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ABSTRACT

Mobility control is one of the main problems in steam flooding.
Channeling through highly permeable zones and gravity override of steam
lead to early steam breakthrough at the production wells. Accordingly,
volumetric sweep efficiency and oil recovery are reduced. Foam has been
proposed as a permeability blocking agent in steam flooding to improve
oil recovery.

The aim of this study is to investigate both commercially available
and experimental foaming chemicals (surfactants) for their longevity
under conditions typical of those found for steam injection oil
recovery, namely at 400°F (205°C) and 300-500 psia (20-34 bars).

The adsorption of surfactants on sand and clay surfaces and the
partitioning of surfactants between water and oil phases were also
studied.

Surfactants were subjected to steam injection conditions in
pressure cylinders under a nitrogen cushion for several weeks to test
for thermal degradation, adsorption, and phase partitioning. Ottawa
silica sand mixed with varying percentages of clay, and/or crude oil
were added to the aqueous surfactant solutions to simulate field
conditions. 1In addition, some data were taken with varying amounts of
inorganic salts typical of those found in oil field brines.

Surface tension, surfactant concentration, pH and electrical
conductivity were measured with time. Some commercial surfactants
showed a rapid decrease in concentration and pH with heating time, while
other surfactants showed better high-temperature stability, with half-
lives as long as several months at 400°F (205°C).
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1. INTRODUCTION

Several methods are wutilized to increase o0il recovery from
underground oil reservoirs. In addition to water flooding, other
methods presently being used in the field and studied in the laboratory
are carbon dioxide miscible, hydrocarbon miscible, polymer flooding, and
thermal recovery methods. These methods may be used singly or in some
cases in combination. In general, the thermal processes (in-situ
combustion or steam injection) are the most effective and economical
techniques to increase o0il recovery for heavy oils. This is partly due
to a large reduction of oil viscosity that occurs with an increase in
temperature. Although in-situ combustion may recover more oil than
steam injection, combustion requires more careful engineering and more
capital outlay and has not been as widely used as steam injection.

In the steam injection process, channelling and gravity override
problems are common. Channelling 1is due to the high mobility of
displacing fluid (steam) and low mobility of displaced fluid (heavy
0il). Gravity override occurs because of the density difference between
the steam and oil, and gravity override is made more severe due to the
high mobility of the steam. Thus, steam may break through at the
production wells early in an operation and bypass a large volume of the
reservoir, causing a reduction in o0il recovery.

One possible solution for these problems is injection of materials
with steam to control the steam flow. Chemicals such as surface active
agents (surfactants) may be used as additives to steam to reduce the
steam channelling problems. Injection of steam and surfactant into a
reservoir would generate foam in-situ which would reduce the mobility of
the steam. This should reduce channelling in the highly permeable zones

and should also reduce gravity override. Because the injected
surfactant must withstand steam injection temperature, a study of the
effect of temperature on surfactant degradation is dimportant. Some

surfactants are temperature resistant, while others degrade rapidly at
steam temperatures.

The purpose of this study is to develop methods for testing to find
thermally-stable surfactants having a half 1life sufficient for the
surfactant slug to travel from the injection well to the producer, and
also having the ability to senerate foam with steam. The injected
surfactant will contact the reservoir rock at high temperatures, and it
is possible that some of the surfactant will be adsorbed onto the
surface. Also, the surfactant will contact the reservoir oil and water,
and partition into the liquid phases. The amount of adsorption and
partitioning of surfactant--in addition to thermal degradation--will
reduce the amount of surfactant available to generate foam.

In Section 2, literature concerning laboratory investigations,
theoretical analyses and field applications of selective additives to
steam are reviewed. Some of the properties of surfactants, molecular
structure, critical micelle concentration, and interfacial tension in
addition to adsorption onto solid surfaces, partitioning into 1liquid
phases, and thermal stability are reviewed. Foam properties are also
discussed.



Section 3 deals with the experimental program that was used to
study surfactants at static steam injection conditions. This includes a
description of the research apparatus designed for studies of thermal
stability, adsorption and phase partitioning of surfactants. The
apparatus was designed to sustain steam injection conditions, namely at
400°F (205°C) and 300 - 500 psia (20 - 34 bars). This section also
covers the experimental procedure and materials used in the research
program.

Experimental results of thermal degradation, adsorption, and phase
partitioning of surfactants at steam injection conditions are discussed
in Section 4. This section also includes the effect of salts on
surfactant properties at room and steam injection conditions.

A rather complete reference 1list concerning wutilization of
injection of organic and inorganic materials as plugging agents to
reduce gas mobility through porous media is included in Appendix A.
These references are included for completeness, but they are not
discussed in detail in the text.

The method of determination of surfactant molarity is explained in
Appendix B. This is based on a two-phase titration to determine the
sulfonate active concentration in terms of molarity for an anionic
surfactant solution using a standard cationic-~active solution (Hyamine
1622) as a titrant,

The determination of surfactant concentration, in weight percent,
using a calibration curve method is discussed in Appendix C. Also the
linear least-squares program for calculating the calibration curve is
included. Methods of calculating thermal degradation (half-life),
amount of surfactant adsorption onto solid surfaces, and surfactant
partitioning between liquid phases (aqueous and oleic) are also
discussed.



2. LITERATURE REVIEW

Two major problems often encountered in steam flooding projects are
the tendency of steam to channel through high permeability layers, and
the flow of the steam in the upper portion of the oil reservoir (gravity
override), both of which lead to a premature breakthrough of steam.
Although rapid movement of steam in the upper portion of the interval
can promote vertical heating and gravity drainage of o0il, this benefit
is gained at the expense of cycling of large volumes of steam. Thus,
the lower portion of the reservoir and the lower permeability zones are
not efficiently exposed to heat. The following is a review of
theoretical studies, experimental laboratory investigations, and field
applications focussing on additives to steam and their ability to
function as selective blocking agents which could improve oil recovery.

Some investigators have suggested injection of inorganic materials
with a gas to cause precipitation in rock pores, thus impeding the flow
of injected gas through thief zones. Robinson, et al. (1977) reported
that the use of sodium hydroxide in a field test showed limited
success. Related references are presented in Appendix A. Other studies
have proposed the use of organic materials as plugging agents.
Pertinent references on organic materials are also presented in
Appendix A. One of the most promising materials for selective blockage
in steam injection appears to be foam. The combination of gas, liquid,
and surface active material (surfactant) will often lead to generation
of foam in porous media. Additional references on foams are also listed
in Appendix A. Of these possible blocking agents, foam appears to be
the most practical.

Foam can be defined as gas bubbles separated from each other by
thin liquid films; or alternatively, foam can be defined as a dispersion
of a large volume of gas in a small volume of liquid such that the
liquid is the continuous phase and the gas is the discontinuous phase.
Hence, gas, liquid and a foaming agent (surfactant solution) must
coexist to generate foam. Therefore, literature concerning surfactants
and foam will be discussed in some detail in the following paragraphs.
Other surfactant properties such as adsorption, thermal degradation and
liquid phase partitioning will also be discussed.

2.1 Surfactant Properties

Two different mechanisms might take place in a steam-surfactant
system employed to enhance o0il recovery in steam injection oil recovery
techniques. One of these mechanisms could be micellar flooding in which
the surfactant acts to reduce the interfacial tension and hence reduce
capillary forces. This would occur in the 1lower portion of the
reservoir or the low permeability zones which are not subjected to steam
flooding. The other mechanism is foam flooding, in which surfactant and
steam can coexist and generate foam in the upper part of the reservoir
and/or in the highly permeable zones.



Both mechanisms can help to increase o0il recovery Dbecause
surfactant with hot water in the lower portion of the reservoir and in
the low permeability zones could reduce the interfacial tension and
improve the mobility of oil in the reservoir. On the other hand, foam
will reduce the mobility of steam in the upper part of the reservoir and
in the high permeability =zones. Hence, a more uniform displacement
front of the o0il in the reservoir would take place. As a result, oil
recovery could be improved and the producing steam—oil ratio could be
reduced. Accordingly, a study of surfactant and foam properties becomes
important.

Some properties of surfactants will be considered in the following
discussion., These properties will include the molecular structure, the
critical micelle concentration and the interfacial tension in addition
to adsorption onto solid surfaces, phase partitioning between liquid
phases and thermal degradation. Properties of foams will be discussed
at the end of this section.

2.1.1 Molecular Structure and Critical Micelle Concentration of
Surfactant and Interfacial Tension

One of the most important properties of a surfactant is the ability
to reduce surface and interfacial tensions at the interfaces of
substances. Shah (1977) elaborated on surface free~energy and surface-
active compounds (surfactants). He stated that all objects are
surrounded by one or more of the following five interfaces-—gas-liquid,
liquid-liquid, liquid-solid, gas~solid, and solid-solid. All of these
interfaces exhibit a common property called surface tension or surface
free energy. Surfactant compounds have the ability to decrease the
surface tension or surface free energy of an interface. This reduction
is related to the molecular structure of the surfactant. Surfactants
have amphiphilic molecules. Surfactant molecules have two functional
parts: a hydrophilic (i.e. water soluble, water loving or polar) part,
and a lipophilic (i.e. oil soluble, oil loving or non-polar) part. The
lipophilic part 1is wusually a- long hydrocarbon chain. A schematic
diagram of a surface-active molecule is presented in Fig. 2-1. Because
of these dual functioning properties of surfactants, they solubilize
aqueous and oleic phases by reducing the interfacial tensions between
the phases.

When a small amount of surfactant is dissolved in water, the
surface tension is reduced. The amount of reduction in surface tension
is strongly dependent on the concentration of the surfactant in the
solution. Also the amount of reduction depends on the surfactant
structure. Some surfactants have the ability to reduce the surface or
the interfacial tensions to ultra-low values even if present in minute
amounts. At low concentrations, the molecules of the dissolved
surfactant in water separate into single molecules called monomers. The
maximum concentration of monomers in the solution is a function of
molecular structure of the surfactant, as well as the environment (such
as temperature, pH, and impurities). The maximum concentration of the
monomers in any solution is called the critical micelle concentration
(CMC). Beyond this concentration, surfactant molecules aggregate to
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form micelles in the solution. Micelles are agglomerations of
surfactant molecules which tend to have the polar ends aligned together
as well as the non-polar ends.

Shah, et al. (1978-b) measured the CMC of sodium dodecyl benzene
sulfonate (SDDBS) using three different methods: Surface tension, light
scattering, and electrical conductivity. They observed that the
presence of either alcohol or oil decreased the concentration at which
the CMC occurred. The amount of reduction in the CMC 1s dependent on
the chain length of the dissolved oil and/or the concentration of
alcohol. The longer the chain length of the dissolved oil, or the
greater the increase in concentration of alcohol, the greater was the
reduction in the concentration at which the CMC occurred.

When surfactant concentration is varied, the interfacial tension
between o0il and water can also vary. Chan and Shah (1978-a) proposed a
molecular mechanism to explain the observed minimum in wultra-low
interfacial tension curves for dilute solutions of petroleum
sulfonates. They concluded that the minimum in ultra-low interfacial
tension occurs when the concentration of surfactant monomers in the
aqueous phase is maximum. They also found that the minimum interfacial
tension of the surfactant coincides with the critical micelle
concentration (CMC) in the equilibrated aqueous phase.

0il recovery may be improved by using surfactants due to the fact
that some surfactants can greatly reduce the interfacial tension, which
in turn reduces the capillary forces in water-oil interfaces. Howell,
et al. (1979) described the development and operation of a 113 acre
(4.57x105 MZ) micellar-polymer flood in the Robinson sands in southern
Illinois as an example of wusing micellar flooding to enhance oil
recovery. In this flood, a slug of micellar solution was injected into
the formation and displaced toward production wells by a buffer of
mobility control agents. A solution of polymer and water was used,
which in turn was displaced ?{ water. Production from this field pilot
increased from 40 BOPD (6.4 M?/D) to 536 BOPD (85 M3/D).

This concludes a brief review of some important surface-active
(surfactant) properties: the molecular structure, the critical micelle
concentration (CMC), and the ability of surfactants to reduce the
surface and interfacial tensions and, as a result, to increase oil
recovery. Adsorption of surfactant into a porous medium is discussed in
the following section. Several studies have been carried out on this
subject.

2.1.2 Adsorption of Surfactant

The major problems that affects the efficiency of tertiary oil
recovery both in micellar flooding and steam-surfactant flooding is the
loss of surfactant by interaction with reservoir rock, and surfactant
partitioning into the o0il phase. Other mechanisms that lead to
surfactant losses include precipitation of surfactant in the presence of
electrolyte ions and diffusion of surfactant into dead-end pores. This
section includes a review of some of the literature on adsorption of

-6~



surfactant onto the surfaces of the reservoir rock. The effect of phase
partitioning will be considered in the section following.

Adsorption of surfactant onto solids is the result of an attraction
between the surfactant species and a chemical species on or near the
solid surface. For gas adsorption onto solids, the Langmuir model is

applicable. For dilute surfactant solutions, the 1liquid-solid
adsorption may also be represented by the Langmuir model, but it does
not fit data on surfactant solutions at high concentration. The

presence of the solvent species makes the phenomenon of adsorption from
solution more complicated than that of adsorption of gas onto solids.

In surfactant-water-solid systems the amount of adsorption of
surfactant onto a solid phase is a function of the surfactant
concentration, the surface area of the solid, and temperature.

At equilibrium, that is under isothermal static conditions, the
amount of adsorption of surfactant onto a particular solid is a function
of concentration only. Adsorption of the chemical species from a
surfactant-aqueous solution onto a solid surface could be thought as a
competition between solute and solvent for the available adsorption
sites on the solid surface. In the following, a derivation of the
Langmuir adsorption model for diluted surfactant solutions is shown.

Assume that the solid surface contains a fixed number of
sites, Q. ©Each site can hold one adsorbed molecule, and there is no
interaction between molecules on different sites. Now, if A is the
amount of surfactant adsorbed at any time, the rate of desorption, Rg>
of molecules from the surface can be assumed to be proportional to A,
or:

R4

de ® 90 08 6650600680800 3000850004860 06060000800000880s0ese (2—1)

where:

the desorption rate constant.

[« 9
L}

The rate of adsorption, Ry, of surfactant molecules on the surface
is assumed to be proportional to the unoccupied solid surface, (Q - A),
and is also assumed to be proportional to the bulk concentration of the
surfactant in the aqueous phase. Thus,

ool
]

kaC(Q"A) 5605000008000 0 2008000080000 s000806800s000 (2"2)

where:

P
]

the adsorption rate constant.

At equilibrium, the rate of adsorption equals the rate of desorption,



kaC(Q—A) =de PO 2600000000060 006006608006060636006000608 (2_3)

or

A=C/(M+NC) e 2 0 P O OSSOSO OC SO T OO S S GO IDDO OO SRS (2—4)
where:

Moo= 1/ (Ryq 0) = ky/(k, 0)

N9 = 1%g

The constants M and N in Eq. (2-4) are the adsorption isotherm
parameters in the general form of the Langmuir model (Langmuir,
(1915)). These constants are determined experimentally.

Trogus, et al. (1977) have proposed a kinetic model for surfactant
adsorption when the surfactant concentration is below the critical
micellar concentration. This model is of the form:

dg/dt =k, C (0 = A) = (Kg A) eeeeersoroserscnasnsasnses (2=5)

At isothermal equilibrium, dq/dt = 0, and this rate expression yields
the same Langmuir isotherm model as in Eq. (2-4).

Experimentally, Trogus, et al. (1977) examined two aspects of
adsorption, the rate at which it takes place and the amount of
surfactant adsorbed onto a solid using the Langmuir model. They studied
the adsorption of commercial nonionic surfactants (polyoxyethylene nonyl
phenols) and anionic surfactants (alkyl benzene sulfonates) onto Berea
sandstone cores using the surfactant breakthrough curve. They observed
that the adsorption increases sharply as the concentration increases and
that it levels off to a nearly constant value at the critical micelle
concentration for both the anionic and nonionic surfactants. They
concluded that the 1level of adsorption decreases with increasing
molecular weight for the nonionics; while, to the contrary, the level of
adsorption increases with increasing molecular weight for the
anionics.

Other investigators found that adsorption isotherms pass through a
maximum near the critical micelle concentration. Trushenski, et al.
(1973) studied the adsorption of oil-soluble Mahogany petroleum

surfactant on Berea sandstone cores. They observed an adsorption
maximum near the critical micelle concentration (CMC) followed by a
local minimum at a concentration higher than the CMC. They also

observed that the adsorption could be reduced by preflushing the core
with a 0.2N sodium chloride solution.

Other investigators have found that the amount of adsorption for
diluted surfactant solutions sharply increased at 1low surfactant
concentrations and levelled at near the CMC. The maximum amount of
adsorption coincided with the CMC. In addition, it was found that the
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amount of adsorption decreases when the surfactant solid systems have a
higher pH.

Hanna and Somasundaran (1977) investigated what they thought were
adsorption isotherms of Mahogany sulfonate AA/Berea sandstone and pure
alkyl sulfonate/kaolinite systems. Later Somasundaran and Hanna (1979)
realized that trapping of precipitate inside the mineral bed or its
deposit on the mineral particles would lead to values that are higher
than those for adsorption alone. Therefore, they referred to this total
loss as abstraction in their 1979 paper, and this term will be used here
to describe their 1977 results. Abstraction by a mineral includes
adsorption and precipitation onto the mineral, but does not include the
loose precipitate in the bulk. In their work in 1977, the amount of
abstraction was calculated from the difference between the initial and
final sulfonate concentrations. They found that at low surfactant
concentrations, the amount of abstraction rapidly increased with
concentration until the critical micelle concentration was reached.
Then the amount of abstraction dropped to a local minimum at a
concentration beyond the critical micellar concentration. They also
pointed out that the nature of the abstraction isotherm is dependent to
a large extent on the type of sulfonate, the morphological and
mineralogical characteristics of the rock, and the type of electolytes
present in solution.

Hanna and Somasundaran (1977) also determined that the amount of
abstraction decreases with the increase of the pH. They defined the
abstraction density as the total mass of surfactant abstracted by a unit
volume of the porous medium. For the Mahogany sulfonate AA/Berea
sandstone system, the abstraction density was found to be 0.66 mg/m3 at
the initial pH condition of 5. While at an initial pH condition of 11
the abstraction density was only 0.4 mg/m3. They also found that the
abstraction of sulfonate on kaolinite decreases with an increase in
pH. The reduction in the amount of abstraction at high pH occurs
because the rock particles become increasingly negatively charged as the
pH increases. The increase in the negative charge on the rock particles
tends to repel the anionic surfactant.

In their 1979 research, Somasundaran and Hanna studied the
abstraction of the  Mahogany sulfonate AA and recrystallized
dodecylbenzene sulfonate by Na-Kaolinite, sandstone and two types of
limestone (Bedfold limestone and agricultural limestone) as a function
of pH, ionic strength, and type of electrolyte added. They showed that
the presence of silicate ions together with a high-pH environment causes
a reduction in the abstraction of sulfonates on kaolinite. They
reported that the sulfonate abstraction on kaolinite decreased markedly
with increased in pH, particularly in the acidic pH range. Addition of
salt was also found to produce a decrease in the pH of the sulfonate-
kaolinite system.

From the static experiments mentioned above, the amount of
adsorption was found to decrease as the pH of the system increased.
Some other investigators, discussed below, used high-pH agents in their
dynamic experiments.



Holm (1977) preflushed several Berea sandstone cores, with a high-
pH silicate, prior to conducting a flood using a soluble oil and a
polymer. He reported low retention of sulfonate. He also observed that
preflushing using a high-pH silicate could reduce the adsorption on clay
particles and also removed the divalent ions from clays.

Holm and Robertson (1981) conducted experiments to investigate the
effects of high-pH chemical solutions on reservoir rock and on the
efficiency of o0il recovery in micellar-polymer flooding. They wused
high-pH (pH greater than eleven) caustic and silicate solutions as
preflushing solutions. They found that addition of high-pH chelating
agents as adjunct chemicals with micellar solution slugs completely
inhibited precipitation even when clay and multivalent cations were
present. The high-pH chelating agents used were amine acid salts such
as sodium nitrilotriacetic acid (NagNTA), and sodium ethylene diamine
tetraacetic acid (Na, EDTA). They concluded that oil recovery was
improved in laboratory core floods by preflushing with high-pH silicate
solutions, and by adding chelating agents, such as these amine acid
salts, to the micellar slug.

Trogus, et al. (1979) investigated the phenomenon of dynamic
adsorption in the presence of mixed micellar systems by using surfactant
breakthrough curves. Their model consisted of a binary surfactant
mixture composed of components having different critical micelle
concentrations flowing through a porous medium (Berea sandstone). They
observed that at low concentration, the losses of surfactant by
adsorption exhibit a maximum with increasing sulfonate concentration.
Interestingly, in a binary surfactant mixture, they found that the total
amount of adsorption exhibited a maximum then decreased passing through
a trough of a local minimum adsorption as the concentration of one
component, Cl’ was increased while the other component remained at a
fixed concentration. Further increases in the concentration of C, led
to increased adsorption. With this surfactant mixing technique the
total amount of adsorption was reduced to a local minimum. They
concluded that it might be possible to reduce the amount of adsorption
by using appropriate surfactant -formulations.

Several mathematical models have been developed from the available
experimental adsorption data. Satter, et. al. (1980) presented a
mathematical model for simulating chemical transport phenomena in porous
media. The model matched experimental data. This numerical model was
used to develop normalized adsorption and effluent concentration
histories for selected values of dispersion, adsorption capacity, flow
rate, and kinetic rate groups, while taking into account Langmuir
equilibrium adsorption as well as Langmuir rate-controlled adsorption.

Ramirez, et al. (1980) measured the mass dispersion coefficient for
the transport of a nonionic surfactant (Triton X-100) through a fired
Berea sandstone core. They also considered the dynamic adsorption of
surfactants. A dynamic adsorption model was developed which considers
both mass transfer to the fluid-solid surface, and a kinetic surface-
adsorption mechanism. Experimentally, the equilibrium adsorption
isotherm of the nonionic surfactant was determined on crushed Berea
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sandstone. The data was matched with a Langmuir model using regression
analysis.

The literature concerning adsorption indicates that the Langmuir
model could be applied to diluted surfactant solutions in porous media
at high temperature. For example, Ziegler and Handy (1981), using both
static and dynamic techniques, studied the effect of temperature on the
adsorption of sulfonate surfactant and non-ionic surfactant onto crushed
Berea sandstone. The temperature range in their experiments was 77-
203°F (25-95°C). They found that mineral dissolution at elevated
temperatures caused precipitation of the sulfonate. They observed that
in static and dynamic experiments the adsorption of nonionic surfactant
(Igepal C€0-850) decreased with an increase in temperature at low
surfactant concentration, whereas the opposite was true at high
concentrations. The results obtained from the static experiments on
sodium dodecyl benzene sulfonate (NaDDBS) showed a reduction in apparent
adsorption with an increase in temperature. In the dynamic adsorption
experiments, they found that the amount of adsorption of this anionic
surfactant (NaDDBS) at solution concentration of 684 micro-mole per
liter compared well with the adsorption isotherms measured statically at
77°F (25°C). They reported that adsorption isotherm curves were a
Langmuirian type.

In summary, foaming agent (or surfactant) loss onto reservoir rock
is one of the important features governing the economic viability of
either a surfactant-flooding system or a steam—-surfactant system used to
improve o0il recovery. From the literature reviewed in this section, it
is found that adsorption of surfactant increases rapidly at low
concentration and approaches a maximum value at or near the critical
micelle concentration. Trushenski, et al. (1973), Hanna and
Somasundaran (1977), and Trogus, et al. (1979) confirmed that the amount
of adsorption of surfactant approaches a maximum value at or near the
critical micelle concentration for surfactants in porous media.

The amount of adsorption onto reservoir rock could be reduced by
preflushing the porous medium with high-pH silicate or caustic solutions
prior to surfactant flooding. This has been investigated by Holm
(1977), Somasundaran and Hanna (1979), and Holm and Robertson (1981).
Their observations are in agreement with what would be expected because
the mineral will become increasingly negatively charged with an increase
in pH of the system and hence decrease the amount of adsorption of the
sulfonate from the surfactant solution.

Adsorption of surfactant onto a porous medium was found to follow a
Langmuir type curve. Satter, et al. (1980), Ramirez, et al. (1980), and
Ziegler and Handy (1981) applied the Langmuir equilibrium isotherm model
to their data obtained from studies conducted on surfactant-—Berea
sandstone systems. The experimental isotherm curves matched well with
the Langmuir model. ¥For both the static and the dynamic experiments,
Ziegler and Handy (1981) found that adsorption was reduced with an
increase in temperature. Because adsorption is an exothermal reaction,
it is expected to decrease with increase in temperature.
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This concludes a review of literature which 1s pertinent to
adsorption. The following section contains a discussion of surfactant
partitioning between liquid phases.

2.1.3 Phase Partitioning

Surfactant partitioning between liquid phases is another important
mechanism which causes the loss of surfactant both in steam—surfactant
systems and surfactant-flooding projects. In general, a surfactant
solution system injected into a reservoir can be considered to be
composed of surfactant, water and oil. The surfactant can be a
petroleum sulfonate and may or may not contain cosurfactants such as
ethoxylated alcohols, and cosolvents such as alcohols, ethers, or
glycols. The water can vary from fresh water to an oilfield brine
containing different electrolytes. The o0il can be a pure hydrocarbon or
as complex as crude oil.

The equilibrium properties of these chemicals can be represented on
a ternary-phase diagram. The phase behavior of surfactant with oil and
brine is an important phenomenon to study on a surfactant-flooding
project. In the ternary-phase diagram, a binodal curve describes the
boundary of a single phase region above and a multiphase region below as
shown in Fig. 2-2. The single phase region represents the microemulsion
or the micellar fluid. In the multiphase region two phases or more
exist in equilibrium. Locally miscible displacement is favored by a
ternary diagram having the largest possible single phase region. Winsor
(1954) recognized three different types of micellar structures. In type
I, the water-external phase, S, consists of spherical micelles having
0il cores which are dispersed in water. In type II, the oil-external
phase, S,, consists of spherical micelles having water cores which are
dispersed in oil. Type III is an intermediate lamellar structure, G,
which may be a gel or liquid crystal. These three types of micelles can
coexist in equilibrium even when they separately constitute immiscible
phases.

In the simplest case when three components, water, surfactant and
oil are presented in a ternary-phase diagram, the multiphase region will
involve two phases: oil=-external and water~external which 1lie at
opposite ends of a tie line and disappear equally at the plait point.
For example in a water—external system, if the concentration of the oil
is increased, the micellar structure of this system will be converted
into an oil-external system at a certain level of oil concentration.
The reverse process will take place when the water concentration is
increased in an oil-extermal system. The inversion point for
compositions along the binodal curve is called the plait point, (Healy
and Reed (1974)).

In a surfactant-water—oil system, partitioning of surfactant
between the oleic and aqueous phases is dependent on many factors:
surfactant concentration, type of oil, presence of salt, presence of
cosurfactants, and temperature. The partitioning coefficient of a
surfactant solution in the presence of oil was defined by Chan (1978) as
the ratio of the concentration of surfactant in the oleic phase to the
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concentration of surfactant in the aqueous phase. He found that for
surfactant systems at low concentration, the partitioning coefficient
was unity at the phase inversion point. The inversion point in a
multiphase surfactant-water—-oil system can be defined as the point of
disappearance of the middle-phase microemulsion which inverts into an
oil-external upper—-phase microemulsion. Whereas when the concentration
of surfactant in the aqueous phase 1is increased, the partitioning
coefficient increased and approaches unity at the critical micellar
concentration. When the concentration of surfactant in the aqueous
phase was higher than the «critical micellar concentration the
partitioning coefficient was found to decrease as the concentration in
the aqueous phase was increased. He also found that the partitioning of
the surfactant into the oil phase increases as the salinity increases,
while the partitioning of the surfactant into the oil phase decreases as
the chain-length of the o0il increases. These measurements were carried
out at 77°F (25°C). The surfactant concentration in the oil phase was
measured by ultraviolet spectrophotometry, and the surfactant
concentration in the aqueous phase was measured by spectrophotometry of
methylene blue-surfactant complexes.

Salinity is one of the wvariables that can strongly affect
solubility, miscibility and interfacial tension of surfactant-water=-oil
systems. In this paragraph the effect of salt on miscibility for
surfactant-water-oil systems will be discussed. The effect of salt on
solubility and interfacial tension will be discussed in the following
paragraphs. In a viscous surfactant-water-oil system represented by the
ternary-phase diagram, a continuous binodal curve might not be

obtained. Also, it 1is possible for a viscous water~oil-surfactant
system represented by a terpnary-phase diagram to have a larger
multiphase region than that corresponding to brine. To obtain a

continuous binodal curve and to minimize the multiphase region the
overall viscosity of the system should be reduced. The presence of salt
in a surfactant-water-oil system might lead to viscosity reduction and
minimize the multiphase region. Addition of another amphiphilic
compound such as alcohol was also found to reduce the viscosity, aid in
obtaining a continuous binodal curve in the ternary-phase diagram, and
minimize the multiphase region. Healy and Reed (1974) studied the phase
behavior of systems composed of a mixture of 90 percent Isopar M and 10
percent Heavy Aromatic Naphtha, an anionic surfactant and brine solution
with various percentages of NaCl and CaClz. They found that reducing
the salinity of a brine-oil-surfactant 'system from 2% to 1% NaCl
increases viscosity. They also found that addition of 37% by volume of
a cosurfactant such as tertiary amyl alcohol (TAA) to the surfactant
solution (i.e. 37/63 tertiary amyl alcohol/surfactant) would also cause
a reduction in the viscosity and aid in obtaining a continuous binodal
curve in the ternary-phase diagram. For the above systems, they
observed that at a concentration of 1.25 percent NaCl, a minimum
multiphase region occurred in the ternary-phase diagram. A minimum
multiphase region was also observed in the presence of CaCl, at a
concentration of 1.1 percent. These salinities were considered to be
the optimal salinities. Thus optimal salinity for miscibility is the
salinity that minimizes the height of the multiphase region at a 50/50
water oil ratio. At this optimal salinity the concentration of
surfactant mixture (63/37 surfactant/cosurfactant) required to form a
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single phase 50/50 water-oil ratio mixture is at a minimum.

To design a microemulsion slug that effectively displaces o0il at
the front and 1is effectively displaced by water at the back, the
microemulsion-oil and the microemulsion-water interfacial tensions
should be very low. Healy et al. (1976) used the sessile drop technique
to measure the interfacial tension between water and oil equilibrated in
the presence of surfactant. They found that the microemulsion—oil
interfacial tension decreases with increases of salinity whereas the
microemulsion-water dinterfacial tension 1increases with increasing
salinity. The intercept of the two functions was considered to be the
optimal salinity for the interfacial tension since it provides equal
interfacial tensions between o0il and microemulsion on one hand and
between water and microemulsion on the other hand.

Healy, et al. (1976) found that when surfactant formulation was
equilibrated with o0il, a surfactant-rich middle phase was formed. 1f
the volume of solubilized oil in the middle phase is V_, the volume of
solubilized water is V_, and the volume of surfactant is V_, then the
solubilization parameter, V_/V_ or V_/V_, indicates the solubilized

: s
volume of either o0il or water per unit volume of surfactant in the

microemulsion phase. They showed that the solubilization parameter
v /v increased as salinity increased, while V_/V_ decreased with
increasing salinity. The intersection of these functions has been

termed optimal salinity for the solubility because it represents a
balanced oil-water-surfactant system for the given temperature and
alcohol cosolvent. Healy et al. (1976) concluded that the optimal
salinity for miscibility, the optimal salinity of the solubility and the
optimal salinity of the interfacial tension are frequently close to each
other in numerical value.

Electrolytes such as sodium chloride or ammonium sulfate added to a
micellar solution can aid in the adjustment of surfactant viscosity and
solubility. However, the presence of an electrolyte in a surfactant
solution also can cause precipitation of the surfactant because of ion
exchange. Bansal and Shah (1978) studied salt tolerance and optimal
salinity of surfactant formulations and how these properties were
affected by blending an ethoxylated sulfonate with petroleum
sulfonates. They formulated two mixtures. One mixture was composed of
petroleum sulfonate Witco (TRS 10-410) and isobutyl alcohol (IBA), and
this aqueous surfactant solution was equilibrated with the same volume
of n-decane. The other mixture was composed of Petrostep 465 petroleum
sulfonate and n-pentanol and the aqueous surfactant solution
equilibrated with the same volume of n-hexadecane. 1In each mixture the
petroleum sulfonate was replaced gradually by ethoxylated sulfonate
(EOR-200), keeping the total surfactant concentration constant. They
found that blending an ethoxylated sulfonate with the formulated
surfactants increased salt tolerance and optimal salinity of the
petroleum sulfonates. The interfacial tension at optimal salinity
remained relatively unchanged for these surfactant formulations.

The phase behavior of surfactant with oil and brine is an important

phenomenon to study for surfactant flooding. Salager, et al. (1979-~a)
carried out experiments and made correlations for optimum formulations
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of surfactant-water-oil—-alcohol systems. They pointed out that the
optimum formulation of a surfactant-water—oil system could be determined
either by the 1location of the minimum interfacial tension or by
minimizing the multiphase region in the ternary-phase diagram. They
determined that the optimum formulation of surfactant-water—oil systems
improved the salt tolerance of the formulated surfactant provided proper
mixing rules were observed. Their correlations defined optimum phase-
behavior as a function of salinity, alcohol type and concentration,
temperature, water/oil ratio and oil type. They concluded that these
correlations could be extended to some mixtures of sulfonated
surfactants, sulfonates with sulfates, and sulfonates with alkanoates,
provided these mixing rules were used. Their mixing rules correlated
the optimal salinity as a linear function of the surfactant mole
fraction in the correlating parameters.

Further investigations conducted by Salager, et al. (1979-b)
provided further data on mixing rules for optimum phase-behavior (or
interfacial tension) of surfactant-oil-water systems. They observed
that mixtures of anionic and nonionic surfactants generally did not obey
the mixing rules they had formulated. They found that the phase-
behavior of the anionic and the nonionic mixtures exhibited two regions
of middle phase with increasing salinity. However, they concluded that
the above mixtures had the advantage of better salinity tolerance than
that of the anionic surfactants alone.

Surfactant systems for tertiary oil recovery usually contain at
least five components: oil, water, surfactant, cosurfactant, and
electrolyte. The disothermal and isobaric phase diagrams of these
systems would need to be represented in a four-dimensional space.
Vinatieri and Fleming (1979) studied the phase behavior of five
component systems. They mixed pure components in various ways to form
pseudocomponents. Although any set of five independent pseudocomponents
can represent the system exactly, by regression analysis they found sets
of five for which the contribution of one pseudocomponent is minimized
so that the phase compositions could be represented almost entirely by
the other four pseudocomponents. Then, the four pseudocomponents were
used to represent the phase diagram in three dimensions. They studied
two surfactant systems of the type used for tertiary oil recovery. One
system was composed of Witco (TRS 10-410) petroleum sulfonate, isobutyl
alcohol (IBA), sodium chloride brine containing a very small amount of
calcium and magnesium, and a crude oil from the North Burbank Unit
(NBU), Osage County, Oklahoma. The other system was composed of a pure
hydrocarbon, l-phenyltetradecane (PTD), water, sodium chloride, isobutyl
alcohol, and sulfonate purified from Witco (TRS 10-410) petroleum
sulfonate. The crude o0il and the petroleum sulfonate were treated as
single components for their regression analyses.

For example, in the NBU —system, among several sets of
pseudocomponents, two sets were found to be useful, one set was
formulated by distributing the alcohol among the four other
components. They formulated this system as follows: the salt
pseudocomponent was composed of 85.087 salt and 14.92% IBA, the aqueous
phase was 97.92% water and 2.08%7 IBA, the surfactant phase was 87.09%
Witco (10-410) surfactant and 12.91% IBA, and the o0il phase was 99.2%
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crude oil and 0.80% IBA. The other useful set of pseudocomponents for
the NBU system was formulated by using pure salt as one component and
the alcohol was distributed into the other three phases to form the
other three pseudocomponents. The compositions of the pseudocomponents
of this system were as follows: the aqueous phase was composed of 97.68%
water and 2.32% 1IBA, the surfactant phase was 87.87 Witco (10-410)
surfactant and 12.2% IBA, and the oleic phase was 99.19%Z crude oil and
0.81% IBA. Vinatieri and Fleming (1979) concluded that brine appeared
to be a good pseudocomponent because the salinity of the coexisting
phase shows only a slight deviation from the overall salinity. In
addition din the three phase region, they found that increases in
salinity result in the microemulsion phase containing more oil and less
water. Such a system is highly desirable in tertiary oil recovery. On
the other hand changes in the overall amount of water or oil lie nearly
parallel to the tie triangle and hence result in only slight changes in
the compositions of the phases.

In an oil-brine-surfactant system, selecting components for a
surfactant that exhibit its maximum capacity to solubilize oil and
brine, and consequently produce an ultra low interfacial tension, is not
achieved by adjusting the salinity of brine alone. Hsieh and Shah
(1977) studied the solubilization of oil-brine systems containing both
petroleum sulfonate (TRS 10-410), and alcohol at room temperature. In
their research, they investigated the relation between optimal salinity
and various factors such as: hydrocarbon chain length, alcohol chain
length, alcohol and surfactant concentrations as well as the alcohol to
surfactant ratio. They demonstrated how the nature and concentration of
these factors can influence the solubilization, phase behavior and
interfacial tension of a surfactant formulation. They concluded that
surfactant migration to the oleic phase from the aqueous phase is
promoted by an increase in salinity. Optimal salinity for phase
behavior correlates well with optimal salinity of interfacial tension.
Also they found that the optimal salinity and interfacial tension both
increase as o0il chain length increases.

Reed and Healy (1977) investigated the effect of temperature on the
phase-behavior of a synthetic petroleum sulfonate system with anionic
surfactants. They found that as the temperature increased, the
surfactant molecules migrated from the oleic phase to the two-phase
region (middle-~phase microemulsion), and then to the aqueous phase. In
their work, the temperature range was from 75~180°F (24-82°C).

Chan and Shah (1979) described five parameters to be considered in

multiphase surfactant-oil-brine systems. The parameters were: (1)
emulsifier or surfactant concentration, (2) brine salinity, (3) alcohol
concentration, (4) o0il chain 1length, and (5) temperature. The

surfactant molecules will transfer from the aqueous phase toward the
oleic phase by changing one of these parameters in the direction as
follows: (1) increasing the total surfactant concentration in the
system, (2) increasing the salinity of the brine, (3) decreasing the
hydrocarbon chain 1length of the o0il, (4) increasing the alcohol
concentration, and (5) decreasing the temperature.
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In summary, both in steam—surfactant systems and surfactant
miscible flooding projects, surfactant losses into the oil phase can be
an important factor in design of the volume and concentration of a
surfactant slug to be injected. Surfactant partitioning into the oil
phase reduces the amount of surfactant available with steam to generate
foam in a steam-surfactant project. 1In a similar fashion, surfactant
partitioning into the o0il phase 1in a surfactant miscible flooding
project also reduces the amount of surfactant available for
miscibility. In a miscible displacement process, partitioning of
surfactant into the oil phase will result in a larger multiphase region
in the ternary-phase diagram and a smaller single phase region. This
will lead to more unfavorable conditions for displacement of the
residual oil in an enhanced oil recover project.

Surfactant partitioning into the oleic phase is dependent on many
parameters: concentration of surfactant, salinity, hydrocarbon chain
length of o0il, and temperature. In a simple water—oil-surfactant
system, surfactant partitioning into the o0il phase increases with an
increase of the concentration of surfactant in the aqueous phase. At
low concentrations of surfactant, most of the surfactant remains in the
aqueous phase, hence, the partitioning coefficient will be low (Chan
(1978)).

Presence of salt in a water-oil-surfactant system affects the
mechanism of the surfactant partitioning between the aqueous and the
oleic phases. Increasing salinity in these systems results in a
decrease of surfactant concentration in the aqueous phase and an
increase of concentration in the oleic phase. Healy, et al. (1976),
Chan (1978), and Chan and Shah (1979) conducted experiments to study the
effect of salts on surfactant phase partitioning for water-oil-
surfactant systems and confirmed these results.

Surfactant partitioning into the oleic phase also depends on the
hydrocarbon chain length of o0il in a brine-oil-surfactant system. Healy
and Reed (1974), Healy, et al. (1976), Hsieh and Shah (1977) and Chan
and Shah (1979) found that the longer the hydrocarbon chain length in a
brine-oil-surfactant system the lower the surfactant partitioning
coefficient.

The study of a ternary-phase diagram for a brine—oil-surfactant
system is essential to describe the injection composition of a
surfactant slug. In order to avoid slug deterioration and to keep the
slug in a single phase region, a minimal multiphase region is desirable
which is a favorable process in an enhanced o0il recovery project.
Addition of a cosurfactant such as alcohol to a brine~oil-surfactant
system aids in reducing viscosity, obtaining a continuous binodal curve,
and facilitating the recognition of the plait point in a ternary-—phase
diagram (Healy and Reed (1974) and Healy et al. (1976)).

Two important parameters are essential in a miscible flooding
process: the multiphase region and the interfacial tension between the
microemulsion-water and microemulsion-oil in the multiphase region.
Healy and Reed (1974), Salager, et al. (1979-a), Salager, et al. (1979-
b) and Hsieh and Shah (1977) studied the phase-behavior of brine-oil-
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surfactant-alcohol systems and pointed out that a minimal multiphase
region could be obtained at a specific salinity. That salinity was
defined as the optimal salinity. They also found that microemulsion-oil
and microemulsion~water interfacial tensions were minimal and equal at
the optimal salinity.

Hsieh and Shah (1977) and Healy, et al. (1976) studied the
solubility of brine-oil-surfactant systems in the presence of alcohol at
room temperature. They found that the solubilization parameters, VO/V
and V_/V_ were equal at a salinity coinciding with the optimaf
salinity. There are three types of optimal salinities: the optimal
salinity of miscibility, the optimal salinity of solubility and the
optimal salinity of the interfacial tension. These salinities are
frequently close to each other in numerical value.

Chan and Shah (1979) investigated the effect of temperature on
surfactant phase partitioning. They concluded that the partitioning
coefficient decreases as the temperature of the system is increased.

This concludes a discussion of the phase partitioning of surfactant
between the oleic and aqueous phases. Thermal degradation of surfactant
at elevated steam injection conditions will be considered in the
following section.

2.1.4 Surfactant Thermal Degradation

To date, surfactant thermal stability at steam injection conditions
has not been thoroughly investigated. Most of the commercial
surfactants have been manufactured to satisfy the prevailing reservoir
conditions rather than the higher temperature steam conditions. Some
experimental surfactants have recently been tested for their ability to
sustain steam injection conditions (Al-Khafaji, et al., 1982). Because
there is an interest in injecting surfactants with steam to generate
foam, the study of thermal stability of surfactant becomes important.
Some surfactants are thermally stable and others are not at steam
injection conditions.

Many surfactants are manufactured from sulfonic acids. These
consist of a hydrocarbon chain and a sulfonated aromatic ring which form
a carbon-sulfur bond. A high molecular weight is apparently essential
to the surface activity of a surfactant. The thermal decomposition of
the surfactant 1is due to the rupture of the carbon-sulfur bond
(Ziegler, 1980).

The desulfonation mechanism of the parent sulfonic acids can be
represented by the following chemical equation:

R"SO —Na+ + H 0 R‘SO H + NaOH 28 60e00eeebs0 000 (2"6)
3 2 3t ¥ _Nabh, :
R"SO3H +H20 RH+H504 +H 8660002000883 00600 (2"'7)
where:
R = an alkyl group
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H50,™ = The predominate ionic species in sulfuric acid, HyS0,

The second reaction causes a reduction in pH. Hence, a reduction in the
pH of the surfactant solution can be an indication of thermal
degradation.

Handy, et al. (1979) studied the thermal stability of several
sulfonate surfactants (anionic) and one nonionic surfactant. The
anionic surfactants were pure sodium dodecylbenzene sulfonate (NaDDBS),
a Dowfax sulfonate 2A0, Witco (TRS 10-80), and Petrostep 465. The
nonionic sulfonate was Igepal C0-850. It was observed that the
decomposition reactions follow first order kinetics. Consequently, the
surfactant half-~life provides a quantitative measure of the stability of
that surfactant at a given temperature. It was pointed out that the
most stable petroleum sulfonate that they investigated was Petrostep 465
which has a half-life of eleven days at 356°F (180°C). It was estimated
that the half-life of this surfactant, calculated by extrapolation,
could be 33 years at 200°F (93°C). The next most stable surfactant was
Witco (TRS 10-80) which has a half-life of about seven days at 356°F
(180°C). The half-life of the pure sodium dodecylbenzene sulfonate was
only 1.75 days at the same temperature. Tests with nonionic surfactants
showed very short half-lives at steam temperature, but they appeared to
be more stable at concentrations in excess of the critical micelle
concentration.

Isaacs, et al. (1981) conducted experimental work on the effect of
temperature and concentration on the stability of a commercial petroleum
sulfonate surfactant, Witco (TRS 10-80). Their study was designed to
examine the benefits of using surface active chemicals in steam—-based
processes for obtaining additional bitumen recovery from tar sands.
They found that the pH of this surfactant dropped from an initial value
ranging from 7 to 9.5, to a steady state value between 3 to 5 when the
surfactant was at elevated temperatures. They concluded that bitumen
recovery from a tar sand test bed can be substantially improved by
addition of small amounts of petroleum sulfonate surfactant to
continuous steam injection at 482°F (250°C). Surfactant losses in the
laboratory displacement runs were about 50% to 65% of the total
surfactant injected. Their results for thermal degradation of
surfactant did not follow a first-order kinetic reaction and differed
from those obtained by Handy, et al. (1979). They claimed that the
ultraviolet absorption method used by Handy, et al. to measure
surfactant concentration was largely unsuitable. Isaacs, et al. used
the equilibrium desulfonation ©process to evaluate the thermal
degradation of the surfactant. The equilibrium desulfonation is similar
to a process used for water—soluble organic sulfonates by Gilbert
(1965). The results of Isaacs, et al. are consistent with a study of
the thermal stability of sulfonated styrene-divinylbenzene resins in
water by Bothe, et al. (1979).

This completes a review of some important surfactant properties.
We turn now to consideration of properties ~f foam.
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2.2 Foam Properties

Foam 1is composed of gas bubbles which are dispersed uniformly
throughout a continuous aqueous solution of a surface-active agent.
Foam can be treated as a homogeneous fluid with variable density and
viscosity. 1In this respect, foam acts as a compressible non-Newtonian
fluid.

The quality of foam is linked with the amount of gas bubbles
present and is defined as the ratio of the gas volume to the total
volume of the foam. Raza and Marsden (1967) found that the practical
upper limit of foam quality is 0.96, since at least 4 percent by volume
of a surface~active solution is needed to produce the thin films of
liquid required to generate a foam.

Fried (1961) showed that foams exhibit much larger apparent
viscosities than either the 1liquid or the gas of which they are
composed. This property improves the driving-to-driven fluid mobility
ratio. As a result, oil recovery was found to be improved by foam drive
compared to gas drive, water flooding, or surfactant flooding. He
stated that when a suitable foam was injected into a porous system, foam
introduced a large number of tenacious and resilient interfaces which
exerted a piston-like force on the discontinuous o0il to be displaced in
the porous media.

Bond and Holbrook (1959) stated that foam can be generated in an
oil reservoir by consecutive injection of aqueous surfactant solution
and gas. Since foam is less mobile than gas, foam offers a more
favorable mobility ratio with oil, and greatly improves the efficiency
of miscible and immiscible gas drive processes.

Bernard (1963) used two procedures for foam displacement in porous
media. One procedure was the saturation of a sand-pack with a
surfactant solution before gas injection. The other procedure was the
injection of a slug of surfactant solution prior to initiation of the
gas drive to displace the saturating fluids (either oil or water) in the
sand-pack medium. He observed that, while the first procedure was
useful in evaluating the foam drive, it could not be duplicated in the
reservoir. Therefore, he concluded that a practical approach might be
to first inject into the reservoir a slug of foaming agent then to
follow it with gas injection. It was found that, under laboratory
conditions, the efficiency of gas drive was greatly increased by
generation of foam; at gas breakthrough, a foam drive in a sand-pack
recovered over three times as much oil as an ordinary gas drive.

Experimentally, Bernard and Holm (1964) found that foam was
effective in reducing the permeability of consolidated and
unconsolidated sands (with specific permeability of 100 to 146,000 md)
to less than one percent of their specific permeabilities. They also
found that the reduction in permeability by foam was greater in
unconsolidated sands than it was in the consolidated ones.

Marsden and Khan (1966) investigated the injection of externally-
generated foam into short porous media. The flow rates and pressure
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drops through the porous media were measured. They concluded that
mobility (the ratio of effective permeability to apparent viscosity) of
foam, for a given porous medium, decreases almost linearly with foam
quality, but this decrease becomes considerably less pronounced as the
permeability of the porous medium becomes smaller. They also concluded
that the apparent viscosity of foam decreased with increasing rate of
shear, and increased with increasing surfactant concentration.

Further work carried out by Albrecht and Marsden (1970) indicated
that foam could be used to block gas flow in both consolidated and
unconsolidated sands. Foam could be used as a sealant for leaks in gas
storage reservoirs, as has been modelled by Bernard and Holm (1970).
Bernard and Holm (1970) determined the effectiveness of foam in reducing
gas flow in a model of a "leaky"” gas storage reservoir. They simulated
the behavior of a leaky gas reservoir with a sandstone model, and found
that foam was 99 percent effective in reducing the leakage of gas.

Bernard, et al. (1980) investigated three classes of surfactants
(anionic, cationic, and nonionic) to improve the effectiveness of carbon
dioxide flooding. These surfactants generated either foams or emulsions
with carbon dioxide at reservoir conditions of 1,000 to 3,000 psia (68
to 204 bars) and 135°F (57°C), and dramatically reduced the mobility of
carbon dioxide. They found that one anionic surfactant, a low-
molecular-weight ethoxylated sulfate (Alipal CD 128) was superior in
generating stable emulsions with carbon dioxide at these reservoir
conditions. At concentrations of 0.1 to 17 by weight, this surfactant
emulsified carbon dioxide well, was least adsorbed on carbonate rocks,
and greatly reduced carbon dioxide mobility in 1linear cores. They
indicated that the effectiveness of carbon dioxide miscible flooding can
be increased by alternate injection of carbon dioxide and aqueous
surfactant slugs into the reservoir. They concluded that Alipal CD 128
surfactant could reduce carbon dioxide mobility wunder reservoir
conditions by up to 85%.
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3. EXPERIMENTAL PROGRAM

This section includes a description of the equipment used to
investigate surfactant degradation, adsorption, and phase partitioning
at static steam injection conditions. Also, the experimental procedure
is discussed.

3.1 Apparatus

The equipment for measuring the effect of high temperature on the
chemical stability, adsorption, and phase partitioning of aqueous
surfactants was designed to operate up to 400°F (205°C). A schematic
diagram of the equipment is shown in Fig. 3-1. The equipment consists
of a pressure control system, a temperature control system, and twenty-
one stainless steel cylinders of various volumes, connected by stainless
steel tubing.

The pressure control system applies a confining pressure of 500
psia (34 bars). This control system consists primarily of a nitrogen
cylinder, a regulator, valves for sampling, and a safety valve. The
safety valve is adjusted to 550 psia (37 bars). The pressure gauges of
the regulator are calibrated using a reference calibration system.

The temperature control system includes an air bath and a sampling
system. Heat is applied and is controlled by the air bath to yield a
desired temperature of 400°F (205°C). A system of tubes and valves
control sampling from outside the air bath.

Three 500 cc stainless steel cylinders were used for thermal-
chemical degradation measurements. Three 1,000 cc stainless steel
cylinders were used for surfactant adsorption studies. Fifteen 150 cc
stainless steel cylinders were used to measure the partitioning
effect. The 150 cc cylinders were fixed on a rotating rod inside the
air bath so that they could be rotated manually from outside the air
bath to mix the surfactant solution with the crude oil. This operation
was performed twice a day during the heating period. The assembly for
one of these cylinders is shown in the schematic diagram in Fig. 3-2.

3.2 Materials

The materials used included surfactants, an aqueous phase, an oil
phase, and a solid phase. Details follow.

1. Surfactants and Chemicals: commercial and experimental
surfactants were wused 1in this investigation. The experimental
surfactants were Suntech IV and Suntech IX. The commercial surfactants
were Petrostep 450, Petrostep 420, Witco 10-80, Thermophoam BWD, Corco
180A, and Dowfax 2Al. The screening process was applied on these
surfactants as discussed in Section 4. 1In this investigation, it was
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found that Suntech IV maintained a neutral pH and exhibited a high
thermal stability at steam injection conditions. For these reasons,
Suntech IV was considered superior for our objectives (i.e. to find at
least one surfactant that could sustain thermal stability and be able to
generate foam at steam injection conditions for field applications) and
many of the later experiments were concentrated on Suntech 1V.

2. Water phase: Kern River reservoir water and distilled water
were used for preparation of the aqueous surfactant solutions. Water
analysis data for the water obtained from a Kern River reservoir are
listed in Table 3-1. This water is typical of the type of water found
in many steam injection reservoirs near Bakersfield. Kern River water
is low in dissolved solids.

3. 0il phase: Kern River oil with an API gravity of 12° was used
for the study of the partitioning effect. Viscosity versus temperature
of this crude oil is shown in Fig. 3-3. Kern River oil is heavy and
viscous. As shown in Fig. 3-3, the oil wviscosity 1is about 2000
centistokes at about 100°F. The o0il viscosity decreased with increase
in temperature to a value of about 35 centistokes at 200°F. This is a
typical curve for a heavy crude oil.

The main purpose of this investigation is to study some of the
important properties of surfactants and their abilities to generate foam
with steam in a steam injection project to improve oil recovery. The
Kern River reservoir near Bakersfield, California, is a heavy oil
reservoir where oil recovery is increased by steam injection. Steam
channelling through highly permeable zones and gravity override are the

dominant problems encountered in steam—~flooding. One of the field
applications of this study is to inject surfactant with steam to
generate foam and improve o1l recovery. In order to achieve more

realistic results for field application in this reservoir, the water and
0il obtained from Kern River were used in this investigation.

4, Solid phase: Ottawa silica sand (100 mesh), cleaned and fired
at 1110°F (600°C), then mixed with kaolinite powder (1% or 5% by weight
of the sand), formed the matrix used as an adsorbent in this study.

We turn now to consideration of the experimental procedure.

3.3 Experimental Procedure

Surfactant was introduced into the stainless steel cylinders
located inside the air bath, and the remaining air in the cylinder was
replaced by nitrogen to avoid oxidation effects during the heating
time. The sample was pressurized to 500 psia (34 bars)~~a pressure
about double the vapor pressure of water at 400°F (205°C). Heat was
applied to the sample by the air bath and was maintained at the desired
temperature for the duration of the test. Samples were taken
periodically on a logarithmic time scale at the sampling point located
outside of the air bath. To obtain a representative sample, the volume
of the surfactant which existed in the tubing between the cylinder and
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TABLE 3-1

WATER ANALYSIS OF KERN RIVER RESERVOIR BRINE

Junction Water Plant, mg/kg

CONSTITUENT
Physical Plant Physical Plant

Inlet QOutlet
Bicarbonates, HCO3 292.0 278.0
Chlorides, Cl1 185.0 200.0
Sulfates, SO4 82.0 65.0
Sulfides, S. 0.0 0.0
Nitrates, N03 0.0 0.0
Silica, Si0y 125.0 111.0
Boron, B 1.3 1.2
Sodium, N, 190.0 260.0
Iron, FZ 3.3 0.1
Hardness as CaC0j 113.0 0.3
Total Dissolved Solids 622.0 793.0
pH Value at 25° C 7.2 7.4
Conductivity: micromhos/cm at 25°C 950.0 1150.0
Resistivity: ohm-meters at 25°C 10.8 8.9
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the sampling point was purged before sampling. The tubes were cooled by
an ice bath 1located outside of the air bath to avoid flashing at
atmospheric pressure.

For all the partitioning and some of the adsorption experiments,
the samples inside the cylinders were agitated from outside of the air
bath by means of a manually-operated, rotating rod. During the heating
time, the agitation thoroughly mixed the aqueous surfactant solution and
the crude oil on one hand and the aqueous surfactant solution plus the
porous medium on the other.

The Hyamine dye titration method (see Appendices B and C) was used
to measure the concentration of the surfactant in the aqueous phase
before and after treatment. A ring tensiometer was used to measure the
surface tension of the surfactant in the aqueous solution.
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4. DISCUSSION AND INTERPRETATION
OF RESULTS

Foam has been proposed as a permeability blocking agent in steam
injection to reduce gravity override and channelling of steam through
high permeability zones. The aim of this investigation was to screen a
large number of commercially available surfactants as to their
effectiveness in foaming and permeability blocking at simulated steam
injection conditions, namely about 400°F (205°C) and 300 to 500 psia
(20-34 bars), as well as to their longevity under these conditions.

The screening process involved several stages. 1In the first stage,
surfactant solutions of wvarious concentrations mixed with varying
amounts of salts and of crude oil were boiled at 212°F (100°C) while
nitrogen was being bubbled through the solution. The height of the
resulting foam column and foam texture, used as qualitative screening
criteria, were monitored for a week (Wilson and Marsden (1981)).

The surfactants which passed this test were then tested at typical
steam injection temperatures and pressures by flow through a one-
dimensional sand-pack in a tube furnace. The sand-pack was saturated
with the surfactant solution, subjected to the steam injection
conditions and then nitrogen was injected from one end. The observed
mobility of nitrogen and the breakthrough time were taken as criteria
for permeability blocking (Owete, et al. (1980)). Several surfactants
showed orders of magnitude decline in mobility and increase in
breakthrough time compared to the case when the sand-pack was saturated
with water. For the foamers that passed this test, the process was
repeated with the sand-pack containing o0il with irreducible water
saturation. A slug of foamer followed by nitrogen was injected in the
sand-pack. The effect of slug size on permeability blocking was
studied.

Surfactants which passed these tests were subjected to steam
injection conditions in pressure vessels under a nitrogen cushion for
several weeks to test their longevity. The primary focus of of this
section starts with these longevity experiments.

In the early investigation of longevity, surfactants were evaluated
qualitatively by measuring their surface tension, pH, and electric
conductivity. In the first two experiments, surfactant concentration
was not measured due to the difficulty of finding a suitable method. A
Spectrometric technique was tried, but without success, because at high
temperature the surfactant colors were found to change due to
impurities.

In the remainder of this experimental work, Hyamine dye titration

was found to be a suitable method to evaluate surfactant
concentration. This method is presented in Appendices B and C.
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In the following sections, a full description of the experimental
procedures and the method of analysis for surfactants tested are
discussed. Several commercial and experimental petroleum sulfonate
surfactants were used in this study; however, of these, Suntech IV was
found to have superior stability at high temperature. Thus, in
addition to surfactant thermal degradation, the important properties of
~ adsorption and phase partitioning of Suntech IV were investigated at
 room and steam injection conditions. Three different batches of Suntech
IV surfactant were investigated, the experimental batch (647 active),
the industrial batch (25% active), and the pilot batch (15% active). 1In
the experiments discussed in Section 4.1.1 through 4.1.4, Suntech IV
(64% active) was tested. The other two batches of Suntech 1V
surfactants were tested later. A quantitative analysis of thermal
degradation, adsorption, and phase partitioning of Suntech IV surfactant
solution are discussed in Sections 4.,1.5 through 4.1.7

The effect of salts on Suntech IV surfactant solution is discussed
in Section 4.2.1. It was observed that all batches of Suntech IV
surfactant showed considerable precipitation 1in the presence of a

divalent ions (calcium chloride). This sulfonate precipitation of
Suntech IV surfactant occurs even when a low concentration of calcium
chloride is ©present in the solution. Also sodium chloride at

concentration of 1.5%7 by weight and Thigher caused sulfonate
precipitation of Suntech IV surfactants.

Thermal stability tests as well as experiments investigating the
effect of salt on a high salt resistant surfactant (Dowfax 2Al) were
conducted at steam injection conditions. Dowfax 2A1 1is a dual
sulfonated surfactant (i.e. it has two sulfur-carbon  bonds)
(Ziegler, 1980). In this investigation, Dowfax 2Al surfactant was found
to be thermally stable at steam injection conditions. However, the pH
dropped to the acidic range. Since Dowfax 2Al is a dual sulfonated
surfactant, it seems that one sulfur-carbon bond disintegrates at high
temperature and causes the reduction in pH. However, the other sulfur-
carbon bond sustains the thermal stability of the surfactant. On the
other hand, Dowfax 2Al1 surfactant solutions showed no sulfonate
precipitation either in the presence of 2% by weight NaCl or 2% CaClz.
This was true both at room temperature and steam injection
temperature. The effect of salts on Dowfax 2Al surfactant solution is
discussed in Section 4.2.2.

4.1 Surfactant Thermal Degradation, Adsorption and Phase Partitioning

Several runs were made to study thermal degradation, adsorption,
and phase partitioning of various surfactant--porous medium--o0il systems
at steam injection conditions. Some surfactants are thermally stable at
steam temperature and others rapidly degrade. Surfactant thermal
degradation was measured by determining the change in surfactant
concentration over a period of time. Also, reduction of the pH of
surfactant solution was an indication of chemical decomposition.
Surfactant solution concentration in the first two runs was not measured
because of lack of information at that time about the Hyamine dye
titration method.
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4,1.1 Tests on Suntech IX and Suntech IV (64%) Surfactant
Solutions

The first run was conducted with Suntech IX, and Suntech IV
surfactant solutions (1% by weight of the original concentration--for
example a sample of 17 by weight prepared from Suntech IV 647 active
will have an actual concentration of 0.647 by weight). These
surfactants were obtained from the Suntech Group. The first samples of
Suntech IV received from Suntech Group were experimental and 647
active. These surfactants were used as Treceived from the
manufacturer. Surfactant solutions were prepared with distilled water
as a solvent. Another sample of Suntech IV was prepared using a brine
solution (1% by weight of sodium chloride). This sample was designated
as Suntech IV+. 1In addition, 10% by weight of refined oil (hexadecane)
was added to the cylinder containing the Suntech IV+ sample. The three
samples were kept under a nitrogen atmosphere in stainless steel
cylinders, at 400°F (205°C) and 500 psia (34 bars) for eighteen days.

The surface tension (dynes/cm), pH, and electric conductivity
(mhos) were measured periodically by taking samples. The results of
this run are presented in Table 4-1. The surface tension of these
surfactants remained almost stable near the initial value of about 30
dynes/cm. This is because the surfactant concentration was above the
critical micelle concentration  (CMC). The critical micelle
concentration of these surfactants was in the range of 0.2 to 0.3
percent by weight active. The quick drop in the pH of Suntech IX
solution from the initial value of 9.3 to 5.7 for the first day of
heating, showed a rapid degradation due to chemical reaction at the high
temperature. However, Suntech IV and IV+ samples maintained a nearly
constant pH of about 11.8, and appeared to show only minor chemical
degradation, and were assumed to be thermally stable.

4.1.2 Tests on Petrostep 450, Witco 10-80, and Suntech IV
Surfactant Solutions

The second experiment was performed with aqueous solutions of
Petrostep 450, Witco 10-80, and Suntech IV (64% active). In this
experiment, each surfactant solution was split into two samples, one
sample was a pure solution placed in a stainless steel cylinder and the
other was a pure solution placed in a stainless steel cylinder packed
with a porous medium (Ottawa sand, 100 mesh). Also 10% by volume of
crude oil was added to the sample transferred into the cylinder
containing the porous media. The volume of the surfactant-oil mixture
was sufficient to saturate the porous medium packed in the stainless
steel cylinder. The results of a ten-day test period are presented in
Table 4-2.

The pH and the surface tension of Suntech IV obtained from this
experiment confirmed the results of the first experiment with Suntech
Iv. The surfactant appeared to remain stable. One interesting
observation is that the porous medium seems to have a buffering effect
on the degradation of the surfactants. For example, Petrostep 450
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Table 4-~1

SUNTECH IX AND SUNTECH IV (647 ACTIVE) SURFACTANT SOLUTION
PROPERTIES AT 400°F (205°C)

TIME MEASURED SUNTECH IX SUNTECH IV SUNTECH IV+*

PROPERTIES (647 active)

17 wt. 17 wt. 1% wt.

o, dynes/cm 31.85 29.85 28.20
Fresh Samples pH 9.30 11.80 11.70

Conductivity,

mhos x 1073 1.80 2.22 >12.00

o, dynes/cm 31.22 29.80 30.28
One day pH 5.70 11.30 11.10

Conductivity,

mhos x 1073 2.05 2.15 >12.00

o, dynes/cm 30.50 29.70 30.30
Four Days pH 4,30 11.80 11.70

Conductivity,

mhos x 1073 2.10 1.85 >12.00

¢, dynes/cm 30.09 29.85 30.40
Ten Days pH 3.60 11.80 11.50

Conductivity,

mhos x 1073 4.18 2.65 >12.00

o, dynes/cm 30.01 29.75 30.25
Eighteen Days pH 3.62 12.00 11.60

Conductivity,

mhos x 1073 4.10 3.10 >12.00

* = Indicates that Suntech IV surfactant solution was tested in the presence
of 1% by weight NaCl and also mixed with 10% by volume hexadecane CieH3s"

Concentration of all surfactant solutions is the weight percent of their bulk
concentration as received. Thus the actual concentration of the Suntech IV is
0.64% by welght.
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Table 4-2

PETROSTEP 450, WITCO 10-80 AND SUNTECH IV (64% ACTIVE) SURFACTANT SOLUTION
PROPERTIES AT 400°F (205°C)

MEASURED PETROSTEP PETROSTEP WITCO WITCO SUNTECH SUNTECH
PROPERTIES 450+4P M. * 450 10-80 10-80 IV+P M. * Iv
+P M. * ( 647 active)

FRESH SAMPLES

o, dynes/cm 34,39 34,39 31.59  31.5 29 .49 29 .49
pH 9.40 9.40 10,20  10.20 11.20 11.20
Conductivity,

mhos x 1073 8.95 8.95 7.00 7.00 7.00 10.00

TWO AND A HALF DAYS

o, dynes/cm 32.32 32.60  29.40  30.32 29.60 30.40
pH 7.40 3.50 7.50  8.05 8.85 10.30
Conductivity,

mhos x 10~3 1.50 1.80 1.35  0.85 1.36 1.12

TEN - DAYS

o, dynes/cm 32.10 34.30  30.40  31.20 29.20 31.10
pH 8.50 3.30 8.20  7.80 9.00 10.75
Conductivity,

mhos x 10~3 2.15 2.60 2.00 1.10 1.65 1.35

* P,M, = indicates that the test was run in the presence of porous medium
(Ottawa sand 100 wmesh).

Concentration of all surfactant solutions is the weight percent of their
original concentration as received.
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degraded quickly without contact with sand, but survived longer in the
presence of the porous medium. After ten days of heating, the pH of
Petrostep 450 decreased from an initial value of 9.4 to 3.3 without
porous medium and decreased only to 8.5 in the presence of the porous
medium. Suntech IV, after an initial drop in pH--presumably due to
adsorption and phase partitioning, remained stable with and without
sand. The pH of Suntech IV dropped from an initial value of 11.2 to
about 9.0 in the presence of porous medium and dropped to 10.75 without
porous medium after ten days of heating. Witco 10-80 represents an
intermediate case as shown 1in Table 4-2. The pH of Witco 10-80
surfactant solutions dropped from an initial value of 10.2 to 8.2 with
porous medium and dropped to 7.8 without porous medium.

4.1.3 Half-Life Determination of Suntech IV (647 active),
Petrostep 420, and Thermophoam BWD Surfactant Solutions

In this and the following experiments the surfactant concentration
was determined by the Hyamine dye titration method (see Appendices B and
C). Calibration curves for Suntech IV (64% active), Petrostep 420, and
Thermophoam BWD are presented in Fig. 4~1. Unless stated otherwise, the
concentration of all surfactants are the percentage by weight of their
bulk concentrations, and they are used as received from the
manufacturer. For example, a sample of 17 by weight prepared from
Suntech 1V (64% active) is 1% of its bulk concentration, i.e. it is
0.64% active.

In order to measure the half-life of the surfactants, another test
was run for a longer time. Results are given in Table 4-3. The
procedure was similar to that of the second experiment. The effects of
temperature on adsorption and phase partitioning were qualitatively
investigated.

After 60 days, the results in Table 4~-3 show that both Suntech IV
and Thermophoam BWD have high thermal stability. Surfactant solution
concentrations are plotted in Fig. 4~2 versus heating time. Although
the reduction in the initial concentration of Thermophoam BWD surfactant
solution was minor, the fact that the pH of Thermophoam BWD solution
decreased (as shown in Fig. 4-3) might indicate a chemical reaction.
The reduction in pH for Thermophoam BWD in the presence of porous medium
was higher than the reduction seen in the blank sample. The pH of the
blank sample of Thermophoam BWD dropped from an initial value of 10.1 to
7.4, while in the presence of the porous medium, it dropped from 9.5 to
5.9 after a sixty-day test period as shown in Table 4-3.

Suntech IV exhibited a high thermal stability confirming the
previous work. The reduction 1n concentration of Suntech IV surfactant
solution, after sixty days of heating, was minor. In the presence of
porous medium, Suntech IV surfactant solution showed a considerable
reduction in both concentration, as shown in Fig. 4~2, and in pH, as
shown in Fig. 4-3. Table 4-3 shows that the concentration of Suntech IV
surfactant solution decreased from 0.84 to 0.54 and the pH decreased
from 10.1 to 6.7 in the presence of the porous medium for sixty days of
heating. Petrostep 420 showed high thermal degradation compared to the
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Table 4-3

SUNTECH IV (64% ACTIVE), PETROSTEP 420 AND THERMOPHOAM BWD SURFACTANT
SOLUTION PROPERTIES AT 400°F (205°C)

MEASURED SUNTECH SUNTECH PETROSTEP PETROSTEP THERMO- THERMO~
PROPERTIES v IV + P.M.* 420 420 PHOAM PHOAM BWD
(64% active) + P.M.* BWD + P.M.*
FRESH SAMPLES
o, dynes/cm 29.60 29.70 32.50 31.40 34 .80 30.00
pH 11.10 10.10 9.30 9.00 10.10 9.50
Conc.,wt. % 1.00 0.84 1.00 0.94 1.00 0.98
THREE DAYS
o, dynes/cm 29.40 30.20 32.40 30.50 33.00 29.20
pH 10.80 7.40 4.70 8.10 9.30 6.40
Conc., wt. % 0.97 0.75 0.77 0.54 0.99 0.98
FOURTEEN DAYS
o, dynes/cm 28.40 29.90 32.60 31.50 33.50 29.00
pH 10.30 7.00 3.50 5.40 8.80 5.80
Conc., wt. % 0.96 0.71 0.62 0.46 0.98 0.97
FORTY-TWO DAYS
o, dynes/cm 30.20 31.58 35.80 34.23 36.56 31.08
pH 10.15 7.10 3.60 5.00 8.20 6.80
Conc., wt. % 0.94 0.60 0.44 0.42 0.96 0.95
SIXTY DAYS
g, dynes/cm 30.20 32.00 35.60 34.10 35.50 31.00 i
pH 9.92 6.70 3.00 4.35 7.40 5.90
Conc., wt. % 0.92 0.54 0.40 0.35 0.95 0.91
* P.M, = Indicates that the test was run in the presence of porous medium

(Ottawa sand 100 mesh).
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other surfactants which were tested in this experiment, (see Fig. 4-~2
for the reduction in concentration and Fig. 4-3 for the reduction in
pH). Also, it was noted that Petrostep 420 showed a minor improvement
in thermal stability in the presence of porous medium over the blank

sample. The porous medium seems to have a buffering effect on
Petrostep 420 surfactant solution as it does on Petrostep 450 surfactant
solution. The concentation of the blank sample of Petrostep 420

surfactant solution decreased from 1.0% to 0.4%7 by weight and the pH
decreased from 9.3 to 3 , while the concenti.tion of Petrostep 420
surfactant solution, in the presence of porous medium, decreased from
0.947 to 0.35% and the pH decreased from 9.0 to 4.35.

Table 4-3 also presents the results of surface tensions of Suntech
IV, Petrostep 420, and Thermophoam BWD surfactants versus heating
time. The change in surface tensions of all surfactants was found to be
minor after sixty days of heating.

Assuming that the thermal degradation of the surfactant follows a
first-order kinetics reaction, the concentration should decline
logarithmically with time. Using this concept the half-life period for
each of these surfactant solutions was calculated (see Appendix C) and
tabulated in Table 4~4., The half-~life for a surfactant is defined as
the period of time which is needed for the final concentration of a
surfactant solution to equal one half of the initial concentration. 1In
general, all surfactant solutions showed an initial rapid drop in their
concentrations. The reduction in concentration then slowed and followed
a straight line when the logarithm of the concentration was graphed
versus the heating time. The initial drop of the surfactant
concentration was not considered when  making the half-life
calculations. To calculate the half-~life of a surfactant, the rate
constant (K, day'l) was calculated wusing two concentrations: the
surfactant concentration after the initial drop and the concentration at
the end of the test period. For example, to calculate the rate
constant, K, for Suntech IV blank surfactant solution sample, two
concentrations were used: the concentration after three days which is
equal to 0.97%Z by weight and the final concentration after sixty days
which is equal to 0.92%Z by weight. The time period to drop the
concentration of Suntech IV blank sample from 0.97Z to 0.92% by weight
was 57 days. The rate constant, K, value for Suntech IV was calculated
(see Appendix C—Eq. C-3) and found to be equal to 0.000928 day~! (see
Table 4-4). Using this rate constant value, the half-life period for
Suntech IV was calculated (see Appendix C-- Eg. C-5) and found to be
equal to 746 days (see Table 4-4). The half-life period of Suntech IV
was found to be about 2.05 years at 400°F (205°C) and much less (about
0.33 years) in the presence of porous medium. Thermophoam BWD half-life
period was about 2.62 years without porous medium and 1.46 years in the
presence of porous medium. So, the presence of porous medium reduced
the half-life of both these surfactants. However, Petrostep 420
surfactant solution survived longer in the presence of porous medium
than it did with no porous medium present. As shown in Table 4~4, the
half-1ife of Petrostep 420 was 0.25 years in the presence of porous
medium which was higher than its half-life without porous medium (0.16
years). Unfortunately, neither of these half-lives are large enough to
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Table 4-4

CALCULATED HALF-LIFE PERIODS FOR SUNTECH IV (64% ACTIVE),
PETROSTEP 420 AND THERMOPHOAM BWD SURFACTANT SOLUTIONS
AT 400°F (205°C)

Sample K (Day‘l) t1/2 (Days) t1/2 (Years)
SUNTECH 1V 0.000928 746 2.05
SUNTECH IV+P.M.* 0.005763 120 0.33
PETROSTEP 420 0.011489 60 0.16
PETROSTEP 420+P.M.* 0.007607 91 0.25
THERMOPHOAM BWD 0.000723 958 2.62
THERMOPHOAM BWD+P.M.* 0.001300 533 1.46

* PM,., = Indicates that the test was run in the presence of porous
medium (Ottawa sand 100 mesh).
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be of wvalue. Petrostep 420 surfactant solution exhibited behavior
similar to Petrostep 450 as was noted in the previous experiment.

4,1.4 Tests on Corco 180A and Suntech IV (64% active) surfactant
Solutions

Another experiment was conducted on Suntech IV (647% active) and
Corco 180A. In this test the effect of the divalent cation calcium
chloride (Ca++) on Suntech IV was considered. Precipitation of
surfactant was observed at room temperature when a solution of
Suntech IV (1% concentration) was prepared using 1% by weight calcium
chloride. No precipitation was observed when 1% by weight of Suntech IV
solution was prepared with 1% by weight of sodium chloride.

The Suntech IV solution containing 1%Z sodium chloride was split
into three samples: one was transferred into a stainless steel
cylinder, the second was transferred into stainless steel cylinder
packed with porous medium (Ottawa sand, 100 mesh), for the third sample,
crude oil (10% by volume) was added and the mixture transferred into
another stainless steel cylinder containing porous medium. The volume
of both samples that were transferred into the stainless steel cylinders
packed with porous media was equal to the pore volume of the porous
medium in the stainless steel cylinders.

Two surfactant samples (17 by weight) were prepared from Corco
180A. One blank sample was transferred into a stainless steel cylinder,
and the other sample containing 17 by weight sodium chloride was mixed
with crude oil (10% by volume) and transferred into another stainless
steel cylinder. All of these samples remained under simulated field
conditions of 400°F (205°C) and 500 psia (34 bars) for forty days.

In the rest of this experimental program, only the change 1in
surfactant concentration and pH will be considered as yardsticks for the
thermal stability of the surfactant solution. Surface tension for
surfactant solutions was not measured, since the change 1in surface
tension had been found to be minor. This is because most of surfactant
concentrations were above the critical micelle concentration (CMC).

As shown in Fig. 4-4, the Suntech IV solutions showed high thermal
stability in the presence of sodium chloride, confirming previous
results. However, Suntech IV in the presence of calcium chloride showed
precipitation and/or chemical degradation. Suntech IV surfactant
solution concentration in the presence of 17 by weight calcium chloride,
dropped from 17 by weight to only 0.04% by weight at the end of the test
as shown in Table 4-5. From the analysis it was not possible to tell
which was the major cause of the surfactant disappearance; though from
other experimental results it appears to be due to sulfonate
precipitation which occurred because of the presence of the divalent
calcium chloride cation.

The pH of Suntech IV surfactant solution in the presence of 1% by
weight NaCl, decreased from an initial wvalue of about 1l.4 to 9.65. It
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was noted that the reduction in pH of both samples of Suntech IV and
NaCl that were tested in the presence of porous medium was more severe
than for the other sample of Suntech IV and NaCl. As shown in
Table 4-5, the pH decreased from an initial value of about 11.25 to 6.75
in the presence of porous medium and decreased from 1l1.1 to 6.2 in the
presence of porous medium and crude oil after 40 days of heating.

The blank surfactant solution concentration (1% by weight) prepared
from Corco 180A, showed considerable thermal degradation during the
first three days of heating as shown in Fig. 4-4. Also, Corco 180A in
the presence of sodium chloride (1% by weight), and crude oil (10% by
volume), showed high chemical degradation. The concentration of Corco
180A surfactant solution decreased from 17 by weight to about 0.077Z by
weight at the end of a forty-day test period (see Table 4-5). The pH
for all samples decreased from an initial value of about 7.3 to 3 for
the first three days of heating and remained almost stable thereafter.

The pH values of Suntech IV and Corco 180A surfactant solutions are
plotted in Fig. 4~5 versus heating time.

Because Suntech IV had been found to be thermally stable, the
following experimental work focussed on Suntech IV only. Meanwhile, a
new batch of Suntech IV (25% active) was manufactured by Suntech
Group. This sample is called the industrial batch hereafter. Thermal
degradation, adsorption, and phase partitioning of this surfactant was
studied. 1In all partitioning experiments that follow, equal volumes of
surfactant and o0il were used, Adsorption experiments were also run
using equal weights of surfactant solutions and Ottawa sand mixed with
1% by weight kaolinite., 1In the remainder of this experimental program
quantitative analyses of thermal degradation, adsorption, and phase
partitioning of Suntech IV surfactant solution were carried out.

4.1.5 Determination of Thermal Degradation, Adsorption, and
Phase Partitioning of Suntech IV (257% active) Surfactant
Solutions at 400°F (205°C) and 500 psia (34 bars)

In this experiment, three solutions (1.0%, 2.0%, and 5.0%7 by weight
i.e. 0.25%, 0.5%, and 1.25% by weight active) were prepared from a new
batch of Suntech IV (25% active). This batch was a product of
industrial sulfonation, whereas the previous samples were all materials
made in the laboratory. Each surfactant solution was split into three
samples, one was a pure solution placed in a stainless steel cylinder,
50 grams of the second sample was place in a stainless steel cylinder
containing 50 grams of a porous medium ( Ottawa sand, 100 mesh mixed
with 1% by weight kaolinite), and 50 cc of the third sample was
transferred into another stainless steel cylinder containing an equal
volume of crude oil.

In order to have good mixing between the surfactant solutions and
the porous media on one hand and the crude oil on the other, the samples
were agitated twice a day during the heating time. Because of the
agitation during this experiment, foam was generated and was later found

A



Table 4-~5

CONCENTRATION** AND pH of SUNTECH IV (64% ACTIVE)
AND CORCO 180A SURFACTANT SOLUTIONS

SUNTECH SUNTECH SUNTECH SUNTECH CORCO CORCO

v v v v 180A 180A
NaCl NaCl NaCl CaCl2 NaCl
MEASURED P.M.* OIL OIL 01IL
PROPERTIES P.M.* P.M,*

FRESH SAMPLE

Conc., wt. 7% 1.00 1.00 1.00 1.00 1.00 1.00

pH 11.40 11.25 11.10 9.20 7.30 7.55

AFTER 3 DAYS

Conc., wt. 7 0.90 0.95 0.99 0.10 0.10 0.15

pH 10.90 8.45 7.60 6.95 3.00 4.40

AFTER 17 DAYS

e

Conc., wt. 0.90 0.93 0.94 0.08 0.07 0.01

pH 10.10 6.30 /.10 7.20 3.30 4.70

AFTER 40 DAYS

e

Conc., wt. 0.89 0.93 0.90 0.04 0.07 0.07

pH 9.65 6.75 6.20 6.50 4,00 4.00

*% Concentration of all surfactant solutions is the weight percent of the
bulk surfactant concentration.

* P.M,= Indicates that the test was run in the presence of porous medium
(Ottawa sand 100 mesh).
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Table 4-6

CONCENTRATION * AND pH OF SUNTECH IV (25% ACTIVE) SURFACTANT SOLUTIONS
AT 400°F (205°C) AND 500 PSIA (34 BARS)

TIME Thermal Test Adsorption Test Partitioning Test
INTERVAL Conc. pH Conc. pH Conc. pH
wt. 7% wt. % wte %

1

8

by wt. SOLUTION

Fresh 1.00 8.6 1.00 8.6 1.00 8.6
One Day 0.98 8.2 0.89 7.3 0.70 7.9
Six Days 0.94 7.8 0.89 7.5 0.70 7.8
Twelve Days 0.93 8.9 0.88 8.2 0.68 7.5
Twenty Days 0.76 9.1 0.84 7.9 0.55 7.7
Thirty Days 0.89 9.0 0.88 7.7 0«64 7.6

27 by wt. SOLUTION

Fresh 2.00 8.3 2.00 8.3 2.00 8.3
One Day 1.97 7.5 1.73 6.9 1.52 8.2
Six Days 1.92 7.2 1.72 7.0 1.49 6.9
Twelve DNays 1.96 7.3 1.78 8.1 1.46 7.9
Twenty Days 1.69 7.2 1.65 7.8 1.08 7.6
Thirty Days 1.95 7.3 1.96 7.5 1.42 7.3

5% by wt. SOLUTION

Fresh 5.00 8.3 5.00 8.3 5.00 8.3
One Day 4.96 8.0 4.89 6.5 4.41 7.9
Six Days 4.93 8.0 4.85 6.3 4.37 7.9
Twelve Days 4,93 8.1 4.84 6.8 4,43 7.8
Twenty Days 4.89 8.7 4.34 6.9 3.60 7.6
Thirty Days 4.96 8.8 4.62 6.8 4.34 7.7

* Surfactant solution concentration is a weight percent of the 25% active
material. Thus a 1% by wt. solution is 0.25% by wt. active.
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in the lines to the nitrogen regulator.

The results of this experiment are presented in Table 4-6, and the
concentration of the surfactant solution in the aqueous phase versus
heating time are graphed on Fig. 4-6. The initial wvalue of pH of
Suntech IV (25% active) surfactant solution is about 8.4. This value is
lower than the pH (about 11.6) of Suntech IV (64% active) surfactant
solution that had been used earlier.

In the thermal experiment, as shown in Table 4-6 and Fig. 4-6, the
changes 1in the concentrations of Suntech IV (25% active) surfactant
solution samples are minor at 400°F (205°C) after 30 days of heating.
Hence, all samples exhibit thermal stability.

In the adsorption experiments, adsorption had some effect the first
day, and then remained constant throughout the experimental period of 30
days, as shown in Fig. 4-6.

In the partitioning experiments, partitioning into the o0il phase
occurred during the first day to values of as much as 307 of the initial
concentration in the aqueous phase. After the first day, the amount of
partitioning remained at a constant level (see Fig. 4-6).

In all experiments, in general, the pH for all samples decreased
slightly and remained stable at about 7 as shown in Table 4-6. Because
of scattering of data, as can be noted in Fig. 4~6, the following
experiment was conducted to repeat the results more accurately using a
different procedure.

4.1.6 Determination of Thermal Degradation, Adsorption, and
Phase Partitioning of Suntech IV (257 active) Surfactant
Solutions at 400°F (205°C) and 300 psia (20 bars)

This experiment was similar to the previous experiment except that
the cylinders were closed at both ends to avoid any loss of materials
due to agitation and foam generation during the heating time.
Consequently, the samples remained at equilibrium under their own wvapor
pressure at 400°F (205°C).

The differences between the results of this experiment and the
previous one are not 1large. However, results obtained by this
experiment are considered more reliable for the data scatters less. The
surfactant solution concentrations in the aqueous phase were plotted
versus the heating time in Fig. 4~7. Note there is less scatter of the
data than in Fig. 4-6. Again Suntech IV surfactant solutions exhibit
high thermal stability for twenty days of heating at steam injection
conditions. Adsorption onto the porous medium was found to be minor the
first day, and remained low thereafter. Phase partitioning into the oil
phase was found to be about 407 of the initial surfactant concentration
of 1% by weight (0.25% active) in the aqueous phase the first day, then
remained constant for the rest of the heating time. The higher
concentration solutions showed less partitioning.
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The pH of Suntech IV solutions showed a minor reduction the first
day in both the thermal degradation and the phase partitioning
experiments. The reduction in the pH of the surfactant solutions was
higher for the adsorption experiment at the first day of heating. 1In
general, in the three experiments the pH values decreased the first day
and remained stable at about 7 as in the previous experiment.
Figure 4-8 for example, shows the graph of the pH of the 57 (1.25%
active) by weight surfactant solution concentration of Suntech IV (25%
active) versus the heating time for twenty days. Concentrations and pHs
of Suntech IV surfactant solutions for twenty days of heating time are
listed in Table 4-7.

4.1.7 Quantitative Analyses of the Adsorption and the
Partitioning Data of Suntech IV (257 active) Surfactant
Solution

Another experiment was conducted to investigate thermal
degradation, adsorption, and phase partitioning over a broader range of
surfactant concentration. Five other surfactant solution concentrations
(0.35%, 0.75%, 2.0%, 3.0%, and 4.0% active) by weight were prepared from
Suntech IV (25% active). The heating time for this experiment was two
days. As was found in the previous experiments, Suntech IV surfactant
solution concentration was reduced during the first day and remained
stable thereafter. Results of this experiment combined with the
previous adsorption and ©partitioning experiment are presented in
Table 4-8.

Quantitative analyses of the results were made on adsorption and
phase partitioning. The amount of adsorption of surfactant on the
Ottawa sand/kaolinite mix was calculated after deduction for thermal
degradation (see Appendix (). The Langmuir adsorption model,
Ramirez, et. al. (1980), was applied to these data.

At equilibrium isothermal static conditions, the Langmuir model can
be represented by:

A=C/(M+NC) 2052683086000 0600 0000060060000 00686366808506060608s00 (4"1)

where A is the amount of adsorption in micro-moles of surfactant per
gram of porous medium, C 1is the surfactant concentration in weight
percent, and M and N are the adsorption isotherm parameters. From a
regression analysis calculation, M was found to be equal to 0.264 and N
equal to 0.764. Figure 4-9 shows these data plotted versus surfactant
concentration in the aqueous phase. The solid line shows the Langmuir
model fit. In general, the experimental data fit the Langmuir model.

The results shown in Fig. 4~9 are subject to considerable error
because adsorption was such a small percentage of the total system.
Although the data appear to fit the model well, the differences in
concentrations due to adsorption were not large enough to establish an
accurate adsorption isotherm curve. Note for example, the small
differences between the degradation results in Table 4-9 compared to the
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Table 4-7

CONCENTRATION* AND pH of SUNTECH IV (25% ACTIVE) SURFACTANT SOLUTIONS
AT 400°F (205°C) AND 300 PSIA (20 BARS)

TIME Thermal Test Adsorption Test Partitioning Test
INTERVAL Conc. pH Conc. pH Conc. pH
wte % wt. % wte %
1% by wt. SOLUTION
Fresh Sample 1.00 8.2 1.00 8.2 1.00 8.2
One Day 0.97 7.6 0.96 6.7 0.60 7.6
Six Days 0.96 7.7 0.93 6.7 0.59 8.2
Twelve Days 0.97 7.7 0.96 6.8 0.62 7.7
Twenty Days 0.96 7.6 0.97 6.8 0.63 7.6
2% by wt. SOLUTION
Fresh Sample 2.00 8.2 2.00 8.2 2.00 8.2
One Day 1.98 7.7 1.92 6.7 1.42 8.0
Six Days 1.98 7.7 1.82 6.8 1.37 8.2
Twelve Days 1.98 8.0 1.89 6.9 1.34 8.0
Twenty Days 1.94 7.7 1.79 6.6 1.35 7.9
5% by wt. SOLUTION
Fresh Sample 5.00 8.1 5.0 8.1 5.00 8.1
One Day 4.99 7.7 4.92 6.7 4.35 8.1
Six Days 4.97 8.0 4,70 6.8 4.28 8.2
Twelve Days 4.89 8.0 4,73 7.0 4,29 8.0
Twenty Days 4.82 7.7 4,62 6.6 4.14 7.8

* Concentration of surfactant solution is the weight percent of the 25%

active.
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Table 4-8

THERMAL DEGRADATION, ADSORPTION AND PHASE PARTITIONING
FOR SUNTECH IV (25% ACTIVE) SURFACTANT SOLUTIONS

INITIAL THERMAL ADSORPTION PARTITIONING
CONC.* TEST TEST TEST

Conc. Conc. Conc. Amount of Conc., Conc.
in water in water in water Adsorption in water in oil
% by wt. % by wt. % by wt. u mole/gm % by wt. % by wt.
4.01 3.98 3.928 1.20 3.73 0.25
3.02 2.96 2.910 1.18 2.75 0.21
2.01 1.99 1.942 1.13 1.80 0.19
1.25 1.23 1.184 0.99 1.06 0.17
0.75 0.75 0.710 0.89 0.58 0.17
0.50 0.49 0.464 0.67 0.34 0.15
0.35 0.33 0.313 0.40 0.24 0.09
0.25 0.24 0.238 0.06 0.15 0.09

* Surfactant solution concentration is a weight percent active concentration.
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adsorption results. These differences were only slightly greater than
the experimental error. However, we can say that the maximum amount of
adsorption for this system was found to be about one micro-mole per
gram. And, from an ecomomic point of view, this amount of adsorption of
surfactant onto the porous medium is small enough to be advantageous for
field applications.

Since the amount of adsorption was found to be so small for the
above system, other experiments were conducted using different mixes and
amounts of adsorbent (Ottawa sand containing 57 by weight kaolinite) and
Suntech IV surfactant solutions, in an attempt to improve the accuracy
of the adsorption data. For example, one of these experiments was run
simultaneously at room temperature and 400°F (205°C) using 100 gm of
adsorbent mix and 30 gm of the surfactant solutions of different
concentrations containing 1% by weight NaCl. At 400°F (205°C), the
amount of adsorption for this system was increased as compared to the
previous experiments. The maximum amount of adsorption for this system
was found to be about two micromoles per gram of adsorbent mix near the
critical micelle concentration (CMC). However, the accuracy of the
adsorption data obtained in this experiment was also found to be
inadequate to define an accurate adsorption isotherm curve for this
system. At room temperature, the amount of adsorption for this system
was appeared to be slightly higher than the amount of adsorption at high
temperature near the CMC. Since adsorption is an exothermal reaction,
these results were expected.

To determine the partitioning of surfactant between the liquid
phases, the concentrations of the surfactant in the o0il and aqueous
phases in the partitioning test were calculated after deduction of
surfactant lost by the thermal degradation (see Appendix C for the
calculation technique). Figure 4~10 shows the surfactant concentration
in the o0il phase plotted versus surfactant concentration in the aqueous
phase.

At 400°F (205°C), the concentration of surfactant in the oil phase
increased rapidly as the concentration in the aqueous phase increased at
low concentration. This increase in o0il phase concentration slowed as
the concentration in the aqueous phase increased and 1leveled at a
surfactant concentration in the o0il phase of about 0.25%7 when the
aqueous concentration of Suntech IV was about 47 active. In this study,
the partitioning <coefficient was found to decrease when the
concentration of the surfactant in the aqueous phase was increased.
This was observed in a Kern River crude oil-Suntech IV system when the
concentration of surfactant in the aqueous phase was higher than the
critical micellar concentration. This confirms the results reported by
Chan (1978).

Langmuir model was applied to the partitioning data and it was
found that the partitioning isotherm curve for Suntech IV (25%) active-
Kern River crude oil system is a Langmuirian curve as shown in
Fig- 4‘100
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The Langmuir model for the partitioning data can be represented in
the equation below.

Co=Cu/(m+ N C) cevvuennsiarnenntansnrcnccnncancccns (4-2)
where C, is the surfactant concentration in the 0il phase in weight
percent, Cw is the surfactant concentration in the water phase in weight
percent, and m and n are the partitioning isotherm parameters. From the
regression analysis calculation, m was found to be equal to 1.8596 and n
equal to 3.7105. The solid line in Fig. 4-10 shows the Langmuir model
fit.

The Langmuir model did not fit well the data at low surfactant
concentrations and up to the critical micelle concentration, while
beyond the micelle concentration the model fits well the experimental
data.

The following section is devoted to a study of the effect of salts
on surfactant degradation, adsorption, and phase partitioning.

4,2 Effect of Salt on Surfactant Properties

The effect of several salts (sodium chloride, sodium bicarbonate,
potassium chloride and calcium chloride) on Suntech IV surfactant
solutions was studied at room temperature and at steam injection
conditions. Also, the effect of NaCl and CaCl2 on Dowfax 2Al surfactant
solutions was investigated at both temperatures.

4.2.1 Effect of Salt on Suntech IV

Other experiments were conducted on two samples of Suntech IV using
NaCl, NaHCO3, KCl, and CaCl, at room temperature as well as at 400°F
(205°C). Ode sample of Suntech IV was 1% active by weight prepared from
the Suntech IV (25% active)--the industrial batch-- and the second was
0.6% active by weight prepared from the Suntech IV (15% active)-—the
pilot batch. In both cases, ten surfactant samples were prepared with a
varietv of salt types and concentrations. Table 4~9 presents the data
for the industrial batch samples at room temperature and 400°F
(205°C). The effects of KCl and NaHCO, were minor, while CaCl, in both
0.5%2 and 1% by weight concentrations precipitated almost alf of the
sulfonate. The pilot batch of Suntech IV (15% active) surfactant
solution samples exhibited similar behavior, and both samples of Suntech
IV (25% active and 15% active) acted similarly at high temperature.

Because NaCl is the most common salt in the formation water, a wide
range of concentrations was prepared. The effect of NaCl was negligible
at concentrations of 1% by weight and lower. Samples with 27 by weight
NaCl and higher precipitated most of the sulfonate. At  room
temperature, as shown in Table 4-9, the concentration of Suntech IV (257
active) surfactant solution decreased from 1% active to 0.247 active by
weight, in the presence of 2% by weight NaCl. 1In the presence of 47 by
weight NaCl, it decreased to only 0.038% active by weight.
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Table 4-9

SALT EFFECT ON SURFACTANT THERMAL DEGRADATION, ADSORPTION AND
PHASE PARTITIONING OF SUNTECH IV (25% ACTIVE)

Room Temp.

After Six Days of Heating
at 400°F (205°C)

Sample Name Thermal Adsorption Partitioning
Degradation .
o .y )y 2
pure Suntech IV 1.022 1.008 = ee—— —_— ee———
+ 0.25% NaCl 1.015 1.006 0.984 0.879
+ 0.5% NaCl 1.013 1.005 0.984 0.876
+ 1.0% NaCl 1.008 1.004 0.981 0.872
+ 2.0% NaCl 0.240 0.015 0.066 0.045
+ 4.0% NaCl 0.038 0.010 0.008 0.005
+ 1.0% NaHCO3 1.018
+ 1.0% KRC1 1.003
+ 1.0% CaCly 0.001
+ 0.5% CaC12 0.005
* Cy = Surfactant concentration in the aqueous phase, wt. % active
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At 400°F (205°C), the reduction of the concentration of the
surfactant was greater. The concentration of the surfactant in the
presence of 2% by weight NaCl, decreased to 0.015% active by weight, and
in the presence of 47 by weight NaCl, decreased to 0.01%Z active by
weight as shown in Table 4-9. The precipitate of the surfactant with 27%
by weight NaCl at 400°F (205°C) was a suspended gel-like material.
Thermal degradation, adsorption, and phase partitioning experiments were
also run for six days of heating. When oi1l was present with the
sulfonate at 2% by weight NaCl concentration, an emulsion was formed.
Results of these tests are shown in Tables 4~9, 4-~10 and 4~-11.

At concentrations of sodium chloride of 17 by weight and lower, the
concentration of Suntech IV surfactant solution that remained in the
aqueous phase decreased as the concentration of NaCl was increased as
shown in Tables 4~9 for Suntech IV (25% active) and Table 4-11 for
Suntech IV (15% active).

To locate the concentration of NaCl where gel formation is first
observed, small concentration increments of 0.25%7 by weight were .used.
Thus, samples of 1.0%, 1.25%, 1.5%, 1.75%, 2.0%, 2.25%, and 2.57 by
weight NaCl were prepared with 1.0% active Suntech IV (15% active--pilot
batch). At room temperature, all the surfactant samples containing NaCl
between 1.5%7 and 2.5% by weight showed some precipitation and reduction
of the surfactant concentration in the aqueous phase. The amount of
reduction in surfactant concentration in the aqueous phase increased as
the concentration of the sodium chloride was increased from 1.5%7 to
2.5%, as shown in Table 4-12.

After three days of heating time at 400°F (205°C), gel formation
was observed for all the surfactant solutions containing NaCl from 1.5%
to 2.57 by weight. The remaining two samples of concentrations of 1%
and 1.25% showed no precipitation and the salt had almost no effect in
the surfactant concentration, as is shown in Table 4-12.

4.2.2 Effect of Salt on Dowfax 2Al

Dowfax 2A1 have two d1onic charges per molecule; most other
surfactants have only one. As was mentioned at the beginning of this
section, this surfactant can survive in salt environments and show no
sulfonate precipitation even when divalent ions (calcium chloride) were
present up to 10% by weight in the solution (Higgins (1982)).

The effect of salt on 17 surfactant solutions prepared from Dowfax
2A1 was studied simultaneously at room temperature and 400°F (205°C)
using 2% by weight NaCl and 2% by weight CaCl,. The effect of salts on
these surfactant solutions was minor and no precipitation was observed
at either temperature. Dowfax 2Al also exhibited high thermal stability
for six days of heating at 400°F (205°C). However, the pH rapidly
decreased with temperature increase as shown in Table 4~13. The pH for
all samples decreased from an initial value of about 7 to a value of
about 4 at 400°F (205°C). The reduction of the pH apparently is due to
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Table 4-10

SALT EFFECT ON SURFACTANT THERMAL DEGRADATION
ADSORPTION AND PHASE PARTITIONING OF SUNTECH IV (15% ACTIVE)
AT ROOM TEMPERATURE

Sample Name Ci* pH
% by wt.

Pure Suntech IV 0.608 7.2
+ 0.25% NaCl 0.605 7.0
+ 0.5% NaCl 0.604 7.1
+ 1.0%Z NaCl 0.604 6.6
+ 2.0% NaCl 0.314 6.4
+ 4.0% NaCl 0.027 6.3
+ 1.07% NaHCO4 0.594 8.6
+ 1.0% KC1 0.602 7.2
+ 1.0% CaCl, 0.015 6.4
+ 0.5% CaCl, 0.018 6.6

Cw = Surfactant concentration in the aqueous phase, wt. % active

- 61 -



Table 4-11

SALT EFFECT ON SURFACTANT THERMAL DEGRADATION,
ADSORPTION AND PHASE PARTITIONING OF SUNTECH IV (15% ACTIVE)
AFTER SIX DAYS OF HEATING AT 400° (205°C)

Thermal Degradation Adsorption Partitioning
Sample Name Cy* pH Cy* pH Cy* pH
wte % wt.e 7% wte %
~pure Suntech 1V 0.598 7.2
+ 0.25% NaCl 0.596 6.7 0.480 7.7
+ 0.5 % naCl 0.585 6.4 0.493 7.6
+ 1.07% NaCl 0.607 6.0 0.582 6.5 0.472 7.8
+ 2.0% NaCl 0.030 6.4 0.181 7.1
+ 4.0% Nacl 0.018 6.1 0.030 6.8
+ 1.07% NaHCOj3 0.607 8.8
+ 1.0% KC1 0.605 6.1
+ 1.0% CaCl, 0.018 6.0
+ 0.5% CaCl, 0.020 5.8

* C, = Surfactant concentration in the aqueous phase, wt.%Z active
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Table 4-12

SALT EFFECT ON SURFACTRANT THERMAL DEGRADATION,
SUNTECH IV (15% ACTIVE)

Room Temperature After Three Days of
Heating at 400°F (205°C)

Sample Name C* pH C.* pH
wte 7% wt. %

pure Suntech IV 1.072 6.9 1.054 7.2
+ 1.0% NaCl 1.063 6.5 1.051 5.4
+ 1.25% NaCl 0.775 6.3 1.053 6.4
+ 1.5% NaCl 0.511 6.4 0.126 5.0
+ 1.75% NaCl 0.487 6.5 0.040 4.4
+ 2.0% NaCl 0.303 6.5 0.027 4.8
+ 2.25% NaCl 0.089 6.3 0.024 4.9
+ 2.5% NaCl 0.074 6.5 0.021 4.9
*C, = Surfactant concentration in the aqueous phase, wt. % active

- 63 -



the fact that Dowfax 2Al1 is a dual sulfonated surfactant. At high
temperature, it seems that one of the sulfur-carbon bonds is
disintegrated and this causes the reduction in pH. However, this does
not completely answer the puzzling results, for we would expect the
concentration of sulfonate to drop also, and as can be seen in
Table 4-13, this did not happen. The only explanation 1is that it is
possible that the Hyamine dye titration method is not an adequate method
to determine the concentration of both the disulfonation and the
monosulfonation of Dowfax 2Al. Dow Chemical Company used 1liquid
chromatography to determine the monosulfonation and the disulfonation
concentration.

This study was carried out to investigate several commercial and
experimental petroleum sulfonate surfactants and their longevity at
steam injection conditions. Among several surfactants, Suntech 1V,
Thermophoam, and Dowfax 2Al1 were found to be the most thermally stable
surfactants under steam injection conditions. Suntech IV surfactant was
considered to be superior for our purposes. This is because in addition
to the high thermal stability exhibited by Suntech IV, the pH remains at
a value of about 7 at steam injection conditions for several weeks.
Thermophoam BWD and Dowfax 2Al1 also exhibited high thermal stability but
the pH decreased rapidly at steam injection conditions.
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Table 4-~13

SALT EFFECT ON SURFACTANT THERMAL DEGRADATION,
DOWFAX-2A1 (45.3% ACTIVE)

Room Temperature Thermal Degradation after six
days of heating @ 400°F (205°C)

Cy* pH Cy* PH
Sample Name 7% by wt, % by wt.
pure Dowfax 1.002 6.9 0.944 3.8
+ 2% NaCl 0.998 6.7 0.998 4.0
+ 2% Ca012 0.983 6.6 0.915 4,0
* C_ = Surfactant concentration in the aqueous phase, wt. % active

w
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5. CONCLUSIONS

Suntech IV, Thermophoam BWD, and Dowfax 2Al1 surfactant solutions
exhibit high thermal stability as compared to several other products.
In addition, the following conclusions apply for these surfactants.

1.

Calcium chloride causes Suntech IV precipitation at a
concentration of 0.5% by welght and greater.

Sodium chloride (at 1.5% by weight and higher) also causes
Suntech IV precipitation.

The amount of adsorption of Suntech IV is not large. In a 1%
kaolinite Ottawa sand mixture the maximum adsorption was about
one micromole per gram.

Phase partitioning of Suntech IV to oil phase is significant.
It 1is not linear with surfactant concentration. When the
aqueous phase concentration is about 0.5% the o0il concentration
is about 0.15%. When the aqueous conceutration is about 2%,
the o0il concentration 1is about 0.19%. The maximum
concentration ian the oil phase was about 0.25%7 at an aqueous
phase concentration of about 47.

The pH of Suntech IV remains stable when there is 1little
degradation.

The pH of Dowfax 2A1 and Thermophoam BWD decreases rapidly at
high temperature.

Neither sodium chloride nor calcium chloride (at 2% by weight)
cause Dowfax 2A1 precipitations or degradation.
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6. NOMENCLATURE

A = Amount of adsorption, micromole/gm
AD = Anionic dyestuff - Disulphine Blue VN, soluble In water
to give greenish-blue color

AD/CT = Anionic dyestuff combined with cationic titrant, soluble
in chloroform to give a blue color

AS = Anionlic surfactant sample

a = The intercept of the straight line of the calibration
curve of surfactant

C = Surfactant concentration at any time (t), weight percent

Ca = Final surfactant concentration obtained from adsorption
experiment, weight percent

C; = The initial concentration of the surfactant at time
(t = 0), weight percent

CcD = Cationic dyestuff - Dimidium Bromide, soluble in water
phase

CD/AS = Cationic dye combines with anionic surfactant, soluble in

chloroform to give a pink color
CMC = Critical micelle concentration

C0 = Final surfactant concentration in the oil phase, weight
percent
Cp = Final surfactant concentration in the aqueous phase

obtained from the partitioning experiment, welight percent

CT = Cationic titrant-Hyamine solution (1622)

Ce = Final surfactant concentration obtained from thermal
experiment, weight percent

G = Lamellar microemulsion

HSOA~ = The predominate ionic species in sulfuric acid, HZSOA

K = Rate constant, days~

ka = The adsorption rate constant, gm/hour

kd = The desorption rate constant, gm/hour

Keq = ky/kg

M = Adsorption isotherm parameter (M = 1/K Q)

Molarity of the Hyamine 1622 solution,e§m~mole/liter

Molarity of the sodium lauryl sulphate solution, gm-mole/liter

Mg = Molarity of the active sulfonate in the surfactant solution
sample, gm-mole/liter

= Molecular weight of the surfactant, gm/gm-mole

The slope of the straight line

Adsorption isotherm parameter (N = 1/Q)

= The total adsorption capacity of the solid, micromole/gm

An alkyl group

The rate of adsorption, micromole/hour

The rate of desorption, micromole/hour

Water—-external microemulsion

Oil-external microemulsion

The aging time, days

The half-life period of the surfactant, days

The Hyamine (1622) solution titration volume, cu. cm.

The volume of sodium lauryl sulfate, cu. cm.

The volume of solubilized oil in the middle phase

Solubilization parameter
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NOMENCLATURE

~ CONTINUED

The volume of crude oil in the partitioning experiment,

CUs CMoe

The volume of surfactant in the middle phase

The volume of solubilized water
Solubilization parameter

Volume of surfactant solution in the partitioning

experiment, cu. cme.

Weight of surfactant solution in the adsorption experiment, gm
Weight of adsorbent in the adsorption experiment, gm

Density of crude oil, gm/cu. cm.

Density of surfactant solution, gm/cu. cm.
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APPENDIX B

SULFONATE DETERMINATION BY TWO-PHASE TITRATION

Reid, et al. (1967) discussed the two-phase titration method for
sulfonate determination. The following is a discussion of their method
of sulfonate determination for anionic surfactants.

B.1l Method

The amount of anionic—active sulfonate is determined by titration
with a standard cationic-active solution (Hyamine, 1622). The indicator
consists of a mixed solution of a cationic dye (Dimidium Bromide) and
anionic dye (Disulphine Blue VN). The titration is carried out in the
two-phase aqueous—~chloroform system. The anionic surfactant combines
with the catlonic dye to form a salt which then dissolves in the
chloroform layer to give this layer a red-pink color. At the end point,
the Hyamine cation displaces the Dimidium cation from the chloroform—-
soluble salt and the pink color leaves the chloroform layer as the dye
passes to the aqueous phase. Hyamine, added in excess, forms a salt
with the anionic dye~-Disulphine Blue VN--which dissolves in the
chloroform layer and colors it blue. Now we will consider the
mechanisms of color change.

B.2 Mechanisms of Color Change

The following equation represents the mechanisms of color change
during the titration process (Reid, et al. (1967)).

CD/AS + AD + CT = AD/CT + CD + CT/AS seco0csevenessee (B"l)
Where:
AS = Anionic Surfactant Sample
CT = Cationic Titrant—-Hyamine Solution (1622)
Ch = Cationic Dyestuff--Dimidium Bromide Soluble in water

phase
AD = Anionic Dyestuff~--Disulphine Blue VN, Soluble in
water to give greenish-~blue color

CD/AS = Cationic Dye combines with Anionic Surfactant,
Soluble salt in chloroform to give a pink color

AD/CT = Anionic Dyestuff combines with Cationic Titrant,
Soluble in chloroform to give a blue color

CT/AS = Cationic Titrant combines with Anionic Surfactant to

form a colorless salt soluble in chloroform
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The color change with Dimidium Bromide/Disulphine Blue mixed
indicator is in the chloroform layer which is colored pink in the
presence of excess of anionic sample and blue with excess of cationic
titrant. The end point is a grey-blue color which coincides with the
complete transfer of Dimidium Bromide to the water layer and the
transfer of a very small quantity of the Disulphine Blue/Cationic salt
to the chloroform layer.

B.3 Materials

The materials used in the titration include sodium lauryl sulfate,
Hyamine 1622, Disulphine Blue VN 150, Dimidium Bromide, chloroform
(Analytical Reagent-high purity --A. R. grade), sulphuric acid solution,
and acidic indicator. The procedure to prepare solutions from these
materlals is discussed in the following.

1. Specially purified sodium lauryl sulfate (SLS), 0.004 M
SLS:

Weigh accurately between 1.14 and 1.16 gm SLS
and dissolve in one liter distilled water.

Molarity of SLS can be calculated as follows:

MOlarity = (Wt. of SLS) (purity Z)/(2.884 X 104) 2000 e0e (B“Z)
2. Hyamine 1622, 0.004 Molar solution:

Weigh accurately between 1.75 and 1.85 gm of Hyamine

1622 and dissolve in one liter distilled water.
3. Disulphine Blue VN 150,
4, Dimidium Bromide.

(Items number 3 and 4 can be purchased together as
a mixed~indicator stock solution.)

5. Chloroform, A. R. grade.
6. Sulphuric acid solution, 2.5 Molar:
Add 134 ml A. R. grade concentrated H,50, (specific

gravity 1.84) to 300 ml of distilled water and dilute to
one liter.

7. Acid indicator solution:

Add 200 ml of distilled water and 20 ml of mixed-
solution (Items number 3 and 4) to a 500 ml graduated
stoppered flask; add 20 ml of 2.5 M sulphuric acid

(Item 6); mix and dilute to 500 ml volume with distilled
water. Store out of direct sunlight.

Chemicals number 1 through 4 can be purchased from
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British Drug House, Ltd., Poole, Dorset, England, whose
U.S. dealer is: Gallard-Schlesinger Chemical Mfg.
Corp., Carle Place, NY 11514, Tel. (516) 333-5600.

B.4  Standardization of Hyamine 1622 Solution

Procedure to standardize Hyamine 1622 solution is discussed in the
following.

Procedure:

Pipette 20 ml of 0.004 Molar sodium lauryl sulphate solution into
stoppered bottles or measuring cylinder, add 10 ml of distilled water,
15 ml of chloroform and 10 ml of acid indicator solution. Titrate with
the Hyamine 1622 solution that was prepared in Section B.3.2. Stopper
the vessel after each addition and shake well. The lower layer will be
colored pink. Continue the titration, shaking vigorously after each
addition of titrant. As the end point approaches, emulsions formed
during shaking tend to break easily. Continue the titration with the
addition of single drops of titrant, shaking between additions, until
the end point is reached. Take the end point at the time the pink color
has completely left the chloroform layer, at which time the layer is a
faint greyish blue. With excess Hyamine, the chloroform layer is
blue. Note the volume of titrant added.

Then the molarity of Hyamine solution, MH, can be calulated by:

MH=(MLXVL)/VH O 8 S0 0000 CI00 S0P ESNEONTEEOIOIRNISIOEBIEYS (B-B)

Where:
My = Molarity of the Hyamine 1622 solution, mole/liter
My = Molarity of the sodium lauryl sulphate solutionm,
mole/liter
Vg = Volume of Hyamine 1622 solution added, em3
vy, = Volume of Sodium lauryl sulfate solution, cm3

After standardization of Hyamine 1622 solution, the molarity of an
anionic-active sulfonate can be determined.

B.5 Determination of Concentration of
Anionic—-Active Sulfonate

Follow the procedure discussed in B.4, except the surfactant sample
solution is used in place of the 0.004 Molar SLS solution, then the
molarity of the active sulfonate can be calculated by:

MS=MHXVH/VS 865050020200 0020008800000000000000s000csS. (B"l‘)
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Where:

Mg = Molarity of the active sulfonate in the surfactant
solution sample, mole/liter

My = Molarity of Hyamine 1622 solution, mole/%iter

Vg = Volume of Hyamine 1622 solution used, cm

VS = Volume of the surfactant sample taken, cm
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APPENDIX C

METHOD OF CALCULATING SURFACTANT CONCENTRATION,
THERMAL DEGRADATION, ADSORPTION, AND PHASE PARTITIONING

Surfactant concentration determination, and calculation of
surfactant thermal degradation (surfactant half-life calculation),

adsorption onto solid phase, and partitioning between aqueous and oleic
phases are discussed in this appendix.

C.l Surfactant Concentration Determination

In Appendix B, determination of surfactant molarity using the
Hyamine dye~-titration method was discussed. In this appendix a method
is discussed to determine the concentration of surfactant in weight
percent of the aqueous phase. In this method surfactant calibration
curves are generated in which the Hyamine solution titration volume is
plotted versus surfactant concentration in the aqueous phase, as shown
in Fig. C.l. As an example, the procedure used to establish a
calibration curve for Suntech IV (15% active) surfactant solution is
discussed in the following.

Procedure

Prepare elght surfactant solution samples having a concentration of
0.25, 0.50, 0.75, 1.0, 1.25, 1.50, 1.75, and 2.0% by weight from Suntech
IV (15% active) surfactant. Dilute each sample by adding a volume of
distilled water equal to three times the orliginal volume of the
surfactant solution. Titrate each sample with the 0.004 Molar Hyamine
1622 solution, following the same titration procedures discussed in
Appendix B.5. Record the volume of Hyamine 1622 solution needed for

each sample. Plot Hyamine solution titration wvolume in cubic
centimeters versus surfactant concentration in the aqueous phase, weight
percent. If the dilution of the surfactant solution samples was

correct, the calibration curve will be a straight line (see Fig. C.l).

To determine the concentration of an unknown sample of Suntech IV
(15% active) in welght percent, dilute the unknown sample by adding a
volume of distilled water equal to three times this sample volume, then
repeat the same titration procedure mentioned in Appendix B.5 to
determine the Hyamine solution titration volume iIn cubic centimeters.
To determine the unknown concentration of Suntech IV (15% active)
solution sample in weight percent, use the calibration curve in
Fig. C.1.
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Since calibration curves for surfactant investigated in this study
were straight lines, a linear least-squares curve fit was used. The
general equation is of the following form:

C=mVH+a 92008600060 006506006066¢060008080000000000BVECQOCO0GOOMETD (C"l)

where, C is the concentration of the surfactant, welght percent, VH is
the Hyamine solution titration volume in cubic centimeters, m is the
slope of the straight 1line, and a 1is the intercept. The TI-59
programmable hand calculator was used. The program for curve fitting is
listed and the method of calculation is presented in Section C-2.

C.2 Linear Least Squares Curve Fit Method

The program computes a least squares fit to the linear equation,

Eq. (C-1). It is listed in the Table C~3. This program determines best
values for the two coefficients; the slope, m, and the intercept, a,
from two or more sets of the values of the surfactant concentration and
the Hyamine solution titration volume. After the m and a coefficients
have been determined the program will calculate the value of surfactant
concentration in weight percent for a given value of the Hyamine
solution titration volume in cubic centimeter and print this value of
concentration in weight percent.

The procedure to use the TI-59 program is listed in Table C-1. The
data used, as an example, are listed in Table C-2. From this regression
analysis calculation, the slope m was found to be equal to 0.0308 and
the intercept a, equal to 0.0119,
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Table C-1

PROCEDURE TO USE THE TI-59 PROGRAMMABLE HAND CALCULATOR PROGRAM

FOR CALCULATION OF LINEAR LEAST SQUARES CURVE FIT METHOD

STEP PROCEDURE PRESS DISPLAY
1 enter program 0 1
2 initialize 2nd A 0.
3 enter surfactant concentration A c
value, wt.’
4 enter Hyamine solution titration B Vg
volume, cm3
Program starts on pressing B, ends
with display of the number of data
pairs entered.
5 Repeat for other data pairs.
6 To obtain the slope of the straight
line, m, D m
7 To obtain the intercept of the line, a, E a
8 To obtain the surfactant solution
concentration, wt. %, enter the Hyamine
solution titration volume, cm3, C Conc.
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Table C-2
SUNTECH 1V~15% ACTIVE SURFACTANT SOLUTION CONCENTRATIONS
AND HYAMINE SOLUTION TITRATION VOLUMES

(DATA USED FOR CALIBRATION CURVE)

SURFACTANT SOLUTION HYAMINE SOLUTION TITRATION
CONCENTRATION, wt. % VOLUME, cm>

0.25 8.0

0.50 15.9

0.75 23.4

1.00 32.2

1.25 40.0

1.50 48.3

1.75 56.7

2.00 644
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Table C-3
LIST OF THE TI-59 PROGRAMMABLE HAND CALCULATOR PROGRAM TO

CALCULATE SURFACTANT SOLUTION CONCENTRATION

oo Te LBL 41 15 15 gs1 4z €70
oo 18 A naz <2 5TO gz oz0 zo
oz 2e PGM 04z 10 10 oz 22 042
ooz 01 01 044 25 CLFE Q&g &2 'TD
god4 71 SEER a5 e & ozs =1 1
oos 25 CLE Nae 04 4 Qe 22 zt
Qe 21 RS 047 o0 asy v=
aoT  TE LEL o4 QO O oz &2 ETD
aos 11 gee 01 1 Qg zz 22
o 22 L: s oS o5 az0 22 He
ci0 25 CLE %1 €9 OF 021 42 &7TD
011 91 R-S sz 04 04 gz & 23
g1z T& LEL oSz 43 RCL a2z e¢% OF
g1z 12 E 54 10 10 os4 11 11
0iq4 78 I+ =S &9 DOF 0ss &2 STO
g15 91 R-S D-, . Q& 2 24 24
Qie  F& LBL os &1 R-E 37 22 Hi
017 14 It DSS & LEL g3z €2 &TD
g1a ¢9 OF s g C¢ o9 25 2%
oig 12 12 gelr &% DOF a0 <1 RAS
D%D 22 Al gcl 14 14 101 0e &
gzi1 &2 &TD ez &2 S€TO 10z 04 4
gz 11 11 ez 09 (09 10z o0 C
023 1 R-& 4 25 CLE 104 00O ©
24 V& LEL 0SS Q& € 105 03 2
25 1% E Gceé 04 4 106 00 0O
0ze €9 OF 0E7 00 O 107 €% OF
oy 1z 12 g G0 Q 108 04 Qa4
zs 42 STO ggs Gz 2 109 &2 RCL
aze 12z 1; oro 0z o= 110 11 11
Qz0 <1 R~ 071 &% OF 111 €% OF
gzx1 Té LBL v s 04 11z 0 Qe
azz 10 E* G.g &3 ECL 112 91 RS
a3 €9 D0OF av e Q< 114 (& ¢
0z4 3 1z 0?5 ¢ OF 115 04 4
025 ég gTU 0ve C0e&  Cc 11¢ 000 O
Ous 12 = a7y %1 R-S 117 @G0 ©
a7 91 REAE 078 Té LEL i1¢ @1 1
038 Té LEL oye 17 B* 11¢ (04 4
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page €9 0OF
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Table C-3 - CONTINUED
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Cc.3 Surfactant Half-Life Calculations

In this investigation, it was found that a plot of the logarithm of
concentration of surfactant versus aging time at 400°F (205°C) shows a
linear relationship. These findings indicate that thermal decomposition
of the surfactants follows a first order kinetic reaction.

The decomposition rate of a first order kinetic reaction can be
represented as follows:

‘dc/dt = KC e 300800800 E e L PIOODOOOEEEE S OD0EODIINSOOOSES (C-Z)
where,
C = Surfactant concentration at time, t, weight percent
t = Aging time, days 1
K = Rate constant, days

The  solution of the above equation, with initial condition of
C = Ci at aging time, t = 0, is:

C=Ci e—Kt 8 0008002000000 P RO LEOENED B ECIOSOEIOESISOESES (C_3)

When the concentration of surfactant at time, t, reaches half of the
initial concentration, that time is called the half-life of the
surfactant and it is designated by t 1/2 ° The half~-1ife of surfactant
can be calculated as follows:

C/Ci = 0.5 = exp (‘Kt 1/2) L R I N N N N N I A A A I W AP A A 'Y (C‘A)
then t 1/2 = 0-693/K 9090000000 00000000 0000 eBsRROREROISREOGETSTS (C‘S)

C.4 Calculation of Amount of Adsorptiom

In the adsorption experiments, two samples of a surfactant having
the same concentration were tested at steam injection conditions. One
sample was a blan! sample to determine the thermal degradation and the
other was added to the adsorbent to determine the effect of
adsorption., After an aging time of six days, surfactant solutions in
the adsorption experiment were transferred into centrifuge tubes. In
order to separate sand and clay particles from the aqueous solutionm,
samples were centrifuged at about 3000 rpm for 10 minutes.

The concentrations of the samples were determined using the
Hyamine~dye titration method. The amount of adsorption of surfactant
onto the solid surfaces was calculated as follows:

A= (Ct - Ca) (WS XIOA)/(wa X Mw) L N Y R NN Ny (C'6)
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A = Amount of adsorption, micromole/gm

C = Final surfactant concentration obtained from thermal
experiment, weight percent

C = Final surfactant concentration obtained from the

a
adsorption experiment, weight percent
WS = Weight of adsorbent, gm
Wa = Weight of surfactant solution added, gm
Mw4 = Molecular weight of the surfactant, gm/gm-mole
107 = Conversion factor

C.5 Calculation of Phase Partitioning

In the partitioning experiment, two samples of a surfactant
solution having the same concentration were tested simultaneously at
400°F (205°C). One was a blank sample to find the effect of thermal
degradation, and the other was mixed with crude oil to determine the
amount of partitioning. In all partitioning experiments equal volumes
of surfactant solution and oil were used. Surfactant concentration in
the aqueous phase was measured by the Hyamine dye~titration method. A
material balance was used to calculate surfactant conceuntration in the
oleic phase. Since, the amount of surfactant originally in the aqueous
phase either degrades or will partition between the aqueous and the
oleic phases, the original weight of the surfactant minus the
degradation is equal to the weight of surfactant which is remaining in
the aqueous phase plus the weight of the surfactant which has
partitioned into the oleic phase. Mathematically, the material balance
can be expressed as follows:

The original weight of surfactant

—

the surfactant lost by degradation

weight of surfactant which is remaining in the aqueous phase
+

welght of surfactant which has partitioned into the oleic phase.
Ci sz pWS - Ct sz pws = Cp sz pWS + CO VOS Dws Seevesssvres (C“7)

From the thermal degradation experiment, Cg = Ci -C
then Eq. C~7 becomes,

Cf sz pws=cp sz pWS+C0 VOS pos ee P00 EOLEOIGOIINPIOEROIOEOEIBSEOELINEES (C"B)
where,
Ci = Initial surfactant concentration, percent by weight
Co = Final surfactant concentration in the oil
phase, percent by weight
Ceg = Final surfactant concentration in the aqueous phase
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obtained from the thermal degradation experiment,
percent by weight

C = Final surfactant concentration in the aqueous
phase obtained from the partitioning experiment,
percent by weight

N Surfactant concentration lost by thermal

degradation, percent by weight

Volume of surfactant solution, cm3

Volume of crude oil, cm

s Density of surfactant solut%on, gm/cm3, and

os Density of crude oil, gm/cm

(@]
]

T < <
on

]
]

Since the volume of surfactant and crude oil are equal, and the density of the
12 "API crude oil is 0.986 gm/cm3 at room temperature, which is approximately

equal to the surfactant solution density, Eq. C~9 can be reduced to the following
equation:

C.,=¢C ~2¢C

o + p 0.00'.0..‘.0..0.00.'00...000QQOUQQOQQQOOOO(C"Q)

and, surfactant concentration in o0il phase can be calculated by the
above equation.
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APPENDIX D
ADDITIONAL RESULTS

With the development of steam injectlon into deeper reservoirs it is necessary
to consider surfactant properties at higher temperatures. Several additiomal
runs were performed at 500°F in order to expand the scope of this study.

The surfactant tested were:

- Suntech IV

~ Thermofoam BWD

~ Dowfax 2A

- Shell Neodene Cl4 - Cl6 (an alpha olefin sulfonate)

- Shell Neodene Cl6 -~ Cl8 (also an alpha olefin sulfonate)

~ Stepanflo 30 (also an alpha olefin sulfonate)

These surfactants were chosen because either their performance in the
screening tests performed at Stanford showed some promise or because they have
been used in field applications.

No problems were experienced in dissolving the Suntech IV, the Thermofoam BWD
and the Dowfax 2A. Dissolution of the alpha olefin sulfonates required
heating of the solutions to about 60°C [140°F]. Stepanflo 30 presented the
same problem. Its behavior was essentially similar to the Shell Neodene Cl6 -
C18, this product will not be discussed further.

Temperature stability

One percent active surfactant solutions were placed in stainless steel
cylinders for eight days at 500°F., At the end of the curing period two phase
titration of the solutions was performed to estimate the concentration of the
products remaining. The results summarized in table Al show that all the
products considered except the Cl4 - Cl6 Neodene have good temperature
stability at 500°F. The pH data for all five products are ian the range of 6
tc 7 thus showing no particular problem wuth thermal degradatiom.

Table Al
Product: Dowfax2A Thermofoam BWD Suntech IV A0S 14-16 A0S 16~18

C/CO: 0.90 0.85 0.82 0.50 0.79
Note: C/Cn 1s the ratic of concentration remaining at the end of the
experiment to the initial concentration.

Partitioning into the oil phase

The same surfactant solutions were placed in contact with a California crude
0oil at equal volumes of the o0il phase and the surfactant solution. This
system was then placed in an air bath at 500° F for a two day period during
which it was continuocusly mixed. At the end of the curing period, the
solutions were separated and the aqueous phase analyzed. The results shown on
table A2 indicate that the partitioning into the o0il phase varies. The
partitioning problem of course 1is site specific but has to be seriously
considered before any field test.




Table A2
product: Dowfax2A ThermofoamBWD SuntechIV A0S 14~16 AOS 16-18

C/Cq: 0 .76 0.98 0.66 0.57 0.38

Adsorption

The solutions were placed in contact with crushed cores from a California
field. These cores are silica sand with about 2 7 by weight Kaolinite. The
system was cured at 500° F for a two days period and the solutions analysed.
The results presented on table A3 show that adsorption may also be a
significant problem.

Table A3

product: Dowfax2A Thermofoam BWD Suntech IV A0S 14~16 A0S16-18

C/Cy: 0.60 0.56 0.73 0.59 0.79

Conclusions

- Several products can be used effectively as additives in steam injection at
temperatures of up to 500°F.

~ Adsorpsion and partitioning into the oleic phase must be considered before
any field application of surfactants as additives to steam. Site specific

laboratory studies have to be performed in order to estimate the magnitude of
these problems.
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