinear
relaxation behavior may show a complex behavior of the stress with time. This is
illustrated in Figure 3.14, which shows the change of stress with time at a shear
strain y= 1; here, the peak observed is referred to as the “elastic overshoot.” For
the accurate investigation of thixotropy, it is preferable to use viscoelastic measure-
ments (this will be discussed in Chapter 4).

3.4
Rheopexy

Rheopexy is the increase in thixotropy recovery rate when a gentle oscillation is
applied to the system. Rheopexy is sometimes described qualitatively as an
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Figure 3.13 Elastic overshoot.
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Figure 3.14 Variation of stress with time at a strain y=1.

“increase in viscosity by touch,” and should not be confused with anti-thixotropy,
which is used to describe time-dependent shear thickening.

Some thixotropic dispersions (such as vanadium oxide suspensions) can be
solidified by orienting the particles when a gentle shear action is applied [11]. In
contrast to dilatancy, no immediate liquefaction occurs when the shear is removed.
Thus, a rheopectic dispersion may be defined as either thixotropic or plastic mate-
rial that will solidify when subjected to a certain shear, and will not regain its more
fluid structure immediately after shear removal. Rheopexy will most likely occur
in suspensions consisting of anismetric particles (such as vanadium oxide, as
mentioned above). Due to this anisometry, the orientation of the particles can
cause solidification that may remain at least for a period of time before reaching
its initial liquid state.
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The best way to investigate rheopexy is to follow the modulus G as a function
of time ¢ on application of strains with increasing amplitudes (see Chapter 4). With
a rheopectic system, G increases more rapidly with time at higher amplitudes
when compared to lower amplitudes. Care must be taken when characterizing the
thixotropic recovery in order to avoid any enhancement of the rate.

3.5
Turbulent Flow

In all of the above analyses, the flow was assumed to be laminar (streamline flow),
so that distinct layers of material would pass each other. However, in turbulent flow
no distinct layers are observed, and all layers mix with one another by forming eddy
currents, swirls, and vortices. Turbulent flow occurs when the shear rate exceeds a
certain critical value. The onset of turbulent flow occurs at a critical (dimensionless)
Reynolds number, R., which for Newtonian materials is given by: [12],

R =22 (3.25)
n

where v is the mean velocity (ms™), x is an instrument length parameter (m),
p is the density (kgm™), and 7 is the viscosity (Pa-s, Nm™s™, or kgm™s™).

Turbulent flow in pipes can occur if R, exceeds 2000, whereas below this critical
value the flow is laminar. In turbulent flow, the viscosity shows an apparent
increase with increase of shear rate, in a manner that is similar to dilatant flow.
However, this does not mean that the viscosity of the material increases with an
increase of the shear rate; rather, it indicates that, with increasing shear stress,
the degree of turbulence increases so that part of the stress is used to increase
the number of eddy currents rather than to increase the flow of the bulk of
material.

Empirical equations have been established for the turbulent flow of materials
in pipes and capillaries, where x in Equation 3.25 is replaced by the pipe or capil-
lary diameter D. For smooth pipes [13],

1 R,
(pl/2=210g((pl/2)—0.8 (3.26)

whereas for rough pipes:

1 D
WZZ]Og(ﬁ)H] (3.27)

where k is the grain diameter that indicates surface roughness and ¢ is the friction
factor that is given by:

_2DP 64
¢ pLv R,

(3.28)



3.5 Turbulent Flow |51

where P is pressure in the pipe or capillary, and L is the length.

Thus, for turbulent flow in smooth pipes the flow velocity depends on the
Reynolds number and hence on the viscosity, whereas in rough pipes the flow
velocity is independent of the viscosity.

In a well-dimensioned concentric cylinder rotational viscometer, turbulent flow
is infrequent. However, it can occur and the flow curve must be rejected. Turbu-
lent flow sets in at higher shear rates in viscometers, where the outside cylinder
rotates, than in those where the inner cylinder is the rotor.

The pressure required to pump a material through a pipeline system at a given
flow rate depends on the pressure loss in the total pipeline system. Pressure losses
are incurred by the viscous resistance of the material in the straight pipeline, and
in the pipeline transitions such as bends, valves, elbows, pipe expansions, and
contractions. However, the viscous losses in the straight pipelines are frequently
large compared to the pipe transitions, so that the latter can sometimes be
neglected.

The pressure loss for an entire pipeline system is given by:

2
AP:p%[%¢+CL} (3.29)

where C; is the sum of all pressure loss coefficients obtained from all pipeline
transitions in the pipeline system.

The flow of Newtonian materials in pipelines under laminar flow is well under-
stood, and is given by the Poiseuille equation:

= TR*P
80L

where Q is the volumetric flow (in m’s™) and R is the pipe radius.

In turbulent flow, the flow for Newtonian systems is given by Equations 3.26
and 3.27.

Although, the flow of non-Newtonian materials (as is the case with paints) in
pipelines is less well understood, Buckingham [14] derived the following equation
for evaluating the plastic viscosity of a Bingham plastic system from the flow curve
in a capillary viscometer (assuming that end effects, kinetic energy effects and
slippage flow are absent):

(3.30)

(3.31)

4 4
- nPR {1_8Laﬁ+1(2mﬁ”

T80L|  3RP 3\ RP
Equation 3.31 can be used to determine the laminar flow of plastic materials in

pipelines, with R being the pipe radius. For pseudoplastic and dilatant materials,
the power law equation can be used:

n=kj! (3.32)

where k is the consistency index and #» is the shear thinning index (n < 1 for
pseudoplastic materials).
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For a Bingham plastic in laminar flow, the friction factor ¢ is given by:

?=R 85 (3.33)
where Pl is the “plasticity number” that is given by,
D
p =22 (3.34)
Uv

where U is the coefficient of plastic viscosity and v is the velocity.

In Equation 3.33, s is the ratio of yield value to the shear stress at the wall. Since
s is a function of P, the friction factor for Bingham plastics is fully determined
from R. and PL

For pseudoplastic materials in laminar flow, the friction factor is given by:

sy

3.35
R.\ 4 (3-33)

where N = 1/n. Thus, the friction factor for pseudoplastic materials is fully
determined from R, and N.

The shear rate in the pipeline for the flow of pseudoplastic materials is
given by:

. 2v(N+3
[ 20N+

- (3.36)

The apparent viscosity that is to be used in the Reynolds number must be meas-
ured in the viscometer at the pipeline shear rate. This can be obtained by fitting
the flow curve to the power law relationship given by Equation 3.32.

In turbulent non-Newtonian flow, the friction factor is a unique function of the
Reynold’s number. For Bingham plastic systems, R, is calculated by using the
plastic viscosity, since this remains constant with increasing shear rates. For
pseudoplastic flow, R. is calculated by using an estimated apparent viscosity that
is obtained by extrapolation to infinite shear rate.

3.6
Effect of Temperature

Newtonian liquids normally show an exponential decrease of viscosity with
increase of temperature ¢, as is illustrated by the following empirical equation:
n=Aexp(-Bt) (3.37)

where A and B are constants of the liquid.
Alternatively, an Arrhenius-type equation can be used:

n=Aexp(E/RT) (3.38)
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where E is a constant that may be related to the activation energy of viscous flow
(as suggested by Eyring’s theory) and T'is the absolute temperature. Equation 3.38
shows that a plot of log 1 versus (1/T) should give a straight line with a slope equal
to (E/R). For water, 1 decreases by 3% per °C.

With non-Newtonian disperse systems the variation of viscosity with tempera-
ture shows a variety of trends. In its simplest case, the change in viscosity
with temperature for a disperse system may simply reflect the change in the
viscosity of the continuous phase. However, this trend is not observed with most
non-Newtonian systems, whereby the interparticle interaction changes with
increase in temperature. For example, if the dispersion shows flocculation
above a critical temperature, the viscosity may show an initial decrease
with increase of temperature, followed by an increase above the critical
flocculation temperature. With many disperse systems that contain surfactant
liquid crystalline structures, the viscosity may a show a more rapid decrease with
increase of temperature above the melting temperature of the liquid crystalline
structures.

3.7
Measurement of Viscosity as a Function of Shear Rate: The Steady-State Regime

The measurement of viscosity as a function of shear rate is achieved when a steady
state is reached. It is important to consider the shear rates involved in various
industrial processes; these are summarized in Table 3.2, while Figure 3.15
provides a summary of the viscosities of various materials given on a log scale to
cover the whole range.

Steady-state measurements can be applied to measure the viscosity as a function
of shear rate in the range 10'to 10’s™". Measurement at very low shear rates (the
range that is important for prediction of creaming or sedimentation) can only be

Table 3.2 Shear rates of various processes.

Process (s™ Application
Sedimentation 1010 Paints, agrochemicals
Leveling 107" -107! Paints, printing inks
Extrusion 10°-10? Polymer processing
Stirring, mixing 10'-10? Manufacturing
Pipeline flow 10°-10° Pumping
Ball-milling 10°-10° Paints, inks
Brushing, spraying 10°-10* Coatings

Topical rubbing 10*-10° Cosmetics

High-speed coating 10°-107 Paper coating
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. 106

. 104 Polymer melts
. 102

. 100 Glycerol

. 10-2 Ethylene glycol
. Water

. 104 Methanol

. 10-6 Air

Figure 3.15 The viscosities of some typical materials (values in Pa-s).

achieved using constant stress (creep) measurements. Shear rates above 10°s™
require special instruments, for example, using capillary viscometry.

3.7.1
Capillary Viscometers

These are essential for calibration purposes (using standard liquids), for measur-
ing Newtonian systems such as dilute polymer solutions, dilute suspensions and
emulsions. The most widely used capillary viscometer is the Ostwald type, which
is shown schematically in Figure 3.16. A variant of the Ostwald viscometer, the
Cannon-Fenske type, is more convenient to use (Figure 3.16). In capillary viscom-
etry, the volumetric flow Q (m’s™) is measured, after which the viscosity 7 is
calculated using the Poiseuille equation:

nR*
n="""L
80L

where R is the tube radius with length L, p is the pressure drop (= hpg, where h
is the liquid height with density p and g is the acceleration due to gravity).

Usually, the viscosity of the liquid in question, 1,, is compares with that of a
liquid with known viscosity, 1;. In this way, it is possible to measure the flow rates
of the two liquids using the same viscometer with a bulb of volume V (the flow
rate is simply given as V divided by the time taken for the liquid to flow between
the two marks on the viscometer t, and t, for the two liquids).

The use of Equation 3.39 leads to:

(3.39)

m_tp

h = b (3.40)
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¢ Ostwald viscometer Cannon-Fenske viscometer

Figure 3.16 Schematic diagrams of the Ostwald and Cannon-Fenske viscometers.

where t; and t, are simply measured using a stop watch (for automatic viscometers,
two fiber optics are used). In these measurements, an accurate temperature control
is necessary (£0.01°C), while the flow time ¢t must be measured with an accuracy
of £0.01s.

3.7.2
Measurement of Intrinsic Viscosity of Polymers

Capillary viscometers are useful for measurement of the intrinsic viscosity [17] of
polymers; this term can be used to obtain the molecular weight and solvation of
the polymer chains. In this case, the relative viscosity 1), is measured as a function
of the polymer concentration C (over the range of 0.01 to 0.1%):

=1 (3.41)

To

where 1), is the viscosity of the polymer solution and 7, is that of the solvent.
From 7, it is possible to obtain the specific viscosity 7,

Ny = (1M, =1) (3.42)

while from 7, it is possible to obtain the reduced viscosity Tyeq:

Nsp
ed = 3.43
Thed =~ (3-43)
A plot of .4 versus C gives a straight line that can be extrapolated to C = 0 to
obtain the intrinsic viscosity [1]]. This is illustrated in Figure 3.17.
From [n), it is possible to obtain the molecular weight M using the Mark-
Houwink equation:
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Nred

fn]

c

Figure 3.17 Measurement of the intrinsic viscosity of polymers.

[n]=KM* (3.44)

where K and o are constants for a particular polymer and solvent (values for many
polymer—solvent systems are tabulated in the Polymer Handbook). In this case, o
is related to the solvency of the medium for the polymer chain. In a good solvent,
o> 0.5, and has values in the range 0.5-0.8. In general, the higher the value of ¢,
the better the solvent for the chain.

3.73
Capillary Rheometry for Non-Newtonians

Capillary rheometers can be used for non-Newtonian systems, particularly when
high shear rates need to be applied. The flow rate Q is measured as a function of
pressure drop p, while the stress at the wall oy can be calculated as:

_Rp

Ow =
YL

(3.45)
The apparent viscosity 7, is then calculated at each pressure drop using the
Poiseuille equation (Equation 3.17), and graphs are then established between
log n, versus log oy. The slope m is then calculated at each datum point:

e dlogn,

= Slogow (3.46)

The viscosity at the wall n(ow) is then calculated using the Weissenberg
equation:

n(ow)=—"

1_7
4

(3.47)
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Figure 3.18 Schematic diagram of a concentric cylinder viscometer.

The shear rate at the wall can also be calculated:

1= e\

. (3.48)

3.74
Rotational Viscometers [1, 3]

Rotational viscometers have two main advantages over tube viscometers, in that:
(i) the sample can be sheared for any length of time; and (ii) there is an approxi-
mately constant shear rate (particularly with the cone and plate).

For rotational viscometers, three main geometries are commonly used,
namely the concentric cylinder (Couette), the cone and plate, and the parallel
plate. The concentric cylinder geometry is the most convenient due to its high
sensitivity (high surface area) and minimum sample evaporation, although
the shear rate is not uniform in the gap. The cone and plate geometry is the
most accurate (uniform shear rate in the gap), while the parallel plate has
the advantage that the gap width may be changed (although the shear rate will not
be uniform).

3.7.4.1 Concentric Cylinder Viscometer

This consists of an inner (bob) and outer (cup) concentric cylinders (as
shown schematically in Figure 3.18. The bob may contain a concave base that
is designed to entrap air in order to reduce the drag contribution from the
base.

Consider first a Newtonian liquid that is placed in the gap between the two
cylinders with radii R, (inner) and R, (outer) and length L. The stress o is simply
the force F per unit area A, while the force is the ratio of the torque M to the radius
R. The area is 27RL:

_F _(M/R)_ M

A 27RL  27RIL

(3.49)

Stresses can be defined at the inner cylinder o, and at the outer cylinder o,
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M

6y =—n 3.50

TR (3:50)
M

Gy =—n 3.51

2T 2RI (3:51)

The shear rate can be calculated by assuming that the fluid elements move in circles
about the common axis if the cylinders with an angular velocity o, which is a func-
tion of radius r from the center to the position in the gap (where the stress is 0):

. 0w
¥ Mbér
8o =-"8r = Terln (3.53)

To calculate the angular velocity Q of the outer cylinder, it is necessary to sum all
of the contributions from the inner to the outer cylinder:

Ry Ry
M 6 M (1 1
QzISw:— —:z—(—z——z) (3.54)
4 2rln g, v ATLN\Ri R;

Equation 3.54, which is referred to as the Margules equation, shows that a plot of
Q versus M should give a straight line that passes through the origin, and from
the slope of which 1 can be obtained.

3.8
Non-Newtonians

3.8.1
Shear Thinning or Pseudoplastic

This could follow a power law:
o=k (3.55)

In this case, a plot of Q versus M is not linear; however, a log-log plot would be
linear, such that the slope would give N = 1/n.
The stress oy at the inner cylinder is calculated for each datum point:

o =M 3.56
'R (3:56)

and the shear rate at the inner cylinder is calculated as

. 2NQ
R — (3.57)

where s = R/R;.
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3.8.2
Bingham Plastic

In this case:
0 =0p+MuY (3.58)

a plot of Q versus M would be linear, with an intercept that gives the yield value
and a slope that gives the plastic viscosity:

__M (L_L)_@ ok
4'ﬂ-npl R% R% npl Rl

(3.59)

It is assumed that all the material is flowing—that is, the shear stress at the outer
cylinder is higher than the yield value:

M
>
27R3L

oy (3.60)

3.9
Major Precautions with Concentric Cylinder Viscometers

3.9.1
Shear Rate Calculations

The shear rate in the gap is not uniform, and varies according to the position r in
the gap. Using the Margules Equation 3.32, it is possible to calculate the shear at
any distance r in the gap. The stress o at r is given by:

o= _Mr_ M (3.61)
A 2nrl 2mriL
By combining Equations 3.40 and 3.32, the shear rate at r is given by:
o 201 17!
oo 1 o
n r"LRi R

The shear rate at the inner and outer cylinders can be calculated as shown
below.

Atr=R,
. R}
=2Q 3.63
Atr= Rz
. R}
=2 3.64

Mean value:
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R +R}

0
{1 R_R

(3.65)

Simple calculations show that if the gap is 5% of the outer cylinder radius, then
the shear rate will vary by 5% across the gap. If (R,—R;) is made sufficiently
small (i.e., much smaller than R;), an average shear stress and shear rate can be
calculated:

.- M 3.66
7R (3.66)
L 3.67
O — (3.67)

The above equations are only valid if (R,—R;) ~ 1% R;, but this is not possible for
two reasons: (i) it is difficult to machine cylinders with such high tolerances; and
(ii) the gap width must be much larger (>>10x) the largest particle or droplet
size (which may exceed 10um). Gap widths in the range 500-1000 um are usually
used, and it is possible to refer to the shear rate at the outer or inner cylinder or
the mean value. If a constant shear rate in the gap is required, a cone and plate
geometry should be used (as discussed below).

3.9.2
Wall Slip and Sample Evaporation During Measurement

Many suspensions and emulsions that are concentrated and/or “structured” or
“weakly flocculated” (to avoid separation) may cause wall slip. The depletion
of particles close to the wall may lead to an erroneously low viscosity and a low
yield value. Whilst the slip can be prevented by roughening the inside surfaces of
the cylinders, care must be taken when using rough surfaces that may cause fluc-
tuations in the shear rate. Alternatively, different gap widths may be used and the
results extrapolated to a large gap width (assuming that the slip layer is independ-
ent of the gap width). A better approach to avoid wall slip would be to use a vane
rheometer (see below), which is particularly useful for highly concentrated systems
such as ceramic pastes. Any sample evaporation that occurs during measurement
can De significantly reduced by using a solvent trap.

3.9.2.1 The Vane Rheometer

The vane method uses a vane spindle which is attached to a constant-stress rheom-
eter. The spindle has four or eight blades fixed to a cylindrical shaft, and the depth
of the suspension and diameter of the vessel should be at least twice the length and
diameter of the vane, so as to minimize any slip effects at the boundary with
the walls of the vessel. Either a constant shear rate can be applied and the torque
measured, or a constant torque can be applied to the vane spindle and the strain
observed for a period of time at successively high stresses; any movement of the
spindle is observed. When the applied stress exceeds the yield stress, the vane
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spindle will begin to rotate. The vane method has the advantage of minimum dis-
turbance of the structure when introducing the vane when compared to rotational
cylinders.

3.9.2.2 Cone and Plate Rheometer
This consists of a flat plate and a low angle cone 0 (1° < 6 < 4°) that rotates against
the flat plate (see Figure 3.19a). The shear rate does not vary from the axis of
rotation, because both the linear velocity and the gap between the cone and plate
increases with any increase of distance from the rotational axis.

If 6 is small, sin 6 ~ 6, and the shear rate will be uniform across the gap:

.orQ Q

_rQ_Q 3.68
v e 0 (3.68)
Experimentally, the moment of the force MT (the torque) on the cone is measured
at a given shear rate. This is the sum of the forces on each element &r wide, mul-
tiplied by the distance from the center R (the sum can be replaced by an integral
from 0 to R):

R 3
2nR
My = JGanZSr = ETO' (3.69)
0

Three problems are encountered with the cone and plate geometry: (i) in terms of
alignment, the tip of the cone must be at the plate center; (ii) the cone apex may
be damaged; and (iii) the particles or droplets may be “ground” at the small gap
of the center.

However, the above problems can be reduced by using a truncated cone (as
shown in Figure 3.19b;) where R, ~ 0.2 R. In this case, the cone will be aligned
such that the “apex” (which is now cut) is still at the same position as the original
cone, without truncation. The torque is now given by:

i

1
I
1
1
1
I
1
1
L

Figure 3.19 Schematic diagram of the cone and plate.
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_2(R-RY)

(3.70)

If R, ~ 0.2 R, then the torque will be reduced by less than 1%.

3.9.2.3 Parallel Plates (Discs)

The parallel plate viscometer consists of two disks with an adjustable gap that
allows the sample to be held between the disks. The main advantage of this
approach is that the variable gap can be adjusted so as to accommodate dispersions
with large particles; this in turn allows calculation of the actual shear rate from
the shear rates measured at different gap widths.

The torque generated on the upper disk is measured as a function of the
angular velocity Q of the lower disk. The maximum shear rate at the disk edge is
given by:

= 2R (3.71)
!
where R is the radius of the disk and ! is the gap width.

The torque can be obtained by using the same principle as for cone and plate
(i-e., Equation 3.69) and substituting for the stress by 1 . By using Equation 3.50
for the shear rate, the following equation is obtained for a Newtonian:

(3.72)

R 4
M= ZnQnJ~r3dr _mQR™n
L 3 2L

For a non-Newtonian, an apparent viscosity 17, and the maximum shear rate given
by Equation 3.51 are obtained. A correction must be made to obtain the viscosity
at each shear rate:

N(Ym) =1, (1 +%) (3.73)
where
_ Slogn,
"= S loa 7, (3.74)

3.9.2.4 The Brookfield Viscometer
This is the most commonly used viscometer, due to the ease with which a viscosity
can be measured (particularly for quality control). Several spindles are available to
cover a wide range of viscosities, and the results are usually quoted as viscosity
at a given rpm-value, using a specific spindle. In order to calculate the shear
rate, it is necessary to use the long-cylinder spindle (as shown in Figure 3.20).
This geometry approximates that of an infinitely long cylinder in an infinite sea
of fluid.

For a “long” cylinder (L/R) > 10, where L is the length of the cylinder and R
is its radius. For an “infinite” medium, (R,/R,) is very small, and (R;/R,) is denoted
by s.
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——

vrpm

Figure 3.20 Schematic diagram of the Brookfield viscometer (cylinder).

Within the instrument, the apparent viscosity 1, is measured as a function of
rotation in rpm (denoted as V):

v=2g (3.75)
V3

The stress o, at the cylinder is given by:

o =M 3.76
'R (3.76)

and the apparent viscosity 7, is given by

-1 M o 3.77
k4RI 0 T 20 (3-77)
Q is given by Equation 3.54, and o is then given by:
Vi
= 3.78
0 15 ( )
dlogn, 1 dlogn,
N=—%2"=_"_ —_—_"5 7
Let dlogo, 1+m where 1 dlogv
. 2NQ v
01)= =2NQ=——— 3.79
o) =" 15(1+m) (3-79)
o
n(o)=——=n.(1+m) (3.80)
y(o1)

A plot of log n, versus log v is shown in Figure 3.21, where the shear rate and
viscosity can be obtained at each point by using Equations 3.58 and 3.59. Further
details of the analysis are provided by Pierce [15].
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4
Principles of Viscoelastic Behavior

4.1
Introduction

Elasticity deals with the mechanical properties of elastic solids which obey Hooke’s
law, where:

Stress 0 o< Strain ¥ (in small deformations)
or:
o=Gy (4.1)

where G’ is the shear modulus (in Pa), and is independent of the applied strain
(at low values).

Viscosity deals with the properties of liquids in the classical theory of hydro-
dynamics according to Newton’s law, where:

Stress o o< shear rate y (at small shear rates)

or:

o=ny (4.2)

where 1 is the viscosity (in Pa-s), and is independent of the applied shear rate (at
low values).

Whether a material behaves as an elastic solid or as a viscous liquid depends on
the length of time over which the relevant experiments are carried out. One
convenient way to describe a material is to compare its relaxation time with that
of the experimental observation time, as will be discussed below in terms of the
dimensionless Deborah number [1].

4.2
The Deborah Number [1]

Viscous flow is a manifestation of the decay of elastically stored energy (the
Maxwell concept). If a dispersion is considered in which all particles or droplets
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have time to diffuse to a low-energy state, then if the system is strained (deformed),
the structure will be perturbed such that the particles or droplets will be in a higher
energy state. Subsequently, if the system is held in this new shape, then the
particles or droplets will diffuse until the original low-energy state is achieved,
although the original shape will have been; that is, viscous flow has occurred. The
characteristic time taken for this process to occur is termed the stress relaxation
time, 7, of the dispersion, which can be related to the experimental time ¢ by the
dimensionless Deborah number, D,

D, = (4.3)

T
t
As most rheological time-scale experiments are conducted in the range of 107s
(1ms) to 10™s (1ks), a rough distinction can be made between an elastic response
(with high relaxation times), a viscous response (with very low relaxation times),
and a viscoelastic response (where the relaxation times are comparable with the
experimental time of measurement).

De>>1 De~1 De<<1
Elastic  Viscoelastic Viscous

Viscoelasticity can be investigated using three different types of experiment
[2-8]:

e Strain relaxation after the sudden application of stress (creep).
e Stress relaxation after the sudden application of strain.
e Dynamic (oscillatory) technique.

The basic principles involved in each of the above methods are described in
detail below; in addition, detail will be provided of the experimental methods that
can be applied in each case.

4.3
Strain Relaxation after the Sudden Application of Stress (Creep)

In this process, a constant stress o is first applied to the system (which may be
placed in the gap between two concentric cylinders, or in a cone and plate geom-
etry), and the strain (relative deformation) y or compliance J (= y/o, Pa™) is then
followed as a function of time for a period of t. At t =t, the stress is removed and
the strain y or compliance ] is followed for another period ¢.

The above procedure is referred to as “creep measurement,” and from the
variation of | with t when the stress is applied, and the change of J with ¢t when
the stress is removed (in this case, J changes sign), it is possible to distinguish
between viscous, elastic, and viscoelastic response (as illustrated in Figure 4.1):

e Viscous response: In this case, the compliance ] shows a linear increase with
increase of time, reaching a certain value after time t. When the stress is removed
after time t, ] remains the same; hence, in this case no creep recovery will occur.



4.4 Analysis of Creep Curves

I oremoved
o applied
-1 o
J(Pa™) Viscoelastic
Elastic
t=0 t
o

Figure 4.1 Creep curves for viscous, elastic and viscoelastic responses.

e Elastic response: In this case, the compliance | shows a small increase at t =0,
and remains almost constant for the whole period t. When the stress is
removed, | changes sign and reaches 0 after some time t; hence, complete
creep recovery will occur in this case.

¢ Viscoelastic response: att=0, ] shows a sudden increase, and this is followed
by slower increase for the time applied. When the stress is removed, | changes
sign and shows an exponential decrease with an increase of time (creep recov-
ery); however, it does not reach 0, as in the case of an elastic response.

4.4
Analysis of Creep Curves

441
Viscous Fluid

The linear curve of | versus ¢ gives a slope that is equal to the reciprocal viscosity:

Yy 7t t
t)=—="—=—— 4.4
J®=—=2 700) (+4)
This system can be represented by a mechanical analog of a “dash-pot” (Newtonian
behavior), as shown schematically in Figure 4.2.

4.4.2
Elastic Solid

With an increase of compliance at t = 0 (rapid elastic response), J(t) becomes equal
to the reciprocal of the instantaneous modulus G(0):
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1

n(0)

Figure 4.2 Schematic representation of a “dash-pot.”

G(0)

Figure 43 Schematic representation of an elastic element.

1
)= —— 4.5
I9=56 («5)
The system can be represented by a mechanical analog of a spring with a constant
G(0); this is shown schematically in Figure 4.3.

443
Viscoelastic Response

4.43.1 Viscoelastic Liquid

Figure 4.4 shows the case for a viscoelastic liquid whereby the compliance Jj(t)
is given by two components—an elastic component J, that is given by the reciprocal
of the instantaneous modulus, and a viscous component J, that is given by

t/n(0).

J (t) — L + L

G(0) n(0)

Figure 4.4 also shows the recovery curve which gives o, J¢; when this is subtracted
from the total compliance, it gives o,t/n(0).

The mechanical analog for a viscoelastic liquid is a spring and dash-pot in series
(Maxwell element), as illustrated in Figure 4.5. The driving force for relaxation is
the spring, while the viscosity controls the rate.

The Maxwell relaxation time, 7y, is given by:

_n
G(0)

(4.6)

Ta (4.7)



4.4 Analysis of Creep Curves

Creep is the sum of a constant value JeOp

(elastic part) and a viscous contribution
oot/n

oot/Mo

Oot/Mo
t=0 t

Figure 4.4 Creep curve for a viscoelastic liquid.

G(0)
| | n(0)
Figure 4.5 Mechanical analog of a viscoelastic liquid.

o
J (Pa-) l |
£=0 t t=t

Figure 4.6 Creep curve for a viscoelastic solid.

4.43.2 Viscoelastic Solid
In this case, complete recovery occurs as illustrated in Figure 4.6; the mechanical
analog is represented by a spring and dash-pot in parallel, as illustrated in
Figure 4.7.

The dash-pot simply retards the motion of the spring (similar to the shock
absorber in the suspension unit of a motor car), and the system is characterized
by a Kelvin retardation time 7 that is also given by the ratio of 17(0)/G(0).
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G(0) |_J 7(0)

Figure 4.7 Mechanical analog of a viscoelastic solid.

L b

Figure 4.8 Generalized Maxwell model.

AL

Figure 4.9 Generalized Kelvin model.

4.5
The Berger Model (Maxwell + Kelvin)

This model which represents most practical dispersions, and consists of a Maxwell
element and a Kelvin element. The modulus of the spring in the Maxwell element
is G,, and the viscosity in the dash-pot is 1;; thus, the Maxwell relaxation time is
1M/ G The modulus of the spring in the Kelvin element is G, and the viscosity in
the dash-pot is n,; thus, the Kelvin retardation time is 1,/G,. The Berger model
provides an instantaneous elastic response from G; and a continuous viscous
response from 7.

More complex models can be introduced, including a generalized Maxwell
model whereby several elements with different relaxation times are introduced
(Figure 4.8). The generalized Kelvin model also consists of several Kelvin elements
with different retardation times (Figure 4.9).
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Creep measurements (constant stress) can be used
to obtain the residual or zero shear viscosity

increasing
c

slope 1—
Pe =

t

Figure 410 Creep curves at increasing applied stress.

Residual or
No zero shear
viscosity

o

Critical stress is a useful parameter (related
to yield stress) as denotes the stress at which
structure “breaks down”.

Figure 4.11 Variation of viscosity with applied stress.

4.6
Creep Procedure

Creep experiments begin with a low applied stress (below the critical stress o;
see below) at which the system behaves as a viscoelastic solid with complete recov-
ery (as illustrated in Figure 4.6). The stress is gradually increased such that several
creep curves are obtained. Above o, the system behaves as a viscoelastic liquid,
and shows only a partial recovery (see Figure 4.4). A schematic representation of
the variation of compliance J with time ¢ at increasing o (above o) is shown in
Figure 4.10.

From the slopes of these lines, it is possible to obtain the viscosity 7, at
each applied stress. The plot of 7, versus o shown in Figure 4.11 demonstrates a
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limiting viscosity 17(0) below o, while above o, the viscosity shows a sharp

decrease with a further increase in o.
71(0), which is referred to as the “residual” or “zero-shear” viscosity, is an impor-

tant parameter for predicting sedimentation. o, is the critical stress above which
the structure “breaks down,” and is sometimes referred to as the “true” yield stress.

4.7
Stress Relaxation after Sudden Application of Strain

In this case, a small strain is rapidly applied within a very short period of time

(which must be less than the relaxation time of the system) and is kept at a
constant value. The shear rate remains constant within this period (as illustrated

in Figure 4.12).

The stress will follow the strain, and increases to a maximum value ¢(0). For a
perfectly elastic material, o(0) will remain constant over time t, but for a viscoe-
lastic liquid the stress will decrease exponentially with time, reaching 0 at infinite
time. The stress required to maintain a constant strain decreases with time due
to viscous flow (this is illustrated in Figure 4.13). For a viscoelastic solid, the stress

1

1

1

1

1
i
H
]
i
]
i

t=0

Figure 412 Schematic representation of a strain experiment.

1

o (Pa)

1
1
1
1
1
1
)
1
1
1
I
1

t=0
Figure 4.13 Stress relaxation after sudden application of strain
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reaches a limiting value at infinite time. The variation of stress with time is similar
to a kinetic process represented by first-order equations.
The stress oft) is related to the initial maximum stress o(0) by:

t
o(t)= G(O)exp(——j (4.8
where 7, is the Maxwell relaxation time that is given by the ratio of the viscosity
7 to the modulus G:

n

T =— 49

. («9)
If the shear stress in Equation 4.8 is divided by the applied strain ¥, the shear
modulus G(t) is obtained:

G(t)= o) _ @exp(—L) = G(O)exp(—L) (4.10)
14 14 T Tm

m

Figure 4.14 shows the variation of the modulus G with time for a viscoelastic
liquid, whereas Figure 4.15 shows the trend for a viscoelastic solid.

For a viscoelastic solid, the modulus reaches a limiting value G, after a long
time (this sometimes is referred to as the “equilibrium modulus”), and in this case
Equation 4.10 must be modified to account for G.:

G(t):G(O)exp(—Ti)me (4.11)
It should be noted that, according to Equations 4.8 and 4.10, t = 7,, when o(t) = 6(0) /e

or when G(t) = G(0)/e. This shows that stress relaxation can be used to obtain the
relaxation time for a viscoelastic liquid.

1.0\ — G,

0.8
G (Pa)

0.6

0.4 T=0o,le

0.2

20 40 60 80 100
t(s)

Figure 414 Variation of modulus with time for a viscoelastic liquid.
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120

100 G =80Pa

G(1) (Pa)
80
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nG=t=1s

20 G.=30 Pa

0.001 0.1 1 10 100 1000
t(s)

Figure 415 Variation of G(t) with ¢ for a viscoelastic solid.

4.8
Dynamic (Oscillatory) Techniques

This is the response of the material to an oscillating stress or strain. When a
sample is constrained in, for example, a cone and plate or concentric cylinder
assembly, an oscillating strain at a given frequency o (rads™) (o = 2vx, where v
is the frequency in cycles s or Hz) can be applied to the sample. After an initial
start-up period, a stress develops in response of the applied strain—that is, it oscil-
lates with the same frequency. The change of the sine waves of the stress and
strain with time can be analyzed to distinguish between elastic, viscous, and vis-
coelastic responses. An analysis of the resultant sine waves can be used to obtain
the various viscoelastic parameters, as discussed below.
Three cases can be considered:

¢ Elastic response: This occurs when the maximum of the stress amplitude is at
the same position as the maximum of the strain amplitude (no energy dissipa-
tion). In this case, there is no time shift between the stress and strain sine waves.

¢ Viscous response: This occurs when the maximum of the stress is at the point
of maximum shear rate (i.e., the inflection point), where there is maximum
energy dissipation. In this case, the strain and stress sine waves are shifted by
ot = /2 (this is referred to as the phase angle shift § which, in this case, is 90°)

¢ Viscoelastic response: In this case, the phase angle shift § is greater than 0°
but less than 90°.

A schematic representation of the above three cases is shown in Figure 4.16.

4.8.1
Analysis of Oscillatory Response for a Viscoelastic System

For the case of a viscoelastic system, the sine waves of strain and stress are shown
in Figure 4.17, where the frequency wis in rad s and the time shift between strain
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JAWAN/AYEA
Yo ElasﬁcU %/ \\/
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Viscoelastic 0 < § < 90°

c=0

Figure 416 Schematic representation of response to an oscillatory strain or stress for elastic,
viscous, and viscoelastic systems.

AT T T~ S~ A~
Yo Op
h 4
)
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strain  stress €At 3

At = time shift for sine waves of stress and strain
At o = d phase angle shift
o = frequency in radian s

w=271v

Perfectly elastic solid 6=0
Perfectly viscous liquid 6=90°
Viscoelastic system 0<6<90°

Figure 417 Strain and stress sine waves for a viscoelastic system.

and stress sine waves is At. The phase angle shift is given by (in dimensionless
units of radians):

5= At (4.12)
As discussed before:

Perfectly elastic solid =0
Perfectly viscous liquid 6 = 90°
Viscoelastic system 0 < 6 < 90°

The ratio of the maximum stress o, to the maximum strain , gives the complex

modulus |G¥|

IG¥ =22 (4.13)
Yo
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In this case, |G*| can be resolved into two components: (i) the storage (elastic)
modulus G/, the real component of the complex modulus; and (ii) the loss (viscous)
modulus G”, the imaginary component of the complex modulus:

|G*=G"+iG” (4.14)
where i is the imaginary number that is equal to (-1)"%.
The complex modulus can be resolved into G" and G” by using vector analysis

and the phase angle shift §, as shown below.

4.8.1.1 Vector Analysis of the Complex Modulus

G’ =|G*|cosd (4.15)
G” =|G*|sind (4.16)
tand = — (4.17)

Dynamic viscosity

,:G”
(0]

n (4.18)

*
6% o

GI

Note that 1 — 1(0) as @ — 0.
Both, G” and G” can be expressed in terms of frequency @ and Maxwell relaxa-
tion time 7, by:

, (01,)
=G Wtm) 419
G (0) G1+(w1'm)2 (4.19)
” _ Ty,
G (w)_G71+(a)rm)2 (4.20)

In oscillatory techniques, it is necessary to perform two types of experiment:

Strain sweep: In this case, the frequency o is kept constant and G*, G’ and G”
are measured as a function of strain amplitude.

Frequency sweep: Here, the strain is kept constant (in the linear viscoelastic
region), and G*, G" and G” are measured as a function of frequency.

Strain Sweep The frequency is fixed say at 1Hz (or 6.28rads™) and G*, G’
and G” are measured as a function of the strain amplitude, ¥, as illustrated in
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Fixed frequency (0.1 or 1 Hz) and follow G*, G’
and G” with strain amplitude v,

-
G G

G”

linear
viscoelastic

G”

Yo

linear viscoelastic region
G*, G’ and G” are independent of strain amplitude

Yeris the critical strain above which system shows
non-linear response (break down of structure)

Figure 4.18 Schematic representation of strain sweep.

Figure 4.18. G*, G’ and G” remain constant up to a critical strain y,; this is the
linear viscoelastic region where the moduli are independent of the applied strain.
Above 7, G* and G’ begin to decrease, whereas G” begins to increase with further
increase in ¥, this is the nonlinear region.

% may be identified with the critical strain above which the structure starts to
“break down.” It can also be shown that, above another critical strain, G” becomes
higher than G’; this is sometimes referred to as the “melting strain” at which the
system becomes more viscous than elastic.

Oscillatory Sweep The strain ¥, is fixed in the linear region (taking a mid point,
i.e., not a too-low strain, where the results may show some “noise” and far from ).
Then, G*, G’ and G” are measured as a function of frequency (a range of 107 to
10°rads™ may be chosen, depending on the instrument and operator patience).
Figure 4.19 shows a schematic representation of the variation of G*, G’ and G” with
frequency o (rads™) for a viscoelastic system that can be represented by a Maxwell
model. It is possible to identify a characteristic frequency w* at which G"= G” (the
“crossover point”) which can be used to obtain the Maxwell relaxation time 7,

1

o
<

*

T = (4.21)
In the low-frequency regime (i.e., when w < w¥), it is found that G” > G’; this
corresponds to a long-term experiment (time is reciprocal of frequency), and hence
the system can dissipate energy as viscous flow.

In the high-frequency regime (i.e., when @ > ®*), it is found that G’ > G”; this
corresponds to a short-term experiment where the energy dissipation is reduced.

At a sufficiently high frequency, G’ > G”, and in this case G” — 0 and G’ ~ G*.
The high-frequency modulus G’(«) is sometimes referred to as the “rigidity
modulus,” where the response is mainly elastic.

77



78| 4 Principles of Viscoelastic Behavior
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Figure 4.19 Schematic representation of oscillatory measurements for a viscoelastic liquid.
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Figure 4.20 Schematic representation for oscillatory measurements for a viscoelastic solid.

For a viscoelastic solid, G” does not become zero at low frequency, but G” still

shows a maximum at intermediate frequency (as illustrated in Figure 4.20).

4.8.1.2 The Cohesive Energy Density E.

The cohesive energy density, E., which is an important parameter for identification
of the “strength” of the structure in a dispersion, can be obtained from the change

of G’ with ¥, (see Figure 4.18).
T
E = [ ody (4.22)

0

where o is the stress in the sample that is given by:

c=Gy (4.23)
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Yer 1

Ec = J. G”ycrsy = EYErG/ (424)
0

Note here that the units of E. are Jm™.

4.8.1.3 The Weissenberg Effect and Normal Forces

An interesting phenomenon was observed many years ago by Weissenberg, who
noted that, when a viscoelastic liquid is stirred in a pot, the liquid is drawn up the
rotor shaft against the force of gravity. This was in contrast to a Newtonian liquid
where, as a result of the centrifugal force, the liquid would be thrown outwards
and upwards against the wall of the pot. The Weissenberg effect is clearly observed
when stirring a dough, a polymer solution with a high molecular weight (e.g.,
polyacrylamide), or melt adhesives. With a viscoelastic liquid, the continuously
rotating rotor creates concentric layers of the liquid with decreasing rotational
speeds towards inwards—outwards. Within these layers, the molecules become
disentangled and oriented in the direction of their particular layer and, in being
viscoelastic, it can be assumed that those molecules on the outer layers would be
stretched more than those nearer to the rotor. A higher degree of stretching also
means a higher state of energy from which the molecules would tend to escape;
indeed, the only possibility of escape for these stretched molecules is to move
towards the rotor axis. However, if all of the molecules move inwards the region
will become “crowded,” such that the only escape route is upwards.

Hence, rotation causes not only a shear stress along the concentric layers, but
also an additional stress—to be denoted “normal” stress—that acts perpendicular
to the shear stress. The normal stress forces the viscoelastic liquid to move up the
rotating shafts, so as to create a normal force that will try to separate the cone from
the plate in a cone-plate geometry. This results in the liquid being sucked out of
the gap and up onto the outer rim of the cone when the rotational speed is
increased. The normal stress difference, Nj, can be determined by measurement
of the normal force F,, which tries to separate the cone from the lower plate when
testing viscoelastic liquids. N; shows a linear increase with an increase of the shear
rate. For a full analysis of normal stress, the reader is referred to the description
provided by Barnes et al. [9]

4.8.2
Viscoelastic Measurements

Viscoelastic measurements (low deformation) require the use of sensitive rheom-
eters that operate using an air bearing (drag-cup motor) in order to minimize
friction (very low torques need to be applied). Consequently, three types of meas-
urement can be performed (these are equivalent but not identical), all of which
are complementary in their application [10]:

e Constant stress (creep) measurements
¢ Constant strain (stress relaxation) measurements
e Dynamic (oscillatory) measurements.
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Currently, several rheometers are available commercially to perform the above
measurements. The suppliers include: Bohlin Instruments (Malvern UK); Car-
rimed and Rheometric Instruments (TA, UK); Physica (Paar Physica, Germany);
and Haake (Germany).

4.8.2.1 Constant Stress (Creep) Measurements

In these measurements, a constant stress o is applied to the sample (usually elec-
trically, via a motor attached to the drag-cup), and the strain y(t) or compliance
J() (= y(¥)/o in Pa™') is measured using a position sensor below the drag-cup
motor). Both the controlled stress and controlled strain set-ups are shown sche-
matically in Figure 4.21.

In this case, a controllable known torque is applied to the cone, and the resultant
rate of rotation of the plate is measured. The temperature of the sample is usually
controlled using a Peltier device, while a solvent trap for the cone and plate (which
is most commonly used) is placed in position to cover the whole geometry.

Main Requirements for Constant Stress Measurements The main requirements for
constant stress measurements are that:

e The applied torque should cover a reasonable range so as to allow the stress to
be increased until flow occurs.

e There should be a low bearing fraction (i.e., the frictional torque should be two
to three orders of magnitude lower than the applied torque).

e The instrument should be fully computer-controlled (with user-friendly software).

e The output of the J(t) versus t curves should be automatically recorded until a
steady state is reached (linear increase of J(t) with t).

e The software should automatically calculate the viscosity 71, at every o applied,
and plots of 1, versus o should be automatically displayed to obtain the limiting
(residual or zero shear) viscosity 17(0) and critical stress (“true” yield value) o.

Procedure for Constant Stress Measurements  For a given sample, itis not necessary
to know a priori the critical stress o, below which the material would show a near-
elastic response (where the compliance shows a very slow increase with time after

Controlled stress Controlled strain

<«— Drag-cup motor
<«— Position sensor «— Load cell

«—— Air bearing ——
Thermostated
measurement — >

geometry

Figure 421 Controlled stress and controlled strain set-up.
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the instantaneous increase and complete recovery after release of the stress). The
slopes of J(t) versus t below o, are very small and equal; this gives 17(0) that is the
reciprocal of this small slope (high viscosity values are obtained below o).

Initially, a sample should be used so as to roughly obtain o, by applying large
increments of o (a log scale can be used). When o, has been obtained, measure-
ments are then carried on a new sample whereby reasonable o-values are applied
below and above 0. In this way, several creep curves can be measured (about 10
curves are usually sufficient at o-values below and above o). A schematic repre-
sentation of the creep curves is shown in Figure 4.22.

Stress Relaxation (after Application of Constant Strain) In this case, the material is
kept under constant deformation (constant shear rate) and the resulting stress is
measured as a function of time. The main problem here is the speed with which
a sudden strain is applied; typically, such application should be completed within
a much shorter time than the relaxation time of the sample. Currently, very few
strain-controlled instruments are produced commercially, with the “Fluid” rheom-
eter of Rheometric Instruments possibly being the only instrument available
(previously, Bohlin produced a strain-controlled instrument—the Bohlin VOR-Dbut
this is no longer available).

One of the earliest strain-controlled instruments to be produced was the Weis-
senberg Rheogoniometer, with a cone and plate attachment; this is currently
produced by TA instruments.

One of the main problems associated with stress-relaxation experiments is
the possibility of fluctuations in stress at short times, in particular for elastic
samples. However, the above behavior can be explored by using “Stress Growth”
experiments, where the application of a linearly ramped strain can provide informa-
tion on both the sample viscosity and elasticity. As the stress will grow in proportion
to the applied strain, the ratio of the strain over the applied time provides the shear
rate. The variation of viscosity 1(t) versus time for a system represented by a
Maxwell model with a relaxation time 7, is shown in Figure 4.23. The results can
be analyzed to obtain the modulus G(e<) and the zero-shear viscosity 7(0).

J (Pa-)

t=0 t

Figure 422 Schematic representation of creep curves.
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Figure 423 Stress growth function for a Maxwell model.
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Figure 4.24 Stress and strain waveforms.
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4.8.2.2 Dynamic (Oscillatory) Measurements
These refer to experiments in which both stress and strain vary harmonically. If
a harmonic unique shear stress of amplitude o, is applied to the upper face of a
thin block of material, the stress o will produce a strain , that is shifted by an
angle 6 (the phase angle shift) according to:

0 =0, coswt (4.25)
Y =7Yo(coswt —5) (4.26)

The above stress and strain waveforms are shown schematically in Figure 4.24
where, from o,, % and 9, it is possible to calculate the storage modulus G’ (the
elastic component) and the loss modulus G” (the viscous component):

G’ =$cos5 (4.27)
Yo
G” = &sin 1) (4.28)

Yo
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In dynamic measurements, the stress is proportional to the force F applied to the
test material. The strain is proportional to the relative displacement of the bound-
ing surfaces, while the shear rate is proportional to the relative velocity, v.

If the force and displacement vary harmonically:

F=bG"’x:bn*v:£v (4.29)
10]
where F, x and v represent complex amplitudes, and b is a shape factor for the test
material. The material can be confined between cone and plate, parallel plate or
cylinders. In this case, one of the boundary surfaces is first oscillated, after which
the motion of the other surface can be measured.

In the Bohlin VOR, for example, when using a concentric cylinder, the inner
cylinder (the suspended member) is connected to interchangeable torque bars (to
measure the stress). A sinusoidal strain is then applied to the cup by moving it
back and forth in a sinusoidal manner, with the displacement being measured
using a transducer.

If 6, and 6, are the angular positions of the driven and suspended elements,
respectively, then the torque in the material M is:

M=bG*(6,-6,) (4.30)
G’=%%cos¢ (4.31)
G” = %%sinq) (4.32)

where ¢ is the phase shift of the torque element relative to 6,. Normally, the ratio
[6,/6,] is measured, together with the phase shift ¢ of the suspended element, to
obtain both G” and G”. These computations are carried out using the computer’s
software.

As mentioned above, two types of measurement are carried out:

e Strain sweep measurement: In this case, the frequency is fixed at 1Hz (or
6.28rads™), and the strain amplitude is then gradually increased from the
lowest possible value to a critical value , (that depends on the system), above
which the system shows a nonlinear response.

¢ Oscillatory sweep measurements: In this case, the strain is fixed below ¥, (i.e.,
in the linear viscoelastic region, where the moduli are independent of
the applied strain), and measurement is then carried out as a function of
frequency. The range used depends on the system and the instrument; however,
the majority of measurements are carried out in the range 102 to 1 Hz.

4.8.2.3 Shear Modulus (Rigidity) Measurement

The shear (rigidity) modulus can be measured by initiating a shear wave in the dis-
persion, and then measuring the damping of the wave [11, 12]. A simple instrument
thatcan be used for this purpose is the Rank Brothers pulse shearometer (Bottisham,

83



84 | 4 Principles of Viscoelastic Behavior
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Slope=C

At

Figure 425 Schematic representation of a shear wave and variation of d with At.

Cambridge, UK), where two disks (Perspex or steel) are placed in the dispersion and
the inter-disk gap is changed using a micrometer. Each disk is connected to a trans-
ducer (A and B) constructed from piezoelectric crystals of LiCl. B is connected to a
pulse generator that provides a small amplitude (<107 rad) deformation with a high
frequency (~200 Hz). The output from A is displayed (using a computer) to observe
the shear wave; this is shown schematically in Figure 4.25.

A plot of d (the gap width between the plates) versus At is linear, and the slope
C of the graph gives the velocity of the shear wave. The rigidity (high-frequency)
modulus G(e) is simply given by the expression:

G(e0)=pC?

where p is the density of suspension.
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5
Rheology of Suspensions

5.1
Introduction

Rheological measurements are useful tools for probing the microstructure of
suspensions, and this is particularly the case if measurements are carried out at
low stresses or strains, as discussed in Chapter 4. In this situation, the spatial
arrangement of particles is only slightly perturbed by the measurement; in other
words, the convective motion due to the applied deformation is less than the
Brownian diffusion. The ratio of the stress applied (o) to the “thermal stress” (that
is equal to kT/67a’, where k is the Boltzmann constant, T is the absolute tempera-
ture and a is the particle radius) is defined in terms of a dimensionless Peclet
number P.:
_6rna’c

P = 5.1
T (5.1)

For a colloidal particle with radius of 100 nm, o should be less than 0.2 Pa to ensure
that the microstructure is relatively undisturbed; in this case, P, < 1.

In order to remain in the linear viscoelastic region, the structural relaxation by
diffusion must occur on a time scale comparable to the experimental time.
As mentioned in Chapter 4, the ratio of the structural relaxation time to the experi-
mental measurement time is given by the dimensionless Deborah number, D,,
which is ~1 and the suspension appears viscoelastic.

The rheology of suspensions depends on the balance between three main forces:
Brownian diffusion; hydrodynamic interaction; and interparticle forces (the latter
was discussed in detail in Chapter 2).

The above forces are determined by three main parameters: (i) the volume
fraction ¢ (total volume of the particles divided by the volume of the dispersion);
(ii) the particle size and shape distribution; and (iii) the net energy of interaction
Gr; that is, the balance between repulsive and attractive forces.

The earliest theory for prediction of the relationship between the relative viscos-
ity 1, and ¢ was described by Einstein, which is applicable to ¢ < 0.01.

Rheology of Dispersions: Principles and Applications. Tharwat F. Tadros
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32003-5
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5.2
The Einstein Equation

Einstein [1] assumed that the particles behave as hard-spheres (with no net interac-
tion). Thus, the flow field must dilate because the liquid must move around the
flowing particles. At ¢ <0.01, the disturbance around one particle does not interact
with the disturbance around another particle.

7, is related to ¢ by the following Equation 5.2:

. =1+[n]¢=1+2.5¢ (5.2)

where [n] is referred to as the intrinsic viscosity and has the value 2.5.

For the above hard-sphere, very dilute dispersions, the flow is Newtonian—that
is, the viscosity is independent of the shear rate. However, at higher ¢-values
(0.2 > ¢ > 0.1) it is necessary to consider the hydrodynamic interaction (as sug-
gested by Bachelor [2]) that is still valid for hard-spheres.

5.3
The Bachelor Equation

When ¢>0.01, hydrodynamic interaction between the particles become important.
Typically, when the particles come close to each other, the nearby stream lines
and the disturbance of the fluid around one particle interacts with that around a
moving particle.

By using the above picture, Bachelor [2] derived the following expression for the
relative viscosity:

N =1+2.50+6.2¢> + O¢® (5.3)

The third term in Equation 5.3 (i.e., 6.2 ¢*) is the hydrodynamic term, whereas the
fourth term is due to higher-order interactions.

5.4
Rheology of Concentrated Suspensions

When ¢ > 0.2, 1, becomes a complex function of ¢. At such high volume frac-
tions, the system mostly shows non-Newtonian flow ranging from viscous to
viscoelastic to elastic response, depending on the Deborah number D.. In this
respect, three responses can be considered: (i) a viscous response, when D, < 1;
(ii) an elastic response, when D, > 1; and (iii) a viscoelastic response, when
D, ~ 1.

Clearly, the above responses for any suspension depend on the time or fre-
quency of the applied stress or strain (see Chapter 4).

Four different types of system (with increasing complexity) can be considered,
as described below.
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¢ Hard-sphere suspensions: These are systems where both repulsive and attrac-
tive forces are screened.

¢ Systems with “soft” interaction: These systems contain electrical double layers
with a long-range repulsion. The rheology of the suspension is determined
mainly by the double-layer repulsion.

e Sterically stabilized suspensions: Here, the rheology is determined by the
steric repulsion produced by adsorbed nonionic surfactant or polymer layers.
The interaction can be either “hard” or “soft,” depending on the ratio of the
adsorbed layer thickness to particle radius (6/R).

¢ Flocculated systems: These are systems where the net interaction is attractive.
A distinction can be made between weak (reversible) and strong (irreversible)
flocculation, depending on the magnitude of the attraction.

5.5
Rheology of Hard-Sphere Suspensions

Hard-sphere suspensions (neutral stability) were developed by Krieger and
coworkers [3, 4] by using polystyrene latex suspensions, whereby the double-layer
repulsion was screened using NaCl or KCl at a concentration of 10~ moldm™, or
by replacing water with a less-polar medium such as benzyl alcohol.

The relative viscosity 1, (= 17/1,) is plotted as a function of reduced shear rate
(shear rate x time for a Brownian diffusion, t,):

3
bmya (5.4)

-re = .tI:
Yred =7 KT

where a is the particle radius, 7, is the viscosity of the medium, k is the Boltzmann
constant, and T is the absolute temperature.

A plot of (n/n,) versus (n,a*/kT) is shown in Figure 5.1 at ¢ = 0.4 for particles
with different sizes. In this case, at a constant ¢ all points fall on the same curve;
however, the curves are shifted to higher values for larger ¢, and to lower values
for smaller ¢.

The curve in Figure 5.1 shows two limiting (Newtonian) viscosities at low and
high shear rates that are separated by a shear thinning region. In the low shear rate
regime, the Brownian diffusion predominates over hydrodynamic interaction, and
the system shows a “disordered” three-dimensional (3-D) structure with a high rela-
tive viscosity. However, as the shear rate is increased, these disordered structures
start to form layers that are coincident with the plane of shear, and this results in the
shear thinning region. In the high-shear rate regime, the layers can “slide” freely,
and hence a Newtonian region (with a much lower viscosity) is obtained. In this
region the hydrodynamic interaction predominates over the Brownian diffusion.

If the relative viscosity in the first or second Newtonian region is plotted versus
the volume fraction, then the curve shown in Figure 5.2 is obtained. This curve
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Figure 5.2 Relative viscosity versus volume fraction for hard-sphere suspensions.

has two asymptotes: (i) The slope of the linear portion at low ¢-values (the Einstein
region) that gives the intrinsic viscosity [n] that is equal to 2.5; and (ii) the asymp-
tote that occurs at a critical volume fraction ¢, at which the viscosity shows a sharp

increase with increase in ¢.

Here, ¢, is referred to as the maximum packing fraction for hard-spheres; for
the hexagonal packing of equal-sized spheres, ¢, = 0.74, whereas for random

packing of equal-sized spheres, ¢, = 0.64

For polydisperse systems, ¢, reaches higher values, as illustrated in Figure 5.3

for one-size, two-size, three-size, and four-size suspensions.
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Figure 5.3 Viscosity—volume fraction curves for polydisperse suspensions.

5.5.1
Analysis of the Viscosity—-Volume Fraction Curve

The best analysis of the 1, — ¢ curve is due to Krieger and Dougherty [3], who
used a mean field approximation by calculating the increase in viscosity as small
increments of the suspension were consecutively added. Each added increment
corresponded to replacement of the medium by more particles. As a result, Krieger
and Dougherty arrived at the following simple semi-empirical equation that could
fit the viscosity data over the whole volume fraction range:

- ¢)[Tﬂ¢p
L= 1-- 5.5
1 ( o e

Equation 5.5, which is referred to as the Dougherty—Krieger equation, is com-
monly used for the analysis of viscosity data.

5.6
Rheology of Systems with “Soft” or Electrostatic Interaction

In this case, the rheology is determined by the double-layer repulsion, particularly
with small particles and extended double layers [5]. In the low-shear rate regime,
the viscosity is determined by the Brownian diffusion, where the particles approach
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Figure 5.4 Variation of 1, with ¢ for polystyrene latex dispersions at two NaCl concentrations.

each other to a distance of the order of ~4.5 k™" (where k' is the “double-layer
thickness” that is determined by electrolyte concentration and valency). This
means that the effective radius of the particles R.¢ is much higher than the core
radius R. For example, in the case of 100nm particles with a zeta-potential ({) of
50mV dispersed in a medium of 10°moldm™ NaCl (k' = 100nm), the R will
be approximately 325 nm.

The effective volume fraction ¢ is also much higher than the core volume
fraction, and this results in rapid increase in the viscosity at low core volume frac-
tion [5]. This is illustrated in Figure 5.4, which shows the variation of 1, with ¢ at
5x 10" and 10’ moldm™ NaCl (R = 85nm and {=78mV).

The low shear viscosity 7,(0) shows a rapid increase at ¢ ~ 0.2 (the increase
occurs at a higher volume fraction at the higher electrolyte concentration), whereas
at ¢ > 0.2 the system shows “solid-like” behavior, with 1,(0) reaching very high
values (>107). At such high ¢-values the system will show a near-plastic flow.

In the high-shear rate regime, the increase in 7, occurs at much higher ¢-values;
this is illustrated from the plot of the high-shear relative viscosity 7n,(e) versus ¢.
At such high shear rates, hydrodynamic interactions will predominate over the
Brownian diffusion, and the system will show a low viscosity, denoted by 7,(co).
However, when ¢ reaches a critical value, pseudoplastic flow will be observed.

5.6.1
Viscoelastic Behavior of Electrostatically Stabilized Suspensions

One of the most powerful techniques used to study the interaction in electrostati-
cally stabilized suspensions is that of dynamic (oscillatory) measurements [6, 7).
This process is illustrated in Figure 5.5, which shows the variation of the complex
modulus G*, storage (elastic) modulus G’, and loss (viscous) modulus G” versus
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Figure 5.5 Variation of G*, G" and G” with ¢ for electrostatically stabilized latex dispersions.

core latex (with radius of 700nm) volume fraction ¢. The moduli were measured
at low strain (in the linear region) and high frequency (1 Hz).

The trends obtained were seen to depend on the NaCl concentration. For
example, at a concentration of 10°moldm™ the moduli values increased very
rapidly at ¢ > 0.46 and G’ >> G”. However, at 10°moldm™ the moduli values
showed a rapid increase at ¢ > 0.57, and G” was either lower than or equal to G".

The above trend reflect the larger ¢.¢ values at low NaCl (with more extended
double layer) when compared to the higher NaCl concentration (with a smaller
extension). Such trends can be explained by considering the presence of the double
layer around the particles. At a first approximation, the double-layer thickness
(1/x) should be added to the particle radius a so as to obtain the effective radius,
a.. At any given particle size, a4 will depend on the electrolyte concentration C
(and valency Z), as the double-layer thickness is determined by both C and Z. At
a concentration of 10° mol dm™ NaCl, (1/x) = 100nm and a.¢= 700 + 100 =800nm,
whereas at 10°moldm™, (1/x) = 10nm and d.¢ = 710nm.

The effective volume fraction of the dispersion, @ is related to ¢ by the
expression:

Perr = ¢[1+%‘:€)T (5.6)

At a NaCl concentration of 10°moldm™, ¢ = 1.5 ¢, whilst at the lowest ¢-value
studied (i.e., 0.46, ¢ = 0.7, which is above the maximum packing fraction (0.64
for random packing). In this case, the double layer interaction is strong and some
overlap of the double layers may occur, and the response in this situation is
predominantly elastic. At the highest volume fraction studied (i.e., 0.524, ¢+=10.79
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Figure 5.6 Plots of Gy, and G’,, at 107° and 10~ moldm™ NaCl.

and the dispersion behaves as a near-elastic solid; in this case, G’ ~ G*. In
10 moldm™ NaCl, ¢ = 1.05 ¢ and up to the maximum volume fraction studied
(namely 0.566), .« is well below the maximum packing fraction. In this case, there
is little overlap of the double layers and the dispersions show a more viscous than
an elastic response. In order to achieve a predominantly elastic response, the
volume fraction must be increased above 0.6.

5.6.1.1 Elastic Modulus (G’)-Distance (h) Relation
The above results may be presented in another form by plotting G versus h, the
surface-to-surface separation between the particles in the dispersion [8, 9]:

1/3
h= 2{(‘2’) - 1} (5.7)

A value of ¢, = 0.68 was used in the above calculation of the surface-to-surface
separation distance. Figure 5.6 shows plots of G’ versus h for 10~ and 10 moldm™
NaCl. At the lower NaCl concentration (10°moldm™), G increased very rapidly
when h was decreased to less than 200nm (twice the double-layer thickness), but
reached very high values (>1000 Pa) when h was less than 100nm. However, at a
NaCl concentration of 10”?moldm™, high values of G” were achieved only when
h was <50nm.

It is clear from Figure 5.6 that, at any given value of h, G’ in 10 moldm™ NaCl
is several orders of magnitude higher than the corresponding value in 10~ moldm™
NaCl. This trend is a direct consequence of the double-layer repulsion which, at
any given distance of separation, is much stronger at the lower electrolyte
concentration.



5.6 Rheology of Systems with “Soft” or Electrostatic Interaction

It is possible to relate the high-frequency modulus, G,, to the total energy of
interaction between the particles, G

6 =[50 54

o= (3%)¢pn (5.9)

where n is the coordination number and d is the distance of separation between
the centers of the particles (d = 2a + h).

The total energy of interaction (mainly the double layer repulsion) is given by
the expression:

Gy = 4Amee,ph

exp[—«x(d—2a)] (5.10)
where ¢ is the permittivity of the medium, &, is the permittivity of free space, and
Yy is the Stern potential.

By differentiating Equation 5.10 twice, it is possible to obtain the theoretical
shear modulus, G'y:

Kd? +2kd +2

G = 47reeoazw§( T

)exp[—(K(d—Za))] (5.11)
Values of G/, were calculated for dispersions in 10°moldm™ NaCl (xa < 10), as
these were highly elastic and the modulus showed little dependence on
frequency; a value of or=0.833 was used in these calculations, the results of which
are shown in Figure 5.6. The theoretical G’-values were seen to increase less
rapidly with a decrease of h when compared to the experimental results. The
calculation of Gy, using Equation 5.11, is based on a number of assumptions
(which may not be completely valid), and the latex dispersions used were relatively
large (700nm). The strains used may not be sufficiently small to ensure that the
measurements were made in the linear viscoelastic region.

5.6.1.2 Scaling Laws for Dependence of G" on ¢
Another useful way to describe the interaction in concentrated dispersions is to
apply scaling laws for the dependence of G” on ¢ (Equation 5.10):

G =k¢" (5.12)

In other words, the storage modulus scales with ¢ with an exponent n which
depends on the interparticle interaction. The power n can be obtained from log-log
plots of G’ versus ¢; in 10°moldm™ NaCl, n = 20, whereas in 10°moldm NaCl,
n = 30, with the lower power at the lower electrolyte concentration reflecting the
softness of the interaction as a result of the extended double layers. At the higher
electrolyte concentration, the double layer is significantly compressed and the
dispersions behave as near-hard-spheres.
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5.6.2
Control of Rheology of Electrostatically Stabilized Suspensions

Notably, three main parameters control the rheology of electrostatically stabilized
suspensions: (i) the volume fraction of the dispersion ¢; (ii) the particle size (a)
and shape distribution; and (iii) the electrolyte concentration (C) and valency.

In order to produce dispersions with high ¢-values with minimal elasticity in
the system, it is necessary to increase ¢ and to add small amounts of electrolyte
(well below the flocculation value). In this case, the double-layer thickness will be
small compared to the particle radius, and ¢.¢ ~ @. In contrast, to produce disper-
sions with a high elasticity (and order) at low volume fractions, the particle radius
(a) should be kept as small as possible, and the electrolyte concentration (C) as
low as possible.

The above principles are applied in practice to many industrial dispersions, for
example, charged lattices. These principles can also be applied to the formulation
of many chemical products, including paints, personal care products, agrochemi-
cals, and pharmaceuticals. In all of these cases, it is essential to realize the various
physico-chemical parameters in the system, in order to control the rheology.

5.7
Rheology of Sterically Stabilized Dispersions

These are dispersions where the particle repulsion results from the interaction
between adsorbed or grafted layers of nonionic surfactants or polymers [10]. The
flow is determined by the balance of viscous and steric forces. Steric interaction
is repulsive as long as the Floury-Huggins interaction parameter y < % (see
Chapter 2). With short chains, the interaction may be represented by a hard-
sphere-type with a.s = a + 6. This is particularly the case with nonaqueous disper-
sions with an adsorbed layer of thickness that is smaller compared to the particle
radius (any electrostatic repulsion is negligible in this case). With most sterically
stabilized dispersions, the adsorbed or grafted layer has an appreciable thickness
(compared to the particle radius); hence, the interaction is “soft” in nature as a
result of the longer range of interaction.

Results for aqueous sterically stabilized dispersions were produced using poly-
styrene (PS) latex with grafted poly(ethylene oxide) (PEO) layers [11]. As an illustra-
tion, Figure 5.7 shows the variation of 7, with ¢ for latex dispersions with three
particle radii (77.5, 306, and 502nm). For comparison, the 1, — ¢ curve calculated
using the Dougherty—Krieger equation is shown on the same figure. The 1, — ¢
curves are shifted to the left as a result of the presence of the grafted PEO layers.

The experimental relative viscosity data may be used to obtain the grafted
polymer layer thickness at various volume fractions of the dispersions. By using
the Dougherty—Krieger equation, it is possible to obtain the effective volume frac-
tion of the dispersion; then from a knowledge of the core volume fraction, the
grafted layer thickness can be calculated at each dispersion volume fraction.
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Figure 5.7 1), — ¢ curves for polystyrene latex dispersions containing grafted PEO chains.

To apply the Dougherty—Krieger equation, it is necessary to know the maximum
packing fraction, ¢,. This can be obtained from a plot of 1/(1,)"/* versus ¢ and
extrapolation to 1/(n,)"/?, using the following empirical equation:

K
—r =00 (5.13)

The value of ¢, using Equation 5.13 was found to be in the range 0.6 to 0.64, while
the intrinsic viscosity [1] was assigned a value of 2.5.

Using the above calculations, the grafted PEO layer thickness 6 was calculated
as a function of ¢ for the three latex dispersions. For the dispersions with
a =77.5nm, § was found to be 8.1nm at ¢ = 0.42, decreasing to 5.0nm when ¢
was increased to 0.543. For the dispersions with a = 306nm, § was 12.0nm at
¢ = 0.51, decreasing to 10.1 when ¢ was increased to 0.60. For the dispersions
with a = 502nm, 6 was 21.0nm at ¢ = 0.54, decreasing to 14.7 as ¢ was increased
to 0.61.

5.7.1
Viscoelastic Properties of Sterically Stabilized Suspensions

The rheology of sterically stabilized dispersions is determined by the steric repul-
sion, particularly for small particles with “thick” adsorbed layers. This is illustrated
in Figure 5.8, which shows the variation of G*, G" and G” with frequency o (Hz)
for polystyrene latex dispersions of 175nm radius containing grafted PEO with a
molecular weight of 2000Da (giving a hydrodynamic thickness 6 ~ 20nm) [12].
The results clearly show the transition from a predominantly viscous response
when ¢ < 0.465 to a predominantly elastic response when ¢ > 0.5. This behavior
reflects the steric interaction between the PEO layers. When the surface-to-surface
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Figure 5.8 Variation of G*, G" and G” with frequency for sterically stabilized dispersions.

distance (h) between the particles becomes <26, an elastic interaction will occur
and G" > G”.

The exact volume fraction at which a dispersion changes from a predominantly
viscous to a predominantly elastic response may be obtained from plots of G*, G’
and G” (at fixed strain in the linear viscoelastic region and fixed frequency) versus
the volume fraction of the dispersion. This is illustrated in Figure 5.9, which shows
the results for the above latex dispersions. At ¢ = 0.482, G’ = G” (sometimes
referred to as the “crossover point”), which corresponds to ¢ = 0.62 (close to
maximum random packing). At ¢ > 0.482, G” becomes progressively larger than
G”, and ultimately the value of G” approaches G* and G” becomes relatively much
smaller than G’. At ¢ = 0.585, G’ ~ G* = 4.8 x 10°Pa, and at ¢ = 0.62,
G’ ~ G* = 1.6 x 10° Pa. Such high elastic moduli values indicate that the disper-
sions behave as near-elastic solids (“gels”) as a result of interpenetration and/or
compression of the grafted PEO chains.

5.7.2
Correlation of the Viscoelastic Properties of Sterically Stabilized Suspensions
with Their Interparticle Interactions

For this purpose, the energy E(D)—distance D curve is determined for two mica
cross-cylinders containing an adsorbed graft copolymer consisting of a
poly(methylmethacrylate) (PMMA) backbone with PEO chains (with a similar
molecular weight as that used in latex) [13-16].

The force between mica surfaces bearing the copolymer is converted to interac-
tion energy between flat surfaces using the Derjaguin approximation:

F(D)

E(D)= 2rma

(5.14)

where D is the surface separation and a is the cylinder radius.
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Figure 5.10 Interaction energy E(D) versus separation distance D.

Figure 5.10 shows the energy—distance curve for mica sheets covered with the
graft copolymer, where the PEO side chain has molecular weight of 750 Da. The
figure demonstrates a monotonic exponential decrease of E(D) with increasing
surface separation. Steric interaction starts at D ~ 25nm, which corresponds to an
adsorbed layer thickness of ~12.5nm. The same copolymer was used as a steric
stabilizer for latex dispersions (with a particle radius of 165nm) for subsequent
rheological measurements.

By using the de Gennes scaling theory [17], it is possible to calculate E(D) as a
function of D:

ﬂkT{ @Ly” D' } [ZL ZL}
E(D)= o e B 5.15
(D) s? 1.25(D)l'25+1.75(2L)°‘75 125 175 G-15)




98

5 Rheology of Suspensions

where L is the stabilizer thickness on each layer, s is the distance between the side
chain attachment points, k is the Boltzmann constant, T is the absolute tempera-
ture, and f3is a numerical prefactor. When L was taken to be 12.5nm, this gave a
good agreement between theory and experiment.

The high-frequency modulus G.. was calculated using the following equation:

dV(R) +R dZV(R)]
dR dRr?

G. = NkT+- 2" {4

- (5.16)

where V(R) is the potential of mean force, n is the coordination number, and ¢,
is the maximum packing fraction.

5.7.3
The High-Frequency Modulus—-Volume Fraction Results

The results of Figure 5.10 are given as interaction energy between flat plates,
but can be converted to the force between spheres by using the Derjaguin
approximation:

G.= NkT—M[4E(D)+RM} (5.17)
5R? dD

By using Equation 5.15 for E(D), it is possible to calculate G/, as a function of the

core volume fraction ¢. The results of these calculations are shown in Figure 5.11,

together with the experimental data. Although Figure 5.11 shows the expected

trend of variation of G/ with ¢, the calculated values are about two orders of

14
106 Calculated with B=7 x 10-3/
7

105 -~

104 4

10°

\ Calculated with
B=2x104

102

G'. (Pa)

10°

100 .
Bl experimental results

101

10-2

0.25 0.35 0.45 0.55 0.65

Figure 5.11 G versus ¢.



5.8 Rheology of Flocculated Suspensions |99

magnitude higher than the experimental results. Yet, by adjusting the numerical
prefactor it is possible to obtain a good agreement between theory and experiment,
as indicated by the solid line in Figure 5.11.

5.8
Rheology of Flocculated Suspensions

The rheology of unstable systems poses problems both from the experimental and
theoretical points of view. This is due to the nonequilibrium nature of the struc-
ture, resulting from the weak Brownian motion [18]. For this reason, advances in
the rheology of suspensions, where the net energy is attractive, have been slow
and of only a qualitative nature. On the practical side, controlling the rheology of
flocculated and coagulated suspensions is difficult, as the rheology depends not
only on the magnitude of the attractive energies but also how the flocculated or
coagulated structures in question are arrived at. As mentioned in Chapter 2, a
variety of structures can be formed, including compact flocs, weak and metastable
structures, and chain aggregates. At a high volume fraction of the suspension, a
“3-D” network of the particles is formed throughout the sample; however, under
shear this network is broken into smaller units of flocculated spheres which can
withstand the shear forces [19]. The size of the units that survive is determined by
the balance of shear forces which tend to break the units down, and the energy of
attraction that holds the spheres together [20-22]. The appropriate dimensionless
group characterizing this process (a balance of viscous and van der Waals forces)
is 1,a*7 /A (where 1, is the viscosity of the medium, a is the particle radius, 7 is
the shear rate, and A is the effective Hamaker constant).

Each flocculated unit is expected to rotate in the shear field, and it is likely that
these units will tend to form layers as individual spheres do. As the shear stress
increases, each rotating unit will ultimately behave as an individual sphere and,
therefore, a flocculated suspension will show pseudoplastic flow with the relative
viscosity approaching a constant value at high shear rates. The viscosity—shear rate
curve will also show a pseudo-Newtonian region at low and high shear rates
(similar to the case with stable systems, as described above). However, the values
of the low- and high-shear rate viscosities 7, and 7..) will, of course, depend on
the extent of flocculation and the volume fraction of the suspension. It is also clear
that such systems will show an apparent yield stress (Bingham yield value, o)
which normally is obtained by an extrapolation of the linear portion of the o7
curve to ¥ =0. Moreover, as the structural units of a weakly flocculated system
change with change in shear rate, most flocculated suspensions will show thixot-
ropy (as discussed in Chapter 3). Once shear has been initiated, a finite time is
required to break the network of agglomerated flocs into smaller units which
persist under the shear forces applied. As smaller units are formed, some of the
liquid entrapped in the flocs will be liberated, thereby reducing the effective
volume fraction, @, of the suspension. This reduction in ¢ is accompanied by
a reduction in 7., and this plays a major role in generating thixotropy.
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It is convenient to distinguish between two types of unstable system, depending
on the magnitude of the net attractive energy:

e Weakly flocculated suspensions: The attraction in this case is weak (energy of
few kT units) and reversible, for example, in the secondary minimum of the
DLVO curve or the shallow minimum obtained with sterically stabilized
systems. A particular case of weak flocculation is that obtained on the addition
of a “free” (nonadsorbing) polymer, referred to as “depletion flocculation.”

e Strongly flocculated (coagulated) suspensions: The attraction in this case is
strong (involving energies of several hundreds of kT units) and irreversible.
This is the case of flocculation in the primary minimum (see Chapter 2), or of
those flocculated by a reduction in the solvency of the medium (for sterically
stabilized suspensions) to worse than a 6-solvent (see Chapter 2).

Studies of the rheology of flocculated suspensions are difficult, as the structure
of the flocs is at nonequilibrium. Theories for flocculated suspensions are also
qualitative, and based on a number of assumptions.

5.8.1
Weakly Flocculated Suspensions

As mentioned in Chapter 2, weak flocculation may be obtained by the addition of a
“free” (nonadsorbing) polymer to a sterically stabilized dispersion [10]. Several
rheological investigations of such systems have been carried out by Tadros and
collaborators [23-27], and this is exemplified by a latex dispersion containing grafted
PEO chains of M = 2000 to which “free” PEO is added at various concentrations.
The grafted PEO chains were made sufficiently dense to ensure the absence of any
adsorption of the added free polymer. Three PEOs of different molecular weights
were used, namely 20000 Da, 35000 Da, and 90000 Da. For illustrative purposes,
Figures 5.12-5.14 show the variation in the Bingham yield value o with the volume
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Figure 5.12 Variation of yield value oj with volume fraction ¢, of “free polymer” (PEO;
M =20000) at various latex volume fractions ¢.
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Figure 5.13 Variation of yield value oy with volume fraction ¢, of “free polymer” (PEO;
M =35000) at various latex volume fractions ¢.
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Figure 5.14 Variation of yield value oy with volume fraction ¢, of “free polymer” (PEO;
M =100000) at various latex volume fractions ¢.

fraction of “free” polymer ¢, at the three PEO molecular weights studied, and at
various latex volume fractions ¢,. The latex radius a in this case was 73.5nm.

The results of Figures 5.12-5.14 show a rapid and linear increase in op with
increase in ¢, when the latter exceeds a critical value, ¢;. The latter value, which
is the critical free polymer volume fraction for depletion flocculation, decreases
with an increase of the molecular weight M of the free polymer, as might be
expected. There does not appear to be any dependence of ¢, on the volume frac-
tion of the latex, ¢s.

Whilst a similar trend was obtained using larger latex particles (with radii 217.5
and 457.5nm), but there was a definite trend towards an effect of the particle size;
that is, the larger the particle size, the smaller the value of ¢,. A summary of
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Table 5.1 Volume fraction of free polymer, ¢;, at which flocculation starts.

Particle radius (nm) M (PEO) &

73.5 20000 0.0150
73.5 35000 0.0060
73.5 10000 0.0055
73.5 20000 0.0150
217.5 20000 0.0055
457.5 20000 0.0050

¢,-values for the various molecular weights and particle sizes is provided in
Table 5.1. These data show a significant reduction in ¢; when the molecular
weight of PEO was increased from 20000 to 35000Da, whereas when M was
increased from 35000 to 100000 the reduction in ¢, was relatively smaller. Simi-
larly, there was a significant reduction in ¢, when the particle radius was increased
from 73.5 to 217.5nm, and a relatively smaller decrease when a was further
increased to 457.5nm.

The straight-line relationship between the extrapolated yield value and the
volume fraction of free polymer can be described by the following scaling law:

o5 =Kg!" (9, - ¢;) (5.18)

where K is a constant and m is the power exponent in ¢, which may be related to
the flocculation process. The values of m used to fit the data of oj versus ¢ are
listed in Table 5.2, from which it can be seen that m is nearly constant, and is
independent of both the particle size and the free polymer concentration. An age-
related value for m of 2.8 may be assigned to such weakly flocculated system. This
value was close to the exponent predicted for diffusion-controlled aggregation
(3.5 £ 0.2) as predicted by Ball and Brown (personal communication) [28]; these
authors developed a computer simulation method in which the flocs were treated
as fractals that were closely packed throughout the sample.

The near-independence of ¢, from ¢, can be explained on the basis of the
statistical mechanical approach of Gast et al. [29], which demonstrated such inde-
pendence when the osmotic pressure of the free polymer solution was relatively
low, and/or the ratio of the particle diameter to the polymer coil diameter was
relatively large (>8-9). The latter situation is certainly the case for the latex suspen-
sions with diameters of 435 and 915nm, at all PEO molecular weights. The only
situation where this condition is not satisfied is with the smallest latex and the
highest molecular weight PEO.

The dependence of ¢, on particle size can be explained from a consideration
of the dependence of free energy of depletion and van der Waals attractions on
particle radius, as will be discussed below. Since both attractions increase with an
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Table 5.2 Power law plot for 6 versus ¢ for various PEO molecular weights and latex radii.

Latex a = 73.5nm

PEO 20000 PEO 35000 PEO 100000

[ m % m 8 m
0.040 3.0 0.022 2.9 0.015 2.7
0.060 2.7 0.030 3.0 0.020 2.7
0.080 2.8 0.040 2.8 0.025 2.8
0.100 2.8 0.050 2.9 - -
Latex a = 217.5 Latex a = 457.5

% m 8 m
0.020 3.0 0.020 2.7
0.040 2.9 0.030 2.7
0.060 2.8 0.040 2.8
0.080 2.8 0.050 2.7

increase of the particle radius, the larger particles would require a lower free
polymer concentration at the onset of flocculation.

It is possible, in principle, to relate the extrapolated Bingham yield value, o, to
the energy required to separate the flocs into single units, E, [23, 24]:

_30nEw

o (5.19)

O
where n is the average number of contacts per particle (the coordination number).
The maximum value of n is 12, which corresponds to hexagonal packing of the
particles in a floc. Although, for random packing of particles in the floc, n =8, it
is highly unlikely that n-values of 12 or 8 will be reached in a weakly flocculated
system, and a more realistic value for n is probably 4 (a relatively open structure
in the floc).

In order to calculate E, from o , it must be assumed that all particle—particle
contacts are broken by shear. Indeed, this is highly likely as the high shear viscosity
of the weakly flocculated latex was close to that of the latex before addition of the
free polymer. Values of E, obtained using Equation 5.19 with n = 4 are listed in
Table 5.3, at the three PEO molecular weights for the latex with the radius of
73.5nm. It can be seen that E,,, at any given ¢, increases with an increase of the
volume fraction ¢ of the latex.

A comparison between E,, and the free energy of depletion flocculation, G,
can be made using the theories of Asakura and Oosawa (AO) [30, 31] and Fleer,
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Table 5.3 Results of E,, Gqe, calculated on the basis of AO and FSV models.

(/8 o O (Ps)  Ewp (kT)  Guep (KT) Gaep (KT)
AO model  FSV model

(@) M (PEO) = 20000

004 030 125 8.4 18.2 78.4
035  21.0 121 18.2 78.4
040 305 15.4 18.2 78.4
045  40.0 18.0 18.2 78.4

(b) M (PEO) = 35000

003 030 175 11.8 15.7 78.6
035 257 14.8 15.7 78.6
040 37.3 18.9 15.7 78.6
045 568 255 15.7 78.6

() M (PEO) = 10000

002 030 100 6.7 9.4 70.8
035  15.0 8.7 9.4 70.8
040 220 11.1 94 70.8
045 325 14.6 9.4 70.8

Vincent and Scheutjens (FVS) [32]. Asakura and Oosawa [31, 32] derived the fol-
lowing expression for Gy, which is valid for the case where the particle radius is
much larger the polymer coil radius:

Gdep

oT =—%¢zﬁx2;0<x<1 (5.20)

where k is the Boltzmann constant, T is the absolute temperature, and ¢, is the
volume concentration of free polymer that is given by:

_47AN,

- (5.21)

)
Here, A is the depletion layer thickness that is equal to the radius of gyration of
free polymer (R,), and N, is the total number of polymer molecules in a volume
v of the solution:

ﬁ:% (5.22)
= A= (h2)] (5.23)

A

where h is the distance of separation between the outer surfaces of the particles.
Clearly when h = 0, at the point where the polymer coils are “squeezed out” from
the region between the particles,x = 1.
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The FSV model [31] allowed the development of a general approach to the inter-
action of hard-spheres in the presence of a free polymer. The model takes into
account the dependence of the range of interaction on free polymer concentration,
and also any contribution from the non-ideal mixing of polymer solutions. This
theory gives the following expression for Ggep:

Gaep = 2m(u)A2 (1 + %) (5.24)

vy 3a

where u,; is the chemical potential at bulk polymer concentration ¢,, uf is the
corresponding value in the absence of free polymer, and v{ is the molecular
volume of the solvent.

The difference in chemical potential g, — yf can be calculated from the volume
fraction of the free polymer ¢, and the polymer—solvent (Flory-Huggins) interac-
tion parameter y/():

ulk—Tui’ :_[%Jr(%_l)%} (5.25)

where n, is the number of polymer segments per chain.

A summary of the values of E, and G, calculated on the basis of AO and FSV
models, is provided in Table 5.3 at three molecular weights for PEO and for a latex
with a = 77.5nm.

The data in Table 5.3 show clearly that E,,,
increase of the volume fraction ¢; of the latex. In contrast, the value of Gg., does

at any given ¢,, increases with an

not depend on the value of ¢,. The theories on depletion flocculation only show a
dependence of Gy, on ¢, and a, such that no direct comparison can be
made between E, and Gy,. The close agreement between E,., and Gg., using the
AO theory [30, 31] and assuming a value of n = 4 should only be considered
fortuitous.

By using Equations 5.18 and 5.19, a general scaling law may be used to show
the variation of E,., with the various parameters of the system:

3
Eep = 5ma y g2 (9o —05)= %M?(% -9) (5.26)
3on 3n
Equation 5.26 shows the four parameters that determine E,.,, namely the particle
radius a, the volume fraction of the suspension ¢, the concentration of free
polymer ¢,, and the molecular weight of the free polymer which, together with a,
determines ¢;.

Further insight into the structure of the flocculated latex dispersions was
obtained using viscoelastic measurements (Equation 5.26). As an illustration,
Figure 5.15 shows the variation of the storage modulus G” with ¢, (M = 20000) at
various latex (@ = 77.5) volume fractions ¢,. Similar trends were obtained for
the other PEO molecular weights. All results showed the same trend, namely
an increase in G’ with an increase in ¢,, so at to reach a plateau value at high
¢p-values. These results were different from those obtained using steady-state
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Figure 5.15 Variation of storage modulus G’ with volume fraction ¢, of free polymer (PEO;
M =20000) for latex dispersions (a = 77.5nm).

measurements, which showed a rapid and linear increase of the yield value oj.
This difference reflected the behavior when using oscillatory (low deformation)
measurements, which cause minimal perturbation of the structure when using
low-amplitude and high-frequency measurements. Above ¢;, flocculation occurs
and G’ increases in magnitude with further increases in ¢,, until a 3-D network
structure is reached and G’ reaches a limiting value. Although any further increase
in the free polymer concentration may cause a change in the floc structure, this
may not cause a significant increase in the number of bonds between the units
formed (which determine the magnitude of G’).

5.8.2
Strongly Flocculated (Coagulated) Suspensions

Steady-state shear stress—shear rate curves show a pseudoplastic flow curve, as
illustrated in Figure 5.16. The flow curve is characterized by three main
parameters:

¢ The shear rate above which the flow curve shows a linear behavior. Above this
shear rate, collisions occur between the flocs, and this may cause interchange
between the flocculi (the smaller floc units that aggregate to form a floc). In
this linear region, the ratio of the floc volume to the particle volume (¢:/¢,) —that
is, the floc density— remains constant.

e 0y the residual stress (yield stress) that arises from the residual effect of
interparticle potential.

e 7, the slope of the linear portion of the flow curve that arises from purely
hydrodynamic effects.
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Figure 5.16 Pseudoplastic flow curve for a flocculated suspension.

5.8.2.1 Analysis of the Flow Curve

Impulse Theory: Goodeve and Gillespie [33, 34] The interparticle interaction
effects (given by op) and hydrodynamic effects (given by 7,) are assumed to be
additive:

0 =0p+ T]pﬁ.’ (527)

In order to calculate op, Goodeve proposed that when shearing occurs, the links

between particles in a flocculated structure would be stretched, broken, and

reformed; consequently, an impulse would be transferred from a fast-moving layer

to a slow-moving layer. Non-Newtonian effects are due to effect of shear on the

number of links, the life time of a link, and any change in the size of the floc.
According to Goodeve theory the yield value is given by:

(30"
op = (27m3 )EA (5.28)

where ¢ is the volume fraction of the dispersed phase, a is the particle radius, and
E, is the total binding energy:

EA =nL € (5.29)
where n, is the number of links with a binding energy & per link.

According to Equation 5.6, 05 =< ¢*; =< (1/a’); =< E, (the energy of attraction).

Elastic Floc Model: Hunter and Coworkers [35, 36] The floc is assumed to consist
of an open network of “girders,” as shown schematically in Figure 5.17. The floc
undergoes extension and compression during rotation in a shear flow, such that
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(a) No Stress

5

Figure 5.17 Schematic representation of the elastic floc.

the bonds are stretched by a small amount A (this may be as small as 1% of the
particle radius).

To calculate o3, Hunter considered the energy dissipation during rupture of the
flocs (assumed to consist of doublets). Thus, the yield value o would be given by
the expression:

2
op = aoﬁ/lm'/(“{jf )q)SZACFP (5.30)

where o, is the collision frequency, fis a constant (=(27/5), A is a correction factor
(~1), and Cyp is the floc density (= ¢5/9,).

5.8.2.2 Fractal Concept for Flocculation
The floc structure can be treated as fractals, whereby an isolated floc with radius
ar can be assumed to have uniform packing throughout that floc [37, 38].

In the above case, the number of particles in a floc is given by:

e = P (%‘ﬂ)3 (5.31)

where @, is the packing fraction of the floc.

If the floc does not have constant packing throughout its structure, but is den-
dritic in form, the packing density of the floc begins to reduce when passing from
the center to the edge. If this reduction is with a constant power law D, then

1y = (%)D (5.32)

where 0 < D < 3.
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In this case, D is termed the “packing index,” and represents the packing change
with distance from the center. Two cases may be considered:

e Rapid aggregation (diffusion-limited aggregation, DLA): When particles
touch, they stick so that particle-particle aggregation gives D = 2.5, while
aggregate—aggregate aggregation gives D = 1.8. The lower the value of D, the
more open is the floc structure.

¢ Slow aggregation (rate-limited aggregation, RLA): The particles have a lower
sticking probability; some are able to rearrange and densify the floc, such that
D =2.0-2.2.

The lower the value of D, the more open is the floc structure; consequently, by
determining D it is possible to obtain information on the flocculation behavior. If
the flocculation of a suspension occurs by changing the conditions (e.g., increasing
temperature), then sites can be visualized for the nucleation of flocs occurring
randomly throughout the whole volume of the suspension.

The total number of primary particles does not change and the volume fraction
of the floc is given by:

o = d,(%)w (5.33)

As the yield stress oy and elastic modulus G’ depend on the volume fraction, a
power law can be used in the form:

oy = Ko" (5.34)
G’ =K¢" (5.35)

where the exponent m reflects the fractal dimension.

Thus, by plotting log o or log G’ versus log ¢, it is possible to obtain m from
the slope, and this can be used to characterize the floc nature and structure (m =2/
(3-D).

5.8.2.3 Examples of Strongly Flocculated (Coagulated) Suspensions

Coagulation of Electrostatically Stabilized Suspensions by Addition of Electrolyte As
mentioned in Chapter 2, electrostatically stabilized suspensions become coagu-
lated when the electrolyte concentration is increased above the critical coagulation
concentration (CCC). This is illustrated by using a latex dispersion (prepared using
surfactant-free emulsion polymerization) to which 0.2moldm™ NaCl has been
added (well above the CCC, which is 0.1 moldm™ NaCl).

Figure 5.18 shows the strain sweep results for latex dispersions at various
volume fractions ¢, in the presence of 0.2moldm™ NaCl. It can be seen from the
figure that G* and G’ (which are very close to each other) remain independent of
the applied strain (the linear viscoelastic region). However, above a critical strain,
Y G* and G’ each show a rapid reduction with a further increase in strain (the
nonlinear region). In contrast, G” (which is much less than G’) remains constant,
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Figure 5.18 Strain sweep results for latex dispersions at various volume fractions ¢ in the
presence of 0.2moldm™ Nacl.
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Figure 5.19 Variation of G’ with frequency at various latex volume fractions.

showing an ill-defined maximum at intermediate strains. Above ¥, the flocculated
structure becomes broken down with applied shear.

Figure 5.19 shows the variation of G’ (measured at strains in the linear viscoe-
lastic region) with frequency v (in Hz) at various latex volume fractions. As noted
above, G’ is almost equal to G* since G” is very low.

In all cases, G’ >> G”, and shows little dependence on frequency. This behavior
is typical of a highly elastic (coagulated) structure, whereby a “continuous gel”
network structure is produced at such high volume fractions (see Chapter 2).
Scaling laws can be applied for the variation of G” with the volume fraction of the
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Figure 5.20 Log-log plots of G’ versus ¢ for coagulated polystyrene latex suspensions.

latex ¢. A log-log plot of G’ versus ¢ is shown in Figure 5.20; this plot is linear,
and can be represented by the following scaling equation:

G’ =1.98x107¢%° (5.36)

The high power in ¢ is indicative of a relatively compact coagulated structure. This
power give a fractal dimension of 2.67 that confirms the compact structure.

It is also possible to obtain the cohesive energy of the flocculated structure E.
from a knowledge of G’ (in the linear viscoelastic region) and .. E. is related to
the stress o in the coagulated structure by the following equation:

Yo
E = | ody (5.37)

0
Since o = G’y then,

Yo 1

E.= [ 7,G'dy =-yiG’ (5.38)
0

2
A log-log plot of E, versus ¢ is shown in Figure 5.21 for such coagulated latex
suspensions.

The E. versus ¢ curve can be represented by the following scaling
relationship:

E.=1.02x10°¢"' (5.39)

The high power in ¢ is indicative of the compact structure of these coagulated
suspensions.

5.8.2.4 Strongly Flocculated, Sterically Stabilized Systems

Influence of Addition of Electrolyte As mentioned in Chapter 2, sterically stabi-
lized suspensions show strong flocculation (sometimes referred to as incipient

m
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Figure 5.21 Log-log plots of E. versus ¢ for coagulated polystyrene latex suspensions.

flocculation) when the medium for the stabilizing chain becomes worse than a
O-solvent (the Flory-Huggins interaction parameter y > 0.5). The reduction of
solvency for a PEO stabilizing chain can be reduced by the addition of a nonsol-
vent for the chains, or by the addition of an electrolyte such as Na,SO,. Above a
critical Na,SO, concentration (referred to here as the critical flocculation concen-
tration, CFC), the y parameter exceeds 0.5 and this results in incipient floccula-
tion. This process of flocculation can be investigated using rheological
measurements, without diluting the latex; however, dilution may result in a
change in the floc structure. Hence, investigations conducted without any dilution
will ensure an absence of change of the floc structure, in particular when using
low-deformation (oscillatory) techniques [39].

Figure 5.22 shows the variation of extrapolated yield value, o, as a function of
Na,SO, concentration at various latex volume fractions ¢, at 25°C. The latex had
a z-average particle diameter of 435 nm, and contained grafted PEO with M = 2000.
It was clear that, when ¢, < 0.52, o3 was virtually equal to zero up to 0.3moldm™
Na,SO,, but above this concentration there was a rapid increase in oy with a further
increase in Na,SO, concentration. When ¢, > 0.52, a small yield value was obtained
below 0.3 moldm™ Na,SO,, though this may have been attributed to the possible
elastic interaction between the grafted PEO chains when the particle-particle
separation was less than 26 (where § is the grafted PEO layer thickness). Above
0.3moldm™ Na,SO,, there was a rapid increase in op. Thus, the CFC of all
concentrated latex dispersions was around 0.3moldm™ Na,SO,. It should be
mentioned that, when the Na,SO, concentration was below the CFC, o3 showed
a measurable decrease with any increase in Na,SO, concentration. This was due
to a reduction in the effective radius of the latex particles as a result of the reduc-
tion in the solvency of the medium for the chains. This, in turn, accounted for a
reduction in the effective volume fraction of the dispersion, which was accompa-
nied by a reduction in op.



5.8 Rheology of Flocculated Suspensions

i
o

0.
$=10.54 0.52 , 0.45
~

)

0 0.1 0.2 0.3 0.4
Cya,so, (Mol dm-3)

w
o

Bingham Yield Value (Pa)
> S

50
/0.40
0.5 0.6

Figure 5.22 Variation of Bingham yield value with Na,SO, concentration at various volume
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Figure 5.23 Variation of storage modulus G” with Na,SO, concentration at various volume
fractions ¢ of latex.

Figure 5.23 shows the results for the variation of the storage modulus G” with
Na,SO, concentration. These results showed the same trend as those in Figure
5.22—that is, an initial reduction in G’ due to a reduction in the effective volume
fraction was followed by a sharp increase above the CFC (which was 0.3 moldm™
Na,SO,).

Log-log plots of o3 and G’ versus ¢ at various Na,SO, concentrations are shown
in Figures 5.24 and 5.25. All of these data are described by the following scaling
equations:

oy = ko (5.40)

113



114

5 Rheology of Suspensions

100 CNa2504
30

10 0.5 0.1,0.2

op (Pa)
o
(5}]

0.3

0.1

0.03

0.35 0.4 0.45 0.5 0.55 0.60 0.65

s

Figure 5.24 Log—log plots of oy versus ¢,.

50 CNaZSQ,
20

10 0.5 0.1,0.2

G’ (Pa)
o

0.5

0.2

0.35 0.4 0.45 0.5 055 0.60 0.65

s

Figure 5.25 Log—log plots of G’ versus ¢..

G =kt (5.41)

where 0.35 < ¢, < 0.53.

The values of m and n were very high at Na,SO, concentrations below the CFC,
reaching values in the range of 30-50 that indicated a strong steric repulsion
between the latex particles. When the Na,SO, concentration exceeded the CFC,
both m and n decreased very sharply to reach values of m = 9.4 and n = 12 when
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Figure 5.26 Variation of G*, G” and G” with temperature for latex dispersions (¢, = 0.55) in
0.2 moldm™ Na,SO,.

the Na,SO, concentration increased to 0.4moldm™, and values of m = 2.8 and
n = 2.2 at 0.5moldm™ Na,SO,. These slopes could be used to calculate the fractal
dimensions (see above), giving a value of D = 2.70-2.75 at 0.4moldm™ Na,SO,,
and D = 1.6-1.9 at 0.5moldm™> Na,SO,.

The above results of fractal dimensions indicated a different floc structure when
compared to results obtained using an electrolyte to induce coagulation. In the
latter case, D = 2.67 indicated a compact structure similar to that obtained at
0.4moldm™ Na,SO,. However, when the Na,SO, concentration exceeded the CFC
value (0.5moldm™ Na,SO,), a much more open floc structure with a D-value less
than 2 was obtained.

Influence of an Increase in Temperature Sterically stabilized dispersions with PEO
chains as stabilizers undergo flocculation on increasing the temperature. At a
critical temperature, termed the critical flocculation temperature (CFT), the
Flory-Huggins interaction parameter becomes higher than 0.5, and results in
incipient flocculation. This is illustrated graphically in Figure 5.26, which shows
the variation of the storage modulus G” and loss modulus G” with increasing
temperature for a latex dispersion with a volume fraction ¢ = 0.55 and at a Na,SO,
concentration of 0.2 mol dm™. At this electrolyte concentration, the latex was stable
in the temperature range 10 to 40°C, but above this temperature (CFT) it was
strongly flocculated.

The data shown in Figure 5.26 demonstrate an initial systematic reduction in
the moduli values when increasing the temperature to 40°C. This was the result
of a reduction in solvency of the chains with increasing temperature. The latter
increase caused a breakdown in the hydrogen bonds between the PEO chains and
water molecules, which in turn resulted in a reduction in the thickness of the
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grafted PEO chains and hence a reduction in the effective volume fraction of the
dispersion. The latter effect caused a decrease in the moduli values. However, at
40°C there was a rapid increase in the moduli values with a further increase of
temperature; this indicated the onset of flocculation (the CFT). Similar results
were obtained at 0.3 and 0.4 moldm™ Na,SO,, but in these cases the CFT was 35 °C
and 15 °C, respectively.

5.9
Models for the Interpretation of Rheological Results

5.9.1
Doublet Floc Structure Model

Neville and Hunter [40] introduced a doublet floc model to deal with sterically
stabilized dispersions which have undergone flocculation. These authors
assumed that the major contribution to the excess energy dissipation in such
pseudoplastic systems was derived from the shear field which provides energy
to separate contacting particles in a floc. The extrapolated yield value can be
expressed as:

3¢5

oy=— M g 5.42
DY IO (Cha (5-42)

where ¢y is the hydrodynamic volume fraction of the particles that is equal to the
effective volume fraction:

Pu = ¢s[1 + g]z (5.43)

Here, (a + 9) is the interaction radius of the particle, and E, is the energy needed
to separate a doublet, which is the sum of the van der Waals and steric
attractions:

Aa

Esep =—+
12H,

G, (5.44)
At a particle separation of ~12nm (twice the grafted polymer layer thickness), the
van der Waals attractions are very small (1.66kT, where k is the Boltzmann
constant and T is the absolute temperature), and the contribution of G; to the
attraction is significantly larger than the van der Waals attractions. Therefore, E,
may be approximated to G,.

From Equation 5.42, it is possible to estimate E, from o. The results, as shown
in Table 5.4, demonstrate an increase in E,, with an increase in ¢,. Unfortunately,
the values of E, listed in Table 5.4 are unrealistically high, and hence the assump-
tions made for the calculation of E, are not fully justified. Consequently, the data
in Table 5.4 must be considered only as qualitative in nature.
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Table 5.4 Results of E, calculated from o for a flocculated sterically stabilized latex
dispersions at various latex volume fractions.

0.4moldm~ Na,SO, 0.4 moldm Na,SO,
¢s O'B (Pa) Esen: (kT) ¢s O'B (Pa) Esep (kT)
0.43 1.3 97 0.25 3.5 804
0.45 2.4 165 0.29 5.4 910
0.51 33 179 0.33 7.4 961
0.54 5.3 262 0.37 11.4 1170
0.55 7.3 336 0.41 14.1 1190
0.57 9.1 397 0.44 17.0 1240
0.58 17.4 736 0.47 211 1380
0.49 23.1 1390
0.52 28.3 1510
5.9.2

Elastic Floc Model

This model [41-43], which was described previously, is based on the assumption
that the structural units are small flocs of particles (termed “flocculi”) that are
characterized by the extent to which the structure is able to entrap the dispersion
medium. A floc is made from an aggregate of several flocculi. The latter may range
from a loose open structure (if the attractive forces between the particles are
strong) to a very close-packed structure with little entrapped liquid (if the attractive
forces are weak). In the system of flocculated sterically stabilized dispersions, the
structure of the flocculi depends on the volume fraction of the solid, and how far
the system is from the CFC. Just above the CFC, the flocculi are probably close-
packed (with relatively small floc volume), whereas far above the CFC a more open
structure is found which entraps a considerable amount of liquid. Both types of
flocculi persist at high shear rates, although those flocculi with a weak attraction
may become more compact by maximizing the number of interactions within the
flocculus.

As discussed above, the Bingham yield value is given by Equation 5.30, which
allows the floc radius ag,. to be obtained, provided that the floc volume ratio Cgp
(#5/9s) can be calculated and that a value for A (the distance through which bonds
are stretched inside the floc by the shearing force) can be assumed.

At high volume fractions, ¢-—and hence Cgp—can be calculated using the Krieger
equation [3]:

~[n1e¢"
My = T’o( - ;)7:[) (5.45)
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Figure 5.27 Floc radius (an.) as a function of latex volume fraction at 0.4 and 0.5 moldm™
Na,SO, (above the CFC).

where 1, is the viscosity of the medium, ¢! is the maximum packing fraction
which may be taken as 0.74, and [)] is the intrinsic viscosity, taken as 2.5.

Assuming a value for A of 0.5 nm, the floc radius ag, was calculated using Equa-
tion 5.30. Figure 5.27 shows the variation of ag, with latex volume fraction at the
two Na,SO, concentrations studied. At any given electrolyte concentration, the floc
radius increases with increase of the latex volume fraction, as expected. This can
be understood by assuming that the larger flocs are formed by a fusion of two
flocs, and the smaller flocs by a “splitting” of the larger ones. From simple statisti-
cal arguments, it can be predicted that ag,. will increase with increase in ¢, because
in this case the larger flocs are favored over smaller ones. In addition, at any given
volume fraction of latex, the floc radius increases with an increase in electrolyte
concentration. This is consistent with the scaling results, as discussed above.

The above results show clearly the correlation of viscoelasticity of flocculated
dispersions with their interparticle attraction. These measurements allow the CFC
and CFT of concentrated flocculated dispersions to be obtained with reasonable
accuracy. In addition, the results obtained can be analyzed using various models
so as to obtain some characteristics of the flocculated structure, such as the “open-
ness” of the network, the liquid entrapped in the floc structure, and the floc radius.
Although, clearly, several assumptions must be made, the trends obtained are
consistent with expectation from theory.
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6
Rheology of Emulsions

6.1
Introduction

Although the rheology of emulsions has many similar features to that of suspen-
sions, emulsions differ in three main aspects:

¢ The mobile liquid-liquid interface that contains surfactant or polymer layers
introduces a response to deformation, such that the interfacial rheology must
be considered.

e The dispersed phase viscosity relative to that of the medium has an effect on
the rheology of the emulsion.

¢ The deformable nature of the disperse phase droplets, particularly for large drop-
lets, has an effect on the emulsion rheology at high phase volume fraction ¢.

When the above factors are taken into consideration, the bulk rheology of
emulsions can be treated in a similar manner as for suspensions, and the same
techniques can be applied.

6.2
Interfacial Rheology

6.2.1
Interfacial Tension and Surface Pressure

A fluid interface in equilibrium exhibits an intrinsic state of tension that is
characterized by its interfacial tension ¥, this is expressed as the change in free
energy with area of the interface, at constant composition n; and temperature T:

r= (?Ti)w 6.1)

The unit for yis energy per unit area (mJ m™) or force per unit length (mNm™),
which are dimensionally equivalent.
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© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32003-5

121



122
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The adsorption of surfactants or polymers lowers the interfacial tension, and
this produces a two-dimensional (2-D) surface pressure 7 that is given by:

T=Ya-y (6.2

where 7, is the interfacial tension of the “clean” interface (before adsorption), and
yis the tension after adsorption.

6.2.2
Interfacial Shear Viscosity

The interface is considered to be a macroscopically planar, dynamic fluid interface.
Thus, the interface is regarded as a 2-D entity, independent of the surrounding
three-dimensional (3-D) fluid. The interface is considered to correspond to a highly
viscous insoluble monolayer, while the interfacial stress o, acting within such
a monolayer is sufficiently large compared to the bulk-fluid stress acting
across the interface. In this way, it becomes possible to define an interfacial shear
viscosity 7s:

05 = T[s’}/ (6.3)
where 7 is the shear rate. Here, 7, is expressed as surface Pa-s (Nm™s) or surface
poise (dyne cm™s).

It should be mentioned that the surface viscosity of a surfactant-free interface
is negligible, and can reach high values for adsorbed rigid molecules such as
proteins.

6.2.2.1 Measurement of Interfacial Viscosity
Many surface viscometers utilize torsional stress measurements upon a rotating
a ring, disk or knife edge (shown schematically in Figure 6.1), within or near to
the liquid-liquid interface [1]. This type of viscometer is moderately sensitive; for
a disk viscometer the interfacial shear viscosity can be measured in the range
1M = 107 surface Pa-s.

The disk is rotated within the plane of the interface with angular velocity @. A
torque is then exerted on the disk of radius R by both the surfactant film with

|——L|—|,_LI_|

Ring viscometer Disk viscometer

e

Knife-edge viscometer

Figure 6.1 Schematic representation of surface viscometers.
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surface viscosity 71, and the viscous liquid (with bulk viscosity n) that is given by
the expression:

M =(8/3)R*nw + 4R’ 1.0 (6.4)

6.2.3
Interfacial Dilational Elasticity

The interfacial dilational (Gibbs) elasticity & which is an important parameter in
determining emulsion stability (reduction of coalescence during formation), is
given by the following equation:

Sy

= 6.5
£ A (6:5)

where 87 is the change in interfacial tension during expansion of the interface by
an amount dA (referred to as interfacial tension gradient resulting from nonuni-
form surfactant adsorption on expansion of the interface).

One of the most convenient methods for measurement of € is to use a Langmuir
trough with two moving barriers for expansion and compression of the interface.
Another method for measurement of € is to use the oscillating bubble technique,
for which instruments are commercially available.

One useful means of measuring ¢ is via the “pulsed drop” method [2]., in which
a rapid expansion of a droplet at the end of a capillary, from radius r, to r, is
obtained by the application of pressure. The pressure drop within the droplet is
measured as a function of time, using a sensitive pressure transducer; subse-
quently, from the pressure drop it is possible to obtain the interfacial tension as
a function of time. The Gibbs dilational elasticity is determined from values of
the time-dependent interfacial tension, with measurements being made as a func-
tion of frequency, as illustrated in Figure 6.2 for stearic acid at the decane-water
interface at pH 2.5.

20
15

10

10~ 1073 1072 107" 1
(0]

Figure 6.2 Gibbs dilational elasticity versus frequency.
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6.2.4
Interfacial Dilational Viscosity

Measurement of the dilational viscosity is more difficult than measurement of the
interfacial shear viscosity, this being due to the coupling between dilational viscous
and elastic components. The most convenient method for measuring dilational
viscosity is the “maximum bubble pressure technique,” although this can only be
applied at the air-water interface. According to this technique, the pressure drop
across the bubble surface at the instant when the bubble possesses a hemispherical
shape (corresponding to the maximum pressure) is due to a combination of bulk
viscous, surface tension, and surface dilational viscosity effects which, together,
allows the interfacial dilational viscosity to be obtained.

6.2.5
Non-Newtonian Effects

Most adsorbed surfactant and polymer coils at the oil-water (O/W) interface show
non-Newtonian rheological behavior. The surface shear viscosity 1, depends on
the applied shear rate, showing shear thinning at high shear rates. Some films
also show Bingham plastic behavior with a measurable yield stress.

Many adsorbed polymers and proteins show viscoelastic behavior and, indeed,
it is possible to measure viscous and elastic components by using sinusoidally
oscillating surface dilation. For example, the complex dilational modulus &*
obtained can be split into “in-phase” (the elastic component, £) and “out-of-phase”
(the viscous component, €”) components. Both, creep and stress relaxation
methods can be applied to the study of viscoelasticity.

6.2.6
Correlation of Emulsion Stability with Interfacial Rheology

6.2.6.1 Mixed-Surfactant Films

Prins et al. [3] found that a mixture of sodium dodecyl sulfate (SDS) and dodecyl
alcohol produces a more stable O/W emulsion when compared to emulsions
prepared using SDS alone. This enhanced stability is due to the higher interfacial
dilational elasticity € for the mixture when compared to that of SDS alone. Inter-
facial dilational viscosity does not play a major role here, as the emulsions are
stable at high temperature whereby the interfacial viscosity becomes lower. The
above correlation is not general for all surfactant films, since other factors such as
thinning of the film between emulsion droplets (which depends on other factors
such as repulsive forces) can also play a major role.

6.2.6.2 Protein Films

Biswas and Haydon [4] found some correlation between the viscoelastic properties
of protein (albumin or arabinic acid) films at the O/W interface, and the stability
of emulsion drops against coalescence. Viscoelastic measurements were carried
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Figure 6.3 Creep curve for protein film at the oil-water (O/W) interface.
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Figure 6.4 Variation of t,, and G, and 1, with pH.

out using creep and stress relaxation measurements (using a specially designed
interfacial rheometer). For this, a constant torque or stress ¢ (mNm™) was applied
and the deformation y measured as a function of time for 30min. After this
period, the torque was removed and y (which changes sign) was measured as
a function of time to obtain the recovery curve. The results are illustrated in
Figure 6.3.

From the creep curves, it is possible to obtain the instantaneous modulus G,
(/%) and the surface viscosity 1), from the slope of the straight line (which gives
the shear rate) and the applied stress; G, and 1, are then plotted versus pH, as
shown in Figure 6.4. Both showed an increase with increase in pH, reaching a
maximum at ~pH 6 (the isoelectric point of the protein), when the protein mol-
ecules showed maximum rigidity at the interface.

The stability of the emulsion was assessed by measuring the residence time ¢
of several oil droplets at a planar O/W interface containing the adsorbed protein.
Figure 6.4 shows the variation of t;;, (the time taken for half the number of oil
droplets to coalesce with the oil at the O/W interface) with pH. Typically, a good
correlation between t;, and G, and 17, is obtained.
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Subsequently, Biswas and Haydon [4] derived a relationship between the coa-
lescence time 7 and surface viscosity 7;, the instantaneous modulus G, and the

adsorbed film thickness h:

T= n{3C’h—z—i—¢(t)} (6.6)
A G,
where 3C’ is a critical deformation factor, A is the Hamaker constant, and ¢(t) is
the elastic deformation per unit stress.

Equation 6.6 shows that rincreases with an increase of 7, but, most importantly,
it is directly proportional to h”. These results show that viscoelasticity is neces-
sary—but not sufficient—to ensure stability against coalescence. Rather, in order
to ensure the stability of an emulsion it must be ensured that h is sufficiently large
and that any film drainage is prevented.

6.3
Bulk Rheology of Emulsions

For rigid (highly viscous) oil droplets dispersed in a medium of low viscosity,
such as water, the relative viscosity 7, of a dilute (volume fraction ¢ < 0.01) O/W
emulsion of noninteracting droplets behaves as “hard-spheres” (similar to
suspensions).

In the above case, 7, is given by the Einstein equation:

n.=1+[nl¢ (6.7)

where [7] is the intrinsic viscosity that is equal to 2.5 for hard-spheres.

For droplets with low viscosity (comparable to that of the medium), the transmis-
sion of tangential stress across the O/W interface, from the continuous phase to
the dispersed phase, causes a liquid circulation in the droplets. Energy dissipation
is less than that for hard-spheres, and the relative viscosity is lower than that
predicted by the Einstein equation.

For an emulsion with viscosity 7; for the disperse phase and 7, for the continu-
ous phase [5],

(6.8)

(1] = 2.5(ni +0.4noj

ni+no

Clearly when n; >> 1,, the droplets behave as rigid spheres and [17] approaches the

Einstein limit of 2.5. In contrast, if 17; << 1, (as is the case for foams), then [n] = 1.
In the presence of viscous interfacial layers, Equation 6.8 is modified to take

into account the surface shear viscosity 7, and surface dilational viscosity g

[T]] = 25(%) (69)
Mm+1+8
= @ns +3p) (6.10)

R
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where R is the droplet radius.

When the volume fraction of droplets exceed the Einstein limit (i.e., ¢ > 0.01),
it is necessary to take into account the effect of Brownian motion and interparti-
cles interactions. The smaller the emulsion droplets, the more important the
contribution of Brownian motion and colloidal interactions. Brownian diffusion
tends to randomize the position of colloidal particles, leading to the formation of
temporary doublets, triplets, and so on. The hydrodynamic interactions are of
longer range than the colloidal interactions, and they come into play at relatively
low volume fractions (¢ > 0.01); this results in an ordering of the particles into
layers and tends to destroy the temporary aggregates caused by the Brownian
diffusion. This also explains the shear thinning behavior of emulsions at high
shear rates.

For the volume fraction range 0.01 < ¢ < 0.2, Bachelor [6] derived the following
expression for a dispersion of hydrodynamically interacting hard-spheres:

M =1+2.5¢+6.2¢* + ¥9¢° (6.11)

The second term in Equation 6.11 is the Einstein limit, the third term accounts
for hydrodynamic (two-body) interaction, while the fourth term relates to multi-
body interaction.

At higher volume fractions (¢ > 0.2), 1, is a complex function of ¢, and the ,— ¢
curve is shown schematically in Figure 6.5. This curve is characterized by two
asymptotes: [7] the intrinsic viscosity, and ¢, the maximum packing fraction.

A good semi-empirical equation that fits the curve is given by Dougherty and
Krieger [7, 8]:

~ ¢j—[n]¢p
=l1-2 (6.12)
! ( o,

[n]

Figure 6.5 1,— ¢ curve.
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Figure 6.6 Comparison of experimental data of the concentration dependence of different
emulsions with some theoretical predictions.

6.3.1
Analysis of the Rheological Behavior of Concentrated Emulsions

When considering the rheology of concentrated emulsions (without deformation
of the emulsion drops), an attempt should be made to identify an expression for
the fourth term in ¢’ of Equation 6.11. Unfortunately, however, there is no theo-
retical rigorous treatment of this term, and only semi-empirical equations are
available [9, 10] for the case of intermediate-volume fractions.

Two models were proposed by Pal [11] that are described by the following
expressions:

m 45470 [ 250

dEr ‘e"p{l—w/w)} (6:13)
2 +SATE s

[m} =[1-(9/¢*)] (6.14)

where A is the ratio of viscosities of disperse drops and continuous medium, and
¢* is the limit of closest packing of drops in free space (as in suspensions),
although it was used as a free-fitting factor.

The above models describe rather well the experimental data for various real
emulsions over a wide concentration range, as illustrated in Figure 6.6.

The increase of the concentration of drops in emulsions results not only in an
increase in viscosity at low shear rates (the limiting residual Newtonian viscosity
1(0)), but also in the appearance of strong non-Newtonian effects—that is, a shear
rate dependence of the apparent viscosity. This is illustrated in Figure 6.7, which
shows the variation of viscosity with applied stress [9]. This figure shows the
remarkable transition from an almost Newtonian behavior at low stresses to an
anomalous flow with pronounced non-Newtonian effects.

Another example of the changes in the character of rheological properties
just close to the upper boundary of the concentration domain-that is, when
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Figure 6.7 Flow curves of a model “oil-in-water” emulsion (average drop size of 4.6um) at
various volume fractions [12].

¢=0.80 22085

6 $=0.75 —‘"‘\\
$=0.70

\ ¢=0.68

2

o | #=065
¢=05o;:::::::::::

-2

log n(Pa-s)

-2 -1 0 1 2 3
log o(Pa)

|”

Figure 6.8 Flow curves of “water-in-oil” emulsions when approaching the concentration limit
corresponding to the closest packing of spherical drops.

approaching the state of closest packing of spherical drops—is shown in Figure
6.8 for a water-in-oil emulsion [13].

As can be seen from Figures 6.7 and 6.8, the approach to the limit of high
concentration and transition beyond the closest packing of nondeformable spheri-
cal drops leads to principal changes in the rheological properties. Typically, the
Newtonian viscous flow is replaced by a viscoplastic behavior, with a jump-like
decrease (by several orders of magnitude) in the apparent viscosity over a narrow
range of applied stresses. The jump in the apparent viscosity at a certain shear
stress reflects the rupture of the structure, and this stress may be treated as a yield
stress.
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At high volume fractions (¢ > 0.6) there is a significant effect of the average
droplet diameter (volume to surface ratio di,). The drop size influences the volume-
to-surface ratio, and this leads to a more pronounced effect of the flow inside
the drops. This phenomenon becomes more significant when approaching the
upper boundary of intermediate concentrations. This is illustrated in Figures 6.9
and 6.10, which show the variation of viscosity with volume fraction for emulsions
with different droplet diameters [9]. In the low-volume fraction regime
(Figure 6.9)—that is, at ¢ < 0.6—there is hardly any effect of the droplet diameter
on the viscosity of the emulsion. However, in the high-volume fraction regime
(¢>0.6), a reduction in the droplet diameter results in a significant increase of the
viscosity.

Another rheological behavior of concentrated emulsions is the presence of thix-
otropy. The interfacial layers in the closely arranged drops can produce a
certain type of structure which is destroyed by deformation but restored at rest.

1072

n(Pa-s)

1072

0.2 0.3 0.4 0.5 0.6
¢

Figure 6.9 Viscosity—volume fraction curves for emulsions with different droplet diameters
and at low volume fractions (¢ < 0.6).
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Figure 6.10 Viscosity—volume fraction curves for emulsions with different droplet diameters
and at high volume fractions (¢ > 0.6).
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The interaction between the drops and the evolution of their shape in flow can
also result in viscoelastic effects, as will be discussed below.

6.3.1.1 Experimental n,— ¢ Curves

Experimental results of 1, — ¢ curves were obtained for paraffin O/W emulsions
[9] stabilized with an A-B—C surfactant consisting of nonyl phenol (B), 13 moles
of propylene oxide (C) and polyethylene oxide (PEO), with 27, 48, 80 and 174 moles
of ethylene oxide (EO). To illustrate this point, Figure 6.11 shows the results for
an emulsion stabilized with the surfactant containing 27 EO (the volume medium
diameter of the droplets was 3.5 um). Calculations based on the Dougherty—Krieger
equation are also shown in the same figure, where [1] = 2.5 and ¢, was obtained
from a plot of 77'/* versus ¢ and extrapolation of the straight line to 7'/* = 0. The
value of ¢, was 0.73 (which was higher than the maximum random packing of
0.64, as a result of the polydispersity of the emulsion). Results using the other
three surfactants showed the same trend; the experimental 7, — ¢ curves were close
to those calculated using the Dougherty—Krieger equation, which indicated that
these emulsions had behaved as hard-spheres.

6.3.1.2 Influence of Droplet Deformability

The influence of droplet deformability on emulsion rheology was investigated by
Saiki et al. [14] by comparing the 7, — ¢ curves of hard-spheres of silica with two
poly(dimethylsiloxane) (PDMS) emulsions with low (PDMS 0.3) and high deform-
ability (PDMS 0.45) (by controlling the proportion of crosslinking agent for the
droplets; 0.3 = low and 0.45 = high crosslinking agent). The 1, — ¢ curves for the
three systems are shown in Figure 6.12. The 1, — ¢ curve for silica can be fitted
by the Dougherty—Krieger equation over the whole volume fraction range, indicat-
ing a typical hard-sphere behavior. The 7, — ¢ curve for the less-deformable PDMS
was seen to deviate from the hard-sphere curve at ¢ = 0.58, while the 1, — ¢ curve
for the more-deformable PDMS deviated from the hard-sphere curve at ¢ = 0.4.
This showed clearly that the deformation of “soft” droplets occurred at a relatively
low volume fraction.

30

r
20

10

0.2

Figure 6.11 Experimental and theoretical 1, — ¢ curves.
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Figure 6.12 7, — ¢ curves for silica and two poly(dimethylsiloxane) (PDMS) emulsions.
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Figure 6.13 Variation of G*, G’ and G” with frequency @ (Hz).

6.3.2
Viscoelastic Properties of Concentrated Emulsions

The viscoelastic properties of emulsions can be investigated using dynamic (oscil-
latory) measurements. For this, a sinusoidal strain with amplitude ¥, is applied to
the system at a frequency ® (rads™), and the stress ¢ (with amplitude o) is meas-
ured simultaneously. From the time shift At between the sine waves of strain and
stress, it is possible to measure the phase angle shift § (8 = Atw).

From o,, %, and §, the complex modulus G*, the storage modulus G’ (the elastic
component) and the loss modulus G” (the viscous component) can be obtained.
In this case, G*, G’ and G” are measured as a function of strain amplitude to
obtain the linear viscoelastic region, and then as a function of frequency (keeping
% in the linear region). As an illustration, Figure 6.13 shows the results for an
O/W emulsion at ¢ = 0.6 (the emulsion was prepared using an A-B-A block
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Figure 6.14 Variation of G*, G’ and G” with ¢.

copolymer of polyethylene oxide (PEO; A) and polypropylene oxide (PPO; B) with
an average of 47 propylene oxide (PO) units and 42 EO units [15, 16].

The results shown in Figure 6.13 are typical for a viscoelastic liquid where, in
the low-frequency regime (<1 Hz), G” > G’. However, as the frequency wincreases,
so too does G’ increase such that, at a characteristic frequency w* (the crossover
point), G’ becomes higher than G”, whereas at a high frequency it becomes closer
to G*. Subsequently, G” increases with an increase in frequency to reach a
maximum at @*, after which it decreases with a further increase in frequency.

From w*, it is possible to calculate the relaxation time ¢*:

* = 1
2mw*

(6.15)

For the above value of ¢ (= 0.6), t* = 0.12s. Subsequently, t* increases with an
increase of ¢, which reflects the stronger interaction with an increase of ¢.

To obtain the onset of strong elastic interaction in emulsions, G*, G’ and G”
(obtained in the linear viscoelastic region and high frequency, e.g., 1Hz) are
plotted versus the volume fraction of the emulsion ¢. At this point, care should
be taken to ensure that the droplet size distribution in all emulsions is the same.
The most convenient way to achieve this is to prepare an emulsion at the highest
possible ¢ (e.g., 0.6), which can then be diluted to obtain various ¢-values. A droplet
size analysis should be conducted for each emulsion to ensure that the size
distribution is the same.

Figure 6.14 shows the plots for G*, G"and G” versus ¢. At ¢<0.56, G”> G’, whereas
at ¢ > 0.56, G’ > G”. In addition, ¢ = 0.56 is the onset of a predominantly elastic
interaction, and reflects the small distance of separation between the droplets.

6.3.2.1 High-Internal Phase Emulsions (HIPES)

The maximum packing fraction ¢* of nondeformable droplets in an emulsion is
in the region of 0.71-0.75, depending on the droplet size distribution and the
arrangement of the drops in space. However, some emulsion systems can exceed
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this maximum-—that is, with ¢ > ¢*—and these are referred to as high-internal
phase emulsions (HIPES). In order to achieve this, the deformation of spherical
droplets must take place via compression of a dispersion, and this will result in a
transformation of the spherical droplets into tightly packed, polygon-shaped
particles that occupy the space. These systems have a wide application in cosmet-
ics, foodstuffs, and emulsion explosives.

The general thermodynamic approach to understanding the nature and proper-
ties of HIPES was proposed by Princen [17]. According to this approach, HIPES
are created by the application of an outer pressure that compresses the drops and
transforms them from spheres to polygons. This outer pressure is equivalent
to the osmotic pressure IT acting inside the thermodynamic system. The work
produced by this pressure when creating a HIPE is equal to the energy stored by
the increase in droplet surface area S due to changes in shape. This equality is
given by the following expression:

~IIBV = 03S (6.16)

where o is the interfacial tension.

Equation 6.13 shows that the osmotic pressure for decreasing the volume I1dV
is equal to the work needed for creating additional new surface 8S. Substitution
of the expression for concentration gives the equation for the osmotic pressure as
a function of the volume fraction ¢ and change in surface area S (reduced by the
volume V):

8(s'V)
o9

The stored surface energy serves as a source of elasticity of the HIPES which is
observed in shear deformation [18-21]. The experimental evidence of this concept
is seen in the close correlation between the concentration dependence of the shear
elastic modulus G and osmotic pressure I, as shown in Figure 6.15. The experi-
mental data of Figure 6.15 are reduced by the Laplace pressure (o/R).

IT=c¢’ (6.17)
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Figure 6.15 Correlation between the elastic modulus (0) and osmotic pressure (@) for HIPES.
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Using a reduction factor (o/R) reflects the proposed conception of elasticity of
HIPES as a consequence of the increase of surface energy upon compression of
a drop [17, 19]. This approach presumes that both G and IT are inversely propor-
tional to the droplet size. The concentration-dependence of elasticity should be the
product ¢'” (¢ — ¢*) or ¢ (¢ — ¢*), as discussed by Princen [22]. The solid-like
properties of HIPES can be observed when ¢ > ¢*. The elasticity of HIPES can be
illustrated from measurements of the modulus as a function of frequency; this is
shown in Figure 6.16 for a model emulsion of monodisperse droplets (R =500nm)
of PDMS in water at a volume fraction ¢ of 0.98 [20].

The elastic modulus G’ show little dependency on frequency up to 10%s™, indi-
cating that the HIPES behave as a linear elastic material. However, G’ increases
at very high frequencies, and this effect is attributed to a mechanical glass transi-
tion of the emulsion as a viscoelastic material [20].

Further rheological measurements [23] have indicated that HIPES show both
nonlinear viscoelastic and viscous behaviors. This is illustrated in Figure 6.17,
which shows the variation of the complex modulus with stress for highly concen-
trated emulsions at various volume fractions. It can be seen that the modulus
remains virtually constant with increase of stress, but at a critical stress it shows
a rapid decrease, indicating a “softening” of the structure at high stress values.
Such behavior is typical of “structured” colloidal dispersions which undergo
destruction of this structure when the stress exceeds a critical value.

It is important to compare the amplitude dependence of the elastic (storage)
modulus G’ and the viscous (loss) modulus G” under conditions of large deforma-
tion. Although, as mentioned above, HIPES behave as elastic systems with G’ > G”,
at high amplitudes a solid-like to liquid-like behavior is observed. Indeed, at a
critical strain y* (which is referred to as the melting strain) G’ = G”, and this can
be considered as a measure of the point of rupture of the material structure [15].
Notably, above y*, G” > G'.

log G(Pa)

log o(s™")

Figure 6.16 Variation of the storage modulus G” and loss modulus G” with frequency for
poly(dimethylsiloxane) emulsion (r=500nm) at ¢ = 0.98.
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Figure 6.17 Variation of complex modulus with applied stress for highly concentrated
(cosmotic grade) water-in-oil emulsions.
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Figure 6.18 Flow curves for highly concentrated water-in-oil emulsions (liquid explosives).

Some authors [24] have observed a structure formation with increasing strain
amplitude—a phenomenon which is analogous to negative (anti-) thixotropy dis-
cussed in Chapter 3.

The non-Newtonian behavior of HIPES can also be demonstrated from flow
curves [25], as illustrated in Figure 6.18 for a water-in-oil emulsion (a liquid emul-
sion explosive) at various volume fractions of HIPES. The data in Figure 6.18
indicate that the yield values show a large increase with only a small increase in
the volume fraction of the emulsions.

A schematic representation of the evolution of rheological properties of emul-
sions from dilute (¢ << 1) to highly concentrated emulsions (¢ > ¢*) is shown in
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Figure 6.19 General trends for rheological properties of emulsions in the whole volume
fraction range.
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Figure 6.20 Variation of elastic modulus G with volume fraction ¢.

Figure 6.19 [13]. Here, the transition into the domain of highly concentrated
emulsions is accompanied by change in the volume fraction dependence, the
rheological properties, and the influence of droplet size. This is illustrated in
Figures 6.20 and 6.21, which show the variation of elastic modulus G and yield
value op with volume fraction ¢ at values above ¢*. The linear dependence of
G and o on ¢ is consistent with the proposals of Princen and Kiss [22], as dis-
cussed above.

The influence of droplet size on the viscosity of concentrated emulsions was
investigated by Pal [26], who showed the viscosity of smaller droplets to be higher
than that of larger droplets at the same volume fraction. This is illustrated in
Figure 6.22, which shows the flow curves for an emulsion with ¢ = 0.76 at two
droplet sizes of 12 and 30um. In addition to the higher viscosity of the emulsion
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Figure 6.21 Variation of yield stress o with volume fraction ¢.
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Figure 6.22 Flow curves for concentrated emulsions (¢ = 075) with two different
droplet sizes.

with the smaller size, the latter shows a more pronounced non-Newtonian effect
when compared to the emulsion with the larger size.

The dependence of elastic modulus on droplet diameter can be approximated
by the following equation:

G =ady; (6.18)

which shows that a plot of G versus (1/d) should give a straight line, as illustrated
in Figure 6.23.

It is worth mentioning that, according to the generally accepted Princen-Mason
theory [17, 20], the dependence of G on d was always considered as reciprocal
linear (but not squared), as it follows from the basic concept of elasticity of HIPES
discussed above.

6.3.2.2 Deformation and Break-Up of Droplets in Emulsions During Flow
During flow, the emulsion drops undergo deformation (from spherical to ellipsoi-
dal shape), which is then followed by a break-up to smaller drops. The driving
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Figure 6.23 Dependence of elastic modulus on the average droplet size for highly
concentrated emulsions.

force for drop deformation is the shear stress, and such deformation is resisted
by the interfacial tension, as determined by the Laplace pressure. Thus, the
morphology of a drop is determined by the ratio of stress to the Laplace pressure;
that is, the capillary number Ca given by the following expression:

U4
C =
5= IR (6.19)
where 7, is the viscosity of the medium, ¥ is the shear rate, o is the interfacial
tension, and R is the droplet radius.
The degree of anisotropy D of a deformed drop is based on the classical Taylor
model for the viscosity of dilute emulsions [27]:

_16+194

T16(A+1) (6.20)

where A is the ratio of viscosity of the disperse phase and disperse medium.
For a moderately concentrated emulsion, the dynamic interaction between the
dropsand Dmustbe taken into account; this is given by the following expression [28]:

[16+19/’L }[H 5(2+5M¢]Ca
16(A+1) 4(A+1)

(6.21)

One successful method for obtaining experimental results at various emulsion
volume fractions is based on modification of the capillary number, whereby the
viscosity of the medium 7, is replaced by the “mean field” viscosity—that is, the
viscosity of the emulsion as a whole 7.,:

_ Nem¥

Cay,
o/ R

(6.22)
A plot of D versus Ca, is shown in Figure 6.24 for emulsions with different
volume fractions. All results fall on the same line, thus confirming the validity of
Equation 6.22.
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Figure 6.24 Variation of D with Ca,, for emulsions with various volume fractions.

The connection between the shape of the droplet and the whole complex behav-
ior of emulsions was established in a series of publications [29-34] for various flow
geometries. The final results were obtained in an analytical form. The shear stress
in steady flow is expressed as a function of shear rate and capillary number.

The shear stress 7 is related to Ca, the ratio of viscosities of the disperse phase
and medium A, and the volume fraction ¢ of the oil by the following expression:

_ ZKCa«ﬂ f22

T= 6.23
3(Ca* + f7) (6.23)
where f; and f, are given by the following expressions:
40(A+1)
= 6.24
hi (3+24)(16+94) (6.24)
5
- 6.25
f 3+24 (6.23)
The factor K represents the influence of volume fraction on the viscosity:
6 A+1D)(B+A
K:(ﬁ) A+DHEB+A)¢ (6.26)
S5R/5(A+1)=5(2+54)¢

The problem of calculating the droplet deformation in a flow of viscous liquid was
rigorously formulated by Maffettone and Minale [35]. This deformation consists
of the transition from spherical to ellipsoidal shape, and the exact solution to the
problem was provided by Wetzel and Tucker [36] (without taking into account the
interfacial tension), and later by Jackson and Tuker [37], who proposed a complete
solution which included the influence of all factors affecting the shape of a drop.
A comparison between the theoretical prediction of the dependence of D on Ca
and the experimental results [37] is shown in Figure 6.25.

The deformation of drops in flow from spherical to ellipsoidal shape influences
the viscosity of the emulsion [38], which can be confirmed by measurement of
the viscosity of an emulsion (water in viscous alkyd resin) at various shear rates.
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Figure 6.25 Comparison of theoretical prediction of dependence of droplet deformation on
capillary number in viscous liquid flow (A = 3.6) (solid line) with experimental results (circles).

In the low-shear rate regime (where no deformation occurs) the viscosity—volume
fraction curve is very close to that of a suspension. However, in the high-shear
rate regime, where deformation of the drops occurs as a result of the low viscosity
ratio 4, a non-Newtonian flow is observed and the volume fraction dependence of
viscosity is given by the following empirical equation:

n=na-o (627

Equation 6.27 shows that the viscosity of the emulsion in the high-shear rate
regime is lower than that of the medium.

The above problem of calculating the deformation of a drop in a flow is consid-
ered without taking into account inertia—that is, at very low Reynolds number (Re).
Estimations have shown that the increase in Re enhances the impact of inertia,
which in turn leads to a stronger deformation of the drop and consequently to the
growth of stresses in the interfacial layer [39]. It also influences the stability of the
drop which is determined by surface stresses.

The possibility of drop break-up is determined by the balance of the outer stress
created by the flow of liquid around the drop (given by the product of the viscosity
and shear rate 7,7), and the Laplace pressure (6/R). Thus, the determining factor
for drop stability is a critical value for the capillary number Ca*, which depends
on the ratio of the viscosities of disperse droplets and medium A. The value of Ca*
decreases with increase of 4 in the domain A < 1. Hinch and Arcivos [40] expressed
the variation of Ca* with A (at low values) by,

Ca* =0.05417%° (6.28)

Complete results were obtained by Grace [41], who examined both simple
shear as well as the 2-D extension in the full range of A-values, as illustrated in
Figure 6.26. The data in Figure 6.26 demonstrate two interesting results: (i) a
minimum in Ca* of 0.4 when A =1 (i.e., when the viscosities of the disperse phase
and medium are equal); and (ii) an absence of drop-break-up in laminar flow when
A >4 (i.e., drops of high viscosity).
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Figure 6.26 Dependence of Ca* on 4 in simple shear and two-dimensional extensional flow.
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Figure 6.27 Correlation of theoretical dependence of Ca* on A (solid line) with experimental
data (circles and squares) in laminar simple shear.

The results of systematic investigation of single droplet break-up are shown in
Figure 6.27. These experimental data are in reasonable agreement with the theo-
retical predictions of Jackson and Tucker [37], with the break-up conditions being
defined as the limit of their deformation (as discussed above). It is assumed that,
when a deformation results in some steady state of a drop, then this rate of defor-
mation is less than that corresponding to the critical value Ca*. The calculations
show that droplet deformation becomes continuous without limit, which means
that the drop will break when Ca > Ca*.

The critical conditions for droplet break-up in a viscoelastic medium are differ-
ent from those in a purely viscous liquid. Notably, the surface stresses at the
interface may vary, and represent a function of the Reynolds number and the
Weissenberg number (the ratio of the characteristic time of outer action and inner
relaxation). The use of numerical modeling has shown that the capillary number
increases as the Weissenberg number is increased; that is, when the viscoelasticity
of the medium is enhanced [42].

Although the above discussions refer to the case of single drops, in concentrated
emulsions (practical systems) it is necessary to include certain modifications so as
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Figure 6.28 Condition of break-up for silicone oil-in-water emulsions at different oil volume
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Figure 6.29 Dependence of the critical shear rate corresponding to break-up on droplet size
for emulsions at different volume fractions.

to take into account the droplet—droplet interactions. One convenient method for
this is to modify the definition of Ca* and A by substituting the viscosity of the
medium with that of the emulsion (mean field approximation). In this way, the
modified viscosity ratio A, is given as:

Ay = (6.29)

Tem
The results of experimental studies discussed in terms of the function CaZ (A.,)
are shown in Figure 6.28 for emulsions with a wide volume fraction range (up to
¢=0.7). The influence of volume fraction can be clearly seen in Figure 6.29, which
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Figure 6.30 Dependence of drop size (as a result of laminar shearing) on shear rate for
silicone oil-in-water emulsions (¢ = 0.7).

shows plots of the critical shear rate of break-up as a function of reciprocal radius.
In this case, the higher the value of ¢, the lower the shear rate required for break-
up of the drops, a situation which is consistent with the increase of stress with
increasing ¢.

The drop break-up at a given shear rate can continue up to a limiting value Ry,
because the capillary number decreases with the decrease of radius, such that
it finally becomes less than the critical value Ca*. This is illustrated in Figure 6.30,
which shows the dependence of Ry, on shear rate. In this case, a parabolic
relationship is obtained that is represented by the following scaling law [43]:

Ry =C-= (6.30)
ny
Here, the factor C is of the order of 1, and reflects the critical value of the capillary
number.

It is essential that all theoretical models must be conducted, and experimental
results obtained, under the conditions of laminar flow. The transition to a higher
Reynolds number (>2000)—that is, under a turbulent regime—will greatly compli-
cate the break-up of droplets in emulsions. The basic problem is the presence of
wide fluctuations in the local velocities and stresses, which in turn greatly com-
plicates the theoretical analysis when compared to the case of laminar flow.

Generally speaking, there are two regimes for turbulent low—namely, “turbu-
lent inertial” (TI) and “turbulent viscous” (TV). The difference between these is
related to the ratio of the characteristic sizes of the liquid droplets and the turbu-
lent vortex [44]. The minimum droplet size in the TI regime depends on the ratio
of the dynamic fluctuation (break-up of a droplet) and surface tension, whereas
for the TV regime the break-up of droplets occurs under shear stresses across the
continuous medium.

Vankova et al. [45] have shown that the maximum size of a droplet in the TI
regime, dry . iS given by the following expression:
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Figure 6.31 Dependence of the maximum droplet diameter dr .., in turbulent inertial
regime on the determining factors, d, predicted by Equation 6.31 for emulsions with different
emulsifiers.

11 max = A1 (6707 pY°) = Asdli (6.31)

where A, is a factor that is of the order of 1, £is the intensity of energy dissipation
characterizing the dynamic situation in a flow, and p. is the density of the continu-
ous phase. The term in brackets designated as dy is a characteristic length.

The maximum size of a drop in the TV regime, dry m., is determined by the
viscous shear stresses:

rvmax = Ay (671,720 0) (6.32)

where the constant A, = 4 and 7, is the viscosity of the medium.

Equation 6.32 is only valid for low-viscosity drops. For emulsions with more
viscous drops dispersed in a medium of arbitrary viscosity, dry m. is given by the
following general expression [46-50]:

13

13 3/5
v s = Ay (1 +A, WJ d, (6.33)

where A; and A, are constants, and 7, is the viscosity of the dispersed liquid drops.

The results of experimental investigations of the dependence of droplet size on
the determining factors for the TI regime confirm the validity of Equation 6.31
with A; = 0.86. This is shown in Figure 6.31 for hexadecane-in-water emulsions
using different emulsifiers, where dry ., is plotted versus di. A comparison of
experimental results with theory for the TV regime is shown in Figure 6.32 for a
large number of emulsions, again confirming the validity of Equation 6.33.

Although, the above analysis is focused on the final equilibrium state of the
droplets, the kinetics of the break-up process is also of great interest. This kinetic
process was considered by Vankova et al. [51], who introduced a single additional
constant ky, that depends on the droplet diameter, d:
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Figure 6.32 Comparison of experimental and theoretical dependence of the maximum droplet
diameter dr ms in turbulent viscous regime on the calculated d predicted by equation for
different emulsions.

(6.34)

813 d 5/3 nr813d1/3
kdr (d) = Bl dz/sexp|:—Bz (;k) (1+B3 dT)

where B,, B, and B, are fitting constants.

The experiments carried out on different emulsions confirmed the validity of
Equation 6.34, and allowed Vankova et al. [51] to calculate the values of the con-
stants in Equation 6.34.

It should be mentioned that the break-up of drops in the flow of emulsions leads
to the formation of a large number of droplets with different sizes. The emulsion
should be characterized by its maximum size as well as its size distribution. In
most cases, the size distribution is represented by a Gaussian function, although
the real droplet size distribution depends on the viscosity of the droplets [52].
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Rheology Modifiers, Thickeners, and Gels

7.1

Introduction

In any formulation (personal care, cosmetic, paint, printing ink, pharmaceutical
or agrochemical), there is a need to modify the rheology of the system so as to
achieve: (i) a long-term physical stability (an absence of creaming or sedimentation
and separation); and (ii) an ease of application:

7.2

For most formulations, a shear thinning system is required to achieve a good
spreadability and, in the case of personal care products, a good “skin feel.”
For paints, a good coating is required, and also a lack of “sag.”

For pharmaceuticals, an ease of flow is required for injectables, and an ease of
spreading for topical applications.

For agrochemical formulations, there must be an ease of flow from the con-
tainer, and an ease of dispersion on dilution.

Classification of Thickeners and Gels

Rheology modifiers can be classified into several categories:

Gels produced as a result of repulsive interaction, for example, expanded
double layers.

Self-structured systems, whereby a weak flocculation is induced so as to
produce a “gel” by the particles or droplets. This requires control of the particle
size and shape, the volume fraction of the dispersion, and the depth of the
secondary minimum.

Thickeners consisting of high-molecular-weight polymers or finely divided
particulate systems that interact in the continuous phase, forming a “three-
dimensional” (3-D) structure.

Crosslinked polymers (chemical gels).

Rheology of Dispersions: Principles and Applications. Tharwat F. Tadros
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32003-5
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e Self-assembled structures, such as associative thickeners.

e Liquid crystalline structures of the hexagonal, cubic, or lamellar phases.

7.3
Definition of a “Gel”

In all of the above systems, essentially a “gel”—a “semi-solid” consisting of
a “network” in which the solvent is “entrapped” — is produced. A gel may be
classified as a “liquid-in-solid” dispersion, and demonstrates not only certain solid-
like properties but also liquid-like properties; that is, it is a viscoelastic system.
Depending on the gel strength, the system may behave as either a viscoelastic solid
or a viscoelastic liquid, depending on the stress applied on the gel. For “strong”
gels (such as those produced by chemical crosslinking), the system may behave
as a viscoelastic solid up to high stresses, and the gel might also show a significant
yield value. For “weaker” gels, such as those produced by associative thickeners,
the system may show a viscoelastic, liquid-like behavior at lower applied stresses
when compared to chemical gels.

7.4
Rheological Behavior of a “Gel”

7.4.1
Stress Relaxation (after Sudden Application of Strain)

One of the most useful ways to describe a gel is to consider the relaxation time of
the system (as discussed in Chapter 4). When considering a “gel” where the com-
ponents are in some form of 3-D structure, in order to deform the gel instantly a
stress is required, with energy being stored in the system (a high-energy structure).
Subsequently, in order to maintain the new shape (i.e., a constant deformation),
the stress required will become smaller as the components of the “gel” undergo
a degree of diffusion that results in the gradual creation of a lower-energy structure
(this is termed structural or stress relaxation). In the long term, however, the
deformation will become permanent with a complete relaxation of the structure
(new low-energy structure) and viscous flow will occur [1, 2].

The above behavior is shown schematically in Figure 7.1, where the stress (after
a sudden application of strain) is plotted as a function of time. This representation
is for a viscoelastic liquid (the Maxwell element represented by a spring and
dashpot in series), with complete relaxation of the springs at infinite time (see
Chapter 4). In other words, the stress approaches zero at infinite time.

The above exponential decay of the stress can be represented by the following
equation:

c(t)=0, exp(—%) (7.1)
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Figure 7.1 Stress relaxation after sudden application of strain for a viscoelastic liquid.

where 7 is the stress relaxation time.
If the stress is divided by the strain, then the modulus G is obtained:

G(t)=G, exp(%) (7.2)
where G, is the instantaneous modulus (the spring constant).

Many crosslinked gels behave like viscoelastic solids (Kelvin model), with
another spring in parallel having an elasticity G.. The modulus does not decay
to zero.

The relaxation modulus is given by:

G(H=G, exp(£)+ G. (7.3)

Figure 7.2 shows the variation of G(t) with time for a viscoelastic solid.
A useful way to distinguish between the various gels is to consider the Deborah
number, D.:
T
p.-% (7.4
te
For a gel that shows “solid-like” behavior (3-D structure”), D, is large when com-
pared to a gel that behaves as a viscoelastic liquid.

7.4.2
Constant Stress (Creep) Measurements

In this case, a constant stress ois applied and the strain (deformation) yor compli-
ance J (=y/0; Pa™) is followed as a function of time. A gel that consists of a strong
3-D structure (e.g., crosslinked) behaves as a viscoelastic solid, as illustrated in
Figure 7.3. This behavior may occur up to high applied stresses; in other words,
the critical stress above which significant deformation occurs can be quite high.
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Figure 7.3 Viscoelastic solid and viscoelastic liquid response for gels.

A weaker gel (produced for example from high-molecular-weight polymers that
are physically attached) behaves as a viscoelastic liquid, as shown in Figure 7.3. In
this case, the viscoelastic solid behavior only occurs at much lower stresses than

are observed with the crosslinked gels.

743
Dynamic (Oscillatory) Measurements

A sinusoidal strain (or stress) with amplitude ¥, and frequency o (rads™) is applied
to the system, and the resulting stress (or strain) with amplitude o, is simultane-

ously measured [1, 2J; this is illustrated in Figure 7.4.
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Figure 7.4 Sine waves for strain and stress.

For any gel 6 < 90°, and the smaller the value of § the stronger the gel. From
the amplitudes of stress and strain (o, and %) and the phase angle shift §, it is
possible to obtain the following viscoelastic parameters:

o _ 9o
G =2 (7.5)
Storage (elastic) modulus G" =|G*|cosd (7.6)
Loss (viscous) modulus G” =|G*|sind (7.7)
Tans =< (78)
G

For gels, tan § < 1, and the smaller the value, the stronger the gel.

7.5
Classification of Gels

Gels may be conveniently classified into two main categories: (i) gels based on
macromolecules (polymer gels); and (ii) gels based on solid particulate materials.
Numerous examples of gels based on polymers may be identified, including gels
produced by the overlap or “entanglement” of polymer chains (physical gels), gels
produced by the association of polymer chains (the so-called associative thicken-
ers), and gels produced by the physical or chemical crosslinking of polymer chains
(sometimes referred to as “microgels”). The most common particulate gels are
those based on “swelling” clays (both, aqueous and nonaqueous) and finely divided
oxides (e.g., silica gels).

Apart from the above two main classes, gels can also be produced from sur-
factant liquid crystalline phases, such as hexagonal, cubic, or lamellar structures.
These gels may be produced not only from single surfactant molecules, usually at
high concentrations (>30%), but also by using mixtures of surfactants and other
amphiphiles such as long-chain alcohols (e.g., mixtures of alcohol ethoxylates
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with cetyl, stearyl, or ceto-stearyl alcohol). Gels may also be produced from ionic
surfactants by the addition of other ingredients, such as salts and/or long-chain
alcohols.

7.5.1
Polymer Gels

7.5.1.1 Physical Gels Obtained by Chain Overlap

Flexible polymer that produce random coils in solution can produce “gels” at a
critical concentration C¥, referred to as the polymer coil “overlap” concentration
[3]. This picture can be realized by considering the coil dimensions in solution: if
a polymer chain is represented by a random walk in three dimensions, then two
main parameters may be defined: (i) the root mean square end-to-end length
<r*>'%and (ii) the root mean square radius of gyration <s>>'/? (sometimes denoted
by Rc¢). These two parameters are related by:

()" =6 (s (7.9)

The viscosity of a polymer solution increases gradually with any increase in its
concentration and, at a critical concentration, C*, the polymer will coil with a
radius of gyration R and a hydrodynamic radius R, (R, is higher than R; due to
solvation of the polymer chains) begin to overlap, and this results in a rapid
increase in viscosity. This is illustrated in Figure 7.5, which shows the variation
of log n with log C.

In the first part of the curve, 1 e C, whereas in the second part (above C¥)
1 oo C**. A schematic representation of polymer coil overlap is shown in Figure
7.6, which shows the effect of gradually increasing the polymer concentration. The
polymer concentration above C* is referred to as the semi-dilute range [3].

C* is related to R and to the polymer molecular weight, M by:

4 N,
C*= (7)7{12% (l) =1 (7.10)
3 M
log n
C*
N\
log C

Figure 7.5 Variation of logn with log C.
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Figure 7.6 Cross-over between dilute and semi-dilute solutions.

where N,, is Avogadro’s number. As M increases, C* becomes progressively lower,
showing that, in order to produce physical gels at low concentrations by a simple
polymer coil overlap, it is necessary to use high-molecular-weight polymers.

Another method which allows the polymer concentration at which chain overlap
occurs to be reduced, is to use polymers that form extended chains. An example
of this is xanthan gum, which produces a conformation in the form of a helical
structure with a large axial ratio. These polymers produce much higher intrinsic
viscosities, and demonstrate both rotational and translational diffusion. However,
although the relaxation time for the polymer chain is much higher than that of a
corresponding polymer with the same molecular weight, it produces a random
coil conformation.

The above polymers interact at very low concentrations, and the overlap concen-
tration can be very low (<0.01%). These polysaccharides are used in many formula-
tions to produce physical gels at very low concentrations.

7.5.1.2 Gels Produced by Associative Thickeners

Associative thickeners are hydrophobically modified polymer molecules whereby
alkyl chains (C;,—C,e) are either randomly grafted onto a hydrophilic polymer
molecule such as hydroxyethyl cellulose (HEC), or simply grafted at both ends of
the hydrophilic chain. An example of a hydrophobically modified HEC is Natrosol
plus (Hercules), which contains three to four Cy grafted randomly onto HEC. An
alternative example of a polymer containing two alkyl chains at both ends of the
molecule is HEUR (Rohm and Haas); this is composed of polyethylene oxide
(PEO) that has been capped at both ends with a linear Cy3 hydrocarbon chain.

The above hydrophobically modified polymers form gels when dissolved in
water. Moreover, gel formation can occur at relatively lower polymer concentra-
tions when compared to the unmodified molecule.

The most likely explanation of gel formation is due to a hydrophobic bonding
(association) between the alkyl chains in the molecule, and which effectively
causes an apparent increase in the molecular weight. These associative structures
are similar to micelles, except that the aggregation numbers are much smaller [4].

Figure 7.7 shows the variation of viscosity (measured using a Brookfield viscom-
eter at 30rpm as a function of the alkyl content (Cs, C,, and C,) for a hydrophobi-
cally modified HEC (HMHEC). In this case, the viscosity reached a maximum at
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Figure 7.7 Variation of viscosity of 1% hydrophobically modified hydroxyethyl cellulose
(HMHEC) versus alkyl group content of the polymer.

Surfactant concentration

Figure 7.8  Schematic plot of viscosity of hydrophobically modified polymer with surfactant
concentration.

a given alkyl group content that decreased with an increase in alkyl chain length.
The viscosity maximum also increased with an increase in alkyl chain length.
Associative thickeners also demonstrate an interaction with surfactant micelles
that are present in the formulation. The viscosity of the associative thickeners
shows a maximum at a given surfactant concentration that depends on the nature
of the surfactant; this is shown schematically in Figure 7.8. Here, the increase in
viscosity is attributed to the hydrophobic interaction between the alkyl chains on
the backbone of the polymer with the surfactant micelles. A schematic image of
the interaction between HM polymers and surfactant micelles is shown in Figure
7.9. In this case, at higher surfactant concentration, the “bridges” between the HM
polymer molecules and the micelles are broken (free micelles) and 7 decreases.
The viscosity of hydrophobically modified polymers shows a rapid increase a
critical concentration, which may be defined as the critical aggregation concentra-
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Figure 7.9 Schematic representation of the interaction of polymers with surfactants.
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Figure 7.10 Variation of reduced viscosity with hydrophobically modified hydroxyethyl
cellulose (HMHEC) concentration.

tion (CAC), as illustrated in Figure 7.10 for HMHEC (WSP-D45 from Hercules).
Here, the assumption is made that the CAC is equal to the coil overlap concentra-
tion, C*. From a knowledge of C* and the intrinsic viscosity [7], it is then possible
to determine the number of chains in each aggregate. For the above example,
[n] = 4.7 and C*[n] = 1, giving an aggregation number of ~4.

At C*, the polymer solution shows non-Newtonian flow (shear thinning behav-
ior), and also a high viscosity at low shear rates. This is illustrated graphically in
Figure 7.11, which shows the variation of apparent viscosity with shear rate (using
a constant stress rheometer). Below ~0.1s™, a plateau viscosity value 1(0) (referred
to as residual or zero shear viscosity) is reached (~200Pa-s). With an increase in
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Figure 7.11 Variation of viscosity with shear rate for HMHEC WSP-47 at 0.75g100cm™.
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Figure 7.12 Variation of 17(0) with polymer concentration.

the polymer concentration above C*, the zero shear viscosity increases in line with
the increased polymer concentration; this situation is illustrated in Figure 7.12.

The above hydrophobically modified polymers are viscoelastic; this is illustrated
in Figure 7.13 for a solution 5.25% of C;s end-capped PEO with M = 35000, which
shows the variation of the storage modulus G”and loss modulus G” with frequency
o (rads™). In this case, G”increases with an increase in frequency and ultimately
reaches a plateau value at high frequency. G” (which is higher than G’in the low-
frequency regime) increases with an increase in frequency, reaches a maximum
at a characteristic frequency @* (at which G’= G”), and then decreases to a near-
zero value in the high-frequency regime.

The above variation of G” and G” with o is typical for a system that shows
Maxwell behavior.

From the crossover point @w* (at which G”= G”), it is possible to obtain the
relaxation time 7 of the polymer in solution:
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Figure 7.13 Variation of G”and G” with frequency for 5.24 hydrophobically modified
polyethylene oxide (HMPEO).

= (7.11)
For the above polymer, 7= 8s.

The above gels (which sometimes are referred to as “rheology modifiers”) are
used in many formulations to produce the correct consistency, and also to reduce
the sedimentation or creaming of suspensions and emulsions. These hydrophobi-
cally modified polymers can also interact with hydrophobic particles in a suspen-
sion, so as to form several other associative structures.

The high-frequency modulus (sometimes referred to as the “network modulus”)
can be used to obtain the number of “links” in the gel network structure. By using
the theory of rubber elasticity, the network modulus Gy is related to the number
of elastically effective links N and a factor A that depends on the junction func-
tionality [1, 2]:

Gy = ANKT (7.12)

where k is the Boltzmann constant and T is the absolute temperature.
For an end-capped PEO (i.e., HEUR), the junctions should be multifunctional
(A = 1), whilst for tetra-functional junctions, A = 1/2.

7.5.1.3 Crosslinked Gels (Chemical Gels)
Many commercially available gels are produced by using crosslinking agents to
create what are sometimes referred to as “microgels”. The microgel particles are
dispersed in the liquid and undergo solvent swelling that may also be enhanced
by certain chemical modifications, for example, pH adjustment in aqueous
systems.

A typical example of crosslinked gels is that based on polyacrylic acid, which is
available commercially under the trade name “Carbopol” (B.F. Goodrich). In this
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case, the microgel particles are dispersed in aqueous solution and, on neutraliza-
tion with NaOH or ethanolamine, swell as a result of the ionization of the poly-
acrylic acid chains. Such ionization occurs when the pH is increased above ~5,
such that the ionized chains form extended double layers to create gels at low
microgel concentrations (mostly <1% of the microgel particles).

One other example of a microgel is that based on N-isopropyl acrylamide (poly-
NIPAM) crosslinked with N,N”-methylene bisacrylamide. These microgel particles
are swollen by temperature changes. Typically, at temperatures above 35°C, the
crosslinked polymer is in a collapsed state, but when the temperature is reduced
the polymer swells as it absorbs water, such that its volume may be increased by
several order of magnitude. These polymer gels are often referred to as “smart”
colloids, and are widely used in controlled release formulations.

7.5.2
Particulate Gels

Two main interactions can cause gel formation with particulate materials:

e Long-range repulsions between the particles: An example is the use of extended
electrical double layers or steric repulsion resulting from the presence of
adsorbed or grafted surfactant or polymer chains.

e Van der Waals attractions between particles: This process, termed flocculation,
can lead to the production of 3-D gel networks in the continuous phase.

All of the above-described systems produce non-Newtonian systems that show
a “yield value” and high viscosity at low shear stresses or shear rates.
Several examples may be quoted to illustrate the above particulate gels:

o Swellable clays: An example of this is sodium montmorillonite (often referred
to as bentonite) at low electrolyte concentrations. These produce gels as a result
of the formation of extended double layers. At moderate electrolyte concentra-
tions, the clay particles may form association structures as a result of face-to-
edge flocculation (see below). These clays can be modified by interaction with
alkyl ammonium salts (cationic surfactants) to produce hydrophobically modi-
fied clays that may be referred to as “organo-clays” or “bentones”; these can be
dispersed in nonaqueous media and swollen by the addition of polar solvents.

 Finely divided oxides: An example is silica, which can produce gels by aggrega-
tion of the particles so as to form 3-D gel structures. In many cases, the particu-
late solids are combined with high-molecular-weight polymers to enhance gel
formation, for example, as a result of “bridging” or “depletion flocculation.”

7.5.2.1 Aqueous Clay Gels

Gel formation using swellable clays such as sodium montmorillonite can be
appreciated from the structure of the clay mineral and interparticle interaction in
aqueous solutions. These clay minerals are formed from very thin plates (1nm
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Figure 7.14 Schematic representation of gel formation in aqueous clay dispersions.

thickness) that in turn are formed from two layers of tetrahedral silica and one
octahedral alumina sheet (located between the two silica layers). The charge in the
clay mineral is produced by a process referred to as “isomorphic substitution,”
whereby atoms with a high valency are substituted with ions of a lower valency
(e.g., S** is replaced by AI*'). This produces a negative charge on the surface of the
platelet that is compensated by Na* ions. The edges of the clay platelets contain
an oxide-like material (e.g., AlI-OH) which can acquire a positive charge at pH < 7
(the isoelectric point of AI-OH is pH ~7-9).

Various interactions between clay particles in aqueous solution can be produced,
depending on the pH and electrolyte concentration [5]. At very low electrolyte
concentrations the double layers are extended and gels produced when the double
layers begin to overlap. However, at intermediate electrolyte concentrations the
double layers at the faces and edges are compressed, such that interaction may take
place by edge-to-face association (thus creating T-junctions, referred to as a “house
of card structure”). This also leads to the production of a gel in aqueous solution.

The above two types of interaction are shown schematically in Figure 7.14.

Evidence for the above structures may be obtained using rheological measure-
ments. Figure 7.15 shows the variation of yield value o} (for a 3.22% clay disper-
sion) as a function of electrolyte concentration. When C = 0, the double layers are
extended and gel formation occurs due to a double layer overlap (Figure 7.14a).
The first addition of NaCl causes a compression of the double layers, which in
turn causes the yield value to decrease very rapidly. At intermediate NaCl concen-
trations, gel formation occurs as a result of face-to-edge association (house of card
structure), and the yield value increases very rapidly with an increase in NaCl
concentration. If the NaCl concentration is increased further, face-to-face associa-
tion may occur and the yield value will be decreased (i.e., the gel is destroyed).

7.5.2.2 Organo-Clays (Bentones)

These are produced by exchanging the Na" ions with alkyl ammonium ions,
such as dodecyl or cetyltrimethyl ammonium ions. When, in some cases, dialkyl
ammonium ions are used, the clay particle surface becomes covered with
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Figure 7.15 Variation of yield value with NaCl concentration for 3.22% sodium montmorillon-
ite dispersions.

hydrophobic alkyl groups so that it can be dispersed in organic solvents, such as
hydrocarbon or silicone oils. However, this exchange is not carried out completely,
and a few hydrophilic groups are left on the surface. The dispersed organo-clays
are then activated by the addition of a polar solvent such as propylene carbonate,
alcohols, or glycols.

The gel is produced by hydrogen bonding between the polar groups on the
surface of the clay and the polar solvent which has been added. Currently, several
types of organo-clay are available commercially, depending on the application and
the type of solvent in which a gel is required. In some cases, organo-clays may be
supplied in a preactivated form.

Organo-clays may also be applied to “thicken” personal care products, such as
foundations, non-aqueous creams, nail polishes and lipsticks. In this case, the
procedures used to disperse the organo-clay particles and effect their subsequent
activation are crucial and require good process control.

7.5.2.3 Okxide Gels
The most commonly used oxide gels are based on silica, and can be produced in
a wide variety of forms, the most common being referred to as “fumed” and “pre-
cipitated” silicas. Fumed silicas (e.g., Aerosil 200) are produced by the reaction of
silicon tetrachloride with steam. The surface contains siloxane bonds and isolated
silanol groups (referred to as “vicinal” groups), and the precipitated silicas are
produced from sodium silicate by acidification. The surface of a precipitated silica
is more densely populated with silanol groups than that of a fumed silica, and
contains geminal OH groups (two of which are attached to the same Si atom).
Both, fumed and precipitated silicas can produce gels in either aqueous or non-
aqueous systems. Gelation results from the aggregation of silica particles, produc-
ing 3-D gel networks with a yield value.

In aqueous media, the gel strength depends on the pH and the electrolyte con-
centration [6]. To illustrate this, Figure 7.16 shows the variation of viscosity and



7.5 Classification of Gels
H=7 H= =
100 P PH=9 pH = 10
80 n U] n 8
n(Pa-s) o op(Pa)
60 6
40 4
20 2

5 6 7 8 9 10 11 12
Aerosil concentration (%,v/v)

Figure 7.16 Variation of viscosity 17 and yield value o with Aerosil 200 concentration at three
pH values.

yield value with Aerosil silica (which has been dispersed by sonication) concentra-
tions at three different pH values. In each case, the viscosity and yield value shows
a rapid increase above a certain silica concentration, that is dependent on the pH
of the system.

At pH 3 (close to the isoelectric point of silica) the particles are aggregated (to
form flocs), and the increase in viscosity occurs at a relatively high silica concentra-
tion (>11%, v/v). At pH 7, the silica becomes negatively charged and the double
layers stabilize the silica particles against aggregation. In this case, the particles
remain as small units and the viscosity and yield value increases sharply above a
silica concentration of 7% (v/v). At pH 9, some aggregation occurs as a result of
the electrolyte being released when the pH is adjusted; in this case, the viscosity
increases at a higher silica concentration (>9%, v/v) when compared to the results
obtained at pH 7.

The above results clearly indicate the importance of pH and electrolyte concen-
tration in the gelation of silica, with optimum gel formation seeming to occur at
neutral pH.

Currently, silica gels are used in many personal care applications, in particular
to control the rheology of tooth paste. The hydrophilic silica (Aerosil 200) can also
be applied to gel formation in nonaqueous media; in this case, gel formation
results from hydrogen bond formation between the particles, producing 3-D struc-
tures in the nonaqueous medium.

7.5.2.4 Gels Produced Using Particulate Solids and High-Molecular-Weight
Polymers

In many cases, particulate materials are combined with high-molecular-weight
polymers to produce 3-D structures by association of the polymer with the
particles. Several mechanisms have been suggested for gel formation in these
mixtures, including bridging by the polymer chains and depletion-flocculation.
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The above mixtures provide more robust gel structures that, in many cases, have
a smaller temperature dependence when compared to the individual components.
The optimum composition of these particulate—polymer mixtures can be deter-
mined using rheological measurements.

By measuring the yield value as a function of polymer concentration at a fixed
particulate concentration, it is possible to obtain the optimum polymer concentra-
tion required. In most cases, the yield value reaches a maximum at a given ratio
of particulate solid to polymer. This trend may be due to bridging flocculation,
which reaches an optimum at a given surface coverage of the particles (usually at
0.25-0.5 surface coverage).

All of the above-mentioned gels produce thixotropy—that is, the reversible
decrease of viscosity on the application of shear (at constant shear rate), and a
recovery of viscosity on standing. Such thixotropic behavior finds application in
many systems in personal care, such as creams, toothpastes and foundations.

One of the most effective techniques for studying thixotropy is to follow the
change of modulus with time, following the application of shear. For this, after
subjecting the dispersion to a constant shear rate, oscillatory measurements are
carried out at low strains and high frequency, after which the increase in modulus
with time (which is exponential) can be used to characterize the recovery of
the gel.

7.6
Rheology Modifiers Based on Surfactant Systems

In dilute solutions, surfactants tend to form spherical micelles with aggregation
numbers in the range of 50 to 100 units. Whilst these micellar solutions are iso-
tropic and have a low viscosity, at much higher surfactant concentrations (>30%,
depending on the surfactant nature) they produce liquid crystalline phases of the
hexagonal (H,) and lamellar (L,) phases, both of which are anisotropic with much
higher viscosities [7, 8]. Schematic representations of the hexagonal and lamellar
phases are shown in Figures 7.17 and 7.18, respectively.

Whilst those liquid crystalline phases which are viscoelastic can be used as rheol-
ogy modifiers, for practical applications (e.g., in shampoos) such a very high
surfactant concentration would be undesirable. One way to increase the viscosity
of a surfactant solution at lower concentrations would be to add an electrolyte that
would cause the micelles to change from a spherical to a cylindrical shape. The
micelles could then grow in length to become worm-like in nature and, above a
critical surfactant volume fraction ¢*, would begin to overlap to form a “gel” (as
shown in Figure 7.19).

An alternative method for producing gels in emulsions is to use mixtures of
surfactants. Indeed, with the correct choice of surfactant type (e.g., their
hydrophilic-lipophilic balance, HLB), it is possible to produce lamellar liquid
crystalline structures that can “wrap” around the oil droplets and extend in
solution so as to form gel networks. These structures—which sometimes are
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Water

Surfactant

Figure 7.17 Schematic representation of hexagonal phase.

Surfactant

Water

Figure 7.18 Schematic representation of lamellar phase.

referred to as “oleosomes”—are shown schematically in Figure 7.20. Alternatively,
the liquid crystalline structures may produce a 3-D gel network such that the
oil droplets become entrapped in the “holes” of the network. Such structures,
which may be referred to as “hydrosomes,” are illustrated schematically in

Figure 7.21.
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Figure 7.20 Schematic representation of “oleosomes.”

The above-described surfactant systems are used in many personal care and
cosmetic formulations. In addition to providing the optimum consistency for
application (e.g., good skin-feel), they are also effective in stabilizing emulsions
against creaming or sedimentation, flocculation, and coalescence.

Liquid crystalline structures may also influence the delivery of active ingredients
of both lipophilic and hydrophilic types. Moreover, as lamellar liquid crystals are
able to mimic the skin structure (notably the stratum corneum), they can offer a
prolonged potential for hydration.
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Figure 7.21 Schematic representation of “hydrosomes.”
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8

Use of Rheological Measurements for Assessment and
Prediction of the Long-Term Physical Stability of Formulations
(Creaming and Sedimentation)

8.1
Introduction

Most formulations undergo creaming or sedimentation as a result of the density
difference between the disperse phase particles and the medium [1]. This situation
is particularly the case with most practical systems that contain particles with radii
R that are large (>1 um), whereby the Brownian diffusion is not sufficient to over-
come the gravity force; that is:

kT << (4/3)TR*ApgL

where k is the Boltzmann constant, T'is the absolute temperature, R is the particle
radius, Ap is the density difference between the disperse phase and the medium,
g is the acceleration due to gravity, and L is the height of the container.

It is perhaps useful to consider the process of sedimentation and how this is
affected by the volume fraction of the suspension.

8.2
Sedimentation of Suspensions

As discussed above, most suspensions undergo separation on standing as a result
of the density difference between the particles and the medium, unless the parti-
cles are small enough for Brownian motion to overcome gravity. This is illustrated
in Figure 8.1 for three cases of suspensions. The first case is that of submicron
particles, where the Brownian diffusion is higher than the gravity force and hence
no sedimentation occurs. The second case is that of coarse particles (R > 1um)
with a uniform size.

The most practical situation is that represented by (C), whereby a concentration
gradient of the particles occurs across the container. The concentration of particles
C can be related to that before any settling C, by the following equation,

c=c, exp(—rZ—{?) (8.1)

Rheology of Dispersions: Principles and Applications. Tharwat F. Tadros
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32003-5
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Figure 8.1 Schematic representation of the sedimentation of suspensions.

where m is the mass of the particles that is given by (4/3)ntR*Ap (where R is the
particle radius and Ap is the density difference between the particle and medium),
g is the acceleration due to gravity, and h is the height of the container.

For a very dilute suspension of rigid noninteracting particles, the rate of sedi-
mentation v, can be calculated by application of Stokes’ law, whereby the hydro-
dynamic force is balanced by the gravitational force:

Hydrodynamic force = 6anRvy, (8.2)
Gravity force = (4/3)nR*Apg (8.3)
2
y, = LRAP8 (8.4)
9 1

where 7 is the viscosity of the medium (water).

In this case, v, was calculated for three particle sizes (0.1, 1, and 10um) for a
suspension with density difference Ap = 0.2. The values of v, were 4.4 x 107,
4.4 x 107, and 4.4 X 10°ms™, respectively, and the times required for complete
sedimentation in a 0.1m container were 250 days, 60h, 40 min, respectively.

For moderately concentrated suspensions, 0.2 > ¢ > 0.01, the sedimentation is
reduced as a result of hydrodynamic interaction between the particles, which no
longer sediment independently of each other [2]. The sedimentation velocity, v,
can be related to the Stokes’ velocity v, by the following equation:

v=1,(1-6.55¢) (8.5)

This means that for a suspension with ¢ = 0.1, v = 0.345y,; that is, the rate is
reduced by a factor of ~3.

For more concentrated suspensions (¢ >0.2), the sedimentation velocity becomes
a complex function of ¢. At ¢ > 0.4, the hindered settling regime is usually
entered, whereby all the particles sediment at the same rate, independent of their
size.

A schematic representation for the variation of v with ¢ is shown in Figure 8.2,
which also shows the variation of relative viscosity with ¢. It can be seen that v
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Figure 8.2 Variation of v and 7, with ¢.

decreases exponentially with increase in ¢, and ultimately approaches zero when
¢ approaches a critical value ¢, (the maximum packing fraction).

The relative viscosity shows a gradual increase with increase in ¢, and when
¢ = ¢,, the relative viscosity approaches infinity.

The maximum packing fraction ¢, can be easily calculated for monodisperse
rigid spheres. For hexagonal packing ¢, = 0.74, whereas for random packing
¢, = 0.64. The maximum packing fraction increases with polydisperse suspen-
sions. For example, for a bimodal particle size distribution (with a ratio of ~10:1),
¢, > 0.8.

8.2.1
Accelerated Tests and Their Limitations

Several tests have been designed to accelerate the process of sedimentation or
creaming, the most commonly used methods being based on increasing the tem-
perature or subjecting the suspension or emulsion to high g-forces (using a high-
speed centrifuge).

With increasing temperature, the viscosity of the system usually decreases, and
hence sedimentation or creaming is accelerated. The assumption is usually made
that, if a suspension or emulsion does not show any sedimentation, creaming or
separation at 50°C for perhaps one month, then the system will show no separa-
tion at ambient temperatures for more than one year.

However, the above method is only valid if the formulation viscosity 1 follows
the Arrhenius equation, which predicts a linear increase in In 1 with (1/T), where
T is the absolute temperature. Most practical formulations do not follow such a
plot, due to the possible phase changes or flocculation that may occur at high
temperatures. With many surfactant systems, such phase changes may result in
the formation of liquid crystalline phases that have a higher viscosity at high tem-
peratures; hence no separation will result at high temperatures (although it could
occur under ambient conditions).

7m
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822
Application of a High-Gravity (g) Force

If carefully applied, this technique may offer a better accelerated method, and has
been applied particularly to emulsions. The assumption is also made here that, by
increasing the g-force, the rate of sedimentation or creaming would be significantly
increased, and that this could be applied to predict the process from measurement
over short time periods.

In a centrifuge, the gravitational force is given by:

g=w'x (8.6)

where x is the mean distance of the centrifuge tube from the axis of rotation, and
o is the angular velocity (@ = 2mv, where v is the number of revolutions per
second). It should be noted that, if the centrifuge tube is not small compared to
x, then the applied centrifugal field cannot be considered to be uniform over the
length of the tube.

The modern analytical ultracentrifuge allows the separation of emulsions to be
followed in quantitative manner. With typical oil-in-water (O/W) emulsions, three
layers are generally observed: (i) a clear aqueous phase; (ii) an opaque phase con-
sisting of distorted polyhedral oil droplets; and (iii) a clear separated oil phase,
resulting from a coalescence of the polyhedra.

The degree of emulsion stability may be taken as the volume of the opaque phase
remaining after time t. Alternatively, the volume of oil separated at infinite time
may be used as an index of stability. A simple expression may be used to treat the
data in a quantitative manner:

t 1 1

where V is the volume of oil separated at time ¢, V.. is the extrapolated volume at
infinite time, and b is a constant.

A plot of t/V versus t should give a straight line from which b and V.. may be
calculated; these two parameters may be taken as indices for emulsion stability.

A more rigorous procedure to study emulsion stability using the ultracentrifuge
is to observe the system at various speeds of rotation. At relatively low centrifuge
speeds, the expected opaque cream layer can be observed, but at sufficiently high
centrifuge speeds it is possible to observe a coalesced oil layer and a cream layer
that are separated by an extra layer of deformed oil droplets. This deformed layer
resembles a “foam,” in that it consists of oil droplets separated by thin aqueous
films.

For certain emulsions it has been found that, by increasing the centrifuge speed,
the “foam”/cream layer boundary does not move. Hence, under conditions where
there is an equilibrium between the “foam”/cream layer, it may be concluded that
there is no barrier to be overcome when forming the foam layer from the cream
layer. This, in turn, implies that in the foam layer the aqueous film separating two
oil droplets becomes thinned to a “black” film under the action of the van der
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Waals forces. The boundary between the foam layer and the coalesced layer is
associated with a force (or pressure) barrier.

It is also possible to determine the minimum centrifuge speed necessary to
produce a visible amount of coalesced oil after, say 30 min, of centrifugation. This
centrifuge speed may then be used to calculate the “critical pressure” that needs
to be applied so as to induce coalescence.

823
Rheological Techniques for the Prediction of Sedimentation or Creaming

Sedimentation or creaming can be prevented by the addition of “thickeners” that
form a “3-D elastic” network in the continuous phase. If the viscosity of the elastic
network—at shear stresses (or shear rates) comparable to those exerted by the
particles or droplets—exceeds a certain value, then creaming or sedimentation is
completely eliminated.

The shear stress, o, exerted by a particle (force/area) can be simply calculated as:

o = (4/3)nR’Apg _ ApRg
’ 47R? 3

(8.8)

For a 10um radius particle with a density difference Ap of 0.2gcm™ the stress is
equal to:

o - 0.2x10°x10x107°x9.8

: 3 ~6x107 Pa (8.9)

For smaller particles, smaller stresses are exerted.

Thus, in order to predict creaming or sedimentation, it is necessary to measure
the viscosity at very low stresses (or shear rates). Such measurements can be
carried out using a constant-stress rheometer (e.g., Carrimed, Bohlin, Rheomet-
rics, Haake, or Physica).

Normally, a good correlation is obtained between the rate of creaming or sedi-
mentation v and the residual viscosity 1(0); this is illustrated in Figure 8.3. Above
a certain value of 1(0), v becomes equal to 0. Clearly, to minimize creaming or

n(0)(Pa)

Figure 8.3 Sedimentation rate versus 717(0).
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sedimentation it is necessary to increase 1(0); an acceptable level for the high shear
viscosity 1.. must be achieved, depending on the application. In some cases, a high
71(0) may be accompanied by a high 7.. (which may not be acceptable for applica-
tion, for example if spreading of a dispersion on the skin is required). If this is
the case, the formulation chemist should seek an alternative thickener.

824
Separation of Formulation: Syneresis

Another problem encountered with many dispersions is that of syneresis; that is,
the appearance of a clear liquid film at the bottom (if creaming is the case) or the
top (if sedimentation is the case) of the container. Syneresis occurs with most
“flocculated” and/or “structured” dispersions (i.e., those containing a thickener in
the continuous phase).

Syneresis may be predicted from measurement of the yield value (using steady-
state measurements of shear stress as a function of shear rate) as a function of
time, or by using oscillatory techniques, whereby the storage and loss modulus
are measured as a function of strain amplitude and frequency of oscillation.

The oscillatory measurements are perhaps more useful since, in order to prevent
separation, the bulk modulus of the system should balance the gravitational forces
given by hpAg (where h is the height of the disperse phase, Ap is the density dif-
ference, and g is acceleration due to gravity).

The bulk modulus is related to the storage modulus G’. A more useful predictive
test is to calculate the cohesive energy density of the structure E, that is given by
the following equation (see also Chapter 4):

Yer
1
E = | Gydy= G (8.10)
0
The separation of a formulation decreases with increase in E. This is illustrated
in Figure 8.4, which shows graphically the reduction in percentage separation with
an increase in E. The value of E. required to complete block any separation
depends on the particle or droplet size distribution, the density difference between

% Separation

E.

Figure 8.4 Schematic representation of the variation of percentage separation with E..
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the particle or droplet and the medium, and also on the volume fraction ¢ of the
dispersion.

825
Examples of Correlation of Sedimentation or Creaming with Residual (Zero-Shear)
Viscosity

8.2.5.1 Model Suspensions of Aqueous Polystyrene Latex

The sedimentation rate is a complex function of the volume fraction ¢. This was
tested using polystyrene latex suspensions with radius R=1.55pm in 10 moldm™
NaCl. It might be possible to correlate the change in the rate of sedimentation
with increasing ¢ with the viscosity of the suspension, as predicted by the
Dougherty—Krieger equation [3]:

v

Lol 8.11
Ve N (8.11)
Lol (8.12)
Vo n

where o is a constant.

~[nl¢p
()

where ¢, is the maximum packing fraction and [7] is the intrinsic viscosity.
Equation 8.13 was tested for polystyrene dispersions, as illustrated in Figure 8.5

8.2.5.2 Sedimentation in Non-Newtonian Liquids

In order to reduce sedimentation, the normal approach is to add a high-molecular-
weight material, for such as hydroxyethylcellulose or xanthan gum (e.g., Kelzan,
Keltrol or Rhodopol). However, above a critical concentration, C*, such polymer

1.0 o Experimental data
viv,

0.8 Line drawn with ¢, = 0.58 and k = 5.4
0.6

0.4

0.2

0.1 0.2 0.3 0.4 0.5
¢

Figure 8.5 Variation of sedimentation rate with volume fraction for polystyrene dispersions.
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Figure 8.6 Flow behavior of “thickeners.”
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Figure 8.7 Variation of logn with log C.

solutions demonstrate non-Newtonian flow in aqueous solution. This is illustrated
in Figure 8.6, which illustrates graphically the variation of shear stress and viscos-
ity with shear rate. Figure 8.7 demonstrates the variation of logn with log C to
illustrate the onset of free coil overlap.

Before the overlap, 1 =< C, whereas after the overlap 1 o« C**. Two limiting
Newtonian viscosities are identified here: (i) residual (zero-shear) viscosity 17(0);
and (ii) Newtonian high-shear rate viscosity ... Notably, 17(0) may be several orders
of magnitude (10°-10°) higher than 7., and such a high n(0) can significantly
reduce either creaming or sedimentation.

8.2.5.3 Role of Thickeners

As mentioned above, thickeners reduce creaming or sedimentation by increasing
the residual viscosity 7(0), which must be measured at stresses comparable to
those exerted by the droplets or particles (mostly <0.1Pa). At such low stresses,
7n(0) is increased very rapidly in line with any increase in the “thickener” concen-
tration. However, this rapid increase is not observed at high stresses, which illus-
trates the need for measurements to be made at low stresses (using constant stress
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Figure 8.8 Constant-stress (creep) measurements for polystyrene latex dispersions as a
function of ethylhydroxyethylcellulose (EHEC) concentration.
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Figure 8.9 Sedimentation rate versus 17(0).

or creep measurements). As an illustration, Figure 8.8 shows the variation of 1
with applied stress o for ethylhydroxyethylcellulose (EHEC), a thickener that is
applied in some formulations.

From Figure 8.8, it can be seen that the limiting residual viscosity increases
rapidly with any increase in EHEC concentration. A plot of sedimentation rate for
1.55um polystyrene (PS) latex particles versus 1(0) is shown in Figure 8.9, which
demonstrates an excellent correlation. In this case, a value of n(0) > 10Pa-s is
sufficient for reducing the rate of sedimentation to 0.

826
Prediction of Emulsion Creaming

For the above purpose, some model emulsions were prepared using mixtures of
oils and commercial surfactants. The oil phase of the emulsion consisted of 10
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parts Arlamol HD (isohexadecane; UNIQEMA, ICI), two parts of Estol 3603
(caprylic/capric triglyceride; UNIQEMA), one part of sunflower oil (Florasen 90,
Helanthus annus; Florateck), and one part of avocado oil (Persea gratissima;
Mosselman).

Two emulsifier systems were used to prepare the O/W emulsions:

e The first emulsifier was Synperonic PEF 127, an A-B-A block copolymer of
poly(ethylene oxide) (PEO; the A chains, which contain about 100 EO units
each) and poly(propylene oxide) (PPO; the B chain, which contains about 55
PO units) (all supplied by UNIQEMA).

¢ The second emulsifier system was Arlatone V-100 (supplied by UNIQEMA), a
nonionic emulsifier systems made from a blend of Steareth-100 (stearyl alcohol
with 100 EO units), Steareth-2 (stearyl alcohol with 2 EO units), glyceryl stearate
citrate, sucrose, and a mixture of two polysaccharides, namely mannan and
xanthan gum (Keltrol F; Kelco). In some emulsions, xanthan gum was used as
a thickener.

All emulsions contained a preservative (Nipaguard BPX).

The rate of creaming and cream volume was measured using graduated cylin-
ders. The creaming rate was assessed by comparing the cream volume V. with
that of the maximum value V.. obtained when the emulsion was stored at 55°C.
The time t,; taken to reach a value of V./V..=0.3 (i.e., 30% of the maximum rate)
was calculated [4].

All rheological measurements were carried out using a Physica UDS 200
(Universal Dynamic Spectrometer). A cone and plate geometry was used with a
cone angle of 2°. The emulsions were also investigated using optical microscopy
and image analysis.

Figure 8.10 shows the results for creaming rates obtained at various tempera-
tures, using a 20/80 (v/v,%) O/W emulsion stabilized with Synperonic PEF 127.
Clearly, t,; was shown to decrease in line with an increase of temperature.

100

% Creaming go 50 °C
40 °C RT

60
40
20 %
0
0 5 10 15 20 25 30
Time(days)

Figure 8.10 Percentage creaming versus time at various temperatures.
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8.2.6.1 Creep Measurements for Prediction of Creaming

The most useful method to predict creaming is to use constant-stress (creep)
measurements [5, 6], from which it is possible to obtain the residual (zero-shear)
viscosity 1(0).

Results were obtained for 20/80 (v/v,%) emulsions as a function of Arlatone
V-100 concentration. The results, obtained after several periods of storage (one
day, one week, two weeks, and one month), are shown in Figure 8.11. In this case,
1(0) showed a large decrease after one day, which may have been due to equilibra-
tion of the structure. However, the results obtained after one week, two weeks and
one month were much close to each other, there being a significant increase in
71(0) when the Arlatone V 100 concentration was increased above 0.8%. The cream-
ing rate of the emulsion also showed a sharp decrease above 0.8% Arlatone V 100,
indicating a correlation between 1(0) and the creaming rate.

8.2.6.2 Oscillatory Measurements for Prediction of Creaming

One very useful method for predicting creaming is to measure the cohesive energy
density, as given by Equation 8.10. As an illustration, Figure 8.12 shows the vari-
ation of cohesive energy density E, with Arlatone V 100 concentration. The results

5000
4500
4000
n(0)(Pa-s) 3500
3000
2500 1 day

<1 week
2000 2 weeks
1500 1 month

1000
500
0

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Arlatone V 100 (%)

Figure 8.11 Variation of residual viscosity with Arlatone V 100 concentration at various
storage times.
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E.(mJm™3) 3.5
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showed, clearly, a rapid increase in E. above 0.8% Arlatone V 100, but E. appeared
to show decreased values after a two-week storage. This may have been due to a
small increase in droplet size (as a result of some coalescence), which in turn
resulted in a reduction of the cohesive energy density. Yet, this small increase in
droplet size was not detected microscopically as the change was very small.

83
Assessment and Prediction of Flocculation Using Rheological Techniques

8.3.1
Introduction

Steady-state rheological investigations may be used to investigate the state of floc-
culation of a dispersion. Weakly flocculated dispersions usually demonstrate thix-
otropy, the change in which with applied time may be used as an indication of the
strength of this weak flocculation.

Unfortunately, the above-described methods are only qualitative in nature, and
the results obtained cannot be used on a quantitative basis. This is due to the
possible breakdown of the structure when transferring the formulation to the
rheometer, and also during the uncontrolled shear experiment. Superior tech-
niques for studying the flocculation of a formulation include constant-stress
(creep) or oscillatory measurements. Indeed, by carefully transferring the sample
to the rheometer (with minimum shear), the structure of the flocculated system
may be maintained.

8.3.2
Wall Slip

One very important point that must be considered for any rheological measure-
ment is the possibility of “slip” during the measurements. This is especially the
case with highly concentrated dispersions, where the flocculated system may form
a “plug” in the gap of the platens, leaving a thin liquid film at the walls of the
concentric cylinder or cone-and-plate geometry. This behavior is caused by a
degree of syneresis of the formulation in the gap of the concentric cylinder or cone
and plate. In order to reduce slip, it is necessary to use roughened walls for the
platens, or a vane rheometer may be used.

833
Steady-State Shear Stress—Shear Rate Measurements

Currently, this is by far the most common method used to investigate flocculation
in many industrial laboratories. Basically, the dispersion is stored at various tem-
peratures, and the yield value o3 and plastic viscosity 7, are measured at various
time intervals. Any flocculation in the formulation should be accompanied by an
increase in oy and .
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One rapid technique used to study the effect of temperature changes on the
flocculation of a formulation involves carrying out temperature sweep experi-
ments, running the samples from say 5° to 50°C. The trend in the variation of o
and 7, with temperature can quickly provide an indication of the temperature
range at which a dispersion will remain stable (during that temperature range,
both o and 1, will remain constant).

834
Influence of Ostwald Ripening and Coalescence

If Ostwald ripening and/or coalescence occur simultaneously, o3 and 1, may be
changed, in complex manner, with the storage time. Ostwald ripening and/or
coalescence may result in a shift of the particle size distribution to higher diam-
eters, and this has the effect of reducing both oy and n,,. If flocculation were to
occur simultaneously, causing increases in both of these rheological parameters,
then the net effect may be either an increase or decrease of the rheological
parameters.

However, as the above trend depends on the extent of flocculation relative to the
Ostwald ripening and/or coalescence, the ability to follow oy and 1, with storage
time will require a previous knowledge of Ostwald ripening and/or coalescence.
Hence, only in the absence of these latter breakdown processes can rheological
measurements be used to assess flocculation.

835
Constant-Stress (Creep) Experiments

Basically, a constant stress ¢ is applied to the system, and the compliance | (Pa™)
is plotted as a function of time (see Chapter 4). These experiments are repeated
several times, during which the stress is increased in small increments from the
smallest possible value that can be applied by the instrument, so as to produce a
set of creep curves at the various applied stresses. From the slope of the linear
portion of the creep curve (when the system has reached steady state), the viscosity
at each applied stress, 15, is calculated. Subsequently, a plot of 1, versus o allows
measurement of the limiting (or zero-shear) viscosity 17(0) and the critical stress
0., (Which may be identified with the “true” yield stress of the system; see Chapter
4). The values of 17(0) and o,, may be used to assess the flocculation of the disper-
sion on storage.

If flocculation occurs on storage (without any Ostwald ripening or coalescence),
then the values of 7(0) and o,, may show a gradual increase with increase of storage
time. As discussed in Section 8.3.3, the trend becomes complicated if Ostwald
ripening and/or coalescence occur simultaneously, as both have the effect of
reducing 1(0) and o,

The above-described measurements should be supplemented by particle size
distribution measurements of the diluted dispersion (making sure that no flocs
are present after dilution) in order to assess the extent of Ostwald ripening and/
or coalescence. Another complication may arise from the nature of the flocculation
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since, if the latter occurs in an irregular manner (producing strong and tight flocs),
then 7(0) may increase while o, may show some decrease, thus complicating the
analysis of the results. Despite these complications, constant-stress measurements
may provide valuable information on the state of the dispersion on storage.

Unfortunately, performing creep experiments and ensuring that a steady state
is reached can be very time-consuming. Normally, a stress sweep experiment will
be carried out whereby the stress is gradually increased (within a predetermined
time period so as to ensure that the steady state will soon be reached) and plots
of n, versus o can be established.

The above experiments are carried out at a variety of storage times (perhaps
every two weeks) and temperatures. Subsequently, from the change of 1(0) and
0. with storage time and temperature, information may be obtained regarding the
degree and rate of flocculation of the system. Clearly, an interpretation of the rheo-
logical data obtained requires an expert knowledge of rheology, in addition to
measurements of the particle size distribution as a function of time.

One major problem when performing these types experiment is that of sample
preparation. Typically, when a flocculated dispersion is removed from the con-
tainer, care must be taken not to cause any disturbance to that structure (a
minimum shear should be applied when transferring the formulation to the
rheometer). It is also advisable to use separate containers when assessing the floc-
culation; normally, a relatively large sample would be prepared and then trans-
ferred to several separate containers. Each of these samples would then be used
separately at a given storage time and temperature. Care must be taken when
transferring the sample to the rheometer; if any separation does occur in the
formulation, the sample can be gently mixed by placing it on a roller. It is advis-
able to use as minimum shear as possible when transferring the sample from the
container to the rheometer (preferably, the transfer is achieved using a “spoon,”
or simply by pouring from the container). Moreover, the experiment should be
carried out without an initial pre-shear.

83.6
Dynamic (Oscillatory) Measurements

In oscillatory measurements, two sets of experiments are typically carried out,
namely strain and oscillatory sweep measurements.

8.3.6.1 Strain Sweep Measurements
In this case, the oscillation is fixed (say at 1Hz) and the viscoelastic parameters
are measured as a function of strain amplitude (see Chapter 4). G*, G’ and G”
remain virtually constant up to a critical strain value, y,; this region is the linear
viscoelastic region. Above ¥, however, G* and G’ begin to fall, whereas G” begins
to increase; this is the nonlinear viscoelastic region.

The value of ¥, may be identified with the minimum strain above which the
“structure” of the dispersion starts to break down (e.g., the breakdown of flocs into
smaller units and/or breakdown of a “structuring” agent).
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From ¥, and G’, it is possible to obtain the cohesive energy E, (Jm™) of the floc-
culated structure, using Equation 8.5. E. may be used in a quantitative manner as
a measure of the extent and strength of the flocculated structure in a dispersion;
notably, the higher the value of E, the more flocculated is the structure.

Clearly, E. depends not only on the volume fraction of the dispersion but also
on the particle size distribution (which determines the number of contact points
in a floc). Therefore, in order to make a quantitative comparison between various
systems, it must be ensured that the volume fraction of the disperse particles is
the same, and that the dispersions have very similar particle size distributions. E,
is also dependent on the strength of the flocculated structure—that is, the energy
of attraction between the droplets—which in turn depends on whether flocculation
is occurring in the primary or secondary minimum. Flocculation in the primary
minimum is associated with a large attractive energy, and this leads to higher
values of E. when compared to values obtained for secondary minimum floccula-
tion (weak flocculation). For a weakly flocculated dispersion, such as the case with
secondary minimum flocculation of an electrostatically stabilized system, the
deeper the secondary minimum the higher will be the value of E. (at any given
volume fraction and particle size distribution of the dispersion).

With a sterically stabilized dispersion, weak flocculation can also occur when
the thickness of the adsorbed layer is decreased. Again, the value of E, can be used
as a measure of the flocculation—the higher the value of E, the stronger the floc-
culation. If an incipient flocculation occurs (on reducing the solvency of the
medium for the change to worse than 6-condition), then a much deeper minimum
will be observed, and this will be accompanied by a much larger increase in E.

In order to apply the above analysis, it is necessary to have available an independ-
ent method for assessing the nature of the flocculation. Rheology is a bulk property
that can provide information on the interparticle interaction (whether repulsive or
attractive), and before applying it in a quantitative manner it is important to know
the nature of these interaction forces. However, rheology can be used in a qualita-
tive manner to follow the change of the formulation on storage.

Providing that the system does not undergo any Ostwald ripening and/or coa-
lescence, the change of the moduli with time—and, in particular, the change of
the linear viscoelastic region —may be used as an indication of flocculation. Strong
flocculation is usually accompanied by a rapid increase in G’, and this may be
accompanied by a decrease in the critical strain above which the “structure” breaks
down. This may be used as an indication of formation of “irregular” and tight flocs
which become sensitive to the applied strain. The floc structure will entrap a large
amount of the continuous phase, and this leads to an apparent increase in the
volume fraction of the dispersion, and hence to an increase in G".

8.3.6.2 Oscillatory Sweep Measurements

In this case, the strain amplitude is kept constant in the linear viscoelastic region
(normally, a point is taken far from 7y, but not too low—that is, in the mid-point
of the linear viscoelastic region), and measurements are carried out as a function
of frequency. Both, G* and G increase with increase in frequency and ultimately,

183



184

8 Use of Rheological Measurements for Assessment and Prediction

above a certain frequency, will reach a limiting value and show little dependence
on frequency. G” is higher than G’ in the low-frequency regime; it also increases
with an increase in frequency such that, at a certain characteristic frequency *
(that depends on the system), it becomes equal to G’ (this is usually referred to as
the “crossover point”). Subsequently, G” reaches a maximum and then shows a
reduction with further increase in frequency.

From ¥, it is possible to calculate the relaxation time T of the system:

1

o

w*

T=

(8.14)

The relaxation time may be used as a guide for the state of the dispersion. For
a colloidally stable dispersion (at a given particle size distribution), 7 increases
with increase of the volume fraction of the disperse phase, ¢. In other words,
the crossover point shifts to lower frequency with an increase in ¢. For a given
dispersion, 7 increases with increase in flocculation, provided that the particle
size distribution remains the same (i.e., there is no Ostwald ripening and/or
coalescence).

The value of G also increases with an increase in flocculation, as aggregation
of the particles usually results in liquid entrapment, such that the effective volume
fraction of the dispersion shows an apparent increase. With flocculation, the net
attraction between the particles also increases, and this results in an increase in
G’. The latter is determined by the number of contacts between the particles and
the strength of each contact (which is determined by the attractive energy).

It should be mentioned that, in practice, it may not be possible to obtain the full
curve, due to the frequency limit of the instrument; measurements made at low
frequency are also time-consuming, and usually only part of the frequency depend-
ence of G" and G” is obtained. In most cases, the system is more elastic than
viscous.

Most disperse systems used in practice are weakly flocculated, and also contain
“thickeners” or “structuring” agents to reduce creaming or sedimentation. Such
agents also help in acquiring the correct rheological characteristics for application,
for example in hand creams and lotions. The exact values of G” and G” required
depends on the system and its application. In most cases, a compromise must be
made between acquiring the correct rheological characteristics for application and
the optimum rheological parameters for long-term physical stability. The applica-
tion of rheological measurements to achieve these conditions requires a great deal
of skill and understanding of the factors that affect rheology.

83.7
Examples of Application of Rheology for Assessment and Prediction of Flocculation

8.3.7.1 Flocculation and Restabilization of Clays Using Cationic Surfactants

Hunter and Nicol [7] studied the flocculation and restabilization of kaolinite sus-
pensions using rheology and zeta-potential measurements. Figure 8.13 shows
plots of the yield value oy and electrophoretic mobility as a function of cetyl tri-
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Figure 8.14 Variation of o and hydrodynamic volume with temperature.

methyl ammonium bromide (CTAB) concentration at pH 9. In this case, o
increases with the increase in CTAB concentration, reaching a maximum at the
point where the mobility reaches zero—at the isoelectric point (pI) of the clay—and
then decreases with further increases in CTAB concentration. This trend can be
explained on the basis of flocculation and restabilization of the clay suspension.

The initial addition of CTAB causes a reduction in the negative surface charge
of the clay (due to the adsorption of CTA" at the negative sites of the clay), and
this is accompanied by a reduction in the negative mobility of the clay. When
complete neutralization of the clay particles has occurred (at the pl), maximum
flocculation of the clay suspension occurs, accompanied by a maximum in o;. On
further increasing the CTAB concentration, a further adsorption of CTA" occurs
that results in charge reversal and restabilization of the clay suspension. This is
accompanied by a reduction in ;.

8.3.7.2  Flocculation of Sterically Stabilized Dispersions

Neville and Hunter [8] studied the flocculation of a poly(methylmethacrylate)
(PMMA) latex stabilized with PEO. Flocculation was induced by the addition of
an electrolyte and/or an increase in temperature. The variation of o with increased
temperature at a constant electrolyte concentration is shown in Figure 8.14. It can
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Figure 8.15 Variation of yield value with NaCl concentration.

be seen that op increases with an increase of temperature, to reach a maximum
at the critical flocculation temperature (CFT), but then decreases with any further
increase in temperature. The initial increase in o} is due to flocculation of the latex
with increased temperature; this is due to a reduction of the solvency of the PEO
chains with the increase in temperature. The reduction in o} after the CFT is due
to a reduction in the hydrodynamic volume of the dispersion.

8.3.7.3 Flocculation of Sterically Stabilized Emulsions

Emulsions were prepared using an A-B-A block copolymer of PEO-PPO-PEO
(Synperonic F127), with flocculation being induced by the addition of NaCl. The
variation of the yield value (calculated using the Herschel-Bulkley model) as a
function of NaCl concentration at various storage times is shown in Figure 8.15.
In the absence of NaCl, the yield value did not change with storage time over a
period of one month, indicating an absence of flocculation. However, in the pres-
ence of NaCl the yield value was increased with increase in storage time. Notably,
this increase was highly significant when the NaCl concentration was increased
above 0.8 moldm™ NaCl.

The above increase in yield value indicated that flocculation of the emulsion had
occurred, and this was confirmed using optical microscopy. The smaller increase
in yield value below 0.8 moldm™ NaCl was indicative of a weak flocculation, and
this could be confirmed by redispersion of the emulsion with gentle shaking. Yet,
above 0.8 moldm™ NaCl, the flocculation was strong and irreversible. In this case,
the solvency of the medium for the PEO chains becomes poor, and resulted in
incipient flocculation.

Further evidence of flocculation was also obtained from dynamic (oscillatory)
measurements. Figure 8.16 shows the variation of G’ with NaCl concentration at
various storage times. Below 0.8 moldm™ NaCl, G’ showed a modest increase with
storage time over a two-week period, indicating a weak flocculation. However,
above 0.8moldm™ NaCl, G’ showed a rapid increase in line with storage time,
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Figure 8.16 Variation of G’ with NaCl concentration.

indicating a strong flocculation. This strong (incipient) flocculation was consid-
ered due to the reduction of solvency of PEO chains (worse than 6-solvent), which
resulted in a strong attraction between the droplets, making them difficult to
redisperse.

8.4
Assessment and Prediction of Emulsion Coalescence Using Rheological Techniques

8.4.1
Introduction

The driving force of emulsion coalescence is the thinning and disruption of the
liquid film between the droplets [9, 10]. When two emulsion droplets come into
contact—for example, in a cream layer or a floc, or even during Brownian colli-
sion—the liquid film between them undergoes some fluctuation in thickness. in
this case, the thinnest part of the film will have the highest van der Waals attrac-
tions, and this is the region where coalescence starts. Alternatively, the surfaces
of the emulsion droplets may undergo fluctuation so as to produce waves that may
grow in amplitude; the strongest van der Waals attractions occur at the apices of
these fluctuations, and coalescence occurs by further growth of the fluctuation. It
is possible to define a critical film thickness below which coalescence will occur.

8.4.2
Rate of Coalescence

The rate of coalescence is determined by the rate at which the film thins; this
process usually follows a first-order kinetics:

N =N, exp(—Kt) (8.15)
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where N is the number of droplets after time t, N, is the number at zero time, and
K is the rate constant of coalescence.

Alternatively, the average droplet diameter d can be measured as a function of
time:

d =d, exp(Kt) (8.16)

Provided that the emulsion does not undergo any flocculation, the coalescence rate
can be simply measured by following the number of droplets or average diameter
as a function of time. A given volume of the emulsion is carefully diluted into the
Isotone solution of the Coulter counter, and the number of droplets is measured;
the average droplet diameter can be obtained using laser diffraction methods (e.g.,
using the Master Sizer). By following this procedure at various time periods, it is
possible to determine the coalescence rate constant, K.

For this, log N or logd is usually plotted versus ¢, and the slope of the line in the
initial period gives the rate of coalescence K. Clearly, the higher the value of K the
higher the coalescence of the emulsion. An accelerated test may be used by sub-
jecting the system to higher temperatures; usually, the rate of coalescence increases
with an increase of temperature (though this is not always the case). Care must
be taken during the dilution procedure, particularly if the oil is significantly soluble
(e.g., >10ppm) in the Isotone solution or in the tank of the Master Sizer. In this
case, the solution should be saturated with the oil before diluting the concentrated
emulsion for droplet counting or sizing.

843
Rheological Techniques

8.4.3.1 Viscosity Measurements

In the absence of any flocculation, the coalescence of an emulsion results in a
reduction of its viscosity. At any given volume fraction of oil, an increase in droplet
size will result in a reduction in viscosity; this is particularly the case with concen-
trated emulsions [10-13]. Thus, by following the decrease in emulsion viscosity
with time, it is possible to obtain information on the emulsion’s coalescence.
However, care must be taken when applying simple viscosity measurements,
particularly if flocculation occurs simultaneously (as this results in an increase in
the viscosity). It is possible (at least, in principle) to predict the extent of viscosity
reduction on storage, if the results of a droplet size analysis (or droplet number)
as a function of time are combined with the reduction in viscosity during the first
few weeks.

Freshly prepared emulsions with various droplet sizes are prepared by control-
ling the speed of the stirrer used for emulsification. The emulsifier concentration
in these experiments should be kept constant, and care taken to avoid the presence
of excess emulsifier in the continuous phase. The viscosity of these freshly pre-
pared emulsions can then be plotted against the average droplet diameter, so as
to produce a “master curve” that relates the emulsion viscosity to the average
droplet size. The viscosity is shown to decrease monotonically with the increase
in average droplet size.
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By using the Coulter counter or Master Sizer, it is possible to determine the rate
of coalescence by plotting the log of the average droplet diameter versus time in
the first few weeks. This allows a prediction to be made of the average droplet
diameter over a longer period (e.g., 6-12 months); the predicted droplet diameter
is then used to obtain the viscosity achieved on storage, by using the master curve
of viscosity versus the average drop size.

The above procedure is quite useful for setting the limit of viscosity that may
be reached on storage as a result of coalescence. With many creams, the viscosity
of the system is not allowed to drop below an acceptable limit (which is important
for application). The limit that may be reached after a one-year storage period may
be predicted from the viscosity and rate constant measurements over the first few
weeks.

8.4.3.2 Measurement of Yield Value as a Function of Time

Since the yield value oy of an emulsion depends on the number of contacts
between the droplets, any coalescence should be accompanied by a reduction in
the yield value. However, this trend is only observed if no flocculation occurs (this
causes an increase in o).

The above change was recently measured using O/W emulsions that had been
stabilized with an A-B-A block copolymer of PEO (A) and PPO (B) (Synperonic
NPE 127; UNIQEMA). Subsequently, 60:40 O/W emulsions were prepared using
0.5, 1.0, 1.5, 2.0, 3, 4, and 5% emulsifier; the variation in droplet size with time at
various Synperonic PEF 127 concentrations is shown in Figure 8.17. At an emulsi-
fier concentration >2% there was no change of droplet size with time, indicating
an absence of coalescence. However, below an emulsifier concentration of 2% the
droplet size increased with time, indicating the presence of coalescence.

8.4.3.3 Measurement of Storage Modulus G’ as a Function of Time

This is perhaps the most sensitive method for predicting coalescence. G provides
a measure of the contact points of the emulsion droplets, as well as their strength.
Provided that no flocculation occurs (which would result in an increase in G’), any
reduction in G’ on storage indicates the presence of coalescence.
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Figure 8.17 Variation of droplet size with time at various Synperonic PEF 127 concentrations.
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Figure 8.19 Correlation of relative decrease in G” with relative increase in droplet size.

The above trend was confirmed using the emulsions described above. Those
emulsions containing less than 3% Synperonic PEF 127 showed a rapid reduction
in G’ when compared to those containing >3%, which showed virtually no change
in G’ over a two-week period (see Figure 8.18).

8.4.4
Correlation between Elastic Modulus and Coalescence

The correlation between the emulsion elastic modulus and coalescence rate can
be easily represented if the relative decrease in G’ is calculated after two weeks:

Relative decrease of G’ = (Gnitia = Gaterzweats) x 100 8.17
G (8.17)
initial

The variation of the relative decrease in G” and relative increase in droplet size in
relation to the Synperonic PEF127 concentration is shown in Figure 8.19. In this
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Figure 8.20 Correlation of relative decrease in E. with relative increase in droplet size.

case, the correlation between the relative decrease in G” and relative increase in
droplet size due to coalescence, was very clear.

8.45
Cohesive Energy E,

The cohesive energy E. is the most sensitive parameter for the assessment of
coalescence:

E. =(1/2)G’'y% (8.18)

where ¥, is the critical strain above which the linear response (where G’ is indepen-
dent on the applied strain) changes to a nonlinear response. Any coalescence will
result in a decrease of the number of contact point, and cause a reduction in E,.

When using the above-described emulsions, E. was found to decrease with an
increase of droplet size (as a result of coalescence). At and above 3% Synperonic
PE 127, E. remained virtually unchanged, indicating an absence of coalescence.
The variation in the relative decrease of E, with a relative increase in droplet size
is shown in Figure 8.20, where the correlation is clearly seen.
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— aggregation types 109

— cohesive energy 191

— examples  109ff.

— floc density 106

— flow curve 107f.

— fractal concept  108f.

— Goodeve theory 107

— Hunter model 107f.

— log-log plot 111, 114

— packing index 109

— storage modulus 113

coagulation 16, 100, 106ft., see also
coagulated suspensions

— critical coagulation concentration
(CCC) 109

— electrolyte addition 111ff.

— temperature increase 115f.

coalescence 34f., 181, 1871f.

— cohesive energy 191

— measurements 188ff.

— prediction 187ff.

cohesive energy 191

— density  78f.

colloidal systems 1

complex modulus  76ff.

concentrated emulsions  128ff.

— droplet break-up 138ff.

— droplet deformability 131f., 138ff.

— experimental curves 131

— high-internal phase emulsions
(HIPES) 133fF.

— Jackson- Tucker theory 140, 142
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concentric cylinder viscometer 57ff.

— precautions  59ff.

— shear rate calculations 59ff.

cone and plate rheometer 61f.

constant stress measurement, see creep
measurement

creaming  30f., 169ff., see also
sedimentation

— creep measurements 179

— oscillatory measurements  179f.

— prediction 177ff.

creep measurement 66ff., 80f.

— creep procedure 71f.

— dash-pot 67

— elastic response  67f.

— flocculation  181f.

—gels 151f.

— procedure  80f.

— sample preparation 182

— viscoelastic response 67, 69f.

— viscous response  66f.

creep recovery 67

critical aggregation concentration
(CAC)  156f.

critical coagulation concentration
(CCC) 109

critical flocculation concentration
(CFC) 21, 112fF.

critical flocculation temperature (CFT)
23, 105f.

critical volume fraction (CVF) 23

— critical free polymer volume
fraction 101ff.

— particle size dependency 101ff.

Cross equation  44ff.

crosslinked gels  157f.

d

de Gennes scaling theory 97

Deborah number 65f.

Debye interaction 14

depletion flocculation 29, 100ff.

— critical free polymer volume
fraction 101ff.

Derjaguin approximation 96, 98

Derjaguin-Landau-Verwey—Overbeek
(DLVO) theory 2, 16ff.

— electrolyte concentration 16f.

diffusion-limited aggregation (DLA) 109

dilatant system 43

disperse system 1f., 24ft.

— “concentrated” dispersions 25

— description  25f.

— “dilute” dispersions 24

— “solid” dispersions 25

—types 2

double layer 1, 7ff.

— electrolyte concentration 10

—overlap 9f.

— repulsive interaction 10

— thickness 91

doublet floc model 116f.

Dougherty—Krieger equation 89, 131

droplet

— anisotropy 139

— break-up 138ff.

— deformability 131f.

— deformation 138ff.

— diameter 130

— droplet-droplet interactions  143f.

— morphology 139

— shear stress 140

droplet break-up 138ff.

— critical capillary number 141f.

- limiting value 144

— turbulent flow  144ff.

dynamic measurements, see oscillatory
measurements

e

Einstein equation 86, 126

Einstein limit 127

elastic floc model 107f., 117f.

elastic modulus—distance relation 92ff.

elastic overshoot 48

elastic response 74

elastic solid  67f.

elasticity 65

electrolyte concentration 10, 16f.

electrostatic interaction  7ff., 89ff.

— rheology 90ff.

electrostatic-patch model 23

electrostatically stabilized dispersions
19ff., 89ff.

— coagulation  109ff.

— elastic modulus—distance relation 92ff.

— rheology 89ff.

— rheology control 94

- scaling laws 93

— surface-to-surface separation 92

— viscoelastic behavior 90ff.

electrosteric stabilization 18

emulsions 29ff., 121ff.

— bulk rheology 126ff.

— coalescence 34f., 1871f.

— concentrated emulsions

- creaming  30f., 169ff.

— droplet break-up 138ff.

128ff.
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— droplet diameter 130
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— flocculation  31f.

— high-internal phase emulsions
(HIPES) 133fF.

— interfacial rheology 121ff.

— microemulsions 31

—models 177f.

— Ostwald ripening  32ff.

— phase inversion 35f.

— rheology 121ff.

- sedimentation  30f.

— shear stress 140

— stability  124ff., 172f.

— states  29f.

— storage modulus measurement

— turbulent flow  144ff.
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— viscosity measurement

— yield value measurement

equilibrium modulus 73

f

fast flocculation  19f.

Fleer-Vincent-Scheutjens (FVS) theory 104f.

flocculated suspension 991t., see also
flocculation

— coagulation 100, 106ff.

— particle size 101ff.

—rheology 99ff.

— weak flocculation  100ff.

flocculation  18ft., 29, 99ff., 180ff.

— aggregation types 109

— Asakura-Oosawa (AO) theory 103ff.

— bridging flocculation 23

—clays 184f.

— coagulation 100, 106ff.
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— creep measurement 181f.

— critical flocculation concentration
(CFC) 21

— critical flocculation temperature (CFT) 23

— critical volume fraction (CVF) 23, 101f.

— depletion flocculation 29, 100

— doublet floc model 116f.

— elastic floc model 107f., 117f.
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19ff.

— elimination 23f.

—examples  184ff.

— Fleer-Vincent-Scheutjens (FVS) theory
104f.

189f.

132f.
188f.
189

— fractal concept 108f.

— incipient flocculation 22

— kinetics  19ff.

— mechanism  19ff.

— orthokinetic (shear-induced) 21

— oscillatory measurements  182ff.

— Ostwald ripening 181

— particle size 101ff.

— prediction  180ff.

— reversible 21

— separation energy 116f.

— shear measurements 180f.

— steric stabilization 18f.

— sterically stabilized dispersions
22f., 1851t

—wall slip 180

flocculi 117

Flory-Huggins interaction parameter
12, 105

flow behavior

— elasticity 39

— laminar flow 51f.

- non-newtonian flow 40

— turbulent flow  50ff.

— viscosity 39f.

flow curve analysis 41ff.

— Bingham plastic systems

— Casson model 44

— Cross equation  44ff.

— dilatant system 43

— Herschel-Bulkley model 43f.

— Newtonian systems 41f.

— pseudoplastic system 42f.

— Sisko model  45f.

free energy

— free energy of depletion 102

— free energy of interaction 17

— free energy of mixing 12f.

— steric interaction free energy 11

frequency sweep 76

fumed silica 162

39t

41f.

g

gels  149ff.
— associative thickeners
— classification  153ff.
—clay s 160ff.

— creep measurement 151f.
— crosslinked gels  157f.

— definition 150

— formation  155f.

— oscillatory measurements
— oxide gels 162f.
— particulate gels

155ff.

152f.

160ff.
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— polymer gels 153ff.
—rheology  149ff.

— rheology modifiers 159
— stress relaxation 150f.

— surfactant systems  164ff.
— thixotropy 164

Goodeve theory 107

h

Hamaker constant 14f., 99

hard-sphere interaction 3, 7

hard-sphere suspensions 87ff.

— packing 88

— relative viscosity 87f.

— rtheology 871f.

— viscosity-volume fraction curve 89

Herschel-Bulkley model  43f.

high-gravity force separation 172f.

high internal-phase emulsions ( HIPES)
6, 133ff.

— behavior 135

— creation 134

— droplet size 1371

— melting strain 135

— osmotic pressure 134

— Princen-Mason theory 138

— rheological trend  136f.

Hooke’s law 39

Hookean solid 39

house-of-card structure 161

Hunter model 107f.

hydrophilic-lipophilic balance (HLB)
35, 164f.

hydrosomes 165

hydroxyethyl cellulose (HEC) 155

i

incipient flocculation 22
inner Helmholtz plane (IHP) 1,9
interaction forces 3f., 7ff.
interfaces 1ff.

— adsorption 2f.

— charged 1

— structures 1

interfacial rheology 121ff.

— dilational elasticity 123

— dilational viscosity 124

— emulsion stability 124ff.

— non-Newtonian effects 124
— shear viscosity 122

— stress 122

— surface pressure 122

— tension  121f.

interfacial viscosity 122

— measurement 122f.
interparticle interactions  7ff.

— combination 16f.

— DLVO theory 16ff.

— electrostatic interaction  71f.

— hard-sphere interaction 7f.

— many-body interactions 26

— steric interaction  10ff.

—van der Waals attractions  14ff.
intrinsic viscosity measurement 55f.
isomorphic substitution 161

J
Jackson- Tucker theory 140, 142

k

Keesom interaction 14
Kelvin model 70
kinematic viscosity 40

I

laminar flow 51f., 144

Laplace pressure 134, 139

linear viscoelastic region 182

liquid crystalline structures 166

liquid explosive 136

London dispersion energy 2, 14

loop test 47

“low-deformation measurements”,
see viscoelastic measurements

m

Margules equation 58

Mark-Houwink equation 55f.

maximum bubble pressure
measurement 124

Maxwell concept 65

Maxwell model 70

Maxwell relaxation time 68, 73

mean field viscosity 139

melting strain 77, 135

microemulsions 31

microgels 153, 159

mixed-surfactant films 124

mixing interaction 11ff.

— free energy 12f.

— volume fraction 13

n

negative thixotropy, see anti-thixotropy
net interaction 4

network modulus 159



Newton’s law  39f.
Newtonian liquid 40, 51
nonlinear viscoelastic region 182

o

oleosomes 165

organo-clays 161f.

orthokinetic flocculation 21
oscillatory measurements  74ff., 82f.
— cohesive energy density 78f.

— complex modulus  76ff.

—gels 152f.

— flocculation  182ff.

- frequency sweep 76

— oscillatory sweep  77f., 183f.

— strain sweep  76f.

- Weissenberg effect 79
oscillatory response  74ff.

— viscoelastic system  74f.
oscillatory sweep  77f.

osmotic pressure 134

osmotic repulsion, see mixing interaction
Ostwald de Waele model 42
Ostwald ripening  32ff., 181
—reduction 33

Ostwald viscometer 54

outer Helmholtz plane (OHP) 1,9
oxide gels 162f.

parallel plate viscometer 62

particle separation 116f.

particulate gels  160ff.

— interaction 160

— oxide gels 162f.

— swellable clays 160ff.

phase inversion 35f.

physical gels  154f.

plasticity number 52

Poiseuille equation 51, 54

polydisperse suspensions 88f.

polyelectrolyte 23

polymer adsorption  2f., 10ff., see also
steric interaction

— flocculants 23

— Ostwald ripening 33

polymer configuration 2f., 24

—trains 3

polymer gels  153ff.

— associative thickeners 155ff.

— coil overlap concentration 154

— critical aggregation concentration
(CAC) 156f.

— crosslinked gels  157f.

— physical gels 154f.

polystyrene latex dispersions 94f.
power law model 42f.
precipitated silica 162
Princen—Mason theory 138
protein films  124ff.
pseudoplastic materials
pulse shearometer 83f.
pulsed drop measurement 123

42f., 52,58

r

radial distribution function 25f.

rate-limited aggregation (RLA) 109

reversible flocculation, see weak
flocculation

Reynolds number 50

rheological behavior 38

rheology 3
— concentrated emulsions  128ff.
— emulsions  121ff.

— flocculated suspensions  99ff.
— flow curve analysis  41ff.
—gels  149ft.

— industrial applications  4f.

— interaction forces 3f.

— measurements 5, 37ff.

— modifiers 149ff., 159, 164ff.
— suspensions  85ff.

— thickeners 149ff.

rheometer 60ff., 79f.

— Bohlin VOR 81

— drag-cup motor 79f.

— “Fluid” rheometer 81
rheopexy 48ftf.

rigidity modulus 77

rotational viscometers 57ff.

— concentric cylinder geometry 57ff.

s

sedimentation 30f., 169ff.
— accelerated tests 171

— high-gravity force 172f.
— measurements 171ff.

— models 175ff.

— prediction 173f.

—rate 170

— syneresis  174f.

— thickeners 176f.

— velocity 170f.

— zero shear viscosity 175ff.
shear modulus 93

— measurements  83f.
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shear rate 38, 53f.

— calculations  59ff.

silica gelation 162f.

Sisko model  45f.

slow flocculation  19f.

small-angle X-ray scattering (SAXS) 25

“soft” interaction, see electrostatic interaction

solid suspension 25

steady state measurements 37ff., 53ff.
— capillary theometry 56f.

— capillary viscometry 54f.

— flow behavior 39ff.

— intrinsic viscosity 55f.

— rheological behavior 38

— rheometer 60f.

— rheopexy 48ff.

— rotational viscometers 57f.
— shear rate 38

— temperature effects 52f.

— thixotropy  46ff.

— turbulent flow 50ff.

—wall slip 60

step change test 48

steric interaction 4, 10ff.

— free energy 11

— mixing interaction 11ff.

— polymer adsorption  10ff.
— volume fraction 10

— volume restriction interaction 11
steric stabilization 18f.

sterically stabilized dispersions 22f., 94ff.

— coagulation 111ff.

— critical flocculation concentration
(CFC) 112ff

— Dougherty—Krieger equation = 94f.

— electrolyte addition 111ff.

— flocculation  185ff.

— incipient flocculation 22f.

— interparticle interaction 96ff.

— modulus—volume fraction 98f.

— polystyrene latex dispersions 94f.

— rheology  945ff.

— temperature increase 115f.

— viscoelastic properties  95ff.

Stokes—Einstein equation 20

storage modulus measurement 189f.

strain = 37f.

strain experiment 72

strain relaxation 66ff.

— elastic response 67

— viscoelastic response 67

— viscous response  66f.

strain sweep  76f.

— measurements 182f.

stress 37

stress relaxation 72ff., 81f.,, 150

stress relaxation time 66

strongly flocculated suspensions,
see coagulated suspensions

surface charge 7

surface viscometer 122f.

surface-to-surface separation 92

surfactant systems 2, 164ff.

— hydrophilic-lipophilic balance (HLB)
35, 164f.

suspension, see also disperse system

— Bachelor equation 86

— concentrated suspensions 86f.

— Einstein equation 86

— electrostatic interaction systems 89ff.

— hard-sphere suspensions 87ff.

—models 116ff.

— parameters 85

— rheology 85ff.

— sedimentation 169ff.

— states  27ff.

— submicron particles 169

— suspension rheology  85ff.

— systems 87

syneresis  174f.

t

temperature behavior 52f.
thickeners 31, 149ff.

— associative thickeners 153, 155ff.
—rheology 149ff.

— sedimentation 176f.
thixotropy  46ff., 130f.

— elastic overshoot 48

— loop test 47

— step change test 48
transitional inversion 35
turbulent flow  50ff., 144f.

— turbulent inertial (TT) 144
— turbulent viscous (TV) 144

v

van der Waals attractions  14{f.

— flocculation  18ff.

— medium effect 14f.

vane rheometer 60f.

viscoelastic liquid 68f., 73
viscoelastic measurements 5, 65ff., 79ff.
— creep measurements  80f.

— oscillatory measurements  82f.

— shear modulus measurements 83f.
— stress relaxation 81f.

viscoelastic response  74f.



viscoelastic solid  69f., 73f.

- equilibrium modulus 73

viscoelasticity 65ff.

— Berger model 70f.

— concentrated emulsions 132f.

— creep measurement 66ff.

— creep procedure 71f.

— Deborah number 65f.

— electrostatically stabilized
dispersions  90ff.

—gels  150ff.

— linear viscoelastic region 77

— oscillatory techniques  74ff.

— sterically stabilized dispersions 95ff.

— strain relaxation  66ff.

— stress relaxation  72ff.

— viscous flow 66

— Weissenberg effect 79

viscometer  62ff.

— surface viscometer 122f.

viscosity 65

— interfacial 122f.

viscous flow 66
viscous response 74
volume restriction interaction 11

w

wall slip 60, 180f.

weak flocculation 21f., 100ff.

— particle size 101ff.

— suspensions  100ff.

— theories  103ff.

Weissenberg effect 79
Weissenberg equation 56
Weissenberg number 142
Weissenberg Rheogoniometer 81

Y
yield stress 72

yield value measurement 189

z
zero shear viscosity 42, 72, 1571f.
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