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Abstract

The effect of different emulsion preparation parameters on the stability of oil-in-water (o/w)
emulsions has been studied by varying the preparation parameters and then observing the emul-
sion visually. Change in the turbidity of an emulsion indicated instability, and the formation of a
dense layer on the top of the emulsion suggested that creaming had commenced. The creaming
rate was diminishing with increasing mixing frequency, mixing time and oil phase density. The
study was limited by foam build-up, as the unwanted foam made it necessary to keep mixing
frequency and surfactant amount to a minimum.

The influence of diluted salts of different valencies on the stability of o/w emulsions has been
investigated by measuring the zeta potential of emulsions with varying electrolyte concentration
and electrolyte cation valency. The destabilising effect of adding divalent Ca®* was stronger than
that of Na*, which was observed by the difference in electrolyte concentration required to reduce
the absolute value of zeta potential. This strongly implies that the higher valency of Ca?>* more
readily contributes to a compression of the electrical double layer than does Na*. Contrary to
expectations, the addition of trivalent AI** and Fe®* was not observed to affect the stability. It
was concluded that this deviation from theory was due to experimental limitations.

A new method for droplet size characterisation and oil profile for w/o emulsions with low-field
nuclear magnetic resonance (NMR) has been developed and tested for o/w emulsions in col-
laboration with the NMR supplier, Antek AS. Implementation of a convection compensating
sequence by Antek AS was successful. The new procedure makes it possible to retrieve quan-
titative data on the droplet size and oil profile of an o/w emulsion over time, which can provide
good insight into emulsion stability.
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Sammendrag

Effekten ulike parametere for emulsjonspreparering har pa olje-i-vann-emulsjoner har blitt stud-
ert ved & variere parameterne og deretter observere emulsjonen visuelt. Turbiditetsforandringer

i emulsjonen indikerte ustabilitet, og dannelsen av et kompakt lag i toppen av emulsjonen anty-
det at drdpene har begynt 4 kreme (omtales heretter som sedimentere). Sedimentasjonshastigheten
sank med okende blandingsfrekvens, blandingstid og tettheten til oljefasen. Ugnsket skumdan-
nelse begrenset undersekelsen fordi det ble nedvendig 4 holde blandingsfrekvensen og meng-
den emulgator lav for 4 unnga ytterligere skumdannelse.

Pévirkningsgraden av oppleste salter med ulik kationvalens ble undersokt ved & male zetapoten-
sialet til emulsjoner med varierende elektrolyttkonsentrasjon og valens av kationet i elektrolyt-
ten. Den destabiliserende effekten av & tilsette divalente kalsiumioner var sterkere enn effekten
av & tilsette natriumioner. Dette ble observert ved & se pa forskjellen i elektrolyttkonsentrasjon
som krevdes for d redusere absoluttverdien til zetapotensialet. Dette impliserer at den hoyere
valensen til kalsiumioner bidrar sterkere til kompresjon av det elektriske dobbeltlaget enn det
de monovalente natriumionene gjor. Tilsetning av trivalente aluminiumioner og jern(Ill)ioner
sé ikke ut til & pavirke stabiliteten til emulsjonen ettersom det ikke ble observert noen forandring
i zetapotensial. Da dette fraviker fra teorien, ble det konkludert med at avviket skyldes eksperi-

mentelle begrensninger.

En ny metode som kan brukes til bestemmelse av drapestorrelsesfordeling og oljeprofil til vann-
i-olje-emulsjoner ved hjelp av low-field kjernemagnetisk resonans (NMR) har blitt utviklet og
testet for olje-i-vann-emulsjoner i samarbeid med leveranderen av NMR-instrumentet, Antek
AS. En vellykket implementering av en konveksjonskompenserende sekvens ble utfort av Antek
AS. Den nye metoden gjor det mulig & hente kvantitative data om drapestorrelsesfordelingen og
oljeprofilen til en emulsjon over tid, noe som kan gi forbedret innsikt i emulsjonsstabilitet.
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1 Introduction

With a growing world population, energy demand is expected to increase [1]. Oil is a central
energy source, and it is becoming more and more important to understand every step of the oil
recovery in order to increase the efficiency and ensure maximum recovery from the reservoirs
[2]. Both in the reservoir and at different steps of oil recovery and refining processes, emulsions
are formed [3], which makes the study of emulsions highly relevant to flow assurance and oil
recovery optimisation. The fluid that occurs in an oil reservoir, formation fluids, contains a va-
riety of inorganic compounds, including dissolved salt ions of different valencies [4], which are

known to affect the stability of emulsions [5, 6, 7].

In this study, the effect that diluted salts of different cation valency have on the stability of an
oil-in-water (o/w) emulsion are investigated by measuring the zeta potential of the emulsion
droplets at different concentrations of electrolyte with monovalent or multivalent cations. The
addition of salt is expected to destabilise the emulsion due to reduction in electrostatic repulsive

forces between the droplets.

In order to perform zeta potential measurements, an o/w emulsion of adequate stability needs to
be prepared. To obtain such an emulsion, different parameters of emulsion preparation can be

applied, and the effect of varying some of these parameters will be studied by visual observation.

An other way to study the stability of emulsions, is by a low-field NMR method developed by
Antek AS in collaboration with NTNU [8]; by modifying the current program for characterising
w/o emulsions, it can be applied to o/w emulsions as well.
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2 Theory

2.1 Emulsions

Two immiscible liquids form an emulsion whenever one of the liquids is dispersed into the other
liquid as droplets in a continuous medium [9]. The dominating types of emulsions are the ones
that contain water as either dispersed or continuous phase [10], and these are referred to as
water-in-oil (w/o) and oil-in-water (o/w) emulsions, respectively. In this context, «oil» is any

liquid that is immiscible or only slightly soluble in water.

Based on the diameter, d, of the droplets, emulsion systems can be divided into three main
groups: Macroemulsions (d > 1 pm), miniemulsions (50nm < d < 1 um) and microemulsions
(d < 50nm), of which the latter of the three is thermodynamically stable and forms sponta-
neously due to high entropy contributions [11]. The other two, however, are thermodynami-
cally unstable, and need to overcome an energy barrier in order to break a stable bulk phase into
droplets[10].

As the total surface area increases when droplets are formed, so does the total interfacial free
energy [10]. Still the dominating part of the energy barrier originates from the increased Laplace
pressure that comes with the breaking of large droplets (or bulk phase) into smaller droplets [12].
As soon as the energy supply is cut, the system will go towards a lower energy state by breaking
up the emulsion until the two liquids are completely phase separated and only separated by one

single interface.

2.1.1 Emulsion preparation

Emulsion preparation, or emulsification, is the breaking up of a bulk phase into small droplets,

and this process requires a large supply of energy; the droplets are deformed to such an extent

3
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that it is more energetically favourable to break up into two droplets [12]. The Laplace pressure
(see eq. (2.1)), the pressure difference between the concave and convex side of a curved interface,
opposes this deformation.

1 1
AP = Pinside — Poutside = Y (R_l + R_z) 2.1
Here, Pjnsige and Poyisige are the pressure inside and outside the droplet, respectively. + is the

interfacial tension, R; and R» are the radii of curvature. For spherical droplets, (2.1) reduces to:

_2%

A
P R

(2.2)
The Laplace pressure must be applied through agitation in order to disrupt a droplet, and this is
what requires energy.

Using mechanical stirring for emulsion preparation only results in coarse emulsions [10], so
to prepare emulsions with smaller droplets other methods should be used. Alternatives in-
clude emulsification by ultrasound[13], homogeniser, and apparatuses equipped with differ-
ently shaped dispersing elements that utilises the stator-rotor principle to disperse one phase
into the other. Whether the emulsion prepared is a w/o or o/w emulsion depends on many fac-
tors, but the main ones are the properties of surfactant(s) used to stabilise the emulsion, and the
volume fraction of the phases [10].

2.1.2 Emulsion stability

The droplets in an emulsion will move around due to Brownian motion, and how they inter-
act upon encounter is what determines the emulsion stability. As two droplets are approaching
each other, attractive and repulsive forces will start to affect their motion; attractive potential
forces, which mainly includes van der Waals forces, trigger aggregation, whereas repulsive forces
(electrostatic or steric forces) enforce the stability of an emulsion. The opposing forces generate
attractive and repulsive potential energy, V) and Vy respectively, which add up to the total po-
tential energy of the system(Vt). The magnitude of the potential energy change with respect to
the distance between the droplets is shown in Fig. 2.1.

The plot shows two minima and one maximum (Vp,,«), where V4 > Vg at both the minima and
Vr > V4 at the energy maximum [14]. The minimum at large interparticle distances, the sec-

ondary minimum, is considered to represent reversible flocculation; at this point, the attractive
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Figure 2.1: Potential energy curve for two approaching particles. Total interaction energy , Vr, of the
system as a function of distance of separation, d. The attractive (V) and repulsive (V) potential energies
are also shown separately.

forces are slightly dominating, and consequently, loose, reversible aggregates may be formed.
This, however, is only applicable for relatively large droplets. As the droplets approach each
other further, their electrical double layers (see Section 2.1.3) start to overlap. This is when the
repulsive forces start to prevail, causing the total interactin energy to rise towards a maximum.
The magnitude of Va4« is equivalent to the energy barrier of coagulation and depends on the
range of the repulsive forces as well as the zeta potential of the droplets [15]. Whenever two ap-
proaching droplets move close enough for the attractive van der Waal forces to predominate the
repulsive forces, and thus overcome Vi, they will reach the deep, primary minimum resulting

in irreversible aggregation and loss of kinetic identity [10].

The time a system requires to break an emulsion is, in difference from the thermodynamics,
possible to alter. This makes it possible to make emulsions that are kinetically stable for relatively
long time spans (up to decades) as they exist in a metastable state where the energy barrier to

aggregation is high enough to resist the emulsion breaking process [11].

Kinetic stability can be affected in several ways, the key is to look into the emulsion breaking
mechanisms:

e Lower the interfacial tension, which lowers the energy gained from coalescence.
* Increase the elasticity of the interfacial film (Gibbs-Marangoni effect)[12].

* Increase the mechanical strength of the interfacial film through strong intermolecular forces
in condensed monolayer[10].

* Increased viscosity of the continuous phase, which reduces the mobility of the droplets.
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* Lower volume fraction of the dispersed phase, reduces the frequency of droplet collision.

» Narrow droplet size distribution, increases the resistance against molecular diffusion (Ost-
wald ripening).

Figure 2.2: Tllustration of emulsion stability. Energy is supplied to break one phase (dispersed phase) into
droplets. Over time, the thermodynamic instability of the emulsion will cause phase separation.

One of the ways to reduce the interfacial tension is to add a surface-active agent (surfactant) that
has a strong tendency to adsorb on the interface due to its amphiphilic properties. A surfactant
molecule will orient its hydrophilic part into the water phase and hydrophobic part into the oil
phase, which reduces the interfacial tension and increases the kinetic stability of an emulsion.
The surfactant may be nonioinic, anionic, cationic or zwitterionic, where the latter has both a
cationic and anionic part of the hydrophilic head. In addition to reducing the interfacial tension,
ionic surfactants contribute to an electrostatic stabilisation of the droplets [10].

As a rule of thumb, the phase that the surfactant has the greatest affinity towards, becomes the
continuous phase [16]. Other additives that may affect the stability of an emulsion are polymers
and non-soluble particles, both of which adsorb to the interface. Polymers mainly contribute to
steric stabilisation, whereas solid particles accumulate in the interfacial film due to their wetting
properties. The adsorbed particles increase the mechanical strength of the interfacial film [17].
Crude oil emulsions are naturally stabilised by different indigenous compounds. These com-
pounds include asphaltenes, resins, organic acids (e.g. naphtenic acids) and bases [9], as well as
stabilising particles [17].

2.1.3 The electrical double layer

In emulsions, surface charge arises in the surface of a droplet that originates from surfactants
residing in the interface. Such a charged colloidal particle immersed in polar medium will at-
tract ions of opposite charge (counter-ions), and as a result the concentration of counter-ions is
higher near the surface of the particle than the corresponding concentration in the bulk phase.
Due to thermal motion, the counter-ions will not accumulate at the surface, but instead form
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an ionic cloud surrounding the particle, often referred to as the diffuse double layer [14, 18] or

electrical double layer [3].

Figure 2.3: Illustration of Gouy-Chapman’s model of the electrical double layer surrounding a charged
particle.

The concentration gradient of counter ions near the surface of a droplet leads to electrical po-
tential . The potential decreases with increasing distance from the surface until, at a finite
distance, the constant bulk concentration is reached [14]. At this point, the charges are in equi-
librium and ¥ = 0. Poisson’s equation [10] describes this variation in electrical potential as a

function of the net volumetric charge density (p) and the permittivity of the medium (e).

Vi =-2 (2.3)

For low surface potentials, the Debye-Hiickel approximation can be applied [10]:

zeyo
2kgT

<1 (2.4)

where z is the valency of the counter-ion, e is the electron charge, v is the surface potential,
kg is the Boltzmann constant and T is the temperature. Combining Poission’s equation with
Boltzmann’s law in the Debye-Hiickel approximation results in an equation for the potential dis-
tribution around a spherical surface [10]:

a
r

V=10 ( )exP [—x(r —a)] (2.5)
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where a is the particle radius, r is the distance at any point from the center of the particle and «

is the Debye-Hiickel parameter.

K is one of the most important quantities from this derivation, as it is used to describe the elec-
trical double layer [19]. The inverse of k is often referred to as the double layer thickness [10, 20]
due to its units of reciprocal length, even though the potential gradient actually extends to a
distance of about 3/« before it has reached 2 % of the surface potential. x can still be used to
compare the relative magnitude of double layers in different systems, and can in this sense be

used as a quantitative characterisation parameter of the electrical double layer.

Gouy proposed a simple model for calculations on the diffuse part of the electrical double layer
that was further developed by Chapman. Their model is built on the assumptions that the layer
could be considered flat, with uniformly distributed surface charge, and it can be compared to a
capacitor. One of the limitations of the Gouy-Chapman model, is the assumption that the ions
in the diffuse layer is considered as point charges of zero spatial extent. This is not feasible with
reality when the surface potential is high, so a new model was developed by O. Stern as illustrated
in Fig. 2.4. The Stern model accounts for the fact that the ions take up a certain volume in space.
The diffuse part of Stern’s electrical double layer model is divided into two parts: The Stern layer
(h < 6) and the Gouy Chapman layer (h > §). In the Stern layer, the ions are adsorbed to the
droplet surface and move along with the droplet. The adsorbed counter-ions neutralise some of
the surface potential, so the potential declines rapidly between v, and ys. At distances higher
than 9, the diffuse layer behaves as originally described by Gouy-Chapman when v is replaced

by 5 [10].

v : :
Yo — 3 3 Particle surface
& : Stern layer
Vs —] : : Shear plane
¢ | «———— Diffuse layer
6i 1/x i

X

Figure 2.4: Schematic illustration of Stern’s electrical double layer model with potential, ¥, as a function
of distance from the particle surface, x. ¥ is surface potential, ¥ is Stern potential, { is the zeta potential,
0 represents the radius of an adsorbed ion and « is the Debye-Hiickel parameter.
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xa>>1 Ka<<l1

Figure 2.5: Illustration of a charged particle with a thin double layer (xa >> 1) and one with a thick double
layer xa <<1

The magnitude of surface potential can not be measured directly, but measuring electrokinetic
effects can give an indication of ¥ through the zeta potential, which is assumed to be approxi-
mately equal to the Stern potential [10]. Within the electrical double layer, the zeta potential ({)
is the potential at the plane of shear (see Fig. 2.4), an imaginary surface laying close to the par-
ticle surface. The fluid between the plane of shear and the particle surface is considered to be
stationary[18], and will accordingly move along with the particle as they together form a kinetic
unit. This is why measurements of the electrophoretic mobility of such a particle does not give
a measure of the actual surface charge of the particle, but rather the net charge of the particle,
corresponding to the charge at the shear plane.

( is related to electrophoretic mobility () by Smoluchowski’s equation (Eq. (2.6)) or Hiickel’s
equation (2.7), depending on the relative thickness of the double layer; if the charged particle
has a thin double layer (xa >> 1), Smulochowski’s equation is applied, and Hiickel’s equation is
applied when the double layer is thick (xa << 1) [14].

€r€0
= ¢ (2.6)
K U]
2€;
M 2.7)
3n

Here, u is the electrophoretic mobility, €y is the permittivity of free space, €, is the dielectric

constant of the dispersion media, 1 is the dynamic viscosity of the dispersion medium.
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2.1.4 Electrokinetic effects

Whenever they are exposed to an electrical field, particles that have electrically charged surfaces

will exhibit certain effects named electrokinetic effects:

* Electrophoresis: An applied electrical field causes the movement of a charged particle rel-

ative to the liquid in which it is suspended.

* Electroosmosis: An applied electrical field causes the movement of a liquid relative to a
stationary charged surface.

» Streaming potential: An electrical field is generated from forcing a liquid to flow along a

charged surface.

* Sedimentation potential: An electrical field is generated from the movement of charged
particles relative to a stationary liquid.

When a charged particle surrounded by an electric double layer is exposed to an electric field,
the double layer is distorted and as a consequence creates its own electric field [21]. This electric
field opposes the electrophoretic motion of the particle to a magnitude related to the thickness
of the electrical double layer. The opposing field thus slows down the particle motion through
the liquid, and the phenomenon is accordingly named the electrophoretic relaxation effect[21].

2.1.5 Ionic strength

The zeta potential of an emulsion depends on the amount and valency of any ions present, and
an important characteristic of a salt solution (electrolyte) is its ionic strength. The ionic strength
of an electrolyte can be calculated using the following equation [22, 23]:

10
1= ) Z C,-z,-z (2.8)

where [ is the ionic strength, C; is the molar concentration of ion i and z; is the charge number of
ion i. From Gouy-Chapman theory, a correlation between ionic strength and the Debye length

(x~1) can be derived:

1
2000F2\?
K= VI 2.9

(eoeRRT) (2.9)
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Here F is the faraday of charge (the magnitude of the charge on a mole of electrons), R is the gas
constant per mole and T is the temperature of the system. From (2.9), it can be seen that the
Debye length is inversely proportional to the square root of the ionic strength. This means that
the double layer will be compressed by increasing the concentration or valency of counter-ions
in the system [10]. The critical coagulation concentration (CCC) is the concentration of a given
salt that is required to make a dispersed system coagulate due to loss in electrostatic stability[3].
According to the Schultze-Hardy rule, the concentration and valency of the counter-ion (relative
to the droplet surface charge) in an electrolyte has the greatest effect on reducing the absolute
value of the relative surface charge [10]. Quantitatively, it states that the CCC varies inversely
with the sixth power of the counter-ion charge number, z [3].

2.1.6 Breaking of emulsions

As emulsions in the colloidal size range are thermodynamically unstable, they will eventually
be subject to phase separation. The process of demulsification can be divided into two main
steps: The first step is a change in position of the droplets without affecting the size or number
of droplets in the emulsion. In the second step, the average droplet size increases due to either

Ostwald ripening or coalescence. An overview of the mechanisms is given in Fig. 2.6.

The first step consists of two mechanisms that are based on gravitational force, creaming (Fig. 2.6b)
and sedimentation (Fig. 2.6d), which depends on the density of the dispersed phase and contin-
uous phase. When the particles are very small, which often is the case in colloidal systems, the
gravitational force on each particle is negligible due to the stronger effect of entropy; high en-
tropy is thermodynamically favourable, so the spreading of particles through diffusion becomes
the dominating mean of particle motion [19]. If the attractive forces are strong enough, floc-
culation (Fig. 2.6¢) can occur upon particle encounter. Neither of these mechanisms directly
affect the size of the particles in the system, however, they promote coalescence by increasing
the droplet crowding and thus the probability of droplet-droplet collision[10].

In the second step, the emulsions are broken down into larger droplets and, eventually, separated
into two phases. Ostwald ripening (Fig. 2.6e), or molecular diffusion, is a process in which the
high Laplace pressure difference in small droplets forces molecules to diffuse out of the smaller
droplets through the continuous phase and into larger droplets with lower Laplace pressure.
This process is highly dependent on the viscosity of the continuous phase, as molecular mobility
decreases with increasing viscosity. How strong the repulsive forces between the molecules in

the dispersed phase are towards the molecules in the continuous phase is another factor that
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Figure 2.6: Mechanism of emulsion breaking. a) uniform emulsion; b) creaming; c) aggregation; d) sedi-
mentation; e) Ostwald ripening; f) coalescence; g) and h) phase separation.

affects the diffusivity. Lastly, coalescence (Fig. 2.6f)is the merging of two or more droplets into
one larger droplet. This requires the droplets to approach each other, leading to a deformation of
the droplets that, if the energy is strong enough, causes fluctuation in the liquid film between the
droplets. The droplets rupture as the film collapses due to the film reaching a critical thickness
(14].

Emulsion formation can cause problems in the oil industry partly due to the salt content of pro-
duced water, which is corrosive, as well as difficulties with purifying the oil before refining. To
solve these issues, methods that break up emulsions have been developed, all depending on
what stabilises the emulsion. These methods can be divided into three groups: Mechanical,
chemical and electrical destabilisation. Mechanical destabilisation includes simple sedimenta-
tion, centrifuge, membrane and other ways of applying shear force to break the emulsion. Addi-
tion of chemicals that reduce the stability by rupturing the protective film, stabilise the opposite
kind of emulsion or compress the electrical double layer and thus reduce the repulsive forces
between the droplets can also be done. Lastly, by applying an electrical field, droplets with polar
or induced polar properties can be deformed and collapse due to the corresponding increase in
surface area [24].
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2.2 Foams

A sudden large increase of the contact area between gas and liquid can be the origin of foam
production[25]. Foams are dispersions of gas in a solid or liquid continuous phase, and they are
confusingly similar in behaviour to highly concentrated emulsions [10]. Consequently, surfac-
tants that are good emulsifying agents usually are good foaming agents as well [15], which can be
a challenge in systems where one of the two is undesired. To prevent foaming, foam inhibitors
or antifoams may be added to the system, both of which prevent foaming agents from stabilising
the foam[19].
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2.3 Emulsion characterisation

2.3.1 Optical microscope

Optical microscope imaging is used for direct observation of a sample, and can be used to mea-
sure particles in the colloidal size range. The details of an object is dissolved by a collection of
lenses in the microscope which transfers a magnified image to the observer [26]. Optical mi-
croscopy can observe objects down to nano scale, the lower limit depending on the optical con-
trast between the particles and the environment [10], light source or use of fluorescence [27].

Limitations of optical microscope imaging include the need of a sample to be transparent. Fur-
ther, the sample must be spread out on a plate and possibly be diluted, which may disrupt the
emulsion. Lastly, only small parts of a sample are measured, which may not be representative

for a non-uniform emulsion.

2.3.2 Low-field nuclear magnetic resonance

A method usinglow-field nuclear magnetic resonance (NMR) to determine quantities like droplet
size distribution (DSD) and water profile in an emulsion has been developed at NTNU [8, 28].
Advantages with this method include that it measures the entire emulsion sample, and that the
light absorption of the sample is not relevant, in difference from optical microscopy. Moreover,
since the sample is observed in a relatively large (diameter = 15 mm) glass tube, the possibly dis-

rupting preparation methods that are necessary for characterisation in microscope are avoided.

The difference in viscosity between the two phases in an emulsion are what is utilised by the
NMR program, as it yields a difference in longitudinal (77) and/or transverse (73) relaxation
times when the emulsion is subjected to NMR [29]. By suppressing the oil signal, relaxation
time distributions of water alone is obtained, as illustrated in Fig. 2.7, where T> distribution with
and without suppression of the oil signal is demonstrated. The T; and T3 distributions can, to-
gether with the diffusion coefficient obtained from the difference in molecular mobility of the
phases, be used to calculate the DSD in absolute length units [8] as well as water profile of an

w/o emulsion [28].
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Figure 2.7: T, distributions of a water in crude oil emulsion system with (1 peak) and without (2 peaks)
suppression of the oil signal.

Sample convection

Particles that are dispersed in a continuous media will, to a certain degree, be subject to random
movement called Brownian motion due to the particle colliding with the small liquid molecules
that build up the continuous media [30]. The liquid molecules move spontaneously due to ther-
mal motion. The distance travelled by random Brownian motion of the molecules is measured
over the observation time, D5, to determine the self-diffusion coefficient, which is used to calcu-
late the droplet size distribution. A challenge with diffusion measurements using low-field NMR
is that they are easily disrupted by non-Brownian motion, such as Rayleigh-Bénard convection
that arises from temperature gradients in the sample [29]. Rayleigh-Bénard convection is fluid
motion that occurs in a plane horizontal layer of fluid that is heated from below. As Fig. 2.8
demonstrates, the temperature gradient originating from the heating causes the fluid to form
Bénard convection cells [30]. The effect of convection is particularly relevant to diffusion exper-
iments in low-viscosity experiments, such as oil-in-water emulsions, where the molecules are

more free to move than in higher viscosity systems.

One solution that can be applied to make up for sample convection is to raise the critical Rayleigh
number, Rac, by implementing smaller sample dimensions [29], since fluid motion due to ther-
mal convection only occurs for Ra > Ra.. Another solution is to introduce so-called convection
compensating pulsed field gradient NMR sequences. Such sequences deal with the disruptions

by suppressing the effects caused by convection.
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2.3.3 Zetasizer

The zeta potential of the emulsion droplets can be measured using an electrophoresis system as
shown in Fig. 2.9 combined with laser doppler velocimetry. An electrical potential is applied to
the electrodes, making charged particles move towards the electrode of opposite charge. When
a laser beam is directed on the sample, the particles scatter the light from the beam and the
scatter is measured by a detector. The scattered light produces a fluctuating intensity signal that
has a rate of fluctuation proportional to the speed of the particles. The speed corresponds to the
electrophoretic mobility of the suspended particles[20].
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Figure 2.9: Electrophoresis cell with electrodes. Charged particles are diffusing towards the electrode of
opposite charge.
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2.3.4 Visual observation of emulsions

The size and distribution of particles affects the appearance of emulsions and other colloidal
dispersions due to light scattering of the dispersed particles, a phenomenon called the Tyn-
dall effect. The turbidity of an emulsion reflects the droplet size; large droplets scatter results
in a milky-white-opaque appearance, and as the droplet size decreases, the emulsion changes
to blue-white, grey-translucent, and finally, transparent (micro emulsion droplets). This phe-

nomenon makes it possible to study an emulsion qualitatively by visual observation.



18

CHAPTER 2. THEORY



3 Experimental

The experimental procedures that were used in this project are described in this chapter. The
first part of the project was to test the influence of different parameters on the preparation of sta-
ble oil-in-water (o/w) emulsions. An o/w emulsion that seemed to be satisfyingly stable was fur-
ther used for zeta potential analysis to determine the effect of different electrolytes on emulsion
stability. To quantify emulsion stability, a method for water-in-oil (w/0) emulsion characterisa-
tion using low-field NMR was customised and tested for o/w emulsions. All of the experiments

were conducted at room temperature (25 °C).

3.1 Preparation of oil-in-water emulsion

3.1.1 Choice of components

Simple alkanes of high purity were chosen as the dispersed oil phase for the emulsions and Milli-
Q water (18.2MQcm at 25°C) was used for the continuous phase. Properties of the emulsion

components are given in Table 3.1.

Table 3.1: Density, viscosity and solubility in water of the emulsion components at 25 °C. The viscosity
data and solubility data are obtained from the safety data sheet of the respective component. Solubility is
reported as mass component soluble per volume water at 20 °C, i = practically insoluble.

Component Density [31] Viscosity Solubility

[gem™] [mPas]  [gI™']
Heptane 0.680 0.39 0.05
Decane 0.726 0.92 i
Hexadecane 0.851 3.04 i
Water 1.000 0.89

19
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Sodium dodecyl sulfate (SDS) was chosen as emulsifying agent because of its electrostatic stabil-
ising properties and anionic nature. Its affinity towards water makes SDS suitable for stabilising
o/w emulsions, and SDS has been reported to greatly reduce the surface tension of hydrocarbon-
water interfaces [32]. This was especially applicable to SDS concentrations below the critical mi-
celle concentration (CMC) of 8.1 x 1073 moll~! [32]. In some of the emulsions, decanol was used

as a co-surfactant (foam inhibitor) to reduce the amount of foam.

3.1.2 Mixing

The emulsions were prepared using an Ultra-Turrax disperser (IKA, T18, 10 mm head), an elec-
tronic overhead stirrer (IKA, 4-bladed propeller) or a horizontal mechanical shaker, depending
on the desired mixing frequency. The mechanical shaker was used for mixing frequencies lower
than 500 revolutions per minute (rpm), the propeller for 500 to 2000 rpm and the Ultra-Turrax
for frequencies higher than 3000 rpm.

Each emulsion was prepared in a glass vial, with a total liquid volume of 30 ml. The experimental
set-up is shown in Figure 3.1.

Figure 3.1: Set-up for mixing.

3.1.3 Emulsion stability

After preparation, the emulsions were observed over time in the glass vials they were prepared

in, and any change in the turbidity of an emulsion was recorded. Some of the emulsions were
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also studied in an optical light microscope to confirm that an emulsion had been created.

3.2 Zetapotential measurements

The electrophoretic mobility of the oil droplets in an emulsion was measured using a Malvern
Zetasizer Nano ZS [20], referred to as Zetasizer. The Zetasizer software provided by Malvern UK
was used to monitor the experiment, and Smoluchowski’s model was used by the software to
calculate the zeta potential, ¢, from the measured electrophoretic mobility. The temperature for
the measurements was set to 25 °C and the refractive indexes used in the model was 1.434 and
1.330 for hexadecane and water, respectively.

The zeta potential at different pH values was measured, and subsequently, the pH was kept con-
stant as salt solutions with cations of different valency was added to the emulsion.

3.2.1 General procedure

A stock emulsion was prepared with a hexadecane volume fraction of 10 % and an SDS mass of
0.5 g per 100 g hexadecane. The emulsions were mixed using an Ultra-Turrax disperser; the oil
was added to the water phase while mixing at a frequency of 3000 rpm, and then the two phases
were mixed for 1 minute at 8000 rpm. A portion of the stock emulsion was used to make a diluted
emulsion with an oil fraction of 0.05 % and an SDS concentration of 6.7 pmoll™.

Following on, the pH of the diluted emulsion was measured by a pH-meter and adjusted by the
addition of dilute acid (HCI) and base (NaOH). A 3 ml syringe was used to fill a clear, disposable
zeta cell cuvette with the diluted emulsion, and the cuvette was put into place in the Zetasizer.

The cuvette was cleaned with ethanol and Milli-Q water between each parallel.

3.2.2 Zetapotential measurements with varying pH

The first zeta potential measurements were conducted with pH as the variable. The emulsions
were prepared and then diluted with Milli-Q water to an oil volume fraction of 0.05 %. Two dif-

ferent procedures were tested for the next step of the experiment:

1. A portion of the diluted emulsion was transferred to a glass vial, and the pH for this sample

was adjusted to pH = 2. Next, the emulsion was analysed by the Zetasizer. When the mea-
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surement for that sample was finished, a new portion was taken from the diluted emulsion

to prepare the next sample. This was repeated for pH =2, 4, 6, 8 and 10.

2. The diluted emulsion was distributed into five small glass vials, one for each pH value,
immediately after the diluted emulsion was prepared. The pH was then adjusted for one
of the samples, and the sample was shaken before it was analysed by the Zetasizer. This

was repeated for pH = 2, 4, 6, 8 and 10.

The main difference between the two procedures is that in the first procedure, each sample was
taken from the diluted emulsion with half-an-hour intervals due to the time consuming adjust-
ment of the pH. In the second procedure, the diluted emulsion was distributed into the samples

at the same time.

3.2.3 Zeta potential measurements with varying electrolyte concentration

The salt concentration was varied by diluting the stock emulsion with electrolyte of the desired
concentration instead of using Milli-Q water. The pH was measured and adjusted to pH = 8.0 +

0.2 before the sample was analysed in the Zetasizer.
Table 3.2 shows the solubility data of the salts in water.

Table 3.2: Solubility data for the added salts and their corresponding hydroxides at 25 °C[31], i = practically
insoluble.

Component Solubility Hydroxide solubility

[g/100¢g] g/100¢]
NaCl 36 114
CaCl, 83 0.12
AICL, -6 H,0 a5 i
FeCl, -6 H,0 50 i

3.3 Low-field NMR

3.3.1 NMR convection elimination

The low-field NMR instrument has previously only been used for analysis of w/o emulsions. In

order to create an NMR program for o/w emulsions, several tests were necessary so to elimi-
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nate the NMR signal originating from convection. Throughout the tests, the NMR sequence was
modified by the supplier, Antek AS, by adding a signal sequence that compensated for the sample
convection. To test if the diameter of the NMR tube was of significance to the sample convection
effect (see Section 2.3.2), a narrower NMR tube (0.8 mm diameter) and a custom designed teflon
quadruple sample divider added to a standard NMR tube was each tested at different observa-
tion times (D5 values), as potential substitutes for the standard NMR tube (15 mm diameter). To
test the effect of the modifications, water samples were measured for different D5 values, and
different number of scans.

3.3.2 Emulsion characterisation

A similar hexadecane-in-water emulsion as used as stock emulsion for zeta potential analysis
was characterised by using the modified low-field NMR program. After preparation, 3.65 ml of
the stock emulsion was transferred to a 1.5 mm NMR tube, which was inserted into the NMR
instrument to determine SDS and water profile.
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4 Results

The experimental results have been divided into three sections: Firstly, one that describes the
stability of oil-in-water (o/w) emulsions prepared with different oil phase components and prepa-
ration parameters; secondly, one that presents the oil droplet zeta potentials that resulted from
adjusting pH and electrolyte concentration of an emulsion; and finally, a section where the pro-
cess of convection elimination of a low-field NMR procedure to customise it for o/w emulsions
is presented.

4.1 Emulsion preparation

In order to produce an emulsion that was suitable for stability analysis, preparation parameters
such as mixing frequency, mixing time and oil content have been varied. Most of the emulsions
showed a similar trend; the emulsion was uniformly milky-white immediately after preparation
and separated into a milky-white top layer, a grey-translucent middle layer and a transparent
bottom layer as depicted in Fig. 4.1. The layers in some of the emulsions were visually observed
to stay unchanged for more than 24 hours.

An emulsion similar to those used for zeta potential analysis was characterised by low-field NMR
to get a better impression of the stability.

Emulsions were prepared with heptane as the oil phase, but the first samples prepared were
stopped during preparation and discarded due to excessive foaming during the mixing, so there-
fore the amount of sodium dodecyl sulfate (SDS) was reduced from 30 % of the oil mass (1 % of
the total emulsion mass) to 1% of the oil mass. Most of the heptane emulsions (see Table 4.1)
showed visible creaming in less than 5min, by forming the layers described in Fig. 4.1. Some
of the emulsions prepared at high mixing velocities, sample 7 and 9, were stable. On the other

hand, those samples also produced the greatest amount of foam.
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Top layer

Middle layer

Bottom layer

Figure 4.1: Oil-in-water emulsions immediately after preparation (left) and after layers have formed (mid-
dle). Nllustration of the formation of emulsion layers (right).

Decane was introduced to replace heptane as the oil phase, due to its higher density, which was
expected to reduce the creaming rate. The overall result was better stability, but also higher
amount of foam. Data is shown in Table 4.2

A further increase in oil phase density was introduced by using hexadecane as oil phase. The
preparation properties and results are shown in Table 4.3. Most of the emulsions looked homo-
geneous directly after preparation, however creaming was visually observed in less than 5 min in

several of the samples. The amount of foam increased with increasing mixing frequency.
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Table 4.1: Mixing frequency, mixing time, foam amount produced and stability of heptane-in-water emul-
sions. Heptane volume fraction was 5 %. The stability is classified as I (visible creaming immediately after
preparation), U (visible creaming in less than 5min) or S (no visible creaming for at least 10 min).

# Mixing freq. Mixing time Foam Stability

[rpm] [min] [cm]
1 300 30.0 1 I
2 3000 1.5 0 I
3 3000 15.0 0 I
4 6000 1.5 0 I
5 6000 5.0 1 I
6 7000 5.0 1 I
7 8000 5.0 2 S
8 8000 5.0 1 I
9 24000 1.5 3 S

Table 4.2: Mixing frequency, mixing time, foam amount produced and stability of decane-in-water emul-
sions. Decanol as cosurfactant (content 1:1 with SDS). The stability is classified as I (visible creaming
immediately after preparation), U (visible creaming in less than 5min) or S (no visible creaming for at
least 10 min).

# Oil content Mixing freq. Mixing time Foam Stability

(Wt%] [rpm] [min] [cm]
1 30 4000 5 2 1
2 30 6000 5 2 S
3 30 6000 5 2 S
4 20 6000 5 - U
5 20 8000 5 2 S
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Table 4.3: Preparation parameters and stability results for hexadecane-in-water emulsions. Some emul-
sions also contained decanol as cosurfactant (1:1 with SDS amount). Hexadecane volume fraction was
30 %. The stability is classified as I (visible creaming immediately after preparation), U (visible creaming
in less than 5min) or S (no visible creaming for at least 10 min).

#  Cosurfactant Mixing freq. Mixingtime Foam Stability

[rpm] [min] [cm]
1 no 300 30 1 1
2 no 500 27 0 I
3 yes 1500 30 1 1
4 yes 1500 15 1 1
5 yes 1500 10 1 1
6 yes 1500 5 1 I
7 no 2000 5 2 1
8 no 4000 15 2 U
9 yes 4000 5 2 U
10 no 6000 10 2 U
11 no 6000 5 2 U
12 yes 6000 5 1 S
13 no 8000 1 2 S
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Figure 4.2: Microscopic images of stock emulsion 1h after preparation. The left image is of the middle
layer and the right image is of the middle layer after turning the emulsion. The emulsion was prepared at
8000 rpm for 1 min with a hexadecane volume fraction of 10 %, and 5mg SDS per gram hexadecane. The
size tag is 30 um.

The emulsion chosen for the zeta potential analysis was 10 % hexadecane-in-water with 5mg
SDS per gram hexadecane. It appeared to be sufficiently stable from visual observation and had
an acceptable amount of foam. Fig. 4.2 shows microscope pictures of the middle layer of the
emulsion one hour after preparation. Most of the droplets in the middle layer were in the di-
ameter range of 1 um to 3um. When the sample had been turned a couple of times to mix the
layers, larger droplets with diameter of 50 um were observed in the microscope. The droplet
size distribution shown in Fig. 4.3b confirms the presence of these and even larger droplets in
the emulsion. Fig. 4.3a shows the oil profile measured using low-field NMR, and the emulsion
appeared to have an oil content of up to 60 % in the top of the sample immediately after prepa-
ration, and a decreasing oil content in the bottom of the sample.
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Figure 4.3: a) Oil profile and b) droplet size distribution of hexadecane-in-water emulsion with hexade-
cane volume fraction of 10 % and SDS as surfactant. Measurements by low-field NMR.
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4.2 Zetapotential

The zeta potential of the droplets in an emulsion gives an indication of the electrostatic stability
of the emulsion. In the first part of this section, the pH was varied to get an overview of the
zeta potential dependency on pH. Further on, the zeta potential was measured while varying the
concentration of monovalent, divalent and trivalent chloride salts, respectively. The latter was
to study how strongly the degree of valency affected the zeta potential.

Data tables to compliment the results in this section are included in Appendix A.

4.2.1 Zetapotential as a function of pH

The zeta potential of an emulsion prepared as described in Section 3.2.1 was measured while
changing the pH value. The first step was to develop a repeatable procedure for manually chang-
ing the pH and measuring the zeta potential for each pH, and two procedures (see Section 3.2.2)
were tested. The zeta potential measurements from the first procedure, where the portions for
dilution were taken from the stock emulsion subsequently, are shown as a function of pH in
Fig. 4.4a.
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Figure 4.4: Zeta potential ({) as a function of pH value. a) First procedure. b) Second procedure

The trend of the two parallels for this procedure were quite diverse, still both showed an increase
in the absolute value of the zeta potential, |(|, with increasing pH. Linear regression of the two
parallels in the first procedure resulted in Egs. (4.1) and (4.2).
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{=-9.17pH-0.79 4.1)

{ =—2.72pH—-53.80 4.2)

The second procedure, where the stock emulsion was distributed for all the dilutions simultane-
ously immediately after preparation, was tested as an alternative to the first procedure, and the
resulting ¢ is shown as a function of pH in 4.4b. Linear regression was carried out for the average
of the two parallels, since the trends of the parallels in this procedure were more similar than
what was the case for the first procedure (see Eq. (4.3)). The trend was increasing |{| with respect
to pH.

{ =-4.79pH -55.93 (4.3)

4.2.2 Zetapotential as a function of electrolyte concentration

To get a better understanding of how the addition of counter-ions with different valencies affect
the zeta potential of the emulsion, the zeta potential was measured for emulsions containing
varying concentrations of chlorine salts with monovalent sodium (Na*), divalent calcium (Ca®*)

and trivalent ions alumina (A13+) and iron (Fe®*) as cations.

Sodium chloride

The addition of low concentration sodium chloride seemed to have no significant impact on the
zeta potential, as can be seen in Fig. 4.5a).

When the NaCl concentration was elevated (Cnac) > 0.01moll™!), the absolute value of the zeta
potential increased approximately logarithmic as shown in Fig. 4.5b). Logarithmic regression
yielded a statistical model of the zeta potential as a function of salt concentration. Regression of
Cnacl > 0.01moll™! resulted in Eq. (4.4).

It should also be noted that material degradation of the electrodes in the zeta sizer cuvette was

observed at high salt concentration, seen as a change in colour from shiny golden metal to black.
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Figure 4.5: Zeta potential, ¢, as a function of sodium chloride concentration, Cy,cj- pH =8.0+0.2. a) Low
salt concentrations; b) High salt concentrations

Calcium chloride

The effect of adding CaCl,, with divalent cation, was studied by measuring the zeta potential as
a function of electrolyte concentration, and the resulting data are plotted in Fig. 4.6a). It was
observed that the magnitude of the zeta potential initially decreased at a quite steep slope as
a function of CaCl, concentration, quantified by Eq. (4.5). When the concentration exceeded
30 pmoll_l, the curve flattened, and the zeta potential seemed to be unaffected by further cal-
cium addition. The results from higher concentrations, however, indicated a further logarithmic
decrease in the zeta potential magnitude with respect to CaCl, concentration, as illustrated in
Fig. 4.6b) and quantified by Eq. (4.6).

{ =1.34Ccqc1, — 86.88 (4.5)

{ =7.07InCcaq, — 4.63 (4.6)
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Figure 4.6: Zeta potential, {, as a function of calcium chloride concentration, Ccacl,- pH =8.0£0.2. a)
Low concentrations; b) High concentrations

Aluminium chloride

The zeta potential as a function of electrolyte concentration is plotted in Fig. 4.7a). Addition of
aluminium chloride seemed to have no effect on the zeta potential. At AlCl; concentrations of
about 10umoll™, the Zetasizer experienced problems with the distribution data. At higher con-
centrations still, the error bars demonstrate a broad zeta potential distribution. To investigate
whether the issues arose from the specific stock solution of 13 umoll™!, a subsequent run with
concentration of 20 umoll~! was conducted. The zeta potential magnitude was approximately
the same as for lower concentrations, and broad zeta potential distribution data was observed
(see Fig. 4.8).

It should also be noted that the addition of NaOH to adjust the pH of the AlCl, electrolyte emul-
sions clearly showed an increase in turbidity of the sample with increasing NaOH addition. This

was also observed when FeCl; was added as a substitute for AICl;.

Iron (III) chloride

Iron(III) chloride, which also has a trivalent cation, was introduced as a substitute to AlCl;. The
zeta potential as a function of FeCl; concentration is plotted in Fig. 4.7b. The first parallel showed
a significant increase in zeta potential at quite low concentrations, however the second parallel
did not confirm this trend. Broad zeta potential distributions poses an issue for FeCl; concen-

trations above 10 umoll™!. The zeta potential with respect to the ionic strength of FeCl;, CaCl,
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Figure 4.7: Zeta potential, {, as a function of salt concentration, C;, for salt i. The dashed line indicates
without electrolyte. a) i = AlCl;; b)i = FeCl;. pH =8.0+0.2

and NaCl is plotted in Fig. 4.9.
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Figure 4.8: Zeta potential distribution of AlCl; electrolyte emulsion. {, is the apparent zeta potential.
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4.3 Sample convection compensation

A method for determining droplet size distribution as well as water profile of water-in-oil emul-
sions over time using low-field nuclear magnetic resonance (NMR) was described in Section 2.3.2.
A new NMR method needed to be developed in order to analyse oil-in-water emulsions. An issue
that arose with having a continuous phase of low viscosity, in this case water, was convection that
induced motion of the emulsion sample when inserted into the NMR instrument. As a conse-
quence of this motion, the first measurements made by the NMR had to be rejected; this meant

that the method could not be used to study the emulsion immediately after preparation.

To assess the limitations of the NMR method caused by convection, two modification measures
were suggested; the sample dimensions could be reduced to increase the critical Rayleigh num-
ber, and the effect of this was studied by testing substitutes to the standard NMR tube. In ad-
dition, a convection compensating signal sequence was developed. To test these convection
compensating signal, the intensity of bulk signal was measured as a function of sample height.
All of the measurements were done with a observation time (D5 value) of 1 s unless otherwise is
stated. The results of other D5 values are presented in Appendix B.

4.3.1 NMR tube modification

The first part of the investigation considered the effect of using different kinds of NMR sample
tubes to reduce the sample dimensions, which in theory should raise the onset barrier of thermal
convection in the sample. The water profile obtained from low-field NMR of water in a standard
NMR tube was compared to that of a narrower NMR tube, as well as standard NMR tube with a
customised teflon quadruple sample divider inserted.

As plotted in Fig. 4.11, the first two runs with the 15 mm tube showed great deviation from the
subsequent runs in the same measurement; the intensity had two maxima with a «valley» in
between. The 9 mm tube showed an anomaly in the first run that was significantly less distinct
than for the corresponding samples in the 15 mm tube. Adding the sample divider resulted in
an intensity where the two first runs differed from the rest (see Fig. 4.12), similarly to the results
obtained without the divider.
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Figure 4.11: Normalised intensity as a function of sample height obtained from low-field NMR before any
modifications had been made. The left plot is with a 15 mm tube, the right plot is with a 9 mm tube.
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Figure 4.12: Normalised intensity as a function of sample height obtained from low-field NMR before any
modifications had been made. The sample was measured in a 15 mm tube containing a teflon quadruple

sample divider.
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4.3.2 Modified NMR program

The next step of the NMR method improvement was to compensate for convection in the NMR
signal sequence. For this part, only the standard NMR tube was used to test the effect of the
compensation. Testing the modified sequence, see Fig. 4.13, yielded a fluctuating intensity that
declined with respect to height.
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Figure 4.13: Normalised intensity as a function of sample height obtained from low-field NMR before any
modifications had been made. The sample was measured in a 15 mm tube.

4.3.3 Modification with increased number of scans

To study whether or not signal noise was the reason for the fluctuating intensity that resulted
from modifying the NMR signal sequence, the number of scans was increased. The result from
this alteration is presented in Fig. 4.14. The level of noise seemingly decreased with increasing
number of scans. The intensity had a negative slope with increasing height. Some final ad-
justments were made on the NMR signal sequence that resulted in the relatively smooth results
shown in Fig. 4.15.
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Figure 4.14: Normalised intensity as a function of sample height obtained from low-field NMR with con-
vection compensating sequence and increased number of scans; 8 and 16 scans for the left and right plot,
respectively. The sample was measured in a 15 mm tube containing a teflon quadruple sample divider.
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Figure 4.15: Normalised intensity as a function of sample height obtained from low-field NMR with fi-
nal modifications and 4 scans per run. The samples were measured in a 15 mm tube, with D5 values of
1000 ms for the left sample and 150 ms for the right sample.
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5 Discussion

5.1 Emulsion stability based on preparation parameters

The layers formed in the emulsion seemed to become stationary after a couple of hours, as no
evident change was visually observed over time. It may seem as though the emulsion enters a
state where the droplets are located according to their size. This also appears from the micro-
scope image, where the droplets in the middle layer are about ten times smaller than the droplets
observed after mixing the layers. Hence, it can seem as though the droplets in the middle layer
are in a size range where the thermodynamic forces are stronger than the gravitational forces.
On the other hand, due to buoyancy, the rate of creaming depends on the size of the creaming
particle, which would also leave the droplet sizes in the middle layer smaller than those of the

top layer.

Increasing the energy input by increasing the mixing frequency seems to result in better sta-
bility. This is probably due to the fact that higher energy input can produce smaller droplets,
which are more resistant to creaming as gravitational forces are practically negligible for small
particles. This means that thermodynamically favourable spreading of droplets through diffu-
sion is the dominating effect on droplet motion. Emulsions prepared with too low energy input
will have a broad droplet size distribution (DSD) and thus be more subject to Ostwald ripening
which causes a difference in Laplace pressure and, consequently, Ostwald ripening. The Ostwald
ripening will cause some of the droplets to grow into the size range where the force of gravity no
longer is negligible, causing the droplets in question to be subject to creaming. The fact that hep-
tane is slightly soluble in water (0.05gl™!) [31] can also elevate the rate of Ostwald ripeningand
thus further reduce the stability of the emulsion. At low mixing frequencies, the applied energy
may be too low for the droplet deformation energy to overcome the Laplace pressure and thereby
forming droplets.

The amount of emulsifying agent sodium dodecyl sulfate (SDS) may be an explanation for the
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lack of stability for emulsions prepared at low mixing frequencies; if the surface coverage of SDS
on the emulsion droplets is poor, the SDS molecules may polarise when two droplets are ap-
proaching each other. The polarisation cause the area of the droplet that is facing the other
droplet to become free of surfactants and thus have low if any resistance towards coalescence.

The ability of good emulsifying agents to also work as foaming agents could explain the foaming
during emulsion preparation, a theory that is supported by the fact that the use of SDS has been
reported as a foaming agent in previous research [33]. Reducing the amount of SDS to reduces
the amount of foam produced, but also the stability of the emulsion. The latter can be explained
as a reduction of SDS concentration will reduce the surface coverage of the SDS on the droplets,
increasing the surface tension and thus reducing the stability of the emulsion droplets. This
strongly indicates the presence of a trade-off between the amount of foam produced and emul-
sion stability. The amount of foam produced also seems to correlate to the mixing frequency.
This is probably because an increase in mixing velocity yields an increase in liquid-air contact

area, which is a criteria for foaming.

Stable hexadecane-in-water emulsions has been prepared for oil contents higher than 40 % [34],
which were stabilised by close packing of droplets. This is not applicable for measurements in
the zeta sizer, as the instrument procedure requires a maximum volumetric content of 0.05 % of

the dispersed phase.

Decanol was added as a foam inhibitor, but the addition does not seem to reduce the amount
of foam produced, which may be due to the low amount of decanol added. The consequence
of adding more co-surfactant could be a decrease in emulsion stability, which is why it was not
pursued as a solution.

The stock emulsion used for zeta potential analysis seemed to be satisfyingly stable from visual
observation, however the characterisation done by the newly developed low-field NMR method
Fig. 4.3 showed that a top layer of almost 60 % oil phase was formed immediately after the prepa-
ration of the emulsion. The fast creaming rate can be explained by the droplet size distribution
(DSD) obtained from the same NMR measurement; a broad DSD with droplet diameters up to
100 um was observed, and these large droplets will cream fast due to buoyancy. As the micro-
scope image from the middle part of the emulsion shows, the droplets left in the middle are
smaller and probably in a size range where both entropy and gravitation has an effect, keeping

the creaming rate low.
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5.2 Zetapotential

5.2.1 pH

When ¢ was measured with varying pH, the trends of the two parallels are quite diverse; the slope
of parallel 1 is more than three times that of parallel 2. This could be due to the fact that portions
for each run was taken subsequently from the same emulsion at different times. Since significant
changes can happen to an emulsion over short time spans, the properties of each dilution may

be quite different from the others.

The change in procedure seems to have improved the reproducibility of the experiment, still
some of the standard deviations are quite large. The reason for this may be that there is a trade-
off between the time spent on preparing the emulsion for the zeta sizer and the change in emul-
sion properties; if too much time is spent on the preparation an unstable emulsion may have
creamed or even coagulated before the measurements begin. On the other hand, the sample
requires some time to equilibrate as the pH is adjusted, so if the emulsion is removed from the
pH-meter too soon the pH may not be uniformly distributed throughout the sample. Since the
zeta sizer only measures { for a small portion of the sample, the results obtained from a non-

uniform emulsion does not necessarily represent the entire sample.

A common feature of all the measurements can still be observed; the absolute value of the zeta
potential, |{], is increasing with increasing pH. This may be due to adsorption of H* and OH~
ions in the interface, which neutralises or amplifies the negative charge of the droplet surface,

respectively.

As stated by the Schulze-Hardy rule, counter-ions usually have greater impact on ¢ than co-ions,
which is confirmed by the declining slope of the { as a function of pH, keeping in mind that pH
is the negative logarithm of hydrogen concentration.

5.2.2 Influence of electrolyte concentration

In the context of emulsion stability theory, the addition of counter-ions reduces the maximum

potential energy, so that coagulation is more accessible.
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NaCl

A slight increase in the absolute value of the zeta potential was observed with increasing NaCl
electrolyte concentration at low concentrations. This phenomenon has been observed in previ-
ous studies of oil-in-water emulsions [5, 21], and could be due to the adsorption of chloride ions
on the oil droplet surface leading to an increase in negative charge. The zeta potential seems to
reach a minimum as the effect of the compression of the electrical double layer by the positively

charged sodium ions exceed the effect of the CI™ adsorption.

The absolute value of the zeta potential starts to decrease as the electrolyte concentration is
further increased. This result is expected, as addition of counter-ions generally leads to a com-
pression of the electrical double layer and a corresponding reduction in |{].

CaCl,

The steep decline of |{| that is observed at low concentrations of calcium chloride electrolyte
indicates that the divalent calcium ions to have a strong effect on the zeta potential. When com-
paring the ¢ for CaCl, and NacCl electrolyte concentrations, it can be observed that the addition
of CaCl, affects the { at much lower electrolyte concentrations than what is the case for NaCl; |(|
has been reduced to less than —80 mV at a CaCl, concentration of 7.1 pmoll_l, whereas the NaCl
concentration required to reduce |{| to the same magnitude was as high as 60 mmoll~!. That
is a ratio of more than 8000. It may seem as though the effect of Cl™ ions believed to adsorb to
the surface more strongly than Na* is negligible compared to the neutralising effect of Ca* ions.
Calcium ions also have a low degree of hydration in aqueous solution, making them even more

prone to adsorb to negatively charged species than those of high degree of hydration [6].

FeCl; and AICI,

The zeta potential seems to have roughly no variation with increasing concentration of either of
the two trivalent chloride salts, AlCl; and FeCl;, in the investigated range of concentrations. Due
to too broad distribution data of samples with Cpicy, > 10 umolL™!, zeta potential measurements

were only done for lower concentrations of AlCl;.

According to the Schulze-Hardy rule, CCC o z~%, so an electrolyte with a trivalent counterion
should in theory lower the critical coagulation concentration considerably due to compression

of the electrostatic double layer. This should especially be observed when comparing the effect
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of electrolytes with counter-ions of different valency. The lack of influence of FeCl; and AICl; on
the zeta potential in this experiment therefore needs to be explained by factors other than DLVO
theory.

One possible explanation for the deviation from theory is that the effect of FeCl, is so fast that
coagulation and subsequent creaming occurs before the { measurements are conducted. If the
majority of droplets have floated to the top of the sample before the measurement starts, they
will not be accounted for in the small portion of the sample the zeta sizer includes in the mea-
surement. In that case, the measurement data are not representative for the entire sample. By
evaluating the oil profile of the stock emulsion obtained from low-field NMR, it was observed
that a dense layer of up to 60 % hexadecane formed instantaneously after the emulsion had been

prepared; this further supports the idea that the emulsion is non-uniform.

Both AICl; and FeCl, are corrosive in contact with metals, so it is a possibility that the zeta sizer

cuvette electrodes are degraded by the salt, resulting in poor measurement quality.

The deviation between the parallels can probably be explained by the difficulty of achieving the
correct pH due to the trade-off between emulsion stability and sample preparation time.

Iron (III) hydroxide is listed as practically insoluble in water, and since the concentration of
hydroxide ions increase with increasing pH it is a possibility that the iron ions precipitate as
Fe(OH), at the current pH. Such precipitation could also be an explanation for the change in
turbidity when adding NaOH to the emulsion for pH adjustments. Alternatively, the change in
turbidity may be due to droplet coagulation and change in droplet sizes. In that case, the Tyndall

effect of colloidal dispersions would be the explanation.

5.3 Sample convection

The effect of sample convection was more visible with increasing D5. In this sense, carrying
out the self-diffusion experiment at elevated D5 values emphasises the disruptions caused by

convection, as well as the effect of the convection compensating measures.

In the results measured before any modifications had been made on the low-field NMR program,
a valley was detected in the first two runs (Fig. 4.11). This is obviously not correct, given as the
sample is pure water so the content is the same throughout the entire height of the sample.
The proposed reason for the minimum is that it is caused by Rayleigh-Bénard convection in the

sample. Since the sample may be subjected to heating from below when it is inserted to the
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instrument, giving rise to a temperature gradient. The relatively low viscosity of water compared
to previously examined systems [35, 8] may cause a Rayleigh number that exceeds the critical
value resulting in convection. The convection seems to disrupt the first diffusion measurements,
after which the system seems to become stationary.

In general, the samples measured in the narrow tube seems to be less affected by convection than
the samples measured in the standard NMR tubes. Reducing the sample dimensions by using
a narrower NMR tube should in theory reduce the Rayleigh number. If the Rayleigh number
becomes lower than the critical Rayleigh number, fluid motion caused by convection will cease
to occur. This is a great advantage, however practical issues arise from having to use a tube
that does not fit properly into the instrument; fitting the 9 mm tube into the instrument is time

consuming, which is not ideal when studying a possibly kinetically unstable system.

The standard NMR tube provided similar results with and without the sample divider, so it seems

as if introducing the sample divider had little if any effect on the Rayleigh number.

Introducing the convection compensating sequence seems to reduce the effect of convection,
however, the noise in the resulting intensity makes it hard to draw any conclusions. Increasing
the number of scans seems to reduce the noise, but the downward-sloping profile (Fig. 4.14)
indicates that further modifications needs to be made. A final modification conducted seems to
implement the convection compensating sequence in a way that minimises fluctuation as well
as the deviation between the runs.



6 Conclusion

O/W emulsions were prepared and layers of different turbidity were visually observed. The
creaming rate decreased with increasing oil phase density, mixing frequency and mixing time,
whereas the foam generated during emulsion preparation was reduced by lowering the surfac-

tant amount, mixing frequency and mixing time.

A combination of parameters that produced an adequately stable emulsion was used to prepare
emulsions for emulsion stability investigation by zeta potential measurements. The effect of
varying pH on the zeta potential of the emulsion was increasing absolute value of zeta poten-
tial, and thus increasing stability, with increasing pH. The effect of electrolyte concentration on
emulsion stability depends on the valency of the droplet surface charge counter ion. Addition of
the divalent Ca** ions through CaCl, reduced the absolute value of the zeta potential at distinc-
tively lower concentrations than the addition of Na* through NaCl. These results suggests that
emulsion stability decreases with increasing electrolyte concentration and that the destabilising
effect gets stronger for increasing valency of the electrolyte counter-ions. The same effect was
not observed when adding trivalent ions, which was unexpected and suggests that the success
of the procedure depends on the stability of the initial emulsion.

The NMR experiments performed to eliminate the disturbances on diffusion measurements
caused by thermal convection was successfully conducted. The new NMR program developed
by the supplier, Antek AS, was proven to work well for oil-in-water emulsions.
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7 Further research

By optimising the surfactant amount to ensure maximum surface coverage, better emulsion sta-
bility should be attainable. An emulsion used for similar stability studies as in this project should
be stable enough to resist creaming for at least 15 min to allow for destabilisation to be observ-
able. Further it should not be so stable that it can not be destabilised within reasonable time
limits.

Using the low-field NMR procedure tested in this project, an optimised emulsion could be anal-
ysed quantitatively over time. By adding salts with cations of different valencies, the influence of
electrolyte concentration and valency on emulsion stability can be measured of the entire sam-
ple. The droplet size distribution combined with oil profile obtained from low-field NMR can
give an indication of the rate of creaming and/or coalescence.

It is also possible to investigate the emulsion behaviour in porous solid media similar to the rock
formations in an oil reservoir in situ by using the program developed in this project. The study

of emulsion behaviour in porous plugs is an ongoing project at the Ugelstad laboratory [36].
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A Zeta potential data

Average zeta potential, {, measured as a function of either pH or electrolyte concentration is
shown in the tables of this appendix.

Table A.1: Zeta potential, {, with standard deviation, o, at different pH values for hexadecane-in-water
emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
pH (¢ o pH ¢ o
[mV] [mV] [mV] [mV]

22 -25.3 4.6 2.2 -60.3 1.9
41 -29.7 8.5 4.0 -64.1 0.4
6.1 -73.6 4.4 6.1 -71.6 0.8
8.0 -83.0 1.7 8.0 -73.0 3.7
99 -94.2 59 10.0 -82.6 3.1

Table A.2: Zeta potential, {, with standard deviation, o, at different pH values for hexadecane-in-water
emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
pH ¢ o pH 4 o
[mV] [mV] [mV] [mV]

2.1 -57.9 54 2.2 -83.3 5.8
40 -71.3 2.6 41 -80.3 3.5
6.1 -85.4 4.4 6.1 -68.4 6.1
8.0 -828 1.4 8.0 -100.3 8.8
9.9 -104.3 6.9 10.0 -115.0 1.6

Y4
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Table A.3: Zeta potential ({) with standard deviation (o) at varying sodium chloride concentrations Cnacy
for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

CNacl ¢ o
[umoll™']  [mV] [mV]
0.0 -88.1 4.8

204 -79.2 2.3
39.6 -82.7 6.9
80.3 -83.8 2.6
119.9 -92.0 24
160.6 -97.0 2.3
200.2 -91.2 4.8

Table A.4: Zeta potential (¢) with standard deviation (o) at varying sodium chloride concentrations Cnacj
for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
CNacl ¢ o CNac ¢ o
[moll™!] [mV] [mV] [moll™!]  [mV] [mV]

0.0 -96.0 5.3 9.0x1077 -98.4 1.3
9.0x107°  -90.2 2.3 1.0x107% -102.2 3.7
1.0x10™° -941 103 1.0x107% -113.7 1.2
1.0x107%  -96.4 6.5 6.0x107%2 -76.1 3.3
1.0x1073 -103.5 1.0 1.5x1071  -63.1 2.4
1.0x107% -101.3 4.0 3.0x1071  -49.8 1.8
1.5x107Y  -62.1 1.2 45x107  -30.3 0.9
3.0x1071  -422 2.3 6.0x10°1 -27.2 0.2

6.0x1071  -31.2 3.9
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Table A.5: Zeta potential (¢) with standard deviation (o) at varying calcium chloride concentrations Ccyc,
for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
Ccacl, Icac, ¢ o Ccacl, Icacl, ¢ o
[umoll™!]  [umoll™!] [mV] [mV] [umoll™!]  [umoll™!] [mV] [mV]
7.1 21.3 -78.6 7.1 0.0 0.0 -92.7 6.6
14.3 43.0 -59.0 0.1 7.1 21.3 -68.8 2.0
21.5 64.4 -60.0 5.2 14.3 43.0 -57.6 3.3
28.5 85.4 -50.9 7.7 21.5 64.4 -584 0.8
35.6 106.8 -50.0 4.2 28.5 85.4 -57.3 1.8
42.7 128.1 -52.6 6.3 35.6 106.8 -50.1 7.1
49.8 149.4 -45.7 2.7
56.9 170.7 -43.8 3.6
49.8 149.4 -54.8 1.3
56.9 170.7 -52.4 0.5
64.0 192.1 -49.7 4.8
71.3 213.8 -38.0 9.4
78.3 2349 -42.7 2.1
85.5 256.4 -49.2 7.0

Table A.6: Zeta potential ({) with standard deviation (o) at varying calcium chloride concentrations Ccyc,
for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
Ccacl, Icacl, ¢ o Ccacl, Icac, ¢ o
[moll™!]  [moll™!] [mV] [mV] [moll™}]  [moll™!] [mV] [mV]

0.0 0.0 -90.9 1.4 0.0 0.0 -92.0 2.1
1.4x10™° 43x107° -81.7 1.6 21x107° 6.4x107° -77.5 0.9
71x107% 2.1x107% -62.2 2.5 21x107° 6.4x107° -77.5 0.9
1.0x1072 3.0x107%2 -42.1 1.6 1.0x1072 3.0x1072 -42.4 1.4
1.0x107! 3.0x107! -185 0.1 1.0x1071 3.0x107! -10.7 0.6
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Table A.7: Zeta potential (¢) with standard deviation (o) at varying aluminium chloride concentrations
Caicy, for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Paralle] 2
Caicl, Ialcl, ¢ o Caicl, Iaicl, ¢ o
[umoll™!]  [umoll™!] [mV] [mV] [umoll™!]  [umoll™'] [mV] [mV]

0.0 0.0 -91.1 8.6 0.0 0.0 -86.1 5.0

3.3 19.8 -78.3 1.7 3.3 19.8 -75.6 5.7

6.7 39.9 -73.7 5.3 6.7 39.9 -825 4.6

10.1 60.3 -71.9 49 10.1 60.3 -84.7 1.9

13.4 80.1 -54.5 7.5 13.4 80.1 -72.3 5.4

20.0 120.2 -73.4 0.0

Table A.8: Zeta potential ({) with standard deviation (o) at varying iron(III) chloride concentrations Crecl,
for hexadecane-in-water emulsions with sodium dodecyl sulphate as emulsifier.

Parallel 1 Parallel 2
CFeCl3 I FeCly ¢ o CFeCl3 I FeCly ¢ o
[umoll™!]  [umoll™!] [mV] [mV] [umoll™!]  [umoll™!] [mV] [mV]
0.0 0.0 -84.8 2.5 0.0 0.0 -87.0 2.1
6.7 40.0 -854 0.9 6.7 40.0 -87.6 2.0
13.3 79.9 -78.8 6.8 13.3 79.9 -80.9 1.4
20.0 119.9 -64.7 3.0 20.0 119.9 -79.4 4.9
0.0 0.0 -93.7 2.6 26.6 159.8 -80.9 4.4

33.3 199.8 -76.2 3.3




B Sample convection compensation results

The water profile intensity for a sample containing Milli-Q water was measured in a variety of
NMR tubes: 9mm NMR tube (narrow tube), 15mm NMR tube (standard tube) and standard
NMR tube with a teflon quadruple sample divider inserted (see Figs. B.1 to B.8)

Further, a convection compensating NMR sequence was added to suppress the diffusion mea-
surement disturbances caused by Rayleigh-Bénard convection. The effect of the applied se-
quence can be seen from Figs. B.9 and B.10.

To reduce the amount of noise in the measurements, the number of scans for each run was
increased from 4 in the preceding measurements to 8 and 16, respectively. The resulting nor-

malised intensities were plotted with respect to sample heigh in Figs. B.11 and B.12.
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B.1 Modification of sample dimensions
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Figure B.1: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = 50 ms. Left plot: 15 mm tube; right plot: 9 mm tube.
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Figure B.2: Normalised intensity as a function of sample height obtained from low-field NMR before any
modifications had been made with D5 = 50ms. Measured in 15 mm tube containing a teflon quadruple
sample divider.
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Figure B.3: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = D5 = 500ms. Left plot: 15 mm tube; right plot: 9 mm tube.
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Figure B.4: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = D5 = 500ms. Measured in 15mm tube containing a teflon quadruple sample
divider.
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Figure B.5: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = D5 = 1s. Left plot: 15 mm tube; right plot: 9 mm tube.
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Figure B.6: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = D5 = 1s. Measured in 15 mm tube containing a teflon quadruple sample divider.
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Figure B.7: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = 1.5s. Left plot: 15 mm tube; right plot: 9 mm tube.
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Figure B.8: Normalised intensity as a function of sample height obtained from low-field NMR before
modifications with D5 = 1.5s. Measured in 15 mm tube containing a teflon quadruple sample divider.
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B.2 Modification of NMR program
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Figure B.9: Normalised intensity as a function of sample height obtained from low-field NMR after pro-
gram modifications measured in 15 mm tube. Left plot: D5 = 250ms; right plot: D5 = 500ms.
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Figure B.10: Normalised intensity as a function of sample height obtained from low-field NMR after pro-
gram modifications measured in 15 mm tube. Left plot: D5 = 1s; right plot: D5 =1.5s.
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B.3 Modification with increased number of scans
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Figure B.11: Normalised intensity as a function of sample height obtained from low-field NMR after pro-
gram modifications measured in 15 mm tube with D5 = 750ms with varying number of scans (ns). Left
plot: ns = 8; right plot: ns =16.
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Figure B.12: Normalised intensity as a function of sample height obtained from low-field NMR after pro-
gram modifications measured in 15 mm tube with D5 = 1s with varying number of scans (ns). Left plot:
ns = 8; right plot: ns = 16.
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