INFORMATION TO USERS

This manuscript has been reproduced from the microfim master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Electroacoustic Spectroscopy of
Water-in-Diluted Bitumen Emulsions

by

Alejandro Magual @

A thesis submitted to the Faculty of Graduate Studies and Research in partial
fulfillment of the requirements for the degree of Master of Science
in

Chemical Engineering
Department of Chemical and Materials Engineering
Edmonton, Alberta

Spring 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i+l

Library and
Archives Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

NOTICE:

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Direction du
Patrimoine de I'édition

0-494-08136-8

Bibliotheque et
Archives Canada

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN:
Our file  Notre rererence
ISBN:

AVIS:

L'auteur a accordé une licence norn exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par téelécommunication ou par l'lnternet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette thése.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Water-in-oil emulsions of Athabasca bitumen diluted in toluene have been studied
using the latest advances in Acoustic and Electroacoustic Spectroscopy. From the sound
attenuation spectra of emulsions, the water droplet size distribution is derived. The
electrical surface charge density of the droplets is obtained from the colloid vibration
current. In case of freshly prepared water-in-0il emulsions, the water droplet size
increases while the surface charge density decreases with time. The time span of this
transient behavior ranges from several hours to three days. Such long transients are
probably due to the slow adsorption/desorption kinetics of bituminous components at the
water-oil interface. This study illuminates the contribution of the electrostatic interactions

to the stability of water-in-oil emulsions.
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Chapter 1

Introduction

The stability of water-in-diluted bitumen emulsions is a subject of importance for
the oil sands industry. Bitumen froth produced in commercial water-based extraction
processes (a mixture of bitumen, water and solids) is diluted with organic solvent in order
to reduce bitumen viscosity and thus facilitate the separation of water and solids prior to
bitumen upgrading. After froth treatment, water can still remain in the diluted bitumen as
a stable emulsion. Due to the presence of chlorides in the water, this residual water
should be minimized. Hence, research effort to understand the mechanism of water
stabilization in diluted bitumen (which has not been completely established yet) is

justified.

Previous studies have revealed that asphaltenes and fine solids can stabilize water-
in-diluted bitumen emulsions. It is believed that the high emulsion stability is mainly due
to a steric repulsion mechanism, where interfacial material adsorbed at the water-oil
interface prevents droplet coalescence. The rigidity of this interfacial adsorbed layer
depends on the bitumen concentration and the paraffinic/aromatic nature of the solvent.
Repulsive electrostatic interactions could also play a role in the stability of water-in-
diluted bitumen emulsions. This mechanism, however, has been far less understood

because of the lack of electric surface charge data of aqueous drops in organic media.

Advent of commercially available ultrasound based techniques during the past
decade offers a new opportunity for studying water-in-diluted bitumen emulsions. They
can provide information regarding size distribution and electro-surface properties of
particles or droplets dispersed in a non-transparent and non-polar media. This technique
is not invasive and it can be applied in relatively concentrated systems, which avoids the

need of sample dilution previous to its characterization.

Theory of electroacoustics by Shilov and coworkers (based on measurements of
the colloid vibration current) is well established for {-potential characterization in water

dispersions. In the case of non-polar media, Shilov’s theory provides the surface charge
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density of the dispersed phase under the assumption of strongly overlapped double layers.
These features are incorporated in the DT-1200 Spectrometer from Dispersion
Technology Inc., which also evaluates the particle size distribution from measurements of
the sound attenuation in the dispersion. Shilov’s theory is the only one of its kind
available in the electroacoustic literature which allows the study of the surface charge
density of particles or droplets dispersed in low conductivity media like water-in-diluted

bitumen emulsions.

The purpose of the present study is to investigate the surface charge density of
water droplets dispersed in diluted bitumen by means of this novel electroacoustic
technique and theory. This is the first work in the area of electroacoustics where Shilov’s
theory is applied to water-in-diluted bitumen emulsions. The significance of the study is

that it contributes to illuminate the role of electrostatic interactions in emulsion stability.

o
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Chapter 2

Literature Review

2.1 Water-in-diluted bitumen emulsions in the oil sands industry

2.1.1 Origin, composition and industrial importance

Oil sands deposits in northern Alberta are mixtures of bitumen, silica sands and
fine clays. Bitumen is a form of heavy oil which needs to be upgraded to obtain
commercial fuels. Oil sands ores typically contain 9% to 13% wt bitumen, which is
recovered through surface mining operations, followed by a water-based extraction
process (Czarnecki, 2001). At some stage of the process, the extracted bitumen is in the
form of bitumen froth, containing about 60% bitumen, 30% water and 10% solids
(Czarnecki, 2001). Water and solids must be separated from the bitumen prior to
upgrading (in order to avoid serious corrosion and clogging problems in upgrading plant
operations), and this is done through the addition of an organic solvent (diluent) to the
bitumen froth. Such a mixture of bitumen froth diluted with organic solvent forms a
water-in-oil emulsion, where the organic phase is the continuous phase. They are referred

to as water-in-diluted bitumen emulsions.

The dilution of the bitumen froth facilitates the removal of emulsified water and
suspended solids, because it lowers the density and viscosity of the oil phase (Czarnecki,
2001). Bitumen density is about the same of water and, therefore, a lighter organic
solvent is used for dilution. The separation of water and solids is achieved by mechanical
operations such as scroll and disk centrifuges and inclined plate settlers (Czarnecki,
2001). In some cases, chemical treatment (demulsifiers) is also implemented to enhance
removal efficiency. The diluted bitumen is required to meet downstream process
specification: it must contain less than 0.5% vol. total solids and water (BS&W), and it

must have a viscosity of less than 350 ¢St for pipelining (Long et al., 2002).

The paraffinic/aromatic nature of the organic solvent and the mass ratio of added
organic solvent to bitumen (hereafter referred to as the solvent to bitumen ratio) are key

factors to be considered in froth treatment operations, because they are directly related to

(U3
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the stability of water-in-diluted bitumen emulsions. The term emulsion stability refers to
the ability of the water droplets to resist coalescence, thus preventing the ultimate
separation of water from the continuous phase (Isaacs & Chow, 1992). The higher the
emulsion stability is, the more difficult is to break the emulsion into a water phase and a
hydrocarbon phase. This is because the coalescence of water droplets is the limiting step

in the demulsification process (McLean & Kilpatrick, 1997).

Naphthenic or aromatic naphthas are being used as diluent in the current
commercial oil sands operations, at a solvent to bitumen ratio between 0.6 and 0.7 (Long
et al., 2002). Under these operating conditions and after multistage centrifugation and
demulsifier addition, the diluted bitumen product still contains water (2% — 5% wt.) and
solids (0.5% - 1.0% wt.), in the form of a stable water-in-diluted bitumen emulsion with
droplets less than 10 um in diameter (Long et al., 2002). The emulsified water is then
removed in a subsequent stage together with the diluent, in the solvent recovery unit.
However, dissolved salts (mostly sodium chloride) and suspended solids remain in the
bitumen and are carried to the upgrading process. There, chlorides are inevitably
converted to corrosive hydrochloric acid (Czarnecki, 2001) and fine solids tend to

obstruct hydrotreatment reactors and lower catalyst activity (Chen et al., 1999).

Therefore, the effective removal of water from diluted bitumen in froth treatment
operations is a subject of importance to the oil sands industry, and this requires the
understanding of the mechanism responsible for the stability of water-in-diluted bitumen

emulsions.

2.1.2 Bitumen compounds responsible for the emulsion stability

Asphaltenes, fine solids and natural surfactants present in bitumen have been
identified as stabilizing compounds of water-in-diluted bitumen emulsions. Among them,
asphaltenes and fine solids are recognized as the main stabilizers. Experiments carried out

by Yan et al. clearly support this general conclusion (Yan et al., 1999).

They studied the ability of each individual component to stabilize water-in-diluted
bitumen emulsions, where a mixture of 50:50 by volume of hexane and toluene was used

for dilution. A series of emulsions were prepared where the same amount of water (9%
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vol.) was dispersed in different organic solutions or dispersions: diluted bitumen (with
and without solids), diluted deasphalted-bitumen (with and without solids), and diluted
asphaltenes/solids mixture extracted from bitumen. For consistency, all types of water-in-
oil emulsions were prepared with the same equivalent bitumen concentration. The
emulsion stability was determined by measuring the volume of free water decanted after
48 hours settling tests in 500 ml graduated cylinders: the higher the amount of free water,

the lower the emulsion stability.

The observations of this study can be summarized as follow (Yan et al., 1999):

L Emulsions prepared with diluted asphaltenes/solids mixture show higher
stability than those using diluted bitumen with solids. This means that the
presence of deasphalted bitumen molecules lowers the ability of asphaltenes

and solids to stabilize emulsions.

IL. Individually, both asphaltenes and solids are good stabilizers of water-in-
diluted bitumen emulsions. However, the stabilization effect is greatest when

both are present.

111 Water-in-diluted bitumen emulsions are poorly stabilized by deasphalted
bitumen, i.e. when both asphaltenes and solids have been removed from

bitumen.

Another important observation made by Yan and coworkers is that only fine
solids are effective stabilizers of water-in-diluted bitumen emulsions. Fine solids in this
study are defined as the fraction recovered in a 0.22 um filter paper, when highly diluted
bitumen is filtered, first against a 8.0 um filter paper (for coarse solid removal), and then
against a 0.22 pm filter paper where fine solids are captured. Fine solids are typically

smaller than 0.5 um (Yan et al., 1999).

2.1.3 Stabilizing mechanism of water-in-diluted bitumen emulsions

The mechanism for the stabilization of water-in-diluted bitumen emulsions is not

completely understood yet. A mechanism for the emulsion stability is an explanation of
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the factors that prevent water droplets to approach each other and eventually flocculate or
coalesce. There are two basic mechanisms that can contribute to the emulsion stability:
steric repulsion and electrical repulsion (Isaacs et al., 1990). They are of different nature

and both can act simultaneously.

Steric repulsion refers to physical barriers that prevent droplet coalescence.
Asphaltenes, fine solids and natural surfactants present in bitumen tend to gather at the
water-oil interface, resulting in a film which acts as a structural barrier to the coalescence
of water droplets. Steric interactions are short-ranged (Isaacs et al., 1990). On the other
hand, if water droplets have electrical surface charge, then electrical repulsive forces arise
between the droplets. Electrical interactions can act at relatively longer distances than

steric interactions (Isaacs et al., 1990).

Most experimental work to date suggests that the stability of water-in-diluted
bitumen emulsions is mainly due to a steric repulsion mechanism. Repulsive electrical
interactions might have a minor role in the emulsion stability. However, this last
mechanism has been far less experimentally investigated, and no definite conclusion is

available as yet.

2.1.4 Experimental evidence for the steric stabilization mechanism

The existence of a critical solvent to bitumen ratio which delimits the stability
behavior of water-in-diluted bitumen emulsions is well documented in the literature.
Above the critical solvent to bitumen ratio, the emulsion is unstable and water and solids
can easily be removed. On the other hand, below the critical solvent to bitumen ratio,
water-in-diluted bitumen emulsions are very stable (Czarnecki, 2001). The fact is that this
dramatic change on the emulsion stability behavior has a clear connection with the
mechanical properties and composition of the film at the water-oil interface, which
supports the thesis of the predominant role of steric interactions on the emulsion stability.
This has been recently demonstrated using a variety of experimental techniques, including
the micropipette, colloidal particle scattering (colloidal collider), thin liquid film-pressure

balance and isolation/characterization of interfacial material through water emulsification

(Czarnecki, 2001; Wu, 2003).
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Yang and Czarnecki have reported critical solvent to bitumen ratio about 2 for
natural gas condensate-diluted bitumen, and about 4 for naphtha-diluted bitumen (Yang
& Czamnecki, 2002). The effect of the critical solvent to bitumen ratio on the emulsion
stability is illustrated in Figure 2.1, based on contacting experiments performed by Yang
and Czarnecki (Yang & Czarnecki, 2002). Syncrude naphtha-diluted bitumen was
contacted with water in a cell, avoiding mixing of the two phases by carefully placing the
oil phase on top of the aqueous phase. After two days, the oil phase was removed for
water content analysis. Significant water emulsification occurred below the critical

solvent to bitumen ratio only (S/B < 4), as can be observed in Figure 2.1.

A similar experiment was repeated on a smaller scale; this time the two phases
were contacted within a micro-slide for microscope observation, avoiding any agitation
on the system (Yang & Czarnecki, 2002). Water droplets less than 3 um in diameter were
spontaneously formed inside the oil phase for solvent to bitumen concentrations below
critical (S/B < 4). At higher solvent to bitumen ratios (S/B > 4), no water droplets were
observed in the oil phase. It was also noticed that asphaltene precipitation occurred at
S/B > 4 (Yang & Czarnecki, 2002). Apparently, the onset of asphaltene precipitation

coincided with the critical solvent to bitumen ratio.

On the basis of the steric stabilization mechanism, these experiments suggest that
the effect of the solvent on the emulsion stability is related to the state of solubility of
asphaltenes in the oil phase (Yang & Czarnecki, 2002). Emulsions are stable below the
critical solvent to bitumen ratio because apshaltenes can adsorb at the water-oil interface.
On the other hand, above the critical ratio, asphaltenes are precipitated and, therefore,
they are not able to adsorb at the interface. This results in unstable emulsions above the

critical solvent to bitumen ratio (Yang & Czarnecki, 2002).

Further experimentation carried out by Yang and Czarnecki demonstrated that if
asphaltene precipitation occurs at any solvent to bitumen ratio, maximum emulsion
stability is obtained when water and diluent are added to the bitumen at the same time
(Yang & Czarnecki, 2002). The emulsion stability greatly decreases if the water is added
some time after the bitumen dilution (one day in their experiments). On the other hand,

for any solvent to bitumen ratio where asphaltene precipitation does not occur, the order
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of addition is unimportant and it does not make any difference in the emulsion stability
(Yang & Czarnecki, 2002).

The aforementioned facts support further the hypothesis for the steric stabilization
by asphaltenes. When bitumen dilution induces asphaltene precipitation and water is
added simultaneously with the diluent, there is still a chance for asphaltenes to adsorb at
the water-oil interface and stabilize the emulsion (Yang & Czarnecki, 2002). Precipitation
of asphaltenes is an equilibration process that takes time to complete. On the other hand,
if water is added after bitumen dilution and the oil phase has reached a new equilibrium
state where asphaltenes have already precipitated, then there is a significant detrimental in
the stability of the emulsion as asphaltenes are no longer available to adsorb at the

interface (Yang & Czarnecki, 2002).

The adsorption process of asphaltenes and other compounds at the water-oil
interface imparts time dependence characteristics to the stabilizing interfacial film. Sheu
and coworkers studied the kinetics of asphaltene adsorption at toluene-water interfaces as
a function of pH and asphaltene concentration (Sheu et al., 1992; Sheu et al., 1995). They
measured the rate of change of interfacial tension with time (which directly correlates to
the adsorption rate of asphaltenes), and they found that the adsorption kinetics are in the
order of hours. This is actually much slower than the adsorption kinetics of surfactants
(Sheu et al., 1992).

Figure 2.2 shows the decrease of interfacial tension with time due to asphaltene
adsorption, which eventually reaches an equilibrium value after few hours. The initial
decrease of the interfacial tension with time adjusts well to a diffusion-controlled
adsorption kinetics (Sheu et al., 1992). However, as the interfacial tension approaches
equilibrium, the adsorption kinetics is no longer diffusion-controlled but reaction-
controlled, presumably because of the necessary rearrangement processes of asphaltene

molecules at the adsorption layer (Sheu et al., 1992).

According to Sheu and coworkers, initially the concentration of adsorbed
asphaltenes at the water-oil interface is low, and the adsorption kinetics is only controlled
by diffusion of asphaltenes from the bulk of the oil phase to the interface (Sheu et al.,

1992). As the concentration of adsorbed asphaltenes increases, however, asphaltenes
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molecules have to rearrange themselves in order to minimize the system free energy. This
rearrangement process now drives the adsorption kinetics, and it is particularly slow due
to the constraints imposed by the wide structural distribution of asphaltenes (Sheu et al.,
1992).

The adsorption layer thickness of water-in-diluted bitumen emulsions has been
determined by Czarnecki and coworkers using the colloidal particle scattering technique
(Czarnecki, 2001). This technique allows the calculation of the interaction forces between
water droplets, from the analysis of collision trajectories between two micrometer-sized
droplets under simple shear flow field. Two types of interaction forces were assumed: van
der Waals (attractive) and steric (repulsive). The results of their experiments suggest that
the steric barrier may have a thickness varying from 7 to 40 nm (Czarnecki, 2001).
Further experimentation carried out by Khristov, Wasan, Czarnecki and Masliyah using
the liquid film-pressure balance technique also reported large variations in the film
thickness, which suggests that the steric barrier has a multilayer structure (Czarnecki,

2001).

The experimental evidence discussed so far emphasizes the role of asphaltenes on
the steric stabilization of water-in-diluted bitumen emulsions. It has been discussed the
relationship between the state of solubility of asphaltenes and the emulsion stability.
However, this is just one of the explanations formulated to present. There is additional
evidence which support the steric stabilization mechanism in emulsion systems where
asphaltene precipitation does not occur. In these cases, the critical bitumen to solvent
ratio is not related to the onset of asphaltene precipitation but to changes of the

composition and mechanical properties of the interfacial adsorbed layer.

One example are heptol-diluted bitumen emulsions, where the solvent is a mixture
50:50 by volume of heptane and toluene. Wu investigated this system and determined that
compositional changes of interfacial material occur at the critical solvent to bitumen ratio
(Wu, 2003). Below the critical solvent to bitumen ratio (low solvent dilution), interfacial
material is composed of a mixture of asphaltenes and water insoluble carboxylic salts
(sodium naphthenates); above the critical ratio (high dilution by the solvent), only

asphaltenes were detected (Wu, 2003).
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Previous studies with heptol-diluted bitumen emulsions using the micropipette
technique (Dabros et al., 1999) revealed that the critical solvent to bitumen ratio also
delimits the transition between flexible interfacial films (below the critical ratio) and rigid
interfacial films (above the critical ratio). As shown in Figure 2.3, deflating a large water
droplet in heptol results in two different surface rheologies of the film: above the critical
ratio, the surface of the droplet crumples because the film is rigid; on the other hand,
below the critical ratio the surface of the droplet remains spherical but with some
protrusions that eventually detach from the surface, resulting in the formation of
micrometer-sized water droplets (Dabros et al., 1999). This process of emulsification
through area contraction is called budding, and it only occurs when the interfacial film is
flexible. The budding emulsification process requires low input energy, and it is believed
that it contributes to the high stability of water-in-diluted bitumen emulsions below the

critical solvent to bitumen ratio (Dabros et al., 1999).

2.2 Electrostatic stabilization in nonaqueous media

2.2.1 Electrical charges in nonaqueous media

Following Morrison’s review article (Morrison, 1993), it is generally accepted that
electrolytes can dissociate in nonaqueous media if there is a structure around cations and
anions that keeps them apart. An inverse micelle is one possible structure, which can
contain an ion in its core and thus separate it from counter ions in different micelles
(Morrison, 1993). Large size ions (polymer macro-ions) itself can generate self-
associating structures. On the other hand, ions would exist as cation-anion pairs if such
structure is not available (Morrison, 1993). Equilibrium between ion pairs and the
dissociated electrolyte is governed by the size of the stabilizing structure: the larger the
size of the structure, the bigger the effective size of ions, and this favor dissociation
because ions have enough kinetic energy to overcome electrostatic attraction (Morrison,

1993). Theoretically, a minimum diameter in the order of 30 nm is required for complete

electrolyte dissociation (Morrison, 1993).

Inverse micelle formation in nonaqueous media is primarily determined by the

intermolecular interactions between the hydrophilic head groups of the molecules at the
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core of the micelle (Morrison, 1993). They can have a wide variety of shapes as opposed
to micelle formation in aqueous media, where they tend to be spherical (Morrison, 1993).
The presence of small amounts of water contributes to inverse micelle formation in
nonaqueous media, because it enhances the intermolecular interactions between
hydrophilic head groups. Furthermore, water molecules also facilitate the solubilization

of excess ions at the core of the micelle (Morrison, 1993).

When electric surface charge develops on particles in a dispersion, an equivalent
number of oppositely charged ions (hereafter referred to as counter-ions) exist in the
liquid medium to keep the system electrically neutral. The same aforementioned
stabilizing structure prevents counter-ions to combine with the charged particles and,

therefore, they do not neutralize each other (Morrison & Ross, 2002).

There are at least two proposed mechanism for particle charging in nonaqueous
media. Kitahara and coworkers postulate the preferential adsorption mechanism of
cations or anions of a dissociated electrolyte onto the particle surface (Morrison, 1993).
On the other hand, Fowkes and coworkers propose a different mechanism. They suggest
that the non-dissociated electrolyte adsorbs onto the particle surface, and then acid-base
(or donor-acceptor) interactions occur between surface groups and the neutral electrolyte.
Finally, the charged electrolyte desorbs from the particle surface (which is now provided
with electric surface charge), and it is often stabilized in an inverse micelle in the
nonaqueous medium (Morrison, 1993). Figure 2.4 (Morrison & Ross, 2002) shows an
example of the Fowkes mechanism, where acidic particles (with acidic sites HA) are

dispersed in a nonaqueous solution of basic polymer dispersants (with basic sites B).

2.2.2 Concepts of DLVO Theory

The stability behavior of dispersions (either particles or droplets) in liquid media
is governed by the balance between attractive and repulsive interactions in the system.
The electrostatic stabilization of dispersions comprises the balance of two types of
interactions: London dispersion forces (called van der Waals interactions) which are
attractive, and electrostatic forces (called double layer interactions) which are repulsive

between similarly charged particles (Masliyah, 1994).
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The electrostatic stabilization of aqueous dispersions can be quantitatively
predicted by means of the DLVO theory, which calculates the ner potential energy of
interaction, defined as the work required to bring two particles or droplets from infinity to
a given separation distance (Masliyah, 1994). Figure 2.5 shows three possible scenarios
for the stability analysis. Curve V), represents a stable system: at a separation distance ),
the potential reaches a maximum and it represents the energy barrier to be overcome for
particle coagulation. On the other hand, curve V3 represents an unstable system (the
potential of interactions is always negative). Curve V, represents an intermediate case
where particles can flocculate at the local minimum at a separation distance r, (Masliyah,
1994).

The role of double layer interactions is fundamental in determining the stability of
an electrostatically stabilized colloidal suspension (Morrison & Ross, 2002). Variations in
factors influencing double layer interactions (such as electrolyte concentration and
particle surface charge) can change the net potential of interaction from V, (stable) to V;
(unstable) and vice versa (Figure 2.5). As a general result, the DLVO theory predicts that
electrostatic stabilization is more important the larger the particle or droplet size of a

dispersion (Morrison & Ross, 2002).

The name of double layer interactions comes from the distribution of counter-ions
in an electrical double layer in the vicinity of the charged particles. In this region, ions of
opposite charge to that of the surface (counter-ions) are attracted, while ions of similar
charge (co-ions) are repelled. This results in a region where there is no charge neutrality
as a consequence of the prevailing presence of counter-ions over co-ions. Figure 2.6

depicts the structure of the electrical double layer (Masliyah, 1994).

The Stern layer defines an inner region where counter-ions are strongly attached
to the particle surface (Morrison & Ross, 2002). The rest of the excess counter-ions are
mobile in the liquid medium, but their spatial distribution is determined by two
competitive processes. On the one hand, counter-ions tend to concentrate near the particle
surface because of electrical attractive forces. On the other hand. counter-ions tend to
diffuse away from the particle surface because of their thermal motion. The end result is

the formation of a diffuse layer as shown in Figure 2.6, where the concentration of excess
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counter-ions decreases with distance. The Stern layer and diffuse layer are delimited by

the so called shear plane (Masliyah, 1994).

The diffuse double layer can be perturbed from its equilibrium distribution when
the particle moves (Morrison & Ross, 2002). This is the origin of the so called
Electrokinetic phenomena, which are discussed in sections 2.3 and 2.4 in regard to the
measurement of the electro-surface properties of particles or droplets dispersed in liquid
media. Such electrokinetic measurements are able to investigate the surface charge
density (o) or electric potential ({-potential) at the shear plane. As shown in Figure 2.6,
the decrease in excess counter-ion concentration with distance from the shear plane is
accompanied with a decrease in the developed electric potential in the liquid medium.
The electric potential decreases from { with a characteristic length 1/x called Debye

length (Masliyah, 1994).

The DLVO theory considers the Debye length as the thickness of the diffuse layer.
As shown in Equation 2.1, this parameter can be calculated from the ionic composition of
the liquid medium (Masliyah, 1994). The following parameters intervene in Equation 2.1:
dielectric constant of the liquid medium (gn), permittivity of vacuum (go), Boltzmann
constant (k), temperature (T), elementary charge (e), number of ionic species (N), valency

(z:) and number concentration (nj») of the ith ionic species in the bulk solution.

€nE KT

20N L2
c Zi=12ini°°

(2.1)

A

Under the assumption of equal diffusion coefficient for all charge carriers in the
liquid medium, and using Einstein relationship between the diffusion coefficient and the
migration mobility (Zholkovskij et al., 2002), Equation 2.2 is derived, where K, is the
conductivity of the liquid medium and D,y is the diffusion coefficient of charge carriers.
Equation 2.2 can be used to estimate the Debye length in dispersion systems where the
ionic composition of the liquid medium is unknown, as it is the case of most nonaqueous

dispersions (Dukhin & Goetz, 2002).
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One interesting example of the applicability of the DLVO theory is the
electrostatic stabilization of bitumen-in-water emulsions reported in reference (Isaacs &
Chow, 1992), which is the mirror case for the system under study in the present work
(i.e., water-in-diluted bitumen emulsions). Figure 2.7 shows the net potential energy of
interaction diagram for bitumen-in-water emulsions in the presence of NaCl and CaCl,

(Isaacs & Chow, 1992). The net potential energy of interaction is expressed in kT units.

According to reference (Isaacs & Chow, 1992), the DLVO theory predicts that an
emulsion would be stable against coagulation (under the condition of no flow)
considering an energy barrier of at least 15 kT. As shown in Figure 2.7, the DLVO theory
predicts that in the presence of 300 mM NaCl the emulsion should flocculate (similar
case to curve V; in Figure 2.5), and in the presence of 20 mM CaCl, the emulsion should
coagulate (similar case to curve V3 in Figure 2.5). Those predictions were confirmed

experimentally as discussed in reference (Isaacs & Chow, 1992).

2.2.3 Experimental evidence for the electrostatic stabilization in nonaqueous

media

Following van der Hoeven and Lyklema review article (van der Hoeven &
Lyklema, 1992), there is a controversy about the possibility of electrostatic stabilization
of nonaqueous suspensions. The common believe is that steric stabilization would be the
dominant mechanism because electrostatic forces would not be high enough to stabilize

colloids (van der Hoeven & Lyklema, 1992).

According to the DLVO theory, charged particles can be effectively stabilized
when electrostatic repulsion forces can outweigh van der Waals attraction forces, in such
a way that an energy barrier is established to prevent their coagulation. Electrostatic
forces are determined by the particle charge and the interaction between the double layers
surrounding the particles (van der Hoeven & Lyklema, 1992). Both factors depend on the
concentration of ions and the degree of ion dissociation in the media. Nonaqueous media
is characterized by very low conductivities and, therefore, low ion concentration. This is

why small electrostatic repulsive forces are generally expected in nonaqueous dispersions,
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and the reason for the often found skepticism about the possibility for their electrostatic

stabilization (van der Hoeven & Lyklema, 1992).

Furthermore, van der Hoeven and Lyklema emphasize the role of the dielectric
constant of the media (van der Hoeven & Lyklema, 1992). They affirm that electrostatic
stabilization is difficult for e, < 5 because of negligible dissociation of electrolytes (for
hydrocarbons, & = 2). However, their argument is based on the assumption that charge
screening in the media is only determined by the polarization of the solvent (van der
Hoeven & Lyklema, 1992), and they do not consider in their analysis that electrolyte
dissociation also depends on the availability of a stabilizing structure such as an inverse
micelle or self-associating polymer macro-ions, as discussed in Morrison’s review article

(Morrison, 1993).

There has been, however, experimental evidence for the electrostatic stabilization
of nonaqueous suspensions since the early days of the DLVO theory. The following is an
extract taken from reference (van der Minne & Hermanie, 1952), which best illustrates
the difficulties in accepting the electrostatic stabilization of suspensions in nonaqueous

media, because of the lack of evidence of the presence of charge carriers:

“In an investigation which the authors carried out several years
ago they came across the curious fact that peptization of suspensions in
mineral oil of material resembling carbon black was promoted by calcium
soaps and also by oil-soluble oxidation products of such an oil, but that
when both these substances were added together flocculation of the
suspension ensued. Only when one of the two peptizing substances was
present in excess could the suspension be peptized again. When using
benzene instead of the mineral oil the authors observed exactly the same
phenomena; only here flocculation of the suspension takes much less time
owing to the much lower viscosity. The two substances apparently did not
react with each other, which would have given the easiest explanation.
The explanation of such phenomena in aqueous suspensions would be
simply the presence of opposite charges due to the addition of various
electrolytes. A similar explanation in the case of suspensions in oil was at
that time not acceptable, because, although for other reasons it was
considered the most likely one, there was no evidence of charged
particles.”

Experimental evidence has shown that the electrostatic stabilization of colloids in

nonaqueous media is particularly likely in the case of large particles, in the micron range
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(Morrison, 1991). According to Morrison, this size dependence can be approximately
represented by Equation 2.3, where ®q is the required surface potential to stabilize the
dispersion (mV), r is the particle radius (um) and g, is the dielectric constant of the
medium (Morrison, 1991). Furthermore, as pointed out by Koelmans and Overbeek (van
der Hoeven & Lyklema, 1992), when small particles are considered, the electrostatic

stabilization of the larger coagulates of the primary particles is more likely than that of

the primary particles.
o> 10° (2.3)
€,

m

Equation 2.3 is valid for nonconducting particles (Morrison, 1991). Furthermore,
the Debye length is assumed to be larger than the interparticle distance, and the
electrostatic interactions were approximated to simple Coulomb forces (Morrison, 1991).
This essentially assumes that ions do not form a diffuse layer around particles, but are
distributed uniformly throughout the medium (Morrison, 1991). This is the so called
strongly overlapped double layers approximation, which is generally valid for dispersions
in nonaqueous media where the ionic concentration is low. This follows from Equation
2.1, where it can be concluded that the lower the concentration of ionic species (nj»), the

higher the Debye length (1/x).

The dependence of the required surface potential to stabilize nonconducting
particles as a function of particle radius is presented in Table 2.1 (Morrison, 1991),
considering the typical dielectric constant of hydrocarbons (g, = 2). It follows from
Morrison’s expression (Equation 2.3), and it compares well with experimental evidence

obtained from electrophoretic measurements (Morrison, 1991).

2.3  Electrokinetic measurements of the electro-surface properties of

dispersions

Techniques based on the so called Electrokinetic phenomena can provide
information on the electro-surface properties of particles (or droplets) dispersed in a

liquid medium. These phenomena are associated with the relative movement between the
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charged particle surface and the surrounding electrolytic medium. Only the mobile part of
the electric double layer (i.e., the diffuse layer) is involved (Masliyah, 1994). Therefore, it
is more appropriate to say that these techniques measure the electrokinetic charge
(Dukhin, 1993). Measurements are usually reported in terms of a surface charge density

or a surface potential ({-potential).

Traditional electrokinetic techniques include particle electrophoresis, where an
electric field is applied to a suspension of particles. If the particles are charged, they
migrate along the electric field, eventually reaching a steady state velocity when the
hydrodynamic drag force acting on the particle balances the electric force. The ratio of the
steady state particle velocity to the electric field strength is called electrophoretic mobility

(Masliyah, 1994), and it is ultimately related to the {-potential of the particle.

The relationship between the electrophoretic mobility (1) and the {-potential ({)
depends on the relative thickness of the double layer, which is measured as the ratio
between the particle radius and the Debye length (xa). There are two limiting cases,
namely Smoluchowski and Hiickel equations for thin double layers (xka>>1, Equation 2.4)
and thick double layers (xa<<l, Equation 2.5), respectively (Masliyah, 1994). 1, is the

dynamic viscosity of the liquid medium:

p=="" Smoluchowski equation for ka>>1 (2.4)
N
2
p== g;‘“% Hickel equation for xa<<I (2.5)
J m

For the intermediate case where the double layer has a finite thickness, there is no
simple relationship between the electrophoretic mobility and the {-potential, because the
electrophoretic relaxation effect complicates the analysis. This effect is associated to the
double layer distortion under the electric field, which creates a superposed electric field
that opposes the motion of the particle as shown in Figure 2.8 (Isaacs & Chow, 1992).
This effect needs to be considered for double layer thicknesses, let say in the range
1< xa<300 (Isaacs & Chow, 1992). In this case, the numerical solution developed by
O’Brien and White would be appropriate to relate the eletrophoretic mobility to the {-
potential (Isaacs & Chow, 1992).
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Commercial instruments for particle electrophoresis require the dispersion sample
to be dilute and transparent to light. Particle velocity is determined either from the direct
observation through a microscope or by the Doppler shift of scattered radiation from the
moving particle (Isaacs & Chow, 1992). Therefore, particle electrophoresis has many
limitations for the characterization of real dispersions, especially non-transparent systems
such as water-in-oil emulsions. Even in the case of emulsions transparent to light (like
oil-in-water emulsions), the sample would require dilution well below 1% concentration,
thus altering the original distribution of components between the two phases (Hunter,
1998). The end result is that the measured {-potential of the diluted sample may not

correspond to the real dispersion value.

There is only one electrokinetic technique that can overcome these two limitations
and, therefore, it is the only one that could be applied for the study of water-in-diluted
bitumen emulsions. The electroacoustic technique for the characterization of the electro-
surface properties of particles or droplets in a liquid medium can be applied in non-
transparent and relatively concentrated systems. It has been commercially available since
the 1980’s. It is an area of significant importance and growing interest in colloid science,
because of its unique advantages over traditional electrokinetic techniques for the

characterization of dispersions in their natural state.

2.4  Electroacoustic Spectroscopy

2.4.1 The Electroacoustic effects: CVP, CVC and ESA

The electroacoustic technique is based on the measurement of the so called
Electroacoustic phenomena. If particles (or droplets) dispersed in a liquid medium are
electrically charged, and if the densities of the particle and the liquid are different, the
application of an acoustic field generates an alternating electric field in the bulk of the
dispersion. Similarly, the application of an alternating electric field generates sound
waves at the boundaries of the dispersion with its container. These are phenomena where
acoustic and electric fields are coupled together because of the presence of charged
particles in a liquid medium. Any of the two fields can act as the driving field, thus

generating a response in the other field which can be measured and ultimately related to
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the electro-surface properties of the particles in the dispersion (Hunter, 1998; Dukhin &
Goetz, 2002).

It is pertinent to classify these phenomena in two categories, depending on the
nature of the response field (Hunter, 1998; Dukhin & Goetz, 2002). The first category
corresponds to the case of applied acoustic field, and the electroacoustic effect is called
Colloid Vibration Potential (CVP) if the response is measured as an electric potential
between two electrodes, or Colloid Vibration Current (CVC) if an electric current is
measured between the two electrodes. The second category corresponds to the case of
applied electric field, where the associated acoustic response is called Electrokinetic
Sonic Amplitude (ESA). A more detailed description of the CVP, CVC and ESA effects

follows.

2.42 Colloid Vibration Potential (CVP)

In the electroacoustic literature, this effect is also called Ultrasonic Vibration
Potential (UVP), but the terminology CVP is preferred here because it explicitly states
that the electroacoustic effect is that associated to the colloidal particles in the suspension.
There is a similar electroacoustic effect associated to electrolytes in solution (i.e., the
build up of electric fields due to the different motion of anions and cations in an acoustic
field), which is called lon Vibration Potential or IVP (Dukhin & Goetz, 2002). For
clarity, therefore, the terminology Colloid Vibration Potential (CVP) will be used in the

present work.

The CVP is developed because of a temporary separation of charges that arise in
the suspension as a consequence of the applied acoustic field. The particle and its
surrounding liquid medium have different densities and, therefore, they exhibit different
inertia. When sound waves are transmitted through the suspension, the particles and their
associated double layers move differently because of their different inertia (Figure 2.9).
This in turn creates temporary separation between charges in the particles and its counter
charges in the liquid medium, building up dipoles in the bulk of the dispersion. The sum
of the separates dipole fields give rise to the Colloid Vibration Potential (Hunter, 1998).

The term “vibration™ refers to the fact that an alternating electric potential is induced at
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the same frequency of the driving acoustic field. In fact, this is a common characteristic of
all electroacoustic effects, where the applied field and the resulting response field occur at

the same frequency (Hunter, 1998).

The CVP effect can be measured when two electrodes are placed in the bulk of the
suspension at a separation distance which is not exactly one or more whole wave lengths.
The maximum amplitude of the CVP is measured when the two electrodes are placed at a
separation distance equivalent to (2n+1)A/2, where n is an integer and 2 is the wave length
of the acoustic field (Hunter, 1998). There is another important condition that must be
met to measure CVP and it is related to the external circuit connected to the electrodes.
The impedance of the external circuit must be much higher than the impedance of the
suspension between the electrodes in order to measure CVP, so the characteristics of the
external circuit will not affect the measurements. This is called the high impedance

requirement (Babchin et al., 1989).

As a side comment, it is pertinent to mention here an important result concerning
the motion of a rigid spherical particle in an acoustic field. As demonstrated by Babchin
(Babchin et al., 1989), when the density of the particle is higher than the density of the
liquid, then the motion of the particle lags behind the fluid in amplitude and phase. This
is an important observation for the discussion of the electroacoustic phenomenon (later it
will be referred to as the inertia effect). For example, returning to Figure 2.9, it can be
concluded that the motion of excess counter-ions in the double layer lag ahead the
particle. In the following discussion, it is always assumed that the density of the particle

is higher than the density of the liquid.

2.43 Colloid Vibration Current (CVC)

The CVC effect is similar to the CVP effect, with the difference that the measured
quantity is the electric current instead of an electric potential. In this case, the impedance
of the electric circuit connected to the electrodes must be much lower than the impedance
of the suspension between the electrodes. Both effects, CVP and CVC are due to the

polarization and vibration of the double layers as a consequence of the applied acoustic
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field. Whether we measure an electric potential or current depend, however, on the

relative impedance of the external circuit (Dukhin & Goetz, 2002).

A more thorough understanding of the CVC and CVP effects is gained when
analyzing the mechanism of double layer polarization. Figure 2.10 illustrates such
mechanism for a negatively charged particle (Dukhin & Goetz, 2002). As a consequence
of the relative movement between the particle and its surrounding liquid (as indicated by
the arrows labeled Up-Un), positive counter-ions accumulate at the left-side pole of the
double layer, thus reducing the number of positive counter-ions at the right-side pole.
Therefore, the relative motion between the particle and the liquid generates an electric
current within the double layer called hydrodynamic surface current (Is). The induced
dipole moment, on the other hand, generates an electric field responsible for the CVP

effect (Dukhin & Goetz, 2002).

However, to make the picture self consistent in Figure 2.10, it must be recognized
the presence of another electric current (In) in the bulk of the electro-neutral solution
beyond the double layer (Dukhin & Goetz, 2002). Otherwise, the double layer would
never return to its equilibrium configuration after the acoustic perturbation. This current
arises because of the effect of the CVP on the ions beyond the double layer (Dukhin &
Goetz, 2002). The combined effect of Is and In is called the toral dynamic current. Under
the condition of low impedance in the external electric circuit, the total dynamic current is

measurable and it corresponds to the CVC effect (Babchin et al., 1989).

2.4.4 Electrokinetic Sonic Amplitude (ESA)

In the case of ESA, the driving field is an alternating electric field. If the particles
(or droplets) in a dispersion are charged, they oscillate at the same frequency of the
driving field. The movement of the particles generates an acoustic field: the particles act
as acoustic dipoles radiating sound waves (Hunter, 1998). These dipoles cancel one
another in the bulk of the dispersion, but such cancellations do not occur at the
boundaries of the dispersion with its container (Hunter, 1998). An electrode (acoustic
transducer) can be placed at the boundaries of the dispersion to sense the acoustic

response (ESA). In the immediate neighborhood of the electrode surface, particles
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moving in one direction cause an equal volume of liquid to move in the opposite
direction. Therefore, the net momentum change per unit area in the direction normal to
the electrode surface generates an alternating pressure, since the densities of the particles
and liquid are different (Hunter, 1998). This alternating pressure is responsible of the

acoustic response in the ESA effect.

2.4.5 Theory of Electroacoustics: O’Brien’s approach

The theory of electroacousitcs has been under development since 1933 when
Debye first predicted this effect. Today, there are two independent theoretical approaches
to electroacoustics (Dukhin & Goetz, 2002). The first approach was developed by
O’Brien and the second approach was developed by Shilov, Dukhin, Ohshima and Goetz.
Unfortunately, these two approaches have not merged into a unified electroacoustic
theory yet (Dukhin & Goetz, 2002). They actually merge in the case of dilute
suspensions, but it has not been completely established if they merge in the concentrated
case. O’Brien’s approach has been applied mostly to the ESA effect, while Shilov and
coworkers approach has been applied to the CVC effect (Dukhin & Goetz, 2002).

The present discussion begins with O’Brien’s approach because he was the first to
introduce a parameter of primary importance, known as the dynamic electrophoretic
mobility. According to O’Brien, this parameter is the analogue of the electrophoretic
mobility as measured by electrophoresis (Hunter, 1998), and it incorporates the complete
functional dependence of ESA, CVC or CVP on key properties of the particles like the {-
potential (Dukhin & Goetz, 2001). Furthermore, it also incorporates the functional
dependence with particle size and frequency of oscillation which arise from the non-
stationary character of the phenomena (this justify the terminology of “dynamic”

electrophoretic mobility).

The dynamic electrophoretic mobility is again defined as the ratio between the
particle velocity and the electric field strength. However, contrary to the electrophoretic
mobility, this parameter is represented by a complex number having a magnitude and a
phase angle (Cannon, 1993). This can be explained by considering the ESA effect. As

shown in Figure 2.11, a sinusoidal applied electric field generates a sinusoidal particle
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motion at the same frequency. Both, the particle velocity and the applied electric field are
characterized by amplitude and phase. Therefore, the magnitude of the dynamic
electrophoretic mobility is the ratio of the particle velocity amplitude and the electric field
amplitude; the phase angle, on other hand, represents the phase time lag between the

particle motion and the applied electric field (Cannon, 1993).

The aforementioned explanation of the dynamic electrophoretic mobility of a
particle in the frame of the ESA effect is not casual. Actually, this property is directly
related to the ESA effect because, same as the electrophoretic mobility in the case of
electrophoresis, it is a measure of the ability of a particle to move under the influence of
an applied electric field. However, it can also be related to the other electroacoustic
effects. This is done by means of a reciprocal relation derived by O’Brien which links the
CVP and ESA effects through the same concept of dynamic electrophoretic mobility
(O’Brien, 1988). Therefore, following O’Brien’s approach, the ESA and CVP effects can
be expressed as follow (O’Brien et al., 1994):

(ESA) = qu{p” —Pu Jud (2.6)
(P pw 1y
(CVP)= sz[——pm J = @.7)

where 4 is the dynamic electrophoretic mobility, K’ is the complex conductivity of the
suspension, ¢ is the volume fraction of the dispersed phase, p, and pr, are the densities of
the particle and liquid medium, respectively. <ESA> and <CVP> are the electroacoustic
signals normalized by the corresponding driving force. This means that <ESA> has units
of pressure divided by electric field strength (Pa-m-V™"). In the case of <CVP>, two unit
systems have been used in the literature (Dukhin & Goetz, 2002; O’Brien, 1988):
V-m-Pa™ (electric potential divided by the pressure gradient of the acoustic perturbation),
and V-sm™ (electric potential divided by the velocity of the acoustic perturbation).
Finally, Q; and Q, are constants that only depend on the apparatus and the geometry of

the cell used for measuring the ESA and CVP effects, respectively (O’Brien et al., 1994).

From Equations 2.6 and 2.7 it can be concluded that, in principle, the

measurement of any of the two electroacoustic effects (ESA or CVP) can provide the
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dynamic electrophoretic mobility of the particles or droplets in a dispersion. However, the
complex conductivity must be known in the case of CVP but not for ESA. This is an
inherent advantage of ESA over CVP (Cannon, 1993). The complex conductivity refers
to the conductivity of the dispersion measured at the same frequency of the
electroacoustic effect. Same as pg, <ESA> and <CVP> in Equations 2.6 and 2.7, K’ is
represented by a complex number. Current electroacoustic techniques work in the

megahertz frequency range from 0.1 to 10 MHz, approximately (Hunter, 1998).

If measurement of the conductivity of the dispersion is not available at the
aforementioned frequency range (usually, it is available at much lower frequencies), then
errors will be introduced when determining the dynamic electrophoretic mobility from
CVP (Cannon, 1993). This limitation, however, does not apply to measurements based on
the CVC effect (Hunter, 1998). The complex conductivity relates CVC and CVP as
follows (Dukhin & Goetz, 2002):

(CVC)=(CVP)-K’ (2.8)

Then, Equations 2.7 and 2.8 give the following expression for the determination
of the dynamic electrophoretic mobility from the CVC effect, without the intervention of

the complex conductivity.

(cve) = chp[p » P Jud 29)

m

Following the terminology of O’Brien (O’Brien, 1988), Equations 2.6, 2.7 and 2.9
are the macroscopic constitutive equations. They allow the determination of the dynamic
electrophoretic mobility from quantities which are accessible to measurement (@, pp, pm,
<ESA>, <CVC> and <CVP>). Constants Q; and Q; can be found by calibration of the
equipment with a suspension of known electro-surface properties (i.e., for which pq is

known).

It can be recognized from the above discussion that measurement of the electro-
surface properties of a dispersion is a two steps process. First, the dynamic
electrophoretic mobility is determined from the measured electroaocustic signal. Second,

the electro-surface properties must be extracted from the measured dynamic
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electrophoretic mobility using an appropriate formula (this issue will be discussed
shortly). In the case of electrophoresis, the mobility is determined from the observation of
the particle velocity under known electric field strength (step 1), and then the {-potential

is determined using Hiickel, Smoluchowski or O’Brien and White formulas (step 2).

The next topic to be discussed is how the electro-surface properties of the
particles (or droplets) in a dispersion are extracted from the measured dynamic
electrophoretic mobility (i.e., step 2 of the electroacoustic technique). O’Brien’s first
formula for the dynamic electrophoretic mobility (Hunter, 1998) was applicable to the
case of dilute suspensions (less than 4% by volume) of spherical particles with thin
double layers (ka>>1). He solved classical electrokinetic equations (Poisson’s equation,
ion conservation equation, continuity and Navier-Stokes equations) for an isolated
particle undergoing electroacoustic motion in the long wavelength regime, where the
particle diameter is smaller than the wavelength (O’Brien, 1988). This first theoretical
development of O°Brien led to the following expression for the dynamic electrophoretic

mobility (Hunter, 1998):

Ly = 28n€oS G(a)- 1+ f(Du, w")] for ka>>1 (2.10-A)

A
Mm

1+(1+ i)\/g
G(a)= = (2.10-B)
1+(1+i)\/§+i2[3+2————pp p’")
2 9 P
oA
1+ im'—(2Du + iw'—pj
€
f(Du,0') = il (2.10-C)

2(1 +ie')+ [2Du + im'-si]
€

m

Several parameters intervene in Equations 2.10-A/B/C and they are presented in
the following discussion.
Equation 2.10-A establishes the relationship between the dynamic electrophoretic

mobility and the electro-surface properties of the particles ({-potential). It has a similar

structure as compared to the Smoluchowski or Hiickel equations, but two additional

N
W
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factors are included: the G factor which takes into account the effect of inertia forces, and
the f factor which takes into account electrodynamic effects associated to the polarization
of the double layer (Dukhin & Goetz, 2002). It is important to say here that Shilov’s
approach uses the same general structure for the formulae of the dynamic electrophoretic
mobility as shown by Equation 2.10-A. Therefore, what follows is a general explanation

on the role of factors G and f which is valid for both, O’Brien and Shilov approaches.

The frequency dependence of the dynamic electrophoretic mobility is incorporated

in these two factors. The values of factors G and f at the low frequency limit are (Dukhin

& Goetz, 2002):
Glo - 0)=1 (2.11)
1-2Du
flo—>0)= 2.12
(0=0) 2+2Du @12)

As frequency is increased, however, it will eventually get close to some critical
values where the factors G and f start to significantly deviate from their low frequency
limits. The corresponding critical frequencies are the characteristic hydrodynamic
frequency (ong) for the G factor, and the Maxwell-Wagner frequency (wmw) for the f
factor (Dukhin & Goetz, 2002). In Equations 2.13 and 2.14, a is the particle (or droplet)

radius.

Wy = ?m (2.13)
Pm
K

The frequency dependence of factors G and f is expressed as a function of
parameters o and ®’ in Equations 2.10-B and 2.10-C. Parameter o is the relative
hydrodynamic frequency (defined as w/wng), and @’ is the relative Maxwell-Wagner
frequency (defined as w/wwmw). Therefore, frequency dependence is important when o > 1

orem >1.

Figure 2.12 sketches the magnitude and phase angle of the G factor with

parameter o. The effect of inertia forces on the dynamic electrophoretic mobility is
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important for « > 1. As o increases in this range, the magnitude of the dynamic
electrophoretic mobility significantly decreases and the particle motion start to lag behind
the applied field (Hunter, 1998). The inertia effect is so significant that the electroacoustic
signal might be too small to be measured at sufficiently high frequencies and/or for very

big particles. On the other hand, the limiting value of the phase lag is 45° (Hunter, 1998).

In order to explain this inertia effect, let us consider the ESA effect. The particle
moves at the same frequency of the applied electric field, and it also interacts with the
surrounding liquid through transfer of momentum (viscous coupling between the particle
and the liquid), which is the origin of the acoustic response. This transfer of momentum
takes a time of the order 1/wyq to occur; it is the characteristic hydrodynamic time. When
the period of oscillation (i.e., the characteristic time of oscillation) is much larger than
the characteristic hydrodynamic time (a<<1), the particle tends to move in sympathy with
the liquid. However, when a = 1, both characteristic times are comparable, and the
abovementioned effects start to manifest in the dynamic electrophoretic mobility

(magnitude reduction and phase lag).

The fact that the dynamic electrophoretic mobility is sensible to the particle size
gives an opportunity to employ electroacoustics for particle size measurements, in
addition to the determination of the electro-surface properties of the particles (Hunter,
1998). This can be done when measuring the dynamic electrophoretic mobility within a
range of frequencies, therefore generating a spectrum. This is why this technique is also

known as Electroacoustic Spectroscopy.

The f factor in Equation 2.10-C is proportional to the tangential electric field at
the particle surface (Hunter, 1998). Recalling electrophoresis, this is the component of the
electric field that causes the particle motion. The f factor accounts for the electrodynamic
effects that can deform the electric field at the surface of the particle, therefore affecting
the dynamic electrophoretic mobility. There are two electrodynamic effects included in
this factor (Dukhin & Goetz, 2002): surface conductivity (associated to the parameter Du)

and Maxwell-Wagner relaxation (associated to the parameter o).

Du is a dimensionless parameter called the Dukhin number, and it is defined as

Du = (K3)/(Kq-a), where K3 is the surface conductivity, Ky, is the conductivity of the
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liquid medium, and a is the particle radius (Dukhin & Goetz, 2002). The surface
conductivity refers to the enhanced conductivity in the double layer relative to the
conductivity in the bulk of the liquid medium (Hunter, 1998). As discussed later, there is
a more general definition of the Dukhin number where the electrodynamic effects of
conducting particles are considered (Dukhin & Goetz, 2004B). The present discussion on

the basis of O’Brien’s approach is restricted to non-conducting particles.

The effect of high surface conductivity (i.e., high Dukhin number) is to decrease
the dynamic electrophoretic mobility. An explanation in the frame of the ESA effect is as
follows. The polarization of the double layer set ups a back field that opposes the applied
electric field. In principle, the polarization of the double layer occurs because of the
relative movement between the particle and liquid medium. This is shown in Figure 2.8
for a positively charged particle. However, the effect of high surface conductivity is to
increase the polarization of the double layer, as more negative counter-ions migrate to the
left-side pole of the double layer under the influence of the applied electric field (Figure
2.8). This means that the effect of the surface conductivity is to set up an additional
contribution to the back field that opposes the applied electric field. Therefore, the net
result is that the tangential electric field at the particle surface is reduced, thus decreasing

the dynamic electrophoretic mobility (Hunter, 1998).

The Maxwell-Wagner relaxation effect can introduce an additional phase shift to
the dynamic electrophoretic mobility. Continuing our discussion in the frame of the ESA
effect, the polarization of the double layer takes a time of the order 1/wwmw to occur under
the influence of the applied alternating electric field (Hunter, 1998). Same as the inertia
effect, when the period of the oscillation is comparable to the characteristic time of the
double layer polarization (@’ = 1), an additional phase shift is introduced in the dynamic
electrophoretic mobility. In the general sense, the Maxwell-Wagner relaxation accounts
for the field-induced charge density variations within the double layer (Dukhin & Goetz,

2002).

So far, we have discussed O’Brien’s approach to electroacoustic for thin double
layers (xa>>1) and dilute suspensions (¢ < 0.04). The latest developments of O'Brien are
presented in the paper (O’Brien et al., 2003) for the concentrated case and thin double

layers. This condition is generally valid for most dispersion in aqueous media. A further
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simplification of the theory applies to dilute dispersions in aqueous media for low (-
potentials, because surface conductivity has a negligible effect (Hunter, 1998). This, in
addition to the fact that the ratio £y/en, is also small for most water-based dispersions, lead
to a f factor equal to 0.5 in Equation 2.10-A, and the formulae for the dynamic
electrophoretic mobility takes the form of the Smoluchowski equation corrected only by

the inertia factor G (Hunter, 1998):

u, = %5 .G(o) for ka>>1 and low -potential 2.15)

In the case of aqueous dispersions, Equation 2.15 not only allows for the
determination of the {-potential, but also allows for the determination of the charge of the
particles. This is done from measurements of the phase of the dynamic electrophoretic
mobility. Because the frequency dependence is only concentrated on the inertia factor, the
phase of the dynamic mobility varies in the range from 0° to 45° for positively charged

particles, and 135° to 180° for negatively charged particles (Hunter, 1998).

In the case of dilute dispersions in non-aqueous media (low conductivity media),
Equations 2.10-A or 2.15 would not be appropriate because they are valid for thin double
layers. In this case, it would be more appropriate to assume thick double layers and low (-
potential (Hunter, 1998), and the formula for the dynamic electrophoretic mobility takes

the form of the Hiickel equation corrected by the inertia factor (Cannon, 1993):

2
Wy = %*f_q -G'() for ka<<1 and low {-potential (2.16-A)

G'(a)= {[1 + \/%] -i[\/—%' +%(1 + 2: : H}x (2.16-B)

2.4.6 Theory of Electroacoustics: Shilov’s approach

Shilov and coworkers approach is based on the initial works of Booth and
Enderby for dilute dispersions, and Marlow, Fairhurst and Pendse for concentrated
dispersions (Dukhin & Goetz, 2001). This approach was developed for the CVC and CVP

effects. Same as O’Brien, this approach covers the two limiting cases of thin and thick
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double layers. Most of the discussion in the last section applies to Shilov’s approach, but

the formula for the dynamic electrophoretic mobility is different.

For thin double layers (xa>>1), the following formula for the dynamic

electrophoretic mobility is valid for dilute and concentrated dispersions (Dukhin & Goetz,

2002):
M, = mm‘;{:_i m))pp (2 )[l+f(Du0),(P)] for ka>>1 2.17-A)
9¢p, - h(0.50.)
sl -0)036)1030) 4o, -p.| 320321 |
Glo, 0)= = (2.17-B)
{3 H(0.50:) }
(0] — +1
l—( P, ) 2-1(0.5)
1-¢ 3-H(0.50)
{Pp Pm 2_1(0.50')"'{”
(1-2Du)1-0)+ ico'(l - -Sf-)(l -¢)
f(Du,',p) = : - (2.17-C)
2(1+ Du +¢(0.5-Du))+ i(o'[Z + 8—" + (p(l - —*’-JJ
m Sm

Equations 2.17-A/B/C are valid for monodisperse systems. Similar equations have
been developed for the dynamic electrophoretic mobility of polydisperse systems (with a
particle size distribution) as discussed in reference (Dukhin & Goetz, 2002). p; is the
density of the dispersion and H, I and h are special functions which are introduced by two
cell models used in the derivation: the Kuwabara cell model for describing the
hydrodynamic field around the particle, and the Shilov-Zharkikh cell model for
describing the electric field (Dukhin & Goetz, 2002). These functions are shown in

Appendix 1.

Another important feature of Shilov's approach is that it is not restricted to the
case of non-conducting particles. Equation 2.17-A can be extended to conducting
particles by modifying the expression for the Dukhin number as follows (Dukhin &
Goetz, 2004B):
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Du=—L+ K
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m m

(2.18)

In regard to the case of thick double layers (xa<<1), Shilov’s approach offers the
only expression available in the electroacoustic literature for the calculation of the
dynamic electrophoretic mobility which is applicable for both, dilute and concentrated
dispersions (Dukhin & Goetz, 2004A; Dukhin & Goetz, 2004B). This theory is more
appropriately called by their authors as the electroacoustic theory for strongly overlapped
double layers. In section 2.2.3 it was mentioned that this condition is generally valid for
dispersion in nonaqueous media where the ionic concentration is low. This results in large

Debye lengths as can be concluded from Equation 2.1.

The condition of thick double layers (ka<<l) corresponds to double layer
thickness much larger than the particle radius. Actually, the double layer of the particle
extends in a way that it overlaps with the double layers of the surrounding particles for
which the condition ka<<1 is also valid. When double layers overlap strongly, there is a
homogeneous charge distribution in the liquid media between the particles. No effective
charge screening takes place. This condition is valid for both, dilute and concentrated

dispersions as long as xa<<l.

However, in the concentrated case there is a more general condition for having
strongly overlapped double layers, and it is not only restricted to the limiting case of thick
double layers (ka<<1). For a finite double layer thickness (i.e., for an intermediate value
of ka), the condition of strongly overlapped double layers is achieved if the particles are
close enough, so that the interparticle distance is smaller than the double layer thickness
and, therefore, the distribution of ions between the particles does not significantly deviate
from the homogeneous distribution (Dukhin & Goetz, 2004A). Therefore, for
concentrated dispersions with a finite double layer thickness, the more general condition
of strongly overlap of double layers can be expressed by xd<<l, where d is the

interparticle distance (Dukhin & Goetz, 2004A).

For any intermediate value of «a, there is a minimum concentration above which
the condition kd<<1 is satisfied and, therefore, the assumption of strongly overlapped

double layers and homogeneous ion distribution is theoretically valid. According to
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Shilov and coworkers, the relationship between the minimum volume fraction required
for strongly overlapped double layers as a function of xa is approximately given by
Equation 2.19 (Dukhin & Goetz, 2004B). This relationship is also shown in Figure 2.13
(Dukhin & Goetz, 2002).

0.52
3
-3
Ka

For strongly overlapped double layers and monodisperse systems, Shilov’s

(pmin ~ (219)

approach provides the following formula for the dynamic electrophoretic mobility
(Dukhin & Goetz, 2004B), where o is the surface charge density of the particles or
droplets, and Q is the drag coefficient. Appendix 1 details the calculation of the drag

coefficient.

’
By = 208 Pum for xa<<1 (2.20)

o 2 2
pnQ+jo(l -w)—;—pppm

Equation 2.20 does not follow the same general structure of Equation 2.17-A for
the dynamic electrophoretic mobility. First, it relates the dynamic electrophoretic mobility
with the surface charge density of the particles (not the {-potential). Second, there are no
electrodynamic parameters normally involved in the factor f in Equation 2.17-A, such as
conductivity and dielectric permittivity of particle and liquid medium. This is because the
homogeneous distribution of ions in the case of strongly overlapped double layers
eliminates polarization charges induced by the liquid motion (Dukhin & Goetz, 2004B).
In this case, the nature of the electroacoustic effect is not due to the polarization of double
layers, but to the generation of a current associated to the oscillating motion of charged
particles (Dukhin & Goetz, 2004B). Apart from the surface charge density, the generation
of the CVC effect is purely hydrodynamic. This also explains why the CVC effect is
directly related to the surface charge density of the particles and not to the {-potential
(Dukhin & Goetz, 2004B).

There is a third fundamental difference between Equation 2.20 for strongly

overlapped double layers and Equation 2.17 for thin double layers. The phase of the

(93
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dynamic electrophoretic mobility varies between 0° and 45° for thin double layers, but in
the case of strongly overlapped double layers Shilov’s theory predicts a range between 0°
and 90° (Dukhin & Goetz, 2004A).

The relationship between the (-potential and the surface charge density in the case
of strongly overlapped double layers can be derived from the condition of electro-
neutrality in the dispersion (Dukhin & Goetz, 2004B). The result is given in Equation

2.21, where F is the Faraday constant and R is the universal gas constant.

c= %R—:—%sosmaﬁ sinh(%} (2.21)

As pointed out in reference (Dukhin & Goetz, 2004B), the {-potential depends on
the volume fraction of the dispersed phase for a given surface charge density. Therefore,
erroneous interpretations can be made when judging the charge of the particles using the
concept of C-potential (Dukhin & Goetz, 2004B). Furthermore, the calculation of the (-
potential requires the knowledge of the Debye length, which is not required for the
surface charge density as shown in Equation 2.20 (Dukhin & Goetz, 2004B). Therefore,
the characterization of the electro-surface properties of the dispersion is best represented
by the surface charge density when the condition of strongly overlap of double layers
apply.

To our knowledge, Shilov and coworkers theory for strongly overlapped double
layers is the only one of its kind available to date in the electroacoustic literature. It is the
latest theoretical development in electroacoustic spectroscopy that allows the study of the
electro-surface properties of dispersions in low conductivity media like water-in-diluted
bitumen emulsions. It has been incorporated in the DT-1200 Acoustic and Electroacoustic
Spectrometer from Dispersion Technology Inc. The present work study the surface charge
density of water droplets dispersed in diluted bitumen using this novel electroacoustic

theory and spectrometer.

Currently, Shilov’s theory is under development to extend it to the case when
double layers do not overlap strongly. This situation is an intermediate case between the

two limiting cases of strongly overlapped double layers (xa<<I or kd<<1) and thin double

W
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layers (xa>>1). No such theoretical development is available yet in the field of

Electroacoustics.

2.5 Electroacoustic studies relevant to water-in-oil emulsions

There are few works reported in the literature regarding the study of water-in-oil
emulsions using the electroacoustic technique, as can be appreciated in two recent review
articles written by Hunter (Hunter, 2001; Hunter, 1998). To our best knowledge, there are
only three studies that are relevant to the area of water-in-diluted bitumen emulsions and

they will be discussed in the following sections.

2.5.1 Study of the coalescence of water-in-crude oil emulsions

This work represents an important contribution to the electroacoustic technique
and its practical aspects for the study of the stability of water-in-oil emulsions. It was
carried out by Isaacs, Babchin, Chow, Huang and Sawatzky at the Alberta Research
Council (Isaacs et al., 1990; Babchin et al., 1989; Isaacs & Chow, 1992). They
demonstrated that the electroacoustic technique is effective to monitor the rate and extent
of coalescence in water-in-crude oil emulsions, and to evaluate the effectiveness of

additives to break the emulsion and optimize dosage concentration.

They worked with the Electrokinetic Sonic Analysis System of Matec Instrument
and measured the CVP effect of the emulsions at 1.0 MHz. The emulsion to be tested was
circulated from the sample container to the electroacoustic cell using a peristaltic pump
(Isaacs et al., 1990). Their approach was to monitor the coalescence process using the
CVP signal, which in turns depends on the concentration, particle size distribution and
electro-surface properties of the water droplets. The coalescence process was also
independently monitored by photomicrography and by performing dewatering
centrifugation tests from samples taken at various times during the experiment.
Therefore, the relation between the measured CVP signal and the ongoing coalescence
process could be established (Isaacs et al., 1990). The choice for measuring the CVP

effect was made based on the inherent advantage of a strong CVP signal for dispersions
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in low conductivity media. However, no attempt was made to determine the dynamic

electrophoretic mobility or to calculate any electro-surface property of the emulsion.

The emulsion system studied was water-in-Leduc crude oil emulsions, because
they were very stable with no evidence of phase separation even after standing for several
days (Isaacs et al., 1990). This allowed several chemical additives to be tested as
emulsion breakers. The main findings of this work are summarized in the following
discussion, and they were taken from references (Isaacs et al., 1990; Babchin et al., 1989;
Isaacs & Chow, 1992).

2.5.1-a Relation between the CVP signal and water concentration

Emulsions with no added chemicals were prepared by mixing crude oil and water
using a magnetic stirrer for 5 minutes, followed by sonication. Figure 2.14 shows the
effect of sonication time on the CVP signal for a 10% water-in-Leduc crude oil emulsion.
The change of the CVP signal with time is attributed to a change in the particle size
distribution of the water droplets due to sonication. After 4 minutes, the CVP signal
attains a constant value, indicating that a constant state of dispersion of the water droplets

has been reached (Isaacs et al., 1990).

Therefore, in order to investigate the effect of water concentration on the CVP
signal, the time for sonication was set to 5 minutes. The results of this experiment are
presented in Figure 2.15, where it can be seen that the CVP signal increases with the
water content in an approximate linear relation. No CVP signal was detected for the crude
oil in the absence of added water (Isaacs et al., 1990). This observation is in agreement
with Equation 2.7, where an increase in the volume fraction of the dispersed phase results
in an increase of the CVP, assuming that the dynamic electrophoretic mobilities of the

water droplets is approximately the same after sonication.

The magnitude of the CVP signals in Figures 2.14 and 2.15 are not directly
comparable because different electroacoustic transducers with different sensitivities were

used in the two experiments (Isaacs et al., 1990).

(V3]
h
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2.5.1-b Relation between the CVP signal and water droplets coalescence

Emulsions were prepared following the standard procedure of 5 minutes crude oil
and water mixing under magnetic stirring, followed by 5 minutes sonication. In the
absence of added chemical demulsifier, the CVP signal was almost stable and it only
marginally decreased with time as shown in Figure 2.16, probably because of small
amount of coalescence due to emulsion agitation promoted by the pumping action
through the electroacoustic cell. However, when a highly effective emulsion breaker is
added, there is a sharp decrease in the CVP signal. This is shown in Figure 2.16 for
Duomeen C (AKZO Chemicals), where the CVP signal is reduced in 58% when 100 ppm
of the chemical is added (Isaacs et al., 1990).

Figure 2.17 shows the comparison between the CVP signal with
photomicrography tests, showing that the sharp decrease in the CVP is associated to the
increase of the droplet size after the addition of 100 ppm of Duomeen C (Isaacs et al.,
1990). This observation can be explained on the basis of the inertia effect of water
droplets on the CVP: the higher the water droplet size, the lower the dynamic
electrophoretic mobility, and thus the lower the CVP signal (Equation 2.7). Another
important observation in Figure 2.17 is that the CVP signal never decreased to zero after
the addition of Duomeen C. This is probably due to the fact that small water droplets can
still be observed and remain unchanged (do not coalesce), which might be responsible for

the remaining signal (Isaacs et al., 1990).

The size dependence of the CVP signal or any other electroacoustic effect (ESA
or CVC) could be exploited (as done by Isaacs and coworkers) to monitor the kinetic of
coalescence of water-in-oil emulsions. However, this interpretation of the CVP signal in
Isaacs and coworker experiments is valid only under the assumption that the electro-
surface properties of the water droplets remain the same (or approximately the same)
before and after the addition of the chemical demulsifier. It is clear that this is not

necessarily true in the general case.

The comparison of the CVP signal and dewatering centrifugation tests illustrates
the aforementioned issue. Water-in-Leduc crude oil emulsions were prepared at two water

concentrations (6% and 10% vol.) and Duomeen C was added at different concentrations
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in the range 0 — 500 ppm. The different emulsions were compared on the basis of the
measured CVP signal 20 minutes after the chemical addition, and also on the basis of the
volume of free water recorded under standardized centrifugation tests at 2000 RPM. For
consistency, the volume of all emulsions was kept constant. Figure 2.18 shows the results

of these experiments (Isaacs et al., 1990).

Dewatering tests by centrifugation also provide information regarding the
coalescence of water droplets in water-in-oil emulsions: the higher is the volume of
separated water after centrifugation, the higher is the droplet size and the extent of the
coalescence process promoted by Duomeen C. However, as can be seen in Figure 2.18,
the CVP signal only correlates with the extent of coalescence at low concentration of
Duomeen C, where the CVP decreases as the volume of recovered water after
centrifugation increases. The CVP shows a minimum and then increases with increasing
Duomeen C concentration. This increase of the CVP signal is likely due to adsorption of
the Duomeen C at the water-oil interface, to an extent that the electro-surface properties

are significantly altered (Isaacs et al., 1990).

In conclusion, these experiments suggest that the raw electroacoustic signal
(whether ESA, CVP or CVI) might be useful for the study of the kinetics of coalescence
and stability analysis of water-in-oil emulsions. However, the electroacoustic effect
depends not only on the droplet size but also on its electro-surface properties, and this
could lead to wrong interpretations. A complete analysis for the interpretation of the
electroacoustic signal involves the calculation of the size and electro-surface properties of
the water droplets, using a suitable model for the dynamic electrophoretic mobility for the

system under study.

25.2 Study of the electro-surface properties of asphaltenes at toluene-water

interfaces

This work was carried out by do Carmo Marques, de Oliveira and Gonzalez at
PETROBRAS Research and Development Center (do Carmo Marques et al., 1997).
Similar to the study of Isaacs and coworkers, they worked with the raw electroacoustic

signal (ESA in this case), to establish a direct relationship between the ESA signal and
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the asphaltene content of toluene-in-water miniemulsions (Hunter, 2001). Most
importantly, their work shows evidence of the electrical charging of water-oil interfaces

due to asphaltene adsorption.

One evidence of the amphoteric nature of asphaltenes is that they are polar
molecules which can reduce the interfacial tension of the oil-water interface at extreme
pH values. Figure 2.19 shows this fact for the interfacial tension of a 100 ppm asphaltene-
in-toluene solution and water as a function of pH (do Carmo Marques et al., 1997). This
fact suggests that asphaltenes play a role in determining the electro-surface properties of

water-oil interfaces.

The electric charging of toluene droplets due to asphaltenes was investigated
using the Electrokinetic Sonic Analysis System of Matec Instruments. They measured the
magnitude of the ESA effect of toluene-in-water miniemulsions, and investigated the
relation between the ESA signal and the asphaltene content under different conditions of
pH and volume fraction of the organic phase. Their ultimate objective was to investigate
the role of asphaltenes on the emulsion stability from the perspective of the {-potential of
the toluene droplets (do Carmo Marques et al., 1997). Similar to Isaacs and coworkers,
they only measured the electroacoustic effect but they did not calculate the electro-surface
properties. They assumed that the ESA signal had a direct relationship with the (-

potential in their experiments.

0.01 mol/L of sodium lauryl sulphate (SLS) and 0.01 mol/L of cetyl alcohol (CA)
were dissolved in the aqueous phase at two pH levels (7 and 13). On the other hand,
asphaltenes were dissolved in toluene in the concentration range from 0 to 5500 ppm. The
emulsions were prepared at several toluene concentrations, ranging from 5% to 20% by
volume. Figure 2.20 shows the magnitude of the ESA signal as a function of asphaltene
content, pH and toluene concentration. It can be seen that the addition of asphaltenes

always increased the magnitude of the ESA signal of the emulsion.

According to do Carmo Marques and coworkers, the increase in the ESA signal is
due to an increase in the surface charge of toluene droplets. Previous work performed by
Goetz and El-Aasser demonstrated that toluene-in-water emulsions prepared with SLS

and CA have negatively charged droplets, and the droplet size is below 0.5 um (Goetz &
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El-Aasser, 1992). Furthermore, they claim that inertia effects can be neglected and,
therefore, the ESA signal can only increase because of an increase in the dispersed phase
concentration and/or an increase of the surface charge of toluene droplets (Goetz & El-

Aasser, 1992).

Therefore, these experiments suggest that asphaltenes are negatively charged
species at neutral and alkaline pH, and also suggests that asphaltenes show a higher
degree of ionization as the pH increases (do Carmo Marques et al., 1997). This hypothesis
would explain the increase of the magnitude of the ESA signal when asphaltenes are
dissolved in toluene-in-water emulsions with SLS and CA. On the other hand, the
amphoteric nature of asphaltenes suggests that oil droplets would be positively charged at
low pH. Most importantly, these experiments demonstrates that asphaltenes plays a role
in determining the surface charge of oil-water interfaces and, therefore, the contribution
of asphaltenes to the emulsion stability is based, in principle, on both mechanisms: steric

and electrostatic.

Oil-in-water emulsions are often stabilized by electrostatic forces, and they can be

destabilized through the addition of electrolyte. An example was discussed in section

the predominant role of steric repulsive forces in the emulsion stability. As discussed
before, the question still remains on the role of electrostatic forces. Undoubtedly, further
developments in the electroacoustic technique will contribute to the clarification of this

issue.

2.5.3 Surface charge density measurements in nonaqueous dispersions

Shilov and coworkers electroacoustic theory is well established for the
characterization of aqueous dispersions (for which the condition of thin double layers
applies). An extensive list of experimental studies reported in the literature is available in
reference (Dukhin & Goetz, 2002). As previously discussed, Shilov’s theory for strongly
overlapped double layers is the only one available in the literature for the determination
of the surface charge density of nonaqueous dispersions. The latest theoretical

developments are incorporated in the DT-1200 Acoustic and Electroacoustic
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Spectrometer from Dispersion Technology Inc. The first experimental work using this
theory has been published very recently by Dukhin and Goetz. They measured the surface
charge density of two nonaqueous systems: alumina dispersion in kerosene/SPAN 80
(Dukhin & Goetz, 2004A) and water-in-kerosene/SPAN 80 emulsions (Dukhin & Goetz,
2004B).

2.3.3-a Alumina dispersion in kerosene

In this study, the surface charge density of 0.3 um alumina particles in kerosene
was investigated. Non-ionic surfactant Sorbitan mono-oleate (SPAN 80 by Fluka) was
added to the organic phase at several concentrations and its effect on the surface charge
density of alumina particles was investigated (Dukhin & Goetz, 2004A). Conductivity
and electroacoustic measurements were performed to determine the surface charge
density of alumina particles and the extent of adsorption of surfactant on the alumina
particles. The sign of the measured surface charge density of the alumina particles was
independently confirmed by micro-electrophoresis. Figures 2.21 and 2.22 show the

results of this study (Dukhin & Goetz, 2004A).

Figure 2.21 shows the conductivity of kerosene-SPAN 80 solutions with no added
alumina particles. The conductivity increases with surfactant concentration indicating that
SPAN 80 produces charge carriers in the organic media, either because SPAN 80
molecules dissociate forming inverse micelles, or probably because SPAN 80 stabilizes
ions originally present in Kerosene as impurities in the form of ion pairs (Dukhin &
Goetz, 2004A). When alumina particles are added, the conductivity of the dispersion
becomes substantially lower than the conductivity of the kerosene-SPAN 80 solution for
surfactant concentrations below 1% wt. On the other hand, the conductivity of the
dispersion follows the same trend as the conductivity of kerosene-SPAN 80 solution
above 1% wt. surfactant content. These results suggest that surfactant molecules adsorb
on the alumina particles, and a saturation point is reached when the surfactant content is
approximately 1% wt. The electroacoustic determination of the surface charge density of

the alumina particles (Figure 2.22) reveals that a saturation point is indeed reached
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between 1% and 2% wt. of surfactant content in the dispersion (Dukhin & Goetz,
2004A).

2.5.3-b Water-in-kerosene emulsions

The stability behavior of water-in-kerosene emulsions with SPAN 80 surfactant
was investigated. Acoustic spectroscopy provided the droplet size distribution evolution
in time. Simultaneously, electroacoustic spectroscopy provided the surface charge density
of the water droplets. Conductivity measurements were also performed because of the
demonstrated ability of SPAN 80 surfactant to produce charge carriers in kerosene
(Dukhin & Goetz, 2004B). This system showed an evolution from an emulsion state to a
mini-emulsion state in a time span of 40 hours. 5% by volume water-in-kerosene
emulsions were prepared using distilled water and 1% wt. surfactant content in the
organic phase; samples were sonicated for 2 minutes after water addition, and then kept
under agitation in the DT-1200 spectrometer chamber in order to prevent water

sedimentation during measurements (Dukhin & Goetz, 2004B).

Figure 2.23 shows the evolution of the droplet size distribution in time measured
by acoustic spectroscopy. Right after sonication of the emulsion, the mean water droplet
size is 0.4 um and it steadily increases in time during the next 10 hours up to 2 um,
revealing that water droplets are coalescing. At this point, a second fraction with a mean
droplet size of 25 nm appears, and the droplet size distribution is now bimodal (Dukhin &
Goetz, 2004B). During the next 30 hours, the micrometer size water droplets continue to
coalesce, and the content of the nanometer size fraction increases. After 40 hours, the
emulsion converts completely to the nanometer size state (mini-emulsion state) with no

further change of size with time (Dukhin & Goetz, 2004B).

Electroacoustic measurements revealed that the magnitude of the CVC signal of
the emulsion steadily decreases with time during the first 10 hours, eventually leveling off
close to the noise level of the signal. This means that only micrometer droplets (i.e., the
emulsion fraction) contribute to the CVC signal of the dispersion (Dukhin & Goetz,
2004B). Figure 2.24 shows the calculated surface charge density for the coalescing water

droplets obtained from CVC using Shilov and coworkers electroacoustic theory for
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strongly overlapped double layers. The conductivity of the emulsion and the relative
double layer thickness calculated from conductivity is also shown in Figure 2.24. It can
be seen that the surface charge density of the water droplets rapidly decreases with time
during the first 10 hours (Dukhin & Goetz, 2004B).

The sign of the surface charge density in Figure 2.24 is not specified in the paper,
and no independent confirmation was performed as it was the case for the alumina
dispersion study (section 2.5.3-a). Therefore, it is assumed that Figure 2.24 shows the

magnitude of the surface charge density without specifying the sign of the electric charge.

According to Dukhin and Goetz, one possible explanation to these observations is
based on the ion-exchange model between the water and kerosene phases. They assumed
that the adsorption of SPAN 80 surfactant molecules at the water-kerosene interface is
responsible for the surface charge of the water droplets (Dukhin & Goetz, 2004B). They
also assumed local thermodynamic equilibrium at the water-kerosene interface, which
means that the time dependence characteristics of the surface charge density cannot be
attributed to the kinetic of adsorption or restructuring of SPAN 80 surfactant molecules at
the interface (local equilibrium would imply that such adsorption process is much faster

than the rate of change of the surface charge density).

The ion-exchange model contemplates ion diffusion from the interior of the water
droplets to the kerosene phase, which results in the neutralization of counter-ion electric
charge in the double layer (Dukhin & Goetz, 2004B). More precisely, this means that an
internal double layer is created in the interior of the water droplets (initially electro
neutral), as ions diffuse to the organic phase to neutralize counter-ion charge. Eventually,
the external double layer collapse and disappear. Figure 2.25 illustrates the ion-exchange

model (Dukhin & Goetz, 2004B).

The decrease in the surface charge density of water drops can be explained in the
frame of the ion-exchange model, as electric charge associated to the internal double
layers screens the electric charge associated to the adsorbed surfactant molecules at the
interface (Dukhin & Goetz, 2004B). According to this model, charging of the interior

double layer is more energy efficient than the exterior double layer, and this represent the
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driving force for ion diffusion from the water droplets to the kerosene phase (Dukhin &
Goetz, 2004B).

Dukhin and Goetz recognized that the ion-exchange model is not the only possible
explanation to these observations. However, they postulated this mechanism because it
can explain the apparent discrepancy between the decreasing surface charge density of the
water droplets and the increasing emulsion conductivity. Increasing conductivity would
result from ions being released from the water droplets into the kerosene phase (Dukhin
& Goetz, 2004B).

2.6 Acoustic Spectroscopy for particle size characterization

Advent of commercially available ultrasound based techniques during the past
decade offers a new opportunity for the characterization of dispersions in liquid media.
Ultrasound based techniques have two inherent advantages: they can be applied to opaque
systems and moderately concentrated dispersions. This is the case of Electroacoustic
Spectroscopy for the characterization of the electro-surface properties of particles or

droplets in a dispersion.

The determination of the C-potential or surface charge density from
electroacoustics requires the knowledge of the particle size distribution. In principle, the
size distribution can be obtained from the electroacoustic signal itself. For example,
considering Equation 2.20, this would require the measurement of py within a range of
frequencies, and the best fit of the data with the two adjustable parameters ¢ and a would
provide the particle radius in addition to its surface charge density. However, as pointed
out by Dukhin and Goetz (Dukhin & Goetz, 2001), it is more appropriate to determine the
size distribution independently from electroaocusitcs. The two most important reasons are
(Dukhin & Goetz, 2001): 1) the size distribution of uncharged particles cannot be
obtained from electroacoustics, and 2) particle size analysis with electroacoustics depends

on the assumption made in regard to the particle double layers (xa<<1 or ka>>1).

Commercial light-scattering based techniques for particle sizing are widely
spread, but they fail in opaque and concentrated dispersions. Acoustic Spectroscopy is an

alternative technique which can provide the particle size distribution based on
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measurements of sound attenuation. It is a well established technique with an extensive
list of applications reported in the literature, including slurries (cement, ceramics, coal,
etc), nanosized dispersions, nonaqueous dispersions, emulsions and microemulsions
(Dukhin & Goetz, 2002). Size measurements can be made in the range from 0.01 to 1000
um (Morrison & Ross, 2002). The major disadvantage of acoustic spectroscopy, however,
is that it requires the knowledge of several thermo-physical properties of the materials of

the dispersion, and also the concentration of the dispersed phase (Morrison & Ross,

2002).

The theoretical aspects of acoustic spectroscopy are briefly discussed in the next
sections. Emphasis is made on the determination of the droplet size distribution of

emulsions with the DT-1200 Acoustic and Electroacoustic Spectrometer from Dispersion

Technology Inc.

2.6.1 Phenomenon of sound attenuation in liquid dispersions

Low intensity compressional waves are used for the non-destructive
characterization of dispersions in liquid media (McClements, 1991). As compressional
waves pass through the dispersion, successive compressions and expansions occur in the
material, and particles are displaced from their equilibrium position and oscillate in the
acoustic field. This is illustrated in Figure 2.26 (McClements, 1991). Depending on the
compressibility of the particles, they also deform (expand and contract) under the

influence of the acoustic field, just as the liquid medium does.

The fact is that sound intensity weakens as acoustic waves propagate through the
dispersion, as illustrated by the decreasing amplitude of the particle displacement in
Figure 2.26. The loss in sound intensity is called sound attenuation (McClements, 1991).
Sound attenuation is quantitatively described by the attenuation coefficient defined in
Equation 2.22, where Ijy is the initial sound intensity, I..q is the sound intensity after
traveling a distance L in the dispersion, and o is the sound frequency (Dukhin & Goetz,

2002). The attenuation coefficient is usually expressed in dB-cm™-MHz units.
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The term sound attenuation characterizes the loss of power of a sound beam as it
propagates through a dispersion (Dukhin & Goetz, 2002). There are two fundamental
mechanism of sound attenuation (McClements, 1991): sound absorption (dissipation of
mechanical energy of the sound wave into heat), and sound scattering or as, (an incident
sound wave upon an interface is scattered in different directions, and so does the
mechanical energy of the sound wave). In regard to sound absorption, there are three
relevant mechanisms (Dukhin et al., 2000): viscous (twis), thermal (o) and intrinsic (Gin).

They are discussed below.

The relative movement between the particle and its surrounding liquid in the
acoustic field generates shear waves which dissipate acoustic energy due to friction. This
is the mechanism of viscous loss (Dukhin & Goetz, 2002). On the other hand, the
difference in thermal expansion of particles and liquid medium generates temperature
gradients near the particle surface. Temperature gradients are created when the particle
and liquid medium expand and contract due to the alternating pressure of the acoustic
wave. Their different thermal expansion coefficients lead to different temperatures.
Acoustic energy is dissipated due to the resulting heat conduction. This is the mechanism
of thermal loss (Dukhin & Goetz, 2002). Finally, the intrinsic loss mechanism refers to
the dissipation of acoustic energy on a molecular level associated to the particles and

liquid medium as homogeneous phases (Dukhin & Goetz, 2002).

2.6.2 Theory of Acoustics for emulsions

The theoretical treatment of the attenuation coefficient and its relation to the
particle size distribution of a dispersion is simplified in what is called the long
wavelength regime of acoustics (also called the Rayleigh limit), where the particle size is
much smaller than the wavelength of sound (Babick et al., 2000). Here, the attenuation
coefficient is assumed to be the sum of the individual attenuation mechanisms (Babick et

al., 2000; Dukhin & Goetz, 2002):
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OL=0ly, +0, +0, +0 (2.23)

In the long wavelength regime, sound attenuation is mainly due to the adsorption
mechanisms (Babick et al., 2000). Scattering loss is often negligible (Babick et al., 2000),
and it must only be considered at the upper limit of the long wavelength regime (i.e.,
when the particle size is of the same order of the sound wavelength). In the case of
emulsions, the dominant mechanism of sound attenuation is thermal loss. This is because
the thermal expansion of water and organic compounds are significantly different. On the
other hand, the viscous loss mechanism is negligible because of the relative small density
contrast between the continuous and dispersed phases of emulsions (Babick et al., 2000;
Dukhin & Goetz, 2002). Finally, the intrinsic loss mechanism might contribute
significantly to sound attenuation, especially if a high viscous oil is involved in the
emulsion (Dukhin & Goetz, 2002). Therefore, Equation 2.23 can be rewritten for

emulsions as follows:
a=0, +0,; +a,, (224)

There are two basic theoretical approaches for the calculation of the individual
attenuation coefficients: the ECAH theory and the coupled-phase model (Babick et al.,
2000). The details of these complex theoretical treatments are beyond the scope of the
present work which focuses on Electroacoustics rather than Acoustics. The complete
theoretical treatment is discussed in reference (Dukhin & Goetz, 2002) and it has been
incorporated in the DT-1200 Spectrometer from Dispersion Technology Inc. However,
some simplified formulas are presented in the following discussion in order to explain the
most important ideas behind the particle size distribution analysis from sound attenuation

measurements. These formulas are presented in Table 2.2.

As can be concluded from Table 2.2, the different sound attenuation mechanisms
show different functional relationship with droplet size and sound frequency. This opens
an opportunity for the qualitative interpretation of the experimental data when the
attenuation coefficient is determined at several frequencies, thus generating an acoustic
spectrum. The DT-1200 spectrometer generates an acoustic spectrum at 18 frequencies
within the 3 to 100 MHz range, taken in logarithmic steps (Dukhin & Goetz, 2002).
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From Table 2.2 it can be observed that the intrinsic loss of the dispersion does not
depend on the droplet size. It only depends on the material properties and the volume
fraction of the dispersion, and also on frequency. On the other hand, thermal and
scattering losses do depend on the droplet size distribution. Therefore, it should be
noticed that the intrinsic loss constitutes the base line of the acoustic spectrum, because
any excess attenuation from this level is the part of the spectrum which is truly related to
the droplet size distribution. This excess attenuation is also known as the colloid loss

(Ocolioid)- Therefore, for emulsions:

Xcolioig = Xy T O (223)

From the two mechanisms that contribute to the excess attenuation. the thermal
loss is the only one that shows up in the entire frequency range from 3 to 100 MHz
(Dukhin & Goetz, 2002). Table 2.2 presents two simplified formulae for the asymptotic
approximation of the thermal loss coefficient at the low and high frequency limits,
respectively (Babick et al., 2000). At the lower frequencies, ag, is proportional to a°, and
at the higher frequencies it is proportional to a™'. Consequently, thermal losses due to
large droplets (micrometer size) would cause excess attenuation at the lower frequencies.
On the other hand, very small droplets (nanometer size) would cause attenuation at the

higher frequencies.

The situation is different for the scattering loss mechanism. As shown in Table
2.2, scattering loss is a strong function of droplet size, and particularly of frequency. As
shown in Table 2.2, frequency is raised to the power of four and the droplet radius is
raised to the power of three. Consequently, scattering loss shows up at the higher
frequencies only, and it is important for large droplets (micrometer size). According to
reference (Dukhin & Goetz, 2001), scattering is not important for droplet diameter below

1 micron in the 3 - 100 MHz frequency range.

The above discussion brings a point of fundamental importance for the analysis of
the acoustic spectrum. Both, very small (nanometer size) and very large droplets
(micrometer size) show increasing attenuation at the higher frequencies. They are
different only at the lower frequencies (Dispersion Technology, 2003). According to

Dukhin and Goetz, if there is excess attenuation at frequencies below 10 MHz, this is an
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indication that large droplets (micrometer size) are present in the emulsion. On the other
hand, if only very small droplets are present in the emulsion (less than 100 nm), there
should not be excess attenuation at the lower frequencies (Dispersion Technology, 2003).

This test helps in a qualitative interpretation of the acoustic spectrum.

The DT-1200 analysis software calculates the droplet size distribution from the
best fit between the prediction theory and the measured acoustic spectrum. The standard
analysis is made in the whole frequency range (3 — 100 MHz). However, the long
wavelength limit might impose a restriction on the frequency range in the case of large
droplets. According to Dukhin and Goetz, the highest frequency for analysis should be
restricted down to at least 30 MHz if the droplet size exceeds 10 microns (Dispersion
Technology, 2003). The theory would simply not apply at higher frequencies for droplet

size calculation purposes.

In the above discussion, it has been assumed that we are dealing with emulsions
which follow a unimodal droplet size distribution. However, what if the emulsion follows
a bimodal size distribution with two very different size fractions? For example, let us
consider the case of one fraction being in the order of 50 nm and the other fraction being
in the order of 30 um. In such a case, the highest frequency should be restricted down to
at least 30 MHz, but in doing so the smaller fraction would be ruled out from the analysis

as they do not contribute to the excess attenuation at such low frequencies.

In view of this fact, it seems that the restriction imposed by the long wavelength
regime would prevent the analysis of the size distribution of bimodal dispersions with a
large size fraction. Actually, the ability of acoustic spectroscopy to recognize and analyze
bimodal dispersions has been investigated with model systems where the particle size
distribution of a bimodal dispersion is known independently. An interesting study is
presented in reference (Dukhin & Goetz, 1999). Also, various emulsion systems with
bimodal size distribution have been successfully characterized with acoustic
spectroscopy; these include: oil-in-water and water-in-oil emulsions (Fairhurst et al.,
2001), hetape/water/AOT emulsions (Wines et al., 1999), and water-in-kerosene
emulsions (Dukhin & Goetz, 2004B). The general conclusion is that acoustic

spectroscopy is able to recognize and analyze bimodal droplet size distributions in the
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whole 3-100 MHz range when the larger size fraction does not exceed 10 microns,

approximately.

To finalize this section, it is important to mention that the prediction theory works
well for moderately concentrated emulsions, with dispersed phase concentrations up to, at
least 10% by volume. This is shown in reference (Dukhin & Goetz, 2001), where it is
mentioned some experimental work which demonstrated almost perfect correlation
between theory and experiments for 10% hexadecane emulsions, 20% toluene emulsions,
and even 30% for polystyrene latex dispersions. This last system is not an emulsion
(polystyrene latex), but it is relevant to the acoustic theory of emulsions because thermal

loss is the dominant attenuation mechanism (Dukhin & Goetz, 2002).
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Particle radius Surface potential

(um) (mV)

0.01 224

0.05 100

0.1 71

0.3 41

0.5 32
0.75 26

1.0 22

5.0 10

Table2.1:  Surface potentials to stabilize particles as a function of radius.
(Reference: Morrison, 1991)

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Attenuation
. Formula
mechanism
(1 - 0K )n P, €, + (%), P S [,
Intrinsic Qi = 5 > —
Ji-op3c: +op,p,c3 Pr
oo‘a’|1[, p,c’ ’ p,—p i
Scattering Oy =———| =| 1 -2 | +| 2—=
2, |3 P,C; 2p, +py
1 2.2 2 2 Tm +37 B m
oy =02’ Te,p,p(c,); 2 : - °
30 To (Pp(Cp)y Pal(Cy)n
Thermal (low frequency limit within the long wavelength regime)
o 30V30.0 VPP )y L B, B, j
h T mMm -
a '\/TPPP(CP)P +‘\/Tmpm(cp)m pp(cp)p pm(cp)m
(high frequency limit within the long wavelength regime)
0] volume fraction dispersed phase | a particle (droplet) radius
o) frequency of sound T temperature
c sound speed T thermal conductivity
p density B thermal expansion
(cp) specific heat (0in)  intrinsic loss of material
Sub-indexes: m (liquid medium) / p (droplet) / s (suspension)

Table2.2:  Simplified equations for attenuation coefficients.

(Adapted from: Babick et al., 2000 ; Dukhin et al., 1996)
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Figure 2.1:  Effect of the solvent to bitumen ratio on the emulsion stability.

(Reference: Yang & Czarnecki, 2002)
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Figure 2.2: Dynamic surface tension measurements for the determination of the
kinetics of asphaltene adsorption at toluene-water interfaces.
(Reference: Sheu et al., 1992)
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Figure 2.3:  Effect of the critical solvent to bitumen ratio on the interfacial film
rheology.
(I)  Above the critical ratio (rigid film)
(II) Below the critical ratio (flexible film)
(Reference: Dabros et al., 1999)
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Figure 2.4: Fowkes mechanism of electrostatic charging in nonaqueous media.

(Reference: Morrison & Ross, 2002)

>
>
>
>
>
»>

Potential energy of interaction
3

Potential energy of interaction

Potential energy of interaction

Distance between particles

Figure 2.5: Interaction potentials for approaching particles.

(Adapted from: Masliyah, 1994)
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Figure 2.6:  Representation of the electric double layer.
(a) Structure of the double layer
(b) Decay in the electric potential
(Reference: Masliyah, 1994)
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Figure 2.7: Potential energy of interaction for bitumen-in-water emulsions in the
presence of NaCl and CaCl,.
(Reference: Isaacs & Chow, 1992)

Figure 2.8:  Double layer distortion due to relaxation effect.

(Reference: Masliyah, 1994)
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Figure 2.9:  Alternating polarization of the electric double layer created by an acoustic

wave.

(Reference: Morrison & Ross, 2002)
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Figure 2.10: Double layer polarization due to the relative liquid flow.

(Reference: Dukhin & Goetz, 2002)
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Figure 2.11: The definition of the dynamic electrophoretic mobility.
(Reference: Cannon, 1993)
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Figure 2.12: Magnitude and phase angle of inertia factor G according to O’Brien’s

approach (calculated for p, = 2pm).
(Reference: Hunter, 1998)
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Figure 2.13: Estimate of the minimum volume fraction for double layer overlap.

(Reference: Dukhin & Goetz, 2002)
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Figure 2.14: Effect of sonication time on the CVP signal for a 10% water-in-Leduc

crude oil emulsions.

(Reference: Isaacs et al., 1990)
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Figure 2.15: Sensitivity of CVP signal to water content in water-in-Leduc crude oil

emulsions.
(Reference: Isaacs & Chow, 1992)
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Figure 2.16: The change in CVP signal in the presence and absence of the addition of

100 ppm chemical at 4 min.
(Reference: Isaacs et al., 1990)
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Figure 2.17: Sensitivity of the CVP signal to the coagulation process (photographs
taken at 3, 12 and 24 min).
(Reference: Isaacs et al., 1990)
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Figure 2.19: Interfacial tension between a 100 ppm asphaltenes-in-toluene solution and
water as a function of pH at 22 °C.
(Reference: do Carmo Marques et al., 1997)
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Figure 2.20: ESA signal of toluene-in-water/SLS/CA emulsions, as a function of pH

and asphaltene content.

(Reference: do Carmo Marques et al., 1997)
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Figure 2.21: Conductivity of alumina dispersion as a function of SPAN 80 content.

(Reference: Dukhin & Goetz, 2004A4)
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Figure 2.22: Surface charge density of alumina dispersion.

(Reference: Dukhin & Goetz, 2004A4)
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Figure 2.23: Evolution of the droplet size distribution of water-in-kerosene emulsions
in time.

(Reference: Dukhin & Goetz, 2004B)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



400
. - ~ 1.4
380 -
- 1.2
Z 360 -
..'T.. R 1.0
= 3404 L
PR 0.8
Z 320 S
2 e e e - - 0.6
= 3004 — -
= Kerosene-SPAN conductivity L 0.4
280 L
= 0.2
260 -
0.009 \L —Y1]71—T—T———T———— .0
> 00 200 ) ) S0 7
0,003 na 1 3((i :‘ e [mine :(\ ;) 0 600 700

J Jb
0,007 )

I

3
T 0006 5‘3
£ s By
S 00051
& '
E 0004
2 0.003
% 0.002-
0.001-
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kerosene emulsions in time.
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Figure 2.25: Double layer restructuring due to the ion exchange between interior and
exterior of the water droplet.

(Reference: Dukhin & Goetz, 2004B)
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(Reference: McClements, 1991)

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

Experimental

3.1 Materials

Materials for the preparation of water-in-diluted bitumen emulsions include:
Athabasca diluted bitumen (Suncor Energy Inc.), toluene HPLC grade (Fisher Scientific),
and deuterium oxide 99.8% atom D (Fisher Scientific). We will refer to Suncor diluted

bitumen as being “bitumen”.

Naphtha diluted bitumen was used as received from Suncor Energy Ltd in the
emulsion preparation. The asphaltene content of Suncor bitumen is 12% wt. The
procedure for the asphaltene determination is as follows. A mass of 10 g of diluted
bitumen was diluted with toluene (10% wt. bitumen concentration). Solids were removed
by centrifugation at 20,000 g and 21 °C, and the toluene diluted bitumen sample was then
kept in a fume hood for 10 days for natural evaporation of the organic solvent. The
solvent-free bitumen was diluted with n-heptane HPLC grade (Fisher Scientific) at a
solvent to bitumen ratio of 40:1 by weight. The sample was shaken for 2 hours and then
kept settling for 24 hours. The sample was filtered using a 0.2 micron PTFE membrane
filter (Whatman). The filter cake was washed with n-heptane and then put in an oven at
100 °C for 2 hours. Finally, the filter cake was weighted and the asphaltene content was

calculated.

Calibration of the Electroacoustic Spectrometer was made with an aqueous
dispersion of known C-potential, prepared with Silica Luddox TM-50 dispersion (50% wt)
provided by Dispersion Technology Inc., distilled water (passed through a Millipore filter
system), potassium chloride ACS reagent (Sigma-Aldrich), and potassium hydroxide
ACS reagent (BDH).

Toluene certified ACS (Fisher Scientific) and 2-propanol HPLC grade (Fisher

Scientific) were used for cleaning the spectrometer chamber.
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3.2 Equipments
3.2.1 DT-1200 Acoustic and Electroacoustic Spectrometer

Figure 3.1 shows the DT-1200 Acoustic and Electroacoustic Spectrometer. Figure
3.2 details the components of the spectrometer chamber after equipment improvements

were made.

The Spectrometer is provided with a rectangular chamber where approximately
125 ml of a sample can be fed. A magnetic stirrer device is connected to the bottom of the
chamber. The stirring bar acts as a vortex stirrer and also as a centrifugal pump to
circulate fluid from bottom to top of the chamber through the recirculation line
(Dispersion Technology, 2003). The speed of the stirring bar is adjusted to keep the
dispersion well mixed and prevent possible sample sedimentation. There are 6 preset

stirring speeds.

The upper part of the chamber is attached to the acoustic sensors, where two
piezoelectric transducers are placed over opposite lateral walls in the chamber. The
transmitting transducer (on the right hand side in Figure 3.1) is fixed. The receiving
transducer (on the left hand side) is movable. The gap between the transducers can be
controlled by a stepping motor from 0.15 to 20 mm (Dukhin & Goetz, 2002). Sound
pulses are transmitted through the sample dispersion and the resulting sound attenuation
between the two acoustic transducers is measured at 18 frequencies (within the 3 to 100
MHz range) and 21 gaps (Dukhin & Goetz, 2002). An acoustic spectrum is generated
(sound attenuation coefficient versus frequency) from which the particle size distribution

is then calculated.

The Electroacoustic probe is inserted into the lower part of the chamber. Both, the
transmitting and receiving transducers are mounted in the same probe. The transmitting
transducer emits sound pulses at a frequency of 3 MHz (Dukhin & Goetz, 2002). The
receiving transducer consists of a two-element antenna. The electric field response due to
the electroaocustic effect changes the potential of one of the element with respect to the
other, causing a current flow in the antenna which is referred to as the Colloid Vibration

Current signal or CVC signal (Dukhin & Goetz, 2002).

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The present work implemented the following equipment improvements to the
DT-1200 spectrometer. The original chamber is composed of two blocks made of plastic
material, tightly joined by thumbscrews (this is illustrated by the two blocks shown in
Figure 3.2). The upper block is attached to the acoustic sensor. The lower block (where
the electroacoustic probe is installed) is removable by unscrewing the thumbscrews. This
lower block was replaced by a water-jacketed metallic chamber (Figure 3.3), which
allowed temperature control of the emulsion sample (around 20.7 = 0.2 °C) by means of a
circulating water bath (Fisher Scientific - Isotemp 3016). The Spectrometer includes a
temperature probe in the chamber for continuous monitoring of the sample temperature.
The metallic chamber also functioned as a Faraday shield to the electroacoustic probe, as
an attempt to reduce the noise of the CVC signal. The metallic chamber was grounded to

the stainless steel shell of the electroacoustic probe.

Another equipment improvement was the installation of a conductivity meter
(Scientifica - model 627), provided with a stainless steel flow-through probe which was
connected to the recirculation line as shown in Figure 3.4. The conductivity probe could
not be installed in the main recirculation line because it caused significant restriction to
flow. Therefore, it was installed on a side connection (previously used for chamber
drainage). Sample was drawn into the conductivity probe by means of a 3 ml Teflon
syringe (Braun Injekt). In order to get a representative sample, normally 30 strokes were
performed to expose the probe to fresh sample before conductivity reading. The full scale
of the conductivity meter is 38 to 38,000 picosiemens/cm with an accuracy of 2%.
Conductivity is measured at 18 Hz with an applied voltage of 5 volts rms, approximately

(Scientifica, 2003).

Finally, a high speed homogenizer (Fisher Scientific - PowerGen Homogenizer,
125 watt and 30,000 rpm variable speed) was mounted at the top of the chamber in order
to disperse water in diluted bitumen directly within the chamber. It was removed from the
chamber before starting measurements with the spectrometer. Figure 3.5 and 3.6 show the
homogenizer probe component parts. Figure 3.2 shows the positioning of the

homogenizer probe relative to the chamber geometry.
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3.2.2 Supplementary equipment

An Anton Paar DMA 45 density meter based on the vibrating tube technique was
used for high precision density measurements of diluted bitumen (with an accuracy of

10 g/ml) at 15 °C, 20 °C and 25 °C = 0.01 °C.

A Cannon-Fenske viscometer size 100 was used for the determination of the

kinematic viscosity of diluted bitumen and heavy water at 20 °C = 0.1 °C.

In order to rule out emulsified water sedimentation in the chamber, emulsion
samples were taken with a 200 pLL Hamilton syringe at three levels in the chamber (top.
medium and bottom). The water content of emulsion samples were measured with a G.R.
Scientific Ltd. Karl Fisher titrator model Cou-Lo 2000 (measuring range 1 pg - 10 mg

water). A correction factor of 1.111 applies when determining heavy water content.

Equipment for diluted bitumen and emulsion preparation include: Sartorius semi-
analytic and analytic balances, high speed shaker (200 per minute), 1 liter glass bottles for
diluted bitumen preparation, and 250 ml Teflon bottles for diluted bitumen storage at
4°C.

Emulsified water drops sedimentation tests were performed to investigate the
emulsion stability as a function of bitumen concentration. Supplementary equipment for
performing these tests include: 10 ml Kimax conical-bottom glass centrifuge tubes

graduated 0.1 ml), Lindberg thermal bath at 20 °C, low speed shaker (30 per minute) and

vortex maxi mix plus agitator (3,000 rpm).

A sonication bath (Fisher Scientific Ultrasonic Cleaner FS-30) was used to
investigate the effect of water dispersion by sonication on the electroacoustic

phenomenon of water-in-diluted bitumen emulsions.

Finally, an Accumet AR50 pH meter was used for adjusting the pH of the Silica

Luddox sample used for the calibration of the electroacoustic spectrometer.
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3.3  Droplet size distribution measurements

3.3.1 Calibration of acoustic spectrometer and sound attenuation measurement

The Acoustic Spectrometer does not require calibration using a colloid sample
with known particle size (Dukhin & Goetz, 2001). It only requires the precise
measurement of the attenuation coefficient of the sample (Gsample) in order to calculate the
droplet size distribution using a suitable predictive theory, as discussed in section 2.6.
The DT-1200 spectrometer electronics include a precision fixed 40 dB reference
attenuator. For every attenuation measurement, the signal of the sample is compared with
the signal level from the 40 dB reference attenuator (Dukhin & Goetz, 2002). This allows

the precise measurement of the attenuation coefficient of any sample.

Measurement of the sound attenuation is performed by a transmission variable gap
technique involving two transducers (transmitter and receiver). The main advantage of a
variable gap technique is that it allows the measurement of the attenuation coefficient
over a wide range of values, at several frequencies. This is normally not possible in a
fixed gap technique (Dukhin & Goetz, 2002). This means that different samples might
require different gaps between transducers, and the variable gap technique should handle

this requirement.

Equation 2.22 shows the calculation of the attenuation coefficient of the sample.
For clarity in the following explanation, let us recap Equation 2.22 and the meaning of the
variables involved: i, is the initial sound intensity, I..q is the sound intensity after

traveling a distance L in the sample, and o is the frequency of the sound pulse.

e
0220 G.1)
® L

The DT-1200 spectrometer measures the attenuation coefficient at the following
18 frequencies: 3.0, 3.7, 4.5, 5.6, 6.8, 8.4, 10.3, 12.7, 15.6, 19.2, 23.5, 28.9, 35.5, 43.7,
53.6, 65.9, 81.0 and 99.5 MHz. For each frequency, the ratio Ilini/leng is determined at 21
gaps from 0.15 to 0.20 mm taken in logarithmic steps (Dukhin & Goetz, 2002). Minimum
800 pulses are averaged for every Iiy/l..¢ measurement in order to achieve a satisfactory

signal to noise ratio of at least 40 db. The attenuation coefficient is then calculated from a
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regression analysis of Iini/lens versus L for each frequency (Dukhin & Goetz, 2002).
Finally, the acoustic spectrum is generated (attenuation coefficient versus frequency), and
the droplet size distribution is calculated. In the present study, this process required

between 5 to 7 minutes to be completed for each droplet size distribution measurement.

The details of the electronics of the DT-1200 Spectrometer for the determination

of Iini/lena and regression analysis are given in reference (Dukhin & Goetz, 2002).

3.3.2 Droplet size distribution analysis

The predictive theory for droplet size calculation was briefly discussed in section
2.6.2. It was presented some simplified equations which relate the attenuation coefficient
with the material properties of the emulsion and the droplet size distribution. Such
simplified equations were presented in order to explain the relationship between the
measured acoustic spectrum and the droplet size distribution in the easiest way possible.
Such analysis allows interpreting the acoustic spectrum qualitatively. The complete
theoretical treatment is very complex and it is presented in reference (Dukhin & Goetz,
2002).

The DT-1200 analysis software includes an optimization algorithm which finds
the droplet size distribution that best fit the experimentally measured acoustic spectrum,
based on the aforementioned predictive theory. The following information is required for
the calculation of the droplet size distribution, in addition to the acoustic spectrum
(Dukhin & Goetz, 2002):

i) Concentration of the dispersed phase

Density
ii)  Thermodynamic properties Thermal expansion
Specific heat
] . Viscosity
ii1)  Transport properties
Thermal conductivity

) ] ) Intrinsic attenuation coefficient
1v)  Acoustic properties

Sound speed
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As discussed in (Dukhin & Goetz, 2002) and section 2.6. emulsions belong to the
category of soft particle dispersion where thermal loss is the dominant mechanism of
sound attenuation. In this case, in addition to the volume fraction, the most important
properties needed to be known with accuracy are the density, thermal expansion, intrinsic
attenuation coefficient and sound speed of both phases (Dukhin & Goetz, 2002). All

material properties were determined at 20 °C.

The characterization of diluted bitumen required high precision density
measurements at three different temperatures: 15 °C, 20 °C and 25 °C. This allowed the

calculation of the thermal expansion of diluted bitumen at 20 °C as follows:

1 1

Passc  Pisec 29
—=L_ - 3.
10 G-2)

B =Py -

The density of diluted bitumen was determined at several bitumen concentrations
in toluene (from 0% to 70% by weight), because this information is required for
performing emulsified water drops sedimentation tests (section 3.5.1).

The thermal expansion of heavy water was determined using the same formula
with density data obtained from reference (CRC Handbook, 2003). These are 1.1056 g/ml
(15°C), 1.105 g/ml (20 °C), and 1.1044 g/ml (25 °C).

The intrinsic attenuation coefficients (within the 3 — 100 MHz range) and sound
speeds of diluted bitumen and heavy water were determined using the DT-1200
Spectrometer.

The specific heat and thermal conductivity of diluted bitumen and heavy water
were approximated to those reported in the DT-1200 material property database for

toluene and water, respectively. The dynamic viscosity of diluted bitumen and heavy

water were derived from kinematic viscosity measurements with the Cannon-Fenske

viscometer at 20 °C.

The dynamic viscosity of diluted bitumen was also determined at several bitumen

concentrations in toluene (from 0% to 70% by weight), because this information is
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required for interpreting emulsified water drops sedimentation tests, as discussed later in

section 3.5.1.

In general, the complexity of real droplet size distributions can be satisfactorily
represented by a log-normal distribution, or by a bimodal distribution. These are the two
statistically representative distributions considered in the DT-1200 analysis software. The
results are reported based on the type of distribution that minimizes the fitting error of the

prediction theory to the measured acoustic spectrum (Dukhin & Goetz, 2002).

A log-normal distribution (Figure 3.7) is characterized by two adjustable
parameters: mean diameter (d.,) and standard deviation (oL,). Equation 3.3 provides the
density function for this distribution, in terms of these two adjustable parameters and the
droplet diameter (X). The standard deviation is defined as the ratio of the droplet size at
two specified points in the cumulative droplet size distribution curve (Figure 3.8), as

shown in Equation 3.4 (Dukhin & Goetz, 2002).

'
Ln(—X—J
dLn ~ o~

q,(X)= ——=———-exp{—| ——24 | } (3.3)

1
w/ﬂLn(O‘Ln) \ELn(an)

_ X(15.87%)

= 5.4
GLn X(S O%) (:’ )

or equivalently o, = M
" X(84.13%)

The bimodal distribution is defined as the superposition of two lognormal
distributions with the same standard deviation, and it is characterized by four adjustable
parameters: two mean diameters, standard deviation and the relative weight of modes

(Dukhin & Goetz, 2002).

3.4 Droplet surface charge density measurement

3.4.1 Calibration of electroacoustic probe and CVC measurement

The Electroacoustic Spectrometer requires calibration using a colloidal dispersion

with known {-potential. Following the manufacture’s instructions, Silica Luddox TM-50
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dispersion 10% by weight was used for this purpose. This calibration colloid is prepared
by diluting a concentrated Silica sample (50% by weight, provided by Dispersion
Technology) with 0.01 mol/L KClI solution adjusted to pH 10 with potassium hydroxide
(Dispersion Technology, 2003). Such Silica suspension has a (-potential of -38 mV
(Dukhin & Goetz, 2002).

Figure 3.9 details the component parts of the electroacoustic probe used for CVC
measurements. Both, the transmitting and receiving transducers are mounted in the same
probe. The transmitting transducer is described next. The electronics of the spectrometer
generates 1 Watt radio frequency pulses which are routed to the piezoelectric device.
Here, the electric pulses are converted to sound pulses at 3 MHz, which are then partially
transmitted through the quartz delay rod, then through the Rexolite (buffer) delay rod, and
finally through the dispersion sample facing the probe, creating the driving acoustic field
of the electroacoustic phenomenon (Dukhin & Goetz, 2001; Dukhin & Goetz, 2002).

The receiving transducer consists of a two element antenna immersed in the
sample. The end of the Rexolite (buffer) delay rod is coated with gold. This provides an
electrode which can sense the change in electric potential in the suspension due to the
electroaocustic effect. This is called the center electrode in Figure 3.9. On the other
hand, the stainless steel shell which protects the electroacoustic probe constitutes the
outer electrode which remains at a reference electric potential. Both electrodes are
connected to the spectrometer measuring circuit through a coaxial cable. The center
electrode is connected to the center conductor of the coaxial cable. The shield of the
coaxial cable makes connection with the stainless steel shell (outer electrode). Both

electrodes are separated by a ceramic material in the probe (Dukhin & Goetz, 2002).

Under the condition of low impedance of the measuring circuit (section 2.4.3), the
antenna senses an electric current which is carried by the coaxial cable. This is referred to
as the Colloid Vibration Current (CVC). The magnitude and phase of this current is
available in the DT-1200 software, and it is referred to as the CVC signal. The CVC
phase refers to the phase lag between current and the acoustic perturbation. The unit of
such a current is not available to the user. In the present work, it will be referred to as the
CVC signal expressed in absolute units, following the terminology used in reference

(Dukhin & Goetz, 2004B). The important message here is that the CVC signal is a
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number which is proportional to the CVC current being measured. The calculation of the
surface charge density or {-potential is derived from the CVC signal after equipment

calibration, as discussed in the next section.

Same as for acoustics, a minimum of 800 pulses measurements are averaged in
order to achieve a high signal to noise ratio in CVC measurements. Indeed, CVC
measurements 1n low conductivity media require the averaging of millions of pulses
(Dukhin & Goetz, 2001). There are several options in the DT-1200 spectrometer for
controlling the number of pulses during CVC measurements. In the present work, only
two options were considered. They will be referred to as the short integration time and
long integration time modes for CVC measurement. Approximately 1.6 million pulses are
averaged in the short integration time mode, and every CVC measurement requires from
3 to 4 minutes to be completed. The long integration time mode collects 8 million pulses,

approximately, and every measurement takes between 30 to 35 minutes to be completed.

3.4.2 Droplet surface charge density analysis

Equations 2.9 and 2.20 are the fundamental expressions for the calculation of the
droplet surface charge density of water-in-diluted bitumen emulsions from CVC

measurements. For clarity in the following explanation, let us recap these equations:

(cve) =Qz<p[&piﬂjud (3.5)

m

2
Uy = 04 P for xa<<1 (3.6)

- 2 2
o2 ol-o 2 .

As mentioned in section 2.4.5, <CVC> refers to the CVC signal (CVCQC)
normalized by the pressure gradient of the acoustic perturbation in the dispersion (VP).

Therefore:

CvC

(CvC) = op (3.7)
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As mentioned in the last section, the output of the electroacoustic probe is the
CVC signal (CVC), and not the normalized CVC (CVC>). Therefore, from Equation 3.5

and 3.7:

m

CVC=VP-Q2q{p p O )ud (3.8)

As mentioned in section 2.4.5, constant Q> depends on the apparatus and the
geometry of the electroacoustic probe used for the measurement of CVC. The value of Q
can be found by calibration with a dispersion of known properties (as mentioned in the
last section). However, first it is still necessary to modify Equation 3.8 as follows

(Dukhin & Goetz, 2001, Dukhin & Goetz, 2002):

2Z P, —P
CVC=(VP._ )- , P i 3.9
( m)z +ZQ_q{ Jud (3.9)

ant m

The reason is the following. In Equation 3.8, VPis the pressure gradient of the
acoustic perturbation in the dispersion, and it is not a constant. The design of the
electroacoustic probe guaranties constant pressure amplitude at the center electrode
(Figure 3.9). But when the sound pulse is transmitted from the center electrode to the
dispersion, there is a loss in pressure amplitude which depends on the properties of the

dispersion. Therefore, VP is not a constant in Equation 3.8.

A relationship between the pressure amplitude in the dispersion (P) and the
pressure amplitude at the center electrode (P,y) can be established based on the concept
of acoustic impedance (Z), defined as the ratio between pressure amplitude and sound
velocity (Dukhin & Goetz, 2002):

P 22 (3.10)

P_=Zam+Z

ant

Z is the acoustic impedance of the dispersion, and Z,q, is the acoustic impedance

of the center electrode. A similar expression to Equation 3.10 applies for VP and VP, .

from which Equation 3.9 is derived.
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The advantage of Equation 3.9 is that VP, and Q. can be combined in a single

constant (Cyqnr), which can be determined by calibration (Dukhin & Goetz, 2001):

27 p,—P
CvC=C L 3.11
ant Z +Z(p[ pm ]p’d (3 )

ant

The volume fraction, {-potential, particle size and materials properties are known
for the Silica Luddox dispersion for calibration. This means that y14 can be calculated for
such dispersion (Equation 2.17). The acoustic impedance of the antenna is known and the
acoustic impedance of the dispersion can be calculated from the density and sound

velocity of the dispersion (Dukhin & Goetz, 2002):
Z=p.c, (3.12)

Therefore, C,y can be determined from the measurement of the CVC of the Silica

Luddox dispersion.

Finally, the surface charge density of droplets in water-in-diluted bitumen
emulsions can be calculated from CVC measurements after equipment calibration. This is
done following the 2 steps procedure discussed in section 2.4.5. First, the dynamic
electrophoretic mobility (ug) is determined from CVC (Equation 3.11), and then the

surface charge density (o) is derived from Equation 3.6.

The calculation of the surface charge density requires the same input information
for the droplet size distribution calculation (section 3.3.2). Additionally, it is also required
to know the CVC signal of the liquid medium of the dispersion. This is called the
background CVC signal (CV Cyackground). The CVC signal that is considered in Equation
3.11 is the difference of the measured CVC signal for the dispersion (CVCreasured) @and

this background CVC signal:

CVC = CVCieasured = CVChackeround (3.13)

The CVC signal has a magnitude and a phase. Therefore, Equation 3.13 should be
interpreted as a vectorial subtraction. The Spectrometer software can perform this

subtraction automatically when measuring the CVC signal of the dispersion.
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3.5 Design of experiments

3.5.1 Selection of the bitumen concentration in toluene

Selection of the bitumen concentration in toluene is primarily based on the
stability of the resulting emulsion. The aim of the present study is to investigate the water
droplet surface charge density of emulsions which show high stability. As discussed
earlier in section 2.1.1, the industrial practice is to operate at solvent to bitumen ratios
between 0.6 and 0.7, which corresponds to a bitumen concentration of about 60% wt. At
this concentration range, water-in-diluted bitumen emulsions show high stability, which
is the cause of the residual emulsified water content in the diluted bitumen product after
froth treatment operations. Therefore, in principle, a bitumen concentration of 60% wt.

would be appropriate for the experimental work.

One important issue regarding the selection of the bitumen concentration is the
viscosity of the diluted bitumen. Care must be taken to select a bitumen concentration
that would not result in unsatisfactory circulation and mixing of the emulsion sample in
the chamber, which is primarily governed by the viscosity of diluted bitumen. To address
this issue, the viscosity of diluted bitumen was measured at 20° C, for various bitumen
concentrations in toluene (from 0% to 70% wt.). The ability of diluted bitumen to
circulate easily in the chamber was then verified for bitumen concentrations in toluene
about 60% (from 50% to 70% wt.). These observations provided the necessary

information for the final selection of the bitumen concentration in toluene.

Supplementary water sedimentation tests were also conducted at several bitumen
concentrations to observe the emulsion stability. The presence of free water after
sedimentation is an indication that the emulsion is unstable. On the other hand. the
absence of free water after sedimentation is an indication that the emulsion is stable,
because the emulsified water droplets are not able to coalesce and produce a separate
water phase. These observations provided the necessary information to confirm that the
selected bitumen concentration in toluene results in a stable water-in-diluted bitumen

emulsion as previously defined.

Water sedimentation tests were performed for 24 hours at 20° C. The bitumen

content was varied from 2.5% to 70% wt. Two water concentrations were considered for
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each bitumen concentration: 5% and 10% wt. Distilled water (passed through a Millipore
filter system) was used in these experiments. The detailed procedure for water

sedimentation tests follows:

1. Eleven stock diluted bitumen samples were prepared in 50 ml teflon tubes, one
for each bitumen concentration being considered (ranging from 2.5% to 70% by

weight).

o

In order to have bitumen and toluene well mixed before emulsion preparation,
each sample tube was mixed with a vortex mixer (maxi mix plus agitator) for 2
minutes, and then shaken for two hours at low speed (30 per minute). Finally, the

tubes were put in a refrigerator for 24 hours at 4 °C.

The weights of diluted bitumen and water required to prepare 8 ml emulsion

(V3]

samples were calculated.

4. Emulsion samples were prepared by adding diluted bitumen and water into 10 ml
conical bottom glass centrifuge tubes. Sedimentation of solids was observed in
stock diluted bitumen tubes. Therefore, they were shaken with the vortex mixer
for 2 minutes before taking the diluted bitumen sample for the emulsion

preparation.

5. Water was dispersed, first by shaking each conical bottom glass tube with the
vortex mixer for 30 seconds, and then by applying the homogenizer at minimum

speed (5,000 RPM) for 2 minutes.

6. Immediately after water dispersion, the emulsion sample was placed into a

thermal bath for 24 hours at 20 °C.

7. Finally, each emulsion sample was carefully removed from the thermal bath after
24 hours for inspection and further analysis (percentage of settled water droplets

as described next).

In the case of stable emulsions, water droplet sedimentation leads to the formation
of a concentrated emulsion at the bottom of the tube, and a hydrocarbon supernatant lying

above the settled emulsified water droplets. The percentage of settled water droplets after
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24 hours sedimentation is of practical interest, because it provides information regarding
the easiness of water dispersion in the diluted bitumen sample. In the present study, the
criterion for determining the percentage of settled water droplets is based on an
experimental procedure designed by Horvath-Szabo in the Oil Sands Research Group

(Horvath-Szabo, 2004).

As shown in Figure 3.10, five emulsion samples are taken from each conical
bottom glass tube for water content analysis. Each sample is taken with a Hamilton
syringe calibrated to a fixed volume of 50 uL, approximately. The syringe’s needle point
is initially positioned at the liquid meniscus level. The syringe is firmly supported on a
movable arm, and the point of the syringe can be moved downwards. The first sample is
taken /2 cm below the meniscus level. The following four samples are taken by 1 cm
steps downwards. These five emulsion samples scan approximately 75% of the emulsion
sample volume from top to bottom. This volume is considered to contain the supernatant.
The water content of the supernatant is then calculated as the mean average of the 5

measurements. Finally, the percentage of settled water droplets is calculated as follows:

(%M)EMULSION - (%Wt)SUPERNATANT J (3.1 4)

% SETTLED WATER DROPLETS =100 [ A
(A’Wt)smux.son

3.5.2 Diluted bitumen preparation

Two stock diluted bitumen samples (700 ml each, approximately) with identical
bitumen concentration were prepared for performing emulsion experiments. Each stock
solution provides sufficient diluted bitumen to conduct 5 emulsion experiments, for a
total of 10. As will be discussed in section 4.1.2, the selected bitumen concentration in

toluene is 50% wt. for the present study.

The purpose of preparing two stock solutions is to facilitate the diluted bitumen
preparation. Each stock solution was prepared in a one liter glass bottle, which can be
safely placed in a high speed shaker (200 per minute) for 4 hours of mixing. Just after
mixing is stopped, the 700 ml diluted bitumen is immediately split into 5 teflon bottles in

approximate equal volumes. This is done just after mixing is stopped to avoid solid
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sedimentation in the glass bottle, thus obtaining 5 equally representative diluted bitumen

samples per stock solution. All diluted bitumen samples were stored at 4 °C for later use.

3.5.3 Emulsion preparation

The bitumen concentration in toluene was fixed at 50% wt. for all emulsions.
Heavy water was used instead of water with the aim of maximizing the density contrast
between the continuous and dispersed phases. The higher the density contrast, the higher
the magnitude of the CVC signal (Equation 2.9), thus improving the chances for its
detection. Indeed, the choice of heavy water allowed doubling the density difference that
exists between the two phases when normal water is used (181 kg/m3 for the heavy water

option versus 81 kg/m3 for the water option).

This study assumes that the chemistry of water and heavy water are essentially the
same in the diluted bitumen. Consequently, the measurement of the electro-surface
properties of the emulsion should reflect the behavior of the real system found in

industrial practice.

The concentration of heavy water in the emulsion was determined from mass
balance, as known weights of heavy water and diluted bitumen were added to the
chamber. A fixed magnetic stirrer speed was chosen in order to keep the emulsion well
dispersed in the chamber at all times during measurements. The 4" agitation speed in the
scale from 1* (minimum) to 6™ (maximum) was the choice for all experiments. This state
of well dispersion could be experimentally verified by sampling the top, medium and

bottom portions of the chamber and measuring the water content by Karl Fisher analysis.

In the present study, eight emulsion experiments were performed with the DT-
1200 Spectrometer in order to investigate the surface charge density of water droplets
dispersed in diluted bitumen. The details for the planning of each experiment are
presented in Chapter 4, in conjunction with their results and discussion. The present work
is eminently experimental; the results of one experiment inspired the planning of later
experiments. There is a thread of logic among the different experiments presented in this
work, and the discussion is greatly facilitated by concentrating on all the relevant

information in Chapter 4.
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Nevertheless, Table 3.1 is provided in order to facilitate the follow up of the
discussion regarding these eight emulsion experiments. It summarizes the most relevant
information: emulsion name, heavy water concentration, and a brief description of the

experiment.
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Emulsion name

Heavy water
(% wt.)

Brief description

A

10%

Water dispersed by sonication (90 minutes)
CVC shows transient behavior (section 4.2.2

Bl

10%

Water dispersed using homogenizer (3 minutes)

The effect of water dispersion method on CVC is
ideniified (section 4.2.2)

The dependence of CVC on the droplet size
distribution is demonstrated (section 4.2.3)

10%

Water dispersed using homogenizer (3 minutes)
Followed by 3 redispersion with homogenizer (every 24
hours)

Two relaxations are identified in the CVC transient
behavior (section 4.2.4)

10%

Repetition of experiment B2
Existence of the two relaxations for CVC transient
behavior is reproducible (section 4.2.4)

50%

Water dispersed only by magnetic stirring in chamber
(without the high speed homogenizer)

CVC is not necessarily linked to the use of high
intensity water dispersion methods only, such as the
homogenizer and sonication (section 4.2.7)

30%

Water dispersed using homogenizer (3 minutes)
Effect of volume fraction increase on CVC is studied
(section 4.2.10)

2%

Water dispersed using homogenizer (3 minutes)
The CVC effect cannot be detected for water
concentration below 10%, approx. (section 4.2.10)

20%

Water dispersed using homogenizer (3 minutes)
Effect of volume fraction increase on CVC is studied
(section 4.2.10)

Note:

* This bullet identify information regarding the emulsion preparation
v This bullet identify relevant results from the experiment, in regard to the study of
the electroacoustic phenomenon of emulsions (section 4.2)

Table 3.1:  Summary of emulsion experiments.
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Figure 3.2:  Details of the chamber after equipment improvements.
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Figure3.3: DT-1200 with new water-jacketed metallic chamber for temperature

control.
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Rotor Shaft

\ Lower Bearing

Rotor Kanife

Figure 3.6: Homogenizer probe component parts.

(Reference: PowerGen Homogenizer Operating Manual)
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Figure 3.7:  Density log-normal particle size distribution.
(Reference: Dukhin & Goetz, 2002)
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Figure 3.8: Cumulative log-normal particle size distribution.

(Reference: Dukhin & Goetz, 2002)
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Figure 3.9:  Diagram of the electroacoustic probe for measuring CVC.

(Adapted from: Dukhin & Goetz, 2002)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.10: Determination of the percentage of settled water droplets in sedimentation

tests.
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Chapter 4

Results and Discussion

4.1 Material properties

4.1.1 Material property measurements

Table 4.1 summarizes the material properties of diluted bitumen and heavy water
required for droplet size distribution and droplet surface charge density calculations. The

selected bitumen concentration in toluene is 50% wt. (this is justified in the next section).

Additional information regarding these material properties is presented as figures
and appendices. Figure 4.1 shows the results of diluted bitumen density measurements as
a function of bitumen concentration. This information is required for performing water
drops sedimentation tests (section 4.1.2). Thermal expansion of diluted bitumen was
derived from density data (Figure 4.2). Diluted bitumen dynamic viscosity was also
determined as a function of bitumen concentration (Figure 4.3). The intrinsic attenuation
coefficient of diluted bitumen (50% wt.) and heavy water are presented in Figure 4.5.

Additional data related to these measurements is presented in the appendices.

Finally, Figure 4.6 shows electric conductivity measurements for diluted bitumen
(50% wt.). Electric conductivity is not required for the calculation of the droplet size
distribution or droplet surface charge density. However, it is an important variable in the
present study for the investigation of the electroacoustic phenomenon of water-in-diluted

bitumen emulsions (section 4.2).

4.1.2 Selection of bitumen concentration in toluene

Satisfactory circulation of diluted bitumen in the spectrometer chamber was
achieved for a bitumen concentration in toluene of 50% wt. Visual inspection of the
discharge flow of diluted bitumen from the recirculation line into the chamber was an
indicative of satisfactory circulation. At higher bitumen concentrations (60% and 70%

wt.), the circulation was not satisfactory due to the higher viscosity, especially at 70% wt.
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The dynamic viscosity of diluted bitumen at 20° C (Figure 4.3) increases five times when
the bitumen concentration is increased from 50% wt (4.9 mPas) to 70% wt (24.4 mPas).
A bitumen concentration of 50% wt. is still close to the industrial practice in froth
treatment operations (= 60% wt.). For the aforementioned reasons, 50% wt. was the

selected concentration for the preparation of diluted bitumen.

Water sedimentation tests revealed that emulsions prepared with the selected
diluted bitumen (50% wt.) are stable, as free water was never observed after 24 hours
sedimentation. Indeed, free water was not observed at any other bitumen concentration
within the 2.5% - 70% wt. range. The state of the separated water is in the form of a
concentrated water-in-oil emulsion (physically, it resembles a brownish sludge at the

bottom of the conical tubes).

Figure 4.4 presents the results of water sedimentation tests in terms of the
percentage of settled water droplets. Clearly, the dynamic viscosity of diluted bitumen
(Figure 4.3) has an important effect on the percentage of settled water droplets,
particularly at bitumen concentrations within the 50% - 70% wt. range, where the
viscosity increases 5 times. This explains the sharp decrease in the percentage of settled
water droplets above 50% wt. bitumen. It is expected that emulsions prepared with the
selected bitumen concentration of 50% wt would be easily kept dispersed in the chamber
because they do not show fast settling behavior. Fast settling behavior would be a
problem for dispersing water at bitumen concentrations below 20% wt, approximately,

because the percentage of separated water is nearly 100% in this region.

4.2 Electroacoustic phenomenon in water-in-diluted bitumen

emulsions

When the present research was initially started, there was no previous study in the
area of water-in-diluted bitumen emulsions using the electroacoustic technique based on
the CVC effect. Therefore, the study of the surface charge density of water-in-diluted
bitumen emulsions required, in the first place, the investigation of the electroacoustic
phenomenon for this particular system, in order to answer the following fundamental

questions:

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



= Can the electroacoustic phenomenon based on the Colloid Vibration Current

(CVC) be measured for water-in-diluted bitumen emulsions?

= [f it is measurable, does the electroacoustic phenomenon exhibit the general

characteristics expected from theoretical considerations?

Answering these two questions is essential to determine if the measured
electroacoustic signal is reliable for further analysis using Shilov and coworkers theory
for strongly overlapped double layers. This section discusses the experimental work

carried out to accomplish this task.

For conciseness, the following discussion will refer to the disperse phase as

“water”, with the understanding that emulsion experiments were performed using heavy

~

water as mentioned before in chapter 3. The rationale for using heavy water was

explained in section 3.5.3.

4.2.1 Design of experiments

From the discussion presented in the literature review, it can be said that the
Colloid Vibration Current signal (hereafter referred to as the CVC signal) of water-in-
diluted bitumen emulsions depends on the following five factors:

* Density difference between water and diluted bitumen

* Concentration of the dispersed phase (water)

s Water droplet size distribution

= Nature and concentration of charge carriers in diluted bitumen

= Electro-surface properties of water droplets (surface charge density)

The first two factors (density difference between the phases and water
concentration) were under control in all experiments. The next two factors were measured
simultaneously to the CVC signal: water droplet size distribution was determined by

Acoustic Spectroscopy, and the conductivity of the emulsion was measured as an

indication of the concentration of charge carriers in the medium. Finally, the surface
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charge density is the target of the study, and it cannot be measured independently but
calculated from the CVC signal using Shilov’s electroacoustic theory. This is the subject

of section 4.3.

4.2.2 CVCsignal of emulsions: magnitude and transient behavior

As will be shown throughout section 4.2, the CVC electroacoustic effect is indeed
measurable for water-in-diluted bitumen emulsions, provided that the water concentration
is sufficiently high. However, as a general observation, the CVC effect always exhibits
time dependence behavior, and the magnitude of the CVC effect strongly depends on the
method of preparation of the emulsion; more specifically, on the intensity of water

dispersion in diluted bitumen.

Figure 4.7 illustrates this point where two 10% wt. water-in-diluted bitumen
emulsions were prepared following different methods for water dispersion. Emulsion “A”
was prepared dispersing water first with the high speed homogenizer for 3 minutes,
followed by 90 minutes sonication. Emulsion “B1” was prepared dispersing water only
with the high speed homogenizer for 3 minutes. Measurements were started 2 minutes
after water dispersion in both cases, and the CVC signal magnitude is shown in Figure
4.7 for the next 24 hours. The CVC signal magnitude for diluted bitumen with no added
water corresponds to the noise level of the CVC signal expected for any emulsion, and it

is also shown in Figure 4.7 measured in a similar time span.

From this experiment, it is evident that the CVC signal depends on the method of
water dispersion, which was much more intense for emulsion “A” as the sample was
sonicated for a long period of time. Correspondingly, emulsion “A” showed a higher
CVC signal magnitude compared to emulsion “B1”. On the other hand, independently
from the method of preparation, the CVC signal magnitude decreases with time. The
initial peak value certainly depends on the method of preparation, but then the CVC

signal rapidly decreases, and after one day it is relatively close to the noise level.

One important question is whether or not the CVC signal eventually reaches the
noise level. To answer this, it would be necessary to measure the CVC effect for a longer
period of time (in the order of days). This is actually the case for emulsion “B1” where
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the CVC signal was measured for four days as shown in Figure 4.8. For all practical
purposes, the CVC signal of the emulsion does reach the noise level after 3 days,

approximately.

These observations suggest that the CVC electroacoustic effect is measurable for
water-in-diluted bitumen emulsions, but it is still necessary to demonstrate that the
measured signal is clearly associated to the creation of the emulsion and not to a different
phenomenon. For example, it is reasonable to think that emulsions “A” and “B1” had
very different states of water dispersion because of the radically different methods
followed for the emulsion preparation. The CVC signal depends (among other factors) on
the droplet size, and the difference in the signal magnitude for these two emulsions might
well reflect their different states of dispersion. Moreover, the transient behavior of the
CVC signal could reflect the change of droplet size and electro-surface properties with

time.

However, it is also possible to think that the measured CVC signal is not closely
related, or even not related at all to the creation of the emulsion. For water-in-diluted
bitumen emulsions, the following issues are of concern when analyzing the

electroacoustic effect:

= A decreasing CVC signal (which eventually reaches the noise level) could be
associated to an ongoing equilibration process in the system (such as phase
equilibrium of bituminous components between the water and oil phases), and not

to the creation of the emulsion itself.

» Even if the CVC signal is associated to the creation of the emulsion, the observed
transient behavior might be a consequence of improper agitation in the chamber
that would lead to water droplets sedimentation. This in turn would cause the
CVC signal to decrease with time because it is proportional to the water

concentration (Equation 2.9).

= Solids present in the diluted bitumen might be responsible for the electroacoustic

signal by their own.
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* The possibility that the CVC signal is a consequence of the action of the high
speed homogenizer or sonication on the sample and not to the creation of the
emulsion by itself. This include the possibility of a CVC effect due to entrapped
air bubbles after dispersion, or the electrical charging of water droplets or air

microbubbles due to the high shear rate.

4.2.3 Equilibrium versus relaxation process

The most fundamental issue to be resolved is whether or not the observed CVC
signal is associated to an ongoing equilibration process in the system. The state of water
dispersion in water-in-diluted bitumen emulsions is driven by processes such as
flocculation or coalescence, which in turn depend (among other factors) on the rate of
water droplet collision, and on the magnitude and extent of repulsive forces between
droplets (steric and electric). Therefore, the state of water dispersion is driven by the
kinetics of droplet motion, which depends on external forces such as, for example,
gravity, viscous drag of liquid motion induced by stirring, or pressure waves induced by
sonication (Morrison & Ross, 2002). In this regard, water-in-diluted bitumen emulsions
are different to microemulsions which are thermodynamically stable and show the typical

phase-equilibrium behavior.

If the observed CVC electrocaoustic effect is indeed related to the creation of the
emulsion, it is expected that it will also show the same dynamic behavior of the emulsion
and not an equilibrium behavior where the CVC signal cannot be recovered after a certain
period of time. Any change in the state of water dispersion has to influence the measured
CVC signal. In other words, a clear relationship must exist between the measured CVC
effect and the state of water dispersion. For example, should the droplet size distribution
change in time after water dispersion, it might be expected that the CVC effect also
changes with the same time scale. On the other hand, if the emulsion is redispersed by
applying the high speed homogenizer again, then a corresponding qualitative change in

the CVC signal might also be expected.

Such observations would firmly support the fact that the measured CVC signal is

related to the creation of the emulsion and not to a different phenomenon. Most
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importantly, because the CVC effect is primarily related to the electro-surface properties
of the dispersed phase, then by extension the observed CVC effect for the emulsion
would indicate that the water droplets are indeed charged, and that this charge might be

calculated by means of a suitable electroacoustic theory.

This issue was investigated by studying the CVC signal and the droplet size
distribution simultaneously for two 10% wt. emulsions (emulsions “B1” and “B2”). The
emulsion conductivity was also investigated; it could also depend on the droplet size
distribution if surface conductivity effects are important (Morrison & Ross, 2002).
Emulsion “B1” was described before: water was dispersed with the high speed
homogenizer for 3 minutes and then studied for 4 days. Emulsion “B2” was prepared in
the same way, but the high speed homogenizer was applied again three times, every 24
hours. Measurements of CVC, droplet size distribution and conductivity were started 2
minutes after the initial water dispersion in both experiments. Figures 4.9 and 4.10 show

the results.

As expected, the droplet size distribution changed with time for both emulsions.
However, the most important observation is that the CVC signal and the emulsion
conductivity also changed with the same time scale as the droplet size did. Evidently, a
connection can be established between the CVC signal and emulsion conductivity with
the state of water dispersion as given by the droplet size distribution. The higher the
droplet size, the lower the CVC signal and the higher the emulsion conductivity. The
second important observation is that the reiterative application of the high speed
homogenizer in emulsion “B2” always brings the system back to the same state of
dispersion, with an associated partial recovery of the CVC signal. A similar effect is

observed for the emulsion conductivity.

In reference to emulsion “B1” (Figure 4.9), the steady increase in the droplet mean
size indicates that water droplets start to coalesce or flocculate immediately after the
application of the high speed homogenizer. This behavior is, however, dynamic and after
two days the mean droplet size levels off. One interpretation could be that the rate of
aggregation or coalescence of water droplets is equal to the rate of destruction of the
aggregates or droplet breakup. Both effects are associated to the fact that the emulsion is

under permanent agitation in the chamber to prevent settling, and eventually a dynamic
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equilibrium is established between aggregation and/or coalescence due to droplet
collision, and droplet breakup and/or aggregate disjoin due to shearing. The reiterative
application of the high speed homogenizer causes an abrupt change in the state of water
dispersion, but the system always relaxes again towards this condition of dynamic
equilibrium.

These facts firmly support the concept that the CVC effect is associated to the
presence of the emulsion. The transient behavior of the CVC signal is driven by kinetic
factors; it does not correspond to an equilibration process in the thermodynamic sense.
From now, the transient behavior of the CVC effect will be referred to as relaxation, to

emphasize the dependence of this phenomenon on kinetic factors of the system.

4.2.4 Superposition of relaxations

As was discussed in the previous section, the transient behavior or relaxation of
the CVC signal and emulsion conductivity are strongly influenced by the droplet size
distribution. This is clearly observed for emulsion “B1” where the homogenizer is applied
only once (Figure 4.9). However, when the homogenizer is applied consecutive times as
for emulsion “B2”, the transient behavior of the CVC effect and emulsion conductivity
cannot be explained only in terms of the droplet size evolution in time. Indeed, a

superposition of two types of relaxations can be distinguished:
»  1* relaxation (or relaxation in the droplet size)
= 2" relaxation (or super-imposed relaxation due to yet unknown factor)

The existence of a super-imposed relaxation is evident from the partial recovery
of the CVC signal and emulsion conductivity after water redispersion, and it is shown in
Figure 4.10 by a segment line. Certainly, this super-imposed relaxation cannot be
explained in terms of the droplet size. The 1* relaxation contemplates that the effect of an
increase in the droplet size is to decrease the CVC signal and increase the emulsion
conductivity. However, when the super-imposed relaxation is analyzed by comparing the
first measurement just after every water redispersion, the opposite effect is observed as

shown in Table 4.2.
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The observation of a super-imposed relaxation in the CVC signal and emulsion
conductivity is a remarkable result of the present study. The fact that the emulsion
conductivity changes with droplet size may well reflect changes occurring at the water-oil
interface. As mentioned by (Morrison & Ross, 2002), the emulsion conductivity can
change with the droplet size when surface conductivity effects are important. On the other
hand, the CVC effect is related to the electro-surface properties of the emulsion besides
its droplet size distribution. Therefore, the super-imposed relaxation of CVC might also

be related to the same phenomenon at the water-oil interface.

The segment lines in Figure 4.10 suggest that the super-imposed relaxation
corresponds to a phenomenon that continues for several hours before it apparently
stabilizes. Following the hypothesis that this behavior reflects changes at the water-oil
interface, it can be attributed to the slow adsorption/desorption kinetics of bituminous
components at the water-oil interface. There are strong backgrounds to support this
hypothesis. As discussed in the literature review, work performed by Sheu and coworkers
confirmed the time dependence characteristics of the adsorbed layer and revealed its
relationship with the slow kinetic of adsorption of asphaltenes at the water-oil interface
(section 2.1.4). Work performed by do Carmo Marques and coworkers showed that
asphaltenes adsorbed at the water-oil interface contribute to the surface charge of water
droplets (section 2.5.2). On the basis of these facts, it is reasonable to postulate that the
super-imposed relaxation of the CVC effect and emulsion conductivity is connected to

the interfacial adsorption process.

The implications of this observation will be analyzed in section 4.3 when
discussing the surface charge density of the emulsified water. However, it is still
important to confirm if such a fact is indeed reproducible. For this reason, a new
experiment similar to emulsion “B2” was conducted again, and the results are shown in
Figure 4.11. This new emulsion (emulsion “B3”) was again prepared dispersing 10% wt.
water, following the same standard procedure (water was dispersed with the high speed
homogenizer for three minutes, and measurements were started 2 minutes after water

dispersion).

Qualitatively, the results are the same as a super-imposed relaxation was again

observed. It is indicated with segment lines in Figure 4.11. In this case, emulsion “B3”
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showed a higher increase in conductivity as compared to emulsion “B2”. On the other
hand, the droplet size distribution behaviors of both emulsions were identical for all
practical purposes. The important fact is that the observation of a super-imposed

relaxation is reproducible.

4.2.5 CVC ssignal and the effect of water distribution in the chamber

So far, we have discussed the facts that link the observed CVC effect with the
creation of the emulsion. In order to answer the question regarding whether or not the
CVC effect can be measured for water-in-diluted bitumen emulsions, it is still necessary

to rule out the possibility that the observed CVC signal is related to other factors

of sections 4.2.5 to 4.2.7. In the present section, the effect of water distribution in the

chamber is examined.

One possible alternative explanation for the decreasing CVC signal behavior is
the possibility of water droplets sedimentation in the chamber due to insufficient agitation
velocity. In this case, it is assumed that the CVC effect is due to the emulsion creation,
but a decreasing CVC signal would result from a decreasing effective water concentration
at the electroacoustic probe zone. The CVC signal is expected to be proportional to the
water concentration, for a fixed surface charge and droplet size (Equation 2.9). To rule
out this possibility, the water content was measured at three different positions in the
chamber (top, medium and bottom) in order to confirm that the agitation speed with the
magnetic stirrer was strong enough to maintain the water well dispersed. Table 4.3
summarizes the water content analysis for the three 10% wt. emulsions previously
discussed (emulsions “B1”, “B2”, and “B3”, corresponding to Figures 4.9, 4.10 and 4.11,

respectively).

Water was well dispersed in emulsion “B1” (where the homogenizer was applied
only once) 3 days after its initial dispersion; by this time the CVC signal has already
dropped to the noise level (Figure 4.9). Similarly, water was well dispersed at all times
for emulsions “B2” and “B3”. These observations reveal that the decreasing CVC signal

cannot be attributed to water droplets sedimentation in the chamber.
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As a side comment, it is important to observe that the measured water content
does not match exactly 10% wt., which is known by mass balance when preparing the
emulsion. For example, the standard deviation of the nine measurements performed on
emulsion “B2” is 0.37. This fact reflects the inherent difficulties associated to sampling
emulsions for Karl Fisher analysis. The total volume of the emulsion in the chamber is
125 ml, approximately. The average volume of emulsion sample taken for every Karl
Fisher analysis is 0.032 ml, which represents a 0.025 % of the emulsion volume.
Deviations in the water content from the mass balance value occur locally in the
emulsion, because it is a heterogeneous system. Such deviations can be detected when the
sample volume for analysis is very small compared to the system volume. This is the

most likely explanation for the variation in the data in Table 4.3.

4.2.6 CVC signal and the effect of solids in bitumen

Fine solids present in the bitumen play an important role in the stability of water-
in-diluted bitumen emulsions as demonstrated by Yan and coworkers (section 2.1.2).
Besides asphaltenes and natural surfactants, fine solids reside at the water-oil interface
forming the stabilizing film. Therefore, it is expected that they might contribute to the
CVC signal should they play a role in determining the surface charge of water droplets.
On the other hand, the coarse fraction of solids in the diluted bitumen plays a minor role
in the emulsion stability. As the present study is concerned with the surface charge of the
real emulsion system found in industrial practice, solids were not removed from diluted

bitumen in our experiments.

However, a different question is whether or not these solids might be responsible
by their own on the observed CVC signal for the emulsion. As discussed in the paper
(Chen et al., 1999), toluene can remove natural surfactants adsorbed on fine solids,
making them more hydrophilic. This “washing” effect could be strengthened by the
vigorous agitation achieved with the high speed homogenizer or even sonication.
Therefore, it is reasonable to think about the possibility of measuring a CVC effect
arising from the electro-surface properties of solids dispersed in diluted bitumen by

themselves.
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To rule out this possibility, the high speed homogenizer was applied to diluted
bitumen only (with no added water) to note if a CVC signal can be observed above the
noise level. The results are shown in Figure 4.12, where the homogenizer was applied
three times following the standard procedure of 3 minutes dispersion + 2 minutes delay to

start CVC measurements.

First, it is necessary to quantitatively define the noise level for CVC. Appendix 6
shows 72 measurements of CVC for diluted bitumen. The average value is 3633. The
standard deviation is 544. If the spread of the distribution of CVC measurements is taken
as three times the standard deviation (which would include the 95% of a normal
distribution), then the noise level of CVC is about 5,000. Therefore, for the purposes of
the present work, any CVC signal below 5000 is considered to be within the noise level
range.

It can be seen in Figure 4.12 that the CVC signal remains within the noise level
even one hour after every application of the homogenizer. For a 10% wt. emulsion, the
CVC signal is above the noise level immediately after the application of the homogenizer.
Therefore, it is concluded that the CVC signal observed for the emulsion cannot be
attributed to the solids by themselves, but in overall to the emulsion creation which,
clearly, involves not only the solids but also the other species present in diluted bitumen
interacting with the water droplets. This test has other implications which are analyzed in

the next section.

4.2.7 CVC signal and the effect of the high speed homogenizer

Another possible explanation to the observed CVC effect of the emulsion is the
introduction of air bubbles after sample dispersion with the homogenizer. As discussed in
the paper (Goetz et al., 1992), same as water droplets, entrapped air microbubbles can
acquire surface charge by the adsorption of natural surfactants present in the bitumen at
the air-oil interface. The electroacoustic phenomenon associated to the air bubbles could
be larger than the one associated to the water droplets because of the larger density

contrast existing between air and diluted bitumen.
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The introduction of air bubbles does occur when a sample is being dispersed with
the high speed homogenizer. The design of the homogenizer, however, minimizes this
effect as the rotor shaft spins inside a static tube (stator), and the rotating knife can be
positioned at the medium portion of the chamber, deep inside the sample liquid (see
Figures 3.5 and 3.6). This prevents the formation of a curved liquid surface at the top of
the chamber which would otherwise facilitate the introduction of air. As part of the
standard procedure, an attempt was made to dislodge any air bubbles in the chamber by
stopping the magnetic stirrer for 5 seconds after the sample has been already dispersed.
This is done twice within the 2 minutes delay for CVC measurements after dispersion

with the homogenizer.

The facts discussed in section 4.2.6 (Figure 4.12) allow us to rule out the
possibility that the observed CVC effect for the emulsion might be associated to the
presence of air microbubbles in the system. The high speed homogenizer was applied to
diluted bitumen in the same way that it is applied to the emulsion, and no CVC signal
could be detected above the noise level. Indeed, the third time the homogenizer was
applied to diluted bitumen in Figure 4.12, the magnetic stirrer was not stopped as an

attempt for dislodging air bubbles, and still no CVC effect could be detected.

There is another factor that needs to be ruled out regarding the effect of the high
speed homogenizer, and it is the possibility of electrical charging of water droplets due to
the intense shear exerted by the homogenizer. This would mean that the observed CVC
effect certainly arises from the fact that water droplets are charged, but such fact would
not be related to the creation of the emulsion by itself but to the intense friction between
the rotating knife and the liquid sample. The best way to resolve this issue is to
investigate if any CVC effect can be detected for a water-in-diluted bitumen emulsion
prepared without using the homogenizer. This is actually the case as it was

experimentally verified for higher water content emulsions.

Figure 4.13 shows the observed CVC effect when adding water up to 30% wt. to
diluted bitumen (emulsion “Cl”) under maximum magnetic stirring speed in the
chamber. The high speed homogenizer was not used to disperse water. The CVC signal
was studied for 3 days. During the first 8 hours the signal quickly increased from the

noise level up to a peak value in the order of 50,000 (which reflects the dispersion of
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water in diluted bitumen). Then, the signal started to slowly decrease. Water was well
dispersed in the chamber as can be concluded from water content analysis done at the

third day (Table 4.4).

It was pointed out at the beginning of this chapter that the observed CVC effect
strongly depends on the method of water dispersion in the diluted bitumen: the higher the
intensity of water dispersion, the higher the initial CVC signal. This was shown in Figure
4.7 when two powerful dispersing techniques were used (homogenizer and sonication).
The possibility of electrical charging cannot be disregarded, but the experimental
evidence suggests that the observance of the CVC effect for the emulsion is not
necessarily linked to the use of the high speed homogenizer. This experimental evidence
supports further the thesis that the observed CVC effect is related to the creation of the
emulsion. The role of the homogenizer is to effectively disperse water in diluted bitumen
and to reduce the droplet size, and this would be reflected in the CVC signal as it not only

depends on the surface charge but also on the state of water dispersion.

4.2.8 Theoretical considerations

So far, it has been discussed the experimental facts that demonstrate that the CVC
effect is measurable for water-in-diluted bitumen emulsions. The approach has been
purely experimental in order to reveal the intimate relationship between the
electroacoustic signal and the state of dispersion of the emulsion. The relaxation of the
CVC signal has been explained on the basis of the kinetic factors that govern the

emulsion behavior, in terms of its droplet size distribution and electro-surface properties.

Prior to the calculation of the surface charge density, it is still necessary to discuss
how these experimental findings adapt to the theory of electroacoustics as formulated by
Shilov and coworkers. This would further support the fact that the observed CVC effect is
not only related to the creation of the emulsion, but it is also reliable for analysis using
Shilov’s theory. There are only two aspects that are accessible for verification as

discussed below:
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1) Inertia effects: Shilov’s theory predicts that the CVC signal would depend on
the droplet size if the frequency of the driving acoustic field is higher than the
characteristic hydrodynamic frequency (Equation 2.13).

ii) Volume fraction of the dispersed phase: Shilov’s theory predicts that the

CVC signal is approximately proportional to the volume fraction of the
dispersed phase (Equation 2.9 and 2.20), considering the same state of water

dispersion.

These two issues are discussed in sections 4.2.9 and 4.2.10.

4.2.9 CVC and inertia effects

It has been discussed already the experimental observations that relate the CVC
signal to the droplet size of the emulsion. It will be shown that such droplet size
dependence is in accordance with theoretical considerations. In the following discussion,
the measurements with emulsion “B1” will be considered, where the high speed

homogenizer was applied only once to disperse a 10% wt. emulsion (Figure 4.9).

The frequency of the driving acoustic field for CVC measurements is 3 MHz. On
the other hand, the hydrodynamic characteristic frequency of the system (wg4) depends on
the droplet size (Equation 2.13). For wy¢ = 3 MHz, the corresponding droplet diameter is
2.7 microns. This is the critical diameter above which inertia effects are important to the
CVC effect, as the frequency of the acoustic field (3 MHz) would be higher than wpy. The
droplet size distribution measurement confirms that the droplet diameter was above this
critical value. The droplet mean diameter after dispersion was 7.8 um (Figure 4.9).
Considering a standard deviation of 0.25, it can be said that the majority of water droplets
were in the size range between 2 and 30 um in diameter (the sizes at 15.87% and 84.13%
in the cumulative size distribution curve, respectively). Two days after water dispersion,
the droplet mean size leveled off at 16 um, approximately, and the majority of the water
droplets were between 4 and 60 um. Therefore, inertia effects are important and droplet

size dependence is to be expected for the CVC effect.

The experimental results presented in Figure 4.9 are in agreement with this

theoretical prediction. In fact, the CVC signal magnitude shows an apparent strong
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dependence on the droplet size. Actually, this is the case for the other emulsion
experiments discussed so far. Definitely, the inertia effect is very important in water-in-
diluted bitumen emulsion systems, because any increase in the droplet size contributes to
the reduction of the observed CVC signal magnitude. Therefore, a direct correlation
between the CVC signal magnitude and the droplet surface charge density is not
expected. The target of Shilov’s theory is to screen the effect of droplet inertia from the

measured CVC signal in order to calculate the droplet surface charge density. This is the

subject of section 4.3.

There is another important observation, this time regarding the CVC signal phase.
As discussed in the literature review (section 2.4.6), when inertia effects are important,
any increase in the droplet size makes the droplets less susceptible to move in sympathy
with the driving acoustic field. The end result is that inertia effects reduce the magnitude
of the dynamic electrophoretic mobility (ug) and increase the phase lag. The same effects

occur in the CVC signal (Equation 2.9) as it directly relates to pq.

Shilov’s theory predicts that the phase lag is between 0° and 90° for positively
charged droplets (Dukhin & Goetz, 2004A). Although not explicitly mentioned in
reference (Dukhin & Goetz, 2004A), the phase lag should vary between 180° and 270°
for negatively charged droplets (this comes from the fact that positively and negatively
charged droplets generate currents in opposite directions). However, the experimental
results are not in accordance with this prediction. Figure 4.14 shows the measured CVC
signal phase for emulsion “B1”. The CVC signal phase oscillates around — 20°
(equivalent to 340° in the 0° —~ 360° range). As the droplet size increases, the amplitude of
this oscillation also increases. On the other hand, it is curious that the magnitude of the

CVC signal phase does keep within the 0° to 90° degrees (Figure 4.15).

Unfortunately, this discrepancy between theory and experiments prevents us to
rely on measurements of the CVC signal phase in order to determine the sign of electric

charge of droplets. One possible explanation for this fact is discussed in section 4.3.

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.10 Volume fraction dependence of CVC

Shilov electroacoustic theory predicts that the magnitude of the CVC effect is
approximately proportional to the volume fraction of the dispersed phase, considering the
same state of water dispersion (droplet size distribution) and electro-surface properties.
Experimentally, this is very difficult to confirm as neither the droplet size nor the surface

charge density are under control in our experiments.

There is an additional difficulty for investigating the volume fraction dependence
of CVC. Shilov’s theory assumes that the double layers overlap strongly (Equation 2.19).
It has been explained earlier that the condition of strongly overlapped double layers is
generally valid for dispersions in low conductivity media (section 2.2.3). However, if the
condition of double layer overlap is determined by the interparticle distance (xd<<1), it is
also true that the lower the volume fraction of the dispersed phase, the lower the degree of
double layer overlap. Therefore, the analysis with Shilov’s theory might be restricted to a

minimum volume fraction when the condition kd<<] applies.

The calculation of the minimum volume fraction expected from theory for
strongly overlap of double layers (Equation 2.19) requires the knowledge of the Debye
length. In principle, the Debye length can be calculated if the electrolyte concentration
and nature of ionic species in the liquid media are known (Equation 2.1), or it can be
estimated from conductivity measurements and knowledge of the diffusion coefficient of
the charge carriers (Equation 2.2). However, the nature and concentration of the charge
carriers in diluted bitumen is not completely understood yet. Unfortunately, there is no
reliable information for estimating the Debye length in bitumen systems, and hence for
the calculation of the minimum theoretical volume fraction for strongly double layer

overlap.

In spite of these limitations, the present study investigated the volume fraction
dependence of CVC of water-in-diluted bitumen emulsions in the concentration range of
2% to 30% by weight (1.7% to 26.4% by volume). Water was always dispersed with the
high speed homogenizer following the standardized procedure (3 minutes homogenizer +
2 minutes delay for starting CVC measurements). The results are presented in Figure

4.16. It is interesting to note that although the transient behavior of the CVC effect, there
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is a direct correlation between the CVC magnitude and the water content as expected
from theoretical considerations. The higher the water content is, the higher is the
magnitude of the CVC effect, considering that all the emulsions were subjected to the

same standardized water dispersion procedure.

Special attention is directed to the study of the electroacoustic phenomenon for
the 2% wt. emulsion (emulsion “D”). As can be seen in Figure 4.16, a CVC signal above
the noise level (5,000) could not be detected after water dispersion with the high speed
homogenizer. In view of this fact, the homogenizer was applied for a second time 24
hours after the initial dispersion, but again the observed CVC signal kept within its noise
level. The details are shown in Figure 4.17. In order to best interpret these observations,
the water content was increased further from 2% wt. to 10% wt. It was expected that the
redispersion of this new emulsion would result in a CVC signal above its noise level,
based on previous observations (emulsions “B17”, “B2” and “B3™). This was actually the
case, as can be seen in Figure 4.18. The CVC signal showed the same general
characteristics previously observed for 10% wt emulsions: it was transient and it started

from a similar initial peak value (in the order of 30,000).

The CVC signal for emulsion “D” (2% wt. water) should be below the limit of
detection of the electroaocustic probe. Therefore, future research in the area of water-in-
diluted bitumen emulsions based on the CVC effect should be conducted at a

concentration of at least 10% wt. water.

Finally, Figure 4.16 demonstrates that the electroacoustic phenomenon exhibits
the same transient behavior observed for 10% wt. emulsions at higher water
concentrations. For example, Figure 4.19 details the behavior of the 20% wt. emulsion
(emulsion “E”). This emulsion was studied for three days after water dispersion with the
high speed homogenizer following the standardized procedure. Same as previously
observed for 10% wt. emulsions (Figure 4.9), the CVC signal decreased while the droplet
size and emulsion conductivity increased. These observations reveal once again the
intimate relationship between the electroacoustic signal and emulsion conductivity with
the state of water dispersion. The characteristic times for CVC and emulsion conductivity

are similar. In this case, the calculated droplet size distribution does not suggest that a
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state of dynamic equilibrium has been reached as the droplet size keeps increasing on the

third day.

4.3  Surface charge density of water droplets

At this point, it is important to summarize the findings discussed in section 4.2 as

follow:

®=  The electroacoustic phenomenon based on the Colloid Vibration Current (CVC)

can be measured for water-in-diluted bitumen emulsions.

= Inertia effects are important, and the CVC signal strongly depends on the droplet
size (relaxation in the droplet size). This fact has been demonstrated both,

experimentally and theoretically.

= From theory, it is known that the CVC signal also depends on the electro-surface
properties of the water droplets. Experimentally, a super-imposed relaxation with
a characteristic time of several hours was identified. It was postulated that such
super-imposed relaxation might be related to the adsorption/desorption process of
bituminous components at the water-oil interface, which in turn govern the

electro-surface properties at the interface.

Shilov’s theory allows screening the inertia effect on the CVC signal and then
calculating the surface charge density of the water droplets. This is done for the three

relevant emulsion experiments discussed in section 4.2 as described below:

*  Emulsion “B1”: 10% wt. emulsion experiment which revealed the relaxation in

the droplet size (Figure 4.9)

*  Emulsion “B2”: 10% wt. emulsion experiment which revealed the superposed

relaxation (Figure 4.10)

=  Emulsion “E™: 20% wt. emulsion which revealed the effect of increasing the water

concentration (Figure 4.19)
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The calculation of the droplet surface charge density for these three emulsion
experiments are shown in Figure 4.20. Same as the CVC signal magnitude, the calculated
droplet surface charge density shows a transient behavior after water dispersion: it
decreases while the droplet size and emulsion conductivity increases with time. These
results suggest that inertia effects are not solely responsible for the decrease in the
magnitude of the electroacoustic signal of the emulsion. There is an additional

contribution due to the decrease in the surface charge density of the water droplets with

time.

Figure 4.21 helps to discuss further this last point, where the ratio of the dynamic
electrophoretic mobility to surface charge density (iL4/c) is plotted as a function of droplet
diameter, as given by Shilov’s theory (Equation 2.20). The plot covers sizes above the
critical droplet diameter of 2.7 um where inertia effects are important (this was discussed
in section 4.2.9). Considering for example the emulsion experiment “B1”, the CVC signal
magnitude decreases from an initial peak value of 28,000 to a noise level of 5,000 in a
time span of 3 days (Figure 4.9). This means that CVC decreases 5.6 times from its initial
peak value. However, the reduction on CVC due only to inertia is 1.6 times, as can be
concluded from Figure 4.21. Clearly, according to Shilov’s theory, the additional

reduction in CVC is attributed to a decrease in the surface charge density.

The theoretical reduction due to inertia is calculated from Figure 4.21 by dividing
the p¢/c ratios read at the initial and final droplet mean sizes for emulsion “B1” (8 um
just after water dispersion and 16 um when the droplet size leveled off after 3 days). To
analyze the effect of inertia expected from theory, ¢ is assumed constant and it cancels
out in the division. This gives a reduction ratio of 1.6 for the CVC signal. However, it is
important to mention here that the effect of inertia might be in reality more pronounced
(i.e., a reduction ratio higher than 1.6). This follows from the fact that Shilov’s theory for
strongly overlapped double layers has been formulated for monodisperse systems only.
The real emulsion is polydisperse in size, with a significant fraction of water droplets
with sizes close to the critical diameter as discussed in section 4.2.9. Probably, this fact is
also associated with the discrepancy found between theory and experiments for the CVC

signal phase.
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Regardless of this limitation of Shilov’s theory, the conclusion of a decreasing
surface charge density for freshly dispersed emulsions or redispersed emulsions is
conclusive. Experimentally, it has been identified a super-imposed relaxation behavior for
the decreasing CVC related to the electro-surface properties of the emulsion. Shilov’s
theory which is the most suitable theory available at present for water-in-oil emulsions,
predicts that the observed CVC cannot only decrease because of inertia effects. The
reminder of the present discussion is devoted to a possible explanation for the droplet
surface charge density behavior, which follows from the hypothesis based on the slow
adsorption/desorption kinetics of bituminous components at the water-oil interface

previously mentioned.

Recalling the work of Sheu and coworkers (Sheu et al., 1995), they studied the
micellization kinetics of asphaltenes, and the adsorption-desorption kinetics of
asphaltenes at water-toluene interfaces. They demonstrated that the micellization kinetics
of asphaltenes is in the order of hours, which is much slower than those of surfactants (in
the order of seconds or even milliseconds). The same applies to the kinetics of asphaltene
adsorption at water-toluene interfaces as discussed in section 2.1.4. Sheu has stressed that
the wide molecular weight distribution and structural distribution of asphaltenes
differentiate them from surfactant molecules (which are far less polydisperse in structure),
and this fact can explain the slow kinetics of micellization and adsorption of asphaltenes

(Sheu, 1996).

From all bituminous components that eventually adsorb at the water-oil interface,
it is expected that low molar mass components would be the first to be adsorbed as they
diffuse faster to the interface. This includes natural surfactants present in bitumen such as
carboxylic salts (sodium naphthenates). However, in a time scale of hours, asphaltenes
also tend to adsorb at the interface, giving rise to a competitive adsorption process. This
is in agreement with the experimental observations of Wu discussed in section 2.1.4 (Wu,
2003). He demonstrated that the interfacial film is composed of a mixture of asphaltenes
and carboxylic salts for solvent to bitumen ratios below critical, where emulsions show

high stability.

This competitive adsorption process can be visualized as an adsorption-desorption

process where low molar mass components are desorbed and high molar mass
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components are adsorbed, which would result in a stabilizing film composed by a mixture
of surfactants and asphaltenes. This tendency can also be explained based on the
discussion presented in section 2.1.2. Asphaltenes are good emulsion stabilizers and they
would tend to gather at the water-oil interface, which in turn could lead to desorption of

poor emulsion stabilizers as natural surfactants.

These facts suggest one possible explanation for the behavior of the droplet
surface charge density of freshly dispersed emulsions. The decrease of the surface charge
density might be a manifestation of the ongoing adsorption-desorption process of
bituminous components at the water-oil interface as described before. The peak value of
the surface charge density might reflect the initial adsorption of natural surfactants at the
interface. In a time scale of hours, the competitive adsorption of asphaltenes and natural
surfactants might be responsible for the decrease in the droplet surface charge density

with time.

When the emulsion is redispersed with the high speed homogenizer, the creation
of new interfacial area associated to the reduction in the droplet size would give the
opportunity for natural surfactants to be readsorbed, and this could be the explanation of
why the surface charge density increases just after water redispersion. However, the
recovery of the surface charge density is partial because it is not a freshly dispersed
emulsion. It is reasonable to think that the interfacial film that has been created already
can resist water redispersion to some extent. The competitive adsorption process
following redispersion would not start from the same state as for a freshly dispersed

emulsion.

It is important to stress here that this is just one possible explanation for the
experimental observations regarding the surface charge density, but not the only possible
one. It has been proposed because it is based on key experimental observations well
documented in the literature as to the slow kinetics of adsorption of asphaltenes onto
water-oil interfaces, and the fact that asphaltenes also play a role in determining the
electric charge associated to water-oil interfaces as discussed in section 2.5.2, regarding

the work of do Carmo Marques and coworkers (do Carmo Marques et al., 1997).
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There is, however, one additional reason for postulating the hypothesis of
competitive adsorption as a possible explanation for the behavior of the droplet surface
charge density. In fact, it could also give an explanation as to why the conductivity of the
emulsion increases with time for freshly dispersed or redispersed emulsions. The
competitive adsorption process of asphaltenes and natural surfactants result in an
“exchange” of low and high molar mass components between the water-oil interface and
the bulk of the oil phase. Considering that both, low and high molar mass components are
the charge carriers in the oil phase (or alternatively, they can stabilize charge in the oil

phase), then this “exchange process” can explain the trend in the emulsion conductivity.

It is reasonable to think that low molar mass components (natural surfactants)
should be the charge carriers with the highest equivalent conductance in the oil phase. In
contrast, high molar mass charge carriers (asphaltenes) should have the lowest. The
competitive adsorption process would result in a release of components with high
equivalent conductance to the oil phase, and the withdrawal of components with low
equivalent conductance from the oil phase in order to be adsorbed onto the interface. The
overall effect would be an increase in the emulsion conductivity. In this analysis, it has
been assumed that the emulsion conductivity is primarily determined from the
conductivity of the oil phase. This is actually the case as the conductivity of the emulsion

is of the same order of magnitude as the conductivity of diluted bitumen.

To finalize this section, it is important to recall the experimental work discussed
in section 2.5.3, where the droplet surface charge density of water-in-kerosene emulsions
with SPAN 80 surfactant was investigated using the same electrcoacoustic technique
(Dukhin & Goetz, 2004B). Similarly to the present study, Dukhin and Goetz also
observed that the surface charge density decreases as the droplet size and emulsion
conductivity increase in their emulsion system (Figure 2.24). However, their explanation

to these experimental facts is different.

As discussed in section 2.5.3, they propose that ions diffuse from the interior of
the water droplets to the kerosene phase, resulting in the neutralization of counter ion
electric charge in the double layer (Dukhin & Goetz, 2004B). As ions diffuse, an internal
double layer is created within the water droplets. Simultaneously, the external double

layer disappears as the counter charge is neutralized (Figure 2.25). Such a process is
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thermodynamically driven as the charging of the interior double layer is more energy

efficient than the external double layer (Dukhin & Goetz, 2004B).

This hypothesis would certainly explain the decrease in the droplet surface charge
density and the increase in the emulsion conductivity, as discussed in section 2.3.3.
However, it implies that such processes are driven by thermodynamic equilibrium and not
by the kinetic factors that govern the emulsion behavior, as it has been demonstrated for
water-in-diluted bitumen emulsions in the present study. By no means it is being
suggested here that the explanation of Dukhin and Goetz is invalid. It just not adapt to the
observations in the present study with water-in-diluted bitumen emulsions in this

fundamental aspect.

On the other hand, there is another similarity between the experimental results of
both studies. The magnitude of the droplet surface charge densities are of the same order
of magnitude in both emulsions systems. For water-in-diluted bitumen emulsions, the
peak value measured after dispersion is approximately 0.004 nC/em?. For water-in-
toluene emulsions with SPAN 80 surfactant, the peak value is 0.009 uC/cm? (Dukhin &
Goetz, 2004B).

4.4 Droplet size distribution calculation

To our best knowledge, there is no previous published work in the literature
dealing with the determination of the droplet size distribution of water-in-diluted bitumen
emulsions using the DT-1200 acoustic spectrometer. Published work covers oil-in-water
and water-in-oil cosmetic emulsions (Fairhurst et al., 2001), heptane/water/AOT
microemulsions (Wines et al., 1999) and water-in-kerosene emulsions (Dukhin & Goetz,
2004B). Based on the results of the present study, this section discusses important aspects
that specifically apply for the acoustic determination of the droplet size distribution of
water-in-diluted bitumen emulsions, thus setting a new background on this area in view

of lack of related information in the literature.

As discussed by (Dukhin & Goetz, 1999), there are two levels for interpreting the
acoustic attenuation spectrum that apply to this study. In the first level, the acoustic

attenuation spectrum can be used just to test whether the droplet size distribution changes
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with time or not. After all, a change in attenuation reflects variation in the state of the
dispersion. In the second level, there is the more advanced stage of analysis where a
predictive theory is applied to calculate the droplet size distribution from the attenuation
spectrum. However, as any other predictive theory, it is based on specific assumptions

and care must be taken to verify that such assumptions apply to the system under study.

Starting with the more advanced level of interpretation of the acoustic attenuation
spectrum, the two more important assumptions to be considered in the predictive theory
for droplet size calculations are: 1) the wavelength of the sound wave must be larger than
the size of the water droplets (long wavelength requirement), and 2) the predictive theory
has been verified to be valid for moderately concentrated dispersions (up to at least 10%

by volume for emulsion systems). This was discussed in section 2.6.2.

In order to comply with these two requirements, the following conditions were
considered in planning the experiments and analyzing the data: 1) the attenuation spectra
was measured in the full frequency range of capability of the DT-1200 (i.e., from 3 to 100
MHz), but only the data within the frequency range from 3 to 30 MHz was used for
droplet size distribution calculation; and 2) droplet size distribution measurements were
limited to emulsions with a maximum water content of 10% by weight (8.49% by

volume).

The frequency range for droplet size analysis was reduced to 30 MHz in order to
comply with the long wavelength requirement. Emulsion samples were taken from the
spectrometer chamber during experiments for observation under a microscope (Figure
4.22). Qualitatively, it can be said that the vast majority of the observed water droplets
never reached a size above 50 um. Although the mean droplet size was never determined
using any visualization technique, it is obvious that it was below 50 um during
experiments. Considering that the sound speed through the emulsion system was in the
order of 1380 m/s for all emulsion considered in the present study, a wavelength of 50 um
corresponds to a frequency of approximately 27.6 MHz. This means that any frequency

range below 30 MHz is expected to satisfy the long wavelength requirement.

However, as discussed in the literature review (section 2.6.2), there is one

fundamental limitation when cutting the frequency range down to 30 MHz. Very small
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water droplets (with sizes in the range of nanometers) do not attenuate sound at low
frequencies; only large water droplets do (in the order of micrometers). This means that if
a fraction of nanometer size water droplets exists, it would be missed in the calculation.
As shown in section 4.2, the calculated droplet size distribution that best fit the
experimental data was unimodal (log-normal distribution) with droplet size in the
micrometer range. The logical question is whether a second fraction in the nanometer
range was present or not. The answer to this important question is no, and the rest of this

section is devoted to the rationale of the provided answer.

The question regarding the possibility of missing a nanometer size fraction in the
analysis can be answered considering the first level of interpretation of the acoustic
attenuation spectrum (i.e., the qualitative interpretation analysis). This supports the thesis
of unimodal droplet size distribution in the micrometer size to be correct in our
experiments. Figure 4.23 shows the attenuation spectrum as a function of time,
corresponding to the droplet size distribution calculation of emulsion “B1” (shown in
Figure 4.9). As mentioned earlier, a 10% wt. emulsion was studied for 4 days, where the
high speed homogenizer was applied only once at the beginning, and then the emulsion
was kept under continuous agitation in the chamber for measurements. Each line in
Figure 4.23 (upper graph) corresponds to the attenuation at a specific frequency; there are
18 frequencies in total increasing from bottom to top, from 3 to 100 MHz. The lower
graph in Figure 4.23 shows the same attenuation spectrum as a function of frequency;
only 5 measurements are shown with one day interval in-between. The intrinsic

attenuation of the emulsion is also shown.

It can be observed that the attenuation in the whole frequency range changes
smoothly with time during the first 3 days. Particularly, the attenuation in the 3 to 30
MHz frequency range used for droplet size calculation changes with time during the first
40 hours, and then stabilizes. However, after 3 days, the attenuation at the higher
frequencies (> 65 MHz) suddenly increases and shows an erratic behavior. It is important
to observe that this erratic behavior continues during the next 24 hours until the end of
the experiment. Also, it is important to note that the erratic behavior first appears at the
higher frequencies (> 65 MHz), and then seems to propagate to the intermediate

frequencies (> 43 MHz). The same behavior for the higher frequencies attenuation was
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observed every time an emulsion was studied for a relatively long period of time; for
example, Figure 4.24 shows the attenuation spectrum “E” (20% wt water emulsion),
corresponding to the droplet size distribution calculation shown in Figure 4.19. In this
case, the erratic behavior appeared earlier and continued during the next 2 days until the

experiment was stopped.

The qualitative interpretation of these spectra is as follows. As discussed in
section 2.6.2, there are three major sources of sound attenuation in emulsion systems: 1)
intrinsic loss, 2) thermal loss, and 3) scattering loss (Babick et al., 2000). The intrinsic
attenuation constitutes the base line of the acoustic spectrum, and it is shown in Figures
4.23 and 4.24. Any attenuation in excess to the intrinsic attenuation (called excess
attenuation) is due to thermal or scattering losses, which are due to the presence of the
water droplets in the system. As discussed previously, both attenuation mechanisms show
different functional relationship with droplet size and sound frequency, which allows the

interpretation of the attenuation spectrum in a qualitative manner.

As can be observed in Figures 4.23 and 4.24, there is excess attenuation in the
whole frequency range (3 to 100 MHz). At low frequencies, it is certainly due to large
droplets in the micrometer size range. However, excess attenuation at the higher
frequencies could be explained, in principle, by the large droplets itself (should scattering
be responsible of high frequency attenuation), or by the presence of a second fraction of
nanometer size droplets (should thermal losses be responsible of high frequency
attenuation). There are three reasons to believe that high frequency attenuation is due to

large droplets and not to the presence of a fraction of very small droplets.

In the first place, the erratic behavior observed for the higher frequency
attenuation could be explained in terms of scattering. This erratic behavior occurs one or
more days after water dispersion with the high speed homogenizer, when the droplet
mean size has apparently leveled off. As discussed in the previous sections, it is
reasonable to think that a dynamic equilibrium has been reached where the rate of
aggregation or coalescence of water droplets is comparable to the rate of droplet breakup
or aggregate disjoin. Attenuation due to scattering is very sensitive to droplet size, and the
oscillatory nature of the high frequency attenuation could reflect the behavior of the larger

water droplets in the size distribution. At times, they can coalesce or aggregate due to

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



droplet collision, thus increasing their effective size. However, they eventually reach a
critical size where shearing forces causes droplet breakup or aggregate disjoin, thus
decreasing their effective size again. This behavior would be reflected as an erratic

oscillation of the high frequency attenuation.

A second reason to believe that high frequency attenuation is due to scattering is
the fact that the observed erratic behavior occurs first at the higher frequencies within the
3 to 100 MHz range, which is in agreement with the strong frequency dependence of the
scattering mechanism. Furthermore, the fact that it starts one or more days after water
dispersion is in agreement with the calculated droplet size evolution in time. First, the
water droplet size is reduced by the effect of the homogenizer. Then, immediately after
the application of the homogenizer the water droplet size starts to increase. It would be
reasonable to think that the erratic attenuation behavior will not occur immediately after
the high speed homogenizer is applied but with some considerable time delay (several
hours), because it would take time for the droplet size to increase until a significant
population of large droplets is formed that would start to scatter sound significantly.
Probably, this concept could also explain the fact that, the higher is the water content in
the emulsion, the earlier the erratic behavior appears (Figures 4.23 and 4.24). It is
expected that the higher water content case would correspond to a faster increase in
droplet size, because there is more chance for droplets collision as the water content

increases, keeping the agitation intensity the same.

A third reason supporting the thesis of scattering losses is the effect of the high
speed homogenizer at the higher frequencies. Let us first consider Figure 4.25, where it is
shown the attenuation spectra as a function of time corresponding to emulsion “B2” (the
droplet size calculation is shown in Figure 4.10). In this experiment, the high speed
homogenizer was applied every 24 hours to a 10% wt. emulsion for 4 days. It can be seen
that the attenuation at all frequencies (not only within the 3 to 30 MHz range)
qualitatively shows the same pattern after every application of the homogenizer. It was
mentioned previously that approximately 40 hours are needed for the erratic behavior to
appear for a 10% emulsion (Figure 4.23). For this reason, the erratic behavior was not
observed in emulsion experiment “B2”, as there was only 24 hours between successive

redispersions. It can be concluded that the same pattern observed for the attenuation in the
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whole frequency range well reflects the trend of the droplet size calculation obtained from

the 3 to 30 MHz spectra analysis, as shown in Figure 4.10.

Having said the above, it would be interesting to analyze the effect of the high
speed homogenizer on the attenuation spectrum after the erratic behavior has already
started at the higher frequencies. It is expected that the application of the high speed
homogenizer would eliminate this erratic behavior in the attenuation, as large water
droplets which are able to scatter sound significantly and erratically would no longer exist
immediately after redispersion. Many observations in the present work demonstrated that
it 1s actually the case. For example, referring again to the emulsion experiment “B1”
(Figure 4.9 and 4.23), the high speed homogenizer was applied before ending the
experiment, when the erratic behavior had been showing up for 1 day. Figure 4.26 shows
the attenuation spectra before and after the application of the high speed homogenizer. It
can be observed that the attenuation changes smoothly with time as expected after the
redispersion of the emulsion. Measurements before the application of the high speed
homogenizer were made with time intervals of 40 minutes because the CVC signal was

also being measured, in addition to sound attenuation.

Finally, some words have to be said in regard to the possibility of thermal losses
and not scattering losses to be the cause of excess attenuation at the higher frequencies. In
the first place, thermal losses would imply the presence of a second fraction in the
nanometer size range that could be a microemulsion (typically when the droplet diameter
is less than 100 nm). Microemulsions are thermodynamically stable. In other words, a
microemulsion shows the characteristics of phase equilibrium. This is clearly not the case
in our experiments, where the system does not reach equilibrium in the thermodynamic
sense. Relaxation experiments where the emulsion could be repeatedly perturbed by
means of the high speed homogenizer support this point. Furthermore, an erratic pattern
at the higher frequencies would be contrary to the idea of a state of equilibrium of such a

small size fraction.

In conclusion, the qualitative interpretation of the attenuation spectra supports the
thesis of scattering losses to be the most likely cause of excess attenuation at the higher
frequencies, thus confirming that the calculated unimodal droplet size distribution in the

micrometer size range obtained from the 3 to 30 MHz analysis is correct.
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Properties Diluted bitumen T Heavy water

Pf;iﬁ P 919 o 1,100

gf;aﬂin K Bm 10.8:10 B 1.09-107

Ef:tcfﬁﬁg-*.K-l] () 1.63-10° © 4.179-10°

azgsgftl; (Pae] T 4.9-10° n 132:10°

Thermal

conductivity Tm 0.14 T 0.6098

[W-m™K']

Sound . -

speed [m-s"] Cm 1,378.0 Cp 1,386.6

Intrinsic (%in)m 3.0 MHz 0.181 (Qine)p 3.0 MHz 0.028

attenuation (®in)m 3.7 MHz 0.192 (Cin))p 3.7 MHz 0.015

coefficient (Qin)m 4.5 MHz 0.191 (Qin)p 4.5 MHz 0.004

[dB-om™ MHZ'] | (cin) 5.6 MHz 0.215 (Qtinp 5.6 MHz 0.013
(Gin)m 6.8 MHz 0.247 (aim)p 6.8 MHz 0.025
(Cin)m 8.4 MHz 0.260 (Qint)p 8.4 MHz 0.028
(Glind)m 10.3 MHz 0.293 (Cin)p 10.3 MHz 0.033
(Cin)m 12.7 MHz 0.327 (@in)p 12.7 MHz 0.041
(Glin)m 15.6 MHz 0.363 (0in)p 15.6 MHz 0.049
(Cin)m 19.2 MHz 0.408 (Gim)p 192 MHz 0.0606
(Ginm 23.5 MHz 0.456 (Gin)p 23.5 MHz 0.0714
(Cin)m 28.9 MHz 0.517 (aim)p 28.9 MHz 0.0880
(Qing)m 35.5 MHz 0.590 (Cin)p 35.5 MHz 0.1069
(Gtin)m 43.7 MHz 0.678 (ctin)p 43.7 MHz 0.1321
(Qine)m 53.6 MHz 0.781 (Cin)p 53.6 MHz 0.1625
(Gtin)m 65.9 MHz 0.898 (Gtin)p 65.9 MHz 0.1975
(aint)m 810 MHZ 1043 (aim)p 81 0 MHz 02455
(aim)m 995 MHz 1210 (aint)p 995 MHz 0301

Measured CVCreasured 164-102

electroacoustic (magnitude)

Signa] CVCmchsurcd 142

(Eq. 3.13) (phase) -

[CS?SS%?CUVIW K 9.4-107

Notes:

1) Thermal expansion and specific heat of diluted bitumen and heavy water were approximated

to those of toluene and water reported on the DT-1200 materials database, respectively.
2) Conductivity of diluted bitumen is not required for droplet size distribution or surface charge
density calculation.

Table 4.1: = Material properties for droplet size distribution and surface charge density

calculation.
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Mean droplet CVC sienal Emulsion
Measurement diameter maeni t: de conductivity
(um) s (x107 S/m)
After initial dispersion 7.00 29961 9.06
After 1% redispersion 6.88 27275 9.69
After 2" redispersion 5.98 22184 10.20
After 3" redispersion 5.82 23843 10.37

Table 4.2:  Super-imposed relaxation data for emulsion “B2” (10% wt. water

emulsion with 3 water redispersions).

(8]
W
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Water content analysis (% wt)
Measurement
Top Medium Bottom Average
Emulsion B1
After 3" Day 9.63 9.82 9.74 9.73
Emulsion B2
After 1% Day 9.96 9.62 9.03 9.54
After 2™ Day 10.14 9.86 9.33 9.78
After 3" Day 10.12 9.76 9.52 9.80
Emulsion B3
After 1% Day 10.23 9.79 9.43 9.82
After 2™ Day 10.14 9.67 9.40 9.74
After 3™ Day 10.03 9.94 9.67 9.88
Note: For emulsions B2 and B3, the water content analysis was performed before every
redispersion with the high speed homogenizer

Table 4.3: Water distribution in chamber for emulsions B1, B2 and B3.
Water content analysis (% wt)
Measurement
Top Medium Bottom Average
After 3 Day 29.77 29.89 29.73 29.80
Table 4.4: Water distribution in chamber for emulsion C1.
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Figure 4.3: Dynamic viscosity of diluted bitumen as a function of bitumen
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Figure 4.4:  Percentage of settled water droplets after 24 hours at 20 °C.
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Figure 4.8:  Transient behavior of CVC (10% wt. water emulsion).
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Figure 4.9:  Emulsion B1 — 10% wt. water (no water redispersion).
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Figure 4.10: Emulsion B2 — 10% wt. water (3 water redispersions)
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Figure 4.11: Emulsion B3 — 10% wt. water (repetition experiment B2).
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Figure 4.12: Effect of the high speed homogenizer on diluted bitumen.
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measurements).
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Figure 4.15: Emulsion Bl — 10% wt. water (CVC signal phase considering absolute

value).
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Figure 4.16: Volume fraction dependence of CVC (2% to 30% wt. water emulsions).
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Figure 4.17: Emulsion D — 2% wt. water (one water redispersion).
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Figure 4.18: Emulsion D — 10% wt. water (after water addition).
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Figure 4.19: Emulsion E — 20% wt. water (no water redispersion).
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Figure 4.20: Droplet surface charge density calculation for emulsions B1, B2 and E.
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Figure 4.21: pg/c ratio as a function of droplet diameter, calculated from Shilov’s

theory for a 10% wt. water emulsion.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.22: Microscope observation of 10% wt. water emulsion after water dispersion

with the high speed homogenizer.
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Figure 4.23: Emulsion B1 — 10% wt. water (acoustic attenuation spectrum in time).
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Figure 4.24: Emulsion E — 20% wt. water (acoustic attenuation spectrum in time).
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Figure 4.25: Emulsion B2 — 10% wt. water (acoustic attenuation spectrum in time).
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Figure 4.26: Emulsion Bl -~ 10% wt. water (effect of high speed homogenizer on the

erratic behavior of acoustic spectrum at higher frequencies).
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Chapter 5

Summary and Conclusions

In the present study, the latest developments in Acoustic and Electreoacoustic
Spectroscopy have been used to investigate the surface charge density of water droplets
dispersed in diluted bitumen. The aim of the study is to contribute to the clarification of
the role of electrostatic interactions in the stability of water-in-diluted bitumen emulsions,
which is a subject of importance for the oil sands industry in Alberta. This is the first
work in the field of Electroacoustics which investigates the electro-surface properties of
water-in-diluted bitumen emulsions using the recent Shilov and coworkers

Electroacoustic Theory, suitable for dispersions in low conductivity media.

Emulsions were prepared with Athabasca diluted bitumen from Suncor Energy
Inc. Bitumen was further diluted with toluene prior to the emulsion preparation. The
bitumen concentration in toluene was fixed at 50% wt., which is similar to the dilution
practice in bitumen froth operations. Heavy water was used to maximize the density
contrast between the continuous and dispersed phases, with the aim of increasing the
magnitude of the electroacoustic signal and improve the chances for its detection during
emulsion experiments. In this study, the water concentration was varied from 2% to
30% wt.

The standard procedure for the emulsion preparation consisted in the addition of
known weights of diluted bitumen and water into the Spectrometer chamber, followed by
water dispersion for 3 minutes by means of a high speed homogenizer. The emulsion was
then kept under gentle stirring in the chamber to prevent water droplets sedimentation
during measurements. Experiments were carried out at a constant temperature of

20.7£0.2 °C.

Acoustic Spectroscopy provided the droplet size distribution based on
measurements of sound attenuation in the emulsion sample. Electroacoustic Spectroscopy
provided the surface charge density of droplets based on measurements of the colloid

vibration current (CVC). The emulsion conductivity was also measured at 18 Hz with an
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applied voltage of 5 V rms. The emulsion was monitored for several hours (up to four
days) in order to best interpret the experimental data in view of the dynamic behavior of

the emulsion.

The following conclusions can be drawn based on the experimental findings of the

present study:

1. The CVC electroacoustic phenomenon is measurable for water-in-diluted bitumen
emulsions, provided that the water concentration is sufficiently high (at least 10%

WL.).

o

The CVC effect always exhibit time dependence behavior with a characteristic time
of several hours. Experimentally, two relaxation behaviors were identified: a

relaxation in the droplet size, and a super-imposed relaxation.

(93}

The relaxation in the droplet size revealed the dependence of the CVC effect on the
kinetic factors that determines the state of water dispersion. The CVC magnitude
decreases as the droplet size increases. This experimental observation is in agreement
with electroacoustic theory, which predicts that inertia effects are important for the

droplet size range measured for the emulsion.

4. The super-imposed relaxation cannot be explained in terms of the droplet size
evolution in time. It reflects the dependence of the CVC effect on the surface charge
density of the water droplets, and the nature and concentration of charge carriers in

diluted bitumen.

5. The analysis of the CVC effect in terms of Shilov’s electroaocustic theory for strongly
overlapped double layers results in a decreasing surface charge density of droplets for

freshly dispersed water in diluted bitumen.
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Chapter 6

Recommendations

Future work is encouraged to elucidate the mechanism responsible for the
decrease in the droplet surface charge density of freshly dispersed water-in-diluted
bitumen emulsions. The present work has offered just one possible explanation based on
the well known adsorption-desorption process of bituminous components at the water-oil

interface. However, additional research is required to prove this hypothesis.

To elucidate the decrease in the surface charge density would require conducting
research at a more fundamental level. Future work using the electroacoustic technique
should focus on studying the role of asphaltenes and fine solids on the droplet surface
charge density. They are recognized as the main stabilizers of water-in-diluted bitumen
emulsions, based on the steric repulsion mechanism. Such research would shed more light
on their role from the perspective of the electrical repulsion mechanism. Another factor
that deserves attention for future work is the role of the organic solvent aromaticity on the

droplet surface charge density.

This investigation would require the partial or total removal of asphaltenes or fine
solids from diluted bitumen. The stability of the resulting emulsion would decrease
significantly, and so the amount of water that remains dispersed in diluted bitumen. A
potential problem is that the water concentration might be too low for measuring CVC.
One alternative could be to follow an experimental procedure similar to the work of do
Carmo Marques and coworkers, who studied the role of asphaltenes in oil-in-water
emulsions stabilized with surfactants. The drawback of such a procedure is that
surfactants extraneous to the bitumen system are introduced in the sample. Another
alternative that is different to the use of surfactants would be to conduct the investigation
using the original bitumen system but measuring CVP instead of CVC. The CVP signal is
particularly strong in nonaqueous systems, as demonstrated by the work of Babchin and

coworkers. However, this would require the measurement of the emulsion conductivity at
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the same frequency of the electroacoustic effect. Unfortunately, this alternative based on

CVP is not yet available in the DT-1200 Spectrometer.
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