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ABSTRACT

The measurement of interfacial tension (TFT) as a function of time is useful for the
study of reactions occurring at an interface. Reactions of particular importance occur in
enhanced oil recovery (EOR) processes using alkaline flooding agents, in which injected
alkaline solutions react with acidic oil trapped in the reservoir. The in sifu surfactants
produced by the reaction lower the interfacial tension and thus increase the amount of oil
recovered by decreasing the capillary forces that trap the oil in the reservoir, The
formation of the surfactants, their accumulation at the interface and subsequent desorption
to the bulk oil and aqueous phases are all influenced by the age of the interface.

Therefore, the reactive system requires a study of the transient IFT in order to better
understand the interaction of the acid with the caustic reagents. In order to select the
most effective alkaline agents available, an accurate method of measuring transient IFT is
required.

There are several methods available for measuring IFT values although relatively
few are able to easily monitor the IFT as a function of time. In this study, two methods of
measuring the transient IFT have been examined. A relatively new method which uses an
instrument called the drop volume tensiometer (DVT) has been studied. This instrument
accurately measures the time elapsed for a known number of liquid droplets, formed under
a constant flow rate, to detach from a submerged capillary orifice with the size of the
droplet being directly proportional to the liquid-liquid IFT. The results from this
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instrument have been compared to those obtained by the spinning drop tensiometer
(SDT), which is the instrument most frequently used for studying transient IFT values.
The SDT obtains the IFT by measuring the dimensions of a droplet of liquid suspended in
a more dense liquid contained in a rotating horizontal tube. Because the two instruments
employ fundamentally different techniques the limitations of each will be explored.

Interfacial tensions between oil and alkaline solutions WCI-'e measured using the
drop volume tensiometer and compared to those measured using the spinning drop
tensiometer. The trend observed for the IFT as time progressed was surprisingly similar in
both cases. However, the SDT values exhibited an increase in IFT after a minimum was
reached whereas the DVT values did not generally exhibit this increase. The IFT values
between four different 25 mM alkaline solutions and a 10 mM synthetic oil were compared
and the IFT values obtained, before the minimum was reached, were: KOH, NaOH,
Na,Si0, and LiOH in descending order, The transient IFT values between a
representative crude oil and one of the alkaline solutions were also compared and the IFT
values obtained, before the minimum was reached, were: LiOH, NaOH,. Na,Si0, and KOH
in descending order.

Transient IET values between different concentrations of acidified oil and alkaline
solutions were also compared. The crude oil had lower minimum IFT values than the
synthetic bil due to its greater concentration of acidic components.

The SDT appears to still be the preferred method for monitoring ultralow IFT
values (< 0.1 mN/m) as a function of time. However, it cannot be used to measure the

IFT at the moment the oil droplet is created nor in the first 30 seconds once the two
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phases come into contact, In contrast, the DVT can only detect IFT at one discrete time,
but measurements at different flow rates may be conducted, corresponding to different
drop formation times, which results in a dynamic IFT trend.

In addition, the DVT appeared to be able to measure IFT values below the
manufacturer's stated lower limit of 0.2 mN/m, when employing highly viscous solutions,
but was imprecise below this threshold fevel for solutions of low;ar viscosity. The
minimum IFT values obtained with the two different instruments were identical for lower
concentrations of the alkaline solutions but not for the higher concentrations, The DVT
appeared to possess greater reproducibility and a value of the error was given for an
average of the IFT values for several droplets. In contrast, the SDT required oil droplets
of the same volume which were difficult to achieve experimentally. Even with identical
droplet volumes, the shapes of the transient IFT curves were not generally reproducible
after the minimum IFT value was obtained.

Despite the differences in the methods of measuring IFT values using the DVT and
SDT, it appears that the trends and many of the values were similar. Tl-aerefore, both
instruments can be used for reliably measuring transient IFT values between oil and

aqueous solutions.
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NOMENCLATURE

anionic moiety of a surfactant

density ratio of acid to alkali

drop volume tensiometer

diameter of the capillary tube for the SDT, m

enhanced oil recovery

external forces acting on system (oil droplet) in the x-direction, N
gravitational constant, m/s’

acidic hydrocarbon component of the crude oil

interfacial tension, mN/m

molarity of the alkaline solution, mol/L

rate at which x-momentum flows into the system (droplet) at the tube tip
molarity of the oil solution, mol/L

rate at which x-momentum flows out of the system (oil droplet)
micellar polymer

molar ratio of acid to alkali

ratio of the molarity of acid to alkali

total x-momentum of system (oil droplet)

period of rotation,. ms/rev

volumetric flow rate, m*/s

Reynolds number



r radius of the spinning drop, m

RSD relative standard deviation, %

Rise radius of the tube, m

SDT spinning drop tensiometer

t time, s

\' volume ratio of acid to alkali

Greek letters:

¥ interfacia! tension, mN/m

i viscosity of a liquid, kg.m/s

© angular rotation, rev/s

i pi

O Pb density of the dense and light phases respectively, kg/m’

Subscripts:

aq values pertaining to the aqueous alkaline solution

oil values pertaining to the acidified il solution

R ratio of acid to alkali

Terminology:

dynamic mass of droplet changes with time during the experiment measuring IFT
transient mass of droplet remains constant during the experiment measuring IFT
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1. INTRODUCTION

Interfacial tension is an important property in a variety of fields such as oil
recovery, solvent extraction, food processing and pharmaceuticals. It occurs whenever
two immiscible liquids come into contact and it is a key factor influencing the shape of
fluid interfaces and their deformability, Thus, in porous media, such as oil reservoirs, the
tension determines if the fluid droplets can deform sufficiently to pass through the pore
structure when a pressure gradient is applied. The composition at the interface can differ
dramatically from that of either bulk phase which is especiaily noticeable when
surface-active materials (surfactants) are present. Surfactants can significantly decrease
the interfacial tensions, which is desirable in an oil reservoir to improve the oil mobility.
Any combination of two liquids acts to minimize its interfacial area because they both need
to minimize their surface energy thereby enabling surfactants to increase the contact
between the two liquids (Miller and Neogi, 1985).

Enhanced oil recovery (EOR) has become very important as the consumption of
oil is now surpassing the primary production of oil reservoirs in Canada. The objective of
EOR technologies, called tertiary recovery when agents are injected into the reservoir to
improve oil production, is to recover as much additional oil as possible not recovered by
primary and/or secondary recovery operations. Primary is the oil production resulting
from the natural pressures in the reservoir while secondary involves pumping water into
the reservoir. A major problem in oil recovery is overcoming the interfacial tension forces

between the oil, water and the rock, Qil becomes increasingly more difficult to recover



from a reservoir as water saturation increases and as oil saturation decreases, primarily
due to two main phenomena. If the rock is water-wet, the interfacial tension forces tend
to create droplets of oil which block pore openings, while if it is oil-wet these forces tend
to cause the oil to bind to the rock. Therefore, reduction of these interfacial tension forces
is a major objecti've of EOR (Donaldson et al., 1985).

Alkaline (caustic) flooding is used to decrease these intt;:rfacial tensions. Sodium
hydroxide is the most common chemical used in caustic flooding but sodium orthosilicate
and sodium carbonate are also used. Other chemicals, such as sodium silicate and
potassium hydroxide, have been used. Alkaline solutions are relatively inexpensive
compared to conventional surfactants (Chiwetelu et al., 1990c). Caustic slugs can be
depleted by the precipitation of hydroxides in the presence of divalent cations such as
calcium and magnesium in the connate water, which is the water naturally present in oil
reservoirs. This is why it is suitablle for sandstone reservoirs but not for carbonate rock
reservoirs. Also, when anhydrite or gypsum are present in the rock, calcium will react
with the alkali slug to precipitate calcium hydroxide, and clays having 'I;igh ion exchange
capacity will exchange hydrogen for sodium producing water, which makes the slug
ineffective by tying up the sodium. Silica and carbonates will not react with caustic agents
to cause deleterious effects. The amount of water required to produce a barrel of oil with
caustic flooding ranges from 22 to 33 barrels as seen in Table 1. The alkaline or other
chemical solution is usually injected after the reservoir conditioning preflush, while
polymers are usually added later to further improve the oil recovery (Donaldson et al.,

1985).



Table 1: Estimated water usage for EOR processes and estimated percent recovery
of residual oil-in-place (Donaldson et al., 1985)

Process Water usage,? Percent recovery ol
bbl water/bb! oil residual oil-in-place

Surfactant—polymer 10—135 30—43

. Palymer 16—50 4

Alkaline (caustic) 22-33 6—13

Carbon dioxide (CO,) 1-3 15-—-19

In-situ combustion, wet 0.5—-1 28—38

Steam 2=5 25—435

3 Department of Energy (DOE), 1881,
Choosing the best alkaline solutions to inject will result in lower costs and

improved performance. Measurement of the lowering of the interfacial tension is one of
the easiest ways to quantify the performance of any particular atkaline solution with any
particular oil. Therefore, accurate methods for measuring the interfacial tension between
any two immiscible liquids are of vital in&portance. It is also necessary to measure the [FT
as a function of time, since the alkaline solution is in contact with the oil for a lengthy
period of time, and therefore knowledge of the transient IFT is needed to identify the best
solution, Since tests in the field are very costly, it is important to have a reliable method
to measure transient IFT. Therefore the method of lowering IFT needs to be better
understood and the best solutions selected before the field trials are co‘mmenced.

Since the IFT needs to be measured as a function of time, it is important to define
the meaning of two particular terms that will be used throughout this thesis. Any
interfacial measurement that detects changes over time due to changes in interfacial area
and not to changes in total mass can be considered to be transient in nature. Sucha
situation exists in the SDT. The description dynamic IFT is reserved for systems in which
the interface is deliberately forced to be away from equilibrium by adding mass as a

function of time resulting in the presence of mass transfer and chemical reaction at the



interface. This is the situation which is encountered in the DVT. These two terms have
been chosen here to clarify the difference between the methods studied.

Several currently available methods for measuring IFT have been characterized and
their limitations explored by Chiwetelu et al. (1988). However, there is a relatively new
technique which has not been thoroughly studied but is showing promise as an easy to use
and reliable instrument. The drop volume tensiometer (DVT) vs.;as reviewed by Hool and
Schuchardt (1992), who found that new tip geometries allowed for calculations of IFT
without the use of traditional correction factors and within a range of 0.1-100 mN/m, with
1-2% relative standard deviation (RSD). A new tip geometry was required so that a
spherical droplet would form without wetting the outside of the tip. Without the new tip
the volume of a drop formed under flowing conditions depends, not only on the interfacial
tension, but also on the drop formation rate.

Under dynamic conditions the drop volume depends on the interfacial tension and
on the dro;i formation rate as the flowing liquid increases the drop mass at higher drop
formation rates. However, the circulation current created at the same .time in the
surrounding medium tends to make the drop volume smaller at higher rates, because of
premature drop detachment (Tho and Burks, 1983). These findings, and limitations of
each method, were tested in this study with the specific goal of studying the IFT, in
systems involving alkaline solutions in contact with acidified oil, so that the results could
be used to determine the best reagents required for EOR.

Comparisons were made against the IFT data obtained using the spinning drop

tensiometer (SDT) since it is one of the most common and easy-to-use methods at this



time. The spinning drop method was first proposed by Vonnegut (1942), but it was
Princen et al. (1967) who provided a complete theoretical basis, and Cayias et al. (1975)
who clearly demonstrated the precision and simplicity of the method. HOWEVE‘.I:, there are
several drawbacks to the particular tensiometer, developed by the University of Texas,
that was used in this study. In particular: (i) the temperature control is poor as the high
rotation speeds generate heat resulting in an increase in temperé;ure during the course of
the experiment; (ii) there is imprecision in the determination of the interfacial age since a
finite time is needed to measure the width of an infinite drop; (ifi) when both the length
and diameter need to be read then there is considerable error in the measurement; and (iv)
when the rotating droplet contracts and expands very rapidly, even the width
measurements are subject to considerable error (Chiwetelu et al., 1988).

The results presented in this report reveal the simplicity of the DVT and the
precision of its results in comparison with the SDT, along with its limitations. However,
each method is valuable for specific needs and therefore it is anticipated that the
comparison will lead to a greater understanding of the different phenohl'lena occurring at
the interface as oil and alkaline solutions come into contact and surfactants are formed.

The objective of this work was to compare the performance of lowering the IFT
between oil and aqueous alkali by testing different alkaline solutions against different oils
and at various concentrations. The comparison of two different methods, namely the SDT

and the DVT, for measuring the IFT was also included.



2. THEORETICAL ASPECTS AND BACKGROUND

2.1 Interfacial Reaction

The geometrical mode! of the interface depicted in Figure 1 below was introduced

by Chiwetelu et al. (1990a). It shows the transient nature of the chemical reactions at the

interface. Sodium hydroxide reacts chemically with the naturally occurring acidic

(carboxylic and phenolic) components in the crude oil, thereby generating IFT-reducing

surfactants in situ at the oil/aqueous interface. Later on, the reactants are depleted by the

reaction and the surfactants diffuse away from the interface which cause the IFT to

3ULK OLEIG__ N\
INTERFACE {_. 4 LbpLL
JOUEOUS s, E‘ “XWS# i-,{)}( gi.Ni'i\——k

Figure 1: A gecometrical model of the interface (Chiwetelu et al., 19902)

The ratio of viscous to capillary (interfacial) forces in a reservoir needs to be high

for significant oil recovery and elevating the ratio, called the capillary number, can be done

6



by reducing the oil/aqueous IFT (Babu et al., 1986). Lower capillary forces enable the oil
to be swept out of the reservoir more easily. Heavy oils, in particular, are well suited to
this recovery method on account of their higher than average acid content. Since the IFT
behaviour of a reacting system is a very complicated transient phenomenon (involving
chemical reactions, diffusion, and convective mass transfer effects), the IFT measurements
must be made on a continuous basis over an extended period of time (Neale et al., 1987).

Any interfacial measurement that detects changes over time can be considered to
be transient. For dynamic IFT, the interface is deliberately forced to be away from
equilibrium by adding mass as a function of time. The rate at which a new interface is
formed can be controlled and changed to study its effect on IFT. Surfactants in solution
require time to diffuse to an interface. Once at the interface, the molecules orientate
themselves to allow that portion of the molecule most compatible with the other phase to
be beside or in that phase. The molecules align themselves with adjacent molecules until
minimum surface free energy is reached. For many surfactants, the rate of orientation
seems to be slower than the rate of diffusion.

The acid species, initially present in the oil, is transported to the interface where it
is partitioned and ionized at the aqueous sublayer. The surface-active soap anion is thus
formed, and is adsorbed at the oil/aqueous interface, giving rise to an electrical double
layer. The surface concentration of this soap anion is reduced by desorption to the
aqueous phase, particularly by the formation of the inactive soap complex in the presence

of excess sodium ions. Chiwetelu et al. (1990b) developed a physicochemical model to



account for the dynamic IFT behaviour in multicomponent acidified oleic systems
contacted by a spectrum of aqueous caustic concentrations.

Rubin and Radke (1980) attempted to explain qualitatively the observed minimum
in dynamic IFT by postulating an adsorption/desorption of surfactant species at the crude
oil/aqueous interface. They attributed the occurrence of a dynamic minimum to the
presence of "desorption barriers" (Babu et al, 1984). The concentration of both the
alkaline phase and the acid in the oil phase affect the IFT.

Decreasing the concentration of NaOH caused the IFT to increase sharply at any
given time for the transient IFT as determined by Khulbe et al. (1985). 1t would be
expected, in a dilute alkali solution, that, as the Na* ions react with the active phase to
make surfactant, the free Na* concentration would decrease sharply near the oil/aqueous
interface. No free Na* ions would be available immediately and thus the IFT would
increase sharply and the oil drops would split into smaller droplets.

At low acid concentrations, the addition of an alkali to the added surfactant
solution causes the IFT to increase. At medium to high acid concentrations, addition of an
alkali can produce ultralow IFT, This was explained by Rudin and Wasan (1992) as a
synergistic effect between the acid and its generated soap. In other words, the acid
behaves like an impurity which greatly lowers the IFT.

Below a caustic level of 250 mM, the rate of ionization and subsequent adsorption
of the carboxylate anions far exceeds that of their desorption into the respective bulk
phases. Under this scenario, tensions show a decreasing trend as the surface active anions

accumulate at the oil/aqueous interface. However, beyond this caustic level, the



desorption rate to the bulk exceeds that of adsorption . Consequently, tensions show only

an increasing trend in this region as determined by Chiwetelu et al. (1990c).

2.2 Theory of Alkaline Flooding in EOR

A typical alkaline flooding process is shown in Figure 2.

CHEMICAL FLOODING
(Alkaline)

The method shown requires & preflush to condition the reservoir and injection of an
alkaline or alkaline/polymer solution thal forms surfactants in situ for releasing oil. This is
followed by a polymer solution for mobility control and a driving fluid (waler) fo move the
- chemicals and resulting oil bank to production wells.

Mobility ratio is improved, and the flow of liquids through {Single 5-Spol Patten Shown)
more permeable channels is teduced by the polymer
solulion resufling in increased
volumelric sweep.
Injection

{urls

@’ Injection
(¥
v _{J‘\ )/ mp
Pt :3., P

/ Injection Well B

Top View ol
Producing

ARG Akating
AR Solution
Polymer Forms
Sohtion | |Sudacianis| | Adddional |
HI;g:ﬁ Ig S'eilu For A Qil
JAobility [ Releesing [ Recovery

o] " {04 Bark)

10 Protect
Polymer || Control

Figure 2: Schematic diagram of chemical flooding (alkaline). (Lake, 1989)
The figure depicts the usual method of alkaline flooding in a reservoir. There is

usually a brine preflush to precondition the reservoir, an oil-displacing chemical, a mobility

buffer driving agent, and the process is usually driven by chase water. This is a similar



process to that used in polymer and micellar polymer (MP) flooding. The alkaline process
is called high-pH flooding because of the excess of hydroxide anions, and can be achieved
by (i) dissociation of hydroxides; or (i) addition of chemicals that preferentially bind
hydrogen ions since the concentrations are related through the dissociation of water. The
most commonly used alkalis are sodium hydroxide, sodium orthosilicate, and sodium
carbonate. The hydroxide produces high pH via the former mccimnism whereas the
following two do so through the latter mechanism, as follows:
2H,0 + CO,? -> H,CO, + 20H’ Q)

High pH chemicals are usually less costly than chemicals used in the micellar polymer
process so that they are often used in field applications.

The hydroxyl ion is not a surfactant itself but the crude oil usually contains an
acidic hydrocarbon component HA,, some of which can partition into the aqueous phase

where it reacts with the OH, as follows:

HA, = HA, (partitioning) (2)
HA, == A +H" (dissociation) (3)
HA, + OH -> A +H0 (4)

The nature of HA, is dependent on the crude oil type. The acid number indicates the
amount of HA, originally present in the crude and is defined as the milligrams of
potassium hydroxide required to neutralize one gram of crude oil. A good alkaline
flooding crude candidate will have an acid number of 0.5 mg/g or greater although oils
with smaller numbers have been used. The anionic species A, is a surfactant which can

lower the interfacial tension (IFT) at oil/aqueous interfaces (Lake, 1989).
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The interfacial region consists mainly of long-chain carboxylic acids with a wide
range of molecular weights (about 300-400) and chemical structures. Although most of
the long-chain acids found were saturated aliphatics, some unsaturated, substituted, and
aromatic acids and diacids were also identified. Substances containing nitrogen and sulfur
heteroatoms were also found to be concentrated at the interface, .The interfacial films
were stabilized by resins, porphyrins, porphyrin ring oxidation products and protein/metal
salts (Sharma et al., 1989).

The three main mechanisms by which high-pH flooding displaces the oil are: IFT
lowering, wettability reversal and emulsion formation. The IFTs are sensitive to both
caustic concentration and salinity. The decrease in IFT is limited by the spontaneous
emulsification of the oil-water mixture when the IFT reaches a minimum. A cosurfactant
can increase the optimal salinity in a system by changing the hydrophilic or lipophilic
character of the system, its solubilization of water or oil, and thus the IFT because the
material on both sides of the interface become more similar in nature (Rosen, 1989).

A change in wettability often increases the oil recovery since in the original wetting
state of the medium, the non-wetting phase occupies large pores, and the wetting phase
occupies small pores. When the wettability of a medium is reversed, non-wetting fluid will
exist in small pores, and wetting fluid in large pores. The resulting fluid redistribution, as
the phases attempt to attain their natural state, would make both phases amenable to
recovery through application of viscous forces.

Alkaline chemicals can cause improved oil recovery through the formation of

emulsions. Emulsification results in the lowering of the mobility ratio since most
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emulsions have a substantially increased viscosity and a lower ratio increases the amount
of oil recovered by increasing the area of the reservoir swept by the flood. Furthermore,
solubilization and entrainment of oil in a flowing aqueous stream has a positive effect on
recovery. The first mechanism improves displacement and volumetric sweep. Interactions
of the alkaline chemicals and the minerals present in the reservoir rock can cause excessive
retardation in the propagation of these chemicals through the medium. Attention must be
paid to the salinity, type of clay and other liquids present in the reservoir in order for
alkaline flooding to be successful (Lake, 1989).

Mehdizadeh and Handy (1989) performed alkaline floods at high temperatures
which showed that an increase in dynamic IFT occurs with increasing temperature.
Recovery of the residual ol takes place at IFTs as high as 1 mN/m. A model was
developed by Ramakrishnan and Wasan (1990) which includes the adsorption of alkali on
the solid surface as the aikali interacts with the minerals in the core. This model shows
that the choice of a faster front competes with that of higher oil recovery.

Studies have also shown that application of surfactant and polymer enhanced
alkaline flooding have been very successful (Hawkins et al., 199 1). There was synergism
of alkali and polymer resulting from a combination of improved sweep and mobilization of
residual oil due to reduced IFT. The alkali/surfactant/polymer slugs were used to recover
waterflood residual oil and, because of lower IFT, these slugs recovered significantly more
residual oil than did the slugs without added surfactants (Hawkins et al., 1991).

Cther investigators (Rudin and Wasan, 1990) varied the molar ratios of two or

more alkalis that span the appropriate pH range, i.e. the desired pH for ultimate
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spontaneous emulsification, and the desired pH for ultralow IFT. The addition of a
surfactant will also increase the duration of ultralow IFTs. A kinetic model was developed
that treats the process of convective diffusion of an acid species from the oil phase into the

water phase while undergoing an interfacial reaction (Sharma et al., 1989).

2.3 Instruments for Measuring IFT

2.3.1 Summary of available instruments

Several techniques have been developed for the measurement of interfacial
tensions. This project compares two commonly used techniques of measuring IFT,
namely the spinning drop tensiometer and the drop volume tensiometer. Both methods

were originally proposed to measure an interface at equilibrium where the area between
the phases remains static. However, even with constant liquid volumes the interfacial
area may change as the interfacial tension adjusts due to reactions occurring at the
interface. It is important to recognize this difficulty before considering dynamic interfacial
tension in detail. Surface active agents lower the IFT to a greater degree than diffusion of
one phase into the other.

Other methods include the du Nouy ring method, which involves measuring the
vertical force required to drag a horizontal circular platinum ring through the liquid-liquid
interface, and is suitable for interfacial tensions as low as 1 mN/m. The Wilhelmy plate
method is similar but it uses a vertical plate as the sensing element. The maximum force is

measured during withdrawal and a dimensional analysis neglecting viscous effects is
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employed. These two methods can only measure the IFT at one condition for each |
experiment, causing transient studies to be extremely time consuming and tedious.

The pendant drop method can be used for interfacial tensions as low as about 10
mN/m. It involves a drop of one fluid being suspended in another fluid from a capillary
tube. Gravity elongates the drop while the interfacial tension opposes elongation because
of the accompanying increase in interfacial area. The liquid surrounding the drop must be
transparent so that changes in drop shape can be monitored to determine time dependent
effects on interfacial tension. Pendant drops of the less dense phase can also be tested by
turning the fluid cell upside down. Transient measurements can easily be made with the
pendant drop method.

The drop volume technique can accurately measure IFT as low as 0.2 mN/m. 1t
involves slowly increasing the size of 2 pendant drop until the drop can no longer be
prevented from rising, then it breaks off and the time of droplet formation is measured and
the total volume of a known number of drops is calculated. This method is unsuitable
when diffusion or adsorption effects require considerable time for the equilibrium value of
the interfacial tension to be reached (Miller and Neogi, 1985). The drop volume
tensiometer is similar to the drop weight method used to measure the surface tensions of
surfactant solutions, consequently the drop breakaway process was studied extensively
with this process (Pierson and Whitaker, 1976).

The surfactant adsorption process that takes place during drop formation has been
analyzed mathematically and, for the type of drops used in the drop weight method,

convective transport is generally unimportant and the surface concentration is controlled
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by the diffusion and adsorption processes (Pierson and Whitaker, 1976). The drop
volume method was used to measure surface tensions by Tornberg (1978) and, although
the area of the drop increases as the surface tension decreases with time, the drop volume
remains constant. The drop volume and maximum bubble pressure methods were also
used to investigate the kinetics of adsorption for solutions that slowly attain their

equilibrium surface tension (Joos and Rillaerts, 1981).

2.3.2 Spinning drop tensiometer (SDT)

The spinning drop method works well from around 10 mN/m to as low as 10°
mN/m. It involves the injection of a drop of the less dense fluid into a circular capillary
tube containing the denser fluid and the whole system is then rotated. Then the drop
elongates along the axis of rotation in the centrifugal field with the interfacial tension
opposing the elongation because of the increase in area. Eventually a configuration which
minimizes the free energy of the system is reached. Assuming that the drop length is much
. greater than the radius, r,, (length/diameter > 4), the following expressi'on holds (Miller
and Neogi, 1985):

Y= (P - Pe) @ T V4 (5)

The spinning drop tensiometer is useful hecause no contact between the fluid
interface and a solid surface is required; and, both the drop and the surrounding fluid layer
can also be made rather thin, 5o that results can be obtained even when the surrounding
fluid is somewhat turbid, as frequently found in practical systems. Also, the interfacial

tension can be monitored as a function of time (Miller and Neogi, 1985). As the droplet
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changes in shape, transient velocity profiles will become established both inside the droplet
and within a boundary layer region in the exterior phase, and these will necessarily have a
direct effect on mass transfer rates of various reactant and product species to, and away

from, the surface (Neale et al., 1987).

2.3.3 Drop volume tensiometer (DVT)

The DVT works by injecting a lighter phase into a denser phase with a syringe
pump through a narrow capillary. An infrared light emitting diode (IR LED) and
photodiode then detect the droplets that detach from the capillary tip. The time between
subsequent drops is then measured, which is converted to the volume of the drops by
using the flow rate. When the droplet forms, a balance of forces exists at the orifice until
the drop grows large enough to detach. At this instant, the volume of the drop is directly
proportional to the IFT between the two phases (DVT manual, 1992).

The flow rate determines the rate at which droplets, and thus the new interface, are
produced. Since fresh liquid is being added constantly, the effect of mutual diffusion of
the liquids into each other is minimized. The variation in IFT with the flow rate is then
due to the effects of diffusion and orientation of any surface active molecules present.
Rheological properties of the interface populated by surfactants also contribute to this
variation (DVT manual, 1992). The special orifice tip design of the DVT-10 has an orifice
with the wall thickness at the tip being only a few micrometers. This ensures valid results
because a spherical drop will cleanly detach from the tip. An orifice with a blunt tip would

cause an error in diameter of the drop that detaches, depicted in Figures 3 and 4.
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Figure 3: Drop volume tensiometer tip at drop separation (DVT manual, 1992)
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Figure 4: Sequence of drop detachment (DVT manual, 1992)

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. As liquid viscosity increases, the flow rate must be decreased to obtain results
otherwise there is a steady stream of liquid out of the tip so that no droplets are formed.

A smaller volume syringe has a smaller diameter piston, requiring a longer piston stroke
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per unit volume delivered. This means the syringe pump stepper motor must produce
more counts per unit time to deliver an equivalent volume from a smaller syringe than
from a larger one, resulting in a higher accuracy.

It is very easy to deplete the surfactant from the aqueous solution, when measuring
dynamic IFT for surfactant solutions, after even a few drops of oil have been studied. The
vast majority of the surfactant monomer molecules are at the oiifaqueous interface at the
top of the glass sample tube, therefore a fresh solution is needed. Adsorption of surfactant
at the oil/aqueous interface can change the surfactant concentration in the bulk phase

enough that the observed dynamic IFT will increase with each succeeding drop.

2.4 Development of SDT Method

Princen et al. (1967) developed the theoretical basis for the spinning drop method
and conducted experiments on several systems and compared these with results obtained
with other methods. This technique worked on the assumptions that (1) the angular
velocity of rotation, ©, of the drop is sufficiently large that buoyancy effects due to gravity
are negligible; (2) the axis of the drop is aligned on the horizontal axis of rotation; (3) the
surface of the drop is described by a surface of revolution; and (4) the surface or
interfacial tension, ¥, is not a function of curvature. Cayias et al. (1975) determined that
both the diameter and length need to be measured if the injected volume cannot be
accurately determined. With the SDT, the accurate drop volume may not be known
because when the syringe needle is withdrawn from the capillary tube, smaller droplets

may be left behind, and, once rotation is started, these small drops may coalesce, thus
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changing the volume of the large drop being measured. Also, when there are multiple
drops the experiment would have to be terminated because several drops may interfere
with the IET values. Also, the volume would have to be estimated, thereby the precision
is limited.

The buoyancy effects could be neglected in this study because the rotational speed
of the SDT was above 5000 rpm, as determined by Currie and \;an Nieuwkoop (1982). It
was also noted that in some cases, the interface is unstable as the composition shifts due to
flow or gravitational effects resulting in an interfacial layer of constantly changing
composition, This results in a change of density difference and the drop volume, and
consequently to a change in the drop diameter and length (Capelle, 1981).

The SDT is useful for measuring low and ultralow IFTs between fluids such as
those encountered in oil recovery. It is particularly suited since it can monitor the
transient changes in IFT that occur when a chemical reaction is taking place at the
interface, stch as that between acidic oil and alkaline solutions. As the reaction
progresses, surfactants are generated at the interface, where they adsor.'b, causing a
reduction in IFT that causes the droplet to elongate and the diameter to decrease. Later,
the IFT begins to increase as the reactants are used up and as the generated surfactants
diffuse away from the interface, resulting in the droplet contracting and the diameter
increasing (Touhami et al., 1994). As the droplet changes shape, transient velocity
profiles will become established within the two fluids, which will have a direct effect on
the mass transfer rates of the various reactant and product species to, and away from, the

interface, and thus on the computed IFT (Touhami et al., 1994).

19



2.5 Comparison of the DVT and SDT Instruments

In principle; the IFT between twa pure liquids should be independent of the rate of
interface formation (neglecting diffusion of the phases into each other). With the spinning
drop method, the drop shape is analyzed, however this method does not allow good
control of the speed of the interface area change as a function of time. Tt is suitable for an
interface age greater than a few minutes. This technique is less:precise than the drop
volume method and is more laborious to perform. Table 2 lists the major differences
between the two methods.

Table 2: Comparison of the spinning drop and drop volume tensiometers

Spinning Drop Tensiometer Drop Volume Tensiomeater B
Mass Constant. Steadily increasing.
Time Infinite time for one drop. One time for one drop.
t>to +1i as drop created in time, to. t=to0 as drop created in time, to,
Drop studied after placed in unit. Studied only once after created.
Shape & surface area changes. Mass increase; shape changes.
Can measure equilibrium. No equilibrium measurements,
Molecules have identical age. Molecules have different ages.
Injection .- [(Manual. Automatic,
Contact__ ||No contact with solid surfaces. Droplet in contact with tip_(solid).

As seen in the above table, the SDT measures the transient IFT because the mass
of the system is constant, whereas the DVT measures the dynamic TFT because mass is
constantly being added to the droplet. The meaning of time for the two tensiometers can
be seen to be quite different and needs to be further examined. Time, with the SDT, is
defined as the time during which one droplet deforms as the reactions take place at the
interface and therefore the drop can be studied for very long periods of time. In contrast,

time for the DVT is equal to the reciprocal flow multiplied by the volume of the drop
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created. Timing variations are obtained by studying different drops at different flow rates
and obtaining an IFT measurement at the moment when the droplet breaks away from the
tip.

Thus, the SDT can be used to study the same droplet over a period of time only
after it has been created in time t, (here t, is the time for dropleF injection) and after a
period of time, t; (here t, is the time after the droplet was creatt-ad, until measurements can
be taken after the capillary is placed in the instrument). The DVT can be used to study the
IFT only at the moment of t, when the droplet has been created and breaks away.

Since different droplet interfaces are being studied in the dynamic experiments,
IFT comparisons are only possible if care is taken to appreciate the different meaning of
time for each of the two different tensiometers. The DVT measures dynamic IFTs
because the mass is constantly being added whereas the SDT measures transient IF s

because the mass is constant throughout the experiment,
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3. METHODOLOGY

3.1 Materials

Table 3 contains details of the materials used in the experiments and their

properties. All of the chemicals, except the light paraffin oil which came from BDH

Chemicals

Ltd., were obtained from Fisher Scientific Ltd. The synthetic oil consisted of

linoleic acid dissolved in light paraffin oil in a series of concentrations. Thus, 10, 20, 30,

40, 50 and 60 mM solutions of linoleic acid in light paraffin oil (density of 840 kg/m®),

were prepared in volumetric flasks. The 60 mM was the highest concentration that could

reasonably be obtained due to the limited solubility of linoleic acid in light paraffin oil.

Table 3: Experimental materials and their properties.

Identification “[Density at 25 C {g/mL} Supplier
NaOH 0.9982 Fisher
LiOH 0.9979 Fisher
KOH 0.9985 Fisher
Na2Si03 0.9985 Fisher
light paraffin oil 0.8400 BDH
linoleic acid 0.9000 Fisher
10 mM synthetic oil 0.8420 * prepared
20 mM synthetic oil 0.8495 prepared
30 mM synthetic oil 0.8496 prepared
40 mM synthetic oil 0.8498 prepared
50 mM synthetic oil 0.8500 prepared
60 mM synthetic oil 0.8501 prepared
1 mM synthetic oil 0.8492 prepared
crude oil diluted 0.9393 prepared
crude oil 0.9702 Lloydminster
toluene 0.8700 Fisher

« This solution was made with a different batch of paraffin oil

Paraffin oil doped with linoleic acid was chosen for testing because this solution

has been found to simulate acidic oil (Hornof et al., 1994). Also several investigators
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found that saturated alkanoic as well as mono and di-unsaturated C18 alkanoic acids were
all present in the oils they examined (Chiwetelu et al., 1990¢).

The alkaline solutions were all prepared using weighed pellets dissolved in distilled
water in volumetric flasks. The diluted crude oil was prepared by dissolving a given
volume of untreated crude oil (from Lioydminster oil fields) into a known volume of
toluene in the volume ratio of 2:1. The crude oil had to be dilutied because the oil itself
was too viscous and plugged the syringes, even when heated. The solution was then
covered with parafilm to prevent the toluene from evaporating. A fairly low dilution of
crude oil with toluene had to be chosen because it was determined that there was a
decrease in the value of the IFT as the proportion of toluene increases (Neale and Ding,
1992). All components in contact with the crude oil were rinsed with toluene, then with

acetone, then with distilled water.

3.2 Experimental Apparatus

The SDT and DVT apparatus are described in this subsection. |

3.2.1 Spinning drop tensiometer (SDT)

The solutions were tested on the Texas Model 300 spinning drop tensiometer
using a reciprocal speed of 7.5 ms/rev at a temperature of 25°C. A glass capillary, of
internal diameter 2 mm and length 10 cm, was filled with the atkaline solution using a 1
mL syringe, and then a droplet of oil was injected using a 10 pL Hamilton syringe. The
timer was started as soon as the droplet of oil was injected and the capillary was placed in

the tensiometer. Measurements were started after about 40-50 seconds, and taken at 50
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or 100 second intervals for about 1500 seconds or until a constant value of IFT was
reached. If the droplet length became less than four times the width, then both the length
and width had to be measured, however the precision decreased due to the time required

for these measurements. Figure 5 shows the droplet in the rotating capillary.
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Figure 5: Droplet in rotating capillary in the SDT

3.2.2 Drop volume tensiometer (DVT)

The 6il/aqueous systems were also tested using the DVT-10 drop volume
tensiometer. This instrument consists of a control and data reduction module, a sample
cell, a capillary, a photocell assembly and a syringe pump. The controller is menu driven,
requiring the operator to input the sample density, flow rate of the syringe pump, and the
number of drops to be counted, The syringe and capillary orifice sizes must also be
entered.

The interfacial tension is calculated as each drop detaches, along with statistics for
the experiment. Results were predicted by the manufacturer to be reproducible to 1%

relative standard deviation (RSD). Figure 6 shows the sample tube with the detector.
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droplets of light phase

flowing through dense phase

infrared light emitting diode (IR LED)
and photodiode detect droplets

narrow capillary

controller measures

time between droplets

to syringe pump

Figure 6: DVT-10 sample tube with detector (DVT manual, 1992)
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Figure 7, taken from the DVT manual (1992), illustrates the method that the DVT
uses to calculate the IFT based on the balance of forces at the capillary tip. The
separation force balances the adhesion force for values of IFT above 0.2 mN/m. IFTs
below this threshold value cannot be accurately determined by the instrument due to the
large relative standard deviation (RSD) involved when the IFTs of several drops are
averaged. The orifice of the capillary has a diameter of 254 pm'; which works well for a
wide range of flow rates and liquid viscosities. The thickness of the orifice wall at the tip
is only a few pm which ensures valid results which require no corrections because as seen
in Figure 3, the thin tip allows the vertical forces to be used due to the sphere not being in
contact with the tip. Tips with thicker walls would cause errors in calculating the diameter

of the droplet.

Balance of Forces at the tip

Heavy phase, py

Vdrop (pH- P19 = Separation Force

Light
phase, pL

o; nd = Adharence Forco

Vdrop (pH - L9
T
(for 6i > 0.2 mN/m)

S

G =

Figure 7: Drop volume method (DVT manual, 1992)

Figures 8 and 9 reveal the importance of ensuring that there is no leakage at the

place where the tube from the syringe pump meets the capillary. The figures show that
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when leakage occurred higher apparent IFT values were obtained compared to the values
shown without leaks occurring. Higher IFT values were obtained due to the volume of
the droplet being smaller than the flow indicates because all of the liquid is not being
passed through the capillary. Figure 8 shows that the value of IFT increases with time
since this involves lower flow rates and probably a higher pefcentage of tiquid feaks out of
the total flow because the pressure is not enough to force it thr';nugh the capillary tip.
Leakage was prevented from happening further by placing the tube into the plastic
end before tightening the plastic end into the assembly supporting the capillary. The
plastic then pinches the tubing once it is screwed in tightly, Correct operation of the

instrument is vital for accurate results to be obtained.

3.3 Measurement Procedures

The procedures used for each of the two equipments are described in two separate
subsections.
3.3.1 SDT experimental procedure

The SDT experiments were performed as follows:
1. A 10 pL syringe was filled to 6 I;LL with the lighter oleic phase, 10 mM linoleic acid in
paraffin oil, and the 1 mL syringe was half filled with the denser aqueous phase, the
alkaline solution. (The larger 1 mL syringe had to be used for the crude oil because it was
100 viscous to handle with the smaller syringe.)
2. The capillary was filled with the alkaline phase and then a drop of the oil phase was

injected into the alkaline phase, noting the volume, and the timer was started.
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3. The cap, with a rubber seal, was placed onto the capillary, tightened into the
tensiometer, and the rotation was started. The reciprocal speed of rotation was adjusted
to read 7.51 ms/rev and the temperature was maintained between 25 and 27°C.

4. The strobe was turned on and the level of the instrument adjusted so that the droplet
remained centered in the capillary, A measurement was taken as soon as the droplet
became stable.

5. Measurements were taken by moving the cross-hairs to each end of the droplet and
taking the difference to obtain the diameter. If the length/diameter was less than 4, then
the length of the droplet was also taken (by rotating the cross-hairs).

6. Measurements were recorded every 50 or 100 seconds depending on how quickly the
droplet was elongating or contracting. The measurements were stopped when the droplet
no longer appeared to elongate or contract significantly.

7. The capillary was removed once the rotation was turned off and the tube was cleaned

with distilled water and rinsed with the next solution.

3.3.2 DVT experimental procedure

The DVT experiments were performed as follows:
1. A 1.0 mL syringe was filled with the lighter phase, synthetic il or crude oil, and all
bubbles were removed. The syringe was then directly attached to the switching valve by
using the 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.
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2. The capillary tip was attached to the bottom of the cell and the glass tube was attached
to the rubber bottom. 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. The sample
cell was mounted in a clamp to hold it vertical. It was found to be essential that the cell be
maintained in a vertical position and free of vibrations, or the IFT was affected.

3. The glass tube was filled with the denser liquid phase, such a;s one of the alkali
solutions, until the liquid surface was about 10 mm above the top of the photocell.

4. A cover was placed over the cell and all tubing and fittings were checked.

5. The pump was started at about 1.0 mL/h, which allowed the air bubbles to escape the
tip. After 30-60 seconds, 2 drop of the light phase formed. This droplet was checked to
confirm that it was symmetrical around the capillary tip and that the capillary was not

| clogged or damaged. After 2.3 droplets had been formed, the pump was turned off.

6. The main menu was selected and the parameters were entered, including the capillary
diameter of 254 pm. A droplet limit of three was normally chosen.

7. The flow rate was set on the pump and controller. The pump was 're-started. The
sensitivity was adjusted ensuring that the drops were being detected properly; i.e. that
there was one beep per drop that detached.

8. Using the menu the gathering of data was started.

9. Once the data had been collected, the pump was turned off. The flow rate was
changed. The dense phase solution was also changed because surfactant accumulates at
any available interface and most of the surfactant may form at the air/liquid interface rather

than the liquid/liquid interface where the IFT measurements are being made.
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10. Steps 3-9 were continued until all of the desired flow rates had been tested.
11. When the experiment was finished, the tubing and syringe were cleaned with acetone
and the solvent was ejected from the tubing and capillary using compressed nitrogen or a

syringe.

3.4 Experimental Aspects

The spinning drop tensiometer and the drop volume tensiometer were used to test
synthetic oil and Lloydminster crude oil with four different alkalis, i.e. sodium, potassium,
and lithium hydroxides and sodium orthosilicate. Sodium hydroxide had been used in a
field study in the Lloydminster area of Western Canada and the recovery over
waterflooding was improved (Babu et al., 1984). Under certain circumstances, Chiwetelu
et al. (1994) found that sodium hydroxide was the best. The optimum concentration of
alkali was found to be close to 25 mM for all temperatures that Chiwetelu et al. (1992)
studied. Coﬁcentrations of alkali above 25 mM could not be measured by the DVT to
obtain IFT values since the initial interfacial tension may drop to values below 0.1 mN/m
(Chiwetelu et al., 1988). According to the DVT manual (1992) the lower limit of IFT that
the DVT can measure is 0.2 mN/m,

The time and width measurements from the Texas Model 300 spinning drop
tensiometer, were entered into a spreadsheet software program (EXCEL) and the
interfacial tension was calculated using the simplified equation [5]. The DVT-10
tensiometer was also used and the time, volume of a drop, IFT and error were recorded

and entered into the spreadsheet. The IFT was then plotted versus time. The log of the
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interfacial tension was used in some cases in order to view the trend of the curves more
easily. The densities of the solutions were tested using a PAAR DMA 48 density meter,
manufactured in Austria. Accurate density values were required in order to calculate the
IFT by both methods.

The figures of IFT as a function of time were compared for the two instruments
used. In addition, the four alkali trends were compared dependiﬁg on the concentrations
of acidified oil and the alkaline solutions. All of the measurement data for the SDT is

available in Appendix A while that for the DVT isin Appendix B.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 IFT Results Measured with the SDT and DVT

4.1.1 Reproducibility with the SDT

Four different alkalis were tested on the SDT to determine the transient IFT
against acidic oil. Multiple runs were performed for each alkali to check the
reproducibility of the measurements. Figures 10-13 contain replicate runs for the sodium
hydroxide, lithium hydroxide, potassium hydroxide and sodium orthosilicate solutions,
respectively. They reveal that although the trends of the transient IFT curves were the
same, the slope of the increasing IFT and the time of onset of the IFT rise, after the
minimum was reached, varied to a large degree. This confirms the results found by
Chouinard (1992).

Therefore, the transient curves were hard to duplicate using the SDT. However, it
became evident that the volume of the drop played a significant role in controlling the
shape of the transient IFT curve. The smaller the drop, the sooner the minimum was
reached and the steeper was the IFT increase following the minimum. It has been
previously found that, usually, the smaller the drop volume the Jower the tension (Franses
et al., 1980). The minimum may be lower because the interface is smaller so the acidic
molecules can orientate and react faster. The steeper slope can be explained by noting
that a smaller drop has less volume and thus there should be Jess acidic molecules in the oil
to diffuse to the interface; therefore the minimum should be reached quickly and the IFT
increase swiftly as the components for the reaction are depleted due to diffusion into the
two phases.
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It was observed that when the drops were all of the same size, the reproducibility
was better but the increasing slope still varied somewhat. This can be seen in Figures 14
and 15 which show IFT values for 10 mM linoleic acid in paraffin oil and 25 mM NaOH
and Na,Si0,, respectively. The numerical value in the legend represents the molar ratio of
acid to alkali, which is calculated by dividing the number of moles of the acid in the oil
phase by the number of moles of alkali in the aqueous solution, 'éts follows:

MR = moles,;, / moles,, (6)

The SDT instrument would be more usable if a method of injecting a constant and
exactly repeatable amount of liquid into the capillary were developed, since it is difficult to
achieve exactly the same volume in a series of experiments. Another problem with the
SDT is, that, even if the same amount is injected from the syringe, the droplet often breaks
into smaller droplets once the rotation is started. Babu et al. (1984) found that with crude
oil droplet volumes varying between 0.3 and 2.5 pI., the minimum interfacial tension
values varied marginally aithough the time at which the minimum occurred remained
essentially unchanged. Khuibe et al. (1985) used droplets in the range'.of 2-3 uLin
volume without significant variation in IFT values, which works well for crude oil but for
linoleic acid solutions, stable drops of this volume were almost impossible to form.
Therefore, the experiments were selected to compare systems with similar droplet volumes
which can be distinguished by the molar ratio of acid to alkali, MR, as determined by
equation [6] as well as enabling different concentrations of acid to be compared.

One possible qualitative explanation for the transient IFT trend results observed

considers what is occurring at the interface. The relatively high caustic concentration
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means that more surfactant soaps are produced by reaction with the acid in the oil phase.
Accumulation of the relatively high initial soap concentration at the interface causes the
IFT to drop significantly. The IFT increases after the minimum is reached due to a
combination of large mass transfer driving forces and electrostatic repulsion, resulting in
much reduced interfacial surfactant concentration (Chiwetelu et, al., 1988). These forces
appeared to cause uneven elongation and contraction in some instances, as shown in

Figure 16. This behaviour was also observed by Chouinard (1992).

SR v

Figure 16: Representation of uneven elongation of a droplet rotating in the SDT

4.1.2 Reproducibility with the DVT

Figure 17 shows the dynamic interfacial tension measured with the drop volume
tensiometer between the 25 mM NaOH and LiOH solutions and 10 mM synthetic oil with
four trials for each hydroxide represented by a number in the legend. The results for the
other two alkaline solutions can be seen in the figures provided in Appendix B. The
figures show that the trends are fairly reproducible although there is some variability from
run to run. This is most likely due to the IFT values being close to the manufacturer's
recommended lower limit of 0.2 mN/m for this instrument. The greatest variability is

observed in the case of LIOH which gave rise to the lowest IFT values (about 0.2 mN/m).
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Time, as defined for these experiments, is the time necessary for one drop to form
and detach, taken as an average of three consecutive drops. It was confirmed that using
fresh solution of alkali in the measurement tube between each change in the flow rate did
not seem to significantly alter the measured IFT. Thus, the surfactant is not forming at the
air/liquid interface in any significant amounts. This is likely due to the acid being the
limiting factor since the alkali is in excess at these concentration'.s and few drops are being
averaged. The erratic values obtained at high flow rates may be explained by the fact that
the droplets are following each other so closely that the detector has difficulty in
differentiating two separate drops from each side of a single drop as they pass the
detector.

Each point, on every curve for all of the eight runs, represents an average of 3
drops which gave a relative standard deviation (RSD) between 1-4%. The RSD value is
higher for longer times because the flow rate becomes quite small. The flow rate and time
are inversely related since low flow rates mean a longer time for the interface to form
before it detaches. The trend of IFT versus flow rate can be seen in the Appendix B data.
The smaller flow rate may result in larger errors due to any vibrations having a larger
effect. Also, the syringe pump output may be subject to fluctuations or pulsations. A
syringe with a smaller internal diameter should be used for smaller flow rates since the
pump stepper motor would then produce more counts (higher accuracy) per unit time to
deliver an equivalent volume from a smaller syringe than from a larger one (DVT manual,
1992). However, there is a danger that some systems would then operate at a flow rate

that is lower than the rate of diffusion. This means that the apparent IFT measured would
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not include any surfactants at the interface and the effect of the surfactants on the IFT
would not be determined.

The minimum IFT value obtained for the NaOH solution was about ten times the
value as measured by the SDT. This could be due to two possibilities: (i) the two
instruments do not read the same values; or (i) the DVT was not able to measure the
minimum IFT due to the flow rate not being small enough with'the values so close to the
lower limit of the instrument. These possibilities were checked by testing lower
concentrations of oil and aqueous solutions because then the IFT values were larger and a

comparison could be made between the two instruments once again, as seen below.

4.1.3 Effects of acid and alkali concentrations

Figure 18 shows the dynamic IFT between 25 and 2.5 mM NaOH and 10 mM
synthetic oil as well as that between 25 mM NaOH and 1 mM synthetic oil. Appendix B
contains the figures which show IFT as a function of flow rather than time for the same
systems as above. Measurements at lower alkali and acid concentrati(;n were conducted
on the DVT because the IFT values were near the level of detectability at the higher
concentrations of the oil and aqueous solutions. As can be seen, the lower concentration
IET values are higher and a smooth curve is obtained with excellent reproducibility,
validating the explanation that the poor results obtained for the 25 mM alkali were due to
the IFT values being too close to the precise detectable level of 0.2 mN/m for the DVT.

In addition, lowering the acid concentration by a factor of ten increased the IFT by

a factor of ten, resulting in the minimum being increased to 2.4 mN/m from about 0.3
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mN/m (for 25 mM NaOH). Figure 18 reveals that when the alkali concentration was
lowered by a factor of ten, the IFT increased somewhat at the beginning and end of the
curve although the minimum IFT was not much different (0.37 mN/m compared to about
0.3 mN/m for 25 mM NaOH). The higher acid concentration has a much greater effect
than higher alkaline concentrations which suggests that the acid is the limiting factor in the
creation of the surfactant. Again two possible explanations exis:t: (i) it may be that the
alkali is in excess so its concentration is not significant; or (ii) the DVT did not measure
the minimum IFT value accurately for the 25 mM solution due to the lower limit of
limiting time factor. Measurements on the SDT helped evaluate these possibilities.

Figure 19 reveals the transient IFT values tested on the SDT for 2.5 mM and 25
mM NaOH with 10 mM synthetic oil and 25 mM NaOH with 1 mM synthetic oil. The
curves indicate that the minimum IFT value for the 2.5 mM NaOH and 10 mM synthetic
oil is about the same whereas the 1 mM oil with 23 mM NaOH has a higher value for the
DVT measurement than the SDT measurement. The lack of similarity between the 25 mM
NaOH IFT values may be due to the DVT being unable to accurately measure the IFT
minimum values either, because the minimum had not yct been reached with the flows
measured, or the \;alues became unreliable due to being near the threshold limit of the
instrument. A more likely explanation is that the DVT method does not show any
significant difference in IFT values for a change in the alkaline concentration in this range

of 2.5 to 25 mM since there is less time for reaction at the interface when compared to the

SDT.
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4.1.4 Comparison of alkali tested on the SDT and DVT

Figures 20 to 22 show the transient IFT between 25 mM alkaline solutions and
each of the acid concentrations (10, 30 and 60 mM, respectively) using the SDT. The
initial IET measured varies with the type of alkali. The same trend is observed in all of the
cases with the order of highest initial IFT to lowest as follows: KOH, NaOH, Na,8i0, and
LiOH. The concentration of the acid does not affect the initial 1i_'E?T but may play a role in
the trend of the transient IFT. The minimum IFTs and the IFT values obtained at the end
of the measurement scemed to vary in their order for the different alkali. This could be an
effect of the droplet volume variations which were difficult to control. Babu et al. (1984)
also found that the minimum value varied somewhat from run to run with a variation in
droplet volume.

The minimum values are all very close to one another and vary with multiple trials
so that there is not a definite trend that can be established. The acid concentration may
affect the minimum value order. It was previously determined by Chiwetelu et al. (1992)
that there was an optimum concentration for NaOH and there is likely .;:ptimum
concentrations for the other hydroxides as well. Lithium hydroxide appeared to give the
lowest IFT for the lower acid values while sodium orthosilicate had IFT values just above
fithium for all concentrations. These two alkalis had the highest IFT values for the acid
concentration of 60 mM. Potassium hydroxide had the highest IFT value at the lower acid
concentration with the lowest at 60 mM while sodium hydroxide was just below

potassium at 10 mM synthetic ol and just above potassium for 60 mM. The trend may

also vary due to the difference in droplet volume since the droplets generally became

49



LS 21 U0 parsa) IENE snoanbe g GZ PUE 110 3NIQIALS T O WA LT jmasuel], 07 d2ndty

(s) oy,
0091 00¥1 0071 0001 008 009 oov 00Z 0

— : } } t t t t 00100
£-390°7T=dW - HOV'T—e—
€-390 =9 - HOJ —¥—
€990 7=4N - fOISTEN —#—
£-990°Z=d - HOEN—O—

1 ooor°0

(wiyN)
- llr 1A1
* lrf"l.ll'l’ o 1
v T 0000°1
o— -
—
1 0000701

30



J1.aS 21} ud pa)sd) Ifeyie snoanbe [t 6Z pue |10 anaipuss A Of UI2s)AQ LAY JUDISUELY, 21T asndyg
(s) omy,

0081 0091 00¥1 11741 0001 008 009 ooy 00T 0
— t i t } i } ; t 00100

£-doL ¢=4N - HO'l—e—
£-3T6 =N - HON—v—
£-450°T=3 - EOISTEN —8—
£-3¥9 1=N - HOEN—D—

- 0001°0

- 0000°1

=~ 0000701



1S 1 WO PN HEAIE snoanbe W 57 PuE jio IMYIuLS YUt 09 wa0A2q I Y JudisueL] :TT aandiy

() aurty
0002 0081 009t oorl 00T1 0001 008 00° oo¥ 00T 0

— ; ; “ ; " " i " “ 0010°0
gLy 7=d - HO'T—e—
£-701 " #=A - HON—v—

Mlmh.*.HHME = MOmWNﬂZI.I R cccﬂ 0
967 £=dN - HOEN—O—

(o/Nw)
LAl
v -+ 0000°1
-_. 000001

52



smaller as the acid concentration increased, revealed by the MR value. This occurred
because it became very difficult to obtain a large stable droplet.

Figure 23 shows the order of alkali observed on the DVT. The trend observed
seems to indicate values of IFT in decreasing order: KOH, NaOH, Na,Si0, and LiOH.
This conforms with the same order as obtained by the SDT for the initial IFT values.
Higher concentrations of acid were not tested on the DVT becaijse the minimum expected
IFT values would be so close to the lower working limit of the instrument and therefore
produce unreliable results. The consistently lower IFT value for lithium hydroxide
observed may be caused by lithium's tendency to form covalent bonds compared to the
other alkali metals, and the fact that its salts are generally less soluble in water (Khulbe et
al., 1987).

The effect of the alkali is dependent on several factors. In jonic surfactants, such
as the ones produced by the interaction between caustic and heavy oil, those with more
tightly bound counterions (ions with small hydrated radii (e.g., Cs', K, NH,")), appear to
be more effectively adsorbed than those with less tightly bound ones ('Iila*, Li", F),
although the effect is predicted to be rather small (Rosen, 1989). The counterions with
greater polarizability tend to decrease the critical micelle concentration (CMC), although
once again the effect is small. The degree of hydration and the number of hydration layers
around the polar region of the surfactant increase with the increasing atomic weight of the
cation; thus potassium salt would be expected to have a lower rate of diffusion from the
interface than salts of lighter cations, resulting in a more prolonged period of low IFT.

These effects are concentration dependent as any free alkali metal hydroxide, being a
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strong electrolyte, would affect the solution behaviour of the surfactants formed (Khulbe

et al,, 1987).

4.1.5 Effects of linoleic acid concentration

In Figure 24, it is observed that as the acid concentration increases, the IFT values
increase. This was unexpected since there is more acidic materi'al in the oil to react with
the alkali to produce surfactant. The slope of the increase in IFT, after the minimum was
reached appeared to be less steep and started later in time for the higher acidic ol
concentrations. This could be due to the acidic components taking longer to reach the
interface and react at the surface, so a more prolonged minimum was maintained. The
diffusion into the bulk phases was slower, dueto the gradual production of surfactant
which is then depleted from the interface. However, this trend had to be confirmed, since
it was found that as the acid concentration in the oil was increased, the size of the stable
droplet decreased, which as previously observed, can affect the IFT measured by the SDT.

Figures 25, 26, 27 and 28 show the interfacial tension versus ti.rne for 25 mM alkali
and 10-60 mM linoleic acid for sodium, lithium and potassium hydroxides and sodium
orthosilicate, respectively. In general, the minimum was lower for the higher acid
concentrations than for the jower values in contrast .0 the earlier results supporting the
fact that the droplet volume did affect the IFT trend. Especially the values for 10 mM
synthetic oil in most of the figures show the effect of the smaller droplets and may also be
a result of the lower density of this particular solution. The minimum IFT was lower for

oils containing more acid because the time was long enough for some of the surfactant to
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be produced at the interface and there was more acid available to react when
concentrations of acid were higher.

The trend generally shows that as the acid concentration in the oil increases, the
[ET reaches the minimum more quickly and the subsequent increase in slope is faster
afterwards with exceptions when the MR value was very low such for the 10 mM curve in
Figures 25, 26 and 27. Again it is likely that the different trendé. for the different alkalis
correspond to an optimum ratio of acid to alkali which was dependent on the type of
alkali. Lithium, seen in Figure 26, in particular, showed a trend with lower IFT values for
the lower acid concentrations, compared to the higher concentrations.

The greatest difficulty in comparing the four alkaline solutions with the different
acid concentrations was due to the dissimilar volumes of the oil droplets. The MR values,
from the legends of the figures, reveal that although potassium had droplets of similar size
for the comparison, the other three alkaline solutions had generally smaller droplets for the
higher concentration of acidic oil. Stable droplets of larger size could not be obtained by
the manual injection. Thus, the steeper slope of increase and quick risé may likely be due

to the small droplet size.

4.1.6 Crude oil tested on the SDT

Figure 29 compares the transient IET behaviour for 2.5 mM NaOH against crude
oil and 10 mM synthetic oil. The general trend is the same for the crude oil and the
synthetic oil, except that the crude il exhibits much lower values of IFT (at least five

times lower). The crude oil and hydroxide solutions were expected to yield lower IFT
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because there were acidic components in the crude oil with an overall concentration about
60 times higher than in the synthetic oil. For the 25 mM alkali, the minimum was reached
faster and maintained longer and the end IFT was lower than the synthetic oil although the
minimum IETs were about the same suggesting a slower diffusion away from the interface
for the crude oil so the IFT lowering was maintained longer.

The minimum and steady state IFT were reached faster m the case of the crude oil.
The minimum IFT appeared to be reached over 250 seconds faster for the 2.5 mM NaOH
and it appears that a minimum was reached nearly 400 seconds faster in the case of the 25
mM NaOH. The minimum was reached faster for the crude oil due to the larger
concentration of acidic components at the interface, whereas for the synthetic oil there
may be a time lag for the acidic components t0 diffuse to the interface.

The rise appeared sharper for the 25 mM NaOH when compared with the 2.5 mM
NaOH for both types of oil. The lower concentration, 2.5 mM NaOH solution, may have
taken longer for the alkaline components to diffuse to the interface, react and then be
depleted from the interface, which would explain the gradual decrease énd increase in the
IFT values. In contrast, the 25 mM NaOH had a large amount of alkaline components at
the interface from the beginning due to its higher concentration, but the acidic components
would quickly be depleted by the reaction, resulting in the observed sharp rise.

The droplet volume should not have affected the measured IFT values because the
volume was well above the 3 pL limit, observed by Khulbe et al. (1985). This larger
volume resulted from the use of a larger syringe, used to prevent clogging, by the 20 times

more viscous crude oil, as mentioned earlier.
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Figure 30 shows the transient interfacial tension between diluted Lloydminster
crude oil and the four 25 mM alkaline solutions. The trend shows that the initial IFT
values appeared to be in the following decreasing order: KOH, LiOH, NaOH and Na,SiO,
with the order of the minimum IFT in decreasing order LiOH, NaOH, KOH and Na,§i0;.

In Figure 30, it is again seen that the minimum IEFT values are reached much quicker for
the crude oil than for the synthetic ol and a Jower IFT is maint;ined longer.

The values can also be compared to the values obtained by Khulbe et al. (1987).
These workers obtained a similar trend with undiluted Lloydminster crude ail as was
observed here, that is, in decreasing order: LiOH, NaOH, Na,Si0, and KOH, although
their values were somewhat different. The sodium orthosilicate did not perform as well as
in this study, which may be due to the dilution with toluene. The difference in values is
not significant when the error bounds caused by the poor reproducibility of the SDT is

considered.

4.1.77 Crude oil tested on the DVT

Figure 31 shows the dynamic IFT between the diluted Lloydminster crude oil and
25 mM LiOH and NaOH. The values reveal that the crude oil has lower IFT as expected
due to its greater amount of acidic components. Rosen (1989) determined that the
efficiency of adsorption of the surfactant at the interface appears to increase steadily with
an increase in the length of the hydrophobic group up to at least 20 carbon atoms, as well

as in the presence of phenyl groups. This indicates that the larger number and
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molecular weight of the acid components would cause a larger decrease in the IFT for the
crude oil.

The NaOH solution generates lower IFT values than LiOH solution, which is in
agreement with the SDT data obtained for the crude oil. The ultralow values obtained by
the DVT for the 25 mM alkaline solution were somewhat reproducible but there was very
little decrease of IFT with time, which again may be due to the'.swiﬁ reaction of acid with
alkali at these high concentrations. The smaller times could not be accurately measured
because at high flow rates the crude oil flowed continually without forming any definiie
droplets. The values for the 25 mM alkali are low, often below the limit of 0.2 mN/m,
which may explain why the values of IFT were lower than those obtained by the SDT.
However, the values were not too far off compared to the value obtained by the SDT,
especially considering its limited reproducibility.

Figure 32 shows the dynamic IFT of the diluted Lloydminster crude oil and the
synthetic oil against the 2.5 mM NaOH. The IFT curve starts higher and the minimum is
reached later than with the synthetic oil. It was also observed that at higher flow rates (i.e.
at shorter times) the drop forms a sphere plus a smaller appendage beneath the sphere as it
detaches so the values may not be as reliable. Atlow flow rates (longer contact times)
IFT values drop below 0.2 mN/m and the experimental error becomes larger. However,
the values in this region appear surprisingly reproducible which may be due to the less
viscous nature of the crude oil. Other solutions of lower viscosity would have to be tested

to see if the lower limit of the instrument can be extended for less viscous solutions.
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4.2 Momentum Balance Applied to the DVT

The motion of the oil in the tube of the DVT was neglected in the IFT calculation
performed by the DVT, as follows:

IFT = Vg, (P - P ) 87 (T e ) (7
where the volume of the drop can be calculated from 7 dmp’/G. This equation represents
the balance of forces at the capillary tip, that is the buoyancy, gfavity and the capiliary
forces as seen in Figure 7. The full force balance can be determined by applying the
Unsteady State Macroscopic Momentum Balance, a vector equation, in the vestical
«-direction to the fluid inside the oil droplet at an arbitrary time, t. The equation is as
follows:

dM,Jdt =M, - M, + sum(F,) (8)
where,

M,,, = total x-momentum of system (oil droplet)
M,, = rate at which x-momentum flows into the system (droplet) at the tube tip
M,, = rate at which x-momentum flows out of the system (oil drOplct).
sum(F,) = sum of all external forces acting on system (oil droplet) in the x-direction

The momentum flowing out of the system is zero as long as the droplet remains
attached at any given time. The momentum entering is the mass flow rate times the mean
velocity and can be derived to be equal to 8 p,, Q¥/n e (s€C Appendix C). The IFT is
then:

IFT = Vo (Pan - Pai )&/ ) + 8 0 QU ds.’) )

Since M, remains fairly constant throughout the process, dM,fdt = 0.
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The second term in Equation [9] has been neglected in the equation that the DVT
uses to calculate the IFT. Thus, the value of this term needs to be calculated to see if it
can reasonably be assumed to be negligible under the conditions used here and under what
conditions it may become important. The DVT manual (1992) suggests that at flow rates
above 2 mL/h, acceleration of low viscosity fluid begins 1o contribute more than 1% of the
detachment force and the data then needs to be corrected. Calculations were performed
as shown in the example provided in Appendix E. Results indicated that for values at 2
mL/h all of the IFT values for 25 mM aqueous alkali were accurate but at higher flow
rates the correction factor should be applied, depending on the precision required. None
of the flow rates used here had a deviation in the IFT value of over 1 % due to the kinetic
energy. For 2.5 mM NaOH, flow rates of 50 mL/h and below had IFT values with less
than 1 % deviation due to the kinetic energy. Therefore, each fluid tested here was not
significantly affected by the kinetic energy at any of the flow rates for which measurements

were taken.
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5. COMPARISON OF THE SDT AND DVT INSTRUMENTS

5.1 Trends of the Transient IFT

The manufacturer stated that the DVT cannot accurately measure IFT values
below 0.2 mN/m which makes it unable to reliably measure the transient IFT vaiues
between 25 mM alkali and acids, for the synthetic oil. Even for 2.5 mM NaOH and crude
oil the minimum IFT becomes suspect as it drops so low. However, the crude oil values
appeared to be reproducible for IFT values as low as 0.03 mN/m. This may be due to the
high viscosity of the crude oil, over 400 mPa.s compared to about 20 mPa.s for the
synthetic oil. The higher viscosity may enable the droplets to form and breakaway more
cleanly than for the lower viscosity droplets. Further studies would have to be performed
on other highly viscous liquids to validate this postulate. Also, the DVT controller should
supply more than two decimal places of precision for the average IFT values, if values
below 0.2 mN/m are to be usable, otherwise the relative standard deviation becomes too
large.

In contrast, no difficulty is encountered when the SDT is employed for measuring
the transient IFT. However, the SDT trends are less reliable since greater variability was
observed when the experiment was repeated. In addition, it is not possible to obtain
transient IFT values within the first 40 seconds with the SDT and it is very difficult to
obtain droplets of reproducible volumes for the SDT measurements.

The DVT can only give one value of the IFT right after the formation of the

interface, and cannot reflect the changes nor deformations of the droplet with time, once it
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was formed. The maximum age of the interface considered here was less than 1.5
minutes, and was usually less than 1 minute up to the time at which the droplet broke
away from the tip. The DVT can give measurements for longer interface age if lower flow
rates are used. For the SDT, the maximum time measured was about 50 minutes although
the instrument can continue to measure for an indefinite amount of time (for any one
experiment).

The minimum IFT obtained appears to be of the same order for both the DVT and
the SDT: for example, crude oil gives a minimum of 0.05 mN/m for both, although the
DVT is in an unreliable range. The trends of the curves are different due to the different
significance of "time" in the two types of measurements. The maximum IFT is in the first
few seconds when measured by the DVT (about 10 mN/m) whereas the SDT can only
measure the IFT after about 40 seconds. Thus, the IFT may already have dropped from
its maximum value. The DVT does not show an increase in IFT afterwards because the
oil is the limiting reagent in the reaction, and since it is continually being added, the
surfactant is not depleted from the interface. This difference is due to the age of the
interface not being identical between the two instruments and making a direct comparison
impossible. Table 4 compares the minimum IFT values from the SDT and the DVT for
both the synthetic and crude oils.

Table 4 shows that the minimum values are the same for both instruments when
measuring lower concentrations of oit and alkaline solutions, At higher concentrations,
the IFT drops too low for the DVT to precisely measure the values. The similarity in the

minimum values and the general decreasing trend of the IFT as a function of time when
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measured by the two instruments suggests that, even though the methods of measurements
are completely different, the IFT measured is similar both in the absolute value and the

trends observed.

Table 4: Comparison of the minimum IFT values of
oilfaqueous solutions tested on the SDT and DVT.

IFT {SDT) | IFT (DVT)
{(mN/m) {mN/m)

NaOH & svnthet?g oil

2.5 mM NaOH 0.30 0.30
25 mM NaOH 0.03 0.30
NaOH & crude oil

2.5 mM NaOH 0.05 0.05
25 mM NaCH | 0.09 0.03
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6. MODELING

6.1 Modeling of Transient IFT via Linear Regression
An attempt was made to find a mode! that would explain the trend of the transient
IFT obtained by the SDT. Only the minimum IFT was modeled: The known dependent
variables for IFT were grouped into dimensionless numbers as follows:
IFT = f{pas Poo Mair Mato Vi Varo @ t} (10)
TFT = f{p,/Pu=Prs Mai™Mu=Mp, Vol Va= Ve Pac-Ruupe 0/ py=Re}  (11)
IFT = (pg)* * (My)® * (Vo) * (Re)’ (12)
However, since the rotational speed was kept very close to constant, @ = 7.51 +/-
0.02 ms/rev, there was no statistical difference between the runs and the Re term was
dropped. Also, Babu et al. (1984) found that the effect of rotating speed on interfacial
tension is insignificant for ultralow interfacial tension systems within the 5000-7500 RPM
range. The viscosity ratio was excluded because it was found that the 'oil viscosity
appeared to have very little effect on the absolute value of the IFT in the vicinity of the
minimum IFT so it would not make a significant difference confirmed by Neale et al.
(1987). The density ratio was included for synthetic oil because different concentrations
were used and the density differences were found to be significant. The logarithm was
taken on both sides to give a linear expression for the IFT dependence on each of the

independent variables.

log IFT = a log(pg) + b log(Myg) + ¢ log(Vy) (13)
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The measured data were included for each of the four alkalis and for all of the data
together. The data set included values for 10-60 mM and multiples of 10 mM linoleic
acid. Two trials were included for NaOH and Na,Si0,, 10-60 mM, while only one trial
was included for LIOH and KOH. The multiple trial values could not be included because
the volume was not known. The data set was entered into a linear regression program in a
statistical package, provided by SAS (SAS® User's Guide, 19855. Appendix D contains
the computer program, an example of the output and a copy of the complete data set.

Table 5, below contains the linear regression results from SAS.

Table 5: Values of R-squared and the constants obtained from linear regression

Trial R-2 |Intercept| Error | Volume | Error Molarity | Error [ Density | Error
_ {+/) | ratio | (+/)] ratio {(+/) | ratio | (+/}
[an 006] 06 |04 02 [02}] 02 | 01
Aliw/D| 0.31 12 0.01 0.1 -0.9 0.3 182 40
NaOH | 0.54 14 0.01 0.2 -1.2 0.3 210 56
NaSi0 | 0.34 9.5 -0.3 0.3 -0.7 0.6 159 80
KOH 0.84 12 0.9 0.2 -0.6 0.4 145 52

LiOH 0.77 6.6 0.7 0.2 0.02 0.4 80 66

||~ |w

As can be seen in Table 5, the R? term was far below the value of one which
represents a good representation of the linear model to correspond to the experimental
results. Thus, there was not an acceptable linear model as described by the previous
equations for any of the four alkalis. It is therefore concluded that other unknown factors

must be important in determining the minimum IFT value.
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6.2 Modeling Difficulties and Considerations

Since the value of R? was unacceptably low (i.e. well below 1.0), it is reasonable to
assume that there are other factors which should be included in the modei. Thus, the
model proposed here is not viable. Perhaps the time at which the minimum was reached,
and the length of time it was maintained, need to be included in the model. Unfortunately,
these terms are difficult to accurately determine since IFT values were only measured at
50 second intervals, due to the time required for each measurement. This makes it
mathematically difficult to model the IFT as 2 function of time. A detailed quantitative
analysis of the effect of various variables on the IFT evaluation could be useful.

The R? term was particularly low for NaOH and Na,SiO, which were the alkalis
which contained multiple trials. The difficulty in obtaining reproducible minimum IFT
values becomes important. Perhaps if droplets of larger volumes, or else identical
volumes, could be injected then the model may be more accurate. Also, the viscosities of
all of the solutions might be measured and included in the model in the event that they do
affect the minimum value, Drifting or uneven elongation of the droplét' could cause
measurement errors, which might be detected by increasing the number of experiments

performed.

76



7. CONCLUSIONS

1. Although the DVT and SDT use different methods to measure the IFT, similar results

were obtained.

2. The DVT measured the dynamic IFT whereas the SDT measured the transient IFT

after the instrument was loaded.

3. The DVT results were more reproducible with statistical error values provided, as an

average of several droplets which makes it better for measuring higher TFT values.

4. The DVT was able to measure IFT values below the lower limit of 0.2 mN/m for the
crude oil but for higher viscosities it was not reproducible below this value. The SDT
measured the entire range of IFT values required which makes it the better choice when

measuring lower IFT values.

5. The general trend of decreasing IFT to a minimum was similar for both instruments.
However, the SDT showed an increase in IFT thereafter whereas the DVT did not. This
is concluded to be due to the continuous addition of the limiting reagent for surfactant

formation in the latter method and the improved conditions for mass transfer.

4. The DVT and SDT detected similar minimum IFT values for 2.5 mM NaOH, however
the values for 25 mM NaOH were different.

5. The crude oil had lower IFT values against alkaline solutions than the synthetic

acidified oil as well as reaching the minimum IFT quicker.
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3. RECOMMENDATIONS FOR FURTHER WORK

Further tests on the DVT and SDT should be performed for acidified oils and
alkaline solutions with minimum IFT values well above 0.2 mN/m for precise comparison
of the DVT and SDT responses. Further experiments with liquids of low viscosity and
concentrations should also be performed to confirm that liquids of lower viscosity can be
tested on the DVT to yield accurate apparent IFT values.

A method to inject a specific volume of light phase into the capillary containing the
denser phase should be developed to improve the precision of the [FTs measured by the
SDT. In addition, higher concentrations of acidified oil need to be stabilized so that the
injected droplets do not break into smaller droplets once rotation is underway. Uneven
elongation may also be prevented if the droplets could be injected in the same position
along the capillary every time, further away from the closed end. If the previous
recommendations could be achieved then the poor reproducibility of the SDT may be
improved. However, the possibility exists that the system itself is not reproducible due to
unknown factors which could be investigated if the other possibilities are eliminated.

Modeling of the minimum IFT obtained could be performed if either the
reproducibility of the results could be improved or if the unknown factors could be
determined. Modeling based on results obtained by the DVT could also be performed

since, due to the good reproducibility of this instrument, valid results may be obtained.
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APPENDIX A

Figures Al to A3 contain the IFT as a function of time for the three other
concentrations of synthetic oil tested; 20, 40 and 50 mM, respectively. Tables Al to A78
contain the measurement data and the calculated TFT values for all of the tests performed
on the SDT. The following list reveals the tables which contain tim required values for

each of the figures:

Tables Al-7  Figures 10 & 24 Tables A8-14 Figures 11 & 24
Tables A15-21 Figures 12 & 24 Tables A22-28 Figures 13 & 24

Tables A20-31 Figures 14, 19, 20, 29 & 30 Tables A32-34 Figures 15 & 20

Tables A35-36 Figures 19 & 29 Tables A37-38 Figure 20
Table A39 Figure 21 Table A40 Figure 22
Tables A41-45 Figure 24 Tables A46-51 Figure 25

Tables A52-57 Figures 21,22, 26, & Al-3 Tables A58-63 Figures 21, 22,27 & Al-3
Tables AG64-69 Figures 21,22,28 & Al-3 Tables A70-71 Figure 29
Tables A71-75 Figure 30 Table A76 Figure Al

Table A77 Figure A2 Table A78 Figure A2

The TFT value was calculated as follows:

¥ =Py - Pan) @ T 14

where r_ is the droplet radius calculated by the width of the drop divided by two.
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APPENDIX B

Figures B1 to B3 contain the IFT values versus time for the aqueous alkali, IFT
versus flow for the same system and IFT versus flow for the lower concentrations of
acidified oil and NaOH solutions, respectively. Tables Bl 10 B13 contain the
measurement data and calculated IFT values for the tests performed on the DVT. The

following list gives the figures which were plotted using the values from the given table:

Table Bl Figures 17 & Bl Table B2 Figures 17, 18,23 & B1-B3
Table B3 Figures 17, 23 & B1-B2 Table B4 Figure 17

Table BS Figures 17,23 & B1-B2 Table B6 Figures 17, 23 & B1-B2

Table B7 Figures 9, 18 & B3 Table B8 Figures 18 & B3
Table B9 Figures 8 & 31 Table B10  Figures 8 & 31
Table B11  Figures 9 & 32 TableB12  Figure 8

Table B13  Tigure 9

The DVT values were calculated by the DVT controller using the following
equation:
¥ = Vip (Puq = Pe) 8/ ety
where V,, is calculated by the time, detected by the diodes, divided by the flow rate, The
time detected is divided by the average number of drops tested to give the time for each

drop which is in the end columns in each table.
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Appendix C

The momentum balance was performed to ensure that the kinetic energy due to the flow
rate of the liquid was negligible in the energy balance of the liquid balanced at the capillary tip in
the DVT method. The momentum balance was performed in the text and the sample calculations
are included here for the equation determined as follows:

IFT = Vo (P = Pon ) &R G ) + 8 poy QY duse ) ©)
where flow rate = F mL/h, d_,, = 2.54E-4 m, g = 9.81 m/s’, p,; = 842 kg/m’, Pyuon = 998.2 kg/m*
Vigep = Mgy /6 and Q = 2.778E-10 F m's.

Thus, for 2 mL/h a volume of 0.352 pL was obtained and the IFT was 0.68 mN/m
according to the DVT instrument. According to the above equation:

IFT = 0.676 mN/m + 0.0128 mN/m = 0.689 mN/m
which establishes that at this flow rate for this system of fluids the kinetic energy is negligible,

The DVT manual (1992) suggests that at flow rates over 1.5 mL/h, the kinetic energy may
start playing a significant role but for the 25 mM aqueous alkali with flow rates 2 mL/h and below
the kinetic energy was found to be negligible. For the lower concentration of NaOH (i.e. 2.5
mM) the flow rates as high as 50 mL/h had a kinetic energy effect of less than 1 %. Obviously the
values should be checked for each systems of fluid used however, it appeared that for ail of the

measurements taken in this study, none of the flow rates used gave an IFT value which was

significantly affected by the kinetic energy effect (i.e. never more than 1% difference).
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APPENDIX D

Program in SAS to Perform Linear Regression

TITLE 'MINIMUM IFT PARAMETERS FOR DIMENSIONLESS VARIABLES',

/* V = Volume ratio, M = Molar ratio, D = Density ratio, G = IFT */

/* 30 mM NaOH, Na,$i0,, KOH, LiOH, 60 mM NaOH, all 2 Trials */

DATA IFTFN;

INPUT VM D G;
CARDS;

221042 0.0791812
2.18642  0.0791812
256384  0.0791812
.2.23508  0.0791812
231966  0.0791812
231966  0.0791812
235164  0.0791812
238616  0.0791812
235164  0.3802112
.2.56225  0.3802112
242399  -0.397940
235144  -0.397940
2.18663  -0.096910
238620  -0.096910
-2.56229 0.0791812
286332  0.0791812

-0.06931
-0.06931
-0.06931
-0.06931
-0.06931
-0.06931
-0.06931
-0.06931
-0.06905
-0.06905
-0.07321
-0.07321
-0.06936
-0.06936
-0.06931

-0.06931
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-1.0915

-1.0655

-0.7293

-0.9176

-0.6198

-0.6269

-0.4798

-0.8274

-1.2495

-1.3354

-1.0177

-1,0835

-0.8416

-0.579%

-0.7951

-0.8791

/* 10-60 mM NaOH, 2 Trials */



-2.56229
-2.5622%
-2,76641
-2.68723
-2.51114
-2.62028
-2.31925
-2.28929
-2.76641
-2,76641
-3.06744
-2.56229
-2,56229
-2.98826
-2.76641
.2.86332
-2.98826
-2,86332
-2.86332
-2.98817
-2,98817

-2.81217

0.2041200
0.2041200
0.3010300
0.3010300
03802112
0.3802112
-0.397940
-0.096910
0.0791812
0.2041200
0.3010300
-0.397940
-0.096910
0.0791812
0.2041200
0.3010300
0.3802112
-0,397940
-0.096910
-0.397940
-0.096910

0.0791812

-0.06920
-0.06920
-0.06910
-0.06910
-0.06905
-0.06905
-0.07321
-0.06936
-0.06931
-0.06920
-0.06910
-0.07321
-0.06936
-0.06931
-0.06920
-0.06910
-0.06905
-0.07321
-0.06936
-0.07321
-0.06936

-0.06931
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-0.8573
-1.2041
-1.3536
-1.1851
-1.1068
-1.1481
-0.7945
-0.6227
-0.7261
-0.6805
-0.2580
-1.0526
-0.7158
-0.2930
-1.0491
-1.2441
-0.8216
-1.0526
-0.7158
-1.3696
-1.0482

-1.1192

/* 10-50 mM Na,SiO,, 1 Trial */

/* 10-60 mM Na,SiO,, 1 Trial */

/* 10-20 mM Na,SiO,, 1 Trial */

/* 10-60 mM LiOH, 1 Trial */



-2.98826
-2.81217
-2,76641
-2.76641
-2.76641
-2.68723
-2.76641
-2.76641
-2,76641
-2.74938
-2.74938
-2.74938
-2.74938
-2.68723
-2.52090
-2.68723
-2.63287
-2.71719
-2,68723
-2.63287

-2.50160

PROC REG DATA =IFTFN;

0.2041200

0.3010300

0.3802112

-0.397940

-0.096910

0.0791812

0.2041200

0.3010300

0.3802112

-0.397940

-0.397940

-0.397940

-0.397940

-0.357940

-0.397940

-0.397940

-0.397940

-0.397940

-0.397940

-0.397940

-0.397940

-0.06920

-0.06910

-0.06905

-0.07321

-0.06936

-0.06931

-0.06920

-0.06910

-0.06905

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-0.07321

-1.1062
-0.9948
-0.8545
-1.4672
-0.9527
-0.8982
-0.9944
-1.2140
-1.1574
-1.0353
-1.5229
-1.2823
-1.1818
-1.4737
-0.9842
-1.2823
-1.0264
-0.9352
-1.1481
-0.9884

-1.1481 ;

/* 10-60 mM KOH, 1 Trial */

/* 10 mM NaOH, 3 Trials */

/* 10 mM LiOH, 3 Trials */

/* 10 mM Na,SiO,, 3 Trials */

/* 10 mM KOH, 3 Trials */

MODEL G=VMD;



MINIMUM IET PARAMETERS FOR DIMENSIONLESS

VARIABLES

11:15 Monday, April 10, 1995
1 Model: MODEL1

Dependent Variable: G

Analysis of Variance

Sumof Mean

Source DF  Squares Square FValue  Prob>F
Model 3 1.32648  0.44216 8.285  0.0001
Error 55 2.93531  0.05337

C Total 58 426179

Root MSE  0.23102 R-square  0.3113
Dep Mean  -0.98654 AdjR-sq  0.2737
C.V. -23.41689

Parameter Estimates

Parameter Standard T for HO:

Variable DF  Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 11.834608  2.78517958  4.249 0.0001
A\ 1 0.013210 0.13841665  0.095 0.9243
M 1 -0.879144  0.26207989 -3.354 0.0014
D 1 181,648411 40.51709422 4.483 0.0001
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