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ABSTRACT

The aim of the work within this thesis is to elucidate the details of enhanced oil
recovery by surfactant solution flooding. This was achieved by determining the detailed
surface chemistry and flow behaviour of model systems consisting of a packed column
of calcium carbonate particles as the porous rock with interstices filled with a pure oil,
and aqueous solutions of three different surfactants (an anionic, cationic and nonionic)
as the displacing phase. Each three phase system is characterised in detail in terms of its
surface chemistry properties, including; water-rock adsorption, water-oil interfacial
tensions, water-oil-rock contact angles, aqueous phase behaviour, microemulsion phase

behaviour and water-oil partitioning.

Two models are derived to enable modelling of the oil recovery performance of the
aqueous surfactant solutions being pumped through the powder packed columns with
interstices filled with the oil. The first model enables the concentration of free surfactant,
[surf]ree, present within the packed columns during flooding to be calculated from the
initial concentration pumped in, [surf]init. This allows a direct comparison between
surface chemistry characterisation results (which relate to [surf]fee) and %oil recovery
results (which relate to [surf]init). The second two-part model shows how, based on the
hypothesis that the residual oil is trapped in the form of liquid bridges between contacting
calcite particles, the measured %oil recovery variation with surfactant concentration can
be understood and predicted for concentrations of surfactant both below and above the
cuc in terms of the characterisation results.

It was found that, for surfactant concentrations < cpc, the oil recovery depends on the
contact angle alone (when capillary forces are dominant over viscous forces, i.e. low
capillary number regime). The predictions show that the oil recovery varies from 58 %
with a 0 ° contact angle through the water to 82 % with a contact angle of 90 ° or greater.
When surfactant concentration > cpuc, additional oil is recovered by a solubilisation plus
emulsification mechanism. Experimental results were in reasonable agreement with

those predicted from the model.
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LIST OF COMMON SYMBOLS AND ABBREVIATIONS

Where one symbol can have multiple variations of a subscript/superscript, here it is

denoted as an arbitrary letter.

AOT

Bo

CL

Cn

cac

C].lCa

CW-100

C14BDMAC

DEA

EOR

FCX

Kb

KL

KP—ow

English letters
overall packed column cross-sectional area
anionic surfactant bis-2-ethyhexylsulfosuccinate sodium salt
Bond number (E6tvos number), ratio of gravity to capillary forces
Capillary length
Capillary number, ratio of viscous to capillary forces
critical aggregation concentration

critical microemulsion concentration in phase a (absence of a

indicates cuc in aqueous phase)

surfactant component of the CW-100 mixture, the (non-ionic)

surfactant is Coconut diethanolamide.

cationic surfactant alkylbenzyldimethylammonium chloride with a
14 carbon chain length tail

diethanolamine
Enhanced oil recovery
fraction of the particle surface accessible to water

FordaCal calcium carbonate (calcite) sample from Minelco, where X
can be 10, 30 or 200

acceleration due to gravity on the earth’s surface
Darcy permeability coefficient

a constant reflecting the strength of adsorption in the Langmuir or

Langmuir-type adsorption isotherms

oil water partition coefficient of surfactant monomer
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ks

Nav

pv

Rem

Rep

Rsol

la

APa

da

[ab

Boltzmann constant

packed column length in the direction of the fluid flow

Avogadro’s number

number of pore volumes pumped through the column

pore volumes (volume of phase pumped/volume of pores in column)
volumetric flow rate

moles of oil emulsified per mole of aggregated AOT, equal to
[emulsified oil]/(JAOT] — cuc)

reynolds number for flow through packed beds of spherical particles

moles of oil emulsified per mole of aggregated AOT, equal to
[solubilised 0il]/([AOT] — cuc)

radius of ‘a’
absolute temperature

linear flow velocity (U = Q/¢poreA)

Greek letters

The cooperativity parameter for the Langmuir-type adsorption

isotherm

Pressure drop across a (can be Laplace pressure or driving pressure

drop)
volume fraction of a. When a = pores, then ¢a = porosity.

surface concentration (adsorbed amount) of surfactant at the interface
between phases a and b, where a and b can be substituted by the
symbols/names of the phases (or left out for general usage)
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I'max a-b maximum surface concentration (adsorbed amount) of surfactant at
the interface between phases a and b, where a and b can be substituted

by the symbols/names of the phases (or left out for general usage).

Ya-b interfacial tension (or surface energy) between phases a and b, where
aand b can be substituted by the symbols/names of the phases (or left
out for general usage).

u dynamic viscosity

Y kinematic viscosity (u/p)

p density

0 rock-water-oil contact angle measured through the water

Symbols

[surf]non-adsorbed concentration of surfactant not adsorbed at an interface (also called

[SU I’f] free)

%oil recovery percent of the original oil in place recovered
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CHAPTER 1
INTRODUCTION

1.1 General background and the main aim of this work

The first fraction of oil extracted from an oil reservoir is done so by simply drilling a
production well and allowing the oil to flow out under its own pressure (it is under
pressure as the oil is saturated with natural gas), this stage is known as primary oil
recovery. Over time the natural pressure decreases and the oil recovery rate slows.
Secondary oil recovery is then used in which injection wells are drilled around the
production well and (usually) brine is pumped down in order to raise the pressure in the
reservoir (Figure 1.1); these two processes together can recover up to approximately
40 % of the total oil in place in the reservoir. After secondary oil recovery has taken
place much of the remaining oil is trapped in the porous reservoir rock by capillary forces
(discussed in section 1.2)}?, and other effects such as flow bypassing due to

heterogeneous permeability can also be important.

Figure 1.1. The process of secondary and tertiary oil recovery, where the injection fluid
would be brine for secondary and something other than brine for tertiary (e.g. COo,

steam, surfactant solutions etc.).
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Although fossil fuels will probably eventually be replaced by renewable fuels, the
current demand for crude oil is high and is not expected to decrease any time soon?. As
the initial oil recovery techniques typically recover less than half of the total oil present
in a reservoir it is essential to increase these yields in order to keep up with the high
demand. Tertiary (or enhanced) oil recovery techniques involve the injection of
something other than the brine used in secondary oil recovery with the aim of
overcoming the capillary forces (or prevent flow bypassing) in order to release the
trapped 0il®®. The work throughout this thesis focuses on the injection of aqueous

surfactant solutions.

Because of its obvious economic importance, enhanced oil recovery (EOR)
techniques with the use of surfactants have been investigated extensively in the literature
since the early 1900’s, with one of the first patents published in 1927 describing how
interfacial tensions between crude oil, the reservoir rock and water can be reduced
through the addition of ‘soap’ to the water’. Since then, an extensive literature on the
interrelated aspects of this complex process has been developed; including many
reviews®?°, general measurements of the EOR performance of different surfactant
systems?12°, studies of how exposure of the porous network to crude oil and water leads
to complex “mixed wettabilities” in which the pores are partially wetted by both oil and
water and how surfactant addition alters the wettability state of the reservoir?®34,
visualisation of the complex, multiphase flow*>52 and modelling of how the oil recovery
depends on the pore network structure, wettability state, relative permeabilities to oil and
water, flow rates and other conditions®*®’. However, this literature does not contain
clear, systematic information on how the rock/oil/water contact angle varies with
surfactant concentration and how this relates to surfactant adsorption at the various
surfaces present, how surfactant adsorption causes its depletion in the EOR aqueous

phase, and how these factors relate to the fraction of oil recovered.

The main aim of the work within this thesis is to elucidate the details of enhanced oil
recovery by flooding with aqueous solutions of surfactant. This was done with the use
of an experimental model system consisting of a pure rock (calcium carbonate), a pure
oil (decane, heptane or toluene) and pure water containing surfactant (an anionic,
cationic or a nonionic) and salt. Each system was characterised in detail in terms of the
surface chemistry properties and the results of this characterisation used to understand

the amount of oil recovered from a packed column of the calcium carbonate.
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This chapter introduces the fundamental topics which are of most relevance to the
research discussed throughout the rest of this thesis. As each area introduced has an
enormous amount of theory and literature behind it, only the parts of the theories of
particular relevance to this research are introduced. In some cases, topics are discussed
in more detail as and when appropriate in the results chapters. In many cases the reader
will be referred to other books and reviews if a further understanding is being sought

after.

As oil recovery processes involve the flow of fluids through a porous medium, the
first section introduces the basics of single-phase and two-phase flow through porous
media. The two-phase flow discussion focuses mainly on the three main ‘forces’ which
are thought to play a role in the trapping and/or displacement of one phase by another.
Following this, the concepts of interfacial tension and the three-phase contact angle are
introduced. Up to this point the text involves no discussions about surfactants and their

use in the oil recovery process.

Since the fundamentals of how the oil is trapped within a porous medium will be
established by this point, the discussion will turn surfactants and how they can be used
to aid the recovery of oil from a porous medium. Initially it is important to establish an
understanding of the basic principles of the behaviour of surfactants both in aqueous
solutions and in an oil and water system. Hence, the topic of surfactant aggregation and
microemulsions is introduced. Following this it is shown how surfactants can be used
to alter interfacial tensions and the three-phase contact angles, and further the effect that

surfactants have on the emulsification of one immiscible phase within another.

Finally, a brief overview of the literature related to this work is discussed, followed
by a discussion about the way in which this work aims to bring new clarity and insight

in to this area of research.
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1.2 Single-phase and two-phase flow through porous media

Before an understanding of how the oil left trapped in a porous rock can be removed
Is developed, it is first necessary to have a basic understanding of the flow characteristics
of fluids through a porous medium. Due to the nature of oil recovery where one phase
is used to displace another, there will always be at least two fluid phases present in the
porous medium (in the work here, an aqueous phase and an oil). However, as two-phase
flow is a much more complex situation than single-phase flow, the discussion here will
begin with the basics of single-phase flow. As the aims of the current work is to
understand the effects of the surface science involved in aqueous surfactant flooding on
the oil recovery, only a brief discussion on some of the fundamentals of single-phase and
two-phase flow in relation to oil recovery will be had. If the reader wants to learn more
about the complexities of this area, there are many books and online resources to which

they can refer to.
1.2.1 Single-phase flow through porous media: Reynolds number and Darcy’s law

Single-phase flow through porous media is, in many ways, a far more simple situation
than two-phase flow. Before any discussions about the characteristics of single phase
flow can be had, it is first necessary to define what is meant by this term. Throughout
the following discussions, single-phase flow through porous media refers to the flow of
one single un-reactive fluid through an incompressible porous medium, in this case a
packed bed of particles. Thus, within the flow system there are only two components
present, the solid particles and the fluid which is flowing through the interstices between
the particles. Limiting the discussions to such a system enables the focus to be more
towards the type of systems used throughout this work. The distinction of an un-reactive
fluid and an incompressible porous medium is so that it can be assumed that the flow
properties of the system, such as permeability and connectivity between pore space,
remains constant during the flow of the fluid. If the porous medium is compressible or
the fluid reacts with the porous medium, the complexities of single-phase flow are

greatly increased®®6°,
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For single-phase flow through a porous medium, there are two main flow regimes
which are possible: i) laminar flow and ii) turbulent flow. Laminar flow is the case in
which the fluid flows smoothly in ‘layers’ and there is no mixing between the layers. In
laminar flow, flow properties such as the velocity remain constant at each point within
the flowing region of the fluid. In turbulent flow the velocity of the fluid at any point in
the flowing region may vary in direction and speed, and often circular currents are
observed. How these situations look changes depending on the type of system through
which the fluid is flowing. Figure 1.2 shows the example of a single sphere in the middle
of a cylindrical pipe. The general observation for laminar flow is that the fluid moves
smoothly around the sphere without mixing with the other layers of the fluid. For
turbulent flow the flow may be laminar in nature before the fluid comes in to contact
with the sphere, but in the process of flowing around the sphere the flow turns to become
turbulent in nature. In flow through a packed bed (where there are many spheres), the

principles are similar .

Figure 1.2  Diagrammatic representation of laminar (top) and turbulent (bottom)
flow of a liquid through a cylindrical pore containing a sphere. The black lines with

arrows indicate the flow direction of the fluid at each point.
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For single-phase flow through a packed bed of particles, the calculation of the
Reynolds number (equation 1.1) is useful in order to determine which flow regime is

expected to be present under a specific set of conditions.

Re — Urparticle
g, = — LT (1.1)
(1_ q)pore )V
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where Rep is the Reynolds number for flow through packed beds of spherical particles,
U the linear velocity of the flowing liquid, rparticle the radius of the particles making up
the bed, ¢pore the porosity of the packed bed (volume of pores / total volume of object)
and v the kinematic viscosity (dynamic viscosity / density). Whilst the transition from
laminar to turbulent flow has been debated, Carpinlioglu et al. have shown that for flow
through vertical packed beds of spherical particles with a ¢pore Of 0.36 - 0.56, the

transition from laminar to turbulent flow occurs at an Re, of approximately 20007°.

There are a number of useful equations for systems which are in the Laminar flow

regime. One of these equations is Darcy’s law (equation 1.2).

AP = 2—:(“; (1.2)
where Kp is the permeability coefficient, AP is the pressure drop across the packed
column, Q is the volumetric flow rate, u is the fluids dynamic viscosity, L is the packed
column length in the direction of the fluid flow and A is the overall packed column cross-
sectional area. The Darcy permeability coefficient, Kp, is useful as a measure of the ease
at which a fluid can flow through the porous medium (and is routinely determined in the
oil field literature).

1.2.2 Two-phase flow through porous media - capillary, viscous and gravity forces and
flow bypassing

As previously mentioned, the addition of a second fluid in to a flow system
significantly complicates a situation, and hence amplifies the amount of theories and
equations related to the area. Since the work here is mainly interested in how one phase
is displaced by another (in these discussions, oil being displaced by water), this
introduction will be limited to discussing the parameters which effect such a
displacement.

The residual oil remaining in an oil reservoir is thought to be mainly trapped by the
capillary forces which arise as a consequence of the curvature at the oil-water interface
and the oil-water interfacial tension. In surface science terms, the capillary force is more

commonly discussed in terms of the Laplace pressure across a curved interface. For an
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oil-water interface with a spherical cap within a cylindrical pore (Figure 1.3), the Laplace

pressure is given by equation 1.3.

2y . C0SO
AI:)L = pin - pout = YO\rl_v (13)

pore

where yowis the interfacial tension between the oil and the water, 6 the three phase contact

angle measured through the water and rpore the radius of the pore.

Figure 1.3  Diagrammatic representation of a curved oil-water interface within a

cylindrical pore which gives rise to the Laplace pressure/capillary forces.
Rock
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o

Thus, in order to release the trapped oil the capillary forces need to be overcome.

There are three main ways in which this is thought possible: i) reversing the sign of the
Laplace pressure, ii) forcing the oil out by overcoming the capillary forces with viscous
forces and iii) using gravity forces to cause the oil to separate out to the top of the

reservoir’-72,

Depending on the value of the contact angle, the capillary forces can either help or
hinder the imbibition of water in to the pore. The whole focus of the wettability alteration
literature (mentioned at the start of this chapter) is on lowering the contact angle
(measured through the water) to below 90 ° to enable the water phase to spontaneously
imbibe in to pores and release the trapped oil. While this may initially appear to be the
best option for releasing the trapped oil in reservoirs, the process can be extremely slow.
It is partly for this reason that forced imbibition is often employed, the aim of which is
to overcome the Laplace pressure (capillary forces) by increasing the viscous forces.
The ratio between viscous and capillary forces, known as the capillary number (Cn,
equation 1.4), is often used to understand the point at which viscous forces overcome the

capillary forces and hence displace the oil.
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_viscous forces  pU
" capillary forces 7y,

(1.4)

where p is the dynamic viscosity of the displacing phase. Many studies have focussed
on the effect of flow rate, viscosity, the oil-water interfacial tension and the three-phase
contact angle on oil recovery by forced imbibition with some attempting to model the
critical capillary number at which oil becomes mobilised”"*. The critical capillary
number is expected to be > 1, however, problems arise with estimating the viscous and
capillary forces over identical and correct length scales. This is discussed in further
detail in Chapter 3.

The last type of displacement mechanism that may be employed to release trapped oil
is that of when gravity forces overcome the capillary forces, a process often called
gravity drainage. The ratio between gravity and capillary forces, known as the Bond

number (sometimes also called the E6tvos number), is given in equation 1.5.

_ gravity forces _ Apg(2r,,.)’
° capillary forces Yow

(1.5)

where Ap is the density difference between the two phases and g the acceleration due to
gravity. Despite the fact that oil recovery by raising the bond number (usually by
lowering the oil-water interfacial tension) can be high™, there is not as much literature
found as compared to either wettability alteration for spontaneous imbibition or
overcoming the capillary forces with viscous forces. This may be as a consequence of

oil recovery through gravity drainage being very slow?®.

All the above relationships are useful for understanding the oil recovery on a pore-
scale level. However, the effect they may have on the oil recovery at a macroscopic
level depends on, among other parameters, the nature of the permeability of the rock, i.e.
is it homogenous or heterogeneous permeability. For a rock with homogenous
permeability any of the above relationships may sufficiently explain the oil recovery
mechanisms observed, however, for a rock with heterogeneous permeability effects such
a flow bypassing may be observed®®%. Flow bypassing is where the flowing liquid
preferentially passes through some pores over others (usually due to size differences).
Thus, although the oil recovery from some pores may be close to 100 %, if some parts
of the reservoir are not reached by the flooding phase no oil can be recovered from those

areas. The effectiveness of a flood on flowing through the whole reservoir is often
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discussed in terms of the sweep efficiency, which is the volume of the reservoir contacted
by the displacing fluid. As the current work uses a largely homogenously permeable
porous material, the sweep efficiency is not considered to have a significant effect, and
as such is not discussed any further.

Overall it can be seen that pore-level trapping by capillary forces (Laplace pressure)
can be overcome by changing the sign of the Laplace pressure through wettability
alteration, overcoming the capillary forces through forced imbibition (by adjusting the
oil-water interfacial tension, the viscosity of the displacing phase or the flow rate) and
lowering the oil-water interfacial tension to increase the relative effects of gravity
leading to gravity drainage. Further, the oil recovery from heterogeneous porous media

is likely to be affected by other factors such as sweep efficiency.

The following section discusses the basic principles of interfacial tension and the
three-phase contact angle, the two main parameters which define the Laplace pressure

(the main cause for oil becoming trapped in the rock).
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1.3 Interfacial tension and the three-phase contact angle
1.3.1 Interfacial tension

Without the effect of external forces such as gravity, liquids have a tendency to form
shapes which minimise their surface area to volume ratio. The cause for this can be
understood by looking at the intermolecular forces that occur between the molecules
which make up the liquid and how these are affected when a molecule is at the surface
of the liquid. There are two main categories of intermolecular forces, these being polar
and dispersive. The types of intermolecular forces between the molecules within a liquid
depends on the structure of the molecules. Molecules with polar entities, such as water,
have both polar and dispersive forces between the molecules, whereas molecules which
are non-polar only have dispersion forces between the molecules. Every molecule,
regardless of polarity, within the bulk of the liquid experiences attractions to other
molecules in all directions. For molecules on the surface of the liquid (at an air-liquid
interface), however, there are no (or negligible) attractive interactions between the
molecules and the air, and hence the surface molecules experience a net force of
attraction in to the bulk of the liquid (Figure 1.4). It is this phenomenon which gives rise
to the surface tension of a liquid.

Figure 1.4  Diagram of the forces of attraction between molecules in both the bulk of

and the surface of a liquid.
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Surface (or interfacial) tension is defined as the energy required to increase the surface
(or interfacial) area by unit area, commonly quoted in J m=2. It is more commonly quoted

in the equivalent units of N m™, i.e. the force acting over the surface per unit length of
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the surface perpendicular to the force’”. The term surface tension is often used to discuss
the tension between air and a liquid, whereas interfacial tension often used for the tension
between two liquids. It is worth noting, however, that the term interfacial tension can be
used for both air-liquid and liquid-liquid tensions.

If the liquid in Figure 1.4 is water and the air replaced with a non-polar phase such as
an alkane, the water molecules at the interface still experience an inward pull in to the
bulk of the water phase despite the presence of some interactions between the water
molecules and the alkane molecules. There are multiple reasons for this, though one
significant reason is that the hydrogen bonds (a type of polar force) between water
molecules are stronger than the permanent-dipole-induced-dipole interactions between
the water molecules and the non-polar phase. Hence, the tendency for water to minimise
its interfacial area under air giving rise to surface (or interfacial tension) also occurs for
water in the presence of a non-polar liquid. If the reader wants to read further about the
intermolecular forces between molecules in a liquid and how they affect interfacial
tensions there are many good books available, such as that in ref 78.

1.3.2 The three-phase contact angle

When a liquid contacts a solid in the presence of another fluid (gas or liquid), the
equilibrium three-phase contact angle (Figure 1.5) is determined as a function of the
three interfacial tensions. The relationship between the equilibrium contact angle and
the three interfacial tensions for a liquid in contact with an incompressible solid under
another fluid is given by Youngs equation (1.6). Figure 1.5 shows the case of a water

drop in contact with a flat surface of a rock under an oil.

cosf = Lo~ Yur (1.6)
’YOW

where yro is the rock-oil interfacial tension, ywr the water-rock interfacial tension, yow the
oil-water interfacial tension and 6 the rock-water-oil contact angle measured through the

water phase.
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Figure 1.5  Diagram of the three-phase contact angle between sessile drop of water

on a rock under and oil.

Whether or not a true equilibrium contact angle is attained and various parameters

which may effect this is discussed in more detail in the results chapters.

When the effect of gravity on the water drop is negligible the drop will have a
spherical cap (minimising the interfacial area), which is the case when the oil-water
interfacial tension is reasonably high. However, when the oil-water interfacial tension
is reduced to low values the drop spreads out due to the effect of gravity. The length a
meniscus can be before gravity effects the curvature of that meniscus is given by the
capillary length (equation 1.7).

Y
C, = [‘tow 1.7
=\ apg (1.7)
where C_ is the capillary length. The effect of this is easily seen by observing the
meniscus of water in a glass. The capillary length is the length of the meniscus from the
point of contact with the glass to the point at which the water surface becomes flat.

It is worth noting here that the Bond number (equation 1.5) is equivalent to the square
of the product of the pore diameter (of Figure 1.3) divided by the capillary length. Hence,
the point at which gravity causes the oil-water interface to no longer have a spherical cap
within the pore is the same point at which gravity forces become dominant over the

capillary forces.
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1.4 Surfactants and their use in enhanced oil recovery
1.4.1 What are surfactants?

Before any discussion can be had on the use of surfactants in enhanced oil recovery,
it is first necessary to define what a surfactants is. Surfactants are molecules which
consist of two regions, one of which is hydrophilic and the other hydrophobic. It is due
to this amphiphilic nature that surfactants are often observed to adsorb at various
different interfaces. It is this property which gives rise to their name of surfactant which
comes from the phrase surface active agent. Figure 1.6 shows a schematic representation
of the generic structure of a surfactant.

Figure 1.6~ Schematic diagram of the generic structure of a surfactant, where the

green circle is the hydrophilic ‘head’ and the black line the hydrophobic ‘tail’.

The structure in Figure 1.6 shows a surfactant with one ‘head’ and one ‘tail’. This
doesn’t always have to be the case however, and surfactants can have multiple head or

tail regions.

A common way to group surfactants is by the charge present on the head group when
dissolved in water. Very broadly, surfactants are grouped in to nonionic and ionic
surfactants. In practise, the generic term ionic is not often used, and instead the specific
charge on the head group is used, i.e. anionic and cationic. There are also examples of

surfactants with zwitterionic headgroups.

The tail groups of surfactants can also consist of different components and
configurations. Tails made up of alkane chains are commonly encountered (branched or
straight). Other examples of surfactant tail groups are alkylbenzenes and fluoroalkyl

chains.”®-8
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1.4.2 Aqueous phase behaviour

Due to their amphiphilic nature, surfactants often display some interesting
characteristics in aqueous solutions. One such characteristic is their tendency to from
aggregated structures above a certain concentration (the critical aggregation
concentration, cac). Often these aggregates are in the form of spherical micelles, hence
why it is common to see this critical concentration denoted as the cmc, or critical micelle
concentration. However, sometimes the aggregates can be in other forms such as
lamellar liquid crystal phases (which are observed for some of the systems in this current
work). Hence, throughout this work the term cac is used as this encompasses the
formation of all aggregates, including micelles. In aqueous solutions, the aggregates
form with the hydrophilic heads on the outside and the hydrophobic tails on the inside.
The opposite can occur in oil solutions where the heads are on the inside of the
aggregates and the tails on the outside, in this case if the aggregates formed are spherical

they are denoted as reverse micelles.

As mentioned, the formation of aggregates often occurs at a critical concentration
known as the cac. Below this concentration the surfactants dissolve as monomers, and
above this concentration the excess monomers (the concentration above the cac) form
aggregates. Another characteristic of surfactants in aqueous solutions is the adsorption
of the monomers at the air-water interface (discussed further in section 1.4.4.1). These

situations are shown schematically in Figure 1.7.

Figure 1.7 2D diagrammatic representation of surfactants in aqueous solutions both
below (left) and above (right) cac. The concentration of monomers in the right diagram

is equal to the cac.
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The cause for both the adsorption at the air-water interface and the formation of
aggregates is often discussed in terms of the removal of the hydrophobic tails from
contact with the water. Opposing this process is the repulsion between the head groups
of the surfactants, a situation more prevalent with ionic surfactants. If the reader is
interested there are many good books available on the thermodynamics of the adsorption
and aggregation processes’®®. It is worth mentioning that the formation of aggregates
is a dynamic and reversible process. Hence, individual monomers in aggregates can be
removed from aggregates and replaced by other monomers, and aggregates can fully

dissociate and another aggregate formed.

An important phenomenon that is commonly observed for ionic surfactants is that of
a sudden increase in the solubility of the surfactant in water at a certain temperature. The
reason for this is that the solubility of ionic surfactant monomers is generally quite low
(due to the hydrophobic tails), however the solubility of the aggregates is significantly
higher as the hydrophobic regions are not in contact with the water. Thus, at
temperatures where the solubility concentration is below that of the cac, only monomers
can dissolve and hence the solubility is low. When the temperature is such that the
solubility becomes roughly equal to the cac (known as the Krafft point/temperature)
there is a sudden rise in the solubility (Figure 1.8) as all the excess surfactant forms

aggregates which as previously stated are much more soluble than the monomers.

Figure 1.8  Diagrammatic representation of the Krafft point for the dissolution of

ionic surfactants in water.
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Interestingly the opposite occurs with nonionic surfactants, i.e. the solubility
decreases with increasing temperature. At a temperature known as the cloud point the
surfactants form large aggregates forming a separate phase, causing the solution to
become cloudy.

1.4.3 Behaviour of surfactants in an oil and water system - microemulsions

When surfactant is added to a system consisting of oil and water (whereas above only
water was present), below a critical concentration (the critical microemulsion
concentration, cuc) the surfactant is present as monomers which may be present in one
or both of the phases and will adsorb at the interface between the two phases. Above the
cuc, aggregates may again be formed. The formed aggregates (which can be in either
phase, or in a separate middle phase) have the ability to solubilize small amounts of the
opposite phase to which the aggregates are in. For a system consisting of a 1:1 volume
ratio of water:oil and a surfactant concentration above the cuc there are three different
multiphase systems containing microemulsions which can occur. These systems are

usually discussed in terms of the Winsor naming system (Figure 1.9).

Figure 1.9  Diagrammatic representation of the three Winsor systems.
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The type of microemulsion formed is determined by the preferred curvature of the
surfactant aggregates. For an O/W microemulsion the preferred curvature of the
aggregates is positive (with the heads on the outside of the aggregates), for a
bicontinuous microemulsion the preferred curvature is zero, and for a W/O
microemulsion the preferred curvature is negative (with the heads on the inside of the
aggregates). A factor considered in predicting the preferred curvature of a surfactant
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system is the hydrophile-lipophile balance (HLB) of the surfactant®?. This provides a
measure of the balance between the hydrophilic and hydrophobic entities of a surfactant

molecule.

For a system consisting of water, alkane and an ionic surfactant, the inversion from a
Winsor | to a Il to a Il can be caused through the addition of salt. This is due to the
addition of salt shielding the charge between the head groups of the surfactant (which
lowers the HLB) thus allowing them to become closer together. This in turn leads to a
decrease in the preferred curvature of the aggregates. The addition of salt can be used
to cause microemulsion phase inversion with nonionic surfactant as well, though often
larger amounts salt are needed. If the reader would like to read more about the nature of
the preferred curvature of surfactant aggregates and how other parameters affect this,

they are referred to reference 81.

1.4.4 How surfactants can be used to overcome the capillary forces

As the residual oil left behind in an oil reservoir is mainly trapped by capillary forces,
the magnitude of which are define by the Laplace pressure, it is necessary to understand
how surfactants can be used to overcome them. The following two sections (1.4.4.1 and
1.4.4.2) discuss how surfactants can alter the interfacial tensions of the three-phase
system and how in turn this alters the three-phase contact angle, both of which are
involved in determining the value of the Laplace pressure. The final section (1.4.4.3)
briefly discusses how the lowering of the oil-water interfacial tension leads easier
emulsification between the two-phases, which in some respects negates the need to

overcome the Laplace pressure.
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1.44.1 Adsorption and the corresponding effect on the interfacial tensions

As previously mentioned, surfactant monomers have the tendency to adsorb at air-
water and oil-water interfaces. Further, they are often found also to adsorb at solid-liquid
interfaces. The driving force for adsorption at the air-water or oil-water interfaces is
often that of removing the hydrophobic tails from being in contact with the water. The
driving forces for adsorption at the solid-liquid interface, however, are not limited to the
hydrophobic driving forces but can also be due to other effects such as electrostatic
interactions. Although it can be useful to understand the mechanisms of surfactant
adsorption to the solid-liquid interface, in this current work the focus is mainly on
modelling how much adsorbs and how this affects the interfacial tensions, contact angles
and the amount of surfactant lost due to adsorption in the EOR process. The following
discusses how surfactant adsorption can be modelled and how the adsorption affects the
interfacial tensions and contact angles, leaving the discussion about how adsorption

leads to loss of surfactant in the EOR process to Chapter 4.

The amount of surfactant adsorption to an interface can be expressed in terms of an
adsorption isotherm where the amount of surfactant adsorbed per unit area is plotted vs.
the concentration of non-adsorbed surfactant in solution. These plots can be analysed
quantitatively by fitting an adsorption isotherm model to the data. There are many
models that have been derived, with probably the most common being the Langmuir

isotherm (equation 1.8).

I K [surf]
1+ K, [surf]

non—adsorbed (18)
non—adsorbed

where T is the adsorbed amount per unit area, K. a constant reflecting the strength of
adsorption and [surf]non-adsorbed the concentration surfactant not adsorbed. The
assumptions of the Langmuir isotherm are; i) the solid has specific binding sites, ii) all
of the adsorption sites are of equal energy, iii) there are no interactions between the
adsorbed species, and iv) adsorption only takes place up to a monolayer®. Despite these
assumptions the Langmuir isotherm can often be used to fit experimental data where
these assumptions are known not to be true. The suitability of the Langmuir isotherm

for fitting to experimental data is discussed further in the results chapters.

As a consequence of surfactants adsorbing at interfaces, the interfacial tension
decreases. The relationship between the adsorbed amount and the change in interfacial
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tension is given by the Gibbs adsorption equation. Equation 1.9 is the Gibbs adsorption

equation for nonionic surfactants or ionic surfactants in swamping electrolyte.

ro_ 1 dr (1.9)
KT dlna

where k is the Boltzmann constant, T the absolute temperature, y the interfacial tension
and a the activity of the surfactant monomers. If the interfacial tension between two
phases is plotted vs. the surfactant concentration on a log-log scale graph, the interfacial
tension is seen to progressively decrease down to certain value, at which point there is
no further decrease in the tension with an increase in surfactant concentration (Figure
1.10). The concentration at which this break point occurs is the cac or cuc (depending
on if it is the air-water or oil-water interfacial tension being measured). The reason for
this breakpoint occurring is that the activity of the surfactant monomers no longer
increases with increasing surfactant concentration above the cac/cuc as the excess
surfactant forms aggregates which do not adsorb at the interface.

Figure 1.10 Diagrammatic example of the decrease in interfacial tension between two
phases with an increase in surfactant concentration where both axis are on a logarithmic

scale.
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For an oil-water system with [surf] > cuc (as in Figure 1.9), the post-cuc oil-water
interfacial tension is seen to reach a minimum in the Winsor 111 region of microemulsion
phase inversion and can often approach ultra-low values of around 1 x 10° mN m™. This

trend will be seen in Chapter 4. Thus, for surfactants in an oil and water system a large
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variation in the oil-water interfacial tension can be achieved through the addition of salt
and the varying of the surfactant concentration (from the value without surfactant,

typically approximately 40 mN m, to ultra-low values of approx. 1x10°mN m™).
1.4.4.2 Effect on the three-phase contact angle

As the three-phase contact angle (section 1.3.2) is determined by the relative
magnitudes of the three interfacial tensions, it is clear that the addition of surfactant to
the system can alter the contact angle through adsorption at the interfaces causing a
change in the interfacial tensions. The ways in which the tensions, and hence the contact
angles can vary with surfactant concentration are many. By creating ‘dummy’ tension
data and calculating the contact angles (with Youngs equation, 1.6), it is easy to
understand how much of a variation in the contact angle the addition of surfactant to a

system can cause. Figure 1.11 shows two such situations.

The two theoretical systems shown in Figure 1.11 have the same decrease in the
water-oil tension down to an ultra-low value and an unchanging rock-oil tension. The
only difference between the two systems is the change in the water-rock interfacial
tension. The top system is the case where the water-rock tension drops down to a value
less than the rock-oil tension at a concentration approximately equal to the cuc, whereas
the bottom system the water-rock tension stays above the rock-oil tension at all
concentrations of surfactant. The slight difference in the variation of the water-rock
tension results in a significant change in the calculated contact angles, where the top
system sharply drops to a contact angle of 0 ° and the bottom system sharply rises to
180 °.

Thus, it can be seen that the addition of surfactant to a water-oil-rock system can

cause the contact angle to vary from 0 to 180 °.
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Figure 1.11  Theoretical representations of the effect of surfactant concentration on
the interfacial tensions in a water-rock-oil system and the corresponding effect on the
three-phase contact angle (tensions on left give rise to the contact angles on the right).
The vertical dotted lines represents the cuc/cac. The only difference between the two

systems is the change in the water-rock interfacial tension.
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1.4.4.3 Effect on emulsification

It is due to their tendency to adsorb at oil-water interfaces that surfactants are often
used as emulsifiers for stabilising macroscopic emulsions. Emulsions, in general, are
defined as a system in which small droplets of one immiscible phases is dispersed in
another. Microemulsions (section 1.4.3) are thermodynamically stable emulsions which
form spontaneously upon the mixing together of the different components of the system.
Macroscopic emulsions, on the other hand, are thermodynamically unstable and require

work to be done to cause one phase to become dispersed within the other. The reason
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for this can be understood by looking at the free energy of emulsion formation from two

separate immiscible phases.
AG =yAA—TAS

where v is the interfacial tension between the two immiscible liquids, AA the change in
the interfacial area between the two immiscible liquids, AS the change in the entropy of
the system and T the temperature of the system. With a large interfacial tension between
the water and the oil, it is clear that the AG will be positive, and hence the system is
thermodynamically unstable. If the interfacial tension is lowered by the addition of
surfactant the AG becomes smaller, and hence the emulsified system will become more
stable. Thus, the addition of surfactant to an oil and water system decreases the work
required for one phase to be emulsified by the other. Thus, the curved oil-water interface
may be removed through the emulsification of one phase in the other (though the

emulsion drops may become trapped in pores).
1.4.4 Summary of the use of surfactants in enhanced oil recovery

The addition of surfactant to an oil-water-rock system can lead to large variations in
the oil-water interfacial tensions and the water-rock-oil three-phase contact angle. As
both the parameters are highly linked to the trapping/releasing of the oil in a porous
medium by the three forces discussed in section 1.2.1 (capillary, viscous and gravity
forces), it is obvious to see how surfactants can be utilised in the releasing of the trapped
oil. Further, the solubilisation capabilities of a microemulsion system and the decreased
amount of work required to form an emulsion between water and oil probably also plays

an important role in the oil recovery performance of aqueous surfactant solutions.

As briefly mentioned, the adsorption of surfactant at the rock surface can lead to
significant depletion of the surfactant in an EOR process. This is discussed in more
detail in Chapter 4.
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1.5  Current opinions in enhanced oil recovery by flooding with surfactant

solution

As previously mentioned, the literature on the interrelated aspects of enhanced oil
recovery by flooding with aqueous surfactant solutions is vast. Over the years there have
been multiple reviews on enhanced oil recovery, which, despite some great efforts still
often do not manage to encompass the totality of the oil recovery literature®2°, Further,
it is not easy to find reviews or papers which discuss with a great degree of clarity the

specifics of how various surface chemistry properties affect oil recovery performance.

One issue which does not help the complexity of this research area is the great degree
of overlap between the multiple disciplines and research areas which are involved. Due
to this there are many ways in which any one single aspect of this research area can be
approached by different researchers. As this is the case, a simple overview of the current
opinions in enhanced oil recovery seems best to be approached in the form of a table.
Table 1.2 summarises the main areas of research which are of interest to the current
study, and the key ideas (and in some cases key authors) associated with each area. The
key authors are by no means the only authors worth a mention, they are simply the
authors which appear most common or whose ideas have endured over the years. A brief
discussion about each are can be found following the table. The reader should bear in
mind that this overview is by no means exhaustive, it serves simply to show the wide

variety of research areas involved in the oil recovery literature.

Following this, the common factors between many of the research areas are discussed,
and how the current study aims to bring new clarity and insight in to this complex area

of research.
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Table 1.2 An overview of the main areas of research in the oil-recovery literature.

Main areas of research

Key ideas/authors

Wettability alteration and
spontaneous

imbibition?®-34

Using surfactants to alter the wettability of oil filled
rocks causing the water to imbibe (without a driving
pressure) due to the Laplace pressure. Key authors, T.
Austad and D. Standnes.

Studies on how components in crude oil alter the
wettability of the rock under different conditions. Key

author, J. Buckley.

Modelling of the
complex oil recovery

process®2%®

Modelling how the oil recovery depends on the pore
network  structure, wettability state, relative
permeabilities to oil and water, flow rates and other
conditions Key authors, S. Buckley, M. Leverett, W.
Rose, M. Blunt., P. Hammond.

Computer modelling /

history mapping®3®°

Using complex computer algorithms to model the oil
recovery performances under different conditions

using mainly history mapping/forecasting techniques.

Visualisation of oil
recovery - glass
micromodels, x-ray
tomography

and more3®>1

Using glass micromodels to enable visualisation of the
oil recovery process under different conditions. Key
author, R. Lenormond.

Using x-ray tomography, low field NMR and other

techniques to visualise oil recovery in rock cores.

Screening tests and
generic flooding

experiments?-2°

Taking new surfactant systems and carrying out pre-
screening tests, followed by determining the oil

recovery from rock core samples.

Loss of surfactant due to
adsorption at the rock-

water interface®-88

Rock core flooding experiments with aqueous
surfactant solution to determine the amount of

surfactant depleted during a flooding process.
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1.5.1 Wettability alteration and spontaneous imbibition

As mentioned previously, the wettability alteration literature is mainly focussed on
attempting to understand the effect of the water-rock-oil three phase contact angle on oil
recovery by spontaneous imbibition. As well as attempting to understand how the oil
recovery depends on the contact angle, many studies are carried out to see how both
surfactant in the aqueous phase and natural surfactants in crude oil can effect this contact

angle.
1.5.2 Modelling of the complex oil recovery process

This is the section of the literature which comes closest to the aims of the current
research. The main aims are to understand how multiple parameters affect the oil
recovery from various different types of porous media. The longest enduring ideas
within this area are perhaps those of Buckley and Leverett>®. They attempted to extend
Darcy’s law to enable its use for two-phase flow in an attempt to bring predictive
capabilities in understanding how much oil will be recovered. Rose, however, has

published multiple papers refuting these ideas®-°:.

Despite the vast amount of literature related to this topic, it is not easy to find a generic

consensus on how these various parameters effect oil recovery.
1.5.3 Computer modelling/history mapping

In these studies, many of the same parameters related to oil recovery which are
incorporated in to the models from the previous section are used in highly complex
computer simulations. A common program used is UTCHEM, which is developed at
the University of Texas. The principles of such programs is similar to that of a weather
forecast, whereby a large amount of parameters are input and the outcome calculated

based on previous examples.
1.5.4 Visualisation of oil recovery

This area is split into two main categories; i) using glass micromodels to image oil
recovery using optical techniques, and ii) using more complex techniques such as x-ray
tomography and NMR to image oil recovery within rock cores. From these experiments,
the effect of varying the capillary and Bond number on the macroscopic oil recovery can

be visualised.>?
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1.5.5 Screening tests and generic flooding experiments

Much of this area of the literature is taken up with designing and synthesizing new
surfactants with properties which aim to overcome common problems encountered in
EOR processes. Problems such as surfactant precipitation and degradation are common

for researches to aim to reduce.

Aqueous solutions of the new surfactants are then used in screening tests to assess
their viability for oil recovery. This may include interfacial tension, contact angle and
various other physiochemical measurements. Many of the surfactants are used in
conjunction with a co-surfactant. The solutions are then used in rock core flooding

experiments to see how effective they are at recovering the oil.
1.5.6 Loss of surfactant due to adsorption at the rock-water interface

It is well established that due to the large surface area to volume ratio during flooding
processes large amounts of surfactant can be lost due to adsorption at the rock-water
interface. Some researches carry out aqueous floods through rock cores and measure the
amount of surfactant lost, and how it can also be desorbed and recovered.

1.5.7 Common factors in oil recovery studies

Despite the huge variation in research topics, there are a few common factors between

many of the studies, such as;

1. The use of rock cores cut from outcrop rocks near oil producing reservoirs
2. The use of crude oil which contains many impurities

3. Similar pre-flood routines
4

Water-floods before surfactant floods

Pre-flood routines often consist of cleaning the rock core, filling it with brine,
displacing the brine with oil until residual brine saturation is obtained, followed by the
oil displacement floods of interest. This is thought necessary as this process is supposed
to closely resemble the processes which actually occur in a real reservoir. It is thought
that reservoirs were initially filled with water, this water was then displaced over millions
of years as the oil was made and flowed up in to the rock slowly (displacing the water)
due to gravity, then oil engineers drill a hole and pump down the displacing solutions.

It is for a similar reason that many studies carry out a water-flood before surfactant
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flooding, as this is closer to how tertiary oil recovery processes occur in an actual oil
field.

1.5.8 Aims of and the novel features of the current study

As mentioned at the beginning of this chapter, the main aim of the work discussed
within this thesis is to elucidate the details of enhanced oil recovery by flooding with
aqueous solutions of surfactant in terms of surface chemistry properties. In order to do
this it was necessary to use a pure experimental system to minimise the amount of
parameters involved in the oil recovery process. Therefore, all experiments were carried
out using a pure rock (calcium carbonate), a pure oil (decane, heptane or toluene) and
pure water containing surfactant (an anionic, cationic or a nonionic) and salt. Each
system was characterised in detail in terms of the surface chemistry properties. All
packed columns were filled with the pure oil first (with no pre water-flood), and the oil
subsequently displaced using the surfactant solution (i.e. no ‘secondary’ oil recovery
process with water). The results of the characterisation were used to develop an
understanding of the amount of oil recovered from a packed column of the calcium

carbonate (with the aid of two models, both derived in Chapter 4).

For the current work surfactant floods are carried out at a flow rate corresponding to
the low capillary number regime (i.e. capillary forces dominate, at least for low
surfactant concentrations), but with a pressure drop imposed so that the flow is not by
spontaneous imbibition. It is hypothesised that the oil left behind after such a flood is
trapped as liquid bridges between contacting particles in the packed bed. Much of the
theory involved in the considerations of the amount of fluid retained when a particle bed
is flooded with a second fluid are also important in the prediction of so-called “liquid
holdup” in distillation columns and catalyst particle bed reactors and other

applications®2-%,

Thus, although each individual aspect of the current study may not itself be classified
as novel, the novel aspect comes from the full systematic characterisation of many of the
system parameters thought to be involved in oil recovery, and the linking of these to the
oil recovery performance. The full systematic characterisation was made possible

through the use of all pure components, not often encountered in the literature.
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1.6 Presentation of thesis

Chapter 2 describes the main experimental techniques used throughout this work. As
the flooding experiments did not use a standard technique, there is a discussion about

development and testing of the set-up used for these experiments.

Chapter 3 discusses the properties and characterisation of the calcite packed columns.
This involves describing the packed bed characteristics, such as porosity, and the flow
properties of fluids through the packed bed, such as permeability. Using the
experimental results from these sections a discussion about the estimation of the pore
radii within the packed bed is had. The characterised parameters are then compared to
some examples of field conditions. Following this, the effect of flow rate and gravity on
the oil recovery from the packed beds are discussed in terms of the capillary and bond

numbers.

The work discussed in Chapter 4 starts with the characterisation of a system consisting
of water, decane, calcite, and the anionic surfactant AOT with three different salt
concentrations, in terms of the equilibrium microemulsion behaviour, aqueous phase
behaviour, adsorption at the water-calcite interface, changes in the water-decane
interfacial tension and the change in the three-phase contact angle as a function of AOT
concentration. Following this characterisation, it is shown how the %oil recovery from
the packed columns (from Chapter 3) varies with surfactant concentration. At this point,
a model is derived to enable the determination of the concentration of surfactant that is
left in the bulk of the water phase during a column flood after adsorption to the calcite-
water interface has occurred. The model is then used to convert the initial concentrations
of surfactant pumped in to the column to the concentration that is free (or non-adsorbed),
which enables the oil recovery results to be related to the characterisation results.
Finally, a second two-part model is derived to show how, based on the hypothesis that
the residual oil is trapped in the form of liquid bridges between contacting calcite
particles, the measured %oil recovery variation with surfactant concentration can be
understood and predicted for concentrations of surfactant both below and above the cpc

in terms of the characterisation results.

With the aim of further testing the models derived in Chapter 4, Chapter 5 discusses
the characterisation of and the oil recovery performance of two different systems, one

with a cationic surfactant and one with a nonionic surfactant. The first system consists
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of water, toluene, calcite and the pure cationic surfactant C14BDMAC. The second
system consists of water, heptane, calcite and the un-pure commercial (technical grade)
nonionic surfactant CW-100S. Most of the discussion within this chapter is aimed at
understanding how the difference in behaviour of the surfactant leads to a difference in
the oil recovery performance compared to the AOT containing system, and whether or
not the models from Chapter 4 are still able to be used to model the oil recovery

performance.

Chapter 6 summarises the conclusions from Chapters 3 to 5 and compares them with
the aims of the study from this chapter. Following this, possible future work is discussed

along with some preliminary experiments and results.

Appendix A briefly discusses the degradation kinetics of the anionic surfactant AOT
in basic solutions. Appendix B contains the main equations involved in the liquid bridge
calculations discussed in Chapter 4, and the CD attached to the cover of this thesis has
the spreadsheet used for these calculations. Appendix C contains tables and graphs
showing the fitting parameters used for the modelling of the interfacial tensions and the
first model in Chapter 4. Appendix D briefly summarises the observations made from
the pressure plots obtained from various column flood experiments, with representative
examples of such pressure plots. Finally, Appendix E shows the BET graphs and XRD

patterns for the three calcium carbonate samples used in this work.
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CHAPTER 2
EXPERIMENTAL
2.1  Materials
2.1.1 Water

Water for washing and making up solutions was purified by passing through an
Elgastat Prima reverse osmosis unit followed by a Millipore Milli-Q reagent water
system with one carbon filter and two ion-exchange filters fitted. The water consistently
had a resistivity of ~16 MQ cm™ at 25 °C and a surface tension of 71.9 mN m
(determined using the du Nody ring method), in good agreement with the value given in

literature?®.
2.1.2 OQils

The oils were selected for each surfactant system so that microemulsion phase
inversion could be achieved using NaCl as the inversion parameter at 25 °C. The three
oils used were, n-decane (Sigma, 99% pure or TCI, 99% pure), n-heptane (Fisher, 99%
pure) and toluene (Fisher, Analytical reagent grade). The measured interfacial tensions
between Milli-Q water and all three un-purified oils (table 2.1) were within
approximately 3% of the values calculated from the literature values of the polar and
dispersive surface energy components (see Chapter 4, section 4.3.4 and Chapter 5
sections 5.2.5 and 5.3.4). Purification of the oils by passing over a column of basic
alumina was found to not have a noticeable effect on the interfacial tensions, contact
angles or the column flood experiments within the experimental errors. As purification
of the oils did not significantly affect the key results, the majority of experiments were

carried out with the oils as received.
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Table 2.1 Comparison between the measured water-oil interfacial tensions and the
values calculated from the literature values of the polar and dispersive surface energy

components (see Chapter 4, section 4.3.4).

Measured pure )
- ) Calculated pure %difference
_ water-un-purified oil o )
Oil _ ] _ water-oil interfacial compared to
interfacial tension /

N L tension / mN m-1 calculated value
n-decane 49.2 50.5 2.6
n-heptane 48.8 50.5 3.4
toluene 30.5 314 2.9

2.1.3 Surfactants

The anionic surfactant sodium bis-2-ethyhexyl sulfosuccinate (AOT) was obtained
from Sigma Aldrich as 98% pure and was used as received. Solutions of AOT in water
were used within a couple of weeks of preparation, but those in aqueous sodium
carbonate solutions were used within 2 days. This is due to the degradation of AOT in
the presence OH" ions, and the presence of sodium carbonate raising the natural pH of
the solutions from ~9 in solutions of AOT in pure water to ~10.8 in solutions of AOT in
water containing 10 mM of sodium carbonate (thus speeding up degradation). The
kinetics of AOT degradation is discussed in more detail in Appendix A. All
measurements with AOT were made at 25 °C and pH of 10.8, unless otherwise stated.
To ensure that the effect of degradation was accounted for, selected measurements were

carried out at pH 9.3 £ 0.3 to ensure there was no significant difference.

The cationic surfactant benzyldimethyltetradecylammonium chloride (C14BDMAC)

was purchased from Fluka Analytical as > 99 % pure and was used as received.

The non-ionic surfactant was obtained from Pilot Chemical Company under the trade
name Calamide CW-100. It was supplied as a mixture of the surfactant bis-2-
hydroxyethyl acetamide with an alkyl chain attached to the R group seen in Table 2.2
and diethanolamine (DEA) in an approximate mass ratio of 8:2 respectively (mole ratio
approx. 1.3:1). Due to the chain length distributions of the surfactant component?, a

molecular mass of the surfactant with a C13 chain length was used to enable calculation
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of the approximate surfactant concentration in terms of mM instead of weight percent.
All further calculations and discussions (other than in section 2.2.1.2) consider only the
surfactant component (80 wt.%) and disregard the DEA component, and will be referred
to as CW-100S (when the overall mixture is being referred to it will be named CW-100).
This enables better comparisons between the behaviour of this surfactant, the AOT and
the C14BDMAC. The CW-100 was used as supplied, so the surfactant was always part

of a mixture with DEA.
The structures of all three surfactants are shown in table 2.2.

Table 2.2 The structures of the three surfactants used throughout this work.

Surfactant Structure
o)
Na* ‘C’) (e}
AOT O_ﬁ o
’ o\%/\/
Cr
C14BDMAC \N+/
(R2 = n-Cu4H30) \
Ry
CW-100
(@]
(R1 = mainly n-C12Ho26 — )k
n-C14H30) /\N Rq
HO
Top: surfactant component
HO
(CW-100S)
H
Bottom: diethanolamine N
oem HO/\/ \/\OH




2.1.4 Calcium carbonate powders and calcite crystals

Three calcium carbonate powders of different mean particle sizes were obtained from
Minelco UK. The powders are part of their FordaCal product range, which consists of
natural ground calcium carbonate particles of different particle size distributions. Figure
2.1 shows the sieve analysis size-distribution data provided by Minelco, Figure 2.2 the
SEM images of the three powders and Table 2.3 gives the average particle sizes from
the SEM images and sieve analysis data and the specific surface areas, porosities and

average pore diameters obtained from BET analysis of nitrogen adsorption isotherms.

Figure 2.1  Cumulative size distributions for the calcium carbonate powders obtained
from sieve analysis (Manufacturer’s information) and SEM images. The vertical solid
lines indicate the mean particle sizes corresponding to the averages of the sieve aperture
size at 50% of the cumulative distributions and the mean sizes estimated from analysis
of the SEM images.
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Figure 2.2  SEM images of the three calcium carbonate powders used here: FC10
(top), FC30 (middle) and FC200 (bottom). The scale bar represents a length of 20 um.
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Table 2.3 Properties of the calcium carbonate powders used. The average particle
radii correspond to the average of the radii at 50% of the cumulative distribution from

sieving analysis and the mean radii derived from SEM images.

- ) Powder
Average BET specific | Powder particle )
) _ ) particle
Powder | particle radius | surface area/ internal pore _
] internal pore
/ pm m? gt volume fraction _
radius/nm
FC10 1.4 8.6 0.08 110
FC30 5.0 10 0.04 49
FC200 23 19 0.05 26

The SEM images show the particles are irregularly-shaped and polydisperse. X-ray
diffraction (XRD) measurements confirmed that the powders all consist virtually
exclusively of the calcite polymorph of calcium carbonate (Figure 2.3). The X-ray
diffraction pattern was compared to the literature using the instruments software and
found to have a 99% match to a sample in the Panalytical HighScore database. The
nitrogen adsorption/desorption isotherms (which can be seen in Appendix E) showed no
significant hysteresis in the case of FC10 but significant hysteresis was observed for
FC30 and FC200. The total specific surface areas measured using BET are 10-400 fold
larger than those estimated for monodisperse, non-porous spheres of the corresponding
mean particle size (0.8 m? g for FC10, 0.2 m? g for FC30 and 0.05 m? g* for FC200)
and hence are dominated by internal (or micro) porosity of the particles. As seen in
Table 2.3, the particles have an internal pore volume fractions from 0.08 to 0.04 with

average internal pore diameters from 110 to 26 nm.

Calcite crystals for contact-angle measurements were obtained from John
Brommeland (www.brommeland.com) in Norway. They were cut to size (9 x 9 x 5 mm)
and the top surface was polished using abrasive paper with a particle size of 4.5 microns.
One of the crystals was ground up in a pestle and mortar and the x-ray diffraction pattern
determined and compared to that of the pre-ground calcium carbonate obtained from

Minelco and were found to match with reasonable accuracy (Figure 2.3).
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Figure 2.3  Powder XRD pattern for the FC200 calcium carbonate (top) and the

ground up calcite crystal (bottom). The complete set of patterns for all the FordaCal
samples can be seen in Appendix E.
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2.1.5 Other materials

Other materials used with source and purity and what they were used for are shown

in Table 2.4.

Table 2.4

Other materials used throughout the work in this thesis.

Material

Use

Source and purity

Sodium Chloride (NaCl)

In surfactant solutions to
cause different Winsor
system behaviours

Fisher, 99 %

Sodium Carbonate
(Na2C0s)

In surfactant solutions to
help buffer the pH

Fisher, 99 %

Hyamine 1622

Cationic titrant in Epton
titration for determining

AOT concentration

Fluka, 98 %

Dimidium bromide

Cationic dye in Epton

titration

Sigma Aldrich, 95 %

Anionic dye in Epton

Sigma Aldrich, 50 % dye

columns

Disulfine blue o
titration content
o Fisher, analytical reagent
Chloroform Epton titration
grade
Ethanol Washing of glassware VWR Chemicals, 99 %

Washing of glassware and | o

Acetone Fisher Scientific, 99.97 %

Hydrochloric acid (HCI)

aqueous solution

Reducing solution pH

Fisher Scientific UK, ~
37 wt.% HCI in water

Sodium hydroxide
(NaOH)

Increasing solution pH

Fisher Scientific UK, ~
99 %
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2.2 Methods
2.2.1 Determination of surfactant concentrations
2.2.1.1 Epton titration

For both the AOT (anionic) and the C14BDMAC (cationic) surfactants, the
concentrations were determined using the two-phase Epton titration as described by Reid
etal®. The theory of how the titration works is as follows. Initially, water and chloroform
are added to an appropriate vessel followed by an acidified aqueous solution of two dyes,
dimidium bromide (cationic) and disulfine blue (anionic), the structures of which are

shown in Figure 2.4.

Figure 2.4 Structures of dimidium bromide (left) and disulfine blue (right)

PN

When, for example, an aliquot of an anionic surfactant solution is added as the titrand
to the vessel, it forms a complex with the cationic dye (dimidium bromide) which
partitions in to the chloroform layer to give a pink colour. To aid the partitioning of the
complex to the chloroform, vigorous shaking is needed to increase the water-chloroform
surface area. As the cationic surfactant titrant is added from the burette a colourless
complex is formed with the anionic surfactant which resides in the chloroform layer,
whilst the cationic dye partitions back to the water layer. At the point of excess, the
cationic surfactant titrant forms a complex with the anionic dye which subsequently
partitions in to the chloroform layer giving a blue colour. Thus, the chloroform layer
changes from pink to colourless to blue. The titre value is taken to be the point at which
the chloroform turns blue minus the value of the blank titration (the amount of the
cationic surfactant titrant it takes to see a blue colour without the anionic surfactant

titrand present). The titration can be carried out in the reverse direction if the titrand is
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required to be a cationic surfactant, in this case the colour change would be from blue-
pink. Reid et al. claim that this method provides much greater clarity of the end point

than any of the similar titrations which use only dye.

In this work, 10 ml of water, 15 ml chloroform and 2.5 ml of the acidified indicator
solution are used. Due to excessive emulsion build up during shaking, samples with an
initial surfactant concentration of > ~ 10 mM were first diluted by a factor of 10 prior to
analysis. At surfactant concentrations < 1 mM solutions were placed in a viewing
cabinet with a white light to determine more precisely the point of change from pale pink
to clear. Titrations were carried out without any titrand present to determine the blank
volume for each surfactant concentration (the volume of the titrant required to give a
visible colour change with the dye), and this value subsequently subtracted from the

corresponding titration values.
2.2.1.2. UV-visible spectrophotometry

The non-ionic surfactant used (CW-100S) cannot be analysed using the Epton
titration as this method relies on a surfactant with a charged head group forming a
complex with the oppositely charged dye and partitioning to the chloroform layer.
Hence, a different technique was required to analyse the concentration of surfactant
present. The UV-visible spectrum of the CW-100 mixture in agueous solutions showed
that there was an absorbance maximum (Amax) at approximately 200 nm (Figure 2.5, top).
In Figure 2.5 (top) the concentration is shown as the wt.% CW-100, the mixture 80 wt.%
surfactant (CW-100S) and 20 wt.% DEA. The spectrum of pure DEA at the
concentration expected to be present in the CW-100 mixture is also shown. The
absorption at 200 nm by DEA is <5 % of that from the CW-100 mixture, and hence the
adsorbance of the mixture is dominated by the surfactant component. Thus, the
calibration plot (Figure 2.5, bottom) can be used to determine the concentration of the
surfactant component, CW-100S in the CW-100 micture. The same process was used

for this surfactant in heptane solutions.

Throughout the following work the spectrometer used was a Perkin Elmer Lambda
25. It was configured so that the absorbance of the cuvette and the aqueous phase without
surfactant present was subtracted from the overall spectrum, thus the absorbance seen

should purely be due to the surfactant present.

63



Figure 2.5 Upper plot: Absorbance spectrum of a solution of 0.006 wt.% CW-100
(the mixture, approx. 0.15 mM surfactant component, 0.11 mM DEA) in water and 0.125
mM pure DEA in water, both in a 10 mm path length cuvette. Lower plot: UV
absorbance calibration plot for different concentrations of CW-100S in water (wt.% of
mixture converted to mM of the surfactant component) in a 10 mm path length cuvette

at 200 nm. The background water spectrum has been subtracted.
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2.2.2 Water-oil-calcite contact angles

Contact angles (static, advanced), 6, of drops of aqueous solutions on calcite crystals
under oil were measured as follows. The calcite crystals were cleaned with heptane,
dried using compressed air and placed in a glass 10 mm path length cuvette. The cuvette
containing the crystal was filled with the oil of study and placed in the thermostatted cell
of a Kriiss DSA 10 instrument (Figure 2.6). A 0.2-0.5 ul sessile drop of the aqueous
solution was carefully injected on to the calcite surface, making sure to avoid any voids
or cracks on the crystal. To obtain reliable values of 6, it is important that the field of
view size of the three-phase contact line of the sessile drop is similar to or smaller than
the capillary length of the oil-water interface (= (y/Apg)Y? where v is the oil-water
tension, Ap is the density difference between the two fluid phases and g is acceleration
due to gravity). Systems with an ultra-low oil-water interfacial tension consequently
have a very small capillary length (approx. 0.02 mm with yow = 0.001 mN m™ for water
under decane) and thus require small drop volumes and high magnification to determine
the contact angle. The small drop size is to minimise excessive spreading of the drop
due to the effect of gravity. The horizontal microscope used here consisted of a Navitar
1-60350 zoom system equipped with a Mitutoyo M Plan Apo 5 objective lens
(magnification 5X, numerical aperture 0.14, working distance 34.0 mm) and a QImaging
QICam digital camera which enabled overall magnification of approximately 100X.
This magnification enabled clear visualisation of the three-phase contact line at the edge
of the sessile drop. Micrographs were taken of the static advanced sessile drop and the
contact angle measured with an on-screen protractor using lconico software (New York,
Version 4.0) (Figure 2.6). For Winsor Il systems containing three fluid phases, small
drops of the third (surfactant-rich phase) were observed to separate from the main water
drop. In all cases, the contact angle measured corresponded to the calcite-(water-rich)-

(decane-rich) three-phase contact line.

Where partitioning of the surfactant between the water and the oil phases occurs, most
of the measurements were made with either partition equilibrated phases (surfactant
starting in water and equilibrated with the oil, as in section 2.2.6) or with pseudo
equilibrated phases (where the concentrations are made up in the water and oil phases

individually as calculated from the partition coefficient).
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Figure 2.6 Picture of the experimental set-up for the determination of the water-oil-

calcite contact angle (top), and a screenshot showing the use of the onscreen protractor
(bottom).

2.2.3 Water-oil interfacial tensions
2.2.3.1 du Nodtly ring

The interfacial tensions between oil and water were determined using the static
maximum pull (or push in some cases) method through use of a Kriiss K12 processor
tensiometer and a Pt-Ir du Notiy ring*. In this method the du Noily ring starts off in the
more dense phase and is pulled up through the less dense phase forming a meniscus
around the ring. The force exerted on the ring by the meniscus increases until a
maximum is reached, at which point the force decreases and soon after the meniscus
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breaks off. Figure 2.7 depicts the change in the force exerted on the ring as the height
of the ring above the surface is increased and shows the corresponding shapes of the
meniscus at the different points of the graph. The interfacial tension is calculated from
the force exerted on the ring at the maximum (point labelled b in Figure 2.7) by using

equation 2.1.

F_P
— max 2 . l
! Anr (2.1)

ring

where vy is the interfacial tension, Fmax is the force exerted on the ring at maximum pull
and rring the mean radius of the ring. The denominator (4xrving) is the wetted length. The
correction factor, P, is calculated automatically by the tensiometer using the Zuidema

and Waters equation (2.4)°.

0.01452y" 0.04534 — 1.679

(4nrring )2 rriV
4 Ap rwire

where y* is the uncorrected (measured) tension, Ap the density difference between the

P=0.725+

(2.2)

two phases and rwire the cross sectional radius of the wire of the ring. Other correction
factors have been determined, such as those by Harkins and Jordan® and Huh and
Mason’, though the Zuidema and Waters correction was deemed suitable for the work
carried out here. The correction factor is needed for two main reason; firstly due to the
weight of the column of the more dense phase being pulled up underneath the ring along
with the meniscus on either side of the ring, and secondly due to fact that the contact

angle on the inside of the ring tends to be greater than 0 °.

The tensiometer allows the ring to be left at just under maximum pull and the
measurement repeated. This allows the repeat measurements to be made over time
(without significantly changing the interfacial area) to ensure that the equilibrium value

of tension is determined.

As with the contact angles, where partitioning of the surfactant between the water and
the oil phases occurs, most of the measurements were made with either partition
equilibrated phases or with pseudo equilibrated phases (also the case for spinning drop

measurements).

67



Figure 2.7  The variation of the force exerted on the ring with the distance of the ring
above the surface, and the corresponding shapes of the meniscus attached to the ring at
the different points of the graph. The meniscus labelled b is the point of the maximum
pull exerted on the ring used in the equations. The arrows indicate the direction of the
forces exerted on the ring due to the interfacial tension. The grey circles are a cross

section of one part of the ring.
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2.2.3.2 Spinning drop

When interfacial tensions were below ~ 5 mN m the du Noiiy ring method becomes
unsuitable as the meniscus can easily detach from the ring. In this case, the spinning drop
method was employed. Using this technique, a small droplet of the oil is injected in a
spinning capillary that contains the more dense water phase. In the spinning drop
technique, the shape of the drop is determined while the capillary is spinning. The shape
is a balance between interfacial tension (minimising interfacial area) and centrifugal
forces (elongating the drop to a narrow cylinder). The interfacial tension is calculated

from the drop shape using the equation derived by Vonnegut (2.3)8.
Y = (0*rarop>Ap/4) (1+2rarop/3L) (2.3)

where o is the angular velocity (in radians per second), rarop the radius of the oil drop,
Ap the density difference between the oil and the water and L the length of the drop (not
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including the hemispherical ends). Figure 2.8 shows a schematic of the spinning drop

apparatus.

In the work here a Kriiss Site 04 spinning drop tensiometer was used with a Grant
LTD 6G thermostat bath filled with silicone oil attached.

Figure 2.8 Schematic of the spinning drop apparatus.
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2.2.4 Water-air interfacial tensions

The Wilhelmy plate method, rather than the du Noly ring method (described in
2.2.3.1) was used to determine the liquid-air interfacial tensions. The Wilhelmy plate
method is a static method, so there are fewer complications in determining the
equilibrium value of the interfacial tension. The principles of the two methods is similar
in that one phase wets the plate/ring with a contact angle close to 0 ° and the force exerted
on the plate/ring is determined. The interfacial tension is calculated using equation 2.4,
where X is the horizontal length of the plate and y the thickness of the plate. Jordan et
al.® have shown that despite the complex shape of the meniscus around the plate,

equation 2.4 is still valid (and hence no correction factor is needed).

_F
! 2(x+Y)

(2.4)

In the work here, a roughened platinum plate from Kriss attached to a Kriss K12
processor tensiometer was used for all measurements.
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2.2.5 Adsorption isotherms of surfactants from aqueous solution to the calcite-water

interface

Adsorption isotherms for surfactants adsorbing from solution to the calcite interface
were determined by the solution depletion method. A known volume and concentration
of the surfactant solution is added to a known weight of the calcite and left to equilibrate.
The calcite is removed (and the adsorbed surfactant with it), and the concentration of
surfactant left in the solution determined. Using a mass balance assumption, the amount

adsorbed can be determined as a function of the non-adsorbed solution concentration.

In this work 20 ml of the surfactant solution and varying weights of calcium carbonate
powder were added to a 60 ml glass jar with screw-top lid and a magnetic flea in the jar.
The pH was measured with a Jenway 3510 pH meter (and adjusted using aqueous
solutions of HCI and NaOH where needed). The jars were placed in a water-filled glass
tank by a coiled copper tube attached to a Grant LTD 6G thermostat bath (Figure 2.9).
The glass tank was placed on top of a Variomag Poly 15 multipoint magnetic stirrer and
the samples stirred at 400 r.p.m. Repeat measurements were carried out at different time

intervals (between 6 to 48 hours) to ensure equilibrium was attained.

Figure 2.9. Set-up for adsorption isotherm equilibration.
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entire sample was transferred to a 50 ml centrifuge tube and placed in a Baird & Tatlock
Mk IV Auto Bench Centrifuge and centrifuged at ~ 6000 r.p.m. for 10 minutes to
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separate the calcite particles from the solution and the supernatant analysed using the

technique described in 2.2.1.1.

If the surfactant concentration was to be determined using UV-vis spectrometry some
of the sample was transferred to a 1.5 ml centrifuge tube, and centrifuged at 14k r.p.m
for 4 minutes. The supernatant was then either diluted or added directly to a cuvette and

the concentration determined using the technique described in section 2.2.1.2.

The weight of calcium carbonate to be used was adjusted such that the amount of
surfactant in the supernatant was 20-80 % of the initial concentration so as to minimise

the uncertainty.

2.2.6 Partition coefficients of surfactants between water and oil phases

Partition coefficients were also determined using a solution-depletion method. A
known concentration of the surfactant was made up in the aqueous phase and 30 ml
added to a 60 ml glass jar (as with the adsorption isotherms) along with a magnetic flea.
The oil phase was carefully added on top of the water phase (a further 30 ml). This
ensures that the head-space volume in the glass jar is small enough so that the change in
volume of volatile oil phase due to evaporation can be assumed to be negligible. Samples
were placed in the same equilibration set-up as shown in section 2.2.5 and stirred at a
speed sufficiently slow to avoid emulsification. After equilibrium was reached, a sample
of the aqueous phase was analysed using either the titration or UV-vis spectrometry. As
with the adsorption isotherms, repeat measurements were carried out at different time

intervals (between 1 and 14 days) to ensure equilibrium was attained.

2.2.7 Determination of microemulsion phase inversion

To determine which type of microemulsion a set combination of surfactant, water, oil
and salt would make, microemulsion phase tubes were prepared to visualise where the
transitions between the Winsor systems occur. This was done by making up solutions
of the surfactant with concentrations in excess of the cuc in water at varying salt
concentrations, adding with the oil ina 1:1 volume ratio in a sealed test tube and inverting

the sample several times to promote mixing. The tubes were left at 25 °C until the
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thermodynamically unstable emulsions that were formed had separated enough in order
to be able to see the number and volumes of the thermodynamically stable phases present

at equilibrium.

2.2.8 Calcite-packed column experiments

The experimental setup used to investigate the flow properties and oil removal for
columns packed with calcite powder is shown in Figures 2.10 and 2.11. The column
was a modular semi-preparative HPLC stainless steel cylindrical column (Kinesis, UK)
with an internal diameter of 10 mm and an internal length of 50 mm fitted with PEEK
connectors for flow tubing. The following procedure was used to pack the column with
calcite powder. One end of the column was first sealed with a frit (mean pore diameter
2 um, thickness 1 mm supplied by Kinesis) and an end connector. The calcite powder
was then added in small aliquots and a metal rod and hammer used to pack the powder
down between aliquots. When full of powder, the second frit was added and the
assembly sealed with the second end connector. It is worth noting that the pore diameter
of the frits is much larger than the mean pore size within the packed columns. The frits
contribute only a small fraction of the overall hydrodynamic resistance of the filled
column. The column was weighed before and after filling to determine the mass (and

hence volume fraction) of powder in the packed column volume.

Two types of flow experiment were performed with the packed columns. In the first
type, used to determine the flow properties of the packed columns, pure water or a pure
oil was flowed through the column initially containing only powder to displace air.
Using measurements of the mass before and after liquid filling, it was checked that the
final volume fraction of trapped air was less than 0.01. The volumetric flow rate was set
using the HPLC (Jasco PU-1580 or PU-980 Intelligent HPLC Pump) or syringe pump
(WPI model sp100i) and the pressure drop between the pump and the column exit was

monitored.

The second type of experiment was used to determine the amount of oil displaced by
flowing an aqueous solution into a packed column with oil-filled interstices. The packed
column interstices were filled with an oil using a syringe pump with a volumetric flow

rate of 8.3 ul min. Approximately 5 pore volumes of the oil were pumped to fill the
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column.) Again, the column was weighed before and after the oil filling to determine
the mass of the oil initially in the packed column and to check that the column contained
virtually no trapped air. The column is then attached to an HPLC pump and the aqueous
surfactant solution pumped at a set flow, Q (most experiments were at a Q = 5 pl min™)
and the total pressure drop monitored. The amount of oil removed from the column was
determined at appropriate time intervals by stopping the pump and removing then
weighing the column. Since the density of the oil is lower than the density of the aqueous
surfactant solution, the mass of the column increases slightly as the oil is displaced from
the column and the measured masses can be used to derive the percent of the original oil
in place recovered (%oil recovery). Solution densities required for this calculation were

measured using a DMA 35N density meter.

Section 2.2.8.1 discusses the reproducibility and errors associated with this technique,
and section 2.2.8.2 discusses the reliability of the pressure sensor 2 readings.
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Figure 2.10  Schematic of the packed calcite powder column flood setup.
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2.2.8.1 Reproducibility of oil recovery floods

Causes for errors in the column flood oil recovery experiments may come from
mutiple sources. However, the two main sources of error are the possible introduction of
air in to the system (lowering the weight of the column) and from the drying of the
connections prior to weighing. The systematic error for this process was determined by
packing a column with FC10 calcite, filling it with water (in the same way as it is usually
filled with oil before an oil displacement flood), and then continuing to pump water
through and stopping the pump and weighing the column using the same process that
would be used in oil recovery floods. From these repeated measurements, the estimated
uncertainty in an individual column mass measurement is +4 mg. In the case of an FC10
packed column with interstices filled with decane (or heptane), the difference in mass of
the column filled with decane and filled with water is approximately 400 mg, this
uncertainty in the individual mass measurements corresponds to an uncertainty in the
final value of %oil recovered of +2%. In the case where toluene is used in place of
decane, the difference in the mass of the column filled with toluene and filled with water
is only approximately 200 mg (half that of the decane filled column), and as such the
error in the %oil recovered is double that of the error for decane recovery. Where plots
are made for the difference in %oil recovery between 1 and 4 pore volumes the errors

will be double the usual error.

As will be seen in later chapters, at lower surfactant concentrations repeat
measurements of the oil recovery do lie within these error boundaries. However, at
higher concentrations the errors are greater and reasons will be discussed alongside data

in later chapters.
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2.2.8.2 Testing the pressure sensor

The schematic of the column flood set-up shown in Figure 2.10 shows that two
pressure sensors were used. The first pressure sensor, labelled as “pressure sensor 1°, is
inbuilt in to the HPLC pump and has a pressure range of 0.0 - 50.0 MPa and the pressure
can only be recorded by looking at the screen and manually noting the pressure reading.
Thus, if any effects of the Laplace pressure (generally in the range of 0.0— 0.3 MPa, see
Chapter 3 section 3.2.2) on the driving pressure were to be observed, an alternative
pressure sensor was needed with: (i) a lower pressure range, (ii) a higher accuracy and
(ii1) data logging capability to allow many measurements to be taken over time without
manual input. These specifications were achieved with an XP5 miniature pressure
sensor manufactured by Measurement Specialties™, which was connected to a Pico
Technology ADC-20 precision data logger via a terminal board. The sensor has a flush
diaphragm and a 10-32 thread, allowing it to be attached inline to an HPLC flow system
using a modified t-junction connector such that there is no dead volume, theoretically

providing fast response times (Figure 2.12).

Figure 2.12  Cross section schematic of the set-up for ‘pressure sensor 2.
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The XP5 sensor is a Wheatstone-bridge based strain-gauge pressure sensor which can
be purchased in gauge (pressure relative to ambient pressure), absolute (pressure relative
to a vacuum) and sealed (pressure relative to a fixed pressure) configurations. In the
work carried out here a gauge-type configuration was used that measures the pressure
difference from ambient, i.e. the pressure difference between inside and outside of the
T-junction in the set-up in Figure 2.12. As the ambient pressure is the same directly
outside the T-junction as it is at the end of the waste pipe, the pressure drop is discussed
as the pressure drop between the pressure sensor and the waste outlet from the column.
In standard configuration, it requires a 10 V power supply, which in this work was
provided by a moderated power supply (built in-house) which supplied a steady voltage
0f 9.735 £ 0.002. When connected to the ADC-20 data logger, the output voltage of the
pressure sensor can be recorded at variable time intervals over variable overall time
scales. In most experiments the baseline voltage was determined by recording the output
of the sensor when it was in place in the t-junction with only air present in the channel.
The differential voltage is then calculated by taking the baseline reading as 0 mV, and
all other readings as relative to that. The differential voltage could then be converted to
pressure in MPa by using the equation of the straight line when pressure is plotted vs.
differential voltage using the calibration data given by the manufacure (full scale output,

FSO, of the sensor in mV is 81.31 mV, corresponding to a pressure of 0.5171 MPa).

The pressure plots obtained using this set-up for oil recovery floods (shown in
Appendix D) often display some interesting characteristics. In order to ensure that no
wrong interperetations were made from un-reliable data, a few experiments were carried
out to check that the pressure sensing set-up produces reliable results. Three experiments
were conducted to: (i) check the calibration of the sensor using gas pressure, (ii) measure
the pressure drop across the column with single phase liquid flow, and (iii) test if the

Sensor can measure negative pressure drops.
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2.2.8.2.1 Testing the calibration of the pressure sensor

To test the calibration of the pressure sensor the T-junction was connected to two
different gas cylinders (one oxygen, one argon), both with gas pressure regulators fitted,
and a stopper attached to the other end of the T-junction. The data logger was set to
record every second, and the pressure on the gas pressure regulator altered at set-time
intervals. Although the type of gas shouldn’t make a difference to the measured pressure,
the comparison between the two different pressure regulators increase the reliability of
the results. The left plot of Figure 2.13 shows the pressure plot obtained when using the
oxygen cylinder. Each plateau of the ‘steps’ corresponds to where the regulator was left
at a constant value. The initial plateau is the baseline reading from attaching the T-
junction to the gas cylinder with the cylinder valve closed, and the final plateau where
the stopper was removed from the T-junction and the cylinder valve close. Each vertical
section of the ‘steps’ corresponds to where the pressure on the regulator was increased
or decreased by 0.1 MPa (when the pressure was decreased the release valve was opened
carefully to release the excess gas). The time response between altering the pressure on

the regulator and the sensor recording a change, on this time scale, is instantaneous.

The right plot of Figure 2.13 shows the pressure reading from the sensor at the
plateaus of the ‘steps’, for both the oxygen and argon cylinders, against the pressure read
from the gas pressure regulator. If both the regulator and the pressure sensor were
perfectly calibrated and there was no experimental error, the gradient of the straight line
should be unity. The pressures measured with the sensor attached to the oxygen cylinder
are within 2 % of this, and when attached to the argon within 5 %. These results show
that, by using the pressure sensor in the same configuration in which it would be used
for oil recovery experiments, the measurement of gas pressure produces reliable data.

There is no reason to expect this to be different for the measurement of liquid pressures.
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Figure 2.13. Left plot: Pressure measured by the XP5 sensor when connected to an
oxygen gas cylinder and the pressure varied as described in the text. Right plot: Pressure
measured by the XP5 sensor compared to the pressure on the pressure regulator. The
crosses and the solid line are the pressures from the oxygen cylinder and the triangles

and the dashed line from the argon cylinder.
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2.2.8.2.2 Pressure drop across the column with single phase flow through an FC10

packed column

An interesting trend that is often observed on the pressure plots from the oil
displacement floods is, what appears to be, rhythmic spikes and dips in the pressure. To
see if this was due to some effect coming from the oil being displaced by the water, or
another phenomenon, the pressure drop for single phase flow of water through the
column (all pores filled with water and water being pumped through the column) was
monitored at different flow rates. Figure 2.14 shows the pressure data as a function of
time, and table 2.5 shows the flow rates used and the times at which the flow rates were
altered. Two main trends are observed form this plot. Firstly, the magnitude of the spikes
and dips in the pressure readings increases with increasing flow rate, and secondly, the
time between the spikes and dips decreases with increasing flow rate. Figure 2.15 plots
the time between the pressure spikes vs. flow rate. The data fits an exponential equation
with a high accuracy, adding to the conclusion that the spikes and dips are rhythmic and
not random. These correlations indicate that the source of the spikes and dips come from
the HPLC pump and not any other effect from the two-phase flow systems encountered

in oil recovery floods. Another indication of this is that the spikes and dips are not seen
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when the syringe pump is used instead of the HPLC pump. Although the Jasco PU-1580
and PU-980 pumps are dual piston and thought to be ‘pulse free’ this data shows that,
on the pressure scales that are being used throughout this work the flow is not ‘pulse
free’. This is something that will be kept in mind when interpreting the oil recovery

plots discussed in later chapters.

Figure 2.14  Continuous monitoring of pressure drop (between pressure sensor 2 and
column exit) as the flow rate of water being pumped through an FC10 packed column is

changed according to the table 2.5.
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Table 2.5 The times and flow rates used for obtaining the the pressure data shown

in Figure 2.14.

Time / minutes:seconds Flow rate / ml min-t
0-—4:45 0.000
4:45 —30:00 0.005
30:00 — 49:00 0.01
49:00 - 62:00 0.02
62:00 — 70:00 0.04
70:00 - 73:00 0.06
73:00 - 90:00 0.005
90:00 - 97:00 Pump off
97:00 - 108:00 Tube disconnected from column

81



Figure 2.15 Time between the pressure spikes seen in Figure 2.14 vs. flow rate.
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2.2.8.2.3 Measurement of negative pressure drops

The specifications of the pressure sensor do not state anything about the ability of the
sensor to measure negative pressure drops. As there is a possibility for negative pressure
drops to be encountered during the oil displacement floods due to negative Laplace
pressures, it was necessary to determine if the pressure sensor would pick these up. This
was done by attaching the T-junction, with the stopper on one end, to a 10 ml syringe
filled with 5 ml of air (the same configuration as used in testing the calibration with the
gas cylinder). Using a syringe pump with the ability to inject and withdraw it was
possible to determine if the pressure sensor could measure negative pressure drops.
Figure 3.10 shows the measured pressure drop between the inside of the t-junction
connected to the syringe and ambient pressure outside the syringe vs. the pressure drop
calculated from the change in the volume within the syringe (assuming there is no
leaking of gas in to or out of the syringe). All of the positive and the negative measured
pressures are the same as the calculated pressures within an error of approximately 10 %.
As it is known from section 2.2.8.2.1 that the calibration of the sensor is correct (at least

for positive pressures), it might be expected that the values should agree within a smaller
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percentage. However, the calculated pressure from the change in volume only took in to
account the volume within the main syringe body, and not the volume in the connections
to and within the t-junction. There may also have been some leaking of gas from the
system. The key finding is that sensor does have the ability to measure negative pressure
drops, at least down to a pressure of approximately -0.025 MPa within the same error as
the positive pressure measured in the same experiment. Tests were not conducted at

lower pressure drops to prevent possible damage to the sensor.

Figure 2.16 Measured pressure drop between the inside of the t-junction attacbed to
an air filled syringe and ambient pressure vs. the pressure calculated from the change in

volume of the syringe. The diagonal dotted line indicates the case of perfect agreement.
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2.2.8.2.4 Conclusions of pressure sensor testing

The pressure sensor set-up was shown to produce reliable results for both positive and
negative pressures. Using this set-up, fluctuations in the pressure drop were seen when
using the HPLC pump to pump water through a water filled column. These fluctuations
were found to be rhythmic and only associated with the HPLC pump (and not syringe
pumps), and thus are probably due to the pumping action of the pistons in the pump. It

was also found that the sensor can measure negative pressures to at least -0.025 MPa.
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2.2.9. Other techniques
2.2.9.1. Scanning electron micrographs (SEM)

SEM micrographs of the calcite powders were obtained using a Zeiss EVO60 electron
microscope. Samples were sputter coated with a 2 nm thick Au/Pd (Au 82%, Pd 18%)
film prior to imaging. SEM images were analysed to estimate the mean particle
diameters using Image J software (USA, 1.46r edn.).

2.2.9.2. Nitrogen adsorption isotherms and analysis

Nitrogen adsorption isotherms onto the calcite powders at the boiling temperature of
liquid nitrogen were measured using a Micromeritics TriStar 3000 instrument. The data
was analysed using the procedures described by Brunauer, Emmett and Teller and by
Barrett, Joyner and Halenda for determining the specific surface area and the porosity of

the calcite respectively®?,
2.2.9.3. X-ray diffraction patterns and analysis

Powder x-ray diffraction patterns for the three ground calcium carbonate powders
were determined using a PANalytical Empyrean powder X-ray diffractometer without
any pre-treatment of the samples. For determining the powder x-ray diffraction patterns

of the calcite crystal one of the crystals was ground up by hand using a pestle and mortar.
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CHAPTER 3
CHARACTERISATION OF THE CALCITE PACKED COLUMNS
3.1 Introduction

As discussed in Chapter 1, many of the studies determining the oil recovery
performance of surfactant solutions are often carried out using rock core samples cut
from the outcrop rocks near oil containing reservoirs and using crude oil as the phase to
be displaced. Although many techniques are used to characterise the morphology of the
rock cores and the flow properties (mainly permeability) are routinely determined and
complicated long washing and pre-treatments are carried out'®, there are many
parameters which may or may not be sufficiently controlled for a model study of oil
recovery. As the aims of the work here is to attempt to understand, in detail, how
aqueous surfactant solutions displace oil from a porous system, a reproducible and pure
experimental model system is needed. As such, the model system that was chosen to
represent an oil reservoir in the work here was a column packed full of calcium carbonate
calcite particles (from now on these particles will be referred to as calcite particles) with

the interstices between the particles filled with a pure oil.

The use of a pure system not only greatly simplifies the complexities of a real system
(though it will still have complications of its own), it also eliminates the need for long
complicated washing and ageing procedures, allowing for more results to be obtained in
on much shorter time scale. Though the idea of using all pure components for an oil
recovery study is not strictly a new one, it is not often seen where all of the components

of a model system are characterised in detail, as is the aim of this work.

In order to be able to develop an in-depth understanding of the oil recovery, it is
necessary to characterise the model system in as much detail as possible. The results
discussed within this chapter aim to show, (i) the porosity of and the flow properties of
the packed columns with a discussion of the permeability and pore sizes and (ii) the
effect of flow rate and gravity on the displacement of an oil from the column in terms of

the capillary number and bond number often seen in oil field literature.
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3.2 Porosity, permeability and pore sizes within the packed columns
3.2.1 Porosity

As described in Chapter 2, the three calcite powders all consist of polydisperse, low
axial ratio and irregularly shaped particles. The BET measurements show the particles
have a porosity of 0.04-0.08 with internal pore diameters ranging from 26 to 110 nm.
This porosity will be referred to as microporosity (¢.). In packed columns of the calcite
powders, the total porosity (¢pore) iS determined from the weight difference between an
empty and a packed column and are 0.34 for FC200, 0.40 for FC30 and 0.45 for FC10.
These porosity values are equal to ¢, plus the interstitial porosity, ¢i, which comes from
the pore space external to the packed particles. The porosity determined from the weight
and density of the calcite is the same as the porosity determined from the weight and
density of decane in the column after an oil flood (0.45 £ 0.01 for the FC10 calcite),
indicating that that there is no trapped air within the column, i.e. the oil fills up both the
micropores of the particles, and the interstitial pores between the particles. When
flooding with aqueous surfactant solutions it is likely that the aqueous solutions will
preferentially flow through the interstitial pores (as they have a lower resistance to flow
as they are larger). This is related to the idea of flow-bypassing discussed in Chapter 1.
To simplify discussions, it is assumed that the oil recovery is only occurring from the
interstitial pores. Discussions about porosity of the columns relate to the total porosity.

3.2.2 Permeability

The flow properties of packed columns of the calcite particles of different sizes were
investigated by flowing pure liquids through the packed columns at a set volumetric flow
rate and recording the pressure drop, AP, between either pressure sensor 1 or 2 and the
packed column exit, as discussed in Chapter 2. Figure 3.1 shows the variation of pressure
drop between pressure sensor 2 and exit to air, as decane is pumped at two different
constant volumetric flow rates into an FC10 packed column initially filled with air. For
the faster flow rate of 0.042 ml min, when the volume of decane pumped is less than
the pore volume, the pressure drop increases, almost linearly, as the more permeable air
is displaced from the column by the less permeable decane (hence lowering the
permeability and increasing the pressure drop need for flow to occur). When no more
air is being displaced the pressure drop required to maintain the volumetric flow rate is

constant (approximately 0.33 MPa for decane at 0.042 ml min*t with FC10).
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At the slower flow rate of 0.0083 ml min™ a very different trend is observed in the
development of AP with filling of the column by decane. At the start of the fill, AP starts
to increase only after 1 pore volume (pv) of flow, in contrast to the immediate growth of
AP at the higher Q. Between 1 and 1.5 pv, AP increases to a plateau of 0.068 MPa. A
possible explanation for this behaviour may lie in the relationship between the Laplace
pressure and the pressure drop needed to maintain the set-flow rate when the pores are
filled with the decane. Using the contact angle measured through a drop of decane on
calcite under air (0°), the decane-air interfacial tension (23.4 mN m™) and the pore size
(discussed in section 3.2.3), the calculated Laplace pressure across the decane-air
interface in the channels between the calcite particles (APchan) is calculated to be -0.29
MPa (section 3.2.3). A negative sign indicates that the Laplace pressure will aid the
ingress of decane into the air-filled calcite packed column. The total pressure drop across
the packed bed needed for the decane to flow at the set flow rate when all the pores are
filled with decane, APsiow, is taken to be the pressure at the plateau (0.068 MPa). The
precise relationship between the Laplace pressure drop across the oil-water interface and
the driving pressure drop across the column is not fully understood. However, the results
in Figure 3.1 appear to show that when the driving pressure drop needed to flow decane
through the column (when the pores are filled with decane), APsiow, is of a similar
magnitude to the Laplace pressure, the AP needed to pump the decane through (before
all air is displaced) is lowered. Once all of the air has been displaced and there is no
longer a Laplace pressure due to the decane-air interface having disappeared, the driving

pressure suddenly increases.

88



Figure 3.1  Variation of pressure drop (between pressure sensor 2 and column exit)
with volume of decane pumped using syringe pump at 0.0083 ml min (solid lines) and
0.042 ml min* (dashed line) into an FC10 packed column with pore volume fraction
0.45, with the pores initially containing air. (Oil-air tension = 23.4 mN m, contact angle
through decane = 0° APchan = -0.29 MPa, and APsiow = 0.068 MPa.). Pore volumes =

volume pumped / volume of pores.
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For packed columns filled with water, Figure 3.2 shows that the measured pressure
drop is proportional to the volumetric water flow rate for packed columns containing the
three calcite powders of different mean particle size and for a column containing no
powder but including the frits shown in Figure 2.10 in Chapter 2. These plots
demonstrate that Darcy’s Law (equation 3.1) is obeyed for the different calcite powders

at flow rates yielding pressure drops up to approximately 18 MPa.

The permeability coefficients increase in the order “empty” column (40 x 10> m? =
36 mD) > FC200 (20 x 10 m? = 21 mD) > FC30 (5.4 x 10® m? = 5.5 mD) > FC10
(1.2 x 10 m? =1.2 mD), where the viscosity of the water was taken to be 1 mPas.” The
permeability value for the “empty” column includes the frits but the values quoted for
the packed powders do not (i.e. all experiments include the frits, but the driving pressure
for the column containing no calcite is subtracted from the driving pressure when the
columns are filled with a calcite powder, and the subsequent pressure used for calculating
the permeability coefficient for the calcite packed bed alone). This behaviour is expected
since the volume fractions of the interstices between the packed calcite particles (the
packed column pores) are similar for the different calcite powders but the average packed
column pore sizes, and hence the permeabilities, are expected to decrease with
decreasing calcite particle size®®. The permeability coefficients calculated using the
pressures at the plateaus in Figure 3.1 for decane pumped through an FC10 packed

column are the same as those calculated from Figure 3.2 within the experimental error.

For the FC10 packed column, deviation from Darcy’s Law is observed for volumetric
flow rates greater than approximately 2 ml min which require a pressure drop >18 MPa.
The observed deviation (that pressure drops greater than predicted by Darcy’s Law are
required at high pressure drops) is consistent with the hypothesis that high pressure drops
of >18 MPa cause an increase in the packing density of the calcite powder in the column.
Consistent with this idea, it was seen that the FC10 packed column contained some
empty space when the column was opened and examined following pumping at a
pressure drop of 27 MPa (corresponding to the highest data point of the FC10 plot in
Figure 3.2). In principle, an alternative explanation for this deviation could be a transition
from laminar to turbulent flow at the high pressures. However, the maximum value of
Reynolds number (calculated using equation 1.1 in Chapter 1) in all systems tested is
approximately 10 and hence conclude that the deviation is due to packing changes at

high pressures.
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Figure 3.2  Variation of pressure drop (between pressure sensor 1 and column exit)
with volumetric flow rate for water pumped through packed columns containing either
zero calcite, FC10, FC30 or FC200 at 20 °C.
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3.2.3 Poresize

The data shown in Figure 3.2 can be used to estimate the mean packed column pore
sizes for the calcite powders of different mean sizes. As seen in Figure 3.2, liquid flow

in the packed columns follows Darcy’s law which can be written as:

AP :2_:: (31)
where Kp is the permeability coefficient, AP is the pressure drop across the packed
column, Q is the volumetric flow rate, u is the fluids dynamic viscosity, L is the packed
column length in the direction of the fluid flow and A is the overall packed column cross-
sectional area. The permeability coefficient Kp of a packed column is expected to depend
on the porosity, the average pore diameter and factors dependent on the detailed
geometry of the pore network such as tortuosity and inter-connectivity. The results of
pressure drop versus volumetric flow rate in Figure 3.2 can be used to estimate an
average effective pore radius based on a hypothetical porous system which is
hydrodynamically equivalent to the actual pore network present in a packed column. We
consider a hypothetical system consisting of a packed column containing a volume
fraction ¢pores OF uniform, cylindrical pores of radius rpore aligned parallel to the flow
direction?®, The number of pores (Npores) in the packed column is:

N .= Fpor A (3.2)

pores 2
nrpore

Assuming the fluid flow through the cylindrical pores is laminar which in this work

it is (section 3.2.2), the Hagen-Poiseuille equation yields the volumetric flow rate Q as:

n poresAPnr:ore
Q= el (3.3)

Substituting for npores in equation 3.3 yields the final expression for the value of the
average effective (i.e. hydrodynamically equivalent) pore radius rpore in terms of the

measured values of AP as a function of Q (equation 3.4).

rpore - 8Q—HL (34)
¢poreAAP
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Using the data of Figure 3.2, the pressure drop across the packed column AP was
obtained from the measured pressure drop by subtracting the corresponding pressure
drop across the flow system and column containing no calcium carbonate powder.
Equation 3.4 was then used to derive the values of rpore for the three calcite powders
which are 0.16 um, 0.33 um and 0.69 um for FC10, FC30 and FC200 respectively.

Computer simulations of the pore size distributions in random close packed,
monodisperse, hard spheres for pore volume fractions in the range 0.3 to 0.4 show (i)
that the mean pore radius r’pore (Dased on the average radius of a particle which will insert
at different points in the pore space) scales with the particle radius according to r’pore =
K rparticie, and (ii) that the scaling coefficient k increases with increasing pore volume
fraction (mean 1’pore = 0.14 X tparticle FOr dpore = 0.3 and mean r’pore = 0.24 X rparticle TOr Ppore
= 0.4)'L. If it is assumed that the mean (hydrodynamically-equivalent) pore radius rpore
of the calcite powder packed columns scales linearly with rpartice despite their
polydispersity and irregular shape (i.e. rpore = K rparticte), it is expected that the results for
the different powders will show different values of the scaling coefficient k because of
the different values of dpore. A Seen in Figure 3.3, the scaling coefficients estimated for
the calcite powders range from 0.114 for ¢pore = 0.45 to 0.030 for ¢pore = 0.34, i.e. the
packed calcite powders give mean pore radii which are approximately 4 fold smaller
than monodisperse, spherical particles of the same radius which are randomly close
packed at the same pore volume fraction. Two factors are likely to contribute to this
difference. Firstly, the mean value of 1’pore in the computer simulations (based on the
average size of particle which can be inserted into different points in the pore space) is
not directly equivalent to the mean rpore for the calcite powders which is based on a
hydrodynamically equivalent pore radius). Secondly, the calcite particles are
polydisperse which seems likely to lead to a reduced mean pore radius relative to the
monodisperse hard spheres used in the computer simulations (as smaller particles fill in

the gaps between the bigger particles).
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Figure 3.3  Variation of packed column average effective pore radius (rpore, derived
as described in section 3.2.3) with the mean radius of the calcite particles packed in the
column (rparticie). For FC10, both water and decane flow measurements were used to
determine rpore. The diagonal lines correspond to the linear scaling relationships: rpore =
0.114 rparticte (upper line for FC10 with rparticie = 1.4 um and ¢pore = 0.45), rpore = 0.066
rparticle (Middle line for FC30 with rparticie = 5.0 um and ¢pore = 0.40) and rpore = 0.030
Fpartictle (lower line for FC200 with rparticie = 23 um and dpore = 0.34).
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The columns were packed manually and it is assumed that the particle distribution is
random. A consistent procedure was developed, and the experimentally determined
variation in ¢pore Was approximately 0.01 ¢pore. While the overall porosity value is
consistent, the pore size distribution within the column and between each new packed
column is not known and this uncertainty will be kept in mind when interpreting the oil

recovery plots in later chapters.
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3.2.4 Comparison of experimental model conditions to field conditions

Table 3.1 compares the porosity, permeability and pore sizes of the experimental
model system with some examples of rock cores used in other surfactant flood
experiments. In the majority of studies commercial rock cores are cut from the outcrop
rock rather than from the actual reservoir rock as the former is more easily available, and
significantly less expensive and not subject to commercial confidentiality. These rock
cores are taken to be representative of at least parts of the actual reservoir. Both the
porosity and permeability of the experimental model system used here are within range
of the rock core values used in the references shown. Pore sizes within rock cores can
vary greatly from submicron to the mm scale. Some pores will be from the natural

porosity of the rock, and some from the fractures in the rocks.

Table 3.1 Comparison between the experimental model system used in this work with
some examples of field conditions.

Parameter Expenmep’gal model Field conditions
conditions
FC10 — 0.45 0.27 — 0.30 (non-fractured
core) (ref 12)
Porosity FC30-0.40
0.15 (reservoir carbonate)
FC200-0.34 (ref 13)
FC10-1.2mD
2-4 mD (ref 12)
Permeability FC30-5.5mD
32.7 mD (ref 13)
FC200 -21 mD
FC10-0.16 um
. From submicron to mm
Pore sizes (rpore) FC30 —0.33 um (refs 14-15)
FC200 - 0.69 um

In order to simplify any comparisons between the multiple systems investigated
throughout this work, all of the experiments throughout the rest of this thesis use the

FC10 calcite, unless otherwise stated.
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3.3  Effect of flow rate and gravity on oil recovery — capillary and bond numbers

As described in the experimental section, most oil removal experiments were made
by pumping aqueous solution at a fixed flow rate of 5 pul min into the packed columns.
This volumetric flow rate corresponds to an average linear velocity of the pumped fluid
through the column u (equal to Q/®poreA) of approximately 2.5 x 10° m s (equal to 0.7
feet per day), similar to actual field conditions'®. The interplay of pumped fluid velocity
(determining viscous forces) and pore-scale capillary effects on the oil mobilisation is
normally discussed in terms of the capillary number Ca which is the ratio of viscous and
capillary forces acting on a fluid element. It is expected that, when Ca is <1, flow is
dominated by capillary effects and oil is trapped in the porous network. Oil is released
when Ca > 1 and the flow is dominated by viscous effects. However, as discussed in ref
17, the correct estimation of Ca for multiphase flow in a porous network has been a long-
standing controversy because of the difficulty of estimating the viscous and capillary
forces over identical and correct length scales. Inthe EOR field, Ca is commonly defined
as up/yoil-water, fOr which the velocity u is an average value over a macroscopic length
scale. According to this definition of Ca, oil mobilisation under typical field conditions
occurs for Ca values greater than about 10° to 10”7, much less than the expected threshold
value of Ca equal to unity. In addition, the threshold value of Ca depends on the
morphology of the porous network, its wettability and its oil and water content in ways
which are not completely understood. Hence, although Ca provides some useful
correlations to interpret the variation of oil recovery with fluid velocity, viscosity and

oil-water tension, there are severe difficulties in using it for quantitative predictions.

Qualitatively, it is expected that the amount of oil recovery (after injection of >1 pore
volume) should be independent of pumped fluid flow rate when Ca is very low and to
increase with flow rate at high values of Ca. As seen in Figure 3.5, the oil recovery using
pure water is independent of flow rate below 0.005 ml min. This corresponds to a
threshold value of Ca of approximately 6 x 10° (yoilwaer iS 42.5 mN m™?). When
surfactant solution is used, the plot shows no flow rate independent region between 0.001
and 0.5 ml mint since yoil-water is 0.0078 mN m (as discussed in Chapter 4), giving Ca
values in the much higher range of 5 x 10 to 3 x 103, Overall, it can be seen that for a
constant imposed flow rate of 0.005 ml min™ as used for the majority of oil recovery
experiments, systems with higher interfacial tensions (typically experienced when

surfactant concentration < cuc) lie within the low Ca regime in which oil trapping is
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expected. Systems with low to ultra-low interfacial tensions (often occurring when
surfactant concentration > or = cuc) lie within the high Ca regime for which oil drop

break-off and mobilisation is expected.

Figure 3.5  Upper plot: Variation of %oil recovery after 4 pore volumes versus flow
rate for water (filled squares) and 10 mM AOT, 75 mM NaCl and 10 mM Naz COs
(crosses) pumped into an FC10 packed column initially containing decane. The lower

plot shows the same oil recovery data plotted versus capillary number.
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Capillary number

The bond number for all systems were found to be less than 3 x 10*. Thus, the effect
of gravity is presumed to be minimal. This was confirmed by carrying out displacement
floods with the column held both horizontal and vertically, with no difference found

between the oil recovery at each orientation.
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34 Conclusions

The properties of columns packed with polydisperse, low axial ratio and irregularly
shaped calcite particles of three different mean sizes have been determined, with
particular focus on the porosity, permeability and pore sizes. It was found that with an
increase in mean particle size, the porosity decreases slightly, the permeability increases
and the pore sizes increase. When compared with computer simulations of randomly
close packed monodisperse hard spheres with the same radius and same volume fraction,
the calcite packed columns give mean pore volumes which are approximately 4 fold
smaller. The properties (porosity, permeability and pore sizes) of the experimental

model system were found to be similar to some examples of field conditions.

For high oil-water interfacial tension displacement floods a transition from flow rate
independent, to flow rate dependent oil recovery was found with increasing flow rate.
This transition was found to be at a capillary number of approximately 6 x 10°. When
a flow rate of 5 pl min is used, high oil-water interfacial tension floods are in the low
capillary number regime (< 6 x 107°), whereas low/ultra-low oil-water interfacial tension
floods lye in the high capillary number regime (> 6 x 10°). Hence, a transition between
the two regimes is expected with increasing surfactant concentration, as will be see in
later chapters. The Bond number was calculated to be less than 3 x 10, and there was
no difference found between oil recovery floods carried out with the column in different

orientations, thus the effect of gravity on oil recovery was concluded to be negligible.
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CHAPTER 4

MODELLING DECANE REMOVAL FROM A CALCITE PACKED
COLUMN USING AQUEOQOUS SOLUTIONS OF THE ANIONIC
SURFACTANT AOT

4.1 Introduction

Chapter 3 discusses how the calcite packed columns were characterised in detail and
compared to field conditions. The next steps required to improve understanding of how
flooding with aqueous solutions of surfactant can increase oil recovery are to characterise
in detail a) the phase behaviour of aqueous solutions of the surfactant and b) the effects
of surfactant concentration on the parameters which define the Laplace pressure, one of
the main causes for oil becoming trapped in oil reservoirs (other effects such as flow
bypassing of oil filled regions due to heterogeneous permeability can also be important
but are not studied here). This characterisation requires determining: the effects of
surfactant concentration on the adsorption at the three interfaces of the experimental
model system (the water-calcite, water-oil and oil-calcite interfaces); how this adsorption
alters the interfacial tensions of the three interfaces; and how this in turn alters the three
phase contact angle. Further, it is necessary to determine other physicochemical
properties such as the critical aggregation concentrations and the equilibrium phases of
aqueous solutions containing surfactant both in the presence of and absence of oil. These
parameters are then used to understand the oil recovery behaviour when a calcite packed
column filled with decane (Chapter 3) is flooded at a constant flow rate with an aqueous
solution. In practical terms, it is easier for a liquid-liquid interface to measure the change
in tension and calculate the adsorbed amount but for a solid-liquid interface to measure

the adsorption and calculate the change in tension.

This chapter discusses, firstly, the characterisation of a system consisting of water-
decane-calcite-AOT with three different salt concentrations, in terms of the equilibrium
microemulsion behaviour, aqueous phase behaviour, adsorption at the water-calcite
interface, changes in the water-decane interfacial tension and the change in the three-
phase contact angle as a function of AOT concentration. As it has previously been shown
that the partitioning of AOT from water to alkanes is negligible, there is no measurement
of the adsorption at and the subsequent change in the decane-calcite tension, as with no
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partitioning of the AOT to the decane there can be no adsorption at the decane-calcite
interface!. Following the experimental results, it will be shown how the contact angles
and interfacial tensions can be derived from considerations of the initial surface energies

of the three components and adsorption of the AOT.

Following the discussions of this characterisation, it will be shown how the %oil
recovery from the packed column varies with surfactant concentration (for one of the
salt concentrations, the two remaining salt concentrations will be discussed at the end of
the chapter). Prior to interpretation of the %oil recovery results, it is important to note
that theoretical interpretations of all the characterisation data relate to the equilibrium
free (non-adsorbed) surfactant concentration. For the measurements of the interfacial
tensions and contact angles, the surface area to volume ratio (calcite surface area to
volume of aqueous phase) is low and thus the extent of surfactant depletion due to
adsorption at the calcite-water interface is negligible, hence the initial surfactant
concentration ([surf]init) is approximately equal to the free surfactant concentration
([surf]ree). For the adsorption isotherm measurements, the surface area to volume ratio
is high and thus the extent of surfactant loss due to depletion is no longer negligible and
[surflinit is not approximately equal to [surf]see, however the [surf]fee is determined
experimentally. The surface area to volume ratio for %oil recovery experiments is also
high, and there is no experimental determination of the [surf]fee, hence, a model is
derived to show how surfactant adsorption measurements can be used to estimate the
concentration of free surfactant present within the packed columns during flooding, and
hence allow direct comparison between characterisation results and %oil recovery

results.

Finally, a second two-part model is derived to show how, based on the hypothesis that
the residual oil is trapped in the form of liquid bridges between contacting calcite
particles, the measured %oil recovery variation with surfactant concentration can be
understood and predicted for concentrations of surfactant both below and above the cpuc
in terms of the characterisation results, such as the calcite-water-oil contact angle and
the water-decane interfacial tensions. Model predictions are compared with the

experimental data for all three salt concentrations used.
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4.2  Microemulsion phase inversion and aqueous phase composition in the

presence and absence of decane

Before determining the effects of the surfactant concentration on adsorption at the
water-calcite and the water-decane interfaces and the subsequent changes in the
interfacial tensions and three-phase contact angle, it is useful to determine the type of
microemulsions expected to be formed when the water phase containing a concentration
of surfactant in excess of the cuc is contacted with the oil , and to understand the

behaviour of the surfactant in the aqueous phase without the presence of the oil.

The phase behaviour of AOT solutions in the presence of oils has been well
characterised in the literature. Aveyard et al. have shown that for a system consisting
of AOT-water-heptane-NaCl at 25 °C, when the concentration of AOT is below the cpc,
the partitioning of AOT monomers in to the heptane for systems containing 17.1 to 102.7
mM NaCl is negligible!. They also show that with an NaCl concentration of 17.1 mM,
when the AOT concentration is raised above the cuc all of the AOT still remains in the
water phase, thus indicating the formation of an oil-in-water microemulsion (as the
aggregates in to which the heptane solubilises are formed in the water). For systems
containing 51.3 and 102.7 mM NacCl, they see that when the AOT concentration is raised
to above the cuc, the concentration in the aqueous phase remains constant, indicating
that the excess AOT forms aggregates in either a separate middle phase or in the oil

phase, indicating the formation of either a bicontinuous or a water-in-oil microemulsion.

Binks has taken the same AOT-water-heptane-NaCl system at 25 °C (as above) with
a greater range of NaCl concentrations and determined both the points of microemulsion
and emulsion phase inversion?. They found that between 0 and 25 mM NaCl and with
an AOT concentration >cpuc, a WI system is formed, which when homogenised forms an
oil in water emulsion. Atan NaCl concentration of 50 mM and AOT concentration >cpc,
a WIII system is formed: they found it difficult to determine which emulsion type was
formed on homogenisation of these systems. Between NaCl concentrations of 100 and
140 mM NaCl and AOT concentrations >cuc, a WII system was formed, which when

homogenised formed a water-in-oil emulsion.

It is well established that as a water-oil-surfactant system goes through microemulsion
phase inversion, the water-oil interfacial tension reaches a minimum. Aveyard et al.

have shown how the chain length of n-alkanes affects the salt concentration at which this
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minimum in the water-oil interfacial tension occurs and how low the tension drops too®.
They show that with an increase in chain length, the salt concentration at which the
minimum occurs increases. Thus, when comparing the current work (which uses decane)
to refs 1-2 (which use heptane), the salt concentrations at which microemulsion phase

inversion will occur is expected to be higher.

Both Aveyard et al.* and Binks® have determined the variation of the decane-water
interfacial tension for an AOT-water-decane-NaCl system, as a function of NaCl
concentration at 25 °C with AOT concentrations in excess of the cuc. Figure 4.1 shows
the tension data from those studies (minimum at approximately 85 mM NaCl) and
includes the data from this work (from section 4.4.2, filled triangles). The small
differences between the data for this current work and the work by Aveyard et al. and
Binks probably comes the presence of Na>COs (which is not included in the salinity
concentration as the degree of dissociation was not determined). Even so, the general

trends are seen to be observed.

Figure 4.1  Water-decane interfacial tensions for systems containing AOT in excess
of the cuc at 25 °C as a function of NaCl concentration. The crosses refer to data from

ref 4, the squares from ref 5 and the triangles from this current work.

1
% 01 ¢t x
E O
S % .
z A
> X XOg
(&)
30 01 X O
§ r A %
X
O
0.001 . . . .
0 30 60 90 120 150
[NaCl] / mM

104



For the early work of Binks, for a system consisting of AOT-water-decane-NaCl at
25 °C and AOT concentration >cuc, between [NaCl] 0 and approximately 60 mM a WI
system is formed, between approximately 60 mM and approximately 90 mM NaCl a
WIII system is formed, and above approximately 90 mM a W1l system is formed.

Figure 4.2 shows tubes containing a 1:1 volume ratio of water:decane with the water
containing concentrations of AOT > cuc, 10 mM Na>COz and varying concentrations of
NaCl. The tubes were inverted and left to equilibrate as described in Chapter 2. Between
NaCl concentrations of 0 to 40 mM, the decane phase (upper phase) contains some un-
resolved emulsion (the breakdown of which increases between 15 and 40 hours of
equilibration in some cases), and the water phase has a slight blue colour particularly at
higher salt concentrations and after 40 hours of equilibration (indicative of a
microemulsion). With an NaCl concentration of 50 mM both phases appear to contain
some un-resolved emulsion. Between NaCl concentrations of 60 and 70 mM, a clear
third middle phase is observed (particularly after 40 hours of equilibration), indicative
of a WIII system. At 80 mM NaCl, the decane appears to contain some un-resolved
emulsion even after 40 hours of equilibration, however, a denser blueish region in the
middle can be seen, presumably indicating a WIII system (consistent with references 1-
5). For the concentrations of NaCl used here (0 to 80 mM), no clear WII system was
observed, consistent with ref. 5, where a W1l system was reported to occur at [NaCl] >
90 mM.
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Figure 4.2  Microemulsion phase tubes of water and decane in a 1:1 volume ratio
with 5 mM AOT and 10 mM NaCOs plus the concentrations of NaCl shown (all
concentrations in the water phase). The top photo is after 15 hours equilibration and the

bottom photo after 40 hours equilibration at 25 °C.
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It is important to note that, as in the case of surfactant EOR flooding generally, the
aqueous AOT solutions used in the particle packed column experiments are not pre-
equilibrated with the decane phase (though some research has been carried out with pre-
formed microemulsion flooding®). Aqueous solutions containing the salt concentrations
shown and AOT concentrations above a critical aggregation concentration (cac) (with
values generally similar to the aqueous phase cuc) prior to equilibration with decane
form a turbid aqueous dispersion of lamellar phase, probably in the form of
multilamellar, “onion-like” vesicles’®. On equilibration with decane, these mixtures

form the microemulsion systems discussed above.

The majority of oil recovery floods throughout this work were carried out with the
aqueous phases that were not pre-equilibrated with the oil. However, some experiments
were carried out with aqueous solutions that were pre-equilibrated with the oil (in order
to remove the lamellar phases). In the systems discussed in this Chapter, no difference
was seen between the two types of flood (probably due to the effect of solubilisation

being much less than the effect of emulsification, see section 4.5.3.4).

All further experiments were carried out using three different salt concentrations,
giving two different Winsor systems upon equilibration of the water phase with excess
decane (and a large difference in post cuc decane-water interfacial tension). The salt
concentrations which were used for the following experiments and the Winsor systems

they form are shown in Table 4.1.

Table 4.1 The salt concentrations and corresponding Winsor system types formed
upon equilibration of the aqueous phase containing a concentration of AOT >cuc with
excess decane at 25 °C for the three systems characterised in detail in the following work.

All systems also contain 10 mM Na.COs in the aqueous phase.

[NaCl] Winsor
/mM system type
0 I
40 I
75 i
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4.3  Effect of AOT concentration on adsorption to the calcite-water interface,
and the altering of the decane-water interfacial tension and calcite-decane-

water contact angle
4.3.1 Adsorption of AOT to the calcite-water interface

Figure 4.3 shows the adsorption isotherms for AOT from aqueous solutions to the
calcite-water interface. In order to minimise the effect of degradation a lower pH of 9.3
+ 0.3 was used (lower than the unadjusted pH of the solutions). Some measurements
were made at pH 10.8 and found to differ only for the measurements with lower AOT
concentrations. The difference was found to be due to the extent of degradation
(determined by extrapolation of the data in Appendix A). Qualitatively, the adsorption
of AOT monomers is weak until just below the critical aggregation concentration of the
AOT (expected to be similar to the critical microemulsion concentrations listed in Table
4.3 for the different systems). Above this point there is a highly co-operative adsorption

to form adsorbed films with surface concentrations of around 2 molecules nm-.

In order to understand this trend, it is necessary to know the charge at the calcite-
water interface. The iso-electric point (the pH at which the calcite-water interface has
no net charge) of the calcite-water interface has been discussed in the literature for
decades®®, The main issue appears to stem from the multiple equilibria pathways that
can be present in a calcite-water system, and how these equilibria can be affected by
parameters such us the partial pressure of CO.. Further complications in the system used
here comes from the use of Na2COsz and the contribution this can make to the equilibria
pathways already present. An approximate isoelectric point value from the literature is
pH 9.5, which is within the range of pH values used here (9.0 to 10.8). Hence, the charge
on the calcite is likely to be close to zero, though, if any surface charge was to be
expected it would most likely be negative due to the presence of Na,COz as a result of
specific adsorption by carbonate!®. Hence, the driving force for AOT adsorption is not
likely to include strong electrostatic interaction but is likely to be dominated by
hydrophobic interactions (also likely if the surface is negatively charged as the
negatively charged heads are not likely to adsorb). Hence, the system shows a highly
co-operative adsorption at AOT concentrations similar to the relevant cac as the
surfactants form aggregates on the surface of the calcite!’.
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Following trials with several different theoretical adsorption isotherms®2°, the plots
of Figure 4.3 were found to fit best to a Langmuir-type isotherm modified to take account
of cooperative (and anti-cooperative) adsorption through the parameter [ (equation
4.1).

(0T 1) @

surf], . =
[ ]free (1_ (F/Fmax )) . K|_ . e—[}r/rmax

where [surf]see is the equilibrium concentration of non-adsorbed surfactant, I" is the
surface concentration of adsorbed surfactant, I'max IS the maximum surface
concentration, K is a constant reflecting the strength of adsorption and f is the co-
operativity parameter. When f is equal to zero, the isotherm reduces to the Langmuir
isotherm; 3>0 corresponds to anti-co-operative adsorption and <0 corresponds to co-

operative adsorption.

The fitting parameters for the system with the different salt concentrations are shown
in Table 4.2. The fitting parameters are similar for all three systems, with the main
variation being in the K parameter due to the different cac values (from K = 0.15 mM*!
for the system containing 0 mM NaCl, to K = 0.35 mM for the system containing 75
mM NaCl). The adsorption isotherms of Figure 4.3 are similar to those seen in a previous

study of AOT adsorption on calcite?*.

Table 4.2 Fitting parameters for fitting the Langmuir type adsorption isotherm
(equation 4.1) to the experimental data for AOT from water containing 10 mM NaCOs
to the calcite-water interface at different [NaCl] (Figure 4.3).

[NaCl] / mM I'max/ molecules nm2 K/ mMt B
0 2.3 0.15 -3.5
40 2.0 0.30 -3.5
75 2.2 0.35 -3.5
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Figure 4.3  Adsorption isotherms for the adsorption of AOT to the calcite-aqueous
solution interface from aqueous solutions at pH 9.3+0.3 and containing 10 mM Na>COz3
plus the NaCl concentrations indicated at 25.0 °C. The curved lines show the best fits

to the cooperative isotherm (equation 4.1) with the parameters given in table 4.2.
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4.3.2 Effect of AOT concentration on the decane-water interfacial tension

Figure 4.4 shows the variation of the decane-water tension with AOT concentration
for the three different salt concentrations used (all containing 10 mM Na>COs + NaCl
indicated). Due to adsorption of AOT monomers at the water-decane interface, the
tension decreases from 42.5 mN m (in the absence of AOT) to a value independent of
AOT concentration at the cuc. Above the cuc the tension is constant as the AOT in
excess of the cuc forms microemulsion aggregates which do not adsorb at the water-
decane interface. As summarised in Table 4.3, the cuc and the post-cuc interfacial
tensions depend on the salt concentration. The post-cuc interfacial tension values are in
good agreement with both Aveyard et. al.* and with Binks®. The trend for decreasing
interfacial tension with increasing salt is consistent with the change from a Winsor | to

a Winsor 111 system as discussed in section 4.2.

Table 4.3 A summary of the equilibrium Winsor type behaviour, the post-cuc
water-decane tension and the aqueous phase cuc for the three salt concentrations

investigated.

) Post-cuc water-decane Aqgueous phase cuc
[NaCl] Winsor ) ) _ _
interfacial tension (with decane)
/mM system type
/mN m /mM
0 I 0.33 1.0
40 I 0.028 0.60
75 i 0.0079 0.50
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Figure 4.4  Variation of decane-water tension with aqueous AOT concentration at
25.0°C for solutions containing 10 mM Na2COs plus the NaCl concentrations indicated.

The lines show the best-fits calculated as described in the text (section 4.3.4).
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4.3.3 Effect of AOT concentration on the water-calcite-decane contact angle

For the 75 mM NaCl system, the decane-water-calcite contact angle (measured
through the water) is 120+10° in the absence of AOT. As seen in Figure 4.5, the contact
angle increases slightly with increasing [AOT], decreases sharply around the cuc and
finally decreases slightly further before reaching a high [AOT] plateau value of
approximately 20°. The contact angle behaviour of the systems containing 0 and 40 mM
NaCl (not shown) is qualitatively similar (differing only in the position of the sudden
drop due to the different cuc values); therefore, for clarity, the following discussions
focus on the 75 mM NaCl system. The significance and cause of the slight increase and

sudden decrease in the contact angle is discussed in the following section.

Figure 4.5  Variation of decane-water-calcite contact angle (measured through the
aqueous phase) with aqueous AOT concentration for solutions containing 75 mM NaCl
and 10 mM Na.COz at 25 °C. The vertical dashed line indicates the cuc and the

horizontal dashed line shows the contact angle in the absence of added AOT.
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4.3.4  Modelling the effect of AOT adsorption on the interfacial tensions and three

phase contact angle

The equilibrium calcite-water-decane contact angle is determined by the relative
magnitudes of the calcite-water, decane-water and calcite-decane interfacial tensions.
The three interfacial tensions in the absence of AOT can be estimated using
considerations of the polar and dispersion force contributions to the excess surface
energies (surface tensions) of each component. The interfacial surface energy of any
substance x against air (yx-air) can be expressed as the sum of the components arising

from the polar and dispersion forces (y° and y¢ respectively) as shown in equation 4.2%*
28

YX—air = Yg—air + Y?(—air (42)

Values of y? and ¢ derived from tension and contact angles and other methods are
available in the literature. Values (y° and y9 respectively) are 50.4 and 21.5 mJ m™ for
water??, 0 and 23.8 mJ m™ for decane?® and 10.2 and 22.9 mJ m™ for calcite®. It should
be noted that the values quoted for calcite depend strongly on the thermal pre-treatment
and state of hydration of the calcite surface?®2°32, The values used here correspond to
water-saturated calcite since this is most likely to correspond to the calcite powders in
the packed column flooding experiments. If the surface energies of two components x

and y against air are known, the x-y interfacial energy can be calculated using®?:

YX—y =Vx-air T ’nyair - 2\/’Y§—air’y’;/7air - 2\/yg—air737air (43)

Using equation 4.3 and the surface energy components noted above, the three
interfacial tensions in the absence of surfactant were calculated; ydecane-watero = 50.5,
Yealcite-water,0 = 15.3 and Ydecane-calcite,o = 10.2 MmN m™. From the three interfacial tensions,
the water-calcite-decane contact angle 0 (through the water) is given by Young’s

equation.

cos0 = Y calcite—decane Y calcite—water (44)

'Y water—decane

which yields a value of 96° for pure water, slightly lower than but comparable with the
value of 120+10° measured for water containing 10 mM Na>COsz and 75 mM NacCl.
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In order to calculate the variation of contact angle with surfactant concentration, the
variation of the three interfacial tensions with surfactant concentration must be
estimated. The decane-water tension as a function of AOT concentration is measured
directly. As mentioned in the introduction to this chapter, it is known that AOT
monomers do not partition to a measureable extent from aqueous solution containing
NaCl to alkane solvents and hence it is assumed here that ydecane-caicite remains equal to its
value in the absence of AOT Ydecane-calcite,0 fOr all AOT concentrations. For the calcite-
water interface, the tension as a function of AOT concentration is obtained by integration
of the measured adsorption isotherm according to the Gibbs adsorption equation®. The
isotherm given in equation 4.1 is not readily integrated so, the simpler Langmuir
isotherm is used instead, in combination with the Gibbs adsorption equation. The
starting point is replacing I' in the Gibbs adsorption equation (Chapter 1 equation 1.9)

with the Langmuir isotherm equation (Chapter 1 equation 1.8) to give equation 4.5.

re [ooKsurfle,. 1 dy

= (4.5)
1+K[surf},.. KT din[surf];.,

Rearrangement of equation 4.5 leads to equation 4.6, followed by integration to give

equation 4.7.

-kTT, . K[surf];..
1+ K[surf];..

jd[surf lee =y (4.6)

KTT, K %In(1+ K[surf],..) =+ COl (4.7)

where COl is the constant of integration. At [surf]se = 0, y = y0, hence 0 = yo + COl,

and COI = -yo. Hence equation 4.8 becomes apparent.

Y=Y~ kTr‘max In(1+ K[Surf ]free) (48)

Equation 4.8 then allows the modelling of the change in interfacial tensions by fitting
the equation to the experimental data using the Langmuir isotherm parameters. Hence,
adsorption isotherms can be backed out from interfacial tension experimental data, and
interfacial tensions backed out from adsorption isotherm experimental data. Although
the Langmuir isotherm is not the best fit to the adsorption data for calcite-water

adsorption at low concentrations, it still captures where most of the adsorption occurs at
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the higher concentrations. As it is at the point of higher adsorption where the tension
changes the most, the fitting manages to capture the change in tension with enough

precision for the current study.

Figure 4.6 shows the three interfacial tensions estimated as described above and the
corresponding variation of derived contact angle 6 with AOT concentration and
comparison with the measured angles. The adsorption and corresponding interfacial
tensions for the water-decane interface are calculated only for AOT monomers (where
above the cuc the concentration remains constant) as it was shown in section 4.3.2 that
the aggregates do not adsorb. The Langmuir parameters were varied to obtain the best
fit to the experimental interfacial tension results. For the calculation of the adsorption
and subsequent change in the interfacial tension at the calcite-water interface the total
AOT concentration is used (including aggregates) as the experimental data shows that
there is some adsorption above the cac (due to aggregates forming on the surface). The
Langmuir parameters were varied to obtain the best fit to the experimental adsorption
data. As mentioned, the adsorption and subsequent change in the decane-calcite
interfacial tension was not considered as it was reported that AOT does not partition to
alkanes to a measurable extent!. The final fitting parameters and complete set of graphs

can be seen in Appendix C.

Despite the large uncertainty in the surface energy components of calcite and the use
of the Langmuir isotherm which is not an ideal fit to the experimental calcite-water
adsorption data, the calculated plot correctly predicts the slight increase in contact angle
as [AOT] approaches the cuc (due to the decrease in the decane-water interfacial tension)
and the sharp decrease in 0 at [AOT] = cuc (due to the calcite-water tension dropping
below the calcite-decane tension in the presence of an ultralow decane-water tension).
For [AOT] > cpc, the calculations predict that 6 = 0° whereas the measured values are
in the range 40-20°.

There are multiple possibilities as to why this difference occurs. It has been well
discussed as to whether a true equilibrium contact angle is ever achieved, in which case
the contact angles above the cuc may not actually be the true equilibrium values, and
thus will not match up with the contact angles predicted with the use of Youngs equation
(which assumes true equilibrium)®. Another complication is that the formation of a thin

film of the oil on the calcite surface, or reorientation of molecules (oil or surfactant) at
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the calcite surface, meaning that the actual interfacial tension between the calcite-water
or calcite-oil is between the water or oil and the thin film or reoriented molecules, as

opposed to the water and the calcite.®

Another possible reason for this discrepancy could be that the assumption of no AOT
adsorption from decane to the decane-calcite interface (based on the observed lack of
partitioning of AOT from aqueous NaCl solution to alkanes') may not be valid in the
presence of calcium carbonate. Leaching of calcium ions from the calcite might produce
Ca(AQOT)2 species that may partition to decane and adsorb at the decane-calcite interface.
Such partitioning and adsorption could potentially decrease Ydecane-caicite and increase 0
at high [AOT].

Additional considerations of how surfactants can affect contact angles relevant to
EOR, e.g. solid surface roughness and surfactant mixture effects are described in refs.
36-37.
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Figure 4.6  Upper plot: Variation of decane-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous AOT concentration
for solutions containing 75 mM NaCl and 10 mM Na.COs at 25 °C. The vertical dashed
line indicates the cuc. The horizontal dashed lined shows the contact angle in the
absence of added AOT. The solid line shows the calculated contact angle from the water-
decane (measured), water-calcite (derived from the measured adsorption isotherm) and
decane-calcite (invariant with [AOT]) tensions shown in the lower plot. The tensions

are modelled with equation 4.8, the fitting parameters can be found in Appendix C.
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4.3.5  Overview of systems to be used for oil recovery experiments

An overview of the key parameters for the three characterised systems that were used
for the oil recovery experiments in the following sections are summarised in table 4.4.
The three systems produce two different equilibrium Winsor systems, three different
values of the cuc, vastly different post-cuc water-decane interfacial tensions and very
similar three-phase contact angle behaviour. The vast differences in the post-cuc water-
decane interfacial tensions should produce some differences in the oil recovery

performances of each system.

Table 4.4 An overview of all the properties determined for each water-decane-
calcite-AOT system containing the three different salt concentrations plus 10 mM
Na.COz at 25 °C and between a pH of 9.0 to 10.8.

[NaCl] / mM 0 40 75

Aqueous phase cuc / mM 1.0 0.60 0.50

Winsor system type formed
with 1:1 aqueous I I Il

phase:decane

Post cuc water-decane

interfacial tension / mN m-! 033 0.028 0.0079
Measured calcite-water-

decane 6 through water in 123 126 120
absence of AOT (£15) / °
Measured calcite-water-
decane 6 through water 37 31 22

post cuc (£15) / °
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4.4 Decane removal from calcite packed columns
4.4.1 Experimental results and the need for a model

Figure 4.7 shows the experimental results for flooding aqueous solutions of AOT
containing 75 mM NaCl and 10 mM Na,COs through an FC10 packed column with
interstices filled with decane at a flow rate of 5 ul min™ and at 25 °C. Both after 1 pore
volume and 4 pore volumes of flooding, up to and even some time after the cuc there is
no significant change in oil recovery. This observation is initially surprising, as although
there is no definitive consensus in the literature on how the oil-water interfacial tension
and three-phase contact angle effect oil recovery, some change at the cuc where both of
these parameters change dramatically might be expected, particularly as in this case
where the contact angle changes from above to below 90° resulting in a change in the
sign of the Laplace pressure. At approximately 1 mM (twice the cuc) the oil recovery
starts to drop to a minimum at approximately 3 mM, followed by a sudden increase.
Again, this is surprising, as above the cuc where all of these changes occur, the contact
angle and oil-water interfacial tension (and adsorption at the interfaces) remains
constant, and by association, so does the Laplace pressure. Thus, if the remaining oil is
trapped in some way by the Laplace, then something is clearly occurring which means
that the surfactant concentration pumped in to the column is not directly related to the
surfactant concentration seen in Figures 4.3-4.6 (as discussed briefly in the introduction
of this chapter). Thus, in order to interpret the oil recovery plots in Figure 4.7, two
models will be derived. The first to correct the concentrations to be equivalent to the
concentrations in Figures 4.3-4.6 (section 4.5.2), and the second two-part model used to
model the % oil recovery at the different oil-water interfacial tensions and three-phase

contact angles encountered (section 4.5.3).

The difference in oil recovery between the two plots in Figure 4.7 will be discussed
in section 4.4.3. In order to simplify discussions, all further oil recovery plots discussed

will be for the oil recovery after 4 pore volumes of aqueous flooding.
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Figure 4.7  Oil recovery as a function of initial concentration of AOT pumped in to
an FC10 packed column with interstices filled with decane for the system containing 75
mM NaCl and 10 mM Na.COs at a flow rate of 5 pl min™ after 1 pore volume (top) and
4 pore volumes (bottom). The vertical dashed line is the cuc and the horizontal dotted

line the oil recovery with no surfactant present (and only the salt)
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4.4.2 Derivation of model to calculate concentration of free (non-adsorbed)

surfactant in particle packed columns

As mentioned in section 4.1, the problem that occurs when attempting to interpret the
oil recovery data in terms of the adsorption, interfacial tension and contact angle data, is
due to the large surface area to volume ratio. Adsorption then leads to a large difference
between the initial surfactant concentration pumped in to the column ([surf]init) and the
concentration of non-adsorbed, or free surfactant in the bulk of the water ([surflfree). As
it is [surf]fee Which is relevant for the adsorption, interfacial tension and contact angle
experiments, it is necessary to calculate the [surf]see from the [surflint. To do this a
model was developed, based on a mass balance assumption, initially only considering
the surfactant depleted due to adsorption at the calcite-water interface (excluding

adsorption at the oil-water interface). The assumptions of the model are as follows;

1. The initial surfactant concentration, [surf]init, iS equal to the concentration of
surfactant that is adsorbed, [surf]adsored, plus the concentration of surfactant that
is free, [surf]free.

2. The adsorption of surfactant to the calcite-water interface reaches its equilibrium
value.

3. The adsorbed amount of surfactant, I', remains constant with consecutive pore
volumes of the surfactant solution flooded through the column.

The first assumption is likely to be true in most cases. The most relevant case in
which it may not hold is that of if the surfactant is degrading. By extrapolation of the
data in Appendix A, the amount of AOT degradation predicted in these floods is not
likely to cause a large deviation from this assumption within the error of the experiment.
The second assumption is quite probable given the large surface area to volume ratio
allowing for the AOT to come in to contact with the calcite surface, thus minimising rate
limiting steps such as diffusion through the water from slowing the adsorption process
down. Finally, the last assumption of a constant I" value, whilst it may be an over
simplification, within the error of the experiment it seems likely that it will hold true.
For a dynamic system such as the one in question here, some simplifications like this
have to be made in order for an analytical solution to be developed without the need for
long computations and repetitive algorithms. A second simplification made to allow for
the analytical derivation is that the model will calculate the overall moles free (and hence

[surf]eee) between the start of the column up to and including the waste. This
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simplification does not then take in to account any concentration gradients that may
occur across the column®®, It also means that the increase in [surf]ee with the number
of pore volumes pumped may differ a little from that predicted as discussed later. Once
again, this simplification allows for a much simpler model to be developed which should
be able to provide a reasonable explanation for experimental results within the error of

the experiment.

The derivation begins with defining the total number moles of surfactant in the system
(equation 4.9) followed by the moles of this that are adsorbed (equation 4.10) and non-

adsorbed (or free) (equation 4.11).

Total Moles =n¢,,. V.o [SUrf ;.. (4.9)

pore

MOIeS AdSOfbed = (1_ q)pore)\/totalprarticlep NL (410)

AV

Moles non-adsorbed = \/total (nd)pore [Surf]init - (1_ (I)pore)vtotalprarticlep NL] (411)

AV

where n is the number of pore volumes pumped, ®pore the volume fraction of interstitial
pores (between particles) in the column, Vo the total internal volume of the column, f
the fraction of the particle surface accessible to the water, Aparicle the specific surface
area of the particles (the surface area per unit mass), p the density of the particles, and
Nav Avogadro’s number. Using equation 4.10 for the moles adsorbed (and hence, by
conversion, [surf]adsorbed) and the mass balance assumption (equation 4.12), equation 4.13
is derived, where the numerator of the fraction calculates the sum of the moles free and

moles adsorbed and the denominator simply converts this to concentration.

[Surf]init = [Surf ]free + [Surf ]adsorbed (4 12)
r
(nq)pore [Surf ]free + (1_ ¢p0re )prarticlep Nj
[surf]:. = - (4.13)
nq)pore

The relationship between [surf]see and adsorbed surface concentration I' is given by
the adsorption isotherm (equation 4.1), Aparicle and ¢pore are separately measured
(Chapter 2 and 3), the calcite density is 2.71 g cm™ and so the only unknown parameter
is f. The model described in section 4.4.3 enables the estimation of f which depends on

the fraction of oil remaining in the column. For the range of %oil recovery values
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measured here, f is estimated to be in the range 0.3 — 0.6. In order to simplify the
calculations, a mean value of f = 0.4 was used in all cases (unless otherwise stated) to
convert the values of [surf]init to [Surf]see ON the plots of % oil recovery versus surfactant
concentration. Due to the errors which may arise from this more simplistic approach, it
was deemed not necessary to take in to account the adsorption at the oil-water interface
as the accuracy of the model is not great enough to enable clear differentiation between

the relative interfacial areas of all the interfaces.

This scale transformation enables the values of % oil recovery to be linked directly
with the corresponding values of interfacial tensions, contact angles and critical
aggregation concentrations. In addition, the difference ([surflinit - [Surf]free) provides a
measure of the “wasted” surfactant which is retained by the packed column and is
therefore likely to provide an important input into the assessment of the economic

viability of the oil recovery process.

Figure 4.8 shows the relationship between [AOT]tree and [AOT ]init for flooding of the
AOT solutions containing 75 mM NaCl through an FC10 packed column. At low
concentrations, the relationship is linear where the adsorption corresponds to the small
linear increase in the adsorption isotherms in Figure 4.3. When the sudden increase in
adsorption occurs at the cac (0.50 mM [AOT]ee), although there is an increase in
[AOTTinit, there is little increase in [AOT]#ee. As the adsorption approaches the plateau
value, the [AOT Jtree Starts to increase again. At very high concentrations, as the adsorbed
amount remains the same and the [AOT]ee increases, the effect of the adsorption

decreases.

By taking the ratio between [AOT ]init and [AOT Jree, @ More quantitative view of how
much surfactant is depleted by adsorption at the calcite-water interface can be
determined. For instance, in the case of 1 pore volume having been pumped through the
column, in the region of a linear increase in adsorption with surfactant concentration it
is seen that the [AOT]sre is approximately 12 times less than the [AOT]init, indicating a
significant loss of surfactant. The value rises to a maximum of 28 at the peak of the
adsorption. Using these two values, the concentration of surfactant solution that needs
to be pumped in to the column in order for the [AOT]sre to be equal to the cuc, 0.50 mM,
IS between 6.6 to 15.4 mM.
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When 4 pore volumes are pumped through, the [AOT]init needed for a certain
[AOT]see decreases, almost linearly, across the full concentration range (with the
exception of the very high concentrations), by a factor of approximately 3.4. The reason
this factor is not 4 (as might be expected due to 4 times the amount of solution being
pumped through) is due to the constant I" value assumed in the derivation of the model.
As the adsorbed amount stays the same, after 1 pore volume has been pumped through,
all of the following pore volumes contribute solely to the [AOT]#ee and not the
[AOT ]adsorbed. In reality the system is in dynamic equilibrium and an increase in T is
expected as the [AOT]#ee increases if the initial I' < I'max. However, as discussed, in
order to simplify this analytical model, the expected adsorption increase has been noted
but not included in the calculations. The results of the model still provide a convincing
rationale behind the experimental oil recovery data expressed in the form of Figure 4.9.

The increase in surfactant concentration in the effluent with increasing pore volumes
of solution pumped through porous media has been seen experimentally in various
different studies, such as those in refs 39-41.
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Figure 4.8  Relationship between the initial concentration of AOT ([AOT]init) in
solution with 75 mM NaCl and 10 mM Na.COz pumped in to an FC10 packed column
with a fraction of the surface available to the water of 0.4 and the corresponding
concentration of surfactant ‘free’ after some has been depleted by adsorption to the
calcite-water interface ([AOT]fee) at different pore volumes of the solutions being

pumped through. The diagonal dashed line shows the case of no adsorption.
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Figure 4.9 now allows for a direct comparison between the change in the oil-water
interfacial tension and contact angles and the % oil recovery as all measurements refer
to the concentration of free surfactant. Below the cuc where there is no significant
change in the oil-water interfacial tension or contact angle, there is also no significant
change in the oil recovery. As the cuc is approached and the contact angle and the oil-
water interfacial tensions drop, the oil recovery also drops. The sudden increase in oil
recovery comes after the cuc where both the oil-water tension and the contact angle
remain constant. As described in Chapter 3, the % oil recovery is determined at low
flow rate conditions such that capillary forces dominate over viscous forces, at least for
systems with higher oil-water interfacial tensions. For surfactant concentrations below
the critical aggregation concentration, the surfactant potentially affects the % oil
recovery only because of the changes in the contact angle and the value of the oil-water
interfacial tension. Above the critical aggregation concentration (when the concentration
of non-adsorbed, non-aggregated surfactant, contact angle and oil-water tension all
remain constant), the surfactant aggregates present can additionally remove oil by
solubilisation and emulsification, which would presumably have an increased effect with
an increase in surfactant concentration, as seen in Figure 4.9. As detailed in section
4.4.3, both these mechanisms are invoked to model the measured plots of %oil recovery

as a function of surfactant concentration.
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Figure 4.9  %oil recovery (after 4 pore volumes) as a function of AOT free
concentration for the system containing 75 mM NaCl (top). This figure has the same y-
axis %oil recovery data as Figure 4.6, though the x-axis concentrations have been
converted to [AOT]ee as described in the text, allowing comparison with the contact
angle and interfacial tension data (bottom, same data as Figure 4.5). Again, the vertical
dashed line is the cuc and the horizontal dotted line the oil recovery with no surfactant

present (and only the salt).
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4.4.3  Two-part model to calculate effect of interfacial tension, contact angle and

solubilisation on %oil recovered
44.3.1 Principles of the model for oil recovery with [surf]< cac

The equations and implementation of the first part of the model make little sense
without an understanding of the principles behind the model. Hence, initially these
principles will be discussed. As the majority of the equations are not essential to
understanding the theory of the oil recovery and the effect of the interfacial tension and
contact angles on the recovery, they are not included in the main body of this text. If the
reader is interested, a walk through the main equations is in Appendix B, and the
spreadsheet set-up for the calculations is in the ESI on the CD at the front of this thesis

(file title, “Liquid bridge calculations spreadsheet.x1sx”).

As a starting point, it will be considered how the % oil recovery is affected by contact
angle 6 and oil-water tension y when the surfactant concentration is below the cuc. In
order to (greatly) simplify the calculations, the packed particle bed is taken to consist of
monodisperse spheres packed in a cubic arrangement as shown in Figure 4.10. This type
of cubic packing was selected because the volume fraction of interstitial space (denoted
as dpore) IS equal to (1 — n/6) = 0.48 and is close to the value of ¢pore = 0.45 measured for
the randomly packed FC10 calcium carbonate particles used here. The proposal for how
the oil is trapped is that, following flooding by aqueous surfactant solution, the oil
remaining in the particle packed column is trapped in the form of liquid bridges between
contacting particles*?-*, as shown in Figure 4.10. Although not strictly the same, this
type of trapping could be considered to be a form of flow bypassing, where the displacing
phase passes through the middle of the pore, but not the narrowest part of the pore where
the bridge is left behind.

For the calculations, the profile of the liquid bridge is approximated as a circular arc.
The profiles, volumes and surface areas for a set of liquid bridges which all have a
constant value of contact angle 0 but different values of the parameter hy defined in
Figure 4.10 are calculated using EXCEL (see Appendix B). For each bridge of different
hp value, the known geometry of the bridge’s curved oil-water interface and the value of
the oil-water tension enables the calculation of the Laplace pressure difference across
the oil-water interface APpridgge. A positive value of APyrigge indicates that the pressure

inside the bridge is higher than outside the bridge.
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Figure 4.10 Cubic packing of calcite spheres showing the cross sectional profile of a
liquid oil bridge (red), the distance h (vertical solid black line) and the circular profile of
a water phase flow channel (green dashed line). Note that only a single oil liquid bridge
is shown here; each particle-particle contact point is assumed to have an identical liquid
bridge. The configuration shown here is calculated for calcite-water-oil contact angle 6

(measured through the water) equal to 107°, particle radius = 1.4 um and hp = 0.3 pum.
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The next step is to consider which factors determine the size of the oil bridge which
is stranded as aqueous surfactant solution is pumped through the initially oil-filled
packed bed. It will be assumed that the water flows through the particle interstices
indicated by the green dashed circle in Figure 4.10. The size of this flow channel
depends on the size of the residual oil liquid bridges. The average, effective radius of
these flow channels (denoted as rchan) is estimated as the radius of the circle which has
an area equal to the area of the particle interstice minus the areas of the four liquid bridges
in contact with it. It will also be assumed that rchan cannot exceed the radius of the circle
circumscribed by the particles (= rehanmax). Thus, by setting the value of h for the liquid
bridges, it is then possible to calculate rehan for a set value of liquid bridge size. In order
to achieve flow through rehan, the driving pressure must exceed the maximum Laplace
pressure difference which occurs when a hemi-spherical “bulge” of aqueous phase into
the oil-filled interstice occurs. This maximum Laplace pressure APchan = 2y ow /fchan, and
is also known as the capillary entry pressure. For fixed contact angle 6 and oil-water
tension yow, the system can “choose” whether to bulge and breakthough through small
pores and leave large liquid bridges (thereby giving a low % oil recovery) or to bulge

and create large flow channels and leave small liquid bridges.

Here it is postulated that the size of the trapped liquid bridges and corresponding value
of the flow channel size rcnan is determined by the condition that APpridge = APchan (fOr
Fchan < Fchan,max) OF that rehan = Fehanmax.  The resulting estimation of %oil recovery is found
to depend only on the contact angle 6 and is independent of the decane-water interfacial
tension. This being the case, a universal graph can be plotted (Figure 4.11) for all
systems with concentrations of surfactant <cuc on the effect of contact angle on %oil
recovery (in the case of flow rate corresponding to low Ca, i.e. capillary forces
dominate). There is a rise from 58 %oil recovery with a 0 ° contact angle through the
water to 82 % with a contact angle of 90 ° or greater. The limiting oil recovery at 82 %
is due to the rchan-max having been reached. This trend is very similar to that seen by Zhao

et al.*’
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Figure 4.11 The predicted %oil recovery for flooding aqueous solutions through a
cubic packed arrangement of monodisperse hard spheres in a low flow rate regime
corresponding to capillary forces dominating. The %oil recovery is calculated as
described in the text. The vertical dashed line indicates the transition from the condition
of rehan being determined by APuridge = APchan t0 the condition that renan is determined by

Fchan = fehanmax (t0 the left of the line the former condition, to the right the latter).
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4.4.3.2 Additional oil recovery when [surf] > cac

The theory outlined above enables the estimation of % oil recovery due to the effect
of the added surfactant on the contact angle 6. For surfactant concentrations in excess
of the cuc, two additional factors arise. Firstly, the additional surfactant is present in the
form of aggregates which can also remove trapped oil by solubilisation. To estimate this
contribution, we assume that each mole of aggregated surfactant solubilises Rsoi moles
of decane, where Rso is the equilibrium solubilisation molar ratio equal to [solubilised
decane]/(JAOT] — cuc). Based on this assumption, the %oil recovered by solubilisation

using n pore volumes of aqueous phase is given by
%Oilsol =N MVdecane Rsol ([AOT] — CHC) 100 (413)

where MVecane IS the molar volume of decane. The total %oil recovery is equal to the
sum of the contributions from the contact angle effect and from the solubilisation.
Secondly, as discussed above, when the surfactant concentration is increased to >cpuc,
the oil-water tension reaches a very low value which causes the capillary number to
change from the low capillary number regime to the high regime. In this regime, viscous
forces dominate over capillary forces which leads to the breakup and mobilisation of
trapped oil. This process is similar to emulsification in which the newly formed
emulsion drops require adsorption of surfactant to be stabilised. In order that the oil-
water tension does not increase, only surfactant in excess of the cuc is likely to adsorb
to the newly formed emulsion drops. Hence, the amount of oil mobilisation by breakup
and mobilisation (emulsification) is likely to be proportional to ([AOT] — cuc). It is
assumed here that Rem moles of decane is emulsified per mole of aggregated AOT in
excess of the cuc. The %oil recovered by solubilisation plus emulsification using n pore

volumes of aqueous phase is then given by
%0i|so|+em =N MVdecane (Rsol + Rem) ([AOT] — CMC) 100 (414)

where the parameters Rso1and Rem are input as a single parameter as there is no easy way
to distinguish between the two processes (other than the limitations of Rsol as described

later).
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4.4.3.3 Comparison of experimental results to the derived model

Figure 4.12 compares the measured variation of %oil recovery as a function of the
AOTiree concentration for the system containing 75 mM NaCl and 10 mM Na>COs with
the model calculations. The model calculations for the oil recovery resulting from
contact angle changes alone correctly predict the unchanging recovery at low
concentrations and the decrease in recovery as the cuc is approached due to the contact
angle decreasing. The increase in oil recovery above the cuc is reasonably well
represented by equation 4.14 with a value of (Rsol + Rem) equal to 600 moles of decane
per mole of aggregated AOT. The maximum equilibrium solubilisation ratio of decane
by AOT under these conditions (Rso) is approximately 10 (by extrapolation of the data
from ref. 48). Hence, for the system of Figure 4.12 with an ultralow value of the post-
cuc oil-water interfacial tension equal to 0.0079 mN m™, the bulk of the post-cuc
increase in oil recovery occurs by breakup and mobilisation (emulsification) of the
trapped oil as a result of the high capillary number. It is worth noting that the
uncertainties in the %oil recovery values for [AOT] > cuc are larger than the uncertainty
of +2% estimated from repeatability measurements of the mass of packed column (see
Experimental). This greater irreproducibility observed above the cuc may be due to
slight variations in the calcite particle packing from run to run having a large effect on
the %oil recovery due to solubilisation and emulsification (but not on the oil recovery

resulting only from contact angle changes for [AOT] < cuc).
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Figure 4.12  Variation of %oil recovered after 4 pore volumes as a function of the non-
adsorbed (free) AOT concentration for solutions containing 75 mM NaCl and 10 mM

Na,COzat 25 °C. The vertical black dashed line shows the cuc and the horizontal black
dotted line indicates the %oil recovered in the absence of AOT. The red dashed line

shows the predicted %oil recovered from the contact angle alone mechanism, and the
%oil recovered from the contact angle and the

green dotted line the
solubilisation/emulsification mechanisms combined, both calculated using the model

described in the text.
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As mentioned previously, the %oil recovery plots are interpreted after 4 pore volumes
as resulting from surfactant-induced contact angle changes plus solubilisation and

emulsification for AOT concentrations above the cuc. For systems containing AOT

concentration < cuc, the %oil recovery resulting from contact angle changes should be
complete following the injection of approximately 1 pore volume whereas the
contribution from solubilisation and emulsification (for AOT concentrations > cuc)
should continue to increase with the number of pore volumes injected. The top graph in
Figure 4.13 compares plots of %oil recovery versus pores volumes injected for systems
above and below the cuc (representative of the general trends observed). Below the cpuc,
when oil recovery occurs only by contact angle change, the oil recovered remains
constant after 1 pore volume. Above the cuc, where oil recovery occurs by both contact
angle change and solubilisation plus emulsification, the recovery continues to rise after

1 pore volume.

Though not all of the oil recovery plots are as clear as those shown in Figure 4.13,
when the difference in oil recovery between 1 and 4 pore volume is plotted vs. the free
concentration of surfactant (Figure 4.13, bottom), a clear trend is observed. Consistent
with the model proposed here, the difference in recovery is only significant for AOT

concentrations in excess of the cuc.
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Figure 4.13 Top: Variation of %oil recovery with number of pore volumes pumped
for 0.005 ml min* of aqueous solutions containing 75 mM NaCl and 10 mM Na,COs
into an FC10 packed column with pore volume fraction 0.45 initially containing decane
at 25 °C. Plots for 10 mM AOT and zero AOT are compared. Bottom: Variation of the
change in %oil recovery between 1 and 4 pore volumes versus [AOT]ee (free at 4 pv)
The vertical dashed line indicates the cuc of AOT under these conditions, and the

horizontal dotted line the case with no surfactant present.
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Figures 4.14 and 4.15 show the %oil recovery (experimental and theoretical) and the
difference in %oil recovery between 1 and 4 pv for the AOT systems containing 0 and
40 mM NaCl respectively. As mentioned previously, the contact angle and interfacial
tension behaviour of these systems and the system containing 75 mM NaCl are
qualitatively similar, with the only differences being the lowness of the post-cuc water-
decane interfacial tension, the cuc concentration and the Winsor system (both are WI,
whereas the 75 mM NaCl system is a WIII, summarised in table 4.4). Thus, the only
expected difference is the point at which the %oil recovery starts to drop (due to drop in
contact angle at the cuc) and the value of the (Rsol + Rem) parameter in the post-cpc oil

recovery modelling (a higher post cuc yow is likely to mean less emulsification).

The change in oil recovery between 1 and 4 pore volumes for both systems show a
very similar trend to that of the system containing 75 mM NaCl, increasing the
confidence in the idea of the post-cuc oil recovery by solubilisation and emulsification
(plus that from the 0). Further to this, the solubilisation plus emulsification ratios which
reasonably represent the post-cuc oil recovery are 45 for the system containing 0 mM
NaCl (Figure 4.14) and 200 for the system containing 40 mM NaCl (Figure 4.15). Thus,
there is an increase in the solubilisation plus emulsification ratio from 45 to 600 as the
post-cuc tension drops from 0.33 to 0.0079 mN m™ (between NaCl concentrations of 0
to 75 mM NacCl).

The oil recovery with no surfactant for both salt concentrations is 75 £ 2 %. The oil
recovery with [AOT]#ee < cuc (just before the contact angles drop below 90 ° are very
close to that of the case with no surfactant. This is expected as the contact angle with no
surfactant and with [AOT] < cuc is above 90 ° so the oil recovery is limited by the rchan
= Iehan-max parameter. Although the calculated and measured oil recoveries with [AOT]free

below the cpc do not quite match up, the trends of both are similar.
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Figure 4.14 Top: Variation of %oil recovered after 4 pore volumes as a function of
the non-adsorbed (free) AOT concentration for solutions containing 0 mM NaCl and 10
mM NaCOs. The red dashed line shows the %oil recovered from the contact angle
alone mechanism, and the green dotted line the %oil recovered from the contact angle
and the solubilisation/emulsification mechanisms combined, both calculated using the
model described in the text. Bottom: Variation of the change in %oil recovery between
1 and 4 pore volumes versus [AOT ] (free at 4 pv) under the same conditions as the top
plot. Note the error bars are double the 2 % as the points are the difference between two
measurements. For both plots, The vertical black dashed lines shows the cuc and the

horizontal black dashed line indicates the data in the absence of AOT.
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Figure 4.15 Top: Variation of %oil recovered after 4 pore volumes as a function of
the non-adsorbed (free) AOT concentration for solutions containing 40 mM NaCl and
10 mM NaCOs. The red dashed line shows the %oil recovered from the contact angle
alone mechanism, and the green dotted line the %oil recovered from the contact angle
and the solubilisation/emulsification mechanisms combined, both calculated using the
model described in the text. Bottom: Variation of the change in %oil recovery between
1 and 4 pore volumes versus [AOT ] (free at 4 pv) under the same conditions as the top
plot. Note the error bars are double the 2 % as the points are the difference between two
measurements. For both plots, The vertical black dashed lines shows the cuc and the

horizontal black dashed line indicates the data in the absence of AOT.
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The value of Rsol + Rem is plot vs. post-cuc interfacial tension in Figure 4.16. It shows
that the data can be fitted to a power-law relationship. If the relationship is general, it
would enable the prediction of the post-cuc oil recovery for any surfactant system. This
approach will be applied to the other surfactant systems studied in Chapter 5. The error
bars are calculated as the values above and below the average fitting of the green lines
in Figures 4.12, 4.14 and 4.15 which cause the line to go through the highest and lowest
points of the post-cuc oil recovery.

Figure 4.16 A plot of the values of the Rsol + Rem parameters in figures 4.12, 4.14 and
4.15 vs. the respective post-cuc oil-water interfacial tensions. The solid straight line is

the fit to a power function curve.

1000

y =20.139x-0682

RsoI + Rem

10 1 1 1 T I | 1 1 1 T | 1 1 1 I T I |
0.001 0.01 0.1 1
Post-cuc oil-water y / mN m-1

141



45 Conclusions

The effect of NaCl concentration on the microemulsion phase inversion of systems
consisting of aqueous solutions of AOT containing 10 mM Na,COz with an equal
volume of decane was determined. Systems with 0, 40 and 75 mM NacCl, giving W1, WI
and WIII phase behaviour respectively, were selected for study. The calcite-water
adsorption, water-decane interfacial tensions and the calcite-water-decane contact angles
as a function of AOT concentrations were determined for each system. The calcite-water
adsorption for all three systems was qualitatively similar, with low adsorption up to the
cac, whereafter strong cooperative adsorption was observed up to a plateau of
approximately 2 molecules nm=. The reason for this was deemed to be due to surface
charge on the calcite likely being close to neutral (or slightly negative) leading to no
strong (or slightly repulsive) electrostatic forces between the surfactant head and the
calcite surface, hence the adsorption mechanism was proposed to be through
hydrophobic interactions between surfactant molecules forming aggregates on the
surface of the calcite. The water-decane interfacial tensions as a function of AOT
concentration for all three systems show the same trend of starting at approximately 45
mN m™ and dropping to a value independent of the AOT concentration above cpuc as

aggregates are formed which no longer adsorb at the water-decane interface.

The adsorption and subsequent change in interfacial tensions were successfully
modelled using a combination of the Langmuir isotherm and the Gibbs adsorption
equation and the subsequent tensions used to model the three phase contact angle as a
function of AOT concentration. The calcite-water-decane three-phase contact angle
(advanced static, measured through the water) starts at approximately 110° in the
absence of AOT, rising to approximately 150° with increasing AOT concentration due
to the decrease in the water-decane tension and a calcite-water tension higher than the
calcite-decane tension. At the cuc where the water-decane interfacial tension reaches a
minimum (value of which depends on the salt concentration), and the calcite-water
tension drops below that of the calcite-decane, the contact angle is predicted to fall to 0°.
However, the measured contact angles drop to approximately 40° at the cuc, with a
further decrease to a plateau at 20° with increasing AOT concentration. Possible reasons

for this difference were discussed.
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A model has been derived to enable the calculation of the free surfactant concentration
within a particle packed column from the initial concentration of surfactant pumped in
to the column as a function of pore volumes pumped, when the adsorption isotherm of
the surfactant to the particle surfaces is known. The model allows for the direct
comparison between the interfacial tension, contact angle and the %oil recovery as all
refer to the free surfactant concentration, i.e. the model takes account of the surfactant

depletion from solution by adsorption at the calcite-water interface.

A second two-part model has been derived which enables the modelling of the %oil
recovered when flooding aqueous solutions of surfactant based on the assumption that
the remaining oil is trapped as liquid bridges between the particles in the packed column.
The first part of the model determines the %oil recovered when the surfactant
concentration is below the cuc (and the flow rate slow enough such that the oil recovery
is determined only by the interfacial forces) as a function of oil-water interfacial tension
and the three phase contact angle. It was found that the oil recovery is determined solely
by the three-phase contact angle and is not effected by the oil-water interfacial tension,
and that an increasing contact angle (through the water) increases the oil recovery from
58 % at 0° to a limiting value from 90-180° of 82 %. The second part of the model
determines the extra oil recovered when the surfactant concentration is above the cuc
from solubilisation and emulsification mechanisms (where emulsification is thought to
be similar to the oil breakup and mobilisation due to an increase in the capillary number
from a decrease in the oil-water interfacial tension). It was found that a decrease in the
post-cuc interfacial tension lead to an increase in the post-cuc oil recovery. Experimental
results also showed that there was no significant increase in oil recovery between 1 and
4 pv when the surfactant concentration was below the cuc. When above the cuc there
was a noticeable difference in recovery with increasing pv. This was expected as the oil
recovery below the cuc (determined by contact angle alone) should be complete by water
breakthrough (between approximately 0.7-0.8 pore volumes) whereas the extra recovery
from solubilisation and emulsification would be expected to continue after water

breakthrough.

Overall, an experimental model system consisting of AOT-water-decane-calcite was
characterised in terms of calcite-water adsorption, water-decane interfacial tensions and
calcite-water-decane three-phase contact angles as a function of AOT concentration for

three different aqueous phase salt concentrations (0, 40 and 75 mM NacCl, all with 10
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mM Na>COgz present). The characterised systems were used to displace decane from an
calcite packed column, and the resulting oil recovery related to the water-decane
interfacial tensions and the three-phase contact angle through the use of two models
(both derived here).
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CHAPTER 5

MODEL VALIDATION USING A CATIONIC AND A NONIONIC
SURFACTANT

51 Introduction

Chapter 4 discusses the characterisation of a system consisting of water, decane,
calcite and AOT with 10 mM Na2COs and three different concentrations of NacCl, in
terms of the microemulsion phases formed, agueous phase behaviour, adsorption at the
water-calcite interface, change in the water-decane interfacial tensions and the change in
the three-phase contact angles as a function of AOT concentration. The three different
salt concentrations altered the cuc (and cac) moderately and the post-cuc water-decane
interfacial tensions considerably. The aqueous surfactant solutions were pumped
through the calcite packed columns (the characterisation of which were discussed in
Chapter 3) with the interstices between the calcite particles filled with decane. Two
models were then derived to enable the interpretation of the %oil recovery as a function
of surfactant concentration. The first model to convert [surflinit to [surf]see to allow a
direct comparison between the adsorption, interfacial tension and three-phase contact
angle characterisation data with the %oil recovery experiments. The second two-part
model to enable modelling of the extent of oil recovery both with surfactant
concentrations below and above the cuc based on the hypothesis that the oil is trapped
as liquid bridges between the particles. The two models enabled an understanding of

the %oil recovery as a function of AOT concentration.

To further test the models derived in Chapter 4, it is necessary to see if the predictions
and modelling still work for systems which behave differently to the water-decane-
calcite-AOT system. Thus, two other three phase systems were chosen which had the
potential to behave significantly differently. If the systems behave significantly
differently to the AOT containing system discussed in Chapter 4, yet the models still fit
the experimental data well, then this increases the confidence that can be had in the
predictive capabilities of the models.

The results in this chapter discuss the characterisation of and the oil recovery
performance of two different systems, one with a cationic surfactant and one with a

nonionic surfactant. The first system consists of water, toluene, calcite and the pure
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cationic surfactant CL4BDMAC. As the charge of the headgroup is opposite to that of
the AOT, the C14BDMAC has the potential to behave significantly differently in the
characterisation and oil recovery experiments. The second system consists of water,
heptane, calcite and the un-pure commercial (technical grade) nonionic surfactant CW-
100S. The use of an un-pure technical grade surfactant will take the current study one
step closer to a ‘real’ system, i.e. a system closer to that which would be encountered at
an actual oil field, as pure surfactants are far too expensive to be used in industrial
applications. The results for both the above systems are analysed using the two models

derived in Chapter 4 and compared to the water-decane-calcite-AOT system.

In an effort to aid the flow of some of the following sections it is first necessary to
briefly explain the nature of the equilibration times and the differences between initial
and equilibrium measurements for the oil-water interfacial tensions and the water-oil-
calcite contact angles. The AOT containing systems in Chapter 4 showed a very quick
attainment of equilibrium values for both the interfacial tensions and contact angles (and
hence there is no discussion about this aspect in that chapter). The interfacial tension
and contact angle measurements for the CL4BDMAC containing system were seen to
change slowly over time periods of up to a couple of hours, though the difference
between the initial and the final values of each measurement were all within a 10 % error.
As such, the choice between which values to use had few consequences on the final
outcome of the characterisation and modelling of the oil recovery. Even so, a brief
discussion is had about some possible causes for this longer equilibration time. As it
will be seen in section 5.3.4, the water-oil-calcite contact angles for the system
containing the nonionic CW-100S surfactant can change significantly over time. It is
for this reason that both the initial and equilibrium interfacial tensions and contact angles
are shown in the figures, and a further discussion had about which values might be most

relevant to the current research.
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5.2  Characterisation of and oil recovery performance of a system consisting of

water, toluene, calcite and the cationic surfactant C14DBMAC
5.2.1 Microemulsion phase inversion and surfactant partitioning

Alaei et al.! have shown how brine concentration (where their brine consists of a
mixture of monovalent and divalent salts) can cause emulsion phase inversion for a
water-toluene system containing C14BDMAC at 25°C. They show that following
homogenisation of a 1:1 volume ratio of water:toluene and [C14BDMAC] > cuc, an oil
in water emulsion is formed with 0.1 to 1 wt. % of brine, and a water in oil emulsion
between 3 to 10 wt.% brine. Thus, with a water-toluene system containing C14BDMAC
at 25 °C there is an inversion from an oil-in-water to a water-in-oil emulsion (indicating

microemulsion phase inversion too) between brine concentrations of 1 and 3 wt.%.

Figure 5.1 shows tubes containing a 1:1 volume ratio of water:toluene containing
concentrations of C14BDMAC in excess of the cuc, 10 mM Na>COz and varying
concentrations of NaCl. The tubes were inverted and left to equilibrate for 3 days at
25 °C. The vertical dashed black lines indicate the transition from WI to WIII to WII
type systems (from left to right), as determined from the number of equilibrium
thermodynamically stable phases present. The phase inversion from a W1 to WIII system
occurs between NaCl concentrations of 153 and 324 mM (approximately 1 - 2 wt.% total
salt including Na,COs), and the inversion from WIII to WII between NaCl
concentrations of 666 and 837 mM (approximately 4 - 5 wt.% total salt including
Na.COz), in good agreement with the concentrations of brine found to cause emulsion

phase inversion by Alaei et al.
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Figure 5.1  Microemulsion phase tubes of water and toluene in a 1:1 volume ratio
with 5 mM C14BDMAC and 10 mM Na2COs plus the concentrations of NaCl shown
(all concentrations in the water phase). after 3 days of equilibration at 25 °C. The scale

bar represents 20 mm.
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The salt concentration chosen for further characterisation and oil recovery
experiments was 150 mM NaCl and 10 mM NaxCOsa.

The partitioning of the CLABDMAC between the water (containing 150 mM NaCl
and 10 mM Na>COz) and toluene at 25 °C is shown in Figure 5.2. The monomer partition
coefficient, Kp.ww, below the cuc is approximately 0.4. The salt concentration used here
corresponds to approximately 1 wt.% total salt. The Kp.ww is lower than that reported by
Alaei et al.! for CI6BDMAC in 1 wt.% brine and at 40 °C (Kp.tw = 6.5). This is probably
due to the fact that their measurements were for CL6BDMAC (which has 2 extra carbons
on the tail), likely to have a higher affinity for the oil as the hydrophobic region is larger.
Further, the higher temperature may also have an effect. For the current system, above
concentrations of approximately 0.06 mM (in the water phase), the concentration of
surfactant in the water phase increases whereas the concentration in the toluene remains
constant, indicating a Winsor | system. The concentrations of the surfactant in both
phases at the breakpoint indicates the cuc of the surfactant in that phase. The cuc
determined from the partitioning data (0.06 mM in the water phase) is in very good
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agreement with the cuc in the water determined by interfacial tension measurements in

section 5.2.4.

Figure 5.2  Equilibrium concentrations of C14BDMAC in equilibrated water and
toluene phases, where the water contains 150 mM NaCl and 10 mM Na,COs and at

25 °C. The solid line is a manually fitted trend line.
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Partitioning of the surfactant to the oil is another possible cause for the depletion of
the [surf]see (along with adsorbing to the calcite-water interface), leading to a further
difference between the initial concentration of surfactant pumped in to the column and
the concentration of free (non-adsorbed) surfactant. For example, with a Kp.ow Of 1, at
complete partition equilibrium with a 1:1 volume ratio of water:oil and concentration of
the surfactant below the cuc, the [surf]see is depleted by 50 %. Aveyard et al.? show that

the partitioning of the nonionic surfactant C12Es between water and heptane at 25 °C is
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highly in favour of the oil, with a Kp.ow 0f approximately 300. In this case the loss of

surfactant due to partitioning could potentially be quite significant.

As the Kp.ow for the current system is small, and that complete partition equilibrium
is unlikely to be obtained, the loss of surfactant due to partitioning of the monomers from
the water to the oil was not considered in the converting of the [surf]init to the [Surf]sree.
A further point worth noting is that during the column flood experiments the partitioning
of surfactant is not between a 1:1 volume ratio of water:oil as the oil is being displaced,
so most of the loss of surfactant due to partitioning is likely to be limited to the

partitioning in to the much smaller volume of the oil trapped behind as bridges.
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522 cac and aqueous phase behaviour of C14BDMAC

Alaei et al.! show that, unlike AOT in a water-alkane system with only NaCl as the
salt, the cuc of the CL6BDMAC in water for a water-toluene system is not approximately
equal to the cac of the CL6BDMAC in water for the same brine concentrations. As such,
it was necessary to determine the cac for CL4BDMAC in water plus 150 mM NaCl and
10 mM Na2COs. This was achieved through measurement of the surface tension of a
range of concentrations of the C14BDMAC in the salt solution at 25 °C, and the break

point in the tension plot taken to be the cac (Figure 5.3).

Figure 5.3  Surface tensions (air-water interfacial tensions) of water containing 150
mM NaCl, 10 mM Na2COs and varying concentrations of C14BDMAC at 25 °C. The
horizontal dotted line indicates the surface tension with zero surfactant, and the two

dashed lines are manually fitted trend lines to indicate the break point.
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Although there are some errors associated with determining the break point in the
tensions, the cac of CLABDMAC in water containing 150 mM NaCl and 10 mM Na;COs
at 25 °C is seen to be approximately 0.06 mM, the same as the value of the cuc in water

determined from both the partitioning data in Figure 5.2 and the tensions in Figure 5.8,
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in disagreement with Alaei et al. Alaei et al. discuss the possibilities for the differences
in behaviour of their C16BDMAC-water-toluene system (where cac#cuc) to the AOT-
water-heptane systems (where cac=cuc) and state that the reason for the differences
between the two could be the change from an anionic to a cationic surfactant or from an
alkane to an aromatic oil or acombination of both. From the results shown in this current
work it seems that a further parameter needs to be considered, that being the presence of
divalent ions (present in high concentrations in the work by Alaei et al. but not here) For
this current work, no further work was carried out to understand the differences.

For freshly made aqueous solutions of C14BDMAC in 150 mM NaCl and 10 mM
Na>COs (made by diluting individual aqueous stock solutions of each component), it was
seen that over time (a few hours), at higher concentrations of C14BDMAC and at room
temperature (approximately 22 °C), crystals of precipitated surfactant start to form. A
micrograph of the formed crystals from a solution of 5 mM C14BDMAC, 150 mM NacCl
and 10 mM NaxCOg left at room temperature for 12 hours is shown in Figure 5.4.

Figure 5.4  Optical micrograph of the crystals formed from the precipitation of
C14BDMAC from an aqueous solution of 5 mM C14BDMAC, 150 mM NaCl and 10
mM Na,COz3 left at room temperature (approximately 22 °C) for 12 hours. The scale bar

represents 500 um.

A possible explanation for this precipitation is that room temperature is lower than
the Krafft temperature for this system. To determine if this is the case, a sample of 10
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mM C14BDMAC in water containing 150 mM NaCl and 10 mM Na>COz was held at
15 °C until crystals were well formed (1 hour). The temperature was then raised in
appropriate intervals and the sample held at each temperature for 30 minutes. At a
temperature of 27 °C all of the crystals were seen to have dissolved (Figure 5.5). These
results indicate that the Krafft temperature for this system is approximately 27 °C (as the
solubility suddenly increases at this temperature). Hence, below this temperature the
C14BDMAC can only dissolve as monomers up to a certain concentration, though the
kinetics of the precipitation from the initially supersaturated solutions is complex and
may involve equilibriums between micelles, monomers and precipitate (and can take a

significant amount of time to occur)>.

Although in the current work a full understanding of this process was not developed,
one significant consequence needs to be noted. For aqueous solutions of CL4BDMAC,
the concentration in the water will only increase up to the solubility (for systems at
precipitation equilibrium). The precipitated surfactant is unavailable for solubilising the
oil or for adsorbing at the water-oil interface to lower the tension and/or stabilise oil
droplets broken off during flooding. Thus, there may not be an increase in oil recovery
with increasing surfactant concentration when the total surfactant concentration is above

the cuc as [surf]see is limited by the solubility of the surfactant.

Figure 5.5  Solutions of 10 mM C14BDMAC in water containing 150 mM NaCl and
10 mM Na.COz. The samples were left at 15 °C for 1 hour, then for 30 minutes at all of

the other temperatures.

A further observation is that, as the precipitation of the C14BDMAC takes place over
a few hours, measurements of the oil-water interfacial tensions and water-oil-calcite
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contact angles may be unaffected by the precipitation (as these only take a few minutes
to complete). So although low tensions are observed (Figure 5.8), these tensions may
not occur during column floods (which take place over approximately 24 hours) as the
C14BDMAC has had time to precipitate out before the end of the experiment. This will
be taken in to account when interpreting the oil recovery performance of the surfactant

solutions.
5.2.3 Adsorption of the CL4ABDMAC to the water-calcite and toluene-calcite interfaces

The adsorption of the C14BDMAC to the water-calcite interface at pH 10.8 and 25 °C
Is shown in Figure 5.6. Unlike the AOT systems where there was a strong cooperative
adsorption around the cac, the C14BDMAC shows no strong adsorption across the
concentration range studied. As mentioned in Chapter 4, the charge at the calcite-water
interface at this pH is likely to be close to neutral. Such a low adsorption of a cationic
surfactant may, however, suggest that the calcite is positively charged and thus repels
the surfactant. Ma et al.® see a similar cooperative adsorption for an anionic surfactant
(SDS) and the low adsorption of a cationic surfactant (CPC) on to calcite at pH 10.8 at
25 °C.

Due to the detection limits of the titration technique used, the adsorption of
C14BDMAC at lower concentrations than those seen in Figure 5.6 was not possible.
Thus, when fitting the Langmuir type (for the [surf]see model) and the Langmuir (for
modelling 0) isotherms to the experimental data, there is a large error in the K parameter
which controls the fitting at the low concentrations. However, as the adsorption is so
low the effect of the surfactant concentration on the calcite-water interfacial tensions is
small, and thus large changes in K makes little difference to the end result of modelling
the tensions and hence of modelling the three phase contact angles.

The highest concentration of C14BDMAC that will be present in the toluene is 0.02
mM (as seen in Figure 5.2) and as such the adsorption of surfactant from toluene to the
toluene-calcite interface only needs to be determined up to this concentration. A
concentration this low is near the detection limit of the titration. Further, the presence
of toluene in the chloroform causes the accuracy of the titration technique to be
significantly reduced (for undetermined reasons). Hence, with the current technique it
was not possible to determine if the CL4BDMAC adsorbs at the toluene-calcite interface

at the concentration range of interest. Ideally had time permitted other techniques could
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have been used to determine the surfactant concentrations at lower concentrations. As
the adsorption to the water-calcite interface is so low, and the fact that adsorption of the
surfactant at the toluene-calcite interface would have a negative impact on the modelling
of the contact angles, it was assumed that the adsorption of C14BDMAC to the toluene-
calcite interface is negligible, and therefore that the toluene-calcite interfacial tension is
invariant with [C14BDMAC].

Figure 5.6  Adsorption isotherm for the adsorption of C14BDMAC to the calcite-
aqueous solution interface from aqueous solutions at pH 10.8 and containing 150 mM
NaCl and 10 mM Na>COz at 25.0 °C and pH 10.8. The curved line shows the fit to the
cooperative Langmuir type isotherm (Chapter 4, equation 4.1), with TI'max = 0.027

molecules nm?, K = 1000 mM* and p = 0.
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The relationship between [C14BDMACT]init and [C14BDMAC] e after pumping
aqueous phases of C14BDMAC containing 150 mM NaCl and 10 mM Na.COs through
an FC10 packed column with f = 0.4 is shown in Figure 5.7. Due to the low adsorption
the ratio between the free concentration and the initial concentration is much lower than
that observed for the AOT systems in Chapter 4 (particularly when [C14BDMAC]init >
0.1 mM). The large loss of surfactant predicted at low concentrations has a large error
associated with it (as discussed with the fitting of the adsorption isotherm). Due to the
lack of an increase in oil recovery (section 5.2.6), it is not readily determined if this

model produces reliable results for this system.

Figure 5.7  Relationship between the initial concentration of C14BDMAC in solution
([C14BDMACTinit) with 150 mM NaCl and 10 mM Na;COs3 pumped in to an FC10
packed column with f= 0.4 and the corresponding concentration of surfactant ‘free’ after
some has been depleted by adsorption to the calcite-water interface ([C14BDMAC]free)
at different pore volumes of the solutions pumped through the column. The diagonal

dashed line shows the case of no adsorption.
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5.2.4 Effect of CL4BDMAC concentration on the toluene-water interfacial tensions

Figure 5.8 shows the variation of the toluene-water tension with C14BDMAC
concentration ([C14BDMAC e refers to the concentration in the water phase). There
was a small change in tension with time, though the final values (used in Figure 5.8)
were steady after approximately 30 minutes and were within approximately a 5 % error
of the initial values. As with the AOT system in Chapter 4, the tension decreases due to
adsorption of C14BDMAC monomers from 305 mN m? (in the absence of
C14BDMAC) to a value independent of C14BDMAC concentration at the cuc (0.015
mN m™). The cuc (determined as the break point in the interfacial tension data) is
approximately 0.06 mM, in good agreement with the value of the cuc determined from
the partitioning data in section 5.2.1. The post-cuc interfacial tension is similar to the
AOT system in Chapter 4 containing 40 mM NaCl and 10 mM Na,CO:s.

Figure 5.8  Variation of toluene-water tensions with aqueous C14BDMAC
concentration at 25.0 °C for solutions containing 150 mM NaCl and 10 mM NaCOs (pre
or pseudo equilibrated with the toluene) and pH 10.8. The line shows the best-fit
calculated as described in Chapter 4 section 4.3.4, the fitting parameters are in
Appendix C.
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5.2.5 Effect of C14BDMAC concentration on the water-calcite-toluene contact angles

One main difference between measuring the contact angles for the current system and
the AOT containing system in Chapter 4 is worth noting. This being that the contact
angle of a drop of water placed on the crystal under toluene slowly changes over time to
a constant value after approximately 2 hours (longer than tension equilibration). The
difference between the initial contact angle and the contact angle after equilibrium is
generally only slightly outside of the 10 % error for each individual measurement of the
contact angle (interfacial tensions in Figure 5.8 stay the same within an error of
approximately 5 %). Possible reasons for the slow change are multiple, such as the
equilibrium of the adsorption of the C14BDMAC to the various interfaces. Another
likely reason could be due to the partition equilibrium. Although pre or pseudo
equilibrated phases are used for most measurements, due to the large volume difference
between the drop and the bulk and the relatively large surface area to volume ratio of the
drop, the concentration of C14BDMAC within the drop may be quite sensitive to effects
related to the non-equilibrium state of the partitioning of the C14BDMAC between the
water and the toluene. As such, the change in the contact angle could simply be due to

a slow change in the concentration of the CL4BDMAC within the drop.

The effect of non-equilibrated partition concentrations can be observed when the
concentration in one of the phases is changed and the concentration in the other phase
kept constant. When the initial concentration of CL4BDMAC in the drop (the water
phase) was kept constant at 0.05 mM (approximately the cuc) and the concentration in
the toluene varied from 0 mM to the partition equilibrated concentration of 0.02 mM, 6
(after equilibration for a few hours) increases from 119 to 124 °. As seen in Figure 5.9,
a lower [C14BDMAC] in the drop corresponds to a lower initial 6. When the
[C14BDMAC] in the toluene is lower than the expected partition equilibrated
concentration, it may be expected that the surfactant will partition out of the drop and in
to the bulk of the toluene, resulting in a lower [C14BDMAC] in the drop. As discussed,
when the equilibrium contact angle of a system with [C14BDMAC] in the toluene lower
than the expected partition equilibrium, the contact angle is lower than when the partition
concentrations are used. This is in good agreement with the idea that the C14BDMAC
partitions out of the drop resulting in a lower concentration in the drop, and hence a

lower contact angle.
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Due to this possible partition equilibrium effect, all of the contact angles to be
modelled as a function of surfactant concentration (Figure 5.9) were taken to be the
initial contact angles (as [C14BDMAC] within the drop is known as none has partitioned
in to the oil). As mentioned in section 5.2.4, the equilibrium interfacial tensions were
used. In this case the volumes of each phase were similar and there is a lower surface
area to volume ratio for both phases, thus the effect of the loss of surfactant due to
partitioning is likely to be minimised. It is worth re-stating that the difference between
the initial and the equilibrium contact angles is only just outside of the estimated 10 %
error for each individual measurement, and the initial and equilibrium tensions are within
a 5 % error, thus the choice of which type of value to be used in the modelling

(equilibrium or initial) is not likely to have a significant effect on the final results.

As with the AOT containing system in Chapter 4, below the cuc there is a small
increase in contact angle with an increase in the surfactant concentration (as the oil-water
tension drops). However, in a distinct contrast to the AOT containing systems the post-
cuc contact angle jumps to 180 °, as opposed to dropping to 0 °. This is caused by the
ultra-low oil-water interfacial tension when the calcite-water tension is higher than the
calcite-oil due to the low amount of adsorption of C14BDMAC to the calcite-water
interface. This distinct difference is useful when testing the validity of the models, as if
the models still fit the data for this system it increases the reliability and confidence that

can be had in the predictive capabilities of the models for future systems.
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Figure 5.9  Upper plot: Variation of toluene-water-calcite advanced initial contact
angle (measured through the aqueous phase) with aqueous C14BDMAC concentration
for solutions containing 150 mM NaCl and 10 mM Na.COs at 25 °C and pH 10.8. The
vertical dashed line indicates the cuc. The horizontal dashed line shows the contact
angles in the absence of added C14BDMAC. The solid line shows the calculated contact
angle from the water-toluene (measured), water-calcite (derived from the measured
adsorption isotherm) and toluene-calcite (assumed invariant with [C14BDMAC])
tensions shown in the lower plot. The tensions are modelled with equation 4.8, the fitting
parameters can be found in Appendix C.
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In order for the calculated contact angles to come close to matching the experimental
data the value of the calcite-water tension in the absence of C14BDMAC has to be made
lower than that calculated from the surface energy components of the pure water and
calcite (calculated yo-caicite-water = 15.3 MN M™%, yo-catcite-water Used in Figure 5.9 = 4.5 mN
m™1). With a higher value of yo-caicite-water the step up of the contact angle to 180 ° occurs
at approximately 0.01 mM [C14BDMAC]sree, @ much lower concentration than that
which is observed experimentally. A justification for doing this is that the water surface
energy components are taken from the literature values of pure water. Here however,
the water contains 150 mM NaCl and 10 mM Na;COs. Although the effect of salt
concentration on an air-water interfacial tension is often to increase the tension, here it
may be expected to lower it between the water and the calcite as the salt ions may adsorb
at the ionic surface of the calcite, and hence lower the tension.

To further justify this change it needs to be determined if the model can still fit the
contact angles determined for the AOT systems in Chapter 4 if the initial calcite-water
tension is lowered (as these systems also contain salt concentrations < half the salt
concentration for the current system). It turns out that lowering yo-caicite-water fOr the AOT
system containing 75 mM NaCl (half way between zero and that used in current system)
to 10 mN m™ causes the fit to not match the data as well as when the literature value is
used. This is due to the fact that lowering the water-calcite tension to 10 mN m™ causes
it to become lower than the calcite-decane tension without any surfactant present (10.3
mN m™). However, due to the delicate balance between the three interfacial tensions
and the large uncertainties in the surface energy components, it is not un-reasonable to
continue using the adjusted yo-caicite-water fOr the current system alone in order to obtain a
better modelling, and leave it unchanged for the other systems. Small changes in the
other tensions (particularly the calcite-oil tensions) can cause the model to match the
data with a range of calcite-water tensions. As discussed in Chapter 4, as well as the
uncertainties in the surface energy components, there are also other factors to consider
in the variation between theory and experimental results, such as non-equilibrium contact

angles and surface roughness etc.

The surface energy components of toluene, (y* = 2.3 mJ m?2and vy = 28.5 mJ m?),

were taken from reference 7.
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Overall, it can be seen that when the lower yo-caicite-water IS Used for the modelling, the
theory is close to matching the experimental data. It catches the small increase in contact
angle up to a [C14BDMAC]+ree in the water of approximately 0.06 mM (the cuc) and the
sudden rise to 180 °. In this case, the experimental data does match the predicted post-
cuc contact angle (whereas the AOT systems did not), though the sudden jump up occurs

at slightly higher concentrations than those predicted from the theory.
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5.2.6 Toluene removal from a calcite packed column using aqueous solutions of

C14BDMAC: experimental results and comparison to the model

Figure 5.10 compares the oil recovery performance of the C14BDMAC in aqueous
solutions of 150 mM NaCl and 10 mM Na2COs at 25 °C with the model calculations.
As the contact angles at all surfactant concentrations are above 90 ° the %oil recovery is
limited by the rchan = renanmax condition. Hence, the %oil recovery for all surfactant
concentrations is predicted to be 82 % by the contact angle alone mechanism. As
mentioned in section 5.2.2, due to the precipitation of the C14BDMAC from the
solutions (as a consequence of the system being below the Krafft point), above the
solubility limit (which is presumed to be some concentration below the cac) there is no
further increase in [C14BDMAC]see with increasing overall concentration of
C14BDMAC. Due to this there is not expected to be any increase in %oil recovery above
the cuc, and therefore no ‘extra’ oil recovery by the solubilisation/emulsification
mechanisms. Hence the oil recovery for all surfactant concentrations should remain
constant at 82 %. Further to this, the difference in oil recovery between 1 and 4 pore
volumes is expected to remain negligible for all surfactant concentrations. The first
trend, of a constant %oil recovery value of 82 % is seen clearly in the top graph of Figure
5.10, and the second trend of a negligible difference in oil recovery between 1 and 4 pore
volumes is seen in the bottom graph of Figure 5.10 (despite the large error bars which

are due to the small density difference between the toluene and the water phases).

To alleviate the problems of surfactant precipitation in this system, column floods can
be carried out at higher temperatures. As 10 mM C14BDMAC was seen to fully dissolve
at 27 °C, the temperature is not needed to be raised much to prevent precipitation (so the
I", y and 6 values should remain similar). A preliminary flooding experiment was carried
out with 10 mM C14BDMAC (and 150 mM NaCl and 10 mM Na>CO3) at 30 °C (to
ensure the temperature does not drop below the Krafft temperature), the results of which
are shown as the ‘x’ data points in both graphs of Figure 5.10. For the same
concentration of [C14BDMACT]init (10 mM), when the temperature is raised from 25 °C
to 30 °C the %oil recovery after 4 pv increases from 80 to 87 % and the difference in oil
recovery between 1 and 4 pv increases from 4 to 12 %. The difference appears to be
reasonably significant between these two data points, though more floods at 30 °C need
to be carried out to further confirm this trend and to enable the fitting of the rsoi+rem part

of the model to the flooding data.
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Figure 5.10 Top: Variation of %oil recovered after 4 pv as a function of the non-
adsorbed (free) CL4BDMAC concentration in the water for solutions containing 150 mM
NaCl and 10 mM NaxCOz at 25 °C and pH 10.8. The red dashed line shows the %oil
recovered from the contact angle alone mechanism calculated using the model described
in the Chapter 4. Bottom: Variation of the change in %oil recovery between 1 and 4 pv
versus [C14BDMAC e (free at 4 pv) under the same conditions as the top plot. For
both plots, The vertical black dashed lines shows the cuc and the horizontal black dashed
line indicates the data in the absence of C14BDMAC. The ‘x’ data points are for the
column flood at 30 °C.
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5.3  Characterisation of and oil recovery performance of a system consisting of

water, heptane, calcite and the commercial nonionic surfactant CW-100S

Both the AOT and the C14BDMAC surfactants are > 98 % pure and are therefore
usually used only in research applications as products this pure are far too expensive to
use in large scale industrial processes. The surfactant discussed in this section (CW-
100S) is a commercial grade surfactant with a distribution of chain lengths and some of
the starting product from which the surfactant is made (diethanolamine) still present. It
may be due to this impure nature of the surfactant that many of the trends in the results
are not quite as clear as has been observed for the previous two surfactants. Some
possible reasons for the differences are discussed, though in some situations a full
understanding of why the differences occur is not easily determined without further
work. To avoid losing sight of the main aim of this chapter (the further testing of the
models derived in Chapter 4), some of the unusual phenomena exhibited by this system

are not discussed in a signifcant amount of detail.

Although it is very common for varying forms of the nonionic surfactant CW-100S
to be used in shampoos and a variety of other cosmetic products® as well as being used
in some oil recovery research®20, it is hard to find any in depth studies on its surface
science properties. Thus, unlike the AOT and C14BDMAC, there is little literature to
directly compare the trends observed here to, though comparisons too similar systems is

still possible.

5.3.1 Aqueous phase behaviour, microemulsion phase inversion, surfactant

partitioning and the cac

Agueous solutions of CW-100S are clear at low concentrations and become very
cloudy at higher concentrations (starting approximately at the cac). This could
potentially be, as with the AOT solutions, due to the formation of liquid crystal phases.
The study by Cho® shows that CW-100S increases the viscosity of water, and that the
addition of NaCl can increase the viscosity further. They explain that their results are
the consequence of the ‘salting out’ of the surfactant. This ‘salting out’ could be in the
form of liquid crystal precipitation. However, without further experiments it is not
possible to form a definitive conclusion about the existence of liquid crystals. It is worth
noting that the cloudiness did not significantly disappear with a decrease in temperature,

so the cloudiness is unlikely to be due the cloud point of the surfactant system.
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Figure 5.11 shows tubes containing a 1:1 volume ratio of water:heptane containing
concentrations of CW-100S in excess of the cuc and varying concentrations of NaCl
which were inverted and left to equilibrate for 2 days at 25 °C. The cloudiness in the
water phases (the bottom phase) is mainly from the surfactant in the aqueous phase (and
not un-resolved emulsions). The tube containing 0 mM NacCl is the only case in which
only two distinct phases are observed. All the other tubes containing NaCl
concentrations between 170 and 1700 mM show a distinct middle phase, probably
indicating a Winsor Ill type system. The salt concentration chosen for further

characterisation and oil recovery experiments was 0 mM NacCl.

Figure 5.11  Microemulsion phase tubes of water and heptane in a 1:1 volume ratio
with 25 mM CW-100S plus the concentrations of NaCl shown (all concentrations with
respect to the water phase). after 2 days of equilibration at 25 °C. The scale bar
represents 20 mm,

0 mM 170 mM 340 mM 510 mM 680 mM 1370 mM 1700 mM
NaCl NaCl NaCl NaCl NaCl NaCl NaCl

The partitioning of the CW-100S between the pure water and heptane at 25 °C is
shown in Figure 5.12. The monomer partition coefficient, Kpow, below the cuc is
approximately 0.85. This is much lower than the partitioning of the C12Es nonionic
surfactant investigated by Aveyard et al.? discussed earlier in this chapter (Kpow = 300),
though it is over twice that of the Kpow 0f the CL4BDMAC between toluene and water
from this work (section 5.2.1).
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Above concentrations of approximately 0.16 mM (in the water phase), the
concentration of surfactant in the water phase increases, whereas the concentration in the
heptane remains constant, indicating a Winsor | system (in agreement with the
microemulsion phase tubes). The cuc in water determined from the breakpoint in the
partitioning data (approximately 0.16 mM) is within the range of the cuc in the water

determined by interfacial tension measurements in section 5.3.3 (0.12 - 0.70 mM).

Figure 5.12 Equilibrium concentrations of CW-100S in equilibrated water and

heptane phases (no salt) at 25 °C. The solid line is a manually fitted trend line
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Figure 5.13 shows the variation of the air-water surface tension with [CW-100S].
Two trends need to be noted. Firstly, the surface tensions only approached a steady value
after approximately an hour (both initial and equilibrium values are shown), and
secondly, the surfactant does not behave as ideally as both the AOT and the
C14BDMAC. Instead of the gradient becoming progressively steeper up to the
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breakpoint to a horizontal trend (as expected from the Gibbs adsorption equation), the
gradient becomes steeper, then shallower, followed by a horizontal trend. Although this
trend is not expected for pure surfactants, it is a common trend seen for commercial (or
technical) grade nonionic surfactants''. Some studies have been carried out to attempt
to understand the effects of impurities in producing such trends*?, though here no further

interpretation is made.

Figure 5.13 Surface tensions (air-water interfacial tensions) of water containing
varying concentrations of CW-100S at 25 °C, the triangles are the initial tensions and
the crosses the equilibrium tensions. The horizontal dotted line indicates the surface
tension with zero surfactant, and the two vertical dashed lines indicate the range of

concentrations the cac may be within.
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As no clear single value for the cac is easily obtained, it is easier to quote the cac as
a range of concentrations, which in this case is 0.006 - 0.05 mM CW-100S. This cac
range is a significant amount lower than the water-heptane cuc determined both from the
partitioning (Figure 5.12) and the interfacial tension measurements (Figure 5.16), which
is in the range 0.12 - 0.70 mM.
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5.3.2 Adsorption of the CW-100S to the water-calcite and heptane-calcite interfaces

Figure 5.14 shows the adsorption of the CW-100S to the water-calcite and the
heptane-calcite interfaces at 25 °C. The adsorption to the water-calcite interface is very
similar to that seen by the AOT in Chapter 4. However, most of the adsorption occurs
at concentrations approximately 10 times higher than the cac determined by surface
tension measurements. The adsorption is even more cooperative in nature than the AOT
(B = -4 for CW-100S, B = -3.5 for AOT) and the I'max is higher (3.5 molecules nm for
CW-100S, approximately 2.2 molecules nm for AOT). Without further work it is not
possible to fully understand why the cooperative adsorption occurs at concentrations
much higher than the cac determined by surface tension measurements. Interestingly,
the point at which most of the adsorption occurs is similar to the cuc in water for a water-

heptane system, which is in the range 0.12 - 0.70 mM.

The adsorption to the heptane-calcite interface appears to be much less cooperative
(as much as can be seen from the data), with higher adsorption at lower concentrations
and a I'max approximately half that of the adsorption at the water-calcite interface. Again,
the detection limit of the technique did not allow for the determination of the adsorption
at lower concentrations than those shown). All of the fitting parameters can be seen in
Table 5.2.

Kuno et al.®®*%® have investigated the adsorption of the nonionic surfactant
polyoxethylene nonylphenol, CoPhEx (with x = 1-10), on to polar and non-polar surfaces
from polar and non-polar solvents. The results from their studies which are of most
interest here are how the adsorption of the surfactant to calcium carbonate changes with
different solvents. They see that when the difference in polarity is large (calcium
carbonate and cyclohexane), the adsorption is non-cooperative, i.e. Langmuir-type
adsorption, and corresponds to an ordered monolayer of the surfactant at the interface.
When the polarity difference is similar (water and calcium carbonate), the adsorption
isotherms indicate multilayer adsorption. These observations can also be said of the data
in Figure 5.14. The area per surfactant at I'max for the CW-100S adsorption at both the
water-calcite and heptane-calcite interfaces (0.28 and 0.91 molecules nm™ respectively)
are very similar to the adsorption of the CoPhEs to the water-calcium carbonate and

cyclohexane-calcium carbonate interfaces (0.21 and 0.93 molecules nm respectively)*®.
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Figure 5.14  Adsorption isotherms for the adsorption of CW-100S to the water-calcite
(squares) and the heptane-calcite (crosses) interfaces at 25.0 °C and pH 9.5 £ 0.5. The
curved lines show the fits to the cooperative Langmuir type isotherm (Chapter 4,

equation 4.1), with fitting parameters shown in Table 5.2.
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Table 5.2 Fitting parameters for the Langmuir type isotherms in Figure 5.14, and
the area per surfactant adsorbed at I'max. Note that the K for the heptane-calcite

adsorption has a large error due to limited data at low concentrations.

I'max / molecules | Area per surfactant at
Interface ] K/ mM-1
nm-2 I'max / Nm? molecules?
water-calcite 35 0.28 -4.0 0.3
heptane-calcite 1.1 0.91 0.0 200
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The relationship between [CW-100S]init and [CW-100S]ree after pumping aqueous
phases of CW-100S through an FC10 packed column with f = 0.4 is shown in Figure
5.15. In order to keep the model simple, the heptane-calcite adsorption is not considered.
The relationship is very similar to that for the AOT containing systems in Chapter 4.
The main difference is that the maximum amount lost (corresponding to the peak of the
adsorption isotherm) is higher than that seen for the AOT, as the I'max iS 3.5 molecules

nm2, whereas for the AOT it was approximately 2.2 molecules nm,

Figure 5.15 Relationship between the initial concentration of CW-100S in solution
([CW-100S]init) pumped in to an FC10 packed column with f = 0.4 and the corresponding
concentration of surfactant ‘free’ after some has been depleted by adsorption to the
calcite-water interface ([CW-100S]see) at different pore volumes of the solutions

pumped through the column. The diagonal dashed line shows the case of no adsorption
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5.3.3 Effect of CW-100S concentration on the heptane-water interfacial tensions

Figure 5.16 shows the variation of the heptane-water interfacial tension with CW-
100S concentration ([CW-100S]re refers to the concentration in the water phase). As
mentioned in the introduction to this chapter, both the initial and equilibrated tensions
are shown to aid the discussions of the change in the water-heptane-calcite contact angles
in section 5.3.4. The tensions follow a similar trend to the surface tensions in Figure
5.13, where the gradient becomes progressively steeper, then shallower, followed by a
levelling off to a horizontal plateau. The first aggregates may be forming at the point at
which the gradient becomes shallower, followed by complete aggregation at the break
point to horizontal'?. 1t is for this reason that the modelling of the tension is made to

follow the first steep gradient down to a plateau.

When interfacial tensions take a longer time to equilibrate the equilibration time is
often limited by the diffusion of the surfactant from the bulk of the phase to the
interface!”. It may be expected, then, that the difference between the initial and the
equilibrium tensions would be greatest at lowest concentrations. This trend however is
not observed in Figure 5.16. The greatest difference between initial and equilibrium
tensions is seen for the ‘in-between’ concentrations. Thus, the equilibration of the
tensions may be more complex than just diffusion controlled rates. As the greatest
difference between the initial and equilibrium tension occurs around and just after the
point where aggregates are first formed, the slow equilibration could be as a consequence
of the complex equilibriums between the aggregation and adsorption of the varying chain
lengths of the surfactant present. To determine if this is the case, further work would
need to be carried out where the ratio of the different chain lengths present could be

controlled.
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Figure 5.16 Variation of heptane-water tensions with aqueous CW-100S
concentration at 25.0°C in pure water (pre or pseudo equilibrated with the toluene). The
curved line shows the best-fit calculated as described in Chapter 4 section 4.3.4. The

triangles are the initial tensions and the crosses the equilibrium tensions.

100

10

v/ mN m?

0.1

0.01

0.001 L
0.001 0.01 0.1 1 10

[CW-100];,,./ MM

The cuc, taken to be the point at which the gradient changes from a steep to a shallow
gradient (where initial aggregates are expected to be formed), is approximately 0.16 mM
in the water, and the post-cpc oil-water tension is approximately 0.08 mN m™. This post-
cuc oil-water tension is in the midrange of all the post-cuc tensions encountered within

this work.
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5.3.4 Effect of CW-100S concentration on the water-calcite-heptane contact angles

As discussed in Chapter 4, the change in the calcite-water and calcite-oil interfacial
tensions can be approximated from the adsorption data using the combined Gibbs
adsorption equation and the Langmuir isotherm. Although the Langmuir isotherm did
not provide the best fit to the experimental data for the adsorption of AOT to the calcite-
water interface, it still captured the point at which most of the adsorption occured and
hence provided a good approximation for the change in the interfacial tensions. Here,
however, as the adsorption of the CW-100S to the calcite-water interface is even more
cooperative in nature than the AOT, the Langmuir isotherm does not suitably match the
experimental data. Asthe Langmuir type isotherm (Chapter 4, equation 4.1) is not easily
integrated, it was necessary to find a suitable replacement equation to model the
adsorption which can also be combined with the Gibbs adsorption equation and
integrated. Despite multiple attempts, such an isotherm was not found. It was therefore
decided upon to use multiple straight line equations for the different sections of the
isotherm and ‘stitch’ together the results (utilising the IF function in EXCEL). The final
equation resulting from the combination, rearrangement and integration of the straight
line equation (I = m [surf]see + ) and the Gibbs adsorption equation is shown in equation
5.1.

v =7, —([surf],. KT(m+c)) (5.1)

where m is the gradient of the line and c the y-intercept. This results in three different
straight line sections being fitted to the water-calcite adsorption data, one for the low
concentration adsorption, the second for the cooperative ‘step’ and the final for the
plateau at I'max. This approach is only used for the water-calcite adsorption and tension
changes, the heptane-calcite and heptane-water adsorption and tension changes were
modelled using the Langmuir isotherm as with the AOT and C14BDMAC systems. The
calculated tensions and corresponding measured and calculated contact angles are shown
in Figure 5.17. The calcite-heptane tensions are plotted vs. the aqueous phase
concentration, though the tensions are calculated from the corresponding concentrations
which would be present in the heptane phase at each individual concentration in the water
phase. The surface energy components for the heptane (y*=0 mJ m2and y¢=20.1 mJ

m2) were taken from reference 7.
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Figure 5.17 Upper plot: Variation of the heptane-water-calcite advanced initial and
equilibrium contact angles (measured through the aqueous phase) with agueous CW-
100S concentration in pure water at 25 °C. The vertical dashed line indicates the cpuc.
The horizontal dashed line shows the contact angle in the absence of added CW-100S.
The solid line shows the calculated contact angle from the water-toluene (measured),
water-calcite and toluene-calcite tensions (both derived from the measured adsorption
isotherms) shown in the lower plot. The ‘kink’ in the water-calcite tension is an artefact
from the fitting together of the three lines of best fit (described in the text). The tensions

in the lower plot were calculated with equation 4.8, the fitting parameters are in

Appendix C.
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There are a number of interesting trends which can be observed in Figure 5.17.
Firstly, the initial contact angles stay approximately the same within the error across the
whole concentration range and are 130 + 20 °, similar to the contact angle in the absence
of surfactant. Un-like both the AOT and the C14BDMAC containing systems, the
equilibrium contact angles for this CW-100S containing system can vary dramatically
from the initial angles. The time for the equilibrium values to be established can also
vary to a large extent (even for repeats of the same concentrations). An unusual trend
sometimes observed is that the change from high contact angle to the contact angle at
equilibrium can occur in a rapid motion after the drop has been left on the surface for up
to approximately an hour. Other times the change can occur quickly over the first few
minutes in which the drop was placed on the surface, and still other times the change can
be gradual over the course of a few hours.

The large change in contact angle is much larger than that exhibited by the
C14BDMAC containing system discussed in the first half of this chapter, for which the
change was thought to be due to partition equilibrium effects. It is not possible to cause
the modelled contact angles to match the experimental results, in particular the low
angles at low concentrations of surfactant followed by the steep rise in 6. The effect of
using different concentrations of CW-100S in the heptane phase than that predicted from
the partition coefficient is similar to that observed for the C14BDMAC containing
system (using lower concentrations in the oil than that calculated from the partitioning
causes the contact angle to be similar to those observed for lower concentrations of
surfactant in the water). The adsorption isotherms and water-heptane interfacial tension
measurements produce reasonably reliable results, so it is interesting that the contact

angle measurements behave so erratically.

A final observation for the measurement of these contact angles is that, if the water
drop is placed on the calcite under air followed by careful addition of the heptane (the
reverse to the usual technique), the contact angles with concentrations of CW-100S in
the aqueous phases of 0.002 to 0.2 mM were all 40 £ 20 °. Thus, a further possible
reason for the large change in the contact angles seen in Figure 5.17 could be due to the
presence of a thin film of the heptane which either drains away (giving rise to the smooth
changes from initial to equilibrium contact angles) or is suddenly ruptured (giving rise
to the sudden change in contact angle). Following the removal of the thin heptane film

the water phase would then be in contact with the calcite and thus produce contact angles
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similar to when water is placed on the calcite before the heptane is added (in which case
there cannot be a heptane film). However, unless further experiments were carried out
this is purely speculative. Further, this explanation does not account for the large
difference between the measured angles and those predicted from the interfacial tensions.

5.3.5 Heptane removal from a calcite packed column using aqueous solutions of CW-

100S: experimental results and comparison to the model

Figure 5.18 compares the oil recovery performance of the CW-100S aqueous
solutions at 25 °C with the model calculations. As the equilibrium time for the
measurement of the contact angles was so erratic, it is not easy to determine which angles
(initial or equilibrium) might be expected to be encountered during the column floods.
Hence the predicted oil recovery for both types of contact angle is shown. With [CW-
100S]free below the cuc the experimental oil recovery is seen to fluctuate between
approximately 70 and 80 %, which could be due to the multiple variations of contact
angles which may be present within the column. To avoid over interpretations being
made from the erratic data, no further observations will be made for the oil recovery with
[CW-100S]free below the cuc.  The increase in oil recovery due to the
solubilisation/emulsification is seen to occur at the cuc, indicating that the conversion
from [surf]init to [surf]sree using the first model produces reliable results despite not taking
in to account the surfactant partitioning and adsorption at the heptane-calcite interface.

The oil recovery from the contact angle plus the solubilisation/emulsification
mechanisms above the cpuc is reasonably well represented with a value of the Rsoi+Rem
parameter of 150 (with post-cpc water-heptane interfacial tension =0.08 mN m™). When
this is plotted on the graph of Rso+Rem VS. post-cuc interfacial tension along with the
data from the AOT containing system (Figure 5.19), the data for both systems follow the
same trend line. This increases the confidence in the post-cuc oil recovery prediction as
being universal for all surfactant systems (if the surfactant remains dissolved and does
not precipitate out, as with the C14BDMAC).
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Figure 5.18 Top: Variation of %oil recovered after 4 pv as a function of the non-
adsorbed (free) CW-100S concentration in the water at 25 °C. The red dashed line shows
the %oil recovered from the contact angle alone mechanism for initial contact angles,
the purple dashed line for equilibrium contact angles and the green dotted line the %oil
recovered from the equilibrium contact angle and the solubilisation/emulsification
mechanisms combined, all calculated using the model described in the Chapter 4
Bottom: Variation of the change in %oil recovery between 1 and 4 pv versus [CW-
100S]ree (free at 4 pv) under the same conditions as the top plot. For both plots, The
vertical black dashed lines shows the cuc and the horizontal black dashed line indicates
the data in the absence of CW-100S.

100

95

90 r

!
!
,
!
!
/
!
/
/
/
/
/
/
/
85 /
/
/
/

80 | \
* 7 |

75 | % //: * i * “i"/’/’ /,,
70 | Lid

/
I

/

- ’

’

I

N nis
Fi

%oil recovery after 4 pv

60 1 L1111l 1 L1 a1l 1 L1111l L1111l 11
0.0001 0.001 0.01 0.1 1 10
[CW-100S];,e, / MM

20

15 r

10 |

Change in %oil recovery between 1 and 4 pv

_5 Ll Ll Ll Ll L
0.0001 0.001 0.01 0.1 1 10
[CW-100S];, / MM

183



Figure 5.19 Rso + Rem parameters in figures 4.12, 4.14 and 4.15 from Chapter 4 and
from Figure 5.19 in this chapter vs. the respective post-cuc oil-water interfacial tensions.
The solid straight line is the fit to a power function curve. The triangles are the data
from the AOT systems in Chapter 4 and the cross from the CW-100S system in the

current chapter.
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5.4 Conclusions

With the aim of further testing the models derived in Chapter 4 using two systems
which behaved differently to the AOT containing systems, two separate three-phase
systems were characterised and the oil recovery performance measured. The two
systems investigated consisted of; i) water, toluene, calcite and the pure cationic
surfactant C14BDMAC, and ii) water, heptane, calcite and the un-pure commercial
(technical grade) nonionic surfactant CW-100S. Both systems formed a Winsor | system
upon equilibration of the components with a [surf] > cuc. The following conclusions
focus on the significant differences between the two systems discussed in this chapter
and the AOT systems in Chapter 4 and how the differences have affected the oil recovery
performance and the modelling thereof.

There were three main differences between the behaviour of the system consisting of
water, toluene, calcite and the pure cationic surfactant C14BDMAC and the AOT
containing systems in Chapter 4. The first being that the adsorption of the CL4BDMAC
to the calcite-water interface was seen to be much lower, with a I'max 0f 0.027 molecules
nm-2, as opposed to the 2.2 molecules nm observed for the AOT containing systems.
The consequence of this on the contact angles is the second main difference, that being
that the post-cuc contact angles were 180 °, as opposed to the O ° (predicted) for the AOT
containing systems. Finally, as 25 °C was below the Krafft temperature for the
C14BDMAC in water containing 150 mM NaCl and 10 mM Na.COs, the surfactant
precipitated out of the solutions over the period of a few hours.

There were two main consequences of these differences on the oil recovery, those
being: i) due to the contact angle at all concentrations being above 90 °, the oil recovery
was limited by the rechan = rehanmax condition, and ii) there was no extra oil recovery with
concentrations of surfactant above the cpuc as the surfactant precipitates out (and was no
longer available for adsorbing at the toluene-water interface). Hence, the %oil recovery
was calculated to remain constant at 82 % and for there to be no difference in oil recovery
between 1 and 4 pore volumes across the whole concentration range (and no value for
rsoitfem).  These two trends were both observed experimentally and modelled
successfully. Initial experiments for oil recovery at 30 °C (to prevent precipitation of

surfactant) had promising results in that the oil recovery above the cuc increased.
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The system consisting of water, heptane, calcite and the un-pure nonionic surfactant,
CW-100S had similar behaviour to the AOT containing systems in terms of the post-cuc
contact angles, aqueous phase behaviour and the water-calcite adsorption. There were a
number of differences observed too. The first difference being that the calcite-water
adsorption was slightly more cooperative in nature (p = 4.0, opposed to p = 3.5 for AOT
systems), and the I'max Was higher (3.5 molecules nm, opposed to 2.2 molecules nm
for the AOT systems). A second difference was that the surfactant does partition in to
the oil, and does also adsorb at the oil-water interface (in a non-cooperative Langmuir
type adsorption). The measurement of the heptane-water interfacial tensions as a
function of surfactant concentration produced a plot that is often observed for technical
grade nonionic surfactants, where the gradient becomes progressively steeper, followed
by a region of a shallower gradient, followed by a levelling off to a plateau. The contact
angles at some concentrations showed significant differences between the initial and the
equilibrium measurements. Further to this, the contact angle equilibrium times were
very erratic in nature and were seen to vary from minutes to hours for some repeats of

the same concentrations.

The consequence of the erratic behaviour of the contact angles meant that the
modelling of the oil recovery was carried out using both the initial and the equilibrium
contact angles. The experimental data for the %oil recovery was seen to fluctuate
between 70 and 80 % for concentrations of surfactant below the cuc, which may have
been due to the multiple possibilities of the contact angles that could be encountered
during a column flood. The post-cuc oil recovery results from the contact angle plus the
emulsification/solubilisation ratio was well modelled using a value of 150 for the
Rsoi+Rem parameter (for a post cuc oil water interfacial tension of 0.08 mN m™). This
value followed the same trend line as the AOT systems when Rsoi+Rem Was plotted
against the post-cuc oil-water interfacial tensions, thus increasing the confidence in the
predictive capabilities of the model.

Overall, taking in to account factors which may affect the assumptions of the models
(such as surfactant precipitation as a consequence of being below the Krafft point), both
models derived in Chapter 4 provide a good match to the experimental data obtained

using both the cationic and nonionic surfactant systems.
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CHAPTER 6

SUMMARY OF CONCLUSIONS, FUTURE WORK AND
PRELIMINARY EXPERIMENTS

6.1  Summary of conclusions

In Chapter 3 the flow properties of a column packed with three different sized calcite
particle powders were characterised in some detail. The porosities, permeability’s and
pore sizes were found to be similar to some examples of reservoir outcrop rock. For a
column packed with the smallest particle size (FC10, rparticie = 1.4 um) the porosity, dpore
= 0.45, the permeability 1.2 mD and the pore size, rpore = 0.16 um. This system was used
for the majority of experiments throughout this work. When the oil was displaced by an
aqueous phase the capillary number (Ca) at which oil break-off and mobilisation
occurred was approximately 6 x 10°. Qil recovery floods with low [surf] were in the
low Caregime, and floods with high [surf] in the high Ca regime. Gravity did not appear
to have a significant effect on oil recovery.

The surface chemistry properties of three different surfactants were characterised in
detail for systems consisting of water, an oil, calcite, varying salt concentrations and the
surfactant at 25 °C. Table 6.1 summarises the systems investigated along with the main
surface chemistry properties determined. Both AOT (anionic) and C14BDMAC
(cationic) were pure surfactants, and the CW-100S (nonionic) an un-pure technical grade
commercial surfactant. Both the AOT and CW-100S had similar cooperative adsorption
to the calcite-water interface, indicating formation of a multilayer. Due to this relatively
high adsorption the equilibrium post-cuc water-calcite-oil contact angle fell to
approximately 30 ° (from tension data this was predicted to be 0 °). Both systems also
formed cloudy water phases at higher concentrations (higher than approximately the
cac). For the AOT systems this was known to be due to the formation of lamellar liquid
crystal phases, also assumed to be the case for the CW-100S. The CW-100S showed
erratic behaviour when measuring the contact angles, this was for undetermined reasons.
The C14BDMAC had very weak adsorption at the calcite-water interface. This lead to
a post-cuc contact angle of 180 °. Further, the surfactant precipitated out of solution at
higher concentrations. This was determined to be as a consequence of 25 ° being below

the Krafft temperature of the system (determined to be approximately 27 °C).
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Table 6.1 Summary of the main parameters for all water-oil-calcite systems

investigated. All systems were investigated at 25 °C.

Surfactant AOT AOT AOT | C14BDMAC | CW-100S
decan
Oil decane | decane toluene heptane
e
[NaCl] / mM 0 40 75 150 0
[Na2COs] / mM 10 10 10 10 0

Aqueous phase cuc

1.0 0.60 0.50 0.06 0.17
/[ mM
Equilibrium
_ I I i I I
Winsor system
Post-cpc ywater-oil /
0.33 | 0.028 | 0.0079 0.015 0.080

mN m?

Three-phase 0
(thru’ water, no 123 126 120 121 112

surfactant) / °

Three-phase 0 140-30
(thru’ water, post 37 31 22 180 (non-eglbm
cuc) /° to eqlbm)
I'max water-calcite /
2.3 2.0 2.2 0.027 3.5
molecules nm2
Monomer partition
coefficient / 0 0 0 0.40 0.85

KP—ow
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Two models were derived to enable modelling of the oil recovery performance of the
aqueous surfactant solutions being pumped through the powder packed columns with
interstices filled with the oil. The first model to enable the concentration of free
surfactant, [surf]see, present within the packed columns during flooding to be calculated
from the initial concentration pumped in, [surflinit. This allowed a direct comparison
between characterisation results (which relate to [surf]fe) and %oil recovery results
(which relate to [surflinit). The second two-part model showed how, based on the
hypothesis that the residual oil is trapped in the form of liquid bridges between contacting
calcite particles, the measured %oil recovery variation with surfactant concentration can
be understood and predicted for concentrations of surfactant both below and above the
cuc in terms of the characterisation results. The model was implemented by taking the

packed bed to consist of monodisperse spheres packed in a cubic arrangement.

The second model worked on the principle of the balancing between the Laplace
pressure across the oil-water interface of the bridges, and the Laplace pressure across the
oil-water interface of the bulge of water being forced through the interstices between the
particles (when the two Laplace pressures become equal, no more oil is recovered). With
[surf]sree < cpuc, the oil recovery was found to be determined by the contact angle alone.
This allowed for a universal graph to be plotted indicating the oil recovery expected for
any given contact angle. This showed a rise from 58 %oil recovery with a 0 ° contact
angle through the water to 82 % with a contact angle of 90 ° or greater. The limiting oil
recovery at 82 % was due to a limiting factor denoted as rchan = rchanmax Whereby the
effective radius of the flow channels through the particle interstices cannot exceed the
radius of the circle circumscribed by the particles. With [surf] > cuc it was proposed
that extra oil could be recovered by both solubilisation and emulsification mechanisms,
the modelling of which was implemented using the Rso+Rem parameter (the ratio of

solubilised and emulsified oil to the concentration of surfactant > cuc).

The predicted oil recovery for the AOT containing systems matched, with reasonable
precision, much of the experimental data. The trend of little change in oil recovery (due
to the limit rchan = rehanmax) With [AOT] < cuc, followed by a decrease in oil recovery
with a decrease in contact angle at [AOT] = cuc, and an increase with [AOT] > cuc due
to solubilisation + emulsification was seen both experimentally and modelled
succesfully. The post-cuc oil recovery was seen to be dependent on the oil-water

interfacial tension, and was found to be dominated by emulsification. With a decrease
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in the post-cuc oil-water interfacial tension there was in increase in the post-cuc oil
recovery. A plot of Rsoi+Rem VS. post-cuc oil-water interfacial tension for the three salt

concentrations investigated was seen to obey a power-law relationship.

The system containing C14BDMAC had a predicted oil recovery of 82 % across the
full concentration range investigated. This was due to the contact angle never dropping
below 90 °, and that the concentration in the water did not increase to above the cuc due
to the temperature being below the Krafft temperature of the system. This trend was
observed both experimentally and modelled succesfully. Initial experiments were
conducted at 30 °C (above the Krafft temperature) so that the surfactant concentration
can exceed the cuc. This produced promising results in increasing the oil recovery with

[surf] > cpuc.

As the system containing CW-100S had very erratic contact angle data the modelling
of the oil recovery was not quite as simple. The oil recovery with [surf] < cuc was seen
to vary between 70 and 80 %, possibly due to contact angle variation. The value of the
RsoitRem parameter used to model the post-cpc rise in oil recovery and the post-cuc oil-
water interfacial tension obeyed the same power law relationship as the AOT containing

system.

Overall, through the use of pure model systems for which many of the surface
chemistry properties were known, it was shown how knowledge of the adsorption
isotherm enables the estimation of the concentration of non-adsorbed surfactant in the
packed column experiments which, in turn, allows detailed analysis of the %oil recovery
variation with surfactant concentration in terms of the measured contact angles, the cuc
and the post-cuc oil-water interfacial tension. For surfactant concentrations < cpc,
the %oil recovery is determined by the contact angle. Above the cpuc, additional oil is

recovered by a solubilisation plus emulsification mechanism.
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6.2  Future work and preliminary experiments
6.2.1 Future work

There are two-significant scopes for future work. Firstly, the visualisation of the oil
recovery to see if liquid bridges between touching particles can be observed. Secondly,
as the oil recovery depends on the balancing of the Laplace pressures across the bridges
and across the interface of the bulge being forced through the interstices, if the bulge
pressure could be increased this may lead to further oil recovery. One way this could be
achieved is through foam flooding as this would lead to an air-water interface at the
bulge which typically has a higher tension than an oil-water interface, thus leading to a
higher Laplace pressure across the bulge. The following two sections present some

preliminary results for these two scopes for future work.
6.2.2 Visualisation of the oil recovery using a glass-bead micromodel

With the aim of visualising oil bridges between particles left behind following an
aqueous phase flood, three glass columns were produced with varying internal

dimensions. Figure 6.1 shows one such column.

Figure 6.1  Example of glass columns used for oil recovery visualisation (with glass

beads inside chamber). The end connectors are hand-made luer fittings.

The columns were packed with soda lime glass beads (SiLibeads Type P, Sigmund

Lindner) of diameter 1.0-1.3 mm. In order to minimise the scattering of light from the
multiple glass-liquid interfaces present it was necessary to adjust the refractive index of
each phase to closely match that of the glass (1.5284). The oil used was toluene (RI =
1.496), to which benzyl bromide (RI = 1.575) was added to adjust the RI to 1.519. An
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80 wt.% sucrose solution was used as the displacing phase (as sucrose increases the RI
of water from 1.330 to 1.444 at this concentration). It was thought that, to enable clear
identification between the phases present, each phase may need to be stained with a
fluorescent dye which is solely miscible with one phase. The toluene was stained with
Sudan Red, and the water with fluorescein. It was later found that the best images were

obtained with standard optical microscopy.

Figure 6.2 shows optical micrographs of the liquid bridges left behind following the
displacement of a toluene solution containing benzyl bromide (3:1 volume ratio) with an
80 wt.% aqueous solution of sucrose at a flow rate of 5 ul min™,

Figure 6.2  Optical micrographs of the oil (toluene) bridges left behind between glass
beads within the column shown in Figure 6.1 following flooding with the agueous phase
(as described in the text). The scale bar on the left micrograph represents 500 um and

the scale bar on the right micrograph represents 200 pm.

S

y %

Some bridges appear to only be between two-particles, whereas some appear to form

a larger bridge between multiple particles. The contact angle (measured through the
water) of the bridges (125 °) is the same as that determined from the sessile drop of the

same aqueous solution under the same toluene solution on soda lime glass (121 + 10 °©).

There are multiple possibilities to extend this work further, such as; i) carrying out
floods at different known contact angles to see if this effects the shape and size of the
bridges left behind, and ii) analysing the micrographs to determine the %oil recovered
and seeing if this matches up with the %oil recovered determined from weight
measurements. Further, a more in depth analysis of the flow properties of the glass bead
packed columns would allow a better comparison between this system and the calcite

packed column experiments.
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6.2.3 Foam flooding

The addition of a third flowing phase (air) in to the calcite packed column means that
the oil recovery can no longer be determined through mass measurements. Thus, before
determining if foam flooding has the ability to increase oil recovery by increasing the
bulge pressure, a new technique was required to measure the oil recovery performance
of a displacement flood. The technique developed consisted of a long glass tube (with
graduations) initially filled with water, sealed at the top and the bottom placed in a water
bath. The tube from the column exit is placed in to the bottom of the glass tube. As oil
is recovered, it rises to the top of the glass tube, and displaces the water. The oil
recovered can then be determined according to the graduations on the glass tube. This
set-up is shown in Figure 6.3.

Figure 6.3  Oil recovery detector for use with foam flooding experiments. Only

water and oil phases are shown.

|

Recovered oil

Column exit Water

Some column floods were carried out using only aqueous surfactant solutions (no

foaming), and the %oil recovered from both weighing the column and the technique in

Figure 6.3 agreed within the 2 % experimental error.

Multiple foam flood techniques were tested, including; i) consecutive injection of the
aqueous phase followed by air, ii) simultaneous injection of aqueous phase and air (with
the use of a T-junction piece) and iii) injection of pre-made foam. These experiments
were carried out using the AOT-water-decane system containing 75 mM NaCl and 10
mM Na>COswith [AOT ]ee > cuc. No significant repeatable increase in oil recovery was
observed. One reason for this could be due to the large destabilisation effect the decane
has on the foams. To further test this idea of foam flooding, a system that forms a foam

which is stable in the presence of the oil should be investigated.
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APPENDIX A - DEGRADATION OF AOT IN AQUEOUS SOLUTIONS
Al Degradation of AOT

There have been a few studies on the degradation of AOT, most of which have been
focussed on the degradation in microemulsion systems®. Little work has been carried
out to determine the degradation kinetics of a system consisting only of water-AOT-salt
in the presence of OH" ions. The proposed system for the degradation of AOT is shown
in Figure Al below. It is thought that in a system with the AOT concentration in excess
of the cac, that only the monomers will degrade. This is due to the probability that the
OH-" ions will be repelled by the negative charge of the oxygen in the head group of the
AOT. As aggregates of AOT in water consist of the head groups on the outside, the
point at which the degradation is proposed to take place (where the alkyl chain is linked
to the oxygen of the sulphonate group) is in effect protected by the negatively charged
‘shell” of the head groups repelling the OH™ ions.

Figure Al Possible method of the degradation of aqueous AOT under high pH

conditions.
T 7
|
0=S8=0 0=S=0
R
o + OH- — o + HO/
o} o}
0 (o}
/0 / /o
R R R

where the R group is CgHi7. It is also possible that the second ester link will hydrolyse
as well, though for now it will be assumed that only one is hydrolysed. From this

mechanism, the rate law of the reaction can be assumed to be as follows:

rate" =k"[AOT, ., ][OH"] (AL)

on

where [AOTmon] is the concentration of AOT present as monomers and k” is the second

order rate constant, with units M1 s,

If this is the case, then when a system is buffered and hence the [OH] constant, the

rate should only depend on [AOTmon] (if [OHT] is in excess of the concentration of
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[AOTmon]). Therefore, when the total concentration of AOT is above the cac, hence
[AOTmon] is also constant, a pseudo zero order reaction should be observed, thus a plot
of concentration vs. time will give a straight line. When the AOT concentration drops
below the cac, [AOTmon] is no longer constant and a pseudo first order reaction should
be observed, and hence the concentration vs. time plot changes to an exponential trend.
Due to this phenomenon, salt will appear to have an unusual effect on the kinetics of the
reaction due to the effect it has on altering the cac of the surfactant. This effect can be
seen in Figure A2 below. The OH" ion concentrations for all experiments were

calculated using the value of the pKw of water at the different temperatures.

Figure A2 The effect of salt concentration on the degradation of AOT in aqueous
solutions containing 10 mM Na>COs plus the NaCl concentration shown at 25 °C. The
cac of the surfactant in the system containing 25 mM NaCl was approximated to be ~0.9
mM (by extrapolation from ref 3 and comparison with the other systems from this work),
and in the system containing 75 mM NaCl it is was determined to be 0.50 mM. The

average OH" concentration for both systems is ~ 5.4 mM for both systems.

14 A 25 mM NaCl
SN cac with 25 mM NacCl
O 75 mM NaCl
1.2 ---- cac with 75 mM NaCl
1 -

[AOT]/ mM
o
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o
o
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The change in the trend of the graph from straight to exponential when the [AOT]
drops below the cac appears to confirm the rate law proposed (equation Al). This being
the case, experiments were carried out with the concentration of AOT above the cac at
four different temperatures, thus allowing the pseudo zero order rate constants to be
determined. From these zero order rate constants, the actual second order rate constant
can be determined and plotted on an Arrhenius plot (Figure A3). For comparison
purposes, a second order rate constant calculated from a pseudo first order rate constant
(from an experiment carried out with [AOT]wta below the cac) is also plotted. The

pseudo first and pseudo zero order rate equations are shown in equations A2 and A3
respectively.

rate' = k'TAOT__ ] (A2)

mon

rate =k (A3)

where k’ is the pseudo first order rate constant and is equal to kfOH] and has units of s°

L and k is the pseudo zero order rate constant and is equal to KfOH][AOT] and has units
of M.

Figure A3 Arrhenius plot for the determination of the activation energy of the
degradation of AOT by reaction with hydroxide ions.
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Using the linear Arrhenius equation (equation A4) the activation energy was

calculated to be 21 + 6 kJ mol™.

S lina (A4)
RT

Ink =

where Ea is the activation energy, R the universal gas constant, T the absolute

temperature and A the Arrhenius factor.

Kurz* investigated the effects of micellisation on the kinetics for the hydrolysis of
monoalkyl sulphates in alkali conditions (whereas AOT is a sulphonate), and reports a
similar retardation of the rates when the concentration is above the cac. They also
reported an acceleration of the rate with the formation of aggregates when it came to the
hydrogen ion catalysed hydrolysis (acidic conditions). This was presumably due to the
negative head of the surfactants attracting the H* ions closer to the site of the degradation

reaction.

A2 References

1. Garcia-Rio, L., Hervés, P., Leis, J.R., Mejuto, J.C. and Pérez-Juste, K.,
Determination of the hydrolysis rate of AOT in AOT-isooctane-water
microemulsions using sodium nitroprusside as chemical probe, J. Phys. Org.
Chem., 2002, 15, 576.

2. Mao, S., Chen, Z., Fan, D., An, X. and Shen, W., Spectrometric study of AOT-
hydrolysis  reaction in  water/AOT/isooctane  microemulsions  using
phenolphthalein as a chemical probe, J. Phys. Chem. A, 2012, 116, 158.

3. Binks, B.P., Ph.D. Thesis, University of Hull, 1985.

4. Kurz, J.L., Effects of micellization on the kinetics of the hydrolysis of monoalkyl
sulfates, J. Phys. Chem., 1962, 66, 2239.

199



APPENDIX B
EQUATIONS FOR THE LIQUID BRIDGE MODEL
Bl Introduction

There are three main parts involved in the derivation of the model. Firstly, to be able
to calculate the volumes and curvature at the oil water interface of the liquid bridges in
a set geometry (set contact angle and bridge height), secondly to calculate the value of
renan @nd thirdly to calculate the interfacial areas between the three phases (to enable an

estimation of f, the fraction of particle surface area in contact with water).

In order to be able to calculate the various volumes, curvatures and areas, the bridge
region is split in to three different sections (Figure B1). These regions are the bridge arc,
shown as the shaded region in (a), the bridge cylinder, shown as the shaded region in (b),
and the spherical caps of the particles, shown as the shaded region in (c). The
calculations throughout this appendix will relate back to one of the three regions.
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Figure Bl 2D diagrammatic view of the sections within the oil bridge regions for
which the volumes are calculated. The black circles represent the spherical particles, the
red curves the boundary of the liquid bridges. The grey areas indicate the liquid bridge
arc area (a), the bridge cylinder area (b), the particle cap area (c) and the total bridge area

(d). The area in d is given by the area in a plus the area in b minus the area in c.

201



B2 Pappus Centroid Theorems

Some of the calculations used to determine the areas and corresponding volumes
shown in Figure B1, require the use of both the first and second Centroid theorems of
Pappus. The centroid of a shape is the average of all the points in the shape, and for an
object of uniform mass it is the centre of gravity of the object. Both of Pappus’ theorems
will be stated here and the subsequent use of them explained in more detail as their use

arises.

The first theorem states that the surface area, A, of a surface of revolution generated
by the revolution of a curve about an external axis is equal to the arc length, L, multiplied

by the distance, d1, travelled by the curves centroid, G: (equation B1, Figure B2).
A=Ld, =21LG, (B1)

The second theorem states that the volume, V, of a solid of revolution generated by
the revolution of a lamina about an external axis is equal to the area of the lamina, A,
multiplied by the distance, d», travelled by the lamina’s centroid, G2 (equation B2, Figure
B2).

V=Ad,=21AG, (B2)

The parameters L, G1, AL and G2 change depending on the nature of the curve (curved,
straight, hinged at the axis of rotation etc.), or the shape of the lamina (triangle, rectangle,
semicircle etc.), and can often be looked up in tables of pre-calculated values, such as
the ones inref 1. Figure B2 shows an example for the case of a straight line curve parallel
to the axis of rotation (left) and of a rectangle parallel to the axis of rotation (right). The
subsequent equations for the area of the cylinder formed from the rotation of the straight
line around the axis, Acy (from equation B1), and the volume of the cylinder formed
from the rotation of the rectangle around the axis, Vcyi (from equation B2), are equations

B3 and B4 respectively.

A, = 2rhr (B3)

\Y/

cyl

= nr?h (B4)
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Figure B2 Definition of the parameters used in equations B3 and B4 for the area of
a surface of revolution generated by the revolution of a straight line curve parallel to the
axis of rotation (left, red line = curve) and the volume of the solid of revolution generated

by the revolution of a lamina around an external axis (right, red rectangle = lamina).
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B3 Calculating the volumes of the liquid bridges and the Laplace pressure across

the oil-water interface of the bridge

All of the parameters used in the equations throughout this section are defined in
Figure B3. To make Figure B3 clearer, some parameters are defined as their symbol
divided by 2. When seen in equations, the symbols are either used as the symbol alone
(e.0. zv), indicating that it is the length or angle shown in Figure B3 multiplied by 2 (e.g.
2(z0/2)), or as defined in Figure B3 (e.g. zv/2).

The first volume to be calculated is that of the bridge arc shown as the shaded region
in (a) in Figure B1. By approximating the laminar to be rotated around the axis as a
segment of a circle, as in Figure B3 (the full circle can be seen in red), where the solid
red line is the outline of the segment of the circle being considered for the calculations,
the volume of the arc obtained from rotating the circular segment around the axis (down
the middle of the particles) can be determined using Pappus second theorem (equation
B2). The area of the laminar, the circular segment, is calculated using equation B5, and

the centroid of the circular segment using equation B6.

A =1(z, —sin(z,))/ 2 (B5)

b—circseg

Gb—circseg = (4rb Sin (Zzbjj /(3(Zb _Sin(zb))) (BG)

Equation B2 can then be used to calculate the volume of the bridge arc, Vp-arc, by

substituting Ap-circseg and Go-circseg IN place of A and in place of G2 (equation B7).

V,

b—arc

= 21A G (B7)

b—circseg " b—circseg

The volume of the cylinder shown as the shaded region in (b) in Figure B1) obtained
by rotating the rectangular lamina with height 2h, and length Ap/2 around the axis, Vb-

oyl, 1S determined by equation B8.
2
ap
Vb—cyl = n[?j (th) (88)

Finally, the volume of the ‘caps’ of the particles shown as the shaded region in (c)
in Figure B1, can be calculated (by treating them as a spherical cap), using equation
BO9.
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nh a Y
V. o = T"{?{?"j + hpzj (B9)

Since the volumes of all three sub sections in Figure B1 are known, the volume of the
actual liquid bridge, Vb-tota IS calculated using equation B10.

Vb—total = Vb—cyl + Vb— 2V, (B10)

arc p—cap
where Vp.cap is multiplied by 2 as there are two particle caps per bridge.

Vb-total IS the volume of each individual bridge, so in order to obtain the %oil recovery
the volume of all the bridges together needs to be determined. To start, the number of

particles per volume for a cubic packed arrangement can be determined by B11.

(o

Since there are 6 half bridges per particle, the number of bridges per volume can be
determined by equation B12.

n,=3n (B12)

p

The total volume fraction of the bridges, dbridges is then calculated by multiplying the

number of bridges per volume, ny, by the total volume of each bridge (equation B13).
(I)bridges = nbe—totaI (813)

Finally, the % oil recovery can be calculated using equation B14 (where ¢pore IS
equivalent to ¢oiras all the pores are initially filled with oil).

%oil recovery = Ll— M]mo (B14)

pore
Thus, using the various equations above, for a set contact angle and value of h, (set

manually), the volume of the oil left behind as liquid bridges can be calculated, and hence

the %oil recovery for set-geometries of the bridges.

The determination of the other parameters, such as the length ap and the angle z,, can

be done using relatively simple geometry. The calculations for these are not discussed
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to avoid over complicating this section, however, the EXCEL spreadsheet (“Liquid
bridge calculations spreadsheet.xlsx) which calculates all the parameters automatically
can be found in the ESI on the CD attached to this thesis..

The Laplace pressure across the oil-water interface of the bridge can be calculated
using equation B15 for the Laplace pressure using the principal radii of curvature of the
bridge.

1 1
APbridge =Yow [r_ + r ] (815)
b

average

where raverage IS the average distance from the centre-centre axis of the contacting spheres
and the outside edge of the bridge.
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Figure B3  Definition of terms used in the calculations for the volumes and areas of
the liquid bridges trapped between the cubic packed spherical particles. Some
parameters are shown as their value divided by 2 (which simplifies the diagram by

removal of unnecessary lines).
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B4 Calculating rchan and the Laplace pressure across the interface of the bulge of

liquid being pumped through the pore

As discussed in section 4.5.3.1 of Chapter 4, rchan IS the average effective pore radius
through which the aqueous phase flows, leaving the oil behind as bridges. rchan is the
radius of the circle with area the same as that between the particles (not including the
bridges). In Figure B4, this corresponds to the area within the grey lines minus the area
contained within two half-bridges (red lines), with both lines bounded by the particle
surface. In equation B16 the total area within the grey lines is given by the parts within
the brackets before the minus sign. The multiple of 4 outside the brackets is required, as
for each interstice, there are four lots of the areas denoted by the grey lines.

T
Ainterstices = ((1_ ZJ rp2 - 2'A‘halfbridge j 4 (816)

where Anaitbridge IS the area of the half bridges within the grey area. Anaiforidge IS given by
adding the answer to equation B5 (area of the circular segment, Ap-circseg) t0 the answer
of equation B17 (area of the bridge cylinder minus the area of the particle cap, Ab-cy-

liquid) and dividing by two (equation B18).

A =(a,a,)-r’ (zp —sin zp)/4 (B17)

b—cyl-liquid

Ab—circarc + Ab—c 1
Ahalfbridge = ( 5 > ) (B18)

The average effective pore (or channel) radius through which the aqueous phase

bulges and flows through is calculated using equation B19.

— Ainterstices (B 19)

T

chan

The Laplace pressure of the bulge is then given by equation B20.

AP, = Zlon (B20)

chan
r.chan
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Figure B4  Diagram indicating the areas calculated for the determination of rchan.

Both APurigge and APchan can be calculated (equations B15 and B20) for a set height,
hp, and set contact angle, 6w. Hence, by setting a value for the contact angle, the hp
parameter can be varied until APpridge = APcnan. The volume, and therefore %oil recovery,
from this combination of hy and 0w can then be calculated. The final parameter to

calculate is the value of rchanmax, Which is determined using equation B21.

e = (V2 = D)1, (B21)
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B5 Calculating the interfacial areas between the three phases for an estimation

of the parameter f

The oil-water interfacial area is calculated using the form of equation B1 for the area
of a surface of revolution to give the area of the bridge arc (equation B22). The area of
the bridge cylinder, Apcyi, is not needed as this is an internal part of the bridge and as
such, does not form part of the oil-water interface.

Aow—bridge = ZTEG b—circseg Lb—circseg (822)
where Ly-circseg IS calculated using equation B23.
Lb—circseg = I‘bzb (823)

The oil-water interfacial area per volume (Aow-vol) is then determined by multiplying

the value from equation B22 by the number of bridges per volume, n, (equation B24).

A A n (B24)

ow—vol — ow—bridge" ' b

The oil-particle interfacial area is equal to the area of the cap of the particle in the
bridge region (Figure B4) and is calculated using equation B25.

A, o =A, o =21rh, (B25)

pcap

The particle-oil interfacial area per volume (Apovol) IS then determined by
multiplying the value from equation B25 by the number of particles per volume, np
multiplied by 6 (as there are 6 particle caps per particle) (equation B26).

A A . n6 (B26)

po—vol = p—cap' 'p

Thus, the water-particle interfacial area per volume (Apw-vol) can be calculated by
taking the calcite-oil interfacial area per volume from the total particle surface area per

volume (equation B27)

pr—vol = Ap—vol _Apo—vol = (TC/ 2/ I‘p) _Apo—vol (827)

The fraction of the particle surface area in contact with the aqueous phase, f, is then

easily determined for each liquid bridge geometry.
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APPENDIX C - CONTACT ANGLE MODELLING AND [SURF]rree MODEL
FITTING PARAMETERS AND GRAPHS FOR ALL SYSTEMS
INVESTIGATED

C1 Model fitting parameters and graphs for systems containing water-decane-
calcite-AOT

Table C1 Model fitting parameters for the system consisting of water-decane-
calcite-AOT at the three different salt concentrations. All systems also contain 10 mM
NaCOs.

[NaCl] / mM 0 40 75
cpucw (cacw) / mM 1 0.6 0.5
cpucd (cacd) / mM 0 0 0
Monomer partition coefficient (Kp-aw) 0 0 0
Langmuir KL.wd (equation 4.8) / mM- 5000 | 10000 | 10000

Langmuir I'maxwd (equation 4.8) / molecules nm? | 1.276 | 1.259 | 1.212

Langmuir Kr.we (equation 4.8) / mM-t 0.64 1.13 1.36
Langmuir Imaxwe (equation 4.8) / molecules nm- 2.4 2.4 2.4
Langmuir type KL-we (equation 4.1) / mM-! 0.15 030 | 0.35

Langmuir type T’ equation 4.1) / molecules
. ype Fmaxwe (84 ) 23 20 | 22

nm-
Langmuir type p (equation 4.1) -3.5 -3.5 -3.5
yo-wd / mMN m? 45.1 45.1 42.5
Yo-cd / MN mt 10.2 10.2 10.2
Yo-we / MmN m-t 15.3 15.3 15.3
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Figure C1  Upper plot: Variation of decane-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous AOT concentration
for solutions containing 0 mM NaCl and 10 mM Na,COs at 25 °C. The vertical dashed
line indicates the cuc. The horizontal dashed lined shows the contact angle in the
absence of added AOT. The solid line shows the calculated contact angle from the water-
decane (measured), water-calcite (derived from the measured adsorption isotherm) and

decane-calcite (invariant with [AOT]) tensions shown in the lower plot.
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Figure C2  Variation of the AOT amount of surfactant at the three interfaces. The
solid lines show the calculated values for the adsorption at the water-decane (derived
from interfacial tension measurements) and water-calcite (measured). The solid line for
the adsorption at the decane-calcite interface (invariant with [AOT]) is not seen as the I"
values are all zero. The solid squares show the experimental data for the adsorption at
the calcite-water for solutions containing 0 mM NaCl and 10 mM Na.COs interface at

pH 9.3 £0.3and 25 °C..
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Figure C3  Upper plot: Variation of decane-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous AOT concentration
for solutions containing 40 mM NaCl and 10 mM NaxCOs at 25 °C. The vertical dashed
line indicates the cuc. The horizontal dashed lined shows the contact angle in the
absence of added AOT. The solid line shows the calculated contact angle from the water-
decane (measured), water-calcite (derived from the measured adsorption isotherm) and

decane-calcite (invariant with [AOT]) tensions shown in the lower plot.
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Figure C4  Variation of the adsorbed amount of AOT at the three interfaces. The
solid lines show the calculated values for the adsorption at the water-decane (derived
from interfacial tension measurements) and water-calcite (measured). The solid line for
the adsorption at the decane-calcite interface (invariant with [AOT]) is not seen as the I"
values are all zero. The solid squares show the experimental data for the adsorption at
the calcite-water for solutions containing 40 mM NaCl and 10 mM Na>COs interface at
pH 9.3 £0.3and 25 °C..
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Figure C5  Upper plot: Variation of decane-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous AOT concentration
for solutions containing 75 mM NaCl and 10 mM NaxCOs at 25 °C. The vertical dashed
line indicates the cuc. The horizontal dashed lined shows the contact angle in the
absence of added AOT. The solid line shows the calculated contact angle from the water-
decane (measured), water-calcite (derived from the measured adsorption isotherm) and

decane-calcite (invariant with [AOT]) tensions shown in the lower plot.
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Figure C6  Variation of the adsorbed amount of AOT at the three interfaces. The
solid lines show the calculated values for the adsorption at the water-decane (derived
from interfacial tension measurements) and water-calcite (measured). The solid line for
the adsorption at the decane-calcite interface (invariant with [AOT]) is not seen as the I"
values are all zero. The solid squares show the experimental data for the adsorption at

the calcite-water for solutions containing 75 mM NaCl and 10 mM Na>COs interface at

pH 9.3 £0.3and 25 °C..
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C2 Model fitting parameters and graphs for systems consisting of water-
toluene-calcite-C14BDMAC

Table C2 Model fitting parameters for the system consisting of water-toluene-

calcite-C14BDMAC. The system also contains 10 mM Na2COs.

[NaCl] / mM 150

cucw (cacw) / mM 0.06

cuct (cact) / mM 0.02

Monomer partition coefficient (Kp-tw) 0.4
Langmuir KL-wt (equation 4.8) / mM-! 7775
Langmuir T'maxwt (equation 4.8) / molecules nm-? 1.383
Langmuir KL.we (equation 4.8) / mM-? 1000
Langmuir Imaxwe (equation 4.8) / molecules nm 0.027
Langmuir type KL-we (equation 4.1) / mM-! 1000
Langmuir type Imaxwc (equation 4.1) / molecules nm- 0.027

Langmuir type g (equation 4.1) 0

yo-wt / mMN m-t 35

yoct/ MmN m* 3.1

Yo-we / MN mL 4.5
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Figure C7  Upper plot: Variation of toluene-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous C14BDMAC
concentration for solutions containing 150 mM NaCl and 10 mM Na>COs at 25 °C. The
vertical dashed line indicates the cuc. The horizontal dashed lined shows the contact
angle in the absence of added C14BDMAC. The solid line shows the calculated contact
angle from the water-toluene (measured), water-calcite (derived from the measured
adsorption isotherm) and toluene-calcite (invariant with [C14BDMAC]) tensions shown

in the lower plot.
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Figure C8

Variation of the adsorbed amount of C14BDMAC at the three interfaces.

The solid lines show the calculated values for the adsorption at the water-toluene

(derived from interfacial tension measurements) and water-calcite (measured). The

solid line for the adsorption at the toluene-calcite interface (invariant with

[C14BDMAC]) is not seen as the I" values are all zero. The solid squares show the

experimental data for the adsorption at the calcite-water for solutions containing 150 mM

NaCl and 10 mM Na,COs interface at pH 10.8 and 25 °C..
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C2 Model fitting parameters and graphs for systems consisting of water-
heptane-calcite-CW-100S

Table C3 Model fitting parameters for the system consisting of water-heptane-
calcite-CW-100S. The system contains no Na2COs. Where subscripts 1-3 on ¢ and m
for straight lines are for the 1, 2" and 3" lines fitted to the adsorption data.

[NaCl] / mM 0
cucw (cacw) / mM 0.165
cuch (cacn) / mM 0.137
Monomer partition coefficient (Kp-ow) 0.85
Langmuir KL.wh (equation 4.8) / mM! 1810
Langmuir I'maxwh (equation 4.8) / molecules nm-? 2.0
Langmuir Ki-hc (equation 4.8) / mM1 60
Langmuir I'max he (€quation 4.8) / molecules nm 1.0
M1-we / molecules nm? mM-* 2.1547
c1-we / molecules nm2 -0.1935
mMz-we / molecules nm? mM-t 7.2846
c2-we / molecules nm- -1.5973
m3-we / molecules nm? mM-! 0
c3-we / molecules nm 3.4
Langmuir type KL-we (equation 4.1) / mM-! 0.3
Langmuir type Imaxwe (equation 4.1) / molecules nm- 3.5
Langmuir type B (equation 4.1) -4.0
yo-wh / MmN m'L 47.0
Yo-ch / MmN m-t 10.3
yo-we / MmN mt 15.3
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Figure C9  Upper plot: Variation of heptane-water-calcite advanced static contact
angle (measured through the aqueous phase) tension with aqueous CW-100S
concentration for solutions containing 0 mM NaCl and 0 mM Na>COs at 25 °C. The
vertical dashed line indicates the cuc. The horizontal dashed lined shows the contact
angle in the absence of added CW-100S. The solid line shows the calculated contact
angle from the water-heptane (measured), water-calcite and heptane-calcite (both

derived from the measured adsorption isotherm) tensions shown in the lower plot.
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Figure C10 Variation of the adsorbed amount of C14BDMAC at the three interfaces.
The solid lines show the calculated values for the adsorption at the water-heptane
(derived from interfacial tension measurements), water-calcite (measured) and heptane-
calcite (measured). The solid squares show the experimental data for the adsorption at
the calcite-water interface for solutions containing 0 mM NaCl and 0 mM Na.COs
interface at pH 9.3 £0.3 and 25 °C and the crosses the experimental data for adsorption

at the heptane-calcite interface at 25 °C.
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APPENDIX D
SUMMARY OF DRIVING PRESSURE PLOTS FOR VARIOUS FLOODS

D1 Introduction

Some discussions for some of the various pressure drops measured whilst pumping a
liquid through the calcite packed columns have already been discussed (mainly in
Chapter 3). Here, an overview of all the types of flooding experiments for which
pressure plots were measured will be discussed, as well as comparing and contrasting in
which situations the measured pressure plots match up with the pressures expected from

theory.

There are three types of flooding experiments for which pressure drops were
determined. These are; (i) single phase flow of water being pumped through a calcite
packed column with interstices filled with water, (ii) two-phase flow of oil displacing air
from the interstices of a calcite packed column, and (iii) two-phase flow of aqueous
phase displacing the oil from the interstices of a calcite packed column. The pressure
plots for both the first and second type of flooding experiments (single phase flow of
water, and two-phase flow of oil displacing air) have been discussed in some detail in
Chapter 3, so here only a brief recap is made with a little further discussion and some
extra results. No discussion has been had on the pressure plots for the third type of
flooding experiments (aqueous phase displacing oils), hence here there will be a full
discussion of such plots. For each of the types of flooding experiment to be discussed,
a brief discussion of the trends that may be expected to be observed will be had,
following by a description of the experimental results and how they do or don’t match

up with the trends expected from theory.

It is noted that the pressure drops for most two-phase flow systems show varying
extents of irreproducibility. This makes it harder to determine any definitive
explanations for the variations in the pressure. Even so, some attempts at interpreting
the pressure plots is made, though the reader should keep in mind that the interpretations
carry a degree of speculation as further work needs to be done to enable a clearer

understanding of the processes involved in determining the driving pressure.
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D2 Single phase flow of water through calcite packed columns
D2.1 Expectations from theory

As discussed in the Introduction (Chapter 1), single phase flow is a much more simple
situation to consider than two-phase flow. The first thing to be considered for a single
phase system is whether the flow is laminar or turbulent. Once this is determined, if the
flow is determined to be laminar, then the pressure drops as a function of flow rate are

expected to be a straight line in accordance with Darcy’s law.
D2.2 Comparison of experimental results to theory

As discussed in Chapter 3, the pressure drop as a function of the flow rate for the flow
of water through a column packed with all three particle sizes of the calcite powder
follow Darcy’s law up to pressure drop of 18 MPa. For the flow rates which required
pressure drops greater than this, a deviation from Darcy’s law was observed. This
observed deviation was found to be due to the fact that pressure drops of >27 MPa cause

an increase in the packing density of the calcite powder in the column.
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D3  Two-phase flow of oil displacing air from calcite packed columns
D3.1 Expectations from theory

The exact relationship between the pressure drop across the local oil-water interface
and the driving pressure across the column is not fully understood. However, there are
three main situations which may be expected to be encountered when one fluid is being
displaced by another in a porous medium such as the one being studied here. The case
in which a negative Laplace pressure is aiding the flooding and will lower the driving
pressure needed for flow to occur (6 < 90° through water), the case in which a positive
Laplace pressure is hindering the flooding and will raise the driving pressure needed for
flow to occur (6 > 90° through water), and finally where 6 = 90 °, where there is no

Laplace pressure to either help or hinder the flooding.
D3.2 Comparison of experimental results to theory

The plots for decane displacing air in Chapter 3 at the slow flow rate did appear to
show some signs of the Laplace pressure aiding the flow and lowering the pressure
required to pump the oil at that flow rate (shown by the 0 MPa pressure drop across the
column up to oil breakthrough). A negative pressure drop may have been expected to
be have been observed as the Laplace pressure acts to ‘pull in’ the aqueous phase, though
this was not seen. If there was no imposed flow rate and the water was flowing as a soul
consequence of the Laplace pressure, then a negative pressure drop is more likely to have
been recorded, however, in this case the column is being continually provided with a
source of water by the HPLC pump, and as such this may have affected the value of the
negative pressure. Interestingly, at the faster flow rate where the pressure drop required
to flow the decane through the column was much higher than the predicted Laplace
pressure, there was no signs of the Laplace pressure aiding the flow. All of these trends

were observed for when both toluene and heptane were used to displace the air.

n.b. The relative permeability of a fluid is the ratio of the permeability of that fluid
through a porous medium containing a certain saturation of another immiscible fluid to
the permeability of that fluid through the same porous medium with no other fluid present
(the absolute permeability, i.e. the single phase permeability from Darcy’s law). Since
the presence of another fluid in the porous medium decreases the effective porosity, the

relative permeability of a fluid is usually < 1.

227



D4  Two-phase flow of aqueous phase displacing oil from calcite packed columns

D4.1 Expectations from theory

The theory for the effect of the Laplace pressure on the driving pressure for the two-
phase flow of aqueous phases displacing oil from the calcite packed columns is very
similar to that of the oil displacing the air. The main difference is due to the large change
in the relative viscosities between the two-phases. With a significantly smaller viscosity
difference between aqueous phase and oil than that for oil and air, the likelihood for oil
remaining trapped instead of being forced out by the displacement phase is much greater.
This being the case, after displacement phase breakthrough, the driving pressure is likely

to be higher than expected due to relative permeability effects.
D4.2 Comparison of experimental results to theory

Figure D1 shows the pressure plots (and %oil recovery) for the pressure drop between
pressure sensor 2 and the waste for pumping either aqueous solutions of 0.1 mM AOT,
75 mM NaCl and 10 mM Na2COs (top) or 2 mM AOT, 0 mM NaCl and 10 mM Na2COs
(bottom) in to an FC10 packed column with interstices initially filled with decane. Both
aqueous phases have [AOT]wee concentrations below the cuc at the pore volumes
discussed (0-4), and as such, despite the differences in salt concentrations, will both have
a similar contact angle (between approximately 110 - 150°) and similar decane-water
interfacial tensions (between approximately 10 - 40 mN m™). There will also be no
solubilisation or emulsification, and hence the oil removal should be determined by the
contact angle alone. With the similarities between the two systems, it would be expected
that the pressure plots would be very similar, particularly as the Laplace pressure across
the water-decane interfaces will be of a similar value and both will be positive as the
contact angle is >90°. While there are some similarities between the two plots, there are

also some stark differences.
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Figure D1  Top: Variation of pressure drop (between pressure sensor 2 and column
exit)(solid line) and oil recovery (solid squares and dashed line) with pore volumes of
water containing 0.1 mM AOT, 75 mM NaCl and 10 mM Na.COs, pumped at 0.005 ml
min* into an FC10 packed column with pore volume fraction 0.45 initially containing
decane. Bottom: Same as top graph, only with 2 mM AOT, 0 mM NaCl and 10 mM
Na>COs in the water. Both systems correspond to [AOT ]see<cuc and hence are within
regime in which the contact angle alone determines the %oil recovered. APchan = ~ 0.13
MPa and APfiow = ~ 0.044 MPa.)
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The plots in Figures D1 do not appear to show a systematic or clear repeatable trend
between O pore volumes and water break through, and the trends after water
breakthrough are significantly different. Though there are still some useful discussions
which may be had about the trends observed.

Both plots in Figure D1 start at -0.010 MPa, which could be due to a number of
reasons, though one possibility is that the setting of the baseline for the pressure reading
is analogous and could be chosen to be any number of readings, such as air, aqueous
phase or decane in the T-junction with or without the T-junction attached to the column.
In all experiments it was chosen to be with the T-junction filled with the aqueous phase
and not attached to the column. Whether this produces a reasonable value for the
baseline was not determined, however, the differences between the baselines,
particularly with a liquid filled T-junction, is likely to be small and not contribute
significantly to the overall pressure plots. The fact that the majority of pressure plots

show the very same starting point indicates that it is due to the baseline determination.

After the start at -0.010 MPa, both plots rise to 0.030 MPa (approximately 10 times
lower than the Laplace pressures expected for high interfacial tension systems), when
the top plot plateaus, and the bottom plot slowly decreases to a little below the starting
pressure. As mentioned previously, both systems have very similar contact angles and
interfacial tensions, and as such would be expected to have similar pressure plots.
However, the pressure plots for all the systems investigated through this work all have a
similar irreproducibility between repeat and similar runs up to the point of water
breakthrough (approximately 0.7-0.8 pore volumes). The only trend that all of the
pressure plots have in common is the sudden jump in pressure at water breakthrough.
The pressures to which the jump goes to is generally between 0.2-0.4 MPa,
approximately 10 times higher than the corresponding pressure drop needed to pump
pure water through an FC10 packed column with water filled interstices (0.045 MPa)
(Figure 3.2, Chapter 3). This jump is likely to be caused by the change from a system in
which both the oil and water are flowing, to a system in which the oil is stationary
(residual oil saturation) and the water is flowing. Such a large jump may not have been
expected as the 20-30 % of the oil trapped is likely trapped in the least accessible places,
and hence where there is less water flow even when only water is present. However, as
the sudden increase is consistently at the point of water breakthrough, it seems plausible

to suggest that it is due to some relative permeability effects.
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After the point of the sudden jump up in the driving pressure, both graphs in Figure
D1 show opposite trends. In the top graph, the driving pressure slowly drops down to a
plateau value at approximately 3 pore volumes. Interestingly, the oil recovery also
slowly increases between 1 and 4 pore volumes. An increase in oil recovery
correspondingly means that more pore space becomes available for the water to flow
through, hence a lower pressure is required to pump the water through at the set flow
rate. The slight increase in oil recovery after water breakthrough is not expected for this
system as the concentration is below the cuc, though as this is a complicated porous
system ideality is not always achieved (as seen in the difference in oil recovery between
1 and 4 pore volumes for all three systems). Thus, although some progressive oil
recovery is observed, it seems likely that oil saturation (where no more oil is removed)
will occur slightly after water break through (allowing for the non-ideality). As seen in
the top plot of Figure D1, the pressure reaches a plateau after approximately 2 pore
volumes, presumably at the point of oil saturation. Most of the pressure plots for floods
below the cuc show a similar trend to this one (for other salt concentrations with this
surfactant, for the other surfactant systems and for the oils displacing air).

The trend seen in the bottom graph of Figure D1 where the pressure slowly increases
between 1 and 4 pore volumes is not readily explained in terms of relative permeability
changes, as the oil recovery remains constant (within the error) between 1 and 4 pore
volumes, and for the pressure required to increase oil would have to be put back in the
column. As this trend occurs much less often than the trend in the top graph, it seems
reasonable to treat this trend as an anomaly. One possible reason could be that as this is
a dynamic system, and the packing of the particles is random and hence have some
moving room, that a shift in some of the particles to block some of the pores would lead

to an increase in the driving pressure required to pump the aqueous phase.

A final observation of the plots in Figure D1 is that after the sudden jump in driving
pressure at water breakthrough, the rhythmic fluctuations in the pressure readings, as
discussed in the experimental, suddenly become a lot more prominent and more so than
the fluctuations seen when water is pumped through at the same flow rate when all the
interstices are filled with water. As the fluctuations are a consequence of the dual piston
pumping motion of the HPLC pump, and the pumping motions are controlled by the
pump in such a way as to produce a steady flow rate (with variable pressure), little

interpretation is possible as to why the fluctuations increase at water breakthrough unless
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the internal workings of the pump and how the flow rate feed-back loop works is known.
As this is beyond the scope of the work here, the trend is noted, but no further

interpretation of why it happens will be made.

In Figure D2 where the AOT free concentration is in excess of the cuc, a slightly
different trend is seen past water breakthrough. In this system, a continuous increase in
oil recovery is expected as with increasing pore volumes there will be an increase in
recovery from the solubilisation and emulsification mechanism. Unlike the top plot in
Figure D1, the pressure does not reach a plateau after 2 pore volumes but continuously

decreases, presumably as more and more oil is removed.

Despite the irreproducibility of the pressure plots, a general trend is observed. For
aqueous phases displacing oil, before water breakthrough at approximately 0.7-0.8 pore
volumes, the driving pressure drop trend is not easily repeatable between similar floods.
The pressure drops measured at this point of the flood are typically between -0.010 and
0.030 MPa, at least a factor 10 smaller than the Laplace (for higher interfacial tension
floods) or capillary entry pressures. For floods where the oil-water interfacial tensions
are lower, giving a lower Laplace pressure, the initial driving pressure readings are
within a similar range as the Laplace pressure, though no correlation is possible due to
the irreproducibility. For all aqueous floods displacing oil there is a sudden jump in the
driving pressure drop at water breakthrough to a value between approximately 0.2 to 0.4
MPa, after which the majority of plots show two trends depending on if the surfactant
concentration free is above or below the cuc. When below the cuc, the general trend of
a decrease in pressure over a couple pore volumes to a constant value at residual oil
saturation is observed. For system with a concentration above the cuc a slow continuous
decrease is observed as more and more oil is removed by the solubilisation and

emulsification mechanisms.

As the aim of this work is to understand the effect of surfactant on the recovery of oil
in terms of the surface chemistry modifications, no further work on interpreting the

pressure plots will be discussed.
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Figure D2  Variation of pressure drop (between pressure sensor 2 and column exit)
with volume of water containing 7 mM AOT and 10 mM Na2COs, pumped at 0.005 ml
min into an FC10 packed column with pore volume fraction 0.45 initially containing

decane. (Oil-water tension = 0.33 mN m, contact angle through water = 0°, APcsp = -

0.0041 and APsiow = 0.044 MPa.)
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D5 Conclusions

The driving pressures for single phase flow of either water or oil pumping through
columns packed with calcite powders at different flow rates are shown to obey Darcy’s
law with pressure drops up to approximately 18 MPa. Above 27 MPa, a deviation from
the linear trend is observed, the reason for which was determined to be due to an increase
in the packing density of the calcite powder within the column, results in a lower
permeability.

The pressure drops for oil displacing air at slow flow rates show some signs of the
Laplace pressures lowering the driving pressure needed for flow to occurs (as expected
due to the negative sign of the Laplace pressure due to the 0 ° contact angle through the
water). No simple quantitative analysis was possible due to irreproducibility between

repeat runs.

Analysis of the driving pressure plots from the displacement of the oil by aqueous
solutions of surfactant showed some irreproducibility between repeat and similar runs,
particularly between 0 pore volumes and water breakthrough. Due to this, analysis of
the plots was limited to the overall general trends that were seen for all displacement
floods without in depth analysis of each change in the plots. Between 0 pore volumes
and water breakthrough the driving pressure was often between -0.010 and 0.030 MPa
(where the negative values were due to baseline corrections). These values are a factor
10 lower than the Laplace pressures expected for high oil-water interfacial tension
systems, as such no link between the Laplace pressures and the driving pressures were
possible to determine. At the point of water breakthrough (approximately 0.7-0.8 pore
volumes), the driving pressure jumps to a value between approximately 0.2-0.4 MPa,
where after the general trend was a slight decrease to a plateau after a couple of pore
volumes for systems with surfactant free concentration below the cuc, and a slow
continuous decrease in pressure for systems with a surfactant free concentration above
the cuc. These high pressure drops are 10 times higher than the expected pressure drops
for flowing pure water through the same column with water filled interstices. The
difference between the two pressures were thought to be from relative permeability

effects arising from the oil trapped in the pore space
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APPENDIX E

CALCITE BET NITROGEN ADSORPTION ISOTHERM PLOTS AND
XRD PATTERNS

El Nitrogen adsorption isotherm for the BET analysis of the FordaCal 10 sample.

The analysis was carried out using a Micromeritics TriStar 3000 at 77.300 K.
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E2 Nitrogen adsorption isotherm for the BET analysis of the FordaCal 30 sample.

The analysis was carried out using a Micromeritics TriStar 3000 at 77.300 K.
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E3 Nitrogen adsorption isotherm for the BET analysis of the FordaCal 200 sample.

The analysis was carried out using a Micromeritics TriStar 3000 at 77.300 K.
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E4 Powder XRD pattern for the FC10 (top) and FC30 (bottom) calcium carbonate

samples.
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E4 Powder XRD pattern for the FC200 calcium carbonate sample (top) and the

ground up calcite crystal (bottom)
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E4 Comparison between the XRD pattern peak positions of the FC30 calcium

carbonate sample and the spectrum in the high score database (Chapter 2).
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