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ABSTRACT

This thesis is concerned with aspects of the surface and colloid chemistry of various
microemulsion systems stabilised by pure nonionic surfactants and alcohol as well as
mixtures of nonionic and anionic surfactants. Phase equilibria and interfacial characteristics
of the systems are studied with a view to their potential usefulness for enhanced oil
recovery, in which salinity and temperature are important parameters. The equilibrium
microemulsion phases are scanned at different temperatures and salinities and thus
interfacial boundaries can be determined and optimum salinity scans can be performed

accurately using a modified spectrophotometer.

Several analytical techniques (e.g. high performance liquid chromatography, gas
chromatography, ion-exchange chromatography, mass spectrometry, viscometry, electrical
conductivity, photon correlation spectroscopy, UV-spectrophotometry, thermogravimetric
analysis, transmission electron microscopy, surface and interfacial tension techniques) have
been used to characterise and understand the microchemistry of the microemulsion systems.
Ultra-low interfacial tensions (>0.1 uN/m) can be achieved in the microemulsion systems.
Surfactant transfer between phases, and phase inversion of microemulsions are shown to

occur around the condition which produces minimum interfacial tension.

Adsorption of the surfactants from aqueous and nonaqueous solutions has been investigated
and the results show that the extent of adsorption can be reduced significantly in the
presence of alcohols (co-solvent). The extent of adsorption increases with increasing
temperature and salinity; however, it decreases with an increase in the hydrophilic head
group of the surfactant. Adsorption of nonionic surfactants on quartz from the nonaqueous

solution (decane) is much greater than from aqueous solution.

In microemulsion applications, droplet combustion of w/o microemulsions is also studied
for different surfaces (i.e. silica, oxidised Fecralloy and catalyst coated Fecralloy) in the
temperature range of 313-573K. Formaldehyde and acetaldehyde are formed as
intermediate combustion products. Thus the microemulsion combustion can lead to new
oxygenate products. The w/o microemulsion route is used to synthesize colloidal silica of
controlled particle size and morphology. The particle size can be varied by changing the

molar ratio of water to TEOS using a water pH of 10.5.
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CHAPTER ONE
GENERAL INTRODUCTION

1.1 Surfactant Chemistry

A surfactant is a bi-functional molecule or ion possessing both polar and non-polar
regions. Molecules with this type of structure are sometimes referred to as being
amphiphilic. The molecular configuration of a surfactant is conveniently represented by
a "head and tail" structure where the polar region corresponds to the surfactant head-

group and the non-polar region corresponds to the tail-group [1].

\/\/\/\/\/O

Chain

Linear or  Branched Head group
Hydrocarbon or Fluorocarbon

Figure 1.1 Structure of a typical surfactant molecule

The surfactant tail-group usually consists of one or two alkyl chains containing typically
between ten and twenty carbon units. The surfactant head-group may be either non-ionic

or ionic and surfactants are usually classified according to the type of head-group.

(i) Anionic Surfactants: are those which give negatively charged surfactant ions in
aqueous solution, Figure 1.2-a, usually originating in sulphonate, sulphate or carboxylate
groups. Examples of anionic surfactants include the sodium salts of long-chain n-alkyl
sulphates (C, H,,,; SO, Na*); Sodium dodecyl sulphate, SDS. (C, H,; SO;” Na") and n-
alkyl benzene sulphonate (C H,,,,CH, SO, Na™). Aerosol-OT (sodium bis (2-ethylhexyl)

sulphosuccinate) is an example of double-chain anionic surfactant.
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Hydrophobe Hydrophile

(a) anionic

(b) cationic

(c) amphoteric

(d) nonionic

Figure 1.2 Types of surfactants

(ii) Cationic Surfactants: are those which give a positively charged surfactant ion in
aqueous solution. Figure 1.2-b, examples of cationic surfactants include the long-chain n-
alkyl quarternary ammonium salts. These may be single chain e.g. Dodecyl trimethyl
ammonium bromide, DTAB, (C,, H,; N Me,Br’) n-alkyl trimethyl ammonium bromides
(C,H,,,; N (CH;), Br) or double-chain e.g. di-n-alkyl dimethyl ammonium bromides
(C,H,,,),N(CH,), Br). As a group these materials usually have good germicidal

properties.

(ili) Amphoteric Surfactants: which behave in aqueous solution as anionic or cationic
surfactants (i.e. give negatively and positively charged surfactant 1ons (see Figure 1.2-c)).
A simple example of this type of material 1s 3-dimethyl dodecyl amine propane sulphonate
(C,, Hy-N-CH,-CH,-SO,).

Me,

(iv) Non-ionic Surfactants: have neutral head-groups, (i.e. do not ionize appreciably in
aqueous solution) that are frequently polyoxy ethylene groups (i.e. (CH, CH,0), where
n = 1-20), see Figure 1.2-d. A typical example 1s alkyl phenol ethoxylate R—@-
O(CH,CH,0),H. With this type of compound the head-group is larger than the

hydrocarbon chain. However, nonionic surfactants with small head-groups also exist: an

2
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example is dodecyl sulphinyl ethanol (C,, H,; SO CH, CH, OH).

The unique property of all of these materials is their ability to adsorb strongly at various

interfaces, (e.g. air-water, oil-water, water-solid, oil-solid, etc) and to lower the prevailing

interfacial surface energy.

1.2 Micellisation

Micelle formation or micellisation is a dynamic phenomenon whereby "n" monomeric

surfactant molecules associate to form a micelle S, 1.e.

nS =S, (1.1)

Figure 1.3 Micelles in equilibrium with monomers.

In the dynamic equilibrium, surfactant molecules are constantly leaving the micelle whilst
other molecules from solution enter the micelle. The same applies to the counter-ions with

ionic surfactants, which can exchange between the micelle surface and bulk solution.

The properties such as osmotic pressure T, molar conductivity A, turbidity t. surface
tension Y, etc. are plotted versus concentration (denoted C) or log concentration as shown

in Figure 1.4 for an anionic association colloid (i.e. micelle), as described by Shaw [2].
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n e _ Osmotic pressure ()
T
; S . ,,/ : Turbidity (1)
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...... LN
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I' \
/ Y
P __Surface tension (Y)
T — Molar conductivity (A)

Concentration (C/ (mol dm™)) or log C

Figure 1.4 Typical variation in the physical properties of an
anionic association colloid with concentration

Both the interfacial properties and bulk properties of solutions of surfactants are
consistent with the fact that at a certain concentration the surfactant ions (molecules) in
solution associate to form larger units. These associated units are called micelles. The
concentration at which these sharp changes occur, is known as the critical micelle
concentration (C.M.C. or CMC) [3]. The CMC can be determined by measuring any of
the above surfactant solution properties as a function of C. The presence of micelles can
account for many of the unusual properties of surfactant solutions, e.g. the low osmotic

activity and the relatively high conductivity of soap solutions.

In aqueous media, the CMC decreases as the length of the hydrophobic group increases.
The decrease in the CMC for nonionic surfactants is greater than for anionics and the
decrease becomes less marked as the chain length increases and there is a limiting value

(about 18 carbons) above which the CMC remains unchanged due to the coiling of the

chains.

The CMC in an aqueous solution also reflects the extent of binding of the counter-ion.
The strength of the bond increases with increasing polarisability of the molecule. Small
amounts of organic materials (including impurities or by-products from manufacture) can

alter the CMC. The CMC decreases in the presence of polar organic compounds which

4
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are incorporated into the micelles. Below the CMC most of the surfactant molecules are
unaggregated whereas in the isotropic solutions immediately above the CMC, micelles and
monomeric surfactant ions are thought to co-exist; the concentration of the latter changing

only slightly as more surfactant is dissolved [3].

The presence of an electrolyte in aqueous solution also decreases the CMC; the effect is
more pronounced for anionic surfactants than nonionic ones. In the former, the depression
is due to a reduction in the repulsion between the ionic head groups in the micelle. For

nonionics, the effect is due to the electrolyte salting out the hydrophilic groups [4].

It is suggested [5] that micelles are spherical in shape containing 10-50 surfactant ions or
molecules. The radius of the micelle is approximately equal to the length of the fully
extended hydrophobic group [6]. However, Harkins et al [7] proposed micelles of
cylinderical shape in which the long chain ions would be aligned parallel to the cylinder's

axis with the ionic heads forming the ends (see Figure 1.5).

bapsibits Wiz
?T??????? \o Normal mucelle
bhobbbbidd °o/4(;,>>o

(i1) Lamellar

(i) Spherical

3

Reverse micelle

' lindrical
(iv) Cylindrica <5 T ???/30

EATINRN

(ii) Oblate (disk-like)

Figure 1.5 Schematic representation of four types of micelles

In a hydrocarbon medium, the structure of the micelle is similar but reversed with the

inner region containing the hydrophilic head groups, and the outer region of hydrophobic

5
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groups. Changes in temperature, surfactant concentration and the presence of ions may

all cause a change in the micelle size, shape and aggregation number.

1.3  Introduction to Microemulsion Systems

Microemulsions are dispersions of oil in water or of water in oil, stabilized by a surfactant
or, more commonly, a surfactant/co-surfactant mixture [8]. These systems were first
scientifically reported by Schulman and Hoar in early 1940 [9]. A microemulsion is most
generally defined as transparent or translucent stable mixture of oil, electrolyte, and
surfactant or combination of surfactants. Microemulsion formation is generally favoured
when the volume fraction of the dispersed component is quite low (i.e.<10%). If the oil
component in such a system is in excess then a water-in-oil (w/0o) microemulsion
consisting of surfactant-stabilised water droplets dispersed in an oil-continuous medium

is said to be formed.

Microemulsion systems have been studied with varying combination of surfactants,
non-polar solvents and water. Probably the most extensively considered systems are those
consisting of: ionic surfactant; co-surfactant (usually medium chain length alcohol);
hydrocarbon and water [10]. Alcohols are used as an additional ingredient of the
surfactant formulation and are often referred to as co-solvent, playing an important role

in achieving the desired stability.

Tonic surfactants, such as sodium dodecyl sulphate, are strongly hydrophilic and do not
form large micelles [11]. For the preparation of a microemulsion with ionic surfactants,
it is necessary to include a more hydrophobic co-surfactant (i.e. the ionic surfactant by
itself is not sufficiently hydrophobic to allow for a large enough degree of solubilisation

of the oil). Larger chain length ionic surfactants require less co-surfactant than shorter

chain lengths [10]

There are two main methods for producing a microemulsion: (a) combination and (b)
titration. The combination procedure [12] is the quicker to perform but it produces a two-

phase system: a microemulsion layer and excess oil layer. To create a dispersion by this

6



method the co-surfactant is initially suspended in the oil and then combined with an equal
quantity of water or brine solution containing the ionic surfactant. Inverting the vessel
and gently shaking causes the surfactant to diffuse out of the oil into the aqueous phase.
The surfactant takes up as much oil as possible to form the microemulsion until curvature
requirements dictate that it can not take any more oil. The excess oil present then
separates out and two phases are present: the lower phase is the o/w microemulsion; the
upper phase the excess oil layer. For a system not requiring the addition of a co-surfactant

(i.e. many w/o microemulsions) the surfactant is dissolved in the hydrocarbon and then

combined with the water or brine constituent.

The titration method [13] involves the dispersing of the surfactant in the oil phase and
subsequent mixing of this with a water/brine component. The resulting coarse emulsion
is then titrated with co-surfactant until a clear, transparent liquid develops and this is the
microemulsion. If using a non co-surfactant system, the surface active agent is initially
dissolved in the aqueous phase and into this the oil is subsequently titrated. If the
surfactant/aqueous mixture is initially turbid then the system is titrated to clarity with the
oil. If, on the other hand, the formative surfactant/aqueous mixture is clear, the system is

then titrated with oil from the initial clear state, through turbid, back to a clear one again.

1.3.1 Microemulsion Stability

Microemulsions differ in several important respects from emulsions. Firstly, they are
thermodynamically stable [14], as opposed to the kinetic stability of emulsions. The
stability arises mainly from the very low interfacial tensions (typically < 0.01 uNm™),
achieved using the co-surfactant/surfactant mixture, between the droplets and the bulk
phase. Secondly, they lie in a much smaller size range than emulsions (i.e. radii r are < 50
nm, compared to > 100 nm in emulsions. This very small size also contributes to their

stability, owing to the very large entropy of dispersion involved.

Microemulsions have such a low interfacial free energy that it is exceeded by the negative
free energy term arising from the entropy of dispersion. The resulting situation is one in

which the overall free energy of formation of a microemulsion is negative and is, as such,

7
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thermodynamically stable [8].

AG
No Emulsion

\\Macroemulsion‘ T
\\/\ T
L \ \

Dispersed phase radius (r)

Microemulsion

Figure 1.6 Qualitative illustration showing free energy (AG)
as a function of droplet size.

Schulman et al [15] suggested that microemulsions form when surfactants and co-
surfactants in the right proportion produce a mixed adsorbed film that reduces the
interfacial tension (y;) between the oil and water below zero. They concluded that vy, must
have a metastable negative value, giving a negative free energy variation -y, dA (where

dA is the change in interfacial area) responsible for spontaneous dispersion.

A low interfacial tension is not the only important aspect that controls stability, other
factors such as droplet charge and the presence of a steric stabilising layer may lead to
repulsion between the droplets and thus a tendency toward stability is attained [16].
Viscosity of the system may also play a part in the stability of the dispersion. A high
viscosity of the continuous phase would retard the rate of any creaming tendency and thus
improve the shelf-life (long-term stability) of dispersion. It should be noted however that
most microemulsions are of a relatively low viscosity and thus this component of stability

may be of minor consequence.

Saito and Shinoda [17] studied the stability and interfacial tension of w/o type emulsions

8
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(ie. cyclohexane-water stabilized with polyoxyethylene nonylphenol ether) as a function
of temperature and of the hydrophilic chain length of the emulsifier. Their results show
that the interfacial tension of the water and the ol phases changes markedly with

temperature and approaches zero near to the phase inversion temperature (PIT).

W/O microemulsions have been studied to determine the effect of various parameters on
the size and dynamics of water droplets, inter-droplet attractive Interactions, water
solubility, and water self-diffusion coefficient in the microemulsion. More recently. the
effect of the chain length of the added alcohol on the same w/o microemulsion properties
has been investigated [18]. These results show that droplet size and intensity of attractive

interactions between droplets increase as the alkyl chain length of the alcohol decreases.

1.3.2 Phase Equilibria in Microemulsions

When a surfactant is added to an oil-water mixture it is preferentially adsorbed at the oil-
water interface where it is possible to simultaneously solvate the polar head-groups in
water and the non-polar tail-groups in the oil. In some microemulsion water/surfactant/oil
systems the lowering of the surface free energy caused by surfactant adsorption at an
interface is sufficient to result in the formation of a thermodynamically-stable dispersion
[1]. In oil-continuous microemulsion dispersions the formation of surfactant-stabilised
water droplets 1s primarily influenced by specific surfactant head-group interactions such
as hydrogen bond or ion-pair dipole interactions. The solvation of surfactant tail-groups
by oil solvent molecules is also an important factor in determining the formation of stable

oil-continuous microemulsion dispersions.

The various phase domains that are generally found in water/surfactant/oil systems are
given schematically in Figure 1.7 in the form of a Gibbs phase triangle, which is a
particularly informative method for describing the phase behaviour of three-component
mixtures as a function of composition at constant temperature and pressure. In this each
corner of the triangle represents one of the components in a ternary mixture. The

surfactant-rich corner of the triangle is a liquid crystalline (LC) phase domain which may.
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in practice, consist of several ordered phase domains (e.g. bi-layers, hexagonally packed
rods, etc.). In the water-rich corner of the triangle an oil-in-water (o/w) microemulsion
phase domain is indicated, although in certain cases, liquid crystalline structures may also
be favoured in this composition region. At higher surfactant concentrations, and for

roughly equal volume fractions of water and oil, the existence of bicontinuous structures

is postulated [19-22].

?????? Liquid crystal
Surfactant JXI)&)!)!) (Lamellar)

—O: d0/— XV/O microemulsion
o) O roplet
PR

T

O/W microemulsion
droplet

Reverse micelle

a9

Micelle 00—1§

Tie line for Winsor (II)
it W ater 01l

Tie line for Winsor (I)
system

Figure 1.7 An idealised phase diagram at constant temperature and pressure
where the shaded area represents the single phase microemulsion

In water/surfactant/oil mixture, the surfactant forms an interfacial region C between bulk
water and oil phase as shown in Figure 1.8. On both sides of C, cohesive intermolecular
forces (van der Waals, hydrogen bonding, electrostatic) cause solubilization. These
interactions are mainly between the oil and the hydrophobic part of the surfactant and

between water and the hydrophilic part of the surfactant. Interaction between the same

species promote seperation.

10
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Figure 1.8 Winsors intermicellar equilibrium concept

In a bicontinuous structure it is thought that flexible channels of water and oil are
separated by a fluctuating surfactant interface where the net interfacial curvature is close
to zero. Such systems have much higher conductivities than w/o microemulsions. The
bicontinuous systems are currently of great interest to the oil industry where the possibility
of a continuous single-phase transition from a w/o to o/w microemulsion via an

intermediate bicontinuous phase has important implications for enhanced oil recovery.

There is no clear boundary between a micellar and a microemulsion dispersion. One
criterion is that a microemulsion droplet is formed when the dimensions of the total
aggregate exceed the molecular length of the surfactant. In the case of reverse micellar
solutions and w/o microemusions the primary distinction may be the nature of the
‘entrapped’ water. In a reversed micelle most of the water is involved in the hydration of
the surfactant head-groups and is therefore effectively bound to the surfactant molecules.
For reversed micelles composed of ionic surfactant molecules the interior of the micelle
is also characterised by a high ionic strength due to the presence of surfactant counter-
ions. In w/o microemulsions, not all the water is bound to the surfactant head-groups. the
'free' (i.e. non-bound) water is thought to form a fluid water core in the centre of the

water droplet which has properties similar to that of bulk water [23, 24].

11
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Healy et al [25] examined the effect of salinity in the multiphase region. When salt is
added to a lower-phase microemulsion in equilibrium with excess hydrocarbon, a brine-
phase and middle-phase microemulsion eventually appear. Continued addition of salt leads

to an upper-phase microemulsion in equilibrium with a brine phase (illustrated in Figure
1.9).

Wt. %NaCl

Figure 1.9 Schematic diagram showing the effect of increasing the salt
concentration on the phase volumes of multiphase microemulsions.

1.3.3  The Optimum Salinity
A hydrocarbon/brine/surfactant/alcohol system often forms a middle phase microemulsion
in an appropriate salinity range. The salinity at which the middle phase microemulsion

contains an equal volume of oil and brine is defined as the optimum salinity [26].
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Figure 1.10 Phenomena occuring at the optimum salinity in relation to EOR by

surfactant-polymer flooding.

At the optimum salinity, the interfacial tension is in the puN/m range at both the
oil/microemulsion and the microemulsion/brine interface, and the oil recovery is
maximum. The optimum salinity depends on the hydrophilicity of the surfactant. For a
given temperature and salinity, the hydrophilicity of the surfactants required will depend
on the oil. The hydrocarbon portion of the molecule can also be varied; the larger the

hydrocarbon group the lower the optimum salinity [27].

Healy and co-workers [28] reported that the optimum salinity in a microemulsion system
plays an important role in obtaining low interfacial tensions and high oil recoveries.
Increasing the salinity causes the microemulsion phase to undergo a transition from lower
to middle to upper phases. As the salinity increases, the microemulsion-oil interfacial

tension decreases and the microemulsion-water interfacial tension increases.

1.4 Applications of Microemulsions
Microemulsions have found potential applications in many areas ranging from enhanced
oil recovery to their use as novel reaction media for biotechnology applications, e.g.

reversed enzyme synthesis [29]. Various uses of microemulsions have been suggested
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(including as a low emission diesel fuel [30] and in oil spillage dispersal (e.g. when the Sea

Empress was beached off St. Ann's Head (Milford Haven) February 1996) [3 1].

The structure of w/o microemulsions has been the focus of much active research in
recent years [32, 33]. It is known that some stable gels formed in water-nonionic
surfactant-oil systems in the dilute regime (mainly aqueous) [34] have important

applications in cosmetics, jet fuels [35] or the formulation of drugs [36].

The process of solubilisate exchange in w/o microemulsions offers an interestin g area for
carrying out novel reactions [37], providing the rate of reaction between solubilisates is
slower than the droplet exchange rate such that the dispersed water component in a w/o
microemulsion may be considered as a continuous pseudo-phase. Since w/o
microemulsions are chemically compartmentalised systems, consisting of polar and non-
polar domains, the reactions may either take place in the aqueous pseudo-phase (if the
reactants are hydrophilic) or in the oil medium (if the reactants are hydrophobic). In the
case of a mixture of hydrophilic and hydrophobic reactants a reaction may proceed in the

droplet interfacial region, particularly if the reactants are surface active.

Microemulsions can be polymerised in order to produce much smaller latex particles than
in the case of emulsions. In microemulsion polymerisation, one expects to produce, after
polymerisation, a latex having the same characteristics as those of the starting
microemulsion (1.e. stability, fluidity and optical transparency). Once the thermodynamic
equilibrium is reached, microemulsions are very stable. As changes are likely to occur
during polymerisation, it is essential that microemulsions should be carefully formulated

in order to use them in polymerisation experiments.

Inverse microlatices (prepared from inverse microemulsions) can be used in the
preparation of thickened aqueous solutions in tertiary oil recovery [38-40]. They can also
find applications in ground consolidation for oil drilling, manufacture of drilling muds,
completion or fracturation fluids and prevention of water inflows into production wells.

Water soluble polymers prepared from w/o microemulsions can be used as coagulants to

14
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separate solids suspended in a liquid. In the paper industry, for instance, the addition of

microlatices improves water drainage from the paper sheets. Recently, polymer latices

have been used in the biomedical field [41-43].

1.4.1 Emulsions in the World Energy Context

Due to the high energy demand, alternative fuels are always welcome to contribute to the
supply of energy, as convenient fuels, which can be utilised in an efficient way and burned
in a controlled manner. Thus, emulsification represents an alternative method of using
bitumens and bottom residuals from refineries [44] as fuels. Extra heavy oils and bitumens

represent a large source of hydrocarbons that can be exploited as fuels applying this

technique.

Residual oil demand is expected to increase by about 1% per year up to the year 2000.
Thus, additional refinery capacity to upgrade heavy oils will be required in the year 2000
because of both higher demand for refined products and the high availability of heavy
crude oils produced. Figure 1.11 shows the crude oil production from 1986 to 1990 and

shows clearly that the Middle East dominates world oil production.

s 9.5%
8.1%
5.7%
] OPEC = OECD
% FormerCPEs  fEE Others

Figure 1.11  Location of the world's crude oil reserves in 1990

13



EMMW @m F&wzm/ O)nﬁm

In 1990 the oil production was 3,148.9 million tonnes of oil equivalent; 38% of this was
OPEC crude oil. In contrast gas production rose to 1,761.6 million tonnes of oil
equivalent [45]. Concerning the world crude oil reserves, OPEC has 76.7% of these
reserves as shown in Figure 1.11. OECD is referred to as the developed nations member

of the Organisation for Economy Cooperation and Development and CPE as Centrally

Planned Economy.

Emulsification technique is also useful for the transportation of heavy oils. It reduces the
pressure-defined energy requirements and the pipe sizes required for transportation of
viscous crude oils in pipelines and eliminates the energy needed to heat the same pipelines.
The stability of emulsion is important because in some cases the need is to produce
emulsions of long-term stability, whereas in other cases emulsions of controlled but
limited stability are required (particularly in multi-stage processes, where it is essential that
an initially-stable emulsion eventually breaks). This is the case for transportation of heavy
crude oil as emulsions, which later have to be broken down in order to recover the crude

oil.

After technical and economic studies testing the different possibilities for the recovery of
this oil, emulsification has emerged as the most successful and applicable method
available. Conventional methods (e.g. using heat and dilution) were less favourable

because of the substantial investment necessary and transportation problems.

1.4.2 Enhanced Oil Recovery (EOR)

1.4.2.1 Introduction and Background

Aerobic bacteria produce oil from organic remains at a rate which depends upon the
prevailing temperature and pressure; most of the worlds oil reserves are found at 0.6-1.5
km below the Earth's surface trapped within a porous rock reservoir where it has migrated
under the action of gravity [46]. The rocks themselves may be sandstone, limestone,
dolomite or clays and may also contain brine and gases. Capillary forces can trap the oil
in these reservoirs. In order to mobilise oil ganglia trapped in such water-wet pores. a

reduction in the interfacial tension may be helpful, as may emulsification.
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Of the world's proven reserves of some 890 billion barrels of light, medium and heavy
crudes, more than half of that consist of extra-heavy crudes and bitumens. From these,
only one third part is recoverable with present technology. The rest has to be recovered
using non-conventional methods. The principle difficulty in the recovery of this type of
oil is the high oil viscosity, leading to low oil mobility, which makes displacement by a
cheap fluid (e.g. water or gas) inefficient due to the unfavourable mobility ratio (i.e.

mobility of the displacing fluid is greater than the mobility of the displaced oil).

World oil demand will it is thought increase from 50 million barrels of oil per day in 1990
to 58 million barrels of oil per day in 2000. In developed nations, demand is expected to
increase by 1% per year. Much of this growth will be focused in the transportation sector,
especially for refined products such as gasoline and kerosene jet fuel. Gasoline

consumption is expected to increase by 1.5 % per year and kerosene jet fuel by 2.5% per

year [47].

As the accessible reserves in a particular oil field decrease there may be a movement of
operators to new fields or attempts to enhance (EOR) oil recovery from existing fields.
Future development of known oil and gas fields depends in part upon enhanced oil
recovery (EOR). Chemistry determines whether EOR is technically feasible, but the

economic market of course determines whether it will be applied.

For enhanced oil recovery (EOR or improved oil recovery IOR) [48] a chemical engineer's
point of view [49] is no more relevant than a physico-chemical evaluation [50]: both can
explain viscous fingering [51] or predict phase equilibria [52]. Future growth of known

oil and gas fields [53] depends in part upon EOR; hence the importance of this thesis.

1.4.2.2 EOR Economics

The availability and price of oil have a substantial economic and social impact, as seen at
the end of 1973 when the price quadrupled. Developed societies are highly dependent on
a continuous consumption of energy (which is proportional to their standard of living),

although of course the source of that fuel has changed with time. Hence money and
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energy are intimately mixed. Indeed many suggest energy analysis or accounting is
appropriate as a method of deducing the efficiency of production (in kJ/kg) or a process
(in kJ/h) [54]. This has been attempted to estimate and improve the efficiency of industrial
processes [55], petroleum processing [56] and oil-field operation where less water

injection could be beneficial [57], but might also be applied to planning future fuel usage
[58].

1.4.2.3 EOR Environment

There are now environmental concerns over petroleum recovery operations [59] and this
may relate to nonyl-phenol species entering water system because of their oestrogenic
properties. North Sea reserves are declining [60] and operators are searching beneath

Windsor (where 100 million barrels of oil have been predicted in sandstone layers in the

Thames Valley 400m under the Castle).

Alkyl phenol ethoxylates have been shown to be major pollutants of water systems by the
chemical industry. Their inability to biodegrade aids them in solubilising the vastly
increasing amounts of female hormones found in domestic waste. These hormones are
then free to enter fish and other animals and so enter our food chain. Natural product
molecules could be the answer to these non-biodegradable pollutants from the chemical
industry. Naturally occuring phenolic lipids found in the shell of the cashew nut can be
converted to friendly surfactant molecules. The “Sturtevant Process” or hot

decarboxylation, is used to make “cardanol” which can then be used to obtain

biodegradable surfactants.

1.4.2.4 Technology

After primary recovery (which utilises the initially high pressure of the reservoir itself to
release oil), secondary recovery with water flooding [61] accelerates oil release (becoming
uneconomic as the volumes of water required increase) but may still leave 40% of oil
within the reservoir because it is too viscous, etc. Enhanced oil recovery then coming into
play includes: thermal methods [62]: steam [63], hot water [64]. in-situ combustion [65];

gas flooding: CO, [66], inert gas, N, : chemical flooding: surfactants [67], polymers;
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alkaline solutions (e.g. NaOH or KOH [68)]) or acidising EOR in carbonate reservoirs [69]
or solvent EOR [70] and novel methods: microbial [71]. CO, EOR [72]. which can be

thermodynamically modelled [73], may require CO, separation from exit gases [74].

Others have used supercritical hydrocarbons [75].

A surfactant to be used in this context must: be soluble in relevant brines (with salinities
up to 20% total dissolved solids, where Ca** and Mg* may cause sulphonate
precipitation) at relevant temperatures (i.e. up to 423K) and pressures (up to 50MPa): be
partially soluble in oil; able to form micellar structures and oil/water emulsions; lower

oil/water interfacial tensions to <1mN/m; adsorb only weakly on the surface of the rock.

To do this it must be tailored to the precise reservoir conditions. Non-ionic surfactants
may adsorb less than anionic or cationic ones [76], but are they resistant to precipitation
at relevant p, T and salinity conditions? The chemical wt% composition of crude oils is

variable:

North Sea South American

light gasoline 5.8 0.1
naphtha 11.0 1.1
kerosene 18.6 4.4
diesel 19.1 9.6
residue 43.5 84.8
Sulphur 0.3 5.5

Low interfacial tension flooding uses low surfactant concentrations in solution, but
microemulsion flooding uses higher concentrations. Precipitation by cations [77] and
adsorption of surfactants [78] can be important even in foam EOR [79]. The adsorption
of anionic surfactants on sand or clay has been followed by FTIR [80]. Factors affecting
the critical micelle concentration (CMC) include (i) the hydrophobic group. (ii) the
hydrophilic group, (iii) ihe electrolyte, (iv) organic additives, and (v) temperature.
Adsorption is minimal when the adsorbate and the surface have the same charge [81]. and

of course the latter is pH-dependent.
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1.4.2.5 Adsorption of Surfactant onto Rock Surfaces

An understanding of phenomena occurring at the boundary between two phases is often
essential for explaining mechanisms of many physical and chemical processes which occur,
or are initiated, at that interface. For example: crystallisation, electrode processes,
heterogeneous catalysis and adsorption studies. A detailed knowledge of surface
phenomena is therefore essential for all those interested in these sciences. Adsorption from

solution onto solids is of great practical importance and a large number of papers and text

books has been published on this subject.

Adsorption from solution differs from adsorption of individual substances (e.g. gases,
vapours and pure liquids) in that the solution contains more than one component and
compact layers can form on the surface of the adsorbent. In adsorption at the solid/liquid
interface the experimental measurement is the change in concentration of the solution; the
isotherm of concentration change is a "composite isotherm" due to the presence of at least
two components in the solution. Besides the acknowledgement of the role of the solvent
and its competition with the solute for the surface sites, there is also an Increasing
understanding of the effects of the chemistry of the surface on the adsorption process. The
interaction between the surface and adsorbent species can be defined as physical or
chemical, as with gas/solid adsorption. Several types of interaction during adsorption may

occur simultaneously depending on the chemical structure of both components.

1.4.3  Microemulsions as Microreactors

As previously defined that a microemulsion 1s a thermodynamically stable, optically
isotropic solution of two immiscible liquids (e.g. water and oil) consisting of
microdomains of one or both liquids stabilised by an interfacial film of surfactant. The
surfactant molecules optimise their interactions by residing at the oil/water interface,
thereby considerably reducing the interfacial tension. In w/o microemulsions, the aqueous
phase is dispersed as microdroplets surrounded by a monolayer of surfactant molecules
in the continuous hydrocarbon phase. The aqueous cores of microemulsions, containing
soluble metal salts, are used as microreactors for the synthesis of nanoparticles. Due to

the dynamic nature of the microdroplets, an exchange mechanism involves coalescence
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and fusion of the droplets upon collision, which then disintegrate into droplets, and this

process occurs continuously in the microemulsion [82].

1.5 Aims of the Research

How the molecular configuration and constitution of surfactants and polymers (and their
blends with co-surfactants and co-solvents) determine their stability and interfacial
characteristics was not well understood. An attempt was to be made here to rationalise
this understanding and to optimise enhanced oil recovery with chemicals of optimised
stability and interfacial properties under reservoir conditions through thorough
understanding of the properties of surfactants and polymers within oil reservoir conditions
and thereby to allow these to be tailored to produce the most useful stability and
interfacial characteristics to enable the maximum extent of tertiary oil recovery from
European reservoirs. In addition, it was anticipated that the fundamental microemulsion
science developed would be of value in improving hydrocarbon combustion and materials

synthesis. This was also to be tested.

The research work described in this thesis was to be primarily concerned with the
formulation and characterisation of a model microemulsion/surfactant system which could
in principle be used in the reservoirs to enhance oil recovery. The rate, extent and nature
of adsorption of surfactants, from the aqueous and nonaqueous solutions, onto the rock
formation were also to be studied at various relevant temperatures and salinities. It was
anticipated that the fundamental understanding of the properties, stability and interfacial
characteristics of these molecules and the resulting ability to predict the molecular
requirements for a chemical flooding of any oil reservoir whose temperature, salinity,
permeability, and oil profile were known would be of importance and that the emulsion
chemistry developed would be of value in improving the combustion of hydrocarbon fuels
with lower pollutant emissions. The combustion characteristics of these microemulsions
were to be considered and may represent a new route to high value oxygenates. Fmally,

the microemulsion route was used to synthesize the colloidal silica of desired particle size

and morphology.
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CHAPTER TWO

THEORY OF THE FORMATION OF MICROEMULSIONS
AND THEIR CHARACTERISATION

2.1 Theories of Microemulsion Formation

The several theories of the mechanism of microemulsion formation can be classified into

three main categories: interfacial, solubilisation and thermodynamic.

2.1.1 The Mixed Film (Interfacial) Theory

The first interfacial theory was proposed by Hoar and Schulman [1] who considered that
complex formation between surfactant and co-surfactant at the interface between water
and oil was responsible for lowering the interfacial tension to very low values leading to
a spontaneous increase in the interfacial area that was involved in the formation of the

microemulsion.

In 1955, Bowcott and Schulman [2-4] attributed the formation of a microemulsion to the
molecular attraction that takes place at the interface and that the interface in equilibrium
with both the oil and water phases was described as a third phase. At this interface, it was

assumed that this third phase has its own spreading pressure (7).

Schulman et al [5] postulated that the total droplet interfacial tension y of the

microemulsion might be expressed by

Y=Yow - T (21)

where ¥y, is the interfacial tension between the oil and the water in the absence of a
surface active agent and 7 is the two-dimensional spreading pressure of the film.
According to this equation, if, as a result of the adsorption of surfactant at the interface.
1 becomes greater than y,,, then energy (-YdA) is available to increase the total
interfacial area 'A' between two phases until no more energy is available and y returns to
sero. It is also clear from this equation that for y to become zero or negative, T has to

become equal to or greater than Y. When ¥, is greater than the film pressure 7 only
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a macroemulsion is formed. vy, is of the order of 30-50 mNm', depending upon the type
of oil, and in order to reduce the total interfacial tension to zero or become negative, T

should take the very high values that would not allow oil molecules to stay in the

amphiphilic monolayer.

Prince [6-8] suggested that the presence of a second surfactant (co-surfactant) would
reduce vy, to much lower values and consequently the film pressure would not need to
increase to a high value. For this reason, he introduced a subscript 'a' to the interfacial
term in equation (2.1) which takes into account any reduction in the value of interfacial
tension due to the addition of co-surfactant. The film pressures required to reduce the net
interfacial tension to zero or a negative value were much lower and easily attainable.

Therefore the equation (2.1) can be written as:

Y = (Yo/w)a - (22)
where (y.,,), is the interfacial tension between oil containing the co-surfactant and water.

The dynamic aspects of the interfacial tension for Schulman-type microemulsions was
investigated by Rosano [9]. He observed that strong interactions between surfactant and
co-surfactant were not necessary for microemulsion formation, and argued that the
spherical shape of the droplets (i.e. the shape of minimum surface to volume ratio) implies
that the equilibrium surface tension must be positive. Rosano considered that the
important factor for microemulsification was the transport of the alcohol (co-surfactant)

across the interface, the rate of which was reduced due to the presence of an adsorbed

monolayer of surfactant.

It has been suggested [10] that the term "microemulsion" be reserved for systems in which
the free enmergy of formation, AG,,, is only transiently negative, whilst truly
thermodynamically stable systems be termed "micellar solutions". although in practice it

may be impossible to distinguish between them.
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2.1.2 Duplex Film Model

The concept of a duplex film at the oil/water interface was also introduced [11] and
further developed [12] to explain the bending of the interface to form w/o or o/w
microemulsions. Thus, the freshly formed flat film will have two different film pressures
T, and 7, (i.e. W, and 7, are the film pressures of the flat duplex film at the oil and
water side respectively: 7', = 30 mNm™, 7,=10 mNm). Bending of the interface will
then take place to relieve the stress due to the pressure gradients. This expansion
continues, to different degrees at each side of the interface, until 7 drops to (y.,,),.

W=at .+ T, (2.3)
Expansion occurs until ', = 7w, = 0.5(y,, )  the latter equivalence arising from
application of equation 2.2. The direction of curvature depends on the relative magnitude
of ', and ', Figure 2.1 illustrates the mechanism of curvature of a microemulsion film.
If initial film pressure 7', on the oil side is greater than the initial film pressure 7', on the
water side, the duplex film will bend towards the water side to form a w/o microemulsion.

On the other hand, if ©', < ', , the film expands on the water side to reduce 7', until 7'

= ', and as a result of this an o/w microemulsion is formed.

8048

() Surfactant W/O
—4@) Co-surfactant

Figure 2.1 Mechanism of curvature of a microemulsion film
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Robbins [12] has suggested that a stress gradient is established across the interface arisin g
from the differences in the solvency of the head-groups in water and the surfactant chains
in oil. The stress determined the magnitude and sign of the droplet curvature and could
be expressed in terms of physically-measurable quantities such as the surfactant molecular
volumes (including head and chain volumes), interfacial tensions and compressibilities.
Droplet size, interfacial tension, and the number of adsorbed surfactant molecules per
droplet were also estimated [12]. Friberg et al [13] investigated water, hexadecane,
hexanol and ethoxylate nonionic surfactant systems, and found that predictions based on

duplex film theory were in good agreement with the observed phase behaviour.

Prince [7-8] has shown that the correct combination and appropriate concentration of
surfactant and co-surfactant are necessary to formulate a microemulsion system. A duplex
film with different pressures on each side of the interface is produced [8, 14]. The mixed
film concept explains the bending of the interface and thermodynamic stability of

microemulsions.

2.1.3 Solubilisation Theories
Solubilisation is a process in which an insoluble substance becomes incorporated into
surfactant micelles [15, 17]. It may be referred to as the formation of a thermodynamically

stable, isotropic solution of a substance in a given solvent.

Solubilisation is closely related to micellisation since little or no solubility increase is
observed until the critical micelle concentration (CMC) of the surfactant is reached, above
which the solubility usually increases in direct relation to the increase in micelle
concentration. When a surfactant is added to an oil-water mixture it is preferentially
adsorbed onto the oil-water interface where it is possible to simultaneously solvate the

polar head-groups in water and the non-polar tail-groups in the oil.

Several important factors (such as the structure of the surfactant and solubilisate, the
temperature and the addition of electrolytes) affect the solubilisation [15]. Temperature

has an effect on the extent of micellar solubilisation which is dependent on the structure
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of the solubilisate and of the surfactant. Generally, solubilisation increases with increasing

temperature. This is usually due to an increase in solubility of the solubilisate and an

increase of the micellar size.

Addition of electrolytes to ionic surfactants  usually causes an increase in micelle size and
a reduction in the CMC, and hence increases the solubilising power. Non-electrolytes,

(e.g., alcohols) which are incorporated in the micelle, lead to an increase in the micelle size

and hence lead to an increase in solubilisation.

Chou and Bae [16] also showed that temperature and addition of electrolyte have an
effect on the CMC, and that these parameters also affect solubilisation. In general, the two
approaches that have been adopted in the description of microemulsion systems have
considered them either to be swollen micelles [17, 18] or to involve changes that occur
at the oil/water interface [19, 20]. Thus the small microemulsion droplets may be
envisaged to be formed in two ways [21]:

(1) by the breakdown of larger droplets on a lowering (if only transiently) of the

interfacial surface tension;

(i) by the swelling of the interior of a micelle by molecular diffusion of the interior

phase through the bulk medium.

In surfactant-nonpolar solvent systems, the polar interactions of the head groups not only
provide a driving force for the aggregation process, but also provide an opportune
location for the solubilization of polar additives. Water is, of course, one of the most
important potential polar additives to nonaqueous systems, and it is primarily Jocated in
the core. The initial water added likely becomes closely associated with the polar head
group of the surfactant, while subsequent additions appear to have the character Qf free
bulk water. The effects of solubilized additives on the micellar properties of nonaqueous

surfactant systems vary according to the strucrures of the components.

Surfactant molecules are able to form a diverse range of aggregate structures in

water/surfactant/oil systems. The preferred aggregate structure is generally a consequence
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of the surfactant molecular geometry, the surfactant concentration, the oil-water volume
ratio, the nature of the surfactant counter-ion (in the case of ionic surfactants) and the

relative balance of hydrophobic and hydrophilic groups (HLB) on a surfactant molecule

[22].

Kumar and Balasubramanian [23. 24] investigated the solubilisation of water and
cyclohexane by hexanol and the nonionic surfactant Triton X-100 using different
spectroscopic techniques, in particular NMR. At a fixed surfactant/alcohol ratio, in
systems of low water concentration (=1%w/w water), the surfactant was molecularly
dispersed m the cyclohexane, the water molecules bemg associated with the ethylene oxide
sequence of the surfactant to a limiting value of 1H,0 : 2C H, O [24]. At high water
concentration (approximately 3% w/w), micelles formed containing both surfactant-

bonded water molecules and free water molecules.

2.1.4 Thermodynamic Theories of Microemulsions

Several thermodynamic theories have been proposed to explain the mechanism of
microemulsion formation. Overbeek [12, 25-27] considered the microemulsion system of
droplets with uniform size and used the adsorption equation to see the effect of adsorption
of surfactant and co-surfactant on interfacial tension. The Gibb's adsorption equation, for

multicomponent system, in its general form can be written as:
Y =7v,- oJ'T;RTd[Inc;] (2.4)

where v, and vy are the interfacial tensions without and with surfactant and co-surfactant
(if any), I, is the amount of adsorption of component i per unit area and ¢; is the
concentration of ith component. Recently, Overbeek et al [26] related the Gibb's energy
of microemulsion at internal equilibrium to the interfacial tension and bending stress as a
function of droplet radius and volume fraction. They defined the Gibb's free energy of a

microemulsion G™ by the following expression:

GM=F" + pV™ (2.5)
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where F" is the Helmholtz free energy, W is the volume of microemulsion and p is the
ambient pressure. They determined the Helmholtz free energy in two steps. Firstly, they
considered 'ny drops within local equilibrium with the surrounding continuous phase. The
chemical potentials, A;, in drops, in the continuous medium and at the interfaces were
assumed to be equal. Secondly, the drops were allowed to move freely in the continuous

medium creating the free energy of mixing F,_.. Under these conditions the Helmholtz free

energy can be written as:
FM =3hh - pV - (p+Ap)V, + yA + F (2.6)

where n, and A; are the amount and chemical potential respectively of ith components, V__
is the volume of continuous phase, V, is the volume of droplets and (p+Ap) is the
pressure inside the droplets, y is the interfacial tension between the droplets and the
continuous medium depending on the curvature at constant T, p and A, , and A is the total

interfacial area. The Gibb's free energy of microemulsion GM can be written as:
GM = FM + pV™M = Zn A, - ApV, + YA + G, (2.7)

where VM =V_+V,, G, =E, and Ap is the excess pressure inside the droplets.
Minimizing G™ in order to find the equilibrium conditions for microemulsions,

differentiating the equation (2.7) one obtains:
IGM = Endh + Shdn, - ApdV, - VdAp + ydA + Ady + dG,, (28)

The interfacial tension y depends not only on all chemical potentials but also on the

curvature (2/a) where 'a' is the radius of the curvature and is expressed as follows:
Ady = -A XTI, dA; + Acd (2/a) (2.9)

where I, is amount of the ith component adsorbed per unit area, c is the bending stress

coefficient [25-27] and is defined as follows:
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Ruckenstein and Krishnan [14, 28] assumed that the solubilized molecules as a spherical
core and the surfactant is adsorbed at the interface. The Helmholtz free energy per cubic
centimeter of microemulsion was determined assuming: a) the surfactant is only soluble
in the continuous phase, b) the dispersed globules have a uniform size with a solubilized
core radius, and c) the interaction between the neighbouring head groups is negligible.
Ruckenstein [29] suggested a new theory based on the assumption that the microemulsion
contains uniform size hard globules. The dispersion of globules is in the continuous phase
and increase the entropy of the system thereby increases its Helmholtz free energy, A f,
per unit volume of microemulsion. Thus the free energy, f, per unit volume of

microemulsion is given by:

f=f,+Af (2.11)

De Gennes and Taupin [30] treated the Helmholtz free energy of a microemulsion in a
different way. Because there is no evidence that each surfactant molecule stays at the
interface only, the saturated state is never reached and therefore the surfactant molecules
may prefer to move into the continuous‘phase or inside the droplets. In Schulman's
description of microemulsion formation, all energies associated with the curvature of the
interfaces are ignored. This is perhaps relevant because for many problems involving
liquid/liquid interfaces, curvature energies make a very minor contribution and the
interfacial energy (y) becomes dominant. As in microemulsions, the interfacial tension
becomes zero or even reaches negative values, the contribution of curvature and entropy
change cannot be neglected. De Gennes and Taupin presented the following expression

for the curvature-dependent energy contribution per unit area as:

Foy- X 2% (2.12)
R,R  2R*?

where vy is the interfacial tension, 1/R is the curvature of the interface, 1/R, is the

spontaneous or natural curvature (R, > O for normal micelles, R, < O for reverse micelles)
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and K is the rigidity of the interface. The rigidity constant is defined as the energy required
to bend a unit area of the film by a unit amount of curvature average from spontaneous

curvature. The above equation holds only if R and R, are much larger than the interfacial
film thickness.

Robbins [12] ascribed the curvature effects in the phase behaviour of microemulsion of
nonionic surfactants. Aveyard et al [31] determined the interfacial tension at the droplet
surface as a function of droplet radius for heptane and tetradecane as oil. They concluded
that the formation of excess phase occurs when the surfactant monolayer curvature in

microemulsion droplet phase is approximately equal to the spontaneous film curvature and

gave an approximate equation as:

y = constzznt (213)
2R;

where R is the droplet radius.

Binks et al [33] measured the rigidity constant K with ellipsometric measurements. Their
results compare well with theory; the smaller the film rigidity constants, the smaller is the
dispersed droplet size and the larger the interfacial tension. The rigidity constant K of a

monolayer at the oil/water interface depends on the composition of the interfacial region.

2.1.5 R-Ratio Theory

Bourrel and Schechter [32] related the curvature effects to the R-ratio which defines the
relationship between the interaction energies of an amphiphilic interfacial layer C and the
oil and water regions which was first developed by Winsor [34, 35]. They divided a single-
phase isotropic microemulsion into three distinct regions: an aqueous region W, an oil
region O, and an amphiphilic region C [32]. They considered certain cohesive interaction
energies that exist within the layer C and are responsible for the stability of this layer.

Figure 2.2 shows the different constituents of a microemulsion system and corresponding

cohesive interaction energies.
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Figure 2.2 Interaction energies in the amphiphilic layer at the
water / oil interface

The cohesive interaction energy A, between two molecules x and y is calculated per unit
area within the interfacial layer C and is averaged over the position of molecules x and y.
Therefore the cohesive energy as used is positive whenever the interaction forces between
the molecules residing within layer C take into account both the lipophilic and hydrophilic

interactions. The cohesive energy A, between molecules x and y is then expressed as:

A= Ayt Apy (2.14)
where L and H represent lipophilic and hydrophilic respectively. Using this concept, the

general definition of R-ratio for system as represented in Figure 2.2 is given as:

A Aok
B CRE WO L (2.15)

ACW—AWW_AHH

where A, is defined as the cohesive energy per unit area between oil molecules residing

inside the interfacial layer C, which can further be written as:

Aoo o ALoo 1) AHoo (2 1 6)
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where A, and A, denote the interaction between the non-polar and polar ends of the

two oil molecules respectively. In the case of oil molecules, A, 1s the dominant term

whereas A, is ignored.

The other cohesive energies per unit area present in Figure 2.2 are the interaction between
the water molecules Ay, and the interaction between the hydrophiles of surfactant

molecules with water A, . A, and A_, are the interaction energies between amphiphiles

and oil and water respectively and are presented by:

Ao = A+ Ay, (2.17)
Acw = AL, + Ap (2.18)
where Ay, and A, represent the interaction energies of amphiphiles with the polar and

non-polar portions of the oil molecules respectively. Similarly A, and A, _, denote the

Hew
interaction of amphiphile molecules with the polar and non-polar character of the water
molecules. In many cases Ay, and A ., can be neglected and the equation (2.17) and
(2.18) can be written as:

Aco = AL, (2.19)

ACW = Ach (220)

The R-ratio represents the extent of the interface to fluctuate and attain a particular shape
depending on the nature of the components of the system, their relative concentration and
temperature. If R=1, the mutual solubility of C, W and O reaches a maximum and the
interfacial layer C will have no tendency to bend preferentially towards one or the other,
oil or water . IfR > 1 or R < 1, the affinity of the layer C is no longer the same for O and
W. The stability of interfacial layer C will be maintained at the natural arrangement of

molecules in which layer C is convex towards O (R < 1) or towards W (R > 1).

Bourrel and Schechter [32] used the R-ratio concept to determine the interfacial free

energy:
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of* _
or

(2.21)

L

where f* is the interfacial free energy per unit of area, r is the radius of spherical interface
and H is a key quantity related to R-ratio and approximated by Millar and Neogi [36] as:

H=-k (& - Ri) (2.22)

v
n

where K is a constant related to the flexibility of interface and R is the natural radius of
curvature. The interfacial free energy reaches a maximum at r = R_. The discussion shows

that the R-ratio is a real thermodynamic quantity even though no precise relationship of

R and H is available.
2.2 CHARACTERISATION TECHNIQUES FOR MICROEMULSIONS

2.2.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

Absorption of ultraviolet and visible radiation provides a convenient means of analysing
numerous inorganic and organic species. It involves the absorption of electromagnetic
radiation by molecules in the UV-visible region. The absorption of electromagnetic
radiation by molecules will lead to electronic transitions between molecular orbitals and

therefore the electronic spectra give information about the electronic structures of

molecules [37].

The absorption of electromagnetic radiation by some species M can be considered to be

an irreversible two-step process, the first step of which can be represented by
M +hv > M* (2.23)

where M™ represents the atomic or molecular particle in the excited state resulting from
absorption of the photon hv. The life time of the excited state is brief (e.g. 1-10 ns), its

excitence being terminated by any of several relaxation processes. The most common type
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of relaxation involves conversion of the excitation energy to heat; that is

M* - M + heat (2.24)

The life time of M*is so short that its magnitude at any instant is negligible under ordinary
conditions. Furthermore, the amount of thermal energy created is usually not detectable.

Thus, absorption measurements have the advantage of creating a minimal disturbance of

the system under study.

When light is absorbed by a sample, the radiant power of the beam of light is decreased.
Light is passed through a monochromator (which may be a prism, grating, or even a filter)
to select one wavelength. Light of this wavelength, with radiant power P, strikes a sample
of length b. The radiant power of the beam emerging from the other side of the sample 18

P (see below). Some of the light may be absorbed by the sample, so that P <P,,.

A 4

L Sample

b 1
The transmittance, T, is defined as the fraction of the original light that passes through the

sample.

r-L (2.25)
P()

Therefore, T has the range zero to one. The percent transmittance is simply 100T where

0% < T < 100%.

P
A = log,, (?") = -logT (2.26)

Absorbance (A) is important because it is directly proportional to the concentration of

light-absorbing species in the sample:

A =¢€bc (2.27)
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This is called the Beer-Lambert law or simply Beers law. A is dimensionless. The
concentration of the sample, c, is usually given in units of moles per dm® (M). The path
length, b, is commonly expressed in centimetres. The quantity € is the molar absorptivity

and has the units M cm™. In a spectrum A (or €) is plotted versus wavelength.

2.2.2 Chromatography

The main distinguishing feature between chromatography and other physical and chemical
methods of separation is that two mutually-immiscible phases (one stationary and the
other mobile) are brought into contact in a column. A sample introduced into the mobile
phase undergoes numerous interactions at the interface of the stationary and mobile
phases as it 1s being transported through the column. The interactions exploit differences
in the physical and/or chemical properties of the components in the sample. These

differences govern the rate of migration of the individual components through the column.

Thus, separated components emerge at the end of the column in the order of increasing
interaction with the stationary phase. The mobile phase can be a gas or a liquid, whereas
the stationary phase can only be a liquid or a solid. Thus chromatography is divided into
two main groups namely liquid chromatography (LC) and gas chromatography (GC) with

the mobile phase being liquid and gas respectively.

2.2.2.1 High Performance Liquid Chromatography (HPLC)

In liquid chromatography the sorption mechanisms that cause separation depend on
whether a liquid or solid is used as the stationary phase, or what kind of solid is used.
There are three main classes of HPLC: liquid-liquid chromatography (LLC), ion-exchange
chromatography (IEC) and exclusion chromatography (EC). LLC uses a liquid stationary
phase coated on a finely divided inert solid support. Separation in this case is due to
differences in the partition coefficient of the solutes between the stationary liquid and the
mobile liquid. In normal phase LLC the stationary liquid is relatively polar, whilst
reversed phase LLC uses a non-polar stationary liquid and a polar mobile phase. In [EC
the stationary phase is an ion exchange resin, and separation is governed by the strength

of the interactions between solute ions and the exchange sites on the resin (see Chapter
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5). In EC the stationary phase is a wide pore gel that can separate molecules on the basis
of their size and shape. Only reversed phase liquid-liquid chromatography was used
throughout this work. The stationary phases used today are called microparticulate
column packing and are commonly uniformly porous silica particles, with spherical or
irregular shape (diameters 10, 5, or 3um). The different separation mechanisms mentioned
above are realized by bonding different chemical groups to the surface of the silica, to

produce what are called bonded phases.

Bonded phases in which C; alkyl groups are attached to the surface of the silica particles
are now frequently used in HPLC; these are called ODS (octadecylsilane) bonded phases.
When packed into a column (10-25c¢m long and 4.6mm internal diameter), the small size
of these particles leads to a considerable resistance to flow, so that the mobile phase has

to be pumped through the column under high pressure.

In analytical HPLC the mobile phase is normally pumped through the column at 1 - 5cm’
per minute. If the composition of the mobile phase is constant, the method is termed
1socratic’ elution. Alternatively, the mobile phase composition can be made to change in
a pre-determined way during the separation. This is known as 'gradient’ elution. Gradient
elution 1s necessary when the range of retention times of solutes on the column is so large

that they cannot be eluted in a reasonable time using a single solvent or solvent mixture.

When the separated solutes emerge from the column, they are sensed by an in-line
detector. The output of the detector is an electrical signal, the variation of which is
displayed on a potentiometric recorder, a computing integrator or a VDU screen. Most
of the popular detectors in HPLC are selective devices [38]. This means that they may not
respond to all the solutes that are present in a given mixture. UV absorbance detectors are
by far the most popular detectors in HPLC and are briefly described here. The principle
is that the mobile phase from the column is passed through a small flow cell held in the
radiation beam of a UV-visible photospectrometer. These detectors are selective because
they will only detect those solutes that absorb UV (or visible) radiation. Such solutes

includes alkenes, aromatics, and compounds having multiple bonds between C and O, or
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N or S. The mobile phase used must of course absorb little or no radiation. Both fixed and
variable wavelength UV-visible detectors are available. The variable types use a deuterium
and/or a tungsten filament lamp as the radiation source, and operate between 190 and 700
nm. Fixed wavelength detectors normally operate at 254 or 280 nm, but other
wavelengths are possible. The time taken for the solute to pass through the

chromatographic system is its retention time. The retention time is a characteristic of the

solute for a particular set of chromatographic conditions.

HPLC is a vital tool for the examination of organic pollutants in the environment. It 1s an
excellent technique for the separation of mixtures. The only restriction on the suitability
of a sample to be examined by HPLC is its ability to dissolve in a solvent and give a
response to a suitable detector. Thus HPLC is suitable for the analysis of all organic
compounds, macromolecules, inorganic or other ionic species, labile natural products,

pharmaceutical compounds and biochemicals.

2.2.2.2 Gas Chromatography (GC)

In gas chromatography, a gas is used as a mobile phase and either an inert liquid or a
solid as the stationary phase. The sample, usually a liquid at room temperature, is rapidly
vaporised as it is injected into the injection port, which is maintained at a high temperature
(more than boiling point of the sample). The column is enclosed in an oven and kept hot
enough to keep the sample in a gaseous state, whilst the sample components are separated
by the column. The detector detects the components as they leave the column and gives

an electrical out put from which recorder produces a chromatogram.

In analytical gas chromatography the criteria to be considered include:
(1) resolution, which depends on the conditions of the separation, i.e. flow
rate, temperature, gas type, type of column and choice of stationary phase.
(11) sensitivity, which depends on the type of detector.
(iiiy  reproducibility, which is due to the design of the equipment. i.e. automatic

injection and integration is superior to manual techniques.
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A gas chromatograph, with a thermal conductivity detector (TCD) is shown in Figure 3.8
(see Chapter 3). It has an injection port which is a heated compartment capped by a
septum which is pierced by a syringe needle when the sample (typically 1mm? for a packed
column) is injected, and reseals when the needle is withdrawn, a column (packed or
capillary) to separate components by their volatility or by their interaction with the
stationary phase of the column and a detector (e.g. TCD etc). A polar column will
separate two components with similar boiling points, by causing the least polar component
to be eluted first, as it has the least interaction with the stationary phase. A similar effect
1s observed for a low polarity stationary phase, as in 5% SE on diatomite, so that the
components would elute in increasing order of boiling points, water (373K), pentan-1-ol
(411K), decane (447K) and butylbenzene (490K) in a middle phase (see Section 4.2.6).
Increasing the temperature or increasing the flow rate reduces the elution time of the
components. The polarity of the column has minimal effect on the separation of the

components in this case.

In gas chromatography, the mobile phase is considered to be inert, so that it does not react
chemically with the sample or stationary phase. The principle carrier gases are hydrogen,
helium, nitrogen and argon. Choosing a particular carrier gas, it is important to consider

cost, purity, safety and detector compatibility.

2.2.3 Photon Correlation Spectroscopy (PCS)

In a conventional PCS experiment, the intensity of the light scattered is taken as a time
average quantity and no account is taken of the frequency distributions of the scattered
light. The technique of dynamic light scattering or photon correlation spectroscopy (PCS)
has been used by several workers [39 - 43] to study microemulsion systems. The particles
in a suspension can be regarded as forming a three-dimensional diffracting array that,
when illuminated with coherent light, produces a random diffraction or "speckle pattern”
consisting of small bright spots and dark areas [44 - 47]. As the particles undergo
Brownian motion, the speckle pattern will change from one random configuration to
another. Thus, if a photomultiplier tube is placed in the scattering field, a fluctuating

intensity as that shown in Figure 2.3 can be observed.
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Figure 2.3 Typical fluctuating trace of light intensity at the photomultiplier
detector and corresponding standardised output current

time

The characteristic fluctuation or coherence time T, of this intensity is approximately the
time for a particle to diffuse a wavelength. As a consequence, one can determine the
translational diffusion coefficient D. The coherence time may be measured by
autocorrelation, using a digital correlator. The correlator measures directly the photocount
correlation function of the scattered radiation by detecting individual photoelectron

emissions.

The correlation function can be written as follows:
g? (=B (1+7[g" (|*) (2.28)

where 7 is the correlation delay time, B is the known background constant to which g
(1) decays at long delay times. |g!" (7)| is the normalized correlation function of the
scattered electric field and y is a constant of the order of one. PCS measures v)g® (7).
In the ideal case of a dilute suspension of monodispersed spheres, small compared to the

incident wavelength of light A, the correlation function |g” (7)| is given by :

g’ (Q t)=exp(-DQ' 1) (2.29)

where D is the translational diffusion coefficient of a particle, Q is the scattering vector
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and T is the correlation delay time. The diffusion coefficient D is related to the

hydrodynamic radius Ry of the particle by the Stokes-Einstein relationship [46 - 47] :

p=-_* (2.30)
6TNR,

where k is the Boltzmann's constant, T is the temperature, n is the viscosity of the liquid
i.e. the continuous phase in the case of a microemulsion. In this simple case, the
measurement of g (Q,t) by photon correlation spectroscopy easily provides the
fluctuation time T ,=1/DQ?*. Since Q, T and 1 are known, by combining equation (2.29)
and (2.30) the hydrodynamic radius R;; can be determined. The above treatment is applied
to monodisperse particle dispersions. For a polydisperse system there will be a distribution
of diffusion coefficients. The electric field correlation function, then consists of a sum of

exponentials:

[FR)IR,Q)exp[-D(R)Q *t]dR
[F(RIR,Q)dR

gD(Q,1) = 2.31)

Here F(R) is the distribution function of particle radii, D(R) is given by equation (2.30)

in which Ry is set equal to R and I(R,Q) is the intensity of radiation scattered by a

suspension of N particles at angle 6.

4 .
= — n,sin®
Q T n,

and I(R,Q) is given by the following relation:

2 2
KR = BT RN T g pg) 2.3

2
r2l4 n, + 2n2

where P(Q) is the shape (form) factor, n, is the refractive index of the particles, n, is the

refractive index of the continuous medium, A is the wave-length of the incident light in the
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continuous medium, R is the particle radius and r the distance between the scattering

sample and the detector.

Dynamic light scattering has been much used to study the droplet radius of the
microemulsion systems [48 - 51]. Deviations from a single exponential decay for g (Q,t)
can be observed in some cases of concentrated microemulsion systems; they are due to
interactions between the droplets. In the case of more concentrated systems, estimates of
the structure factor S(Q) and of the form factor P(Q) are required. In the case of
concentrated dispersions (like microemulsions), the hydrodynamic radius of the particle
obtained by PCS may be corrected using the following relationship which gives the

collective diffusion coefficient D as a function of its value at infinite dilution D°:
D =D° (1 + o) (2.33)

where o is a constant equal to 1.5 for hard spheres with repulsive interactions and ¢ is the
volume fraction of water [52]. As microemulsions cannot be diluted before being

measured, droplet sizing by PCS 1s limited to dilute systems (¢ < 0.1).

2.2.4 Viscosity
All liquids are viscous fluids due to the presence of attractive forces which oppose the
relative motion between neighbouring volume elements in the liquid. The viscosity , 7,

is defined as the shearing stress T exerted across an area when there is unit velocity

gradient (du/dy or D) normal to the area [53]:

con oD (2.34)

for flow in the x direction. In most simple liquids the viscosity is independent of the rate
of shearing (or T is proportional to D) as long as laminar flow takes place. Such systems
are termed Newtonian fluids. When a Newtonian fluid is subjected to a sheared force there

is a dissipation of energy due to fluid friction. The energy dissipated, J, is given by:
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] =n,D* (2.35)

When a dispersion of particles in a fluid is subjected to a shearing force there is an extra

contribution to the energy dissipated, resulting from flow perturbations caused by the

particles. Thus:

J+AJ = nD? (2.36)

where 1 is the viscosity of the dispersion and AJ is the extra energy dissipated due to the
presence of the particles. Combining these equations gives

AJ MM,

Ty = 1, (2.37)

where 1, is the specific increase in viscosity, usually called simply the specific viscosity.

The quantity 1/n, is called the relative viscosity (n,) and is given by:

N

n, =
n,

=M,* 1 (2.38)

For dilute dispersion of spherical, rigid unchanged particles Einstein has derived the
relationship between the viscosity of the dispersion and the volume fraction, ¢ and found

that:
n, = 1 + 2.5 (2.39)

The particles are assumed to be small compared to the dimensions of the measuring
apparatus (so that wall effects can be ignored), but large compared to molecular
dimensions, so that the dispersion medium can be considered to be a continuum. The
system is also assumed to be at a very low volume concentration so that the inter-particle

separation is large and hydrodynamic interactions between particles can be ignored.

Equation (2.39) is a limiting form for the viscosity of a dispersion. It is only strictly valid
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at concentrations approaching infinite dilution. If a dispersion does not conform to the

above conditions of size, shape, rigidity, concentration and charge then modifications must

be made to the equation.

At volume fractions approaching zero the total increase in viscosity due to the particles
1s the sum of the effects caused by each of the particles. At higher concentrations the
viscosity of a dispersion is increased due to the temporary multiplets (doublets, triplets
etc.) which increase the rate of energy dissipation. There are Very many equations relating
the viscosity of concentrated dispersions to the volume fraction of the dispersed phase.
Several workers have attempted to modify equation (2.39) by introducing a power series

in the volume fraction of the general form:
N, =1+k d+k, d*+k, >+ -—-- (2.40)

For dispersion of rigid uncharged spheres equation (2.40) must approach equation (2.39)

as ¢ approaches zero. Therefore k, must be equal to 2.5.

2.2.5 Surface and Interfacial Tensions

Forces of attraction exist between the molecules of a liquid and indeed the existence of
the liquid state is due to these forces. The molecules which are located within the bulk of
a liquid are subjected to equal forces of attraction in all directions, whereas those located
at a liquid-air interface experience unbalanced attractive forces resulting in a net inward
pull. The liquid surface will therefore, tend to contract spontaneously. This is the reason

why droplets of liquid and bubbles of gas tend to a spherical shape.

"The surface tension of a liquid is often defined as the force acting at right angles to any
line of unit Jength on the liquid surface" [54]. However, it 1s more correct to define surface
tension and surface free energy as the work required to increase the area of a surface
isothermally and reversibly by a unit amount. The surface tension depends directly upon
the sum of the intermolecular forces which operate between molecules of the liquid. This

is strictly true only for a liquid in equilibrium with its own saturated vapour. Usually the
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presence of air in the vapour phase causes an insignificant change because of the very

weak dispersion forces which act between vapour phase molecules and liquid.
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Figure 2.4 Approximate configuration of residual oil; (a) Real trapped oil
ganglion (b) Model of the trapped oil ganglion
In water, for instance, the dipole moment of the molecules give rise to additional polar
attractive forces. Hence a large increase in surface tension by comparison with non polar
liquids, where only dispersion forces are present. The relatively high value of the surface

tension of mercury also reflects the contribution of metallic bonding.

One of the major requirements of a surfactant system for EOR is to generate an ultra-low
interfacial tension at the oil-water interface in order to mobilise residue oil. Figure 2.4
shows an oil ganglion trapped by capillary pore constriction. The pressure of the curved

interface between the two phases sets up a pressure difference, which obeys the Laplace

equation:

. 1
Aphe Bl T = e ,
YIR | (2.41)

where AP is the pressure difference across the pore, R, and R, are the principal radii of

curvature for a curved surface and vy is the interfacial tension.
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The capillary pressure difference AP across the interface is approximated by:

_ 2y
AP = = (2.42)

R
Mobilisation of the oil drop will occur when AP is exceeded by the pressure gradient over

the length of the drop. The interfacial tension is also related to the contact angle by

Young's relationship [55]:

Yo/s = Yw/s + Yo/w COSG (243)

where v is the interfacial tension between the oil-solid, y, is the interfacial tension
between the water-solid, v, is the interfacial tension between the oil-water and 6 is the
angle of contact of the liquid on the solid. The contact angle provides a means of
characterising the wetting behaviour of a surface more effectively [56]. The angle which
a drop assumes on a solid surface is the result of a balance between the cohesive forces

in the liquid and the adhesive forces between solid and liquid.

Several techniques [57 - 59] have been used to measure the surface and interfacial
tensions accurately. The dynamic surface tension of a pure liquid is practically identical
to static surface tension. However, in solutions of surfactants, the dynamic tension is
usually found to be higher than for the static value, because of a finite time required for
equilibrium while the surfactant diffuses to the freshly-formed surface. The ring method
(Du Nouy) has been adapted to the measurement of dynamic surface tension. By
continuously overflowing the vessel with solution from which the ring is pulled, the

surface is kept fresh and the pull on the ring measures the dynamic surface tension.
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CHAPTER THREE

MICROEMULSION MATERIALS, METHODS AND EXPERIMENTAL

3.1 MATERIALS

3.1.1 Surfactants

(a) Nonionic Surfactants

The work carried out for this thesis is based upon a widely-used commercially-produced
family of surfactants (i.e. octyl phenol polyethoxylates) supplied by Rohm and Haas. Their
general structure is shown in Figure 3.1 (a). The polyethoxylate head group consists of
a Poisson distribution in terms of the number (n) of ethoxylate groups present: the average

value of @i for Triton X-100 being 9-10. Other members of the Triton family include

TX-114 n=7
TX-165 n=16
TX-305 n =30

All are produced by the reaction of p-octylphenol with ethylene oxide.

CyHyy~(CeH,)-OH + n-CH, CH, — CyH,-(CH,)-O(CH,CH,0),H
o

Surfactants are also produced from natural products. For example. phenolic lipids found
in the shell of the cashew nut can be converted to readily biodegradable surfactants [1]
(i.e. cardanol whose structure is shown in Figure 3.1 (b)). Samples of cardanol were
obtained (Johnson Wax, Surrey, England) with i equal to13 or 8. Physical properties of

the nonionic surfactants are to be found in Table 3.1.

(CH,CH,0),H O(CH.CH,0),H
C15H31
CHy,
(a) (b)
Figure 3.1 The structure of nonionic (a) Tritons with ethoxylates predominantly in a

p-position to the alkyl group and (b) Cardanols with ethoxylates

predominantly in a m-position to the alkyl group.
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Table 3.1 Physical properties of the nonionic surfactants [2]
Av. Cloud poi
% active CMC ond pointx)
Surfactant  Molecular n HLB (1%w/v)
material (mM)
mass Solution
TX-114 536 100 7.5 12 0.21 299
TX-100 624 100 9.5 14 0.25 340
TX-165 952 70(30%H,0) 15 16 0.43 373
TX-305 1526 70(30%H,0) 30 17 0.75 373
Cardanol 636 98 8 12.6 —-- 338

(b)  Anionic Surfactant
The anionic surfactant Hostapur SAS-60 was obtained from Hoechst UK Limited. This
had the general structure:
R—CH—R
éOSNa
and was therefore a secondary n-alkane sulphonate. R and R had approximately the
following C-chain length distribution:
< C,; -n-paraffin maximum 1%
C,; - C,s -n-paraffin approximate 58%
C,s - C,; -n-paraffin approximate 39%
> C,, -n-paraffin approximate 3%
Sodium dodecyl sulphate (SDS) was also obtained from Aldrich and dodecyl benzene
sulphonate (p-dodecyl benzene sulphonate (4DBS)) was provided from Marseille, France.

The structure and physical properties of the anionic surfactants are presented in Figure 3.2

and Table 3.2 .
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(a) (b)
Figure 3.2 The structure of anionic (a) SDS and (b) 4DBS
Table 3.2 Physical properties of the anionic surfactants
Surfactant Average Purity (%) CMC (mM)
Molecular mass
SDS 8.3
4DBS 1.5
SAS-60 1.7

3.1.2 Solvents
(a) Hydrocarbons

The organic solvents n-hexane, n-heptane, n-decane, n-hexadecane and butyl benzene
were analytical grade (purity >99%) and obtained from Aldrich. All were used without

further purification. Their physical properties are given in Table 3.3.

Table 3.3 Properties of hydrocarbons
Boiling point  Density (g/cm’) Dynamic viscosity — Refractive
Hydrocarbon (K) at 293K (cP)* at 293K index 294K
n-hexane 342 0.659 0.326 1.374
n-heptane 371 0.684 0.409 1.387
n-decane 447 0.73 0.920 1.412
n-hexadecane 557 0.773 3.34 1.435
456 0.86 -- 1.489

butylbenzene

*cP=10"kg. m'. s
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The other organic solvents, acetonitrile and ethylene glycol were of analytical grade and

obtained from Aldrich and used as received.

(b) Alcohols

The alcohol solvents used (i.e. methanol, propan-1-ol, butan-1-ol, pentan-1-ol, hexan-1-
ol, heptan-1-ol, octan-1-ol and pentan-1,5-diol) were analytical grade reagents (purity
>99%) and were obtained from Fluka Chemical. All were used as received. Their physical

properties are given in Table 3.4.

Table 3.4 Physical properties of the alkanols

Density at 293K Refractive index

Alcohol Boiling point (K)
(g/cm?) at 293K
Methanol 338 0.7914 1.329
Propan-1-ol 370 0.803 1.385
Butan-1-ol 390 0.8098 1.399
Pentan-1-ol 411 0.812 1.409
Hexan-1-ol 431 0.8136 1.418
Octan-1-o0l 469 0.827 1.429
Pentan-1,5-diol 515 0.994 1.449
(¢) Water

Water used was deionised doubled-distilled and then further purified by passing it through
an jon-exchanger to produce an ultra-pure water solvent of conductivity and surface

tension 0.5 pS/cm and 72 + 0.2 mN/m at 293K respectively. This water was used for all

the experiments described here.

3.1.3 Brine

The brine used in the microemulsion experiments was a solution of NaCl (concentration

1-10 g NaCl/100cm?) in water including divalent ions, 0.5% MgCl, and 0.4% Na,SO,.

This is described as synthetic sea water.
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3.1.4 Inorganic Salt

Table 3.5 shows the inorganic salts used in the present study as received.

Table 3.5 Properties of salts
Salt Source Purity (%)
NaCl BDH; AnalaR 99.2
Na,SO, Aldrich 99.9
MgCl,.6H,0 BDH; AnalaR 99.8
Na, H,PO,.12H,0 Acros Chimica 99.6
CaCl,.2H,0 BDH; AnalaR - 995

3.2 EXPERIMENTAL

3.2.1 Preparation of Microemulsions
Before preparing microemulsions, all glassware was washed first with an ordinary
detergent using hot tap water, and was then exhaustively rinsed with distilled water, and

then ethanol before drying in an oven at 313K for 2h.

Microemulsions were produced by mixing known ratios of surfactant, water, co-solvent
(alcohol) with a hydrocarbon to make a 100% (w/w) mixture. Each sample was prepared
individually and was contained in stoppered 10cm’ phase tubes. All the samples were held
at a selected temperature to = 0.1K in an accurate thermostat (i.e. a water bath). Each
sample was vigorously shaken (1.e. by hand) and allowed to equilibrate for 24h. The phase
behaviour was determined by visual inspection of samples and also by the modified UV-
spectrophotometer (see Section 3.2.4). The time required for phase separation generally
depended on the nature of the phase separation and on the viscosity of the separating
phases. Single phase microemulsions containing water or oil generally formed clear
solutions within a few minutes after shaking. Water/TX-100+pentan-1-ol/n-decane

samples usually phase separated within lh. The compositions of the three phase
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microemulsion systems are shown in Table 3.6,

The single-phase microemulsions were prepared for sizing assays with different wei ght
percentages of the disperse phase. These were prepared by mixing the nonionic surfactant
TX-100 and pentan-1-ol in 1:1 ratio, and then adding this to decane (continuous phase)

and fmally by adding water as the disperse phase at 298K. Their compositions are given
in Table 3.7

Table 3.6 Composition of three-phase microemulsion systems
Microemulsion Composition (wt%)
System Brine* TX100 Pentan-1-ol SAS SDS  Decane Butylbenzene
M1 50 10 10 —m-- - 30 -
M?2 40 4 5 1 - 50 0 -
M3 40 4 5 -—-- 1 40 e
M4 50 10 10 —-- ——-- 24 6

Brine* TX114 Pentan-1-ol SAS  SDS Decane Butylbenzene
M5 40 5 5 50
M6 40 5 5 e 40 10

Brine* represents various concentrations of NaCl (i.e. in the range of 1-10g NaCl/100cm?)

Table 3.7 Composition of single-phase microemulsions
Composition
Water TX-100 Pentan-1-ol Decane
wt% vol% wt% vol% wt% vol% wt% vol%
1.00 0.80 14.00 7.53 14.00 13.80 71.00 77.87
2.00 1.60 14.00 7.55 14.00 13.84 70.00 77.00
3.00 2.42 14.00 7.57 14.00 13.88 69.00 76.12
4.00 3.23 14.00 7.60 14.00 13.92 68.00 75.24
5.00 4.05 14.00 7.62 14.00 13.96 67.00 74.35
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3.2.2 The Phase Diagram of a Ternary Mixture

The phase diagram for a ternary mixture was represented on a Gibbs phase triangle at a
fixed temperature and pressure (see Figure 3.3), where the sum of the vertical distances
from a given point within the triangle to its sides is a constant equal to the height of the
triangle. Thus each vertex of the triangle represents 100% of a single component and the
opposite side of the triangle represents 0% of that component. The fraction of component
W in Figure 3.3 can therefore be indicated by lines parallel to the axis S-O. For example,
the mixture denoted ‘X’ in Figure 3.3 has the composition 40% W, 30% S and 30% O.
Each axis of the triangle represents one of the three binary mixtures W-S, W-O and S-O.
Any point within the triangle represents a specific composition of a three-component

mixture. Composition is usually expressed as mole fraction, weight fraction or volume

fraction. Here weight fractions are used.

100%

100% 100%

Figure 3.3 The Gibbs phase triangle
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3.2.3 Spectrophotometric Measurements

The absorbance of different microemulsion phases was determined using the Perkin
Elmer Lambda 9 spectrophotometer. A schematic diagram of the instrument is given in
Figure 3.4. The spectrophotometer was calibrated by the standard method [3] prior to the
absorbance measurement. The microemulsions were diluted with methanol before fheir
absorbance was measured at 298K. This absorbance was then used to determine the

surfactant concentration in each phase of the three-phase microemulsion systems M1 and
MS5.

Motor

Semitransparent
%Rotating mirror ~ MUTOT

Scanning N\ Sample P}/ _
monochromator NTTCavet — T Detector Amplifier
S%ﬁ?ée Reference P
Cuvet / Recorder
Mirror Mirror

Figure 3.4 Schematic diagram of the spectrophotometer (Lambda 9)

In recording the spectra two quartz cells of 1cm thickness were used: one as the sample
cell and the other as the reference cell. The reference cell was filled with the solvent and
the sample cell with the solution, so as to compensate for solvent absorption and also for

losses by photon scattering and reflection.

3.2.4 Scanning of the Microemulsion Phases by UV-Spectrophotometer

A Pye Unicam SP1800 spectrophotometer was also used to determine the surfactant
absorbance (concentration) and the percentage of different microemulsion phases. The
apparatus was modified to have a horizontal detector slit, and fitted with a motor driven

cell which passes the detector. The apparatus is schematically shown in Figure 3.5.
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Figure 3.5 Schematic diagram of the modified spectrophotometer, where LS is the
light source, S is the slit, SC is the sample cell, SH is the sample holder,
M is the motor, WB is the weight balance, D is the detector, IB is the
interface box, C is the BBC computer and P is the printer

The microemulsion, which may have two or three phases at equilibrium, was held in a 10
mm quartz cell. The sample cell was accurately thermostatted (to + 0.5K) during an
experimental run by the circulating water. The reference cell contained distilled water or
decane. The wavelength used was 275 nm although other wavelengths could have been
selected. The instrument output (0 to 1.4 V) was proportional to the absorbance and was
accepted into a BBC computer through an interface protecting the computer from
excessive voltage fluctuations. The computer programme (see Appendix) was designed
to analyse differing absorbances of the microemulsion phases. From this analysis, the

volume percentage of each phase and the surfactant concentration could be determined

as a function of salinity and temperature.

3.2.5 Optimum Salinity Scans

A salinity scan provides a very rapid indication of the phase behaviour properties of a
system and a convenient method for screening potential surfactant systems for oil recovery
[4]. Initial phase behaviour experiments involved salinity scans at a constant water : oil

weicht ratio of 1:1 while scanning the system with respect to brine concentration at a
o

constant surfactant alcohol concentration.
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These salinity scans were performed by combining brine, surfactant, pentan-1-ol and
decane stock in 10cm’ phase tubes. After vigorous shaking the phases were allowed to
reach equilibrium by standing tubes in a constant temperature bath (298K) and

determining the phase boundaries with the modified apparatus described in Section 3.2 4.

when constant volume levels had been achieved.

3.2.6 Electrical Conductivity Measurement

(a) Determination of Electrolyte Concentration in the Middle Phase

In order to determine the NaCl concentration in the middle phase microemulsions, initially
the conductivity of the brine solution (used to produce three phase microemulsions) was
measured at 298 + 0.1K. The lower aqueous phase was separated from the three-phase
system and conductivity was measured using an"alpha 800" conductivity meter. The
conductivity cell contained two electrodes, with a cell constant of 1 which was previously
determined using KCI solutions. Measurements were performed by completely immersing
the electrodes in the electrolyte solutions. The temperature was varied with a thermostat
circulating water bath (Grant Instruments) and was determined with an accuracy of

+0.1K.

(b) Phase Inversion in the Microemulsions

In order to observe the transition from one microemulsion type to another, the
conductivities of thermodynamically-stable middle-phase microemulsions were measured
as a function of salinity at 298K. The electrodes were immersed in the middle phase

microemulsion and left to equilibrate for 15min before measurement. A significant

conductivity change was noticed at the phase transition.

3.2.7 Viscosity Measurement

Measurement of the viscosity of surfactant solutions was carried out using an Ostwald
viscometer (calibrated against water at 298K). The viscosities of the middle-phase
microemulsions studied were measured at 298K by timing the flow of a constant volume
of each sample in the viscometer (held in a clamp in a water bath maintained at 298 =

0.1K). A constant volume (8cm*) was pipetted into the viscometer and it was drawn
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above the upper mark of the viscometer slowly (in order to prevent foaming). The average

flow time of the samples between the upper and lower marks was measured from at least

S1X experiments.

3.2.8 Surface Tension Measurement

The Du Nouy ring torsion balance (White Electrical Instrument Company Ltd., Malvern)
fitted with a platinum ring was used to measure the surface tension of surfactant solutions
of varying concentration in distilled water at 298K after being left for 24h to reach
equilibrium. The ring (pre-cleaned by flaming carefully in the micro-burner) was lowered

until it just touched the surface of the liquid, after which the surface was lowered until the

meniscus broke and the ring was free.

3.2.9 Interfacial Tension Measurement

Interfacial tension of the microemuision phases was measured using the spinning drop
interfacial tensiometer (see Figure 3.6) in which rotation of the Pyrex sample tube was
driven by an Electrocraft D.C. motor-generator (Model E-650-MG) on a closed-loop
control circuit. The Pyrex glass tubes (precision-bore of 0.291cm I.D., 0.73 cm O.D., 2.5
cm long, hemispherical at the closed end) were sealed with a silicone-rubber septum at the
loading end and were interchangeably mounted in the slotted brass shaft. A bifilar
micrometer microscope (Model M 110A, Gaertner Scientific Corp., Chicago) was used
for measuring the drop diameter with an accuracy of £0.0001 cm, and was mounted 1n a
Gaertner travelling micrometer stage (Model M303) which permitted measurements along

the entire observable length of the tube.

The instrument was mounted on a massive cast-iron base with three levelling legs that rest
on rubber pads to help dampen vibrations. The drop was illuminated by a stroboscope
(General Radio Co., West Concord, Mass.). The temperature of the tube was controlled

by flowing air of suitable temperature through coiled tubing located at the pulley nearest

the hemispherical end of the tube.
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Figure 3.6  Schematic diagram of spinning-drop apparatus

Initially, the tube was filled with the dense phase (with care taken to avoid the formation
of air bubbles in the tube) and a drop of the light phase was injected with a Imm? S);ringe,
after the entire length of the needle had been introduced into the tube. Depending on the
tension expected, drop volumes between 0.02 mm® (for tensions in the uN/m range) and
10mm’ (for tensions of few mN/m and higher) were injected, the criterion being
achievement of a length-to-diameter ratio greater than four at the desired rotation speed.
Both the droplet length and diameter were measured and the drop volume was calculated.
Thus the interfacial tension was determined using the Vonnegut equation [5].

Y, = - wriAp (3.1)

1
4

where v, is the interfacial tension between liquids 1 and 2, w is the angular velocity. r

is the radius of the droplet and Ap the density difference of the two phases.

3.2.10 Cloud Point and pH Measurement

Surfactant solutions of 1 % (w/v) with varying concentrations of salinity were heated

slowly (at a rate of 1K min” near the cloud point) with constant stirring. The temperature
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was monitored to within 0.1K until the cloud point was observed. The solution was

allowed to cool and the temperature noted when the solution gained its original clarity.

Solution pHs were measured by a PTI-15 Model pH metre pre-calibrated with standard
buffers (pH 4.00 and 7.00) at the beginning of the measurements and then after about

every 10 readings. The temperature was varied using a water bath thermostat and was

accurate to = 0.5K.

3.2.11 High Performance Liquid Chromatography (HPLC)

A computer-controlled Varian Star HPLC (shown schematically diagram in Figure 3.7)
was used in this study. This system has the capability to undertake both isocratic and
gradient elution, to generate chromatograms with its detector at 190-367 nm to observe
any UV absorbing species. Column blanks of 12.5 cm length and 4.5 mm internal diameter

(ID.) were packed with Sum diameter Spherisorb silica.

Solvent
reservoir
Pump+ Guard column
gradient Injection
unit
e Pressure and
flow indicator —|- - _
Analytical
column
Thermostat
Recorder Data . Detector
processing

Fioure 3.7 Schematic representation of high performance liquid
chromatograph used.

The Spherisorb silica has the ability to separate individual oligomers of Triton X-100
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whgn eluted with acetonitrile and pH 3 buffer (6 ]. The buffer was prepared by dissolvin g
5.0g of disodiumdihydrogen-phosphate (Na,H,PO,.12H,0) in approximately 1dm® of

deionized water, adjusting pH to 3 with orthophosphoric acid, and making up to 1dm®

with the water.

The organic modifiers commonly used in HPLC, particularly mixed with water or aqueous
buffers, are methanol, acetonitrile, and tetrahydrofuran. These are water-miscible in all
proportions and do not absorb in the UV in the common monitoring region above 210 nm.
Mixtures of these solvents with pH 3 buffer were prepared and their ability to elute Triton
X-100 under isocratic conditions was assessed. The mobile phase was degassed by
vacuum filtration before placing it in the reservoir. This was necessary to eliminate air
bubbles and particulate matter; the former can cause serious problems in HPLC by
reducing the volume of the mobile phase delivered by the pump and so affecting

reproducibility.

PTFE tube inserted into the reservoir carried the mobile phase to the pump. The PTFE
tube end in the reservoir had a stainless steel filter element push fitted to it to filter the
mobile phase before it enters the pump. The pump passed the mobile phase at a constant
rate of 1.0 cm*/min. The guard column removed particulate matter resulting from the wear
and tear of the pump, and presaturated the mobile phase with silica thus prolonging the

life of the analytical column.

Finally the chromatography of the surfactant was studied under gradient elution conditions
and in this context n = 9 and n = 3 markers compounds (synthesized at Brunel by Dr.

Peter Payne) were used to identify specific oligomers with the following conditions:

Eluent Gradient elution
A = pH 3 buffer : acetonitrile 80:20
B = pH 3 buffer : acetonitrile 50:50
A to B over 12 min

B to A over 5 min
A equilibration 3 min
Flow rate 1 cm*/min
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Temperature Ambient 295K

Pump Varian 9010

Injector Valco valve in Varian 9100 auto injection
system.

Sample TritonX-100 Img/cn’ in water or methanol
+n =9 and n = 3 as marker compounds.

Detector Varian 9065 linear diode array UV

absorbance detector (wavelength range 190-
367 nm) continuously monitored at 274
nm. The chromatogram at 274 nm was
usually printed out and used to provide

retention data.
Limits of analysis 0.1 ppm

A literature review of that gradient elution HPLC on chemically modified silica is very
suitable for both the qualitative and quantitative analysis of oilgomeric mixture. Van Der
Maeden [7] has emphasized that sample retention in liquid chromatography depends
strongly on the composition of the mobile phase. In many application of liquid
chromatography to the separation complex mixture, sometimes containing widely
dissimilar components, 1t 1s frequently necessary to change the composition of the mobile-
phase in order to elute all of the components present in the sample satisfactorily from the

column.

Holt and co-workers [8], described a more sensitive and specific method for the analysis
of alkyl phenol ethoxylate based on normal-phase HPLC. Allen and Rice [9], reported a
relatively simple liquid chromatography method for the isolation of individual oligomers
of Triton X-100 and similar polyoxyethylene based surfactant has been developed. The
method has been used for the separation of mixtures of oligomers with up to eighteen

oxyethylene subunits on silica acid type adsorbent using acetic acid -water-ethyl acetate

eluents.

3.2.12 Gas Chromatography (GC)

A Pye Unicam GC system (shown schematically in Figure 3.8, which incorporated a 5%
SE on Diatomite column, thermal conductivity detector, (TCD)) was also used and into

this 1 mm’ samples were injected in a He carrier gas. Analyses took 12 min. For the
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separation of water, pentan-1-ol, decane and butylbenzene Porapak P and Q columns were
found to be incapable of separating water from the sample. A less polar column was
required. Consequently a 2 m column of 5% SE on diatomite (80-100 mesh) was chosen.
At the optimum injection temperature (523K) four peaks were eluted (water, pentan-1-ol,
decane and then butyl benzene) within 12 min when 40 cm’ He/min was used as carrier

gas. The temperature of the detector was 473K and that of the oven was 373K.

Pressure gauge ~ Scptum
gaug : Detector vent

O

l
Filament ‘
electronics J

l

Carrier gas

o)

Oven

Figure 3.8 Schematic diagram of the gas chromatograph
with a thermal conductivity detector

The calibration standards were prepared for each of the four components, as pentan-1-ol,
decane and butyl benzene are fully miscible, their calibration standards were prepared as
mixtures. Water is immiscible in hydrocarbon, and only partially miscible in pentan-1-ol.
Therefore, for the water calibration it was necessary to choose a solvent that was fully
miscible with water, and had a retention timé different from water. Ethylene glycol was
used as the solvent for the water calibration. Each standard was so analysed in triplicate

and this produced the four calibration plots (shown in Figures 3.9 and 3.10). The limit of

analysis was 0.15ppm.
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Figure 3.9 GC calibration curves for (a) water (b) pentan-1-ol giving a correlation

coefficient 0.9991.
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Figure 3.10 GC calibration curves for (a) decane (b) butylbenzene giving correlation

coefficients 0.9978 and 0.9986
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Quantitative Analysis

For quantitative analysis it is assumed that the height (or the area) of the peak in the
chromatogram is proportional to the concentration of the substance that produced the
peak. In order to analyse the samples quantitatively it is necessary to calibrate the
detector. This 1s because for equal amounts of each component the detector response is
often different. Another reason for calibration is that each component in a sample does not

always appear as a separate peak on the chromatogram. Components may co-elute, be

retained on the column, or elute without being detected.

The external standard method of calibration was used throughout this work. In this
procedure a standard containing the compound or compounds that need to be determined,
ideally present at about the same level as in the unknown, is prepared. The chromatograms
of the standards and unknown are then compared. From the standard chromatogram, a
response factor is calculated for each component of interest as shown in the following

equation:

concentration of component

Response factor = . .
peak height | area of the component signal

The response factor represents the concentration of the component that produces a unit
detector response. Thus, for the unknown chromatgram, the concentration of each
component can be calculated by multiplying the peak height (or area) by the appropriate
response factor. The success of this method depends solely on the detector response being

linear over the range of concentration being used and also on an identical injection volume

of both standard and sample.

3.2.13 Determination of Water

In order to determine the water content in the microemulsions, a Karl Fischer titration
apparatus was used (at Thoro System Products, Lakeside, Redditch, Worcs, UK). The
apparatus automatically titrated a mixture of sample containing water, diluted in a water-
free methanol solvent, with a Karl Fischer Reagent (pyridine-free) containing free iodine
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ions in solution. The method, as formulated by Fischer and modified by Smith et al [10]
relies on the chemical reaction between iodine, sulphur dioxide and water in the presence

of anhydrous methanol and pyridine. It may be represented as:

SO

yanw;
S02 + 12 +H20 + 3C5H5N —_— 2C5H5N.HI+C5H5N
~
0]
SO CH
80, SO LHS
CSHN + CH3;OH ——>» C5H5N\
0 H

Since each mole of iodine is equivalent to one mole of water, the principle is that the
sample is dissolved in a water-free methanol and titrated with standardised Karl Fischer
reagent. In the presence of water the free iodine ions form a complex with methanol and
the Karl Fischer Reagent which cannot be detected potentiometrically. When all of the
water has been complexed, free iodine ions remain in solution producing a sharp rise in
the measured potential of the solution; this is automatically detected and corresponds to

the end-point of the titration. At least three measurements were made for each sample.

3.2.14 Photon Correlation Spectroscopy (PCS)

Droplet size measurements were performed using a Malvern Zeta Sizer 3 instrument
shown schematically in Figure 3.11. The sizing procedure was carried out at 298K on the
instrument in its particle sizing mode, with a He-Ne laser (wavelength 633 nm) and

"Login" Software package, with the parameter set or assumed as follows:

Refractive Index of Continuous Phase 1.333
Viscosity (cp) of Continuous Phase 0.920
Scattering Angle () 90°

Particle Refractive Index Real 00.00
Particle Refractive Index Image 00.00



S/ ‘
Lhapten W@ terials Vs 2l Zopens morns

Measurement Settings were:

Estimated Size 0.0
Experiment Duration (seconds) 120
Size Analysis Range 0
Number of Repeated Measurements 5

Spectro-
Laser photometer
Visual Data Digital
Display Unit Processor Autocorrelator

Figure 3.11 Typical sequential arrangement of PCS equipment [11] used

Five runs were performed on each sample and an average of the five measurements was
used for both droplet diameter and the polydispersity index (P.1.). The pinhole of the
photomultiplier was normally between 100 and 200 pm. All the samples were prepared
individually as described in section 3.2.1. Multi-phase samples were pre-equilibrated at
room temperature for 24h to allow for any phase separation. A sample of the
microemulsion phase (1-3 cm’) was then extracted from a solution into a separate flask
using a Pasteur pipette. The samples were filtered using Millipore filters (pore size 0.2
um) into glass cylindrical cells, to eliminate any dust particles and left 0.5h to equilibrate
and allow any air bubbles to rise. Great care was taken in order to prevent contamination

with dust particles that would have interfered with the PCS data.

Prior to a PCS measurement the samples (single phase and multiphase) were requilibrated
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at the required temperature for approximately 20 minutes and the cell was then placed into
the cell assembly. This procedure was necessary in order to ensure that further phase
changes did not occur during an experimental run. The samples were accurately
thermostatted (to + 0.1K) during an experimental run by the circulating water. The

composition of the samples prepared are summarised in Tables 3.6 and 3.7.

The hydrodynamic radius Ry, and diffusion coefficient D were determined by the PCS

experiment using the Stokes-Einstein relationship (as described in Chapter 2):

kT
6TNR,,

D =

(3.2)

where k is the Boltzmann's constant, T is the temperature, 1 is the viscosity of the

continuous phase.

3.2.15 Summary of Experimental Methods

(1) The nonionic surfactants have chromophores which facilitate rapid UV-analysis.
Maximum absorbance is at 275nm.

(11) A phase diagram is a simple and informative method for describing the phase
equilibrium behaviour of three or four component mixtures. However, a large
number of samples is needed to define a region of interest on the phase diagram.

(iii)  The % volumes of the microemulsion phases can be measured at 275nm accurately
with the modified spectrophotometer. The measurements are performed when the
phases reach equilibrium and constant volume levels are achieved.

(iv)  During enhanced oil recovery ultra low interfacial tensions (in the range of 0.01-
0.1uN/m) are required for efficient chemical flooding. The spinning drop method
is capable of measuring the interfacial tensions at a constant temperature. It is
important to achieve a length-to-diameter ratio of four for the accurate
measurement of the interfacial tensions.

(v) Viscosity and conductivity provide an indication of the phase inversions in the
microemulsion systems. The disadvantages of the viscosity and conductivity

experiments are that the use of large volume of the microemulsion phase and
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(vi)

(vii)

(vii1)

longer time for the equilibrium are required. In the conductivity experiments, it
must be ensured that the conductivity cell is completely immersed in the
microemulsion phase.

HPLC is used to characterise and quantify the surfactants as well as the
microemulsion phases under the gradient elution. In order to label the peaks, n=9
and n=3 marker compounds should be used to identify specific oli gomers.

Gas chromatography is useful for qualitative and quantitative analysis of volatile
components (i.e. hydrocarbons and alcohols) in the microemulsion systems, and
particularly with a thermal conductivity detector (TCD) it is possible to detect
water in the system.

Dynamic light scattering is capable of measuring the apparent droplet sizes of the
single phase and three phase microemulsions. The main advantage of the light
scattering measurement is that only small sample volume is required to complete
the analysis. The complication arises in eliminating dust from the sample. Even
after careful filtering and protection from airborne particles there will inevitably

be contamination and this will have an effect on the apparent particle size.

These techniques were chosen because the alternatives were less convenient and they have

the advantage in presenting a comprehensive overview of the phase behaviour of

microemulsion systems.
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CHAPTER FOUR
CHARACTERISATION OF MICROEMULSION SYSTEMS

4.1 Phase Equilibria in Microemulsions

4.1.1 Introduction

Surfactants have considerable potential as enhanced oil recovery agents because they are
capable of recovering most of the oil contacted in a micellar reservoir flood. For this
reason it is necessary to maintain ultra-low interfacial tensions, typically in the range 0.0-
0.01puN/m. These conditions can be achieved with an appropriate choice of an optimum
surfactant system, where a middle phase microemulsion exists in which equal volumes of
o1l and water are solubilised. Apart from the surfactant, oil and brine, a co-surfactant, such

as an alcohol, is often required to ensure that appropriate optimum conditions exist.

Systems containing water, hydrocarbon and surfactant(s) often consist of two or more
phases in contact with each other. The various permutations of the contact between the
phases present have been classified by Winsor [1] and designated Winsor (I), (II), (III),
and (IV) equilibria.

Oil O1l
M/e
M/e M/e
M/e
Water Water
I II III JAY%

Figure 4.1 Schematic representation of non-order media comprising: surfactant,
hydrocarbon and water according to the Winsor classification.

Type (D: systems in which the surfactant is in the aqueous phase and the
microemulsion is in equilibrium with excess oil.

Type (ID): systems in which the microemulsion is in equilibrium with excess water.
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Type (III): systems in which the microemulsion forms a stable middle phase in
thermodynamic equilibrium with both excess oil and water.

Type (IV):  systems which contain no free aqueous or organic phases and which are
macroscopically monophasic fluid media, made of water, hydrocarbon and
surfactant, i.e. a microemulsion.

When surfactant (and co-surfactant), water and oil are combined in the correct proportions

a single phase microemulsion is formed (type (IV)), which contains discrete droplets as a

result of the molecular self-assembly of the system.

4.1.2 Effect of Alcohols (Co-surfactant)

The use of alcohols in making microemulsions has a long tradition. To Schulman and
Winsor, the co-surfactant was considered an indispensable ingredient of microemulsions.
The presence of alcohols, which are themselves surface-active materials, has profound
effects on the phase properties of surfactants-oil-water systems. Alcohols assist the
surfactant in enhancing the mutual miscibility of oil and water. In this role alcohols are
known as co-surfactants. Mixtures of surfactant, oil and water which usually form turbid

macroemulsions can form optically clear or solution-like liquids.

Most commercial surfactants are not balanced with respect to their affinity to water and
oil, but can be made so by alcohol addition. Using anionic surfactant, electrostatic
interactions have to be screened by salt as a fifth component. The unwanted effects of salt

can be compensated by adjusting the alcohol concentration.

4.1.3 Effect of Salinity, pH and Temperature on the Phase Equilibria

The effect of inorganic salts on the phase behaviour of mixtures of water, oil, and ionic
surfactant is well known, since 1950, and recently has more interest because of the
potential application of micellar systems to enhanced oil recovery [2]. Salt has a marked
effect on the phase behaviour of microemulsions prepared with petroleum sulphonates
[3,4]. Single phase and multiphase regions on the ternary phase diagram are significantly
changed by altering the electrolyte content of the brine phase. Within the single-phase

region, physical properties and structure are modified due to changing the preference of
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the sulphonates for the oil phase or water phase; decreasing salinity favouring the aqueous

phase.

Winsor type (II) systems with anionic or nonionic surfactant NaCl has been found to
partition preferentially into the excess aqueous phase in equilibrium with a microemulsion
phase [2]. However, the effect is small in the case of nonionic surfactant. An increase in
temperature or ethylene oxide units or hydrophilic lipophilic balance (HLB) decreases the
effect of most of the surface and thermodynamic properties of the surfactants such as
CMC, AG,, etc. The only exception is the critical surface tension Yy, : an increase in
temperature has a negligible effect while increasing the number of ethylene oxide units or

HLB increases Y cuc,

4.1.4 RESULTS AND DISCUSSION

Phase behaviour of the nonionic and anionic surfactants was observed using the method
as described in section 3.2.2 of Chapter 3. The effects of alcohols (co-solvents), salinity
(NaCl) and temperature were extensively investigated and particular emphasis was given
to the stability of the three phase microemulsion system. In addition, an apparatus was
developed to determine the volume percentage of the different phases formed in the

microemulsion systems as a function of salinity and temperature.

The phase equilibrium diagram of water/TX-100+pentan-1-ol/decane system at 298K is
shown in Figure 4.2. The solid lines in the figure correspond to experimentally determined
phase boundaries. At low surfactant concentrations (<10%), phase separation occured into
an opaque and viscous lower emulsion phase. The region of the phase diagram located
towards the surfactant corner is structurally very complex and is composed of a variety of
lamellar and hexagonal liquid crystalline phases. This region has been studied in some
detail by other workers [5] and was not investigated in this work. At high surfactant/co-
solvent concentrations (>30%) single phase microemulsions were produced. In this system,

large regions of the Winsor types (I) and (IT) were also observed. The system has shown

a classical phase behaviour.
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Figure 4.2 Phase equilibrium diagram of water/TX-100+pentan-1-ol/decane system at 298K

TX-114+pentan-1-0l(1:1)

Not investigated

Three phases-an upper organic, a middle B
emulsion and a lower aqueous phase type(I)

Phase equilibrium diagram of brine/TX-1 14+pentan-1-ol/decane system at 298K,
where () is single phase microemulsion region.

decane

water

Figure 4.3
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The phase equilibrium diagram of water/TX-1 14+pentan-1-ol/decane system at 298K is
presented in Figure 4.3. A narrow region of the single phase w/o microemulsion has been
found at a 20-60wt% of the surfactant/co-solvent concentration. At low surfactant
concentration (<10%) a three phase region with a middle macroemulsion phase was

observed. Type (I) and (II) microemulsions were also investigated in the system.

The effect of salinity (1-4% NaCl) on the single phase microemulsions has been studied
at 298K for both the surfactants (i.e. TX-100 and TX-114) and the phase diagrams are
shown in Figures 4.4 and 4.5. All the Winsor types of microemulsions have been observed
in the two systems. The shaded area corresponds to a decrease in the single phase
microemulsion regions which have been transformed into type (II) microemulsions. Typical
three-phase regions have been found in both the systems at 15-20 wt% of the
surfactant/co-solvent concentrations. The middle phase of the three-phase solutions
consisted of a transparent viscous liquid. This might suggest that the structure of the
middle phase (which contains quite a high proportion of surfactant and water) may not be
that of a typical microemulsion consisting of discrete water droplets dispersed in an oil-
continuous medium. A so-called bicontinuous structure, where transient oil and water
channels are separated by a flexible surfactant interface, might be a more reasonable

hypothesis for the structure of the middle phase.

The phase equilibrium diagrams of brine/cardanol (a natural product)+pentan-1-ol/decane
system at 298K are traced in Figures 4.6 and 4.7. As can be seen, the cardanol with a large
number of ethoxylate units (8.5) shows the classical phase behaviour, whereas, for the
cardanol with 3EO units, no single-phase or three-phase microemulsion has been observed.
However, the phase diagram of the cardanol with 8.5 EO units is similar to the phase

diagram of TX-100 at the same temperature (see Figure 4.4).

Theoretically, if the size of the hydrophile and lipophile groups of a surfactant increases,
the CMC will decrease, the aggregation number will increase and the solubilising power
will be enhanced. This may be the reason that the brine/T X-100+pentan-1-ol/decane and

the brine/ cardanol (8.5EO)+pentan-1-ol/decane systems have shown a better phase
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TX-100+pentan-1-o0l(1:1)

No salt
—————— 2%NaCl

........... 3%NaCl
s 4%NaCl

single phase
microemulsion

brine decane+butylbenzene
(4:1)
Figure 4.4 Phase equilibnum diagram of brine/TX-100+pentan-1-ol/decane system at 298K
Effect of salt on the single phase microemulsion where (2) denotes two phases;

an upper emulsion phase and a lower aqueous phase

‘TX-114+pentan-1-0l(1:1)

No salt
———-2%NaCl
4%NaCl

Not investigated

decane+butylbenzene
4:1)

brine

Figure 4.5 Phase equilibrium diagram of brine/TX-1 14+pentan-1-ol/decane+buty Ibenzene
system at 298K, where (a) is single phase microemulsion region.
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Not investigated
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NE
decane

2%NaCl brine

Figure 4.6 Phase equilibrium diagram of brine/cardanol 8EO+pentan-1-ol/decane system at 298K,
where (a) represents two phases: an upper emulsion phase and a lower aqueous phase
and (b) corresponds to a three phase region: an upper organic phase, a middle emulsion

phase and a lower aqueous phase.

[Cardanol 3EO]+[pentan-1-01](1:1)

" Notinvestigated

Type(I): an upper microemulsion phase
and a lower aqueous phase

decane

2%NaCl brine

Fioure 4.7 Phase equilibrium diagram of brine/cardanol 3EO+pentan-1-ol/decane system at 298K
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behaviour (i.e. large single phase region) than the brine/TX-1 14+pentan-1-ol/decane and
the brine/cardanol(3EO)+ pentan-1-ol/decane system. As in TX-100 there are 10
ethoxylate units (EO) whereas TX-114 has 7-8 EO units.

4.1.5 Effect of Alcohol (Co-solvent)

In most surfactant systems a co-surfactant (e.g. alcohol) is required to form a
microemulsion. For such systems, selection of the alcohol co-surfactant may be important.
The choice of co-surfactant for use in the creation of a microemulsion is dependent, to a

certain extent, on whether the desired microemulsion is a w/o or an o/w dispersion.

The effect of different alcohols (including diol) on the phase behaviour of the nonioninc
surfactant was investigated at 298K. The phase diagram of water/TX-100+propan-1-o0l/
decane system is shown in Figure 4.8. No single-phase or three-phase microemulsions have
been observed even at high surfactant/co-solvent concentrations. However, a large region
of type (I) microemulsion (i.e. o/w) can be seen. The phase diagram of water/TX-100+
octan-1-ol/decane system is traced in Figure 4.9. Single phase microemulsions have been
observed at a high surfactant/co-solvent concentration. The Winsor type(I) and (II)
microemulsions were also seen. The short chain alcohol (i.e. propan-1-ol) tends to favour
an o/w microemulsion as probably because it can pack the surfactant head group region,
but it does not extend into the tail section. Similarly the long chain alcohol (i.e. octan-1-ol)

tends to favour a w/o microemulsion as it can screen the head group repulsion of the

surfactant and pack the tail region.

A comparison of a mono-alcohol and diol has been made in which pentan-1-ol was
replaced with pentan-1,5-diol. Figure 4.10 shows the phase behaviour of brine/TX-100+
pentan-1,5-diol/decane system at 298K. In this system, only type(I) microemulsions have
been observed at 298K. Presumably the two OH group on the alcohol molecule destabilise
the interface and therefore no single phase or three phase microemulsions have been

formed. Thus, changing from an alcohol to a diol was not beneficial.
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Figure 4.8 Phase equilibrium diagram of water/T X-100+propan-1-ol/decane system at 298K

- TX-100+octan-1-01(1:1)

Not investigated

single phase
microemulsion

Two phases: an upper emulsion
and a lower aqueous phase

decane

water

Fioure 4.9 Phase equilibrium diagram of water/TX-100+octan-1-ol/decane system at 298K
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TX-100+pentan-1,5-diol(1:1)

Not investigated

Two phases: anupper emulsion
and a lower aqueous phase

decane

2%Na(Cl brine

Figure 4.10 Phase equilibrium diagram of brine/TX-100+pentan-1,5-diol/decane
system at 298K.

[TX-100+NPE-SO,Na (4:1)]+[pentan-1-01](1:1)

Not investigated

single phase
microemulsion

E type()

39%NaCl brine decane
Figure 4. 11 Phase equilibrium diagram of bn'nc/[TX-1OO+NPE-SO4Na]+[pentan-1-01]/dccanc
system at 298K
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Billoudet and Dupeyrat [6] studied the penetration of short chain alcohols in monolayers
of sodium dodecyl bezene sulphate (SDBS) at the decane/brine interface and found that
the alcohol produced a substantial reduction in the interfacial tension. Salager and Shah
[7] have concluded that the function of alcohols was to increase the solubility of the
surfactant systems in the brine and to prevent the formation of viscous gels. liquid crystals

and precipitation. The effects of alcohol on different crude oil/surfactant systems were also

studied by Salter [8].

It has also been shown [9] that the alcohol acts to modify the surfactant partitioning and
to stabilize microemulsions by preventing the formation of liquid crystals, gel or
precipitation. Kahlweit et al [10] studied the effect of medium-chain alcohols on the phase
behaviour of microemulsions and concluded that referring to alcohols as co-surfactants
may obscure their actual significance. It was suggested that they be considered rather as
co-solvents that partition between the aqueous domian, the oleic domain, and the

amphiphilic film.

Simple test tube experiments on o/w emulsions show that increasing the amount of
co-surfactant increases the transparency of the system. This is due to the co-surfactant
causing a reduction in the size of the dispersed phase and thus progressively changing the
emulsion to a microemulsion. As the alcohol is added, it partitions between the aqueous
phase, the ol phase and the interface. This dynamic process provides some of the energy
needed to subdivide the dispersed phase [11]. Once the capacity for alcohol of the aqueous
phase and interface is exceeded, the excess dissolves in the oil phase. For o/w systems this

means an increase in droplet size and an accompanying decrease in transparency [12].

Alcohols modify the effect of surfactants. (a) Water-soluble alcohols solubilize additional
brine into a microemulsion. Large amounts of alcohol cause separation of a hydrocarbon
phase. (b) Water insoluble alcohols, on the other hand, cause solubilization of
hydrocarbon, while decreasing the brine solubility [11]. Hydrocarbon capacity should

increase and brine capacity should decrease with increasing alcohol concentration. Excess

brine solubility should be zero at the upper limit of stability.
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4.1.6 Three Phase System on Ternary Diagram

The particular interest of this thesis is the use of surfactant systems to solubilise oil and
water, in oil reservoirs. This is generally accompanied by the formation of a microemulsion
[13] and a reduction in interfacial tension [14, 15]. In the literature, it has also been
suggested that some systems using nonionic surfactants can be stabilized using a small
amount of anionic surfactants [16]. It was therefore decided to add a few percent of the

anionic surfactants (SAS or SDS) to enhance the stabilization of microemulsion.

Nonionic surfactants were mixed with the anionic surfactants in different ratios in an
attempt to improve their phase behaviour. The anionic surfactants used were secondary
alkane sulphonates (SAS), sodium dodecyl sulphate (SDS) and nonylphenol ethoxylate
(10EO units) sodium sulphate (NPE-SO,Na). The phase equilibrium diagrams of brine/TX-
100 + NPE-SO,Na + pentan-1-ol/decane and brine/TX-165 + SAS + pentan-1-ol/decane
systems at 298K are shown in Figures 4.11 and 4.12 respectively. In the phase diagrams
a wide region of type (III) microemulsion has been observed at low surfactants/ co-solvent
concentration (i.e. 15 wt %) near the brine corner. The three phases consist of a small
upper hydrocarbon phase, a large middle microemulsion phase and a small lower aqueous
phase. Figures 4.13 and 4.14 show the phase behaviour of TX-100+pentan-1-ol with and
without SAS and SDS at 298K respectively. A shift in the three phase region towards low
surfactant concentration can be seen. In the Figure 4.14 a single phase microemulsion
region has also been observed with the addition of SDS. Probably, addition of SAS or
SDS changes the HLB of TX-100 and hence the three-phase region is produced at a lower
surfactant concentration. The phase equilibria results show that the phase behaviour of the
nonionic surfactants can be dramatically improved (i.e. the extent of the three-phase region

can be increased) by mixing them with anionic surfactant, SAS or SDS.

4.1.7 Effect of Salinity on the Phase Equilibria

The effect of salinity (2-9%NaCl) on the phase behaviour of the nonionic/anionic mixtures
was investigated at 298K. The phase equilibrium diagrams of brine/TX-100+ NPE-SO,Na
+pentan—1-ol/decane and brine/T X-100+SDS+pentan-1-ol/decane systems are presented
in Figures 4.1 5 and 4.16 respectively. It has been observed that the three-phase
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Figure 4.12 Phase equilibrium diagram of brine/TX-165+SAS+pentan-1-ol/decane
system at 298K, where (a) represents single phase microemulsion.

‘TX-100+pentan-1-ol[1:1]

P -

SAS addition

2%NaCl brine f—

decane

29%NaCl brine

Fioure 4.13 Phase equilibria of brine/TX-100+pentan-1-ol/decane with and without
2 SAS at 298K.
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Figure 4.14 Phase equilibria of brine/TX-100+pentan-1-ol/decane with and without SDS
at 298K, where (a) corresponds to the single phase microemulsion region.
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Effect of salinity on the phase behaviour of [TX-100+NPE-SO,Na (4:1)]/decane
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R at 298K, where (a) denotes the single phase microemulsions

90



Chafilon S = 2
i raraclersalio OYVE e
araclexsalion of xm;mm,,,,am - J?u/ﬂ .

microemulsion region increases with increasing the salinity. A shift in the three-phase

region has also been noticed towards lower surfactant concentration.

[TX-100+SDS(4:1)]+[pentan-1-ol](1:1)

/ Not invest oa[Cd\

3%NaCl ¢

decane

decane

9%NaCl

Figure 4.16  Effect of salinity on the phase behaviour of [TX-100+ SDS(4:1)]+
[pentan-1-ol](1: l)/decane at 298K, where (a) denotes the single phase
microemulsion region.

Addition of an electrolyte increases the system's affinity for hydrocarbon and decreases its
affinity for water. Added electrolyte reduces the amount of alcohol required to solubilize
hydrocarbon [17]. Miller et al [18] have studied the phase behaviour of ether sulphonates
and have shown that increasing salinity or temperature causes phase separation. However,

with a sufficiently long ethylene oxide chain the surfactant is soluble even at high salinity.

Qutubuddin et al [19] have reported the sensitivity of microemulsion phase behaviour to
salinity and pH. Their results show that the effect of salinity on phase behaviour can be
counter balanced by pH adjustment under appropriate conditions. Addition of electrolyte

makes the surfactant system hydrophobic while an increase in pH can make it hydrophilic

by ionizing more surfactant.
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4.2  Model Surfactant System For Enhanced Oil Recovery (EOR)
The physicochemical aspects of the phase behaviour of microemulsion systems containing
commercial petroleum sulphonates as surfactants have been well documented by Healy

and Reed [14, 15] and Salter [8]. The commercial surfactants sometimes contained as

much as 40% inactive ingredients [20].

Carboxymethylated ethoxylated surfactants were reported on by Olsen and Josephson [21]
who showed that they have high tolerance to electrolytes and to temperature and are used
in the laundry, cleaning and personal cosmetics industries. These surfactants were studied
at high temperatures relevant to North Sea reservoirs and it was found that they required
too much ethoxylate content to operate efficiently at the low salinity levels naturally
present under North Sea conditions. Sulphated versions of all surfactants were also
rejected due to their degradation at elevated temperature [22]. After considering the
available literature at the time it appeared that the most suitable choice for a model
surfactant would be a mixture of the nonionic and anionic surfactants (i.e. as a co-
surfactant). Particularly, when it was considered that the benzene ring in TX-100 provided

a chromophore to facilitate rapid UV analysis of surfactant in the microemulsion phases.

The phase behaviour can be influenced by many criteria but the nature of the crude oil is
especially important. Crude oils are essentially highly compressed mixtures of aliphatic,
aromatic, heteroaromatic, cyclic and heterocyclic hydrocarbons, some of which are
gaseous or liquid and remainder solid when isolated under laboratory conditions. The
multicomponent nature of crude oils and the varying proportions of these components in
crude oils between reservoirs has meant that no complete characterisation of a crude oil
has ever been achieved. The initial concept to use pure alkanes as replacements for crude

oils was developed by Cayias et al [23, 24] who used binary mixtures of alkanes,

alkylbenzene and alkyl cyclohexane.

In conclusion it was proposed that the model surfactant system that would be expected to

meet the criteria for EOR and would comprise of decane/TX-100+SAS or SDS+pentan-1-

ol/ water/sodium chloride. The microemulsion systems chosen for the characterisation
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studies are presented in Table 3.6 in Chapter 3. Full compositional analysis for each phase
was achieved by using a variety of analytical techniques. Some of these were developed
specifically for use with the model system and were subsequently improved. These

analytical techniques are all described in detail in Chapter 3.

4.2.1 Scanning of the Microemulsion Phases

(a) Salinity Scans

The volume percentage of the microemulsion phases and surfactant concentration in each
microemulsion phase were determined as a function of salinity and temperature as
described in section 3.2.4 of Chapter 3 using the modified apparatus (see Figure 3.5). A
plot of absorbance versus distance for the microemulsiom system M2 (sample cell
movement) can be seen in Figure 4.17(a). This plot shows a decrease in absorbance, as the
sample was moved upward and a constant absorbance can be seen as the light was passed
through the oil phase. A sharp increase in absorbance was observed at the o/m
(o1i/microemulsion) interface because the surfactant adsorbs preferentially at the interface;
the absorbance becomes steady as the light was passed through the microemulsion phase.
A large decrease in the absorbance was seen as the light passed through the
microemulsion/water interface, which was followed by a constant absorbance through the
water phase. Maximum absorbance was observed when the light passed through the
microemulsion phase which indicated that most of the surfactant was in the microemulsion
phase. The local maximum at the oil/microemulsion interface is due to the interface being

curved near the quartz walls. One possibility could be that there is reflection of the beam

due to this curvature.

Figure 4.17(a) shows that the microemulsion system M2 is composed of three phases: an
upper oil phase, a middle microemulsion phase and a lower water phase. The system was
scanned as a function of salinity. The volume percentage of these phases is presented in
Table 4.1. The absorbance in each phase could also be determined. At this stage
absorbance was not taken into account because this was not a true absorbance. The
computer programime needed to be modified in order to introduce absorbance calibration

versus height. The results could then be calculated as concentration versus height.
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Figure 4.17 (a) Relative absorbance at 275nm versus hei ght in the microemulsion system
M2 at 298K where the shaded area is the middle phase microemulsion, with
above it a predominantly oil phase and below it a predominantly aqueous
phase.

(b) Extent of formation of middle phase at 298K as the salinity of the aqueous
phase is increased.

Table 4.1 Phase equilibria data composition (% volume) of the microemulsion phases

versus salinity in g NaCl/100cm’ brine at 298K.

Brine concentration % volume of microemulsion phases
(g/100cm’) Upper phase Middle phase Lower phase
1 37.0 49.7 13.3
2 34.0 48.5 17.5
4 29.6 47.2 23.2
6 2310 45.4 27.8

Increasing salinity causes the microemulsion phase to undergo transitions from lower to
middle to upper. As the salinity increases, microemulsion-oil interfacial tension decreases
and microemulsion-water interfacial tension increases. Addition of electrolyte increases the
system's affinity for hydrocarbon and decreases its affinity for water. Added electrolyte
reduces the amount of alcohol required to solubilize hydrocarbon. When salt is added to

a lower-phase microemulsion in equilibrium with excess hydrocarbon, a brine-phase and
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a middle phase microemulsion eventually appear. Continued addition of salt leads to an

upper-phase microemulsion in equilibrium with a brine phase.

(b) Temperature Variation

The boundary of the three-phases of the microemulsion system M2 was determined over
the temperature range 293 to 324K using the method described in section 3.2.4 of Chapter
3. The data composition expressed in % volume is summarised in Table 4.2. Increasing
temperature increases a micellar systems affinity for hydrocarbon and decreases its affinity
for water. Consequently, requirements for a water-insoluble alcohol increase with

increasing temperature. Conversely, the required water-soluble alcohol concentration

decreases with increasing temperature [17].

Table 4.2 Phase equilibria data composition (in %volume) of the microemulsion

phases over the temperature range of 293 to 324K.

% volume of microemulsion phases

Temperature (K)
Hydrocarbon phase Middle phase Aqueous phase

293 27.3 44 .4 28.2
303 23.0 32.2 44.8
315 20.3 28.2 51.5
324 19.8 26.0 54.2

Increasing temperature favours the migration of surfactant from lower to middle, and
eventually from middle to upper phase. As temperature increases, the interfacial tension
between microemulsion and oil (y,,) decreases while interfacial tension between
microemulsion and water increases [11]. Zhu et al [25] have reported the effects of
temperature, water content, and salinity on the aggregation behaviour of Triton X-100 in
cyclohexane. "Increasing temperature weakens molecular interactions which results in
shifting the monomer-micellar equilibrium toward the monomer." The size of aggregates
decreases with increasing temperature. It has also been reported [26] that the effect of

increasing the alkane chain length is equivalent to increasing the temperature In
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water/AOT/ alkane microemulsions which reflects the reduced solubility of the AOT in

increasingly hydrophobic alkane solvents.

4.2.2 Spectrophotometric Results

A Spectrophotometer (Lambda 9) was used to measure the absorbance (as described in
section 3.2.3 of Chapter 3) of the surfactant in microemulsion phases and hence, the
concentration of surfactant in each phase. Figure 4.18 shows the absorbance spectrum
(maximum absorbance at 275nm) and calibration plot (absorbance versus known
concentrations) of TX-100 giving a correlation coefficient 0.9996. The microemulsions
were diluted with methanol before their absorbance was measured and used to determine
the surfactant concentration from the calibration obtained. The microemulsion systems M1
and M5 were chosen for this study. The results are presented in Tables 4.3 and 4.4 which
show that most of the surfactant (75%) is in the middle phase. It is also observed that the
surfactant concentration is independent of the salinity. However, some monomers are also

present in the aqueous and organic phases.

Table 4.3 Spectrophotometric concentration data of three-phases in the

microemulsion system M1 in the salinity range of 1-4 g NaCl/100cm’ at

298K.
Brine concentration % concentration of TX-100
(2/100cm”) Upper phase Middle phase Lower phase
1 13.9 74.5 11.6
2 14.4 72.8 12.8
3 13.9 75.5 10.6
4 15.2 72.1 12.7
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Figure 4.18 Showing; (a) absorbance spectrum (b) calibration curve for
TX—-100 at 298K giving a correlation coefficient 0.998.
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Table 4.4 Spectrophotometric concentration data of three-phases in the

microemulsion system M35 in the salinity range of 1-4 g NaCl/100cm® at

298K.
Brine concentration % concentration of TX-114
(2/100cm’) Upper phase Middle phase Lower phase
1 12.8 75.3 11.9
2 13.5 76.4 10.1
3 11.7 77.5 9.8
4 12.0 76.6 10.4

4.2.3 Optimum Salinity Scans

The salinity at which the middle phase microemulsion contains an equal volume of oil and
brine is defined as the optimum salinity [27]. At the optimum salinity, the interfacial tension
is in the pN/m range at both oil-microemulsion and microemulsion-brine interface, and the
oil recovery is maximum. The optimum salinity depends on the hydrophilicity of the

surfactant.

Healy et al [14] have also reported that optimum salinity with the amounts of oil and water
contained in a microemulsion have been shown to play important roles in obtaining low
interfacial tensions and high oil recoveries. Nelson [28] called the salinity at which the
middle phase microemulsion contains equal amounts of oil and brine as "midpoint salinity".
Similarly, Healy and Reed [4] defined the optimum salinity as the intersection point of the
interfacial tension curves measured between microemulsion/lower phases and
upper/microemulsion phases. Healy et al [15] showed that increasing the salinity in a brine/
surfactant/oil system favours the solubilisation of the surfactant into the oil relative to the

brine causing the phase-environment type to shift in the I to III to II direction.

The optimum salinity scan has been performed for brine/[TX- 100+SAS(4:1)]+[pentanol]
(1:1)/decane system at 108K as described in section 3.2.5 of Chapter 3. The samples were

prepared from equal volumes of oil and brine with different brine % concentrations at
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constant surfactant concentration. A plot of relative interfacial level as a function of brine

concentration is presented in Figure 4.19. The optimum salinity for this system 1s shown

at 4.3 g NaCl/100cm’ concentration at 298K.

4.2.4 Surface and Interfacial Tension Results

After water flooding, the previously continuous medium of oil in porous rock is replaced
by water, while the same oil, referred to as residue oil, becomes trapped as isolated ganglia
[15]. To mobilise a ganglion the capillary forces retaining it inside the pore must be
reduced. This can be achieved by lowering the oil-water interfacial tension by injecting
surfactant into the reservoir {29] and is caused by the surfactant molecules adsorbing at
the oil-water interface, producing phase changes, generally éccompanied by the formation
of a microemulsion [13]. It is these concomitant changes in phase behaviour that are

instrumental in producing the required reduction in interfacial tension [14, 15].

Figure 4.20 shows the surface tension curves obtained for TX-100 solutions with varying
concentration of NaCl at 298K. The surface tension decreased with incréasing the
surfactant concentration until a final and constant value was reached. When surfactant 1s
added to an aqueous solution, surfactant monomers' adsorb at the air/water interface, thus
causing a reduction in surface tension of the water. At very low concentration, the
surfactant molecules are lying flat along the surface; as the concentration of surfactant
added to the solution increases, the number of monomer molecules adsorbing onto the
interface increases too, thereby causing the gradual lowering of the surface tension; the
tails of the molecules become entangled with each other but the mutual repulsion of the
head-groups prevents a dense surface population being formed. At the CMC, the air/water
interface will hold the maximum number of surfactant monomers allowable by the afore-
mentioned forces and so the majority of monomer molecules added to the solution will be
incorporated into micelles and therefore the suface tension at this point remains constant.
The adsorption of surfactant molecules at the interface is a dynamic process. It reaches
equilibrium when the numbers of molecules entering and leaving the interface are equal.

The CMC decreases with increasing the concentration of NaCl in the aqueous solutions
(see Figure 4.20).
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measured as a function of salinity at 298K.

100



w ?ﬁmfeﬂm{&m o,/ Qbyﬁcﬂfmtz&bzz ~d EMV}&

The mterfacial tensions of the microemulsion phases of the system M3 have been measured
as a function of salinity (1-10 gNaCl/100cm’) in both two and three-phase regimes at
298K. The results are shown in the Figure 4.21 which gives the optimum salinity at 4.0g
NaCl/100cm’. The interfacial tension for the system was found to be ultra low (0.5uN/m)
at 4.0g NaCl/100cm’. A reduction in the interfacial tension by three to four orders of
magnitude causes significant mobilisation of trapped oil ganglia [30] as the available
pressure gradient becomes effective. For good performance it is necessary to achieve
optimum phase behaviour between reservoir and injected fluids in which three phases are
produced [18, 29]. Interfacial tensions of the systems are found to correlate with the
solubilisation parameters for the various multiphase components [31, 32]. As part of this
objective a representative model surfactant system containing brine/TX-100+SDS+

pentan-1-ol/decane has been studied.

Phase equilibria and interfacial structures have been inter-related [33], while radio tracer
and surface tension measurements have been used [34] to discern surfactants at air/solution
interfaces. Similarly, the distributions of oxyethene non-ionic surfactants at cyclohexane/
water interfaces have been probed [35]. Ostwald discussed phase boundaries [36], and as
Bronsted reminded ‘the boundary between two phases......is not a sharp one....in the
boundary phase between two incompletely miscible liquids the continuous concentration
change is due to the unsymmetrical environment of the molecules in the layer’ [37]. The
quantitative approach to phase equilibria looks rather promising and the method may also

allow boundary layers to be investigated.

The monomers of surfactant adsorb at the macroscopic oil-water interface and the micelles
or microemulsion droplets in equilibrium with this monolayer are surface inactive. This
proposition is given weight by recalling that oil-water interfacial tensions above the CMC

are independent of surfactant concentration, even though the concentration of the

aggregates is changing.
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4.2.5 High Performance Liquid Chromatography (HPLC)

High Performance Liquid Chromatography (HPLC) has been used recently for
characterising and quantifying surfactants [38-40], and, for example, is the most suitable
analytical procedure for alkyl phenol ethoxylate analysis. However, the sensitivity of the
procedure is dependent on the detection method; HPLC of alkyl phenol ethoxylates has
usually been coupled to Ultra-Violet (UV) detection [41, 42], and Ahel and Giger [43]
have described its application to environmental samples. Kudoh et al [44] have determined
trace amounts of alcohol and alkylphenol ethoxylate by reversed-phase HPLC. The

ethylene oxide distribution of the determined alcohol and alkylphenol ethoxylate were also

obtained by this method.

TX-100 is a p-octyl phenol ethoxylate (see structure in Chapter 3) where n is the number
of ethylene oxide units attached to the alkylphenol. The oligomer