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ABSTRACT

Surfactant flooding and caustic water flooding are the two of the most important and
extensively studied methods in the process of enmhanced oil recovery (EOR). Both
methods are being continually improved by combining them with other effective
additives, such as adding cheaper polymer in surfactant flooding to increase the solution
viscosity, or adding surfactant to the alkaline solution to enhance the caustic water
flooding. One of the differences between the two methods is that in the surfactant
flooding process, the surfactant is ready-made and directly added into flood solution,
whereas in the caustic water flooding process, acids present in crude oil react with the
caustic reagents, such as NaOH, in the flood water and form surface active soap in situ.

During these two processes, the interfacial tension ( IFT ) between the oil and the
aqueous phase plays an important role. In the present thesis, the effect of phase
orientation on the dynamic IFT between the two phases has been investigated by using
the method of drop volume tensiometry ( DVT ). Two distinct model systems have been
studied.

The first system is formed by the partially miscible system composed of butanol-1 and
water. With butanol-rich (butanol-1 saturated by water) as the dispersed phase and
water-rich (water saturated by butanol-1) as the continuous phase, the IFT is 1.70 £ 0.02
mN/m. The IFT for water-rich as dispersed phase is almost identical at 1.72 + 0.03

mN/m. Addition of a surfactant, sodium dodecyl sulfate (SDS), to the system has also



been studied. When the surfactant is added to the dispersed phase (butanol-rich or water-
rich), the magnitude of the decrease in IFT is smaller than when the surfactant is added in
the continuous phase (water-rich or butanol-rich) or in both phases. Under the
same conditions, when the water-rich acts as the dispersed phase, the IFT is higher
than when the butanol-rich acts as the dispersed phase. The influence of phase orientation
on the critical micelle concentration has also been investigated. The results indicate that
the critical micelle concentration is lower when the surfactant is added into the
continuous phase than when it is added into the dispersed phase.

The second system is formed by two immiscible liquids, hexadecane and water. In
measuring the dynamic IFT of this system, the effect of phase orientation is found to be
similar to the first system. When a surface active substance is added in one or both
phases, the effect of phase orientation on the measured IFT is similar to the butanol/water
system. In the second system, the effect of ready-made surfactant and of in-situ formed
surfactant was also compared. It is found that both the ready-made and in situ-formed
surfactants can decrease the IFT between oleic phase and aqueous phase, however, the in
situ-formed surfactant is apparently more effective in reducing IFT than the ready-made

surfactant.



RESUME

Les lavages aux agents tensioactifs et aux solutions alcalines sont deux méthodes
parmi les méthodes les plus importantes et les plus étudiées dans le procédé de
récupération assistée du pétrole. Les deux méthodes sont en amélioration continue grace a
leur combinaison avec d’autres additives plus efficaces, comme [’addition de polymer
aux solutions des agents tensioactifs en vue d’améliorer la viscosité de systéme ou
I’addition des agents tensioactifs aux solutions alcalines d’injection a fin d’augmenter
leur activité interfaciale. Les deux méthodes de lavage sont généralement distinguées par
la fagon d’utilisation des agents tensioactifs. Dans le lavage aux agents tensioactifs,
I’agent est préformé et directement ajouté 4 la solution de submersion. Par contre, dans le
lavage aux solutions alcalines, 1’agent est formé in situ par réaction chimique entre les
acides contenus dans les huiles brutes et les agents alcalines de la solution injectée.

La tension interfaciale entre la phase huileuse et la phase aqueuse joue un rdle trés
important dans les procédés de récupération assistée du pétrole. Dans cet ouvrage, |’effet
de |’orientation de phase sur la tension interfaciale dynamique entre les deux phases a été
étudie en utilisant la méthode du volume de la goutte. Deux systémes modeéles distincts
ont été étudiés.

Le premier systéme est formé par un systéme partiellement miscible composé de
butanol-1 et d’eau. La tension interfaciale entre la phase riche de butanol, comme phase
dispersée, et la phase aqueuse riche, comme phase continue, est de 1.70 + 0.02 mN/m.
Quand la phase aqueuse riche est utilisée comme phase continue, la tension interfaciale
est presque identique et est égale 4 1.72 + 0.03 mN/m. L’addition de I’agent tensioactif, le
dodécyl sulfate de sodium, au systéme a été aussi étudiée. Lorsque I’agent tensioactif est

ajouté dans la phase dispersée (butanol riche ou eau riche), la magnitude de la baisse de la



tension interfaciale est plus petite que celui de systéme ou I’agent tensioactif est ajouté a
la phase continue (eau riche ou butanol riche) ou méme dans les deux phases. Sous les
mémes conditions, la tension interfaciale est plus élevée quand la phase eau riche est
utilisée comme phase dispersée plutét que la phase butanol riche. L’effet d’orientation de
phase sur la concentration critique de micelle a été aussi étudiée. Les résultats ont montré
que la concentration critique de micelle est moins élevée lorsque 1’agent tensioactif est
ajouté a la phase continue plutdt que dans la phase dispersée.

Le second systéme est formé par deux liquides immiscibles, I’hexadecane et I’eau.
Lors de mesure de la tension interfaciale dynamique de ce systéme, on a trouvé que
I’effet d’orientation des phases est le méme que pour le premier systéme. Quand une
substance active est ajoutée dans 1’un ou dans les deux phases, I’effet d’orientation des
phases sur la tension interfaciale mesurée est la méme que pour le systéme butanol-1/eau.
Dans le second systéme, 1’effet de I’agent tensioactif préformé et celui formé in situ a été
aussi comparé. On a trouvé que les deux agents tensioactifs peuvent décroitre la tension
interfaciale entre la phase huileuse et la phase aqueuse, par contre, ’agent tensioactif
formé in situ est apparemment plus efficace dans la réduction de la tension interfaciale

que I’agent tensioactif préformé.
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NOMENCLATURE

cmce

CMC

DVT

EOR

Nat

NalL

droplet surface area (m?)

critical micelle concentration (mol/m3)
apparent critical micelle concentration (mol/m3)
orifice diameter, m (or mm)

drop volume tensiometer

enhanced oil recovery

flow rate of drop phase, m3/h (or mL/h)
correction factor

constant of gravity, m/s2

hydrogen ion

hexadecane

acid in crude oil

interfacial tension, mN/m

linoleic acid

hexadecane acidified by linoleic acid
mass of drop, kg

index

number of droplet counted

sodium ion

sodium linoleate

vi



NaOL sodium oleate

OL oleic acid

OL-HD hexadecane acidified by oleic acid
r radius of capillary, m (or mm)

R radius of droplet, m

SDS sodium dodecyl sulfate

t formation time of one droplet, s

T formation time of N droplets, s

\% drop volume, m3

% weight of drop, N

X- acid anion

Greek letters

o droplet surface expansion rate divided by its initial surface area
Y interfacial tension, mN/m

A difference

T pi

p density, kg/m3

c surface tension, mN/m

Subscripts

ads adsorption into interface

vii



b bulk phase

c result calculated with correction factor

d; result determined by inner diameter of capillary
d, result determined by outer diameter of capillary
i inner diameter of capillary

m result measured

o outer diameter of capillary, or oil phase

s sublayer

w water phase

0 initial value

Notation

In the Figures, the legends are abbreviated in the following manner:

butanol/water----pure butanol-rich as drop phase against pure water-rich phase;

butanol (SDS)/water--—-butanol-rich with SDS as drop phase against pure water-rich
phase;

butanol/water (SDS)----pure butanol-rich as drop phase against water-rich with SDS
phase;

butanol (SDS)/water (SDS)----butanol-rich with SDS as drop phase against water-rich
with SDS phase.;

water/butanol----pure water-rich as drop phase against pure butanol-rich phase;

viii



water (SDS)/butanol----water-rich with SDS as drop phase against pure butanol-rich
phase;

water/butanol (SDS)--—pure water-rich as drop phase against butanol-rich with SDS
phase;

water (SDS)/butanol (SDS)-—water-rich with SDS as drop phase against butanol-rich
with SDS phase;

HD/water----pure hexadecane as drop phase against pure water;

HD/NaOH----pure hexadecane as drop phase against NaOH solution;

HD/NaL----pure hexadecane as drop phase against sodium linoleate solution;
HD/NaOL----pure hexadecane as drop phase against sodium oleate solution;
HD/NalL+NaOH--—hexadecane as drop phase against the mixed solution of sodium
hydroxide and sodium linoleate in equal concentration;

HD/NaOL+NaOH----hexadecane as drop phase against the mixed solution of sodium
oleate and sodium hydroxide in equal concentration;

HD/NaL+NaCl----hexadecane as drop phase against the mixed solution of sodium
linoleate and sodium chloride of identical concentration in the same solution;
HD/NaOL+NaCl----hexadecane as drop phase against the mixed solution of sodium
oleate and sodium chloride of identical concentration in the same solution;
L-HD/NaOH----hexadecane acidified by linoleic acid as drop phase against sodium
hydroxide;

L-HD/water----hexadecane acidified by linoleic acid as drop phase against pure water;



L-HD/NaL+NaOH----hexadecane acidified by linoleic acid as drop phase against the
mixed solution of sodium hydroxide and sodium linoleate ;

NaL/HD----sodium linoleate solution as drop phase against pure hexadecane;
NaOL/HD----sodium oleate solution as drop phase against pure hexadecane;
NaOH/L-HD----sodium hydroxide solution as drop phase against hexadecane acidified by
linoleic acid;

NaOH/OL-HD----sodium hydroxide solution as drop phase against hexadecane acidified
by oleic acid;

OL-HD/NaOH----hexadecane acidified by oleic acid as drop phase against sodium
hydroxide;

OL-HD/water----hexadecane acidified by oleic acid as drop phase against pure water;
OL-HD/NaOL+NaQOH----hexadecane acidified by oleic acid as drop phase against the
mixed solution of sodium hydroxide and sodium oleate ;

water/HD----pure water as drop phase against pure hexadecane.
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1. INTRODUCTION

Since the first field application in 1865, enhanced (or also called improved) oil
recovery has developed from simple water injection to the complicated processes
involving the addition of solvents, chemicals, gas or heat. These additives change either
one or several of factors such as water mobility, oil viscosity, rock wettability and
water/oil interfacial tension (IFT) [Chiang et al., 1978]. The technologies of using
chemical or thermal methods are known as the improved or enhanced oil recovery (EOR)
[Donaldson et al., 1985, Shah, 1981]. The oil to be recovered from partially depleted
underground reservoirs by those methods is in the form of discontinuous oil ganglia
trapped in the pores of rocks in the reservoir. The two major forces acting on an oil
ganglion are the viscous forces and the capillary forces. In an oil recovery process, the
microscopic displacement efficiency is determined by the ratio of these two forces. A
dimensionless parameter, capillary number, is employed [Babu et al., 1986] to represent
the ratio of viscous to capillary forces. It is generally recognized that at the end of
waterflooding, the capillary number is around 10-6 [Shah, 1981, and Babu et al., 1986].
In order to recover additional oil by a chemical flooding process, the capillary number
should possess a value of around 10-3 to 10-2- Experiments have shown that, for typical
oil field conditions, a drastic reduction in capillary forces is necessary before the injected
fluid can displace the small oil drops toward production wells and this is achieved by

elevating the capillary number to the required level. In immiscible flooding the only
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practical method to achieve this is to decrease oil-water interfacial tension to an ultra-low

value less than about 10-2 mN/m and preferably to less than 10-3 mN/m [Miller et al.,
1977].

One of the most extensively studied systems which can reach ultralow values of oil-
water interfacial tension is the system containing surfactant, cosurfactant and salt and has
been reported by several groups [Miller et al., 1977, Pouchelon et al., 1980, Puig et al,,
1982, Zekri and Handy, 1982, Noronha and Shah, 1982, Isaacs and Smolek , 1983, Neale
et al., 1981, Homnof et al., 1981, and Son et al., 1982]. However, early work often
considered surfactants only as wetting agents designed to remove the oil from the solid
surface by classical detergent action. More recent work has recognized the strong
influence of oil-water interfacial tension on the displacement of discontinuous oil blobs
or ganglia [Shah, 1981]. Therefore, surfactant systems are now being studied both
experimentally and theoretically, with the aim to produce the lowest possible oil-water
interfacial tension by adjusting concentrations of the various components and the phase
behavior in the total system [Kickerbocker et al., 1979, Benton and Miller, 1983,
Ruckenstein and Rao, 1987, Ruckenstein, 1981, and Fleming III and Vinatieri, 1981].

The second system is the one employing caustic additives [ Taylor et al , 1990, Shuler
et al., 1989, Rudin and Wasan, 1992a, Rudin and Wasan, 1992b, Nasr-el-din et al., 1990,
Chiwetelu et al., 1992, Neale and Ding, 1992, and Chiwetelu et al., 1994]. It is well
known that most crude oils, especially heavy oils, contain naturally occurring acidic
components [Nasr-el-din et al., 1990]. Parker and Chung [1986] identified such acidic

components as strong carboxylic acids and weak phenolic acids with the former always



predominant in the Saskatchewan heavy crudes that they studied. Mackenzie et al. [1983]
detected free fatty acids in the C14-C26 range in a series of petroleum and oil sand
samples. The acids they found included saturated alkanoic as well as mono- and di-
unsaturated C]8 alkenoic acids. While the exact identity of these acids has not yet been
fully established, their molecular weights generally lie in the range of 200-700. One of
the most important features of alkaline flooding is the lowering of the interfacial tension
due to interfacial reactions between the acid components in the oil and the alkali in
the aqueous phase . The reactions produce surfactants in-situ which in turn reduce the
[FT between the oil and the aqueous phase [Chan and Yen, 1982]. Poollen and
associates [1980] listed several reagents which are actively being used in the formulation
of caustic floods. They singled out sodium hydroxide and sodium orthosilicate as the
most widely used because they are the least expensive and the most effective in
increasing the incremental oil recovery. In surveying potential non-thermal applications,
Campbell [1982] also found that alkaline flooding was the most promising recovery
technique because alkalis are relatively cheap and abundant when compared with
traditional oil recovery surfactants such as petroleum sulfonates. Mollet et al. [1996a]
found, though a comparative study of the effect of ready-made (sodium linoleate being
added in aqueous phase) and in situ-formed surfactants (linoleic acid in paraffin oil and
sodium hydroxide in aqueous phase) on IFT, that the dynamic interfacial tension
produced by in situ-formed surfactant is lower than that produced by ready-made
surfactant. Several researchers [Chan and Yen, 1982, Tayor et al., 1990, and Chiwetelu

et al., 1992] have reported IFT values below 0.01 mN/m when crudes are contacted with



caustic solutions. The IFT of crude oil / alkaline systems has also been recognized as
being a strong function of oil type, alkali type, alkali concentration, salinity, and
temperature. Castor et al. [1981] noted that the surface-active reaction products could not
only adsorb on the oil/water interface to lower the interfacial tension, but also adsorb onto
the rock surface to alter the wettability of the reservoir rock, and different paths of
producing the surface-active products accounted for different recovery mechanisms of
alkaline flooding. In their investigation of alkaline flooding, several researchers [Taylor
et al., 1990, Rudin and Wasan, 1992b, and Touhami et al., 1996b] have also found that
the addition of a suitable synthetic surfactant could produce a marked lowering of IFT
and a corresponding increase in oil recovery.

It has been estimated that about 30 billion barrels of oil (about five times the total
annual American consumption) could be recovered from existing US reservoirs by
a successful ultralow tension process [Miller et al., 1977]. In a practical process,
the production efficiency is very important. So, only reducing the oil /water interfacial
tension to an ultralow value is not enough and the dynamic characteristics should also be
considered. For example, the micelle and polymer processes [Gogarty, 1976] were
specifically developed for application to reservoirs containing low to medium viscosity
crudes. Numerous laboratory tests showed that these chemicals had the potential to
drastically reduce the oil-water interfacial tension and thus mobilize residual oil trapped
in the reservoir matrix. However, actual field tests were not quite as successful because
the additional oil recovered could not compensate for the huge investments in
chemicals and necessary field developments. Castor et al. [1981] also pointed out that an

ultra-low IFT might not be attainable under actual reservoir caustic flood conditions. The
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oil-water IFTs are much higher than the ultra-low tensions measured in the laboratory.
They suggested a most probable IFT range of 1-10 mN/m. This assertion arises a
controversy among researchers. Some workers argue that equilibrium IFT data are valid
in actual field situations, while others contend that the minimum IFT obtained in dynamic
measurements is the most applicable value. On the basis of experimental results,
deZabala [1982] concluded that dynamic IFT minima most closely represent the actual
field situations.

Dynamic interfacial tensions arise when two immiscible liquid phases come into
contact, provided one or both of the phases contains a surface-active material. Interfacial
tension between the two phases can change continuously with time until an equilibrium
value is reached [Taylor et al., 1990]. Ball [1996] described the dynamic IFT being
reserved for systems in which the interface is deliberately forced to be away from
equilibrium by adding mass as a function of time, as a resuit of mass transfer or chemical
reaction at the interface.

England and Berg [1971] described dynamic interfacial tension as the result of
adsorptive accumulation of surface-active species at the interface, and observed the
presence of adsorption and desorption barriers for the transfer of 1,5-pentanediol from
white oil to water.

In the course of extensive investigations of alkaline flooding methods, dynamic IFTs
have been observed repeatedly for crude oil/ caustic system. Researchers have become
aware of the importance of the accurate measurement of dynamic interfacial tension and
different types of apparatus have been developed [Chiwetelu, 1988, Hool and Schuchardt,

1992, Fainerman and Miller, 1995, Nagarajan and Wasan, 1993, and Schamm et al.,
s



1995, Touhami et al., 1996a]. Several currently available methods for measuring IFT
have been characterized and their limitations have been explored by Tomberg [1977],
Chiwetelu et al. [1988] and Hool and Schuchardt [1992]. The novel method of drop
volume tensiometry, employed in the present work, has been developed only recently for
liquid - liquid systems [Kriiss, 1992].

Interfacial tension as observed in oil recovery processes involves two liquid phases, i.e.
an oleic phase and an aqueous phase. In instruments used to measure IFT (e.g., spinning
drop, pendant drop or drop volume) the oleic phase is usually injected into the water
solution and the volume of the injected oil is many times less than the volume of the
water solution; thus the water solution can be treated as the bulk phase in the laboratory
measurement, However, in the practical flooding process, the water solution is often the
dispersed (or drop) phase as the fingers of injected water solution are surrounded by the
bulk oil phase. This raises an important question, whether the dynamic IFT (ie., IFT vs.
time curve) will be the same when the water solution acts as a bulk phase or when it acts
as a drop phase, and also when the surfactant is added in the bulk phase or when it is
added in the drop phase. Though measuring the IFT of sodium dodecyl sulfate (SDS)
added in the drop phase only, in the bulk phase only, and in both phases by drop volume
tensiometer, Mollet et al. [1996] found that the phase orientation in this instrument has
an important effect on the apparent IFT observed. Similar phenomena have also been
found by Hornof and Chouinard [in print] using a spinning drop tensiometer. They also
tried to inject water solution as a drop phase into oil (carbon tetrachloride and its mixture
with decane ) phase to investigate the influence of the phase orientation on the

measurement of IFT by the spinning drop tensiometer. However, because the high
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hydrophilicity of the glass tube they used, their experiment was not completely successful
as they could not obtain reproducible results.

In this project, two different model liquid systems are employed to measure the
dynamic interfacial tension between two liquid phases by using the drop volume method.
The two systems are butanol-1/water and hexadecane/water. The objective of this study
is investigating the effect of phase orientation on the dynamic IFT. Other effects, such as
the concentration of surfactant, the addition of preformed surfactant to a caustic solution

and the droplet formation time, are also studied.



2. THEORETICAL ASPECTS AND BACKGROUND

2.1 Theory of Enhanced Oil Recovery

In the enhanced production of the remaining oil in reserves, an additional energy source
is required to microscopically mobilize and macroscopically displace residual and
bypassed crude oil. A thermal or chemical energy source is utilized to alter the mobility
of the driving fluid and / or to reduce the restraining capillary forces. The enhanced oil
recovery mechanisms can be grouped into two predominant types [Castor et al., 1981]. In
the first type the ratio of viscous to capillary forces is altered and in the second type the
fluid phase volume is altered. The latter group should be expanded to include processes in
which the preferential wettabilities of the porous medium are altered. Thus, the
mobilization mechanisms can be generically classified as processes which (1) alter the
viscous-capillary interaction, and (2) alter the residual phase’s configuration.

Surfactant flooding and caustic flooding are two important methods of enhanced oil
recovery. Generally, surfactant flooding fits into the viscous-capillary alteration category
and caustic flooding fits into the phase alteration category [Castor et al., 1981]. However,
both flooding methods involve similar procedures in oil recovery processes. Fig. 1 shows
a schematic three-dimensional view of a petroleum reservoir [Shah, 1981]. For example,
one can use a five-spot pattern to inject a surfactant (or caustic) solution in the reservoir.

As shown at the bottom of Figure 1, the reduction in interfacial tension leads to



mobilization of oil ganglia which produces an oil bank. This oil bank is propagated to
the production wells by the use of a polymer buffer solution followed by the drive water.

Since -surfactant and caustic solutions are the major components for reducing the

interfacial tension in the flooding process, a brief introduction is given regarding

these solutions.
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Fig. 1. Displacement of oil in petroleum reservoirs by chemical flooding [Shah, 1981]



2.1.1 Surfactant Flooding

In surfactant flooding, surfactant concentration and effects of other additives are very
important. At low surfactant concentrations [Shah, 1981], the surfactant remains in
monomeric form in a solution which is in equilibrium with an adsorbed film of
surfactant molecules. As the surfactant concentration is increased, the surfactant
molecules begin to form aggregates called micelles. This happens over a very narrow
range of concentration called the critical micelle concentration (cmc). The interior of
the micelles provides a nonpolar environment for the solubilization of oil soluble species.
Thus, oil can be solubilized within micelles resulting in swollen micelles of larger
dimensions. The presence of other additives, such as short chain alcohol and salt, can
affect the micelle size and cmc significantly. Often apparent critical micelle
concentration, denoted as CMC, is used. The apparent CMC is determined by measuring
the interfacial tension of two liquids rather than the surface tension of one liquid against
air. In principle, all sharp changes (conductivetay, osmotic pressure etc.) of surfactant
solution properties can be employed to measure the critical micelle concentration. The
simplest way is measuring the surface tension of the surfactant solution. As surfactant
concentration is being graduely increased, the surface tension decreases rapidly with the
increase of surfactant concentration. When the surfactant concentration reaches the cmec,
the surface tension then becomes constant or decrease only slightly. The turning point on
the curve corresponds to the cmc as shown in Fig 2-a. Since the system involved in
measuring surface tension is liquid - air, the system is relatively simple: the surfactant can

not diffuse from the liquid phase into air and therefore the surfactant concentration in the
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liquid phase is stable. However, measuring of interfacial tension involves two liquid
phases. The surfactant can diffuse from one phase to the other phase, and the
concentration of the surfactant in one phase may change due to its partition into the other
phase. This is, for example, the case of sodium dodecyl sulfate (SDS) in butanol - water
system. Sometimes, a reaction can occur between the components of the two liquid
phases, such as the acid in crude oil will react with the alkali in the aqueous phase. In this
situation, the interfacial tension - surfactant concentration curve, as shown in Fig. 2-b,
may not possess a very sharp turning point. Consequently, the determination of the

apparent CMC for liquid - liquid systems will necessarily involve a fair degree of

uncertainty.
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Fig. 2. The difference between cmc and apparent CMC

b

Most investigators have found that when the IFT of an oil - surfactant - salt - alcohol
system reached an ultra-low value, there is generally a surfactant-rich phase appearing
between the oil phase and the aqueous phase [Pouchelon et al., 1980, Son et al., 1982,
Puig et al., 1982]. In order for this to happen, the surfactant concentration should be at
least above its CMC [Pouchelon et al., 1980, Noronha and Shah, 1982]. However, high
surfactant concentration (above its apparent CMC) and the appearance of a surfactant-

rich phase in the interface do not necessarily mean that the IFT of an oil-surfactant
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system could reach an ultra-low value [Davies and Rideal, 1961, Son et al., 1982]. The
most important factor is the solubility of the surfactant in both oil and aqueous phases,
generally called as the hydrophile-lipophile balance (HLB) or the partition coefficient
(P.C.) of the surfactant. For a fixed oil-surfactant-brine(-alcohol) system, there is an
optimum salinity at which the HLB of the surfactant is optimized (P.C. = 1) and the [FT
of the system is reduced to an ultra-low value [Pouchelon et al., 1980, Chan and Shah,
1981, Noronha and Shah, 1982]. The ultra-low IFT minimizes the work necessary to
deform the interface of an oil ganglion as it moves though the porous media. With the use
of appropriate surfactant systems, a large number of oil ganglia can be mobilized. The
subsequent coalescence of the oil ganglia is a necessary condition to form an oil bank.
The importance of salt can also be viewed from its effect on the dynamic phenomena
in oil recovery. Chiang and Shah [1981] have pointed out that the dynamic process of
surfactant partitioning is one of the important factors in mobilization of oil ganglia.
The conditions that promote the efficient surfactant mass transfer from the aqueous
phase to the interface promote the deformation and mobilization of oil ganglia. This
would facilitate an early formation of an oil bank and subsequent displacement of oil
from porous media. One of the critical conditions is the salt concentration which is
expected to be at or above the optimal salinity.

The presence of alcohol also is one of the most important factors which influence both
the phase behavior [Knickerbocker et al, 1979, and Benton and Miller, 1983] and the
dynamic phenomena in oil recovery [Noronha and Shah, 1982, and Chiang and Shah,

1981]. Though studying several surfactant /hydrocarbon / brine systems, Chiang and
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Shah [1981] have found that the presence of a small amount of alcohol in the surfactant
solution can drastically decrease the flattening time of an oil droplet in this solution.
Because there are large numbers of oil droplets within the porous media, the amount of
oil recovered depends on how easily each of them can be mobilized. The faster they are
flattened, the easier it would be to mobilize, interconnect and displace them. Due to the
fact that the interfacial viscosity is found to be decreased with the presence of alcohol, it
is believed that the presence of alcohol can promote the coalescence of the oil droplets in

porous media leading to a better oil recovery efficiency.

2.1.2 Caustic Flooding

In caustic flooding, the alkali is not a surface active component by itself. However, it
has been shown that there are carboxylic acids in crude oil which can react with alkali to
form surface-active substances (soaps). Although caustic flooding appears to be a simple
process and relatively inexpensive to apply, the mechanisms involved in the displacement
of oil are complicated since the surface active salts can on one hand adsorb onto
the oil-water interface to promote emulsification and reduce the interfacial tension, or
can adsorb onto the rock surface to alter wettability [Poollen and associates, 1980,
and Castor et al., 1981]. The exact recovery mechanism depends on the pH and
salinity of the aqueous phase, acid content of the organic phase and wettability of the
rock surface [Castor et al., 1981]. A description of the various mechanisms has been
given elsewhere [Poollen and associates, 1980, Castor et al., 1981, and Chiwetelu et al.
1990]. Although the prevailing mechanisms will be different depending on the nature of
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the caustic solution, crude oil and the reservoir rock, the principal reactions between the
acid in the oleic phase and the alkali in the caustic solution are the same. Chiwetelu et
al.[1990] proposed a geometrical model of the oil-water interface which is depicted in

Figure 3:

, } AscEz2z

- < :;{.__ C=ARZED LA

WitH POT -rm-L
ADLUZOUS HXW~5PH$+XS+NaSK—' NaXs ' n t
SUBLAYER TEon ] ST v w R ale s Sov e

BULK ACUZOUS //////////}// X}EI//////

Fig. 3. A geometrical model of the interface [Chiwetelu et al., 1990]

The following reactions play part in the overall scheme:

(1) adsorptive dissociation of acid:

HXo s ==H"+ X"ads Y]
(2) desorption of X~ to the aqueous sublayer as follows:

Xads == X"w;,s (2)
(3) removal of X~ to the oleic sublayer as the inactive complex NaXo, thus:

X-ads + Nat ==NaXo s 3)
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(4) desorption of X~ to the aqueous sublayer as HXw in accordance with the reaction:

X-ads + HF ==HXws 4)
The nature of HX is dependent on the type of crude oil. Generally, a parameter called the
acid number is used to indicate the amount of HX originally present in the crude. It is
defined as the milligrams of potassium hydroxide required to neutralize one gram of
crude oil to pH = 7. To be a good alkaline flooding candidate, a crude oil should have an

acid number of 0.5 mg(KOH)/g(crude oil) or greater [Poollen and associates, 1980]. The

anionic species X~ reacts with the cationic species Na™ to form a surfactant which can
adsorb onto the interface between oil and water and lower the IFT. Poollen and
associates also mentioned that sodium chloride in solution can reduce the caustic
concentration required to give maximum surface activity.

Similar to the surfactant flooding, some workers have found the IFT between crude oils
and caustic solutions can reach a minimum at a certain concentration of alkalis ( or pH )
and at certain salinity. When an appropriate surfactant is added to the caustic solution, the
objective of improving caustic flooding can be reached [Taylor et al. 1990].

As mentioned before, injections of both surfactants and caustic are normally
followed by a polymer buffer solution. The main purpose of using a polymer solution is
to improve the mobility ratio and to reduce the flow of liquid though more permeable

channels in order to increase volumetric sweep.
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2.2 Instruments for Measuring Dynamic IFT

There are several methods available for measuring IFT, however, only very few are
able to measure the dynamic IFT. So far, the most widely used methods for measuring
dynamic IFT are the spinning drop method, the pendant drop method, and the drop
volume (or weight) method.

The spinning drop tensiometer (SDT) is by far the most widely used instrument
probably because of its compact and simple construction. It is not therefore surprising
that numerous dynamic [FT studies have been carried out by the use of this measurement
technique. Generally, despite the fact that SDT has been designed for equilibrium IFT
measurement only, the spinning drop technique works well from around 10.0 to 0.00001
mN/m [Kriiss, 1992]. Despite its popularity, the spinning drop technique has come under
severe criticisms in recent times [Chiwetelu et al., 1988]. For dynamic tension
measurements with the spinning drop tensiometer, the experimentalist has to contend
with additional problems [ Chiwetelu et al., 1988]:

(1) the temperature control is poor as the high rotation speeds generate heat resulting in
an increase in temperature during the course of the experiment; (2) there is imprecision in
the determination of the interfacial age since a finite time is needed to measure the width
of an infinite drop; (3) when both the length and diameter need to be read then there is
considerable error in the measurement; (4) when the rotation droplet contracts and
expands very rapidly, and thus the width measurements are subject to a considerable

CITOr.
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The pendant drop method is also widely used to measure the dynamic IFT. Pendant
drop measurement can monitor the drop at various stages of growth and measure the IFT
as low as about 0.0001 mN/m by using microbore syringes [Kriss, 1992]. The
accuracy of the pendant drop method is, however, limited [Touhami et al., 1996b],
because the dimensions of the drop at various stages of growth are difficult to determine
precisely.

Compared with the pendant drop method, the drop volume method determines the
amount of liquid detached. The drop volume method is considered to be very accurate
and reproducible for measuring dynamic IFT [Tornberg, 1977] as it satisfies the
following conditions:

(a) the capillary orifice is sharply cut and of an accurately known radius;
(b) the capillary orifice is carefully ground and fully wetted;

(c) the drop is made to detach itself as slowly as possible.

2.3 The Development of Drop Volume (Weight) Method

The principle of this method has been known for a long time [Adamson, 1982], A
simple expression for the weight , W, of a drop ejected from a capillary is given by what

is known as Tate's law:

W =2nr_o )

or o =mg/2nr, 6)
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here, r_ is the outer radius of the capillary tip, ¢ is the drop liquid surface tension, m is the
mass of the drop and g is the constant of gravity.

The Eq.(5) is best understood in terms of the argument that the maximum force
available to support the weight of the drop is given by the surface tension force per unit
length times the circumference of the tip.

This relation, however, requires a correction, because the liquid forming the drop does
not completely leave the tip, and the surface tension seldom acts exactly vertically. Based
on this situation a correction factor f is proposed which is a function of the radius of the

capillary, r_, and the volume, V, of the drop [Harkins and Brown, 1919]:

f=4aN") @

If the buoyant force of the surrounding fluid is appreciable, the force balance must

take this into account, and Eq. (6) is written as [Pierson and Whitaker, 1976]
o =ApVg/2nr f &

here, Ap is the density difference between the liquid and air.
These relations are also useful for measuring liquid-liquid interfacial tension

[Adamson, 1982], where Ap is taken as the density difference between the two liquids,

13
and o changes to the interfacial tension, . The value of r / V has been recommended to
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lie between 0.5 and 0.65 for measurements of the interfacial tension of liquid-liquid
interfaces [Tornberg and Lundh, 1981].

Davies [1961] has pointed out that one must ensure the outside of the tip from which
the drops are formed is either completely wetted or completely non-wetted by the liquid,

otherwise the liquid drop will form with an uncertain value of r,. On the other hand, the

interior of the tube must not be too hydrophobic, or the drops break off inside the tube
instead of right at the end. This problem has been noted by many workers, who proposed
new methods to calculate or correct both surface tension [Jho and Burke, 1983, and Babu,
1987] and interfacial tension [Rewick et al., 1982, Miller et al., 1992, and Nagarajan and
Wasan, 1993] of pure gas/liquid and liquid/liquid systems respectively.

The traditional capillaries used for the techniques based on drop detachment generally
have a large inner diameter, a wall thickness in excess of 100 mm and a cylindrical shape
as shown in Figure 4. Consequently, they often produce erroneous values for measured
surface and interfacial tensions, and the use of a correction factor is necessary to
calculate valid values.

To overcome this problem, Hool and Schuchardt [1992] have designed a new capillary
tip profile as shown in Figure 5. In the new profile, the front area surrounding the orifice

is minimized by making the capillary outer diameter (d)) as close as possible
(within fabrication limits) to the capillary inner diameter (d,). These new capillaries
have a wall thickness of only 17 mm at the orifice witha 254 mm inner diameter. In

this situation, Tate’s law can be rewritten in the form
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Fig. 4. Sequence of drop detachment from traditional capillary
[Kriiss, 1992]
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Fig. 5. Drop separation from the new type drop volume tensiometer tip

[Kriss, 1992]
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y=ApVg/nd 9

and can be directly used without any correction within the range of 0.1-100 mN/m and
with 1-2% relative standard deviation. For a given system, Ap and g/nd are constant,
so the interfacial tension varies directly as a function of the drop volume. Under
constant flow conditions, the drop volume can be calculated from the time required to

form a predetermined number of droplets

V=FT/N (10)

here F is the flow rate of drop phase, T is the time required to form N droplets.

Hool and Schuchardt also point out that the linear velocity of the drop phase at the
capillary tip is only 0.137 cm/s for a flow rate of 1.0 mL/h. At these low linear
velocities, contributions of momentum to the drop detachment process are less than 1%.
For practical purposes, the linear velocity is low enough, for flow rates at or below 1.5
mL/h with the current capillary design, to ignore momentum effects. In general, at flow
rates above 2.0 mL/h, acceleration of low viscosity fluid begins to contribute more than
1% of the detachment force and the data then need to be corrected. In our experiment,

this new type of capillary is used.
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3. METHODOLOGY

3.1 Materials

The materials used in the experiments and their sources are listed in Table 1. The
properties of the working solutions are listed in the Tables Al, A2, and C1 in

appendices.

Table 1. Experimental materials and their sources

Chemical Brand Purity

butanol-1 BDH >99%

n-hexane BDH >99%

dodecane BDH >99%

octane Aldrich >99%
n-hexadecane Sigma >99%

linoleic acid Sigma >99%

sodium hydroxide Fisher 98%

oleic acid Fisher >99%

sodium dodecyl sulphate BDH Laboratory reagent

Double-distilled, deaerated and deionized water was used to prepare all solutions.
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As mentioned in the intrqduction, the term “phase orientation” may reflect two
possible situations. In a two-phase system without an additive ( e.g., a surfactant ) it
simply means which of the two phases acts as the drop phase and which acts as the bulk
phase. In the presence of an additive, it may have an added meaning indicating in which
phase (drop or bulk) is the additive present. In these experiments, two different two-phase
systems were employed: butanol/water and hexadecane/water. In the butanol/water
system, the two components are partially miscible, and the surfactant (sodium dodecyl
sulphate (SDS)) is soluble in both the butanol-rich and the water-rich phase. This system
is suitable for studying the effect of phase orientation [Mollet et al., 1996b, and Hornof
and Chouinard, in print]. However, it is not directly related to the practical oil/water
system. In previous work, paraffin oil doped with acid has been often used to simulate
crude oil [Homnof et al., 1994, Mollet et al., 1996 ]. However, impurities in paraffin oil
generally affected the experimental results and gave some difficulties for modeling the
experimental result. This is why in this work, hexadecane was chosen as the oil phase.
Hexadecane is immiscible in water, and it has a similar carbon number as paraffin oil.
The acids used in this experiment are linoleic acid and oleic acid. Unsaturated C-18
alkenoic acids have been identified in crude oils [Parker and Chung, 1986, and
Mackenzie et al. 1983] and have been widely used in experimental studies to simulate
acidic oil [Hornof et al., 1994, Touhami et al., 1996b, and Mollet et al., 1996a]. Both
linoleic acid and oleic acid are soluble in hexadecane and not soluble in water, while

sodium linoleate and sodium oleate are soluble in water and not soluble in hexadecane.
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3.1.1 Butanol - Water System

The equilibrated system of butanol-rich and water-rich phase was prepared by mixing
the two pure components together and allowing to equilibrate before separation. The
equilibration time was 48 hours. The physical properties of the equilibrated system are

listed in Table 2.
The solutions of butanol + SDS and water + SDS were prepared by dissolving pre-
weighed amounts of sodium dodecyl sulfate powder in the butanol-rich phase and

water-rich phase, respectively. These solutions were used within three days.

Table 2. The properties of the butanol-1 and water system (23 £ 1°C)
butanol (%) water (%)  density (kg/m3 )
butanol-rich 79.0 21.0 844.2

water-rich 7.4 92.6 986.2

All solutions were prepared and experiments carried out at 23 + 10C. The densities of

the solutions were determined by a PAAR DMA 48 density meter, made in Austria.

3.1.2 Hexadecane - Water System

In the second system, both acidic oil (L-HD) consisting of linoleic acid dissolved in

pure hexadecane and acidic oil (OL-HD) consisting of oleic acid dissolved in pure

hexadecane were prepared in the concentration of 10.0 mol/m3 . Sodium linoleate (NaL)
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and sodium oleate (NaOL) were prepared by neutralizing linoleic acid and oleic acid
with an equivalent molar amount of sodium hydroxide aqueous solution, respectively.
The concentrations of both salts were 10.0 mol/m3 which is above the critical micelle
concentration (CMC) of NaL and NaOL [Mollet et al., 1996a and Mingzhe et al., 1986].
By working above the CMC the surfactant concentration effects would be minimized.
The NaOH aqueous solutions were prepared by dissolving pre-weighed pellets of NaOH
in double-distilled, deaerated and deionized water. Mixed solutions NaLL + NaOH and
NaOL + NaOH were prepared by adding pre-weighed NaOH pellets to Nal. and NaOL
solution, respectively. In these two solutions, both the salt and NaOH concentration were
10.0 mol/m3. Since the lower limit of IFT which can be measured accurately by DVT-10
is above 0.2 mN/m [Kriiss, 1992], the concentration of surface active materials should be
such that the IFT would not be lower than 0.2 mN/m. For a system involving an
interfacial chemical reaction, such as the acidic oil/aqueous NaOH solution, the NaOH
concentration thus should be less than 25.0 mol/m3, otherwise the IFT will be lower than

0.2 mN/m and can not be measured correctly [Chiwetelu et al., 1992].
All solutions were prepared at 25 + 1 ©C, stored in brown bottles and used within four

days. All experiments were also carried out at 25 £+ 1 °C.

3.2 Experimental Apparatus

The Drop Volume Tensiometer DVT-10 [Kriiss, 1992] consists of a sample cell, orifice
and photocell assembly, and a control and data reduction module. The controller is menu

driven, asking for input on sample density, flow rate, and number of drops to be counted.
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Dynamic interfacial tension data is calculated as each drop detaches, along with statistics
for the experiment. A syringe pump is also required to operate the unit. The pump used in
our experiment is Harvard Model 44 syringe pump which employs a microcontroller. The
microcontroller takes into account the cross-sectional area of the syringe selected and
calibrates the flow rate and volume accumulation. The data of the diameter of syringe and
the flow rate ( target volume when is needed) are required to be input. A range of syringe
sizes can be used in the pump. The size used in the present experiment is the 1.0 mL
volume which produces data with the lowest relative standard deviation which is 100
times the standard deviation divided by the mean [Kriiss, 1992].

The sample cell and capillary can be oriented to deliver either the light phase or the
dense phase. Figure 6 and 7 show the sample cell with drop detector for introducing the
dense phase into the light phase and introducing the light phase into the dense phase,
respectively. However, the two setups differ in the following manner. When delivering
the light phase as drop phase the sample cell (a tube) and capillary is oriented
upwards. The capillary holder only has one hole to hold the capillary. The sample
cell is filled with the dense phase. A droplet of the light phase is injected into the dense

phase, and then rises to the top of the dense phase. When delivering the dense phase as

the drop phase, both the sample cell (a test tube) and capillary are rotated 180°. The
capillary holder has three holes to connect with the atmosphere, and the sample cell is full
of the light phase. The dense phase is injected into the light phase, and then falls down to

the bottom of the test tube.
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3.3 Operation of the DVT-10 Instrument

The measurements of dynamic IFT were performed as follows:

1. A 1.0 mL syringe was filled with the drop phase (lighter or denser phase), and all
bubbles and possible contaminants were removed by flushing the syringe. The
syringe was then directly attached to the switching valve by using a Luer lock tip. The
syringe was then filled using the refill option of the syringe pump with the line
attached to the sample solution. The valve was then switched to fill the line leading to
the sample cell.

2. The capillary was seated blunt end first into the ferrule nut that would be mounted into
the capillary holder. The capillary tip was attached to the bottom of the cell and the
glass (test ) tube was attached to the capillary holder. The cell was slid onto the
photocell assembly and positioned so that the bottom edge of the photocell was about
1-2 mm above the capillary tip when the denser liquid was the bulk phase. If the
lighter liquid was the bulk phase, the glass test tube was filled with the lighter liquid
phase before the test tube was attached to the capillary holder. The capillary was
totally immersed into the lighter liquid phase, and the bottom edge of the photocell
was about 1-2 mm below the capillary tip. The sample cell was mounted in a clamp
to hold it vertical. [t was found to be essential that the cell be maintained in a vertical
position and free of vibrations.

3. The glass tube was filled with the denser liquid phase until the liquid surface was about
10 mm above the top of the photocell . In order to minimize the effect of the air

currents, a cover was placed over the cell.
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4. The syringe pump was set to run at 1.0 mL /h and was started. The air bubbles were
removed from the capillary tip. After several seconds, a drop of the delivered
phase (drop phase ) would begin forming at the capillary tip. The drop was checked to
be sure it was symmetrical around the capillary tip. If not, it would mean that the
capillary was clogged or damaged. After 2 - 3 droplets have detached from the tip, the
pump was turned off.

5. The main menu on the control module was selected and the parameters were
entered which included the continuous phase density, the drop phase density, the
diameter of the capillary, the flow rate of the drop phase which is identical to the flow
rate of the pump, and the droplet limit (three was normally chosen).

6. The syringe pump was started again, the sensitivity control on the control module was
adjusted ensuring that one beep was heard for one droplet. In some cases, the glass
test tube should be adjusted within the range of the capillary tip away from the
photocell 1 - 2 mm to contribute a synchronizing effect to the sensitivity control.

7. Once drops were forming and being detected properly, the collection of data was
started by the menu gathering.

8. After a group time of formation of three droplets was measured, the syringe pump was
stopped. The flow rate was changed and so was liquid in the glass ( test ) tube. When
the continuous phase contained an additive, the continuous phase had to be changed
frequently because the surfactant could adsorb on any interface which includes the
interface formed by air and liquid as well as two liquids. In our situation, this would

influence the IFT measured for the liquid/liquid interface.
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9. Steps 2 - 8 or 3 - 8 were continued until all of the desired flow rates had been tested.
10. When an experiment was completed, the tubing and the syringe were cleaned with

acetone and dried by using compressed nitrogen.

3.4 Treatment of Experimental Data

The flow rate range of drop phase delivery used in these experiments is from 0.05 to
2.0 mL/h. Ball [1995] has shown that when the drop phase flow rate is at 2.0 mL/h or
lower, the kinetic energy contribution is negligible. Should the flow rate be too fast for
some situations, such as in the case of the acidic hexadecane/NaOH aqueous solution, and
should the drop formation time become too short to be recorded correctly, the flow
rate must be decreased until the drop formation time can be recorded correctly.

When the drop detaches from the capillary tip, it will be detected by an infrared LED
and a photodiode which is a co;mponent of the photocell assembly shown in Fig. 6. When
the first drop in an experiment is detected a timer is started, the time between subsequent
drops is then measured which is the drop formation time, and the drop volume will be
known which is proportional to the drop formation time when the drop phase flow rate is
constant. The number of drops accounting for one IFT data point is three. The data
measured and recorded by the DVT-10 include the drop formation time (over three
drops), the last drop volume (the first two drop volumes are not included in the final
record), the IFT corresponding to each drop and the mean value, and the relative standard
deviation. All of the experimental results are listed in appendices. The relative standard

deviation was always less than 1% for non-chemical-reaction systems and less than 2%
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for chemical-reaction systems and is not included with the results. The IFT, which is the
average of several runs, is plotted versus drop formation time in most situations. When
the drop formation time is too short in some situation compared with the other situation
in the same figure, the IFT is plotted versus the drop phase (which will form the drop)

flow rate.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Testing of Instrument

The instrument was tested by measuring the interfacial tension between pure
hydrocarbons and water and comparing the obtained values with those found in the
literature. The hydrocarbons used were hexane, octane, and dodecane which as the drop
phase were injected into the bulk phase, water. The results, in the form of interfacial
tension vs. the (formation) time (of droplet), are shown in Figure 8 and compared with

the corresponding values found in the literature in Table 3.

Table 3. The interfacial tension (mN/m) of hydrocarbon-water

present work literature reference
hexane/water 47.74 £0.34 47-49 [Kriiss, 1992]
octane/water 50.46 £ 0.20 50.3 [Schamm et al., 1995]
dodecane/water 51.81+0.09 519 [Kriiss, 1992]

The excellent agreement confirms the validity of the results measured by this

equipment and technique.
Two other testing systems involved in phase orientation are pure hexanol - water and

pure heptylic acid - water. As shown in Figure 9 and 10, when water acts as the bulk
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phase, the IFT was 6.65 + 0.12 mN/m for hexanol/water and 6.81 * 0.02 mN/m for
heptylic acid/water, respectively. These results were in good agreement with the literature
value of hexanol/water, 6.8 mN/m [ Donahue and Bartell, 1952] and heptylic acid/water,
7.0 mN/m (20 °C) [Weast, 1976]. With water as the drop phase, the IFT of water/hexanol
was 6.94 + 0.15 mN/m, and the IFT of water/heptylic acid was 6.71 + 0.20 mN/m. It is
evident that the difference of IFT between the two situations is very small for both the
hexanol/water and the heptylic acid/water system and, consequently, the DVT-10

instrument is suitable for studying the effect of phase orientation.

4.2 Butanol-1 / Water System

4.2.1 Pure Butanol-rich / Water-rich System

The results shown in Figure 11 indicate that when butanol-rich is used as the drop
phase the IFT for the equilibrated liquid system is 1.70 £0.02 mN/m. The literature
value of interfacial tension between water and n-butanol ranges from 1.8 (250C) to 1.6
(200C) mN/m [Davies and Rideal, 1961]. Since the two phases are preequilibrated and
there is no surface active substance present that could affect the interface, it is expected
that the same IFT would be obtained for both orientations. When the water-rich is used as
the drop phase the IFT for the same system is 1.72 + 0.03 mN/m. The difference of IFT
between the two phase orientations is thus very small, and it is not considered to be

significant in view of the measurement errors.
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4.2.2 Effect of Age of the Surfactant Solution

In order to be ensure the general validity of the IFT results, the effect of the age of SDS
solutions is investigated. Since the age of SDS solutions is normally 24 to 72 hours in

these experiments, the age effect is studied within the 24 to 105 hour interval. The

concentration of SDS is 6.5 mol/m3. The results shown in Figures 12 - 14 indicate that
the IFT either increases only slightly with an increase of the age of the solution or not at

all, and that the conclusions made later will not be affected by the age of the solution.

4.2.3 Effect of Phase Orientation

4.2.3.1 Surfactant in single phase

In the first instance, different amounts of surfactant, sodium dodecyl sulfate (SDS), are
added only in the drop phase. The results shown in Figures 15 and 16 indicate that the
[FT for this system decreases gradually with the increasing concentration of SDS, then
reaches a turning point. After this turning point the IFT only changes with the
concentration of SDS slightly or not changes at all. Following this region, the IFT then
continues to decrease with the increasing concentration of SDS. In the second instance,
different concentrations of SDS are added only in the continuous phase. The results
presented in Figures 17 and 18 show the same phenomena as Figures 15 and 16 for
the previous system. According to Zhao [1985] the turning points coincide with the
apparent critical micelle concentration (CMC). In practical processes, there are some

aqueous solutions of surfactants the surface tension of which will continue decreasing
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when the concentration of the surfactant surpasses the CMC. The aqueous solution of
SDS is a typical example. As discussed before, the term “apparent CMC” is used here to
reflect the fact that cmc is generally determined by measuring the surface tension of the
surfactant solution [Zhao, 1985]. In the present situations it is the interfacial tension
between two liquids which is being measured. The values of CMC which were estimated

from the graphs as highlighted by an arrow for the four cases are listed in Table 4.

Table 4. The relation of phase orientation and CMC

drop phase bulk phase CMC (mol/m3)
butanol + SDS water 9.30

water + SDS butanol 8.5

butanol water + SDS 7.00

water butanol + SDS 7.5

From Table 4, it is found that the CMC values for SDS being added only in the drop
phase are greater than the corresponding values for SDS being added only in the bulk
phase. It should be noted that, in the particular cases of Figures 15 and 17, these turning
points are not well developed and therefore the estimation of CMC involved a fair degree

of uncertainty.
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4.2.3.2 Surfactant in both phases

In the next step, SDS is added in both phases, and the effect of the phase orientation is
once again studied. The results are shown in Figures 19 - 21, for SDS concentration of
6.5 (smaller than CMC), 8.5 (around CMC), and 15 (above CMC) respectively. All
three graphs indicate that:

(i) the IFT for water-rich as the drop phase is higher than that for butanol-rich as the drop
phase under the same conditions. These results are similar to the pure system shown in
Figure 11. The three rightmost points shown in Figures 19 - 21 which correspond to
the drop phase flow rate less than 1.0 mL/h are almost independent of the drop
formation time. In order to ensure that the IFT valueused for comparison is not
affected by the velocity of the injected fluid, only these three points were employed to

calculate the average value of IFT which summarized in Table 5.

Table 5. The influence of phase orientation on IFT

SDS (mol/m*) 6.5 8.5 15.0
system — IFT(mN/m) (AIFT)

butanol + SDS / water 0.91 0.85 0.74

water + SDS / butanol 1.12(0.21) 0.93(0.08)  0.79 (0.05)
butanol / water + SDS 0.84 0.76 0.64

water / butanol + SDS 0.97(0.13) 0.82(0.06) 0.80 (0.16)
butanol + SDS / water + SDS 0.71 0.64 0.50

water + SDS / butanol + SDS 0.98(0.27) 0.75(0.11)  0.60 (0.10)
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Here, AIFT is the mean IFT difference between water-rich as the drop phase and
butanol-rich as drop phase under identical conditions. The results listed in Table 5 show
clearly that AIFT normally decreases with SDS concentration increase except for one
point which might be a result of a measurement error.

(i) the IFT for SDS in the drop phase is higher than that for SDS in the continuous
phase or in both phases. This result is in agreement with those of Homof and
Chouinard [in print] and Mollet et al. [1996a]. In the study of Hornof and Chouinard,
the influence of phase orientation was investigated with the help of a spinning drop
tensiometer. Because the glass capillary used in that instrument is strongly wettable by

aqueous phase, injecting the aqueous liquid as the drop phase was not possible.

4.2.3.3 Effect of droplet formation time on IFT

An important observation made on the basis of Figures 15 - 21 is that the [FT generally
increases with the decreasing drop formation time, i.e., increases with the increasing of
drop phase flow rate. That means for a given system, the higher the flow rate of the drop
phase (or the shorter the droplet formation time), the higher the observed value of the
IFT. When the drop flow rate is lowered, the IFT becomes eventually independent of the
drop formation time. Hool and Schuchardt [1992] mentioned that at very low flow rates,
the droplet forms very slowly allowing sufficient time for surfactant accumulation to
occur at the interface of the liquids and thus producing a lower interfacial tension
value. As the growth rate of the interface increases, so does the corresponding value of

the interfacial tension at the time of droplet separation. In all measurements involving
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surfactants the shape of the dynamic interfacial tension measurement curve is highly
dependent upon the diffusion characteristics of the surfactant and the rheological
properties imparted to the interface by the surfactant accumulation thereon.

MacLeod and Radke [1993] pointed out that when a surfactant-laden fluid-fluid
interface is stretched or contracted, surfactant exchanges with the bulk phases and
transports along the interface to re-establish equilibrium. Convective diffusion in both the
bulk and the surface phases, sorption kinetics, and molecular rearrangement at the
interface all play roles in the overall kinetics. Recently, the growing drop
technique was introduced for studying surfactant adsorption/desorption kinetics at
deformable interfaces by measuring dynamic surface and interfacial tension [MacLeod
and Radke, 1993, MacLeod and Radke, 1994, Nagarajan and Wasan, 1993] and related
theory was published.

The experimental results of Nagarajan and Wasan [1993] show clearly that the
interfacial tension increases as the drop expansion time increases. This phenomenon
indicates that as the drop expands, the interfacial  area increases, and the interfacial
tension increases responding to the depletion of surfactant at the interface. The slowness
of the diffusional transport is unable to respond rapidly enough, and the interfacial
tension increases with time. The behavior exhibited by the present experimental results
which is similar to that observed by MacLeod and Radke [1993] and it has been
qualitatively explained by them as follows:

In the beginning, the surface of the drop is expanded and since the relative expansion

rate dominates the diffusion flux of surfactant molecules from the bulk to the surface, the
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surface tension increases. After long times the relative expansion rate decreases and the

diffusion flux becomes dominating; therefore, the surface tension decreases.

4.2.3.3.1. Theoretical approach for growing drop technique

Some general remarks on the behavior described above have been made by Joos and
Van Uffelen [1995]:
1) the surface or interface area, A, changes with the drop expansion time, t, according to

Equation (11):

A=A l+at) (11)

where A is the area at t = 0, and ¢ is a characteristic function of drop expansion. For

different drop growing method, o has different meaning.

2) the surface dilatation rate 0 is given by:

0 = no/(1+at) (12)

The Eq. (12) shows clearly that the dilatation rate 6 has a maximum value for t=0,
and that O decreases when drop expansion time increases. For very long times the
dilatation rate becomes independent of the parameter a and becomes very small (6 = n/t),
leaving the diffusion flux as the dominating supplier of surface-active material to the

surface. Eq. (11) includes some particular cases:
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(i) n=1 gives the result for a linearly expanding surface ( with o = (1/A) dA/dt)
(ii) n=2/3 for the linear volume expansion ( with a =F/V )

where V is the volume of the spherical drop at t = 0, F is drop phase flow rate.

4.2.3.3.2. Influence of surface expansion rate on apparent IFT

Although there are some differences between the growing drop technique and the
dynamic drop volume technique [ Joos and Van Uffelen, 1995], the dynamic drop volume
method, as stated by MacLeod and Radke [1993], provides reliable results and
experimental evidence about the adsorption process. This point can also be interpreted
more clearly with a similar approach based on the dynamic drop volume method in the
present work which is described below.

Based on Eq. (10), the drop volume is related to the time of formation of one drop, t, as

follows:

V=tF (13)

Assuming the droplet is spherical, its volume is given by:

V =4nR’/3 (14)

where, R is the radius of the droplet which depends on the drop formation time for a

given drop phase flow rate.
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So R=(3tF /dn) (15)

and dv/dt=F (16)

It is evident that the drop volume expansion is proportional to the drop phase flow rate
in dynamic drop volume method.

The droplet surface area also changes with the drop formation time when the drop

phase flow rate is fixed.
Since A=4mR’ (17)
23
So A =47 (3t F/4m) (18)
33 _2 173
and dA/dt = (32/3wr) (F /t) (19)

where dA/dt is the rate of formation of new surface.
Both Eq. (16) and Eq. (18) indicate that the dynamic drop volume method is very
similar to the growing drop method when drop volume expansion is linear, i.e., n=2/3.
Eq. (19) shows that, unlike the rate of volume increase, the drop surface area expansion
rate is time dependent. As a consequence, when the drop phase flow rate F is large, the
drop formation time is short, and the drop surface area expansion rate is high. In such a
situation, the diffusion rate of the surfactant is not sufficient to supply enough surfactant
to the oil-water interface. This is reflected in a higher apparent interfacial tension

observed. As the drop phase flow rate is gradually decreased, the drop formation time
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increases. Therefore, the drop surface area expansion rate also decreases, and the
surfactant molecules have enough time to diffuse to and become adsorbed at the
interface. The net result of this is that at a certain flow rate (i.e., a certain minimum
drop formation time), the IFT becomes stable and no longer decreases with decreasing
flow rate. This progress of IFT change with drop phase flow rate (or droplet formation
time) is clearly evident in Figures 19-21. For most situations the IFT is decreasing with
an increase in droplet formation time when droplet formation time is less than 2 seconds.
After that, the [FT becomes almost constant.

From Eq. (9), the relation between interfacial tension and drop phase flow rate can

be expressed quantitatively as:

y=tF Apg/nd (20)

and the rate of IFT change with flow rate is:

dy/dt = F Apg/nd 1)

Eq. (21) clearly indicates that the slope of interfacial tension vs. drop formation time
curves is expected to be larger when the drop phase flow rate is higher. The slope
decreases with an decrease of the drop phase flow rate and finally the IFT vs. time curves
become flat as shown in Figures 19-21. A similar effect has also been recently described

by Nagarajan and Wasan [1993].
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Miller et al. [1992] have pointed out that the volumes of drops at the interface of pure
liquids increase with decreasing drop formation time. This has been also noted by Jho and
Burke [1983]. Eq. (16) and Eq. (21) also indicate that the drop phase flow rate (or droplet
formation time) affects not only systems containing surfactant, but also the surfactant-free
system. An example is the curve shape shown in Figure 11 for pure equilibrated
butanol/water system. However, the mechanism of the influence of drop phase flow rate
or droplet formation time influence on the IFT is different. For a pure system, this
kind of behavior is mainly the result of the inertia of the fluid which contributes to the
detachment force when drop phase flow rate is high [Kriiss, 1992]. For surfactant
containing systems, on the contrary the main factor is the competition between the
surfactant adsorption rate and the diffusion rate. In butanol/water system, the surfactant
used is SDS (i.e., sodium dodecyl sulfate ---C12) with a chain containing less than 14
carbon atoms. Such small molecules are highly mobile. The transport of SDS thus occurs
very fast, and its diffusion rate in aqueous solution is not less than the dilatation rate of
the interface [MacLeod and Radke, 1993]. In this situation, the IFT - time curves of
butanol/water system show little difference between the surfactant-free system and the

surfactant-containing system.
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4.3 Hexadecane-Water System

4.3.1 Effect of Phase Orientation on IFT

4.3.1.1 Experimental results

The experimental results obtained for the butanol/water system have shown clearly that
the IFT of that preequilibrated system was not affected by the phase orientation and that
the values of IFT for both orientations were in excellent agreement with the literature
value. For the immiscible system of paraffin oil/sodium linoleate aqueous solution,
Touhami et al. [1996] have observed that preequilibration has almost no effect on the
IFT. This behavior is interpreted as due to the fact that sodium linoleate is not soluble in
the oil phase and thus it cannot be depleted by partitioning into paraffin oil. Since the
two phases used in the present work, hexadecane and water, are also immiscible, it is
expected that once again the same IFT would be obtained for both orientations. The
results shown in Figure 22 indicate that the IFT of pure hexadecane against pure water is
53.5 + 0.30 mN/m. This is in excellent agreement with the data published for
hexadecane/water, 53.3 mN/m [Aveyard, 1965]. With water as the drop phase,

however, the apparent IFTy which is the measured value and represented by solid

squares was 62.73 + 0.35 mN/m. This difference is very large in comparison with the
standard deviation and is therefore statistically significant. A similar type of behavior
was detected in the systems involving hexadecane/Nal. (and NaOL) aqueous solution,
and acidic hexadecane/NaOH aqueous solution. Experimentally, this means that the
droplet at the time of detachment was bigger than the droplet normally ejected from, and
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conforming to, the inner diameter of the capillary. The only possible reason for this kind
of anomalous behavior is the different wettability of the oleic phase and the aqueous
phase towards the material of the capillary. As mentioned before, the capillary was
hydrophilic. Consequently, water might be expected to wet the tip of the capillary and
to form a larger drop corresponding to the outer radius of the capillary [Miller et al., 1992
and Skelland and Slaymaker, 1990], or even to displace the strongly hydrophobic oil
phase and spread on the tapered surface of the capillary as described by MacLeod and
Radke [1993]. As a result of this, the apparent IFT,, of the system would be greater than
its true value.

In order to ascertain the exact position of the droplet of the aqueous phase as it forms at
the tip of the capillary, a parallel investigation of the water as the drop phase against
hexadecane was conducted by using the photo-micropendography apparatus [Chiwetelu
et al., 1988]. These experiments have rendered proof that there was no any spreading of
water on the tapered capillary surface and that the water drop simply conformed to the
outer diameter of the capillary at the moment of detachment from the capillary tip.

It is clear that some correction is needed when the aqueous phase represents the drop
phase. For this situation, other workers have suggested that the IFT of the aqueous phase
as the drop phase should be calculated on the basis of the outer diameter [Miller et al.,
1992, Skelland and Slaymaker, 1990, and MacLeod and Radke, 1993]. Several types of
correction methods have been proposed [Pierson and Whitaker, 1976, Rewick et
al., 1982, Babu, 1987, Miller et al., 1992, and Nagarajan and Wasan, 1993]. However, all
of them were used to correct the drop volume for incomplete detachment from a

blunt capillary tip. Such correction factors are not necessarily suitable for the
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present situation because the capillary used is different in shape and size. Therefore,

a new method of correction is developed below for the data obtained in this work.

4.3.1.2 The derivation of a correction factor

Based on the assumption of IFT being identical when oleic phase acts as the drop
phase and when aqueous phase acts as the drop phase for a given system, a correction
factor, £, is proposed here for the hexadecane/water system. It is a function of the radius

of the capillary, r_, and the volume, V, of the drop as shown in Eq. (7):

=9V ") %

Here, r = 0.144 mm and V is the average drop volume measured by the DVT-10 and

calculated with the help of Eq. (10).
For HD/water system, when HD acts as the drop phase, the droplet forms in the inner
diameter of the capillary, so the IFT of HD as the drop phase does not need correction

[Kriiss, 1992]. When water acts as the drop phase, the IFT measured by DVT-10 is

(Ywucrlb[D)m = Aprg/ ndi (22)

where water/HD means that water acts as the drop phase and HD acts as the bulk phase,
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the subscript m denotes the measured value of IFT, Ap is the density difference between

aqueous phase and oleic phase, d, is the inner diameter of the capillary and V_ is the

volume of the water droplet.

The corrected IFT value then s :

(Y yaterin)c = 2PV, &/md o(r /V lB) (23)

where subscript ¢ denotes the calculated value of IFT and dg is the outer diameter of
the capillary.

It is known that

(YP{D/watcr)m = Apvo g/ Ndi (24)

here, HD/water means that HD acts as the drop phase and water acts as the bulk phase;

V_ is the drop volume of HD.

According to the assumption there should be:

(YEID/wmer)m = (YwatcrIHD) c (25 )

It is then possible to write:

(Ywamrlkﬂ)) m /(YWﬂle/!‘[D) c = (YwamrIPD) m /(YPlDlwater)m (26)
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and fr V") = (d/d )V, /V) @7

and (Ywamrﬂ{D) c = (YwatcrIHD) m(dl/do) f(ro/‘/lB) (28)

Applying program of Statistics [SAS, 1982] to the experimental results of present

work, the relationship between fand r /V " was determined to be:

173 17352 1/3\3
f=a +a/r/V +a/(r/V ) +a/(r/V ) (29)
with a, = 0.9965678; a, = 0.0073756;
a; = -0.0073756; a, = 0.0000560. ____

The result shown in Fig. 22 indicated that the calculated value, IFT_, for water as a
drop phase (represented by solid diamond) was essentially identical to that obtained with
hexadecane as the drop phase when this correction factor was applied. The IFT for
aqueous phase, such as NaL, NaOL, and NaOH water solution, as the drop phase was also
corrected in different degree as shown in Figures 23-26, it means that the relationship
between the correction factor and r/V v was very appropriate for these immiscible oleic
and aqueous systems with the use of DVT-10. It should be mentioned is that correction
factors for these immiscible systems are always around 1. This means that the droplet of

the aqueous phase is in fact formed at the outer diameter of the capillary,
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and the corrected IFT of the aqueous solution as the drop phase can be directly gained by
using the outer diameter of the capillary instead of the inner diameter as indicated in Eq.
(22) and (23). The validity of the approach used to derive the correction factors has been

confirmed with the help of the photo-micropendography apparatus, as mentioned before

4.3.1.3 Influence of the droplet formation time

The surfactant-free system, data for which are shown in Figure 22, exhibits almost no
change with the drop formation time. The data shown in Figures 23-26, obtained in the
presence of surfactant, are similar to those observed in Figures 15-21 for the
butanol/water system in that the IFT value is higher when the droplet formation time is
short. However, the initial change of the slope of the IFT vs. time curve, i.e., AIFT/At
before the IFT - time curve gradually flattens, is much greater for HD/surfactant solution
system than in the case of the butanol/water system. This result is possibly due to the

different type of surfactants used in the two systems.

4.3.2 Effect of Adding NaOH in Water or Acid in Hexadecane on IFT

From the results shown in Figure 27, it is evident that the IFT against pure oil (no
acid) was not significantly decreased by an addition of NaOH. This indicated that the
hexadecane itself does not contain organic acids which could produce surface-active
substances by a reaction with NaOH. According to Surkalo [1990], in alkaline flooding,
the added alkali is not only a surfactant precursor, but also, by its nature, an electrolyte.

This point was later confirmed by the results of Rudin and Wasan [1992a]. They found
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that the IFT of decane against deionized distilled water was 45.1 mN/m, while it was 43.1
mN/m against 1% NaCl. The small decrease in IFT observed in the present work could be
thus explained as being caused by NaOH as an electrolyte rather than a reagent.

The results shown in Figure 28 indicate that when linoleic acid (or oleic acid ) is
added to the hexadecane, the IFT against water decreases. The IFTs of hexadecane
acidified with linoleic acid and oleic acid against water were about 35 mN/m and 37.5
mN/m, respectively. This is in agreement with the findings of Rudin and Wasan
[1992b] and Touhami et al. [1996] and indicate the un-ionized acid is, by itself, surface

active.

4.3.3 Effect of Ready-made Surfactant, In Situ-formed Surfactant and

Other Additives on IFT

From Figures 29 and 30, it is observed that the IFTs of hexadecane against sodium
linoleate and sodium oleate were higher than those of acidic hexadecane against sodium
hydroxide solution. In the former situation, the surfactants Nal. and NaOL were ready-
made (or preformed), whereas in the latter situation the surfactants were formed in-situ by
the interfacial reaction of acid in the oil phase and NaOH in water.

Mollet et al. [1996a] have previously compared the effects of ready-made and in situ-
formed surfactant on IFT, and their results are similar to those presented in this thesis.
The system they used was paraffin oil, which has a carbon chain of similar length as

hexadecane; aciditied with linoleic acid. The ready-made surfactant was sodium linoleate.
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Both the results of this work and of Mollet et al. [1996] may reflect the fact that the
ready-made surfactants NalL and NaOL are only soluble in the aqueous phase.
Their aqueous solutions, contacted with hexadecane, could only adsorb on the interface
from the aqueous side. As far as the in situ-formed surfactants are concerned, these were
formed directly in the interface by the reaction of acid in hexadecane and NaOH in
aqueous phase. In this situation, the surfactant could adsorb on the interface from both the
oil and the aqueous side. Thus the IFT for the first situation would be expected to be
higher than that for the second situation.

Similar experimental results were obtained by Rudin and Wasan [1992b] and Touhami
et al. [1996]. The acids used in their experiments were oil soluble (oleic acid and linoleic
acid) and the surfactants added were water soluble (SDS). They both found a synergistic
effect between the acid added to the oil phase and the surfactant added to the aqueous
phase on lowering IFT. This was attributed to the simultaneous adsorption of the acid and

surfactant on the interface. The ready-made surfactant obtained by mixing equal volumes

of 10.0 mol/m3 NaOH and 10.0 mol/m3 acid is in fact also a mixture of surfactant and
acid because the weak carboxylic acid is not completely neutralized by an equal molar
amount of NaOH [Rudin and Wasan, 1992a]. Therefore, ionized and un-ionized acid
could adsorb at the interface. However, in this situation the un-ionized acid would form
mixed micelles with the surfactant [Rudin and Wasan, 1992a], and these could only
diffuse to the interface and become adsorbed at it from the aqueous side. The favorable

effect on lowering IFT would thus be weakened.
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Another observation based on Figure 29 is that the IFT of the ready-made surfactant
system decreases with an increase of the drop phase formation time. In other words, it
increases with increasing drop phase flow rate as shown in Figure 30. This observation is
in a good agreement with the results mentioned earlier in the butanol/water system. For
the in-situ-formed surfactant system, on the other hand, the IFT was almost totally
unaffected by the drop phase formation time (in Figure 29) or by the drop phase flow rate
(in Figure 30). This result is possibly due to the reaction between the acid in the oleic
phase and NaOH in the aqueous phase being very fast, and being immediately followed
by the adsorption of the in situ-formed surfactant at the interface. This would tend to
make the adsorption process almost independent of the diffusion rate of the
surfactant.

Figures 31 and 32 demonstrate the effect of adding a preformed surfactant to NaOH
solution on the IFT of acidic hexadecane/NaOH solution system. For both the oleic and
linoleic acid systems it is observed that the IFT increases with an addition of the
preformed surfactant. For the acidic hexadecane/NaOH solution system, the adsorption of
the preformed surfactant on the interface may have formed a film at the interface which
would slow down or inhibit the reaction between the acid in the oil phase and the NaOH
in the aqueous phase. In such a situation, the acid would adsorb on the interface from oil
side, and the preformed surfactant would adsorb on the interface from aqueous side.
However, the NaOH would not act as the alkaline reagent (i.e., a precursor of the in situ-
formed surfactant) but as an electrolyte. The possible results would be (1) the high

activity of the in situ-formed surfactant on lowering IFT would reduced; (2) the more
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effective surface-active agent (sodium oleate or sodium linoleate) would be replaced by
the less effective un-ionized acid (oleic acid or linoleic acid).

Several researchers have studied the effect of added surfactant on the acidic oil / alkali
system [Taylor et al. 1990, Rudin and Wasan, 1992b, and Touhami et al., 1996b], and all
of them found a beneficial synergistic effect arising from the combination of
surfactantand alkali. Touhami et al. pointed out that adding a preformed surfactant to
reinforce the in situ produced surfactant could lead to an improvement in overall
interfacial activity of the system. Thus, a small addition of a surfactant to the alkaline
solution could cause the IFT to drop lower than with either surfactant or alkali alone.
This mechanism is also supported by Schuler et al.[1989].

However, it should be noted that the experimental results of both Rudin and Wasan
[1992b] and Touhami et al. [1996] indicated that there wasan optimum related to
the concentration of acid in oleic phase, and to the concentration of NaOH and surfactant
in the aqueous phase. When the concentrations were above this optimum, the IFT of the
systems would increase with an increased concentration of acid or NaOH. In a study of
the possible use mixed surfactants to improve the IFT behavior of a heavy oil/alkaline
system, Chiwetelu et al.[1994] observed that with an addition of a ready-made surfactant,
the IFT of heavy oil/NaOH system would generally increase. This phenomenon was
explained on the basis that the NaOH was being largely excluded from the oleic/aqueous
interface. This exclusion of NaOH may be attributed to the physical interference effects
caused by the long-chain surfactant molecules preferentially adsorbing at the interface,
thereby resulting in a reduced NaOH concentration at the interface and result in a reduced

rate of reaction with the acid in the oil. By working with a fixed acid and alkali
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concentration, Taylor et al. [1990] found that there was an optimum surfactant
concentration required to produce low values of IFT. This optimum concentration
represented an optimum ratio of natural surfactant to synthetic surfactant at the oil/water
interface. In the present experiments, the concentration ratio among acid, NaOH and
surfactant was very likely above the optimum relation and this would explain the increase
in IFT.

The effects of adding salt (NaCl) to the ready-made surfactant solution on the IFT of
hexadecane/surfactant solution systems were also studied and the results are shown in
Figures 33 and 34. The effect of added NaCl on the IFT was exactly identical for both
systems, i.e. hexadecane/NaL and hexadecane/NaOL. In both cases the IFT was
decreased to a very low value. The effect of salt has received much attention in relation to
micellar flooding [Chiang et al., 1978, Pouchelon et al., 1980, Noronha and Shah, 1982,
Son et al., 1982]. Most researchers found that the IFT of an oil-water-surfactant-
cosurfactant-salt system could not reach an ultra-low value in the absence of salt, and
that there existed a characteristic optimum salinity for each different surfactant system.
When the salinity was originally less than the optimum value, the IFT of the
system would decrease with increasing salinity. At the optimum salinity, the [FT would
reach the lowest point. Subsequently, with a further increase in salinity, the IFT would
begin to increase Generally, the optimum salinity is dependent on the system and around

1.5-6 % (wt) [Chiang et al., 1978, Pouchelon et al., 1980, and Son et al., 1982, Kumar et

al., 1984]. The concentration of NaCl used in the present experiments was 10.0 mol/m3
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which is very low ( ~ 0.05% ) and much less than the optimum salinity of the two
systems. As a consequence, the IFTs of the two systems investigated here were expected
to decrease with an addition of NaCl. The drop volume method is not suitable for
studying systems in which the IFT drops below about 0.2 mN/m, and therefore it could
not be used to investigate systems having higher salinity.

The effect of salt in the particular case of caustic flooding has also been extensively
investigated in the past [Poollen and associates, 1980, Chan and Yen, 1981, Chan and
Yen, 1982, Babu et al., 1984, and Babu et al., 1986]. Though measuring the IFT of thee
crude oils and NaOH solutions, Chen and Yen [1981] concluded that addition of salt to
the NaOH solution has two effects. On one hand, sodium chloride can be used to bring
about ultralow interfacial tension of acidic oil at a lower bulk aqueous pH; in fact, often
too high an alkali concentration is undesirable for either economic or environmental
reasons, and salt can be used to lower the amount of alkali required to bring about the
sudden drop of IFT. On the other hand, interfacial activity is negatively affected because
the large sodium ion concentration resulting from the addition of the salt deactivates the
soap formed and therefore increases the IFT. Similar conclusion was reached later by
Chan and Yen [1982]. These observations are supported by the experimental results of
Babu et al. [1984, and 1986]. Apparently, for a given acid oil/caustic solution system,
there is an optimum salinity which also corresponds to a minimum IFT for the system.
Bansal et al. [1978] also pointed out that an excessive level of caustic may produce
similar unfavorable effects (i.e., increasing IFT) as high salinity.

However, addition of more NaOH in the two systems studied in this work resulted in a

different behavior for each. For the hexadecane/NaL system, IFT increased with
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additional NaOH. Conversely, the IFT of hexadecane/NaOL decreased with additional
NaOH. For these results, there is a plausible explanation: The effect of NaOH is not as
simple as the effect of the salt, suchas NaCl. In preparing of Nal and NaOL solutions
by adding linoleic or oleic acid to neutralize NaOH aqueous solution, it was found that
the solution was not as transparent as water, but rather translucent. When more NaOH
was added, the NaL and NaOL solutions became clearer than the solution before adding
NaOH. However, addition of NaCl did not have such effect. In our experiments, the
concentration of NaOH was the same as that of NaCl. Apparently, addition of NaOH did
not only change the salinity of a system, but it also changed some other properties of the
same system simultaneously.

Rudin and Wasan[1992a] carried out similar experiments. They added 13.0 mol/m3 of
oleic acid to decane, and found that when the concentration of NaOH in the aqueous
phase was 0.025% (about 6.25 mol/m3: i.e., about half the concentration of oleic acid),
the IFT of the system reached a minimum value. Increasing the concentration of NaOH
in the aqueous phase, the IFT of the system gradually increased and finally reached a
constant value at which the acid was completely ionized at 0.1 % of NaOH and above
(>25.0 mol/m3). They also found that each different initial acid concentration
corresponded to a different equilibrium pH at which the IFT of the system reached a
minimum. A similar behavior was also observed by Taylor et al.[1990]. Two points were
quite clear: (1) to ionize 10.0 mol/m3 oleic acid needed more than 10.0 mol/m3 NaOH,
(2) for an acidic oil/NaOH solution system, there is always an optimum pH at which

the minimum IFT of the system is observed.
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Though investigating the effect of NaOH concentration on the interfacial tension
between crude oil and aqueous solution, Bansal et al. [1978] observed that at low
concentration of NaOH, most of the carboxylic acid present in the crude oil will be in un-
ionized form (RCOOH), and hence the interface will be less charged and the IFT of the

system will be higher. On further increase of the concentration of NaOH, ionization of

the carboxylic group will occur forming R-COO- ions. This in turn results in an increase
in charges at the interface and a decrease in IFT. If the concentration of NaOH is further
increased, undissociated soap of carboxylic acid (RCOONa) will be formed due to
increased ionic interaction, which will eventually decrease the charge at the crude
oil/caustic interface and increase the IFT between crude oil and aqueous solution.
Therefore, excessive alkali is not beneficial for decreasing IFT.

Rudin and Wasan [1992a] also mentioned that the observed IFT depended on the
hydrocarbon chain length and the acid type and concentration. In present work, it has

been noted that the un-ionized, oil soluble acid was not soluble in the aqueous phase. The
solutions of acid in 10.0 mol/m3 NaOH were thus not transparent. For linoleic acid, when
the concentration of NaOH was 10.0 mol/m3 and the acid concentration was 10.0
mol/m3, the acid was probably only partially ionized, and the IFT of the system was
near the minimum value. When the NaOH concentration was 20 mol/m3, the linoleic

acid (10.0 mol/m3) was almost completely ionized which resulted in a pH higher than the
optimum value, and the consequent IFT of the system increased. Fer oleic acid at the

same concentration, the pH of the system might be much lower than the optimum pH

when the concentration of NaOH was 10.0 mol/m3. Increasing gradually the NaOH
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concentration resulted in more oleic acid being ionized and the pH of the system
approached the optimum value. As a consequence, the additional NaOH in this case
did not increase the IFT, but decreased it.

Overall, the effect of excess NaOH on the IFT of oil-surfactant system can not be
explained satisfactorily at this time. The experiments were reproducible and thus the
phenomena being observed can not be considered to be an artifact. More work with

different acidic oil/alkaline systems is needed to clarify this problem.

86



5. CONCLUSIONS

1) The IFT values measured by DVT for hydrocarbon/water systems were in excellent
agreement with literature values.

2) The method of DVT was found suitable to investigate the effect of phase orientation
on IFT using the butanol-1/water system.

3) Addition of surfactant either to the bulk phase (water-rich or butanol-rich) or to both
phases resulted in a lower IFT than addition of surfactant to the drop phase only.

4) When the water-rich liquid was the drop phase, the IFT measured was higher than
when the butanol-rich was the drop phase under identical conditions.

5) The CMC observed when surfactant was added to the drop phase was higher than for
surfactant in the bulk phase. Also the CMC was higher when the surfactant was added
to the butanol-rich phase than when it was added in the water-rich phase.

6) The in situ-formed surfactant produced a lower IFT than the ready-made surfactant for
hexadecane/water system.

7) Addition of preformed surfactant to caustic solution did not always bring about a
decrease in IFT.

8) Addition of NaCl in the flooding solution contributed to lowering the IFT.
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6. RECOMMENDATIONS FOR FURTHER WORK

In order to further study the influence of phase orientation on IFT, the following work

should be carried out:

1) A capillary with a hydrophobic surface should be developed in order to improve
measurements when the hydrophilic liquid is the drop phase. For example, a capillary
with hydrophilic surface could be treated with silane.

2) Characterize a series of pure hydrocarbon-water systems by measuring the wettability
and IFT, in order to find the relationship between the correction factor, wettability and
IFT.

3) For partially miscible binary liquid systems, the mutual solubility change, if any, with
the surfactant concentration should be determined.

4) The effect of salinity and excess NaOH should be further studied using a method

capable of detecting very low IFT, such as the spinning drop tensiometer.
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Part I. Butanol-Water System

Appendix A. Physical Properties of Solutions
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Table Al. Physical properties of butanol+SDS

solutions

SDS concentration Density

(mol/m®) (kg/m?)
2.0 844.8
43 8454
6.5 846.1
7.0 846.2
7.5 846.3
8.5 846.6
93 846.9
10.8 8470
12.0 847.6
13.8 848.1
15. 848.5

Table A2. Physical properties of water+SDS solutions

SDS concentration Density

(mol/m?) (kg/m’)
2.0 986.6
40 9873
6.5 988.0
71 988.2
7.6 988.3
8.5 088.6
10.0 989.0
12.0 989.6
15.0 990.5
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Appendix B. Dynamic Interfacial Tension Data

B-1. Pure Hydrocarbons as Dispersed Phase against Pure Water System

(hydrocarbon / water)
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Table B1. Hexane / water

Flow rate Time | Drop Volume IFT
(m*/h*10°) (s) (m?*10°) (mN/m)
2.0 20.10 11.169 46.49
1.8 2231 11.155 46.42
1.5 27.18 11.330 47.17
1.0 41.47 11.519 47.94
0.8 5191 11.536 48.02
0.5 83.35 11.576 48.19
0.4 104.46 11.607 48.31
0.2 214.36 11.909 49.58
Table B2. Octane / water
Flow rate Time | Drop Volume IFT
(m*/h*10°) (s) (m>*10%) (mN/m)
2.0 2491 13.873 50.19
1.8 27.77 13.885 50.07
1.5 33.31 13.878 50.23
1.2 41.35 13.784 50.11
1.0 49.32 13.699 50.10
0.8 62.07 13.793 50.12
0.5 99.68 13.845 50.11
0.3 171.19 14.245 51.57
0.2 256.64 14.258 51.60
Table B3. Dodecane / water
Flow rate Time | Drop Volume IFT
(m*/h*10°) (s) (m3*10°) (mN/m)
2.0 30.92 17.130 52.40
1.6 37.96 16.945 51.95
1.4 43.29 16.941 51.85
1.2 50.64 16.900 51.65
1.0 60.57 16.941 51.90
0.6 100.76 16.875 51.58
0.5 121.31 16.789 51.53
0.2 302.87 16.839 51.64
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B-2. Butanol as Dispersed Phase against Water + SDS System

( butanol / water + SDS (mol/m’) )
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Table B4. Butanol / water + SDS (0.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m3*10%) (mN/m)
20 1.80 0.972 1.73
1.8 1.98 0.972 1.72
1.6 222 0.967 1.71
1.4 2.50 0.962 1.70
1.2 2.94 0.963 1.70
1.0 3.32 0.962 1.69
0.8 434 0.952 1.68
0.5 7.02 0.952 1.67
0.2 17.06 0.951 1.66

Table BS. Butanol / water + SDS (2.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m3*10°) (mN/m)
2.0 1.17 0.648 1.12
1.8 1.33 0.663 1.12
1.5 1.59 0.662 1.15
1.2 1.98 0.662 1.14
1.0 2.30 0.640 1.11
0.8 291 0.646 1.12
0.5 4.54 0.631 1.10
0.2 11.45 0.636 1.11

Table B6. Butanol / water + SDS (4.0 mol/m’)

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m3*10°) (mN/m)
2.0 1.12 0.624 1.08
1.8 1.23 0.613 1.06
1.5 1.45 0.608 1.05
1.2 1.76 0.588 1.01
1.0 2.07 0.576 1.00
0.8 2.59 0.575 1.00
0.5 4.09 0.569 0.99
0.2 9.48 0.527 0.92
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Table B7. Butanol / water + SDS (6.5mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m®*10°) (mN/m)
2.0 0.97 0.537 0.93
1.8 1.04 0.518 0.89
1.5 1.22 0.510 0.88
1.2 1.54 0.513 0.89
1.0 1.76 0.490 0.85
0.8 2.19 0.493 0.84
0.5 3.55 0.493 0.85
0.2 8.59 0.477 0.83

Table BS. Butanol / water + SDS (7.1 mol/m’)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m*10°) (mN/m)
20 0.90 0.500 0.86
1.8 0.97 0.487 0.84
1.5 1.17 0.486 0.84
1.2 1.40 0.468 0.81
1.0 1.70 0.472 0.82
0.8 2.10 0.466 0.81
0.5 3.30 0.459 0.80
0.2 8.27 0.459 0.80

Table B9. Butanol / water + SDS (7.6 mol/m®)

Flow rate Time | Drop Volume IFT

(m*h*10°) (s) (m**10%) (mN/m)
2.0 0.89 0.496 0.85
1.8 0.98 0.490 0.85
1.5 1.21 0.506 0.83
1.2 1.37 0.458 0.79
1.0 1.60 0.444 0..81
0.8 2.00 0.444 0.78
0.5 3.21 0.447 0.79
0.2 8.04 0.446 0.78
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Table B10. Butanol / water + SDS (8.5 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m3*10°) (mN/m)
2.0 0.87 0.481 0.84
1.8 0.96 0.480 0.83
1.5 1.13 0.470 0.82
1.2 1.38 0.461 0.80
1.0 1.64 0.456 0.79
0.8 2.02 0.450 0.78
0.5 3.14 0.437 0.78
0.2 7.54 0.419 0.73

Table B11. Butanol / water + SDS (10.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m?*10%) (mN/m)
2.0 0.83 0.459 0.79
1.8 0.89 0.445 0.77
1.5 1.06 0.442 0.77
1.2 1.33 0.443 0.77
1.0 1.52 0.422 0.74
0.8 1.89 0.420 0.73
0.5 2.92 0.405 0.70
0.2 6.97 0.387 0.68

Table B12. Butanol / water + SDS (12.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10%) (mN/m)
2.0 0.49 0.274 0.72
1.5 0.61 0.254 0.66
1.0 0.93 0.258 0.69
0.5 1.77 0.246 0.66
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Table B13. Butanol / water + SDS (15.0 mol/m* )

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m®*10°) (mN/m)
2.0 0.71 0.394 0.68
1.8 0.79 0.397 0.69
1.5 0.93 0.386 0.67
1.2 1.14 0.381 0.66
1.0 1.38 0.383 0.66
0.8 1.72 0.382 0.66
0.5 2.62 0.364 0.63
02 6.53 0.363 0.63
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B-3. Butanol + SDS as Dispersed Phase against Water System

(butanol + SDS (mol/m’) / water)

108



Table B14. Butanol + SDS(2.0 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m?*10°) (mN/m)
20 1.23 0.683 1.18
1.8 1.33 0.667 1.15
1.5 1.59 0.664 1.15
1.2 2.02 0.674 1.17
1.0 237 0.659 1.14
0.8 3.01 0.669 1.16
0.5 4.70 0.653 1.13
0.2 11.37 0.632 1.10

Table B15. Butanol + SDS(4.3 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m3*10°) (mN/m)
2.0 1.31 0.728 1.11
1.8 1.38 0.725 1.11
1.5 1.45 0.629 1.08
1.2 1.83 0.611 1.06
1.0 224 0.621 1.08
0.8 2.78 0.618 1.07
0.5 434 0.602 1.05
0.2 10.75 0.600 1.04

Table B16. Butanol + SDS(6.5 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10%) (mN/m)
2.0 1.01 0.563 0.97
1.8 1.10 0.548 0.95
1.5 1.31 0.544 0.94
1.2 1.63 0.544 0.94
1.0 1.90 0.528 0.93
0.8 236 0.524 0.93
0.5 3.86 0.536 091
0.2 9.34 0.519 0.90
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Table B17. Butano + SDS(8.5 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m?*10°) (mN/m)
2.0 0.94 0.520 0.90
1.8 1.06 0.528 091
1.5 1.23 0.513 0.88
1.2 1.52 0.506 0.87
1.0 1.77 0.491 0.85
0.8 2.26 0.503 0.87
0.5 3.54 0.492 0.86
0.2 8.64 0.480 0.83

Table 18. Butanol + SDS(9.4 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10°) (mN/m)
2.0 0.83 0.463 0.80
1.8 0.95 0.473 0.81
1.5 1.10 0.460 0.79
1.2 1.37 0.456 0.79
1.0 1.62 0.450 0.78
0.8 2.08 0.461 0.80
0.5 3.25 0.451 0.78
0.2 8.28 0.460 0.80

Table B19. Butanol +SDS(12.0 mol/m’) / water

Flow rate Time | Drop Volume IFT

(m*/h*105) s) (m3*10°) (mN/m)
2.0 0.84 0.469 0.81
1.8 0.92 0.460 0.79
1.5 1.13 0.469 0.80
1.2 1.37 0.456 0.78
1.0 1.61 0.449 0.78
0.8 1.97 0.437 0.75
0.5 3.33 0.462 0.80
0.2 8.25 0.458 0.7
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Table B20. Butanol + SDS (13.8 mol/m’) / water

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m**10%) (mN/m)
2.0 0.76 0.424 0.72
1.8 0.87 0.433 0.74
1.5 1.06 0.443 0.76
1.2 1.28 0.428 0.74
1.0 1.49 0.412 0.71
0.8 1.86 0.414 0.71
0.5 2.96 0.411 0.70
0.2 7.36 0.409 0.70

Table B21. Butanol + SDS (15.0 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10°%) (mN/m)
2.0 0.82 0.454 0.76
1.8 0.93 0.437 0.75
1.5 1.05 0.436 0.75
1.2 1.28 0.428 0.74
1.0 1.55 0.430 0.74
0.8 1.93 0.429 0.74
0.5 3.09 0.429 0.74
0.2 7.64 0.425 0.73
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B 4. Water as Dispersed Phase against Butanol + SDS System

( water / butanol + SDS ( mol/m®)
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Table B22. Water / butanol + SDS(0.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m*10°%) (mN/m)
2.0 1.83 1.019 1.76
1.8 2.05 1.022 1.76
1.5 241 1.003 1.74
1.2 3.00 1.001 1.73
1.0 3.53 0.981 1.70
0.8 4.39 0.975 1.70
0.5 7.00 0.972 1.69
0.2 17.45 0.969 1.69

Table B23. Water / butanol + SDS(2.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m3*10°) (mN/m)
2.0 1.36 0.757 1.31
1.8 1.53 0.765 1.32
1.5 1.81 0.753 1.30
1.2 2.16 0.721 1.24
1.0 2.57 0.715 1.24
0.8 3.12 0.693 1.20
0.5 5.13 0.712 1.24
02 12.71 0.706 1.23

Table B24. Water / butanol + SDS(4.3 mol/m’)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m?*105) (mN/m)
2.0 1.23 0.685 1.18
1.8 1.37 0.687 1.18
1.5 1.60 0.665 1.17
1.2 2.01 0.671 1.16
1.0 2.39 0.664 1.13
0.8 2.93 0.651 1.13
0.5 4.62 0.641 1.11
0.2 11.40 0.633 1.10
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Table B25. Water / butanol + SDS(6.5 mol/m?)

Flow rate Time | Drop Volume IFT

(m*h*10°) (s) (m3*10°%) (mN/m)
2.0 1.09 0.607 1.05
1.8 1.21 0.604 1.04
1.5 1.43 0.597 1.03
1.2 1.74 0.580 1.00
1.0 2.08 0.578 1.00
0.8 2.54 0.565 0.98
0.5 4.07 0.565 0.98
0.2 9.79 0.544 0.96

Table B26. Water / butanol + SDS(7.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m?*10°) (mN/m)
2.0 1.04 0.576 0.99
1.8 1.14 0.570 0.99
1.5 1.34 0.560 0.97
1.2 1.67 0.557 0.96
1.0 1.96 0.544 0.94
0.8 2.44 0.543 0.94
0.5 3.76 0.522 0.91
0.2 9.15 0.508 0.88

Table B27. Water / butanol + SDS(7.5 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m**10°) (mN/m)
2.0 0.94 0.520 0.92
1.8 1.04 0.520 0.90
1.5 1.23 0.513 0.89
1.2 1.50 0.499 0.88
1.0 1.79 0.496 0.86
0.8 2.16 0.479 0.82
0.5 3.32 0.462 0.80
0.2 8.25 0.458 0.79
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Table B28. Water / butanol + SDS(8.5 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10%) (mN/m)
2.0 0.95 0.528 091
1.8 1.07 0.537 0.92
1.5 1.19 0.494 0.88
12 1.55 0.516 0.89
1.0 1.81 0.504 0.87
0.8 2.19 0.487 0.84
0.5 3.37 0.469 0.81
0.2 8.28 0.460 0.80

Table B29. Water / butanol + SDS(10.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10°) (mN/m)
2.0 0.94 0.524 0.90
1.8 1.05 0.526 0.91
1.5 1.25 0.521 0.89
1.2 1.53 0.511 0.88
1.0 1.76 0.490 0.85
0.8 2.26 0.503 0.87
0.5 3.53 0.491 0.85
0.2 8.43 0.469 0.81

Table B30. Water / butanol + SDS(12.0 mol/m’)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m3*105) (mN/m)
2.0 0.88 0.487 0.84
1.8 0.98 0.490 0.83
1.5 1.16 0.482 0.83
1.2 1.31 0.436 0.75
1.0 1.55 0.431 0.74
0.8 1.93 0.430 0.74
0.5 2.98 0413 0.71
0.2 7.31 0.406 0.70
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Table B31. Water / butanol + SDS(15.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**105) (mN/m)
2.0 0.90 0.498 0.86
1.8 0.99 0.497 0.85
1.5 1.14 0.476 0.82
1.2 1.43 0.476 0.82
1.0 1.70 0.472 0.81
0.8 2.11 0.469 0.81
0.5 3.34 0.463 0.80
0.2 8.14 0.452 0.78
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B 5. Water + SDS as Dispersed Phase against Butanol System

( water + SDS (mol/m®) / butanol)
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Table B32. Water + SDS(2.0 mol/m®) / butanol

Flow rate Time | Drop Volume IFT

(m3/h*105) (s) (m*10°) (mN/m)
2.0 1.30 0.722 1.26
1.8 1.44 0.720 1.25
1.5 1.69 0.703 1.23
1.2 2.18 0.726 1.26
1.0 251 0.697 1.21
0.8 3.06 0.679 1.18
0.5 4.86 0.675 1.17
0.2 12.10 0.672 1.17

Table B33. Water + SDS(6.5 mol/m®) / butanol

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m?*10°%) (mN/m)
2.0 1.23 0.685 1.18
1.8 1.32 0.658 1.15
1.5 1.61 0.670 1.16
1.2 2.02 0.672 1.15
1.0 233 0.648 1.13
0.8 2.94 0.653 1.13
0.5 4.63 0.644 1.12
0.2 11.57 0.643 1.12

Table B34. Water + SDS(7.6 mol/m®) / butanol

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m**105) (mN/m)
2.0 1.19 0.661 1.14
1.8 1.26 0.631 1.09
1.5 1.52 0.633 1.10
1.2 1.92 0.638 1.10
1.0 231 0.642 1.11
0.8 2.87 0.637 1.10
0.5 439 0.609 1.06
0.2 11.27 0.626 1.09
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Table B35. Water + SDS (8.5 mol/m®) / butanol

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10°) (mN/m)
2.0 1.02 0.569 0.98
1.8 1.12 0.560 0.97
1.5 1.35 0.561 0.97
1.2 1.62 0.541 0.94
1.0 1.98 0.550 0.95
0.8 2.14 0.537 0.93
0.5 3.83 0.532 0.93
02 9.49 0.527 0.92

Table B36. Water + SDS(10.0 mol/m®) / butanol

Flow rate Time Drop Volume IFT

(m3/h*105) (s) (m**105) (mN/m)
2.0 1.01 0.562 0.99
1.8 1.12 0.561 0.99
1.5 131 0.544 0.96
1.2 1.65 0.550 0.97
1.0 1.95 0.542 0.96
0.8 239 0.531 0.94
0.5 3.89 0.540 0.95
0.2 9.44 0.524 0.94

Table B37. Water + SDS(12.0 mol/m?) / butanol

Flow rate Time | Drop Volume IFT

(m%h*10°) (s) (m3*105) (mN/m)
2.0 0.94 0.520 0.90
1.8 1.01 0.507 0.88
1.5 1.20 0.500 0.85
1.2 1.46 0.489 0.84
1.0 1.78 0.494 0.86
0.8 2.19 0.487 0.85
0.5 3.35 0.465 0.81
0.2 8.43 0.469 0.81
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Table B38. Water + SDS(15.0 mol/m®) / butanol

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m**10°) (mN/m)
2.0 0.98 0.543 0.87
1.8 1.01 0.503 0.87
1.5 1.16 0.484 0.84
1.2 1.41 0.470 0.82
1.0 1.64 0.156 0.79
0.8 2.07 0.460 0.80
0.5 3.29 0.456 0.79
0.2 8.16 0.453 0.79
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B-6. Both Water and Butanol with SDS System
Part A. Butauol + SDS as Dispersed Phase

(butanol + SDS / water + SDS (mol/m®) )
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Table B39. Butanol + SDS / water + SDS(6.5 mol/m’)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m?*10%) (mN/m)
2.0 2.30 0.426 0.77
1.8 2.58 0.430 0.76
1.5 3.08 0.427 0.76
1.2 3.93 0.430 0.75
1.0 4.52 0.419 0.72
0.8 5.60 0.415 0.72
0.5 9.00 0417 0.72
0.2 21.74 0.403 0.70

Table B40. Butanol + SDS / water + SDS(8.5 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*10°%) (s) (m**10%) (mN/m)
2.0 0.71 0.394 0.68
1.8 0.79 0.395 0.68
1.5 0.96 0.401 0.68
1.2 1.15 0.404 0.66
1.0 1.35 0.375 0.65
0.8 1.68 0.374 0.65
0.5 2.63 0.365 0.63
0.2 6.60 0.367 0.63

Table B41. Butanol + SDS / water + SDS (15.0

mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m*10%) (mN/m)
2.0 0.58 0.315 0.54
1.8 0.64 0.318 0.54
1.5 0.73 0.306 0.53
1.2 0.90 0.301 0.52
1.0 1.07 0.296 0.51
0.8 1.31 0.291 0.50
0.5 2.11 0.293 0.51
0.2 5.13 0.285 0.49
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Part B. Water + SDS as Dispersed Phase against Butanol + SDS System

(water + SDS / butanol + SDS (mol/m®) )
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Table B42. Water + SDS / butanol + SDS(6.5 mol/m®)

Flow rate Time | Drop Volume IFT

(m*h*10°) (s) (m**10°%) (mN/m)
2.0 1.12 0.622 1.07
1.8 1.23 0.617 1.07
1.5 1.38 0.575 1.06
1.2 1.74 0.581 1.02
1.0 2.09 0.581 1.01
0.8 2.59 0.576 1.00
0.5 4.07 0.566 0.98
0.2 10.06 0.560 0.97

Table B43. Water + SDS / butanol + SDS(8.5 mol/m®)

Flow rate Time | Drop Volume IFT

(m*h*10°) (s) (m**10°) (mN/m)
2.0 0.90 0.498 0.86
1.8 0.94 0.468 0.81
1.5 1.12 0.465 0.80
1.2 1.37 0.457 0.79
1.0 1.63 0.451 0.78
0.8 2.02 0.450 0.78
0.5 3.10 0.431 0.75
0.2 7.50 0.417 0.73

Table B44. Water + SDS / butanol + SDS(15.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m3/h*10°) (s) (m?*105) (mN/m)
2.0 0.71 0.396 0.68
1.8 0.78 0.391 0.67
1.5 0.91 0.381 0.66
1.2 1.10 0.367 0.64
1.0 1.31 0.365 0.63
0.8 1.60 0.355 0.62
0.5 2.44 0.338 0.59
0.2 6.01 0.334 0.58
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B-7. Interfacial Tension of Butanol-Water System
Effects of Solution Age

Part A. Dispersed Phase Flow Rate is 0.5 mL/h ( 0.5*10°m’/h )
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Table B45. Water / butanol + SDS(6.5 mol/m’)

Solution Age Drop Volume IFT
(hour) (m**10°) (mN/m)
29.33 0.598 1.03
52.00 0.601 1.04
79.33 0.599 1.04
102.17 0.601 1.04

Table B46. Water + SDS(6.5 mol/m®) / butanol

Solution Age | Drop Volume IFT
(hour) (m**10°) (mN/m)
29.00 0.615 1.06
52.10 0.622 1.07
78.67 0.621 1.06
103.00 0.622 1.06

Table B47. Water + SDS/ butanol + SDS(6.5

mol/m®)
Solution Age | Drop Volume IFT
(hour) (m**10%) (mN/m)
28.50 0.509 0.89
53.00 0.511 0.89
79.00 0.513 0.89
102.83 0.506 0.88
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Table B48. Butano! / water + SDS (6.5 mol/m*)

Solution Age Drop Volume IFT
(hour) (m3*10°) (mN/m)
26.50 0.497 0.86
52.90 0.502 0.87
77.60 0.498 0.86
104.17 0.496 0.86

Table B49. Butanol + SDS(6.5 mol/m?®) / water

Solution Age | Drop Volume IFT
(hour) (m3*10°) (mN/m)
27.30 0.536 0.93
54.50 0.542 0.94
78.50 0.549 0.95
103.67 0.546 0.95

Table B50. Butanol + SDS / water + SDS(6.5 mol/m?)

Solution Age | Drop Volume IFT
(hour) (m3*10°) (mN/m)
27.00 0.412 0.71
52.20 0.416 0.72
78.00 0.424 0.73
103.50 0.422 0.73
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Part B. Dispersed Phase Flow Rate is 1.0 mL/h ( 1.0*10°m*/h )

128



Table B51. Water / butanol + SDS(6.5 mol/m’)

Solution Age Drop Volume IFT
(hour) (m**10°) (mN/m)
29.33 0.613 1.07
52.00 0.610 1.06
79.33 0.615 1.07
102.17 0.621 1.08

Table B52. Water + SDS(6.5 mol/m®) / butanol

Solution Age | Drop Volume IFT
(hour) (m?*10%) (mN/m)
29.00 0.650 1.13
52.10 0.648 1.12
78.67 0.649 1.12
103.00 0.648 1.12

Table B53. Water + SDS / butanol + SDS(6.5

mol/m?)
Solution Age | Drop Volume IFT
(hour) (m3*10%) (mN/m)
28.50 0.544 0.94
53.00 0.546 0.94
79.00 0.542 0.94
102.83 0.545 0.94
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Table B54. Butanol / water + SDS(6.5 mol/m*)

Solution Age Drop Volume IFT
(hour) (m**10°) (mN/m)
26.50 0.510 0.87
52.90 0.519 0.90
77.60 0.516 0.89
104.17 0.512 0.89

Table B55. Butanol + SDS(6.5 mol/m’) / water

Solution Age | Drop Volume IFT
(hour) (m**10°) (mN/m)
27.30 0.544 0.94
54.50 0.540 0.94
78.50 0.546 0.95
103.67 0.549 0.95

Table B56. Butanol + SDS / water + SDS(6.5 mol/m?)

Solution Age | Drop Volume IFT
(hour) (m3*10°) (mN/m)
27.00 0.412 0.71
52.20 0.417 0.72
78.00 0.423 0.73
103.50 0.427 0.73
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Part C. Dispersed Phase Flow Rate is 1.5 mL/h ( 1.510°m’/h )
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Table B57. Water / butanol + SDS(6.5 mol/m’)

Solution Age Drop Volume IFT
(hour) (m3*105) (mN/m)
29.33 0.648 1.12
52.00 0.634 1.10
79.33 0.644 1.11
102.17 0.646 1.12

Table B58. Water + SDS (6.5 mol/m?) / butanol

Solution Age | Drop Volume IFT
(hour) (m3*10%) (mN/m)
29.00 0.634 1.14
52.10 0.651 1.15
78.67 0.652 1.15
103.00 0.652 1.15

Table B59. Water + SDS / butanol + SDS(6.5

mol/m?®)
Solution Age | Drop Volume IFT
(hour) (m3*105) (mN/m)
28.50 0.545 0.94
53.00 0.542 0.94
79.00 0.542 0.94
102.83 0.541 0.93
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Table B60. Butanol / water + SDS(6.5 mol/m®)

Solution Age Drop Volume IFT
(hour) (m**10°) (mN/m)
26.50 0.519 0.90
52.90 0.531 0.92
77.60 0.527 0.91
104.17 0.528 0.91

Table B61. Butanol + SDS(6.5 mol/m®) / water

Solution Age | Drop Volume IFT
(hour) (m3*10%) (mN/m)
27.30 0.538 0.93
54.50 0.542 0.94
78.50 0.552 0.96
103.67 0.555 0.96

Table B62. Butanol + SDS / water + SDS(6.5

mol/m®)
Solution Age | Drop Volume IFT
(hour) (m?*10°) (mN/m)
27.00 0.421 0.74
52.20 0.433 0.75
78.00 0.439 0.76
103.50 0.436 0.75
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Part II. Hexadecane-Water System

Appendix C. Physical Properties of Acidic oil Solutions,

Sodium Hydroxide Solutions,

and Sodium Linoleate and Sodium Oleate Aqueous Soluations
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Table C1. Physical Properties of solutions

Name of solution and concentration Density

(mol/m’) Kg/m’)
linoleic acid in hexadecane ( 10.0) 770.1
oleic acid in hexadecane ( 10.0) 770.1
NaOH in water ( 10.0) 997.5
NaOH in water ( 100.0) 1001.3
NaL in water ( 10 .0) 997.4
NaOL in water (10.0) 997.2
NaL ( 10.0) + NaOH ( 10.0 ) in water 997.6
NaOL (10.0 ) + NaOH (10.0 ) in water 997.6
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Appendix D. Dynamic Interfacial Tension Data

D-1. Interfacial Tension of Pure Hexadecane(HD)-Pure Water System
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Table D1. HD / water
Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m**10°) (mN/m)

2.0 35.17 19.327 53.86

1.8 38.62 19.323 53.88

1.5 46.33 19.296 53.73

1.2 57.66 19.299 53.72

1.0 69.17 19.270 53.69

0.8 86.73 19.261 53.54

0.5 137.96 19.101 53.21

0.2 343.03 19.061 53.01

Table D2. water / HD
Flow rate Time | Drop Volume IFT,, I, f IFT,

(m*/h*10%) (s) (m3*10% | (mN/m) [/V¢? (mN/m)
20 40.25 22.525 62.29 0.051 | 1.026 53.55
1.8 4475 22.860 62.33 0.051 | 1.026 53.58
1.5 53.67 22.639 62.30 | 0.051 | 1.026 53.56
1.2 67.00 22.591 62.23 0.051 | 1.026 53.50
1.0 80.30 22.780 62.15 0.051 | 1.026 53.44
0.8 100.27 22.679 62.09 | 0.051 | 1.025 53.40
0.5 160.07 22.613 6191 0.051 | 1.025 53.26
0.2 349.51 22.493 61.28 | 0.051 | 1.024 52.79
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D-2. Dynamic Interfacial Tension of Acidic Hexadecane (HD)

and Aqueous Solution System
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Table D3. L-HD(10.0 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m3*10°) (mN/m)
2.0 24.09 13.400 37.28
1.8 26.68 13.270 37.19
1.5 31.88 13.218 36.90
1.2 39.36 12.865 36.17
1.0 46.12 12.760 35.69
0.8 56.72 12.636 34.86
0.5 89.41 12.354 34.60
0.2 218.67 12.164 33.85

Table D4. OL-HD(10.0 mol/m®) / water

Flow rate Time | Drop Volume IFT

(m*/h*10°) (s) (m**10°) (mN/m)
2.0 24.08 13.285 37.26
1.8 26.55 13.227 36.97
1.5 31.80 13.166 36.91
1.2 39.99 13.231 36.98
1.0 47.78 13.243 36.98
0.8 59.04 13.103 36.57
0.5 90.41 13.015 36.28
0.2 226.95 12.562 35.14

Table D5. HD / NaOH aqueous solution

(10.0 mol/m?)
Flow rate Time | Drop Volume IFT
(m*/h*10°) (s) (m3*10%) (mN/m)
2.0 34.08 18.952 52.86
1.8 37.99 18.980 53.03
1.5 46.19 19.093 53.35
1.2 56.94 18.938 53.00
1.0 68.50 18.973 53.13
0.8 84.55 18.678 52.46
0.5 134.17 18.311 51.26
0.2 328.03 18.201 50.96
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Table D6. HD / NaOH aqueous solution(100.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*105) s) (m3*10%) (mN/m)
2.0 33.16 18.447 52.30
1.8 36.81 18.410 52.25
1.5 44.19 18.408 52.27
1.2 54.85 18.381 51.19
1.0 64.93 18.033 51.17
0.8 80.91 17.991 51.05
0.5 130.76 18.031 51.06
0.2 322.18 17.764 50.82

Table D7. NaL aqueous solution(10.0 mol/m®) / HD

Flow rate Time | Drop Volume IFT, I, f IFT,

(m*/h*10°) (s) (m**10%) (mN/m) | /v (mN/m)
2.0 2.75 1.544 424 0.125 0.995 3.77
1.8 3.01 1.531 423 0.126 0.995 3.74
1.5 3.58 1.483 4.14 0.126 0.995 3.66
1.2 429 1.428 3.99 0.128 0.996 3.53
1.0 5.10 1.393 3.95 0.128 0.996 3.50
0.8 6.38 1.425 3.96 0.128 0.996 3.50
0.5 9.85 1.390 3.82 0.129 0.996 3.39
0.2 23.88 1.338 3.70 0.131 0.996 3.27

Table D8. HD / NaL aqueous solution(10.0 mol/m?)

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m3*10°) (mN/m)
2.0 2.43 1.308 3.75
1.8 2.62 1.309 3.64
1.5 3.17 1.290 3.67
1.2 3.90 1.294 3.61
1.0 4.58 1.278 3.54
0.8 5.63 1.276 3.49
0.5 8.72 1.223 3.38
02 21.23 1.192 3.29
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Table D9. NaOL aqueous solution (10.0 mol/m®) / HD

Flow rate | Time | Drop Volume IFT, r, f IFT,

(m*Mh*10°) (s) (m3*105) (mN/m) | /V®® (mN/m)
2.0 3.14 1.722 4.85 0.120 | 0.993 431
1.8 3.47 1.725 484 0.120 0.993 4.30
1.5 4.07 1.686 4.69 0.121 | 0.9%4 4.17
1.2 5.09 1.670 4.69 0.121 0.994 4.16
1.0 5.89 1.614 452 0.122 | 0.994 401
0.8 6.96 1.517 431 0.125 | 0.995 3.82
0.5 10.36 1.455 4.04 0.128 0.996 3.58
0.2 24.11 1.345 3.62 0.131 0.996 3.2

Table D10. HD / NaOL aqueous solution(10.0 mol/m”)

Flow rate Time Drop Volume IFT

(m*/h*10°) (s) (m**10°) (mN/m)
2.0 2.99 1.640 461
1.8 3.32 1.632 4.62
1.5 3.78 1.605 4.40
1.2 4.40 1.492 4.08
1.0 5.28 1.480 4.08
0.8 6.26 1.384 3.87
0.5 9.28 1.294 3.59
0.2 21.24 1.116 3.29

Table D11. HD / NaL + NaOH aqueous solution(10.0 mol/m’)

Flow rate Time Drop Volume IFT

(m3/h*10%) (s) (m**10°) (mN/m)
2.0 241 1.330 3.73
1.8 2.67 1.354 3.73
1.5 3.19 1.282 3.70
1.2 3.64 1.188 3.39
1.0 428 1.144 3.30
0.8 4.79 1.030 2.96
0.5 7.95 1.101 3.08
0.2 17.40 0.973 2.71

141




Table D12. HD / NaOL+NaOH aqueous
solution(10.0 mol/m®)

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m**10°) (mN/m)
2.0 1.68 0.898 2.62
1.8 1.80 0.899 2.50
1.5 2.05 0.856 237
1.2 2.56 0.837 2.38
1.0 2.98 0.826 231
0.8 3.66 0.810 2.27
0.5 5.81 0.799 2.25
02 13.24 0.729 20

Table D13. NaOH aqueous solution (10.0 mol/m®) / L-HD(10.0 mol/m’)

Flow rate Time | Drop Volume IFT,, I, f IFT,
(m*/h*105) (s) (m3*10°) (mN/m) | /V@? (mN/m)

0.80 0.71 0.161 0.44 0.272 | 1.008 0.37
0.70 0.77 0.147 0.42 0.271 | 1.008 0.36
0.60 0.90 0.150 0.42 0.271 | 1.008 0.36
0.50 1.05 0.137 0.40 0.274 | 1.008 0.35
0.40 0.22 0.133 0.37 0.281 | 1.008 0.33
0.30 0.65 0.126 0.36 0.279 | 1.008 0.31
0.20 2.31 0.129 0.36 0.286 | 1.008 0.31
0.10 4.42 0.120 0.34 0.290 | 1.008 0.30
Table D14. L-HD(10.0 mol/m*)/NaOH aqueous solution(10.0 mol/m’)

Flow rate Time Drop Volume IFT

(m*/h*10%) (s) (m**10%) (mN/m)

0.70 0.69 0.133 0.37

0.60 0.77 0.124 0.34

0.50 0.90 0.122 0.35

0.40 1.08 0.122 033

0.30 1.38 0.114 0.32

0.20 1.87 0.113 0.32

0.10 4.29 0103 0.30

0.05 6.77 0.091 0.26

0.02 21.08 0.092 0.26
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Table D15. NaOH aqueous solution(10.0 mol/m*) /OL-HD(10.0 mol/m?)

Flowrate | Time | Drop Volume IFT, I, f IFT,
@’h*10%9 | (s) @*10% | @mNm) | VP (mN/m)
1.0 0.48 0.130 0.36 0.284 | 1.008 0.32
0.8 0.63 0.137 0.38 0.279 | 1.008 0.34
0.6 0.67 0.116 0.33 0.295 | 1.008 0.29
0.5 0.85 0.119 0.33 0.293 | 1.008 0.29
03 1.26 0.102 0.31 0.308 | 1.008 0.27
0.2 1.89 0.104 0.30 0.306 | 1.008 0.26
0.1 3.32 0.104 0.30 0.306 | 1.008 0.26
Table D16. OL-HD(10.0 mol/m*)/NaOH aqueous solution(10.0 mol/m’)
Flow rate Time Drop Volume IFT
(m*/h*10°) s (m**10%) (mN/m)
2.0 0.23 0.131 0.36
1.8 0.26 0.123 0.35
1.5 0.32 0.124 0.35
1.2 0.38 0.116 0.32
1.0 043 0.119 0.32
0.8 0.47 0.105 0.29
0.6 0.61 0.102 0.28
0.5 0.70 0.095 0.27
0.2 1.85 0.096 0.27
0.1 3.24 0.096 0.27

Table D17. L-HD(10.0 mol/m*) / NaL+ NaOH aqueous solution(10.0 mol/m?)

Flow rate Time Drop Volume IFT

(m*/h*10°) (s) (m?*10%) (mN/m)
2.0 0.38 0.199 0.53
1.8 0.40 0.188 0.53
1.5 0.42 0.171 0.48
1.2 0.50 0.169 0.46
1.0 0.59 0.162 0.45
0.8 0.70 0.155 0.43
0.5 1.00 0.138 0.39
0.2 2.59 0.143 0.39
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Table D18. OL-HD(10.0 mol/m*) / NaOL + NaOH aqueous
solution(10.0 mol/m’)

Flow rate Time Drop Volume IFT

(m*/h*10%) (s) (m**10°) (mN/m)
2.0 0.25 0.137 0.37
1.8 0.27 0.136 0.37
1.5 0.29 0.127 0.35
12 0.39 0.126 0.36
1.0 0.43 0.116 0.32
0.8 0.73 0.114 0.32
0.5 0.82 0.110 0.32
0.2 2.04 0.113 0.32
0.1 411 0.112 0.32

Table D19. HD / NaL + NaCl aqueous solution( 10.0 mol/m®)

Flow rate Time Drop Volume IFT

(m*/h*105) (s) (m**10%) (mN/m)
2.0 0.49 0.271 0.76
1.8 0.54 0.277 0.75
1.5 0.62 0.254 0.73
12 0.72 0.239 0.67
1.0 0.74 0.202 0.58
0.8 0.81 0.180 0.51
0.5 1.19 0.170 0.48
0.2 2.11 0.117 0.33

Table D20.HD / NaOL + NaCl aqueous solution(10.0 mol/m’)

Flow rate Time Drop Volume IFT

(m*/h*10°) (s) (m?*10°) (mN/m)
2.0 0.78 0.418 1.22
1.8 0.80 0.415 1.13
1.5 0.90 0.372 1.06
1.2 0.95 0.323 0.89
1.0 1.02 0.287 0.80
0.8 1.19 0.266 0.75
0.5 1.51 0.210 0.59
0.2 2.60 0.144 0.41
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Appendix E. Dynamic Interfacial Tension of Hexanol-Water

and Heptylic Acid-Water Systems
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Table E1. Hexanol / water

Flow rate Time | Drop Volume IFT
(m*/h*10°) (s) (m*10°) (mN/m)
2.0 5.26 2.803 6.51
1.8 5.87 2.871 6.58
1.5 7.25 2933 6.56
1.2 8.98 2.904 6.68
1.0 10.99 2.926 6.69
0.8 13.62 2.900 6.65
0.5 22.01 2.957 6.77
0.2 55.40 2.980 6.86
Table E2. Water / hexanol
Flow rate Time | Drop Volume IFT
(m*/h*10%) (s) (m3*10°) (mN/m)
2.0 548 3.028 6.73
1.8 6.06 3.036 6.71
1.5 7.52 3.095 6.93
1.2 9.43 3.212 6.95
1.0 11.62 3.190 7.14
0.8 14.28 3.220 7.03
0.5 22.88 3.210 7.04
0.2 56.23 3.193 7.00
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Table E3. Heptylic acid / water

Flow rate Time | Drop Volume IFT

(m*/h*10%) (s) (m3*10°) (mN/m)
2.0 11.94 6.727 6.78
1.8 13.24 6.505 6.76
1.5 15.95 6.583 6.75
1.2 19.95 6.509 6.79
1.0 23.87 6.502 6.79
0.8 29.97 6.634 6.81
0.5 48.04 6.613 6.78
0.2 119.65 6.663 6.80

Table E4. Water / heptylic acid

Flow rate Time | Drop Volume IFT

(m*/h*105) (s) (m**10°) (mN/m)
2.0 11.21 6.347 6.37
1.8 12.76 6.367 6.52
1.5 15.53 6.335 6.62
1.2 19.74 6.707 6.73
1.0 23.75 6.535 6.75
0.8 29.75 6.586 6.76
0.5 48.52 6.800 6.92
0.2 122.96 6.835 6.99
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