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ABSTRACT

It 1is widely known that heterogeneities in oil
reservoirs occurring as a result of permeability variations
in the rock can have a detrimental effect on an 0il recovery
process; preferential diversion of injected displacement
fluid occurs through the high-permeability zones, leaving the
lower-permeability zones at a high residual oil content at a
time when it is no longer economically viable to continue the
0oil recovery process. A novel oil recovery process is
described which aims to improve the volumetric sweep
-efficiency of o0il recovery. High-permeability zones are
partially or completely plugged off by using the
chromatographic and phase behavior of surfactants and their
mixtures and the preferential invasion of high-permeability
areas by low-viscosity injected fluids. The plugging will
divert flow into regions of higher oil saturation.

One possible combination of surfactants for this
application 1is that of anionic and cationic surfactants.The
effect of important process variables on the phase boundaries
of such mixtures have been measured; such variables include
PH, temperature, strength of electrolyte and molecular
structure. Commercial surfactants occur almost always as
mixtures of the members of a homologous series; this has
important implications for the adsorptive and thus
chromatographic properties of surfactant slugs. Measurements
of the adsorption of binary mixtures of anionic surfactants
0of a homologous series have been predicted a priori wusing
only the pure component adsorption isotherms.

Important phenomena pertaining to the new process
include chromatographic transport, mixed micelle formation
and surfactant precipitation. These phenomena have been
studied experimentally while occurring simultaneously 1in a
porous medium. The results of these studies have been
successfully modeled, and this reinforces understanding of
the basic physics of the process. A critical requirement in
evaluating the technical feasibility of the process is the
development of a mathematical simulation which is presented
here. Case studies are presented which address different
types of heterogeneous reservoirs. These studies examine the



effectiveness of the plugs in enhancing the net oil recovery,
so that types of reservoirs which are potential candidates
for the process may be delineated.
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ENHANCED OIL RECOVERY
BY

SURFACTANT-ENHANCED VOLUMETRIC SWEEP EFFICIENCY

CHAPTER 1

INTRODUCTION

In spite of the current ebb in o0il prices, and as a
direct result of diminishing o0il reserves, it 1is still
estimated by the U.S. Department of Energy that oil prices
may reach forty or fifty dollars a barrel by the year 2000.
However, it is widely known that conventional waterflooding
technology leaves over two-thirds of +the original oil in
place in a reservoir unproduced at the point when it is no
longer economic to continue its operation  .This vast amount
of unrecovered petroleum is the target of enhanced oil
recovery. It 1is imperative that research into enhanced oil
recovery processes begins now and reaches completion so that

practical approaches can be formulated and implemented in
good time.

The low efficiency of the waterflooding process is
caused by both the difficulty of distributing injected
displacement fluid throughout the reservoir (volumetric sweep
efficiency) and the extent to which 0il can be displaced from
a portion of the reservoir when it is invaded by injected
displacement fluid (microscopic displacement efficiency.)
Improvements in the latter aim at overcoming capillary forces
which arise from high oil/water interfacial tension and
resist displacement of residual oil droplets from reservoir
rocks. This microscopic problem is addressed by such
techniques as surfactant floodingz.

Volumetric sweep efficiencies arisT because of - the
heterogeneous structure of real reservoirs .There are always
areas of a reservoir which are more permeable (i.e.less
resisting) to reservoir or injected fluids than the rest of



the reservoir; injected fluids tend to flow through the high-
permeability areas, with 1little flow through the low-
permeability areas. The oil is produced from the high-
permeability areas, and +the water-to-oil ratio in the
production wells increases until it is no longer economically
feasible to continue the waterflooding. At this point, there
is still a relatively high content of unrecovered residual
0il in the low permeability areas.

There are three basic ways to combat this phenomenon.
One is to reduce the viscosity of the reservoir fluids by,
for example, in-situ combustion and steam flooding. Another
is to increase the viscosity of the displacement fluids by,
for example, polymer flooding. A +third approach is to
partially or completely block off high-permeability regions.
This will force the injected displacement fluids into the low
permeability areas of high residual oil content, resulting in
an decrease in the water-to-oil ratio and final recovery of
the oil in place.

To date, no solution to the volumetric sweep problem has
been without severe limitations. In-situ combustion is
expensive and difficult to maintain. Using a high-viscosity.
drive fluid tends to reduce flow rates, and large volumes of
solution are 1lost through the high permeability zones.
Additionally,polymers degrade in reservoirs because of

thermal action3_6microbial action, and shearing of the long
polymer chains. :

Interest in selective plugging or isolation of the high
permeability egions of a reservoir has increased over the
last 40 years. "% .The older methods have met with 1little
success, but several new methods appear more promising. One
of these involves the use of foams. Foams, however, are nop-
equilibrium structures and decay too early to be of wuse’.
They are also difficult to form in-situ.Another procedure
involves in-situ gelation of polymer/crosslinking agent™ "’
However, it is difficult to control gelation time and prevent
gelation from occurring near the injection well.If the
plugging occurs only near the well bore, fluid diverted into
the low permeability zones near the well bore moves back into
the high permeability zones after bypassing t?%_lglug, Still
another method involves the use of microbes . Bacteria



are injected, and cell mass, cell debris and possibly
metabolic byproducts are the blocking agents. Unfortunately,
the majority of plugging has tended to occur at the inlet of
1aborat0f% E%res due to the strong adsorption of the injected
bacteria™ '

The objective of this research is to investigate a novel
process of enhancing volumetric sweep efficiency using
surfactants (normally associated with microscopic recovery
efficiency to plug the high permeability zones of a

reservoir. In this new process, two very dilute surfactant
slugs {(concentrations on the order of hundredths of a weight
percent) are sequentially injected into the reservoir

formation, with a brine spacer injected between them. The two
surfactant solutions have viscosities very 1little different
from brine because they are so dilute. The two surfactants
are chosen, however, so that the first surfactant has a lower
chromatographic velocity of propagation than the second and
sO that upon mixing of the two solutions inside the
reservoir, a physical or chemical interaction will occur
resulting in the formation of either a solid precipitate, or
a viscous, gel-like coacervate (known as "phase separation").

Since the viscosity of the injected fluids are
relatively 1low compared to the residual oil, the injected
fluids are preferentially diverted into the high-permeability
zones and it is here that significant interaction between the
two solutions will occur. The formation of a solid
precipitate or a gel-like coacervate which occurs on in situ
mixing can partially or completely block the high-
permeability =zones by sealing the pore throats of the

permeable medium. The volumetric sweep efficiency will
subsequently improve.

There are a number of potential advantages of this new
method over current selective permeability reduction
techniques. An important one 4is that it 1is possible to
control the distance from the well bore at which plugging
occurs; the mixing process is delayed until the surfactant
solutions are an arbitrary distance from the well bore and
deeply inside +the high permeability areas. Such control
exploits the tendency of different surfactant types to travel
at different chromatographic velocities through the



reservoir, 'becaus?7 ?g their different interactions with the

reservoir minerals .

The blocking agents are, unlike foams, equilibrium
structures. The surfactants are not sensitive to shear
degradation (because of low molecular weight). Many
commercially available surfactants are also thermally stable.
Viscosity of injected fluids are 1little changed and
injectivities may remain high relative to those of polymer
solutions. Microbial degradation is less deleterious to the
surfactant, and can be completely eliminated by adding side

chains to the hydrophobic moeities™ '~ 7.

Finally, it is important to distinguish between this

process and classical surfactant flooding technology.
Moreover, " the new process should be much less sensitive to
composition changes within - the reservoir, and requires

surfactant concentrations two or three orders of magnitude
lower.
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EFFECT OF EXPERIMENTAL VARIABLES ON THE
PRECIPITATION PHASE BOUNDARIES OF ANIONIC/CATIONIC

SURFACTANT MIXTURES

INTRODUCTION

The phase behavior of anionic/cationic surfactant
mixtures was investigated by measuring the precipitation
boundaries of the sodium dodecyl sulfate/dodecylpyridinium
chloride  (SDS/DPC)  system over a wide range of
concentrations. The effects of solution parameters on this
system were studied by measuring the phase boundaries at two
pH levels, two temperatures, and two salinities. Results
showed that the precipitation boundaries were unaffected by
pH changes. An increase in temperature reduced the
precipitation region and a decrease in ionic strength
increased it. The effect of anionic surfactant chain length
was also studied and results showed that the precipitation
boundaries shifted to higher anionic surfactant
concentrations at decreasing chain length. A previously
developed model for predicting the precipitation boundaries
in anionic/cationic surfactant systems was tested using
experimental data obtained in this study. The model
described the precipitation phase boundaries well except in
regions where coacervate and gels formed.

EXPERIMENTAL

Materials The anionic surfactants used were sodium dodecyl
sulfate (SDS}, sodium decyl sulfate (SDeS), and sodium octyl
sulfate (S0S). SDS was obtained from Fisher Scientific and
sDeS and S0OS were obtained from Kodak Chemicals, 1Inc. The
cationic surfactant used was dodecyl pyridinium chloride
(DPC) obtained from Pfaltz and Bayer (technical grade).

All surfactants wused in the experiments were purified
by recrystallization. SDS and SDeS were recrystallized
twice from ethanol and dried under vacuum for 72 hours. SOS
was recrystallized twice in 2-propanol, washed with diethyl
ether, and then dried under vacuum for 72 hours. DPC was
recrystallized from a mixture of petroleum ether and ethanol

—.8—



and then dried under vacuum for 72 hours.

Two brine solutions were used: a 0.15M sodium chloride
(NaCl) solution and a 10% synthetic field brine (SFB)
solution. Ten percent SFB is a dilution of full strength
SFB whose composition is shown in Table 1. NaCl and other
inorganic salts used for 100% SFB were obtained from Fisher
Scientific, Inc. and were used as received. Deionized,
distilled water was used in preparing all solutions and pH
was adjusted with 0.1M NaOH and 0.1M HC1.

Methods

The experimental measurements has been described in an
earlier paper (2). The SDS/DPC precipitation phase
boundaries was initially measured at a pH of 8.4, 30O C, and
0.15M NaCl. Precipitation phase boundaries were then
measured by varyihg one parameter at a time. The pH was

changed to 6.9, temperature to 40 C, and the brine salinity
to 10% SFB.

THEORY

Effect of pH

Two important parameters that affect the precipitation
phase boundaries are the solubility product constant, K ,
and the critical micelle concentration, CMC. If thgge
parameters are affected by pH, a change in the precipitation
phase boundaries will occur. If the charge of the
surfactants are also affected by PH, the reaction

stoichiometry between the two interacting surfactants will
change.

Effect of Temperature

The two basic equilibria involved in anionic-cationic
surfactant precipitation, monomer-precipitate and monomer-
micelle equilibrium, are affected by changes in temperature.
The effect of temperature on the monomer-~precipitate
equilibrium is reflected in the K o value which determines
the location of the monomer-precip%gate line shown in Figure
5 of ref. 2. In monomer-micelle equilibrium, temperature

can affect the CMC of each surfactant which can displace the
micelle boundary.

, as defined in eq. [1] of ref. 2, is the
thermo§§namic solubility product constant. K © can also be.
S
expressed as follows: P
-9



k_°=x_re’ [1]
where K ' is thep stoighibmetric solubility product

S
constant.

An increase in temperature generally favors the
dissociation of precipitates into ions which consequently
increases the solubility product, K __'. On the other hand,
mean activity coefficients obtalneg using the extended
Debye-Huckel egquation (egn. [2] of ref.2) decrease with
increasing temperature which can offset the increase in
KSp . For small temperaturg changes, however, this effect
is" negligible. Hence, K will increase with increasing
temperature in general. SP

In anionic-cationic surfactant (3,4) and surfactant-
salt (5,6) systems, this trend is observed with the
solubility product constants increasing with increasing
temperature. The logarithm of the solubility product, when
plotted against reciprocal temperature in these systems,
yields a straight line.

For surfactant-dye systems, Tomlinson et. al. (7)
observed a minimum in the change of solubility product with
temperature. A polynomial expression based on interaction
data between sodium cromoglycate and a homologous series of
alkylbenzenedimethylammonium chlorides was obtained which
relates the solublllgy product and Eempergture as follows:

: log Ks = A - BT + CT - DT 2]
where A, B, 8, and D are constants.

With expressions relating temperature and the
solubility product constant such as equation [2],
thermodynamic variables of the dissolution reaction can be
calculated. The standard enthalpy of precipitation, AHO,
can be obtained fgom expressions such as equation [2] or
data relating K and temperature either by differentiation
of the equatiogpor by getting the slope of the log K ° VS.
1/T plot. The standard free energy of prec1p1tat10n, Ap
can be calculated u51ng the expression,

AcC = ~RTInK_
from which the standard entropy, AS is calculated through

the following relation:
o

AGC = AE® - TAs®
Calculation of these thermodynamic variables can help in
understanding the dissolution or precipitation mechanism.

-10-~



The ‘effect of temperature on monomer-micelle
equilibrium is evaluated by considering the CMC of the
surfactants.  For ionic surfactants, the effect of
temperature is small (energies involved in micelle formation
are small) but nevertheless complex in that CMC goes through
a minimum with increasing temperature and then rises with
further increases in temperature (8). Flockhart (9)
measured the effect of temperature on the CMC of several

alkyl sulfates and found that for SDS with no added salt,
o
the minimum occurred at 25 C.

Effect of Ionic Strength

K U, the thermodynamic solubility product constant, is
dependggt only on temperature. Changes in ionic strength
and consequently activity coefficient would therefore have
to be compensated by adjustments in the solubility product
constant, K '. For a uni-univalent electrolyte, K '
values at df?ferent ionic strengths can be related Sgs
follows:

K = K '"(fF )T =K Y(f ) [3]

where the K ' wvalue is obtained from the monomer-
precipitate 1line and the activity coefficient is evaluated
in the usual manner using equation [2] of ref. 2.

At decreasing ionic strength, the activity coefficient,
f+, will increase until a limiting value of unity is reached

at zero ionic strength. From equation [3], K, has to
decrease with increasing f+ to maintain a consgant KS .
The result of a reduced K ' ts a lowering of solubility por

a downward shift of the mggomer—precipitate line.

In mixed electrolyte systems 1like SFB, competing
precipitation equilibria involving one or more ions reacting
with only one oppositely charged ion can occur. For

example, in the SDS/DPC system in synthetic field brine, DS
moggmers can precipitate not only with DP monomers but with
Ca ions as well. 1In this case, the precipitation reaction
with a higher equilibrium constant (lower solubility product
constant) will preferentially occur.

The effect of electrolytes on the CMC of surfactants
has been well studied. In the presence of additional
electrolytes, the thickness of the electrical double layer
surrounding the ionic headgroups decreases. A quenching of

=11~



the electrostatic repulsion between the headgroups will
occur which favors micellization. Hence, an increase in
electrolyte concentration decreases the CMC of pure ionic
surfactants. The CMC of pure ionic surfactants is related
to the unbound counterion concentration as follows (10):

In CMC = K. - K [In C ] [4]
2 g u

where Cu is the concentration of unbound counterions and K2
and Kg are constants.

In previous model calculations of the precipitation
phase boundaries, C was constant because of the swamping
electrolyte assumption. When the counterion concentration
contributed by the surfactants becomes significant, however,
equation [4] should be included in model calculations.

The use of equation [4] requires a knowledge of
counterion binding. A material balance on the precipitation
phase boundary for the Na counterion can be written as:

+ + +
[Na ]tot = [NaCl] + CSDS = [Na ]u + [Na ]b [51]
+ o
where [Na ] is the +total concentration of Na ions,
[NaCl] is tﬁgtconcentration of added electrolyte, [Na+] is
the unbound Na concentration, and [Na ] is the bgund
counterion concentration. This equation can also be written
as:

+ - +
[NaC1l] + cSDS = [Naf]u + BNa{[DS ]mic - [DP ]mic} [6]
where BNa is the fractional sodium ion  binding on the
micelles. B a is defined as the ratio of Na ions bound on
the mixed anionic-cationic micelle to the number of excess
DS monomers in that mixed micelle, assuming a 1:1 charge
neutralization of the DS and DP monomers.

Equation [6] applies for the 1lower branch of the
precipitation phase boundaries where previous calculations
using regular solution theory have shown micelles in this
branch to be 8DS-rich. A similar equation for the c1

counterion can be written on the DPC-rich branch of the
precipitation boundary:

- + -
[NaCl1l] + cDPC = [C1 ]u + Bcli[DP ]mic - [Ds ]mic} [71

where [Cl-]u is the concentration of unbound cl1 ions and
-12-



BCl is the chloride ion fractional binding.

' For model calculations, CMC and CMC can be expressed
in the form of equation [4?S where Ege constants are
evaluated from independent CMC measurements. Equations [6]
and [7] present some problems in that no counterion
fractional binding for Na and Cl™ have been found in the
literature for mixed anionic-cationic micelles of SDS and
DPC. It 1is even doubtful if binding has ever been measured
for any anionic/cationic system since the possibility of
counterion binding has not been generally considered in
these systems. '

Although a few studies (11,12) have shown through
electrophoretic mobility and conductance measurements that
anionic/cationic mixed micelles are charged, it has also
been suggested that these mixed micelles consist of "nearly
equal numbers of anions and cations so that no counterions
are present which could form a diffuse layer" (13). No
experimental data was measured in this study to support
either contention; it may be ©possible though to study
binding effects from emf data following experimental
procedures (14) used for surfactant mixtures other than
anionic/cationic systems.

Some models (14,15,16) have been proposed - for
calculating counterion binding. Models used for
ionic/nonionic surfactant micelles can probably be extended
+to anionic/cationic surfactant micelles by assuming that
neutralized anionic/cationic surfactant pairs in the mixed
micelle behave as nonionic surfactants. For the purposes of
this study, however, only a simplified model will be
considered and counterion binding, although important for
proper modeling of the precipitation phenomena, will be
neglected. As such, equations [6] and [7] will not be
incorporated into the model and only a modified form of
equation [4] which follows will be included:

In CMC = K2 - Kgln[CtOt]

where Ctot is the +total counterion concentration. This
equation can be written for SDS and DPC as follows:

+
1n CMCDS K. - Kgln{[Na ]to [8]

2 t}

N

| ' -
1n CMCD K K 'In{[Cl ]to [9]

2 t
i -13-9



R + - .
where [Na ]to and [C1 ]to are calculated using the

t t

following equations:

[Na+]to = [NaCl] + C

£ [10]

SDS

[c1 ]tot [NaCl1l] + cDP [11]

Cc

Equations [10] and [11] come from equations [6] and [7]
where the bound counterions are neglected. 1Ionic strength
is calculated from the following equation:

I= +

[NaCl] Csps * Cpre | [12]
Using equations [8-12] and equations [1-7] of ref. 2 CDPC
can be calculated for a given C to obtain the

SDS
precipitation phase boundaries.

‘Aside from neglecting bound counterions in equations
[8] and [9], it has also been assumed in these two
expressions that the concentration of other inorganic ions

present in 10% SFB are small enough to have a negligible
effect on the CMC.

Effect of Surfactant Chain Length

One of the effects of surfactant chain 1length on
precipitation phase behavior is an increase in the
solubility of the precipitate with decreasing chain 1length.
Stated differently, the tendency to precipitate increases as
the chain 1length increases. This relationship is shown in
an empirical equation obtained by Nakamura and Muramatsu

(17) for the N-dodecyl-alanine/sodium alkyl sulfate
complex:

In K = 0.79N + 1.65 [13]
where K is the association constant for the complex and N is
the number of carbon atoms in the hydrocarbon chain of the
SAS molecule. The increased association can be viewed as an
enhancement of the electrostatic attraction between the two

oppositely charged ions due to the increased hydrophobic
character of the anionic surfactant chain.

A similar effect is observed in micelle formation. As
the chain 1length of the surfactant increases, the CMC in
aqueous solution decreases. This relationship has been
expressed as follows (18):

log CMC = C - DN ' [14]



where C and D are constants. The increasing hydrophobic
character of the surfactant with increasing chain length

favors micelle formation, thus lowering the CMC of the
surfactant.

In surfactant-dye systems, correlations between the
solubility product and the CMC of the surfactant have been
obtained in the following form: ' -

B log X ° = AlogCMC - B [15]
where A and B aresgonstants. Although this relationship has
been obtained in systems where one of the interacting ions
is surface inactive, it can also be applied to
anionic/cationic systems. For instance, if the
precipitation phase boundaries of each mixture of a cationic
surfactant and a homolog of a certain type of anionic
surfactant were to be measured, then the gMC of the anionic
surfactants can be correlated with the K of the mixture
since the same the cationic surfactantsgs;used and its CMC
will remain constant if solution parameters remain constant.

RESULTS AND DISCUSSION

Effect of pH

The phase diagram measured at pH 6.9 (BOOC and 0.15M
NaCl) is shown in Figure 1 superimposed on the phase diagram
measured at pPH 8.4. The precipitation phase boundaries, as
shown in Figure 1, are not affected by a change of pH from
8.4 to 6.9. Similar results by Peacock and Matijevic (5),
who worked on the precipitation of alkylbenzene sulfonates
with different metal ions ,' showed that the precipitation
phase boundary is unaffected by pH over the range 3-11.

These results can be explained by considering the
‘behavior of the +two surfactants with changing pH. The
primary alkyl sulfates are stable in neutral or alkaline
solution but are readily hydrolyzed in the presence of acids
(19) . For the pH values considered here, " no hydrolysis of
SDS, which can reduce the amount of monomers available and
hence alter the precipitation boundaries, is expected to
occur. Similarly, quaternary ammonium salts are unaffected
by pH changes with the positive charge remaining in acidic,
neutral, and alkaline media (8). With SDS and DPC
unaffected by pH changes, interaction between the two
surfactant should remain the same despite changes in pH.

For other systems in which pH changes can alter the
-15~



charge of the surfactant head group or render an interacting
molecule charged, a change in the precipitation phase
boundary can be expected. For instance, Barry and Russell
(20) ‘found that the stoichiometry of the
alkyltrimethylammonium:amaranth complex varied from 1:3,
when the pH was less than 11, to 1:4 when the pH was greater
than 11. In the former case, amaranth had three negatively
charged sulfonate groups which interacted with three
alkyltrimethylammonium groups;in the latter case, the
phenolic OH of amaranth was completely dissociated
increasing the negative charges of amaranth to four.

The effect of pH on the precipitation phase boundary
. can also be analyzed by considering the model in ref. 2.
The parameters which can alter the precipitation phase
boundaries are K ', CMC_, and CMC__. K , the true or
thermodynamic sggubility product constant,SPis not affected
by pH changes since it is only a function of temperature.
The solution pH was adjusted with either HC1l or NaCl aqueous
solutions. Since activity coefficients are not affected by
negligible amounts of electrolyte added for pH adjustments,
the stoichiometric solubil%ty product should remain constant
to maintain a constant Ksp . Hence, the monomer-precipitate
line which determines the stoichiometric solubility product
constant should not shift with a change in pH. Results
shown in Fiqure 1 prove that this is the case.

If +there were a side reaction occurring , such as the
hydrolysis of the dodecyl sulfate, a reduction’in [DS—]mon
would occur due to the competing equilibria. The hydrolysis
constant should obe known in this case which can then be
combined with K to give a new solubility product constant
that 1is a funBtion of pH. The material balance for SDS
would also have to be changed in this case to include the
hydrolyzed monomers. '

The other parameters that need to be considered are the
CMC's of the pure surfactants. It can be seen from Figure 5
of ref. 2 that given a fixed monomer-precipitate line, a
change in the monomer-micelle equilibrium can shift the
micelle boundary and hence alter the position of the two
branches of the precipitation boundary. If the CMC's of the
two surfactants were to change with pH, regular solution
theory would dictate a change in the monomer-micelle
distribution of the surfactants.

-16-



To see if the CMC's of SDS and DPC changed with pH,
surface tension measurements were made at pH 8.4 and 6.9 at
the same temperature and salinity. The CMC of SDS mea§3red
at pH 8.4 and pH 6.9 are 7.7x10 M and 7.9x10 M,
respectively. For DPC, the measured CMC _at PpH 8.4 was
4.0x10° M and that at pH 6.9 was 3.8x10 - M. The changes
are negligible and as shown in Figure 1, no change was
observed experimentally in the precipitation phase
boundaries.

Novich and Ring (21) investigated the effect of pH on
the CMC of alkylamines and showed that the CMC decreases
with increasing pH. This effect was attributed to neutral
molecules formed by hydrolysis which reduces the repulsion
between charged heads, enhancing micelle formation and
lowering the CMC. Scamehorn (22) observed no detectable
change in CMC values of alkylbenzene sulfonates with pH
between a pH of 1 and 10. No data on the effect of pH on
the CMC of other types of surfactants have been found in the
literature. CMC 1lowering with increasing pH is probably
limited to hydrolyzing surfactants.

Effect of Temperature

The measured phase boundaries at 4OOC are shown in
Figure 2 together with the modeled phase boundaries measured
at 3OOC. Both phase diagrams were measured at 0.15M NaCl
and pH 8.4. For clarity, the data points at 40°c are
connected with a dashed line and the coacervate region of
the 30 C phase diagram was excluded.

At very low concentrations of SDS and DPC, the accuracy
of data obtained through visual observations alone 1is
limited and so laser measurements wege used to obtain more
accurate phase boundaries. For the 30 C phase diagram, only
the data points obtained through surface tension

measurements are shown other than those obtained through
visual observation.

As shown in Figure 2, the 1lower branch of the
precipitation boundaries moved to higher SDS concentrations
and the upper branch shifted to lowe DPC cgncentration§
The CMC of SDS increased from 7.7x10 M at 30 C to 8.9x10
M at 40°C. The CMC of DPC was little affected by
temperature showing a very slight decrease from LI.OxlO_3 M
at 30°C to 3.9x107° M at 40°C.
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In samples very near the upper branch of the
precipitation boundaries, small balls of gel were seen
floating either halfway up or near the surface of the
solution. Going down from the upper branch at decreasing
DPC concentration and constant SDS concentration, these
balls turned into crystalline precipitates. These balls
reappeared again in- the transition region between the
precipitate -and coacervate regions in varying sizes starting
with a huge ball mixed with precipitate at the bottom of the
solution which then gradually became smaller as the
precipitate dissolved and finally disappeared as two liguid
phases or a coacervate was formed.

Hoyer et al (23) reported a similar observation in
mixtures of sodium - dodecyl sulfate and
‘dodecyltrimethylammonium chloride. 1In their case, however,
rings of coacervate halfway up in the solution were seen
instead of balls. These rings appeared as the solutions
were cooled down to 7room temperature in contrast to gel

ballsowhich appeared upon heating of the solution from 30O
to 40 C.

The monomer-precipitate line shifted to higher
concentrations of both SDS and DPC giving a higher K
‘value as shown in Figure 3, a plot of the monomgg—
precipitate 1lines at 30o and 4OOC. The effect on the
activity coefficient with such a change in temperature 1is
negligible.

o o

From these two KS values, the sgandard enthalpy, H ,
can be calculated by gssum%ng that H 1is constant over the
temperature range of 30 -40 C. Using the following equation
(45),

(¢}
1n (Kspl/Kspz) = - H (1/T1—1/T2)/R

o} . .
H was calculated which, together with the other

thermodynamic variables, are shown in Table 2.

The positive value of _HO indicates that the energy of

hydration is 1less than the energy required to overcome the
attractive forces between the SDS and DPC monomers. This

value of _HO is much larger than the entropy term.

In Figure 4, the precipitation phase boundary points at
0 \ . .
40 ¢ are shown with +the model which was calculated using
-18-



equations [1-8] of ref. 2. The same procedure used in
calculating the phase boundaries at 40 C. An average W/RT
of =-7.92 was obtained using the monomer concentrations at
the intersection of each branch with the monomer-precipitate
line.

For the SDS~-rich branch, the calculated precipitation
boundaries deviate from +the experimental points which was
also the case for the precipitation phase boundaries
measured at 30°C. This deviation has been attributed to
coacervation which was neglected in the development of the
model,

For the DPC-rich branch, the calculated precipitation
boundary describes well the experimental measurements at low
concentrations but shows a substantial d2v1at10n at higher
SDS concentrations starting at about 3x10 M. For example,
at a SDS concentration of 1x10 M, the percentage error of
the calculated DPC concentration is 100%. This result is in
contrast with the calculated phase boundaries at 30 C which
described well the experimental measurements along the DPC-
rich branch throughout the concentration range studied.

' This deviation could be the result of the appearance of
balls of gel near the upper branch of the precipitation
boundaries. It is possible that for the upper branch of the
precipitation boundaries, colloidal precipitates not visible
to the eye may exist as a result of the "balling" phenomena.
If such precipitates exist, then the +true precipitation
boundary may actually be higher than is visually observed

and could be that predicted by the model wusing regular
solution theory.

However, results also indicate that regular solution
theory may not be valid for this system. W, the interaction
parameter which should be independent of temperature,
ingreased from -21.7 KJmol © at 30°C to -20.6KJmol”l at
40 C. Substantial evidence has been shown that regular
solution theory is not thermodynamically valid in describing
nonideal mixed micelles (24) but that it is a wuseful
empirical model. In this study, the model provides a
reasonable estimate of the precipitation boundaries
considering the absence of experimental data on the
distribution of surfactants between the micelle and monomer.
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The empirical model previously used to account for
coacervate can be used to obtain a better fit of the SDS-
rich branch of the precipitation boundaries.* Using equation
[2] of ref. 2 and data in Figure 4, ag XDS value of 0.689
was obtained. Using this value of X , the precipitation
boundaries can be calculated using equation [15] of ref. 2.
Similarly, the experimental points on the DPC-rich branch
can be modelled by calculating the correct X value which
will fit the experimental measurements. Using equation [7]
of ref. 2 and data in Figure 4, this X value was
calculated to be 0.240 which can then be used in equations
[31, [4]1, and [7] of ref. 2 to calculate the DPC-rich
precipitation phase boundary. Results are shown in Figure 5
where the calculated precipitation phase boundaries describe
the experimental measurements on both the SDS-rich and DPC-
rich branches well.

Effect of Ionic Strength

The precipitation phase boundaries measured at 10% SFB
is shown in Figure 6 together with the precipitation
boundaries measured at 0.15M NaCl. In addition to visual
observation of the samples, laser and UV spectrophotometer
were used at very low concentrations where difficulty in
detecting precipitates was again encountered. As shown in
Figure 6, the precipitation region increased with the wupper
and lower branches shifting to higher concentrations and the
monomer-precipitate line moving down to lower concentrations.

In Figure 7, ~the monomer-precipitate line is shown with
the calculated KSO' value. To ‘determine the activity
coefficients for K calculations, the ionic strength of 10%
SFB needs to be cafgulated.

Table 3 shows the concentration of each component in
10% SFB. It can be seen that NaCl is present in a large
excess over the other electrolytes and hence could be termed
an "indifferent electrolyte"”. 1In cases like this, "the
ionic atmospheres of all the ions are formed almost
exclusively from ions of this excess" electrolyte which thus
determines the ionic strength of the solution (25). A
consequence is that the activity coefficient becomes a
function of the concentration of the excess electrolyte
alone.

With NaCl considered as an indifferent electrolyte, the
ionic strength of 10% SFB becomes equal to the concentration
-20-



of NaCl which from Table 3 is 2.11x10 2 M. This value will

be wused in the extended Debye-Huckel equation to calculate
the activity coefficient since the surfactant concentrations
on the monomer-precipitate line are still negligible
compared to the added salt concentration.

The act%vity coefficient YTS c%lculated to be 0.867 from
which a X value of 2.07x10 M” was obtained. Since the
temperagurgpwas constant and only ionic strength was changed,
the K values at 10% SFB and 0.15M NaCl should be equal
folloagng equation [3]. At 0.15M NaCl, K © was previously
calculated to be 2.24x10 which is greate:s:p that the K
value at 10% SFB. This difference may be attributedsgo
activity coefficient calculations using the extended  Debye-
Huckel equation which becomes less accurate at higher ionic
strengths. Since this Orelationship is wvalid at dilute
concentrations, the K -value at 10% SFB is probably more
accurate than that at O?ESM NacCl. '

At this point, it 'g possible to infer from the
calculated X valge if Ca ions were precipitated out from
solution. 5 ﬁg Ks value of the precipitation regction
between Ca ions®End Ds” monomers in 0.02M NaCl and 30°C has
beep  calculated to be05.02x10- 0 M3 (26). _§6nce2this value
is lower than the KS value of +2.07x10‘_ M for thg
precipitation. reactiog between DP and DS monomers, . DS
monomSE precipitates preferentially to DP monomers and  not
to Ca ions.

From Figure 8, a CMC of 7.5x10_3 M was obtained for DPC
and 1'.6x10_3 M for SDS. The CMC of SDS is suspect as can be
seen from the plot where a large minimum occurs. -Since the
necessary precautions were taken to maximize accuracy (27)
and duplicate measurements showed the same minimum,. the
occurrence of the minimum may be attributed to  highly
surface active impurities or probably to the formation of
precipitates of DS monomers and polyvalent ions in 10% SFB.
SDS was obtained from a purified sample stock which did not

show any minimum in surface tension measurements in 0.15M
NaCl. ‘

A more accurate value can probably be obtained by
measuring surface tensions at shorter time intervals as has

been suggested (28). Nevertheless, this value at 10% SFB
will be used in model calculations.
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To calculate the precipitation phase boundaries at 10%
SFB, the constants in equations [8] and [9] which relates
the CMC and the concentration of total counterion need to be
evaluated. For SDS at 30°cC, K, and Ky has been
experimentally obtained (29) to give:

1n CMCDS = -8.52 - 0. 6961n[[Na ]t t [13]
For DPC at 3OOC a rough approximation may be obtained for
and X from the CMC values at 0.15M NaCl and 10% SFB
8 0211M NgCl) using equation [9]. The following equation
is obtained for DPC:

ln CMC__ = -6.11 - 0.3121n{[cl 1 _ 3} [14]
DP tot

The K value of 0.696 for SDS in equation [13] is
reasonable gut K for DPC which is equal to 0.312 seems low.
K , a constant gelating actual to hypothetical electrical
work of introducing a molecule into the micelle, is found to
be in the range of 0.5 to 0.65, independent of the nature of
the polar groups (30). ‘ o

The calculated precipitation phase boundaries are shown
in Figure 9. The DPC-rich branch of the precipitation phase
boundaries, despite neglecting counterion binding, is
described well. If counterion binding were considered, a
decrease in the concentration of unbound counterions will
occur and CMC will correspondingly increase as dictated by
equations [4].

The effect of a higher CMC on the two branches of the
precipitation boundaries is to shift them to higher
concentrations. By neglecting counterion binding, the CMC
decreases shifting the precipitation boundaries to lower
concentration which results to a smaller region of
precipitation. Since precipitation is desired, it is safe
to neglect counterion binding for process design purposes as
doing so can only underestimate the concentration ranges
where precipitate forms.

The calculated precipitation boundary for the SDS-rich
branch deviates substantially from the experimental points.

As has been discussed, neglecting counterion binding shifts

the phase boundaries to lower concentrations because of a
lower CMC.
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This deviation, however, is more than the effect of
neglecting counterion binding. As shegn in Figure 8, the
measured CMC of pure 8SDS (1.6x10 M) is probably low
because of the minimum in the surface tension-vs. -
concentration plot. The position of the CMC of the pure SDS
relative to the SDS-rich precipitation boundary also
indicates that this value is lower than the true CMC.

Previous results and discussions have shown that mixed
micelle formation results in a reversal in slope of the
precipitation boundaries. This reversal occurs at the
mixture CMC of SDS and DPC. Since mixed surfactant CMC's
show negative deviations from ideality, which is predicted
by regular solution theory, the pure SDS CMC should be
greater than the mixture CMC of SDS and DPC. Hence, the
pure SDS CMC should lie on or immediately to the right of
the ©SDS-rich precipitation boundary. Because of a low pure
SDS CMC, however, the opposite result is obtained as shown
in Figure 6. : '

The pure SDS CMC obtained from Figure 6 was initially
used to calculate the interaction parameter W/RT. If the
measured SDS CMC is indeed lower than the true value, W/RT
will also be 1low. A 1low value for W/RT will result to a
shifting of the precipitation boundaries to lower
concentrations because mixture CMC's predicted by regular
solution theory will decrease.

By using a pure SDS CMC obtained from equation [9],
W/RT increased from -10.19 to ~9.23 which was then used to
model the SDS-rich precipitation boundary. New results show
a better fit of the SDS-rich branch as shown in Figure 10.

Effect of Surfactant Chain Length

The measured precipitation phase boundaries of the
SDeS/DPC and SOS/DPC system are shown with the SDS/DPC phase
boundaries in Figure 11. The precipitation phase boundaries
have clearly shifted to higher anionic surfactant
concentrations with a decrease in the chain 1length of the
anionic surfactant. A coacervate and a transition region of
mixed precipitate and coacervate were also observed in the
SDeS/DPC system similar to that in the SDS/DPC system.

In the SOS/DPC system, however, balls of gel similar to
that observed in the SDS/DPC system at 40°C were present in
solution. It was difficult to distinguish ' between
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crystalline and oily or viscous precipitate because of the
turbidity of the solutions. Hence, the boundaries of the
transition region between coacervate and crystalline
precipitate regions could not be determined. The boundaries
of the coacervate region where two liquid phases exist was
distinct enough to be determined. Near the monomer-
precipitate 1line, precipitates were crystalline which
allowed an accurate determination of the precipitation
boundary.

| In Figure 12, the calculated Kspo values for each system
are shown. The change in ionic strength due to the ions
contributed by the surfactants have a negligible effect on
the K © values. The K © values were correlated with N, the
numbe%pof carbon atoms fg the hydrocarbon chain, and the
following empirical equation was obtained:

log K = -0.715N - 1.12 o [16]
sp

The CMC's of SDeS and SOS were obtained through gurface
tension_measurements and was determined to be 1.1x10 M and
8.7x10 M, respectively. These CMC's and SDS CMC were also

correlated with N and the following empirical relationship
was obtained:

log CMC = 3.08 - 0.513N [17]

o
Plots of K and CMC versus the number of carbon atoms 1in
the SAS cﬁgln are shown in Figure 13. A plot of K © versus

CMC is shown in Figure 14 which is described by the %ollow1ng
correlation:

o
log KSp = =-5.45 + 1.38logCMC [18]

Equation [18] can also be obtained by combining equations
[16] and [17].

Using the CMC of SDeS and the Kspo of the SDeS/DPC
system, the precipitation phase boundaries” for the SDeS/DPC
system were calculated using equations [1-8] of ref. 2. The
calculated phase boundaries are shown in Figure 15. The

activity coefficients for the SDeS/DPC system were assumed
constant as in the SDS/DPC because of swamping electrolyte.

The wupper branch is fairly well-described but the
calculated phase boundaries for the 1lower branch deviates

again from experimental measurements where coacervation
24~



occurred.

For the SOS/DPC system, data points of the lower branch
were of relatively high concentrations compared to those of
the SDS/DPC and SDeS/DPC systems. Swamping electrolyte
cannot be assumed with an added salt concentration of 0.15M
NaCl and so equation [9] was used to account for the change
in the CMC of DPC with increasing electrolyte concentration.
In this equation, counterion binding is neglected.

Only one CMC measurement was made for S0OS and so an
approximate expression to relate CMC and the counterion
concentration was obtained from published SOS CMC data at
21o (31). Since cMC is not a strong function of

temperature, the following empirical correlation will be
used at 30°C

+
1n CMC ., = -2.89 - 0.1921n{ [Na ]tot} [19]
where CMC is the SOS CMC. Again, counterion binding will
be:neglected and [Na ]tot will be <calculated from the
following expression:

+
= 0.15 + 20
[Na ]tot 0 CSOS [20]
Equations [1-8] of ref. 2, [9], [11], [19], and [20] were
used to calculate the precipitation boundaries and the
results are shown in Figure 16.

The calculated precipitation boundaries for the SO0S-
rich branch deviates substantially from the experimental
measurements. This deviation could not be the result of
neglecting counterion binding because if it were considered
the calculated precipitation boundaries will shift to even
higher concentrations. Since the "baliing" phenomena
occurred in solutions near this precipitation boundary,
possible explanations are that colloidal precipitate which
cannot be seen exists or that regular solution theory fails
to account for the monomer-micelle equilibrium because of
the gel-ball formation. Another possible explanation 1is
that the S0S micelles are inadequately described by the
pseudo-phase separation model. This model works well with
long-chain surfactants having low CMC's.

Deviations were also observed between the calculated
phase boundaries and the experimental measurements where
-25-



coacervation occurred as in all the other phase diagrams.
CONCLUSIONS

Precipitation phase boundaries of aqueous mixtures of
SDS and DPC were measured to study the effects of pH,
temperature, ionic strength, and anionic surfactant chain
length on phase behavior. Results showed that a change from
an alkaline pH to a neutral pH does not affect the
precipitation phase boundaries of ghe SDS/gPC system. An
increase in temperature from 30 to 40 C results in a
smaller region of precipitation. At decreasing ionic
strengths, the 7precipitation region increases. The
precipitation boundaries shifts to higher anionic surfactant
concentrations with a decrease in the chain 1length of the
anionic surfactant. From this result, an empirical equation
was also obtained correlating the solubility product
constant and CMC of anionic surfactant. The model developed
in ref. 2 for predicting phase boundaries describes the
precipitation phase boundaries well except in regions where
coacervate and gels form in solution. / ‘ ‘
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Table 1

Synthetic Field Brine (SFB) Composition

Component kg/m3
NaCl 12.31
CaCl .32

5 0.3
MgCl_. 0 0.44
gC 5 6H2
NH4C1 0.07
»Na2B4O7.10H20 0.34

~30-



Table 2
Solubility Products and Standard Thermodynamic Functions
for the Dissolution of the SDS/DPC Precipitate

Temperature K © HO Go So
(K) sP 1o (K3/mol)  (KI/mol)  (KI/mol)
303 2.24x10 95.0 56.0 0.129
313 7.47x10 95.0 54.7 0.129
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Table 3
Composition of 10% SFB

Component Concentration_émol/L) mole%
NaCl 2.11x10_4 96.99
CaC12.2H 0 2.18x10_ 1.01
MgCl .6H20 2.16x10_ 0.99
NH4C 1.31x10 _ 0.60
Na2B4O7.10H20 8.92x10 0.41
100.00%
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CHAPTER 3
ADSORPTION OF BINARY ANIONIC SURFACTANT MIXTURES

ON ALPHA ALUMINA

ABSTRACT

The adsorption of - binary mixtures of anionic
surfactants of a homologous series (sodium octyl sulfate and
sodium dodecyl sulfate) on alpha aluminum oxide was measured.
A thermodynamic model was developed to describe ideal mixed
admicelle (adsorbed surfactant bilayer) formation, for
concentrations between the critical admicelle concentration
and the critical micelle concentration. Specific homogeneous
surface patches were examined by considering constant levels
of adsorption. This model was shown to accurately describe
the experimental results obtained, as well as previously
reported results of another binary anionic/anionic surfactant
system. Theoretical predictions of ideal mixture adsorption

can be made on an a priori basis if the pure component
adsorption isotherms are known.

The adsorption of mixtures of surfactants on mineral
oxide surfaces is important in detergency, flotation, and
enhanced oil recovery (EOR), among other wtechnologies. If
the thermodynamics of mixed surfactant adsorption on mineral
surfaces were known, it might be possible to formulate
mixtures to either enhance or reduce the total surfactant

adsorption, thereby saving reagent costs in flotation (1-3)
and enhanced oil recovery (4). Technical problems, such as
the selectivity of mineral separation (3,5) and  the
chromatographic separation of surfactant slugs (6,7), could
also be systematically addressed. Surfactants are almost
always wused as mixtures in practical applications, since
surfactants are usually manufactured as mixtures. These

mixtures are often comprised of homologs of a surfactant
series that differ only by‘the alkyl chain length, and they
are usually treated theoretically as a single component
surfactant, with the mean properties of the mixture. A
thermodynamic knowledge of the adsorption of homologous
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mixtures of surfactants would allow better predictions to be
made of the surfactant's performance.

Most oil-field experience with the wuse of surfactant
derives from so-called micellar/polymer or chemical flooding
EOR, in which surfactants are wused to produce ultra-low
interfacial tensions through the formation of a third phase,
which coexists with the aqueous and oleic phase and contains
most of the surfactant. By the phase rule, in a three-phase
system of three components (or pseudocomponents) the
compositions of the phases are fixed. So long as the system
composition stays within the tie-triangle, removal of one of
the components from the system does not change the
compositions or physical properties of the phases. This
stabilizes the properties of the system against loss of
surfactant from the fluid phases due to adsorption on the
very large surface area of the porous rock (8).
Nevertheless, loss of surfactant due to adsorption has - long
been a major concern in micellar/polymer EOR (9-11).

The surfactant systems used for mobility control in, for
example, the process addressed in this project, or in
miscible flooding, do not form a surfactant rich third phase,
and lack its "buffering" action against surfactant
adsorption. Hence, surfactant adsorption is necessarily an
even greater concern in the use of surfactants for mobility
control in EOR. The importance of surfactant adsorption in
sur factant-based mobility control is widely recognized by
researchers. A decision tree has even been published for

selection of a mobility~control surfactant based on
adsorption characteristics (12). ‘

Pure component surfactant adsorption has been widely
studied@ (9,13-24). Figure 1 illustrates the four distinct
adsorption regions that exist when an anionic surfactant
adsorbs on a positively charged surface. Region I is called
the Henry's Law region and the surfactant molecules adsorb
because of the electrostatic attraction between the
surfactant head groups and the oppositely charged surface,
and the interaction of the surfactant tail groups with the

surface. At a critical concentration, the adsorption 1is
greatly enhanced by the association of the surfactant tail
groups. A two-dimensional phase transition is believed to
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take place on the highest energy patches on the solid
surface. The concentration at which the first surfactant
aggregate is formed is called the Critical Admicelle
Concentration or CAC (18), = or the Hemimicelle Concentration
or HMC (20,23). At the CAC, the surfactant aggregate (or
admicelle) forms on the most energetic patch on the surface.
As the surfactant concentration increases, successively less
energetic patches have admicelles form on them in Regions 1II
and III. There is no fundamental significance to the Region
II to Region III transition; Region IITI exists due to
historical precedent as the region where the adsorption
increases less rapidly with concentration on a log-log plot.
With each adsorption 1level in Region II, _ there is a

corresponding equilibrium concentration (CAC ) that is
required to form an admicelle on a patch of a specific energy
level. Region IV ‘begins with the formation of micelles.

Micelles act as a chemical potential sink for any additional
surfactant added to the solution, thereby keeping the monomer
concentration nearly constant, and the adsorption level
nearly constant. Hence, Region IV is sometimes called  the
plateau adsorption region (9).

The adsorption of mixtures of surfactants has received
comparatively little attention. The adsorption of mixtures
of nonionic and anionic surfactants has been studied (10,25-
27) and strong negative deviations from ideality were
observed (10,27). Attempts to model the degree of non-
ideality using regular solution theory failed (27). The
adsorption of mixtures of anionic and cationic surfactants

would be expected to exhibit even larger deviations from
ideality (28).

Wilson and co-workers developed a statistical mechanical
model for single component surfactant adsorption (29-31) and

expanded it to a binary system (2,3). Different adsorption
curves were generated by varying the Van der Waals
interaction parameters. The mixed adsorption equations that

were developed were very complex and were not applied to
experimental data.

Scamehorn et. al. expanded a single-component adsorption
equation (9) to describe the adsorption of binary mixtures of
anionic surfactants of a homologous series (11). Ideal
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solution theory was found to describe the system fairly well.
The mixed adsorption equations worked very well in predicting
the mixture adsorption, but the equations were complex and
would be difficult to extend beyond a binary system.

Scamehorn et. al. (32) also developed a reduced
adsorption equation to describe the adsorption of mixtures of
anionic surfactants, which are members of homologous series.
The equations were semi-empirical and were based on ideal

solution theory and the theory of corresponding states. To
apply these equations, a critical concentration for each pure
component in the mixture 1is <chosen, so that when the

equilibrium concentrations of the pure component adsorption
isotherms are divided by their critical concentrations, the
adsorption isotherms would coincide. The advantage of these
equations is that little adsorption data is required to make
approximate mixture predictions. '

The adsorption of binary mixtures of anionic surfactants
in the bilayer region has also been modeled by using just the
pure component adsorption isotherms and ideal solution theory
to describe the formation of mixed admicelles (33). Positive
deviation from 'ideality in the mixed admicelle phase was
reported, and the non-ideality was attributed to the planar
shape of the admicelle. However, a computational error was
made in comparison of the ideal solution theory equations to
the experimental data, even though the theoretical equations
presented were correct. Thus, the positive deviation from
ideal mixed admicelle formation was in error.

Experimental

Materials. Sodium dodecyl sulfate (C,.SO,) was purchased
from Fisher Scientific with a manufacturer reported purity of
at least 95.01%. The C ,80, was recrystallized one time from
reagent grade alcohol and water. Sodium decyl sulfate
(C 0SO4), from Eastman Kodak Company, was recrystallized
twice using the same procedure as for the C12504, Sodium
octyl sulfate (C8SO4), from Eastman Kodak Company, was
recrystallized two times from boiling ACS grade 2-propanol
and water, and then rinsed three times with ACS grade diethyl
ether. The crystals were then dried in a hood for two days,
and then under a vacuum for three days.
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The alpha aluminum oxide was purchased from Alpha
Products, Thiokol/Ventron Division. The aluminum oxide had a

particle size of 40 microns, a surface area of 160 mz/g, and

consisted of 90% A1203 and 9% H,O0, according to the

manufacturer. The aluminum oxide was dried in 50 g batches
under. a vacuum for two days before use.

Other materials used were ACS grade sodium chloride and
sodium carbonate, HPLC grade methanol, and 0.1 N and 0.01 N
hydrochloric acid and sodium hydroxide solutions. All of
these chemicals were purchased from Fisher Scientific. The
water was distilled and deionized.

Methods. The brine sclutions that were used to make the
sample solutions were 0.15 M sodium chloride and contained
0.0015 g/1 sodium carbonate. Sodium carbonate was added to
buffer the solutions against the carbonic acid that formed
upon the absorption of carbon dioxide in the solutions. The
pH of the brine solutions were adjusted to an initial value
of 7.8, so that when the solution was equilibrated with the

alumina, the equilibrium pH was 8.4. Ten milliliters of the
sample solution were then pipetted to test tubes which
contained 0.5 grams of aluminum oxide. The test tubes were

then centrifuged for 45 minutes at 1000 rpm and placed in a
water bath that was kept at a constant temperature of SOOC.
After four to five days, the pH values of the equilibrated
samples were measured and the supernatants of the samples
were removed from the solids. o

The concentrations of the anionic surfactants (C_S0O,,
Closo4, and C1 SO4) in the initial and equilibrated samples
were measured using a high performance 1ligquid chromatograph
with a conductivity detector. Details of the analytical
procedure may be found elsewhere (34).

Theory

The pure component adsorption isotherms of the
sur factants used in this study (C_so,, C..sO,, and C SO4)
are shown in Figure 2. All of the adsorption isotherms were

continuous in Regions II and III, which suggests that the
distribution of energy level patches on the surface of the
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alpha aluminum oxide was nearly continuous.

The admicelle standard states are defined as the
equilibrium monomer concentrations that are required to form
the pure admicelles on a specific energy level patch. This
particular patch 1is assumed to correspond to the same
adsorption 1level for either pure surfactants or mixtures in
Regions II and III. The equilibrium monomer concentration
that 1is required to form the mixed admicelles on the same
energy level patch, is then compared to the menomer
concentration predicted from ideal solution theory. By
defining the standard states at constant levels of
adsorption, we can look at one homogeneous energy level patch
on the surface at a time. As we look at increasingly higher
adsorption levels, the effects of lower energy level patches
and increasing total surface coverage on admicelle formation
can be examined. The admicelle standard states were
determined from the pure component adsorption isotherms by
reading the equilibrium monomer concentrations that

corresponded to an arbitrary adsorption level of interest
(33) . |

The approach used to develop the ideal solution theory
equations to describe binary mixed admicelle formation, was
similar to that used by Roberts et. al. (33). The total
monomer equilibrium “concentration that it takes to reach a
specified level of adsorption was used as the variable which
was predicted from the model. The partial fugacities can be
written for both the monomer and admicelle phases:

*
imgn - i’imanACm* (1)
goaam Ty 2 %eac, (2)
1 1 1

|
N

i

on

m adm . s
where fi and fi are the partial fugacities of component

i in the monomer and admicelle phases, respectively; Y, is
the surfactant-only based mole fraction of component i in the
equilibrium solution; Zi is the surfactant-only baggg mole
fraction of component i in the mixed admicelle; ), and
Yia ™ are the activity coefficients of componengli in the
monomer and admicelle phases, respectively; CAC is the
total equilibrium monomer concgntration at the specified
total adsorption level; and CACi is the pure surfactant i
monomer concentration at the specified +total adsorption
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level. The asteris%s above Ehe critical admicelle
concentrations (CACm and CAC, ) designate that these

i .
concentrations correspond to admicelle formation on a
specific energy level patch, not necessarily the onset of

aggregate formation (which is designated by CAC). The
monomer concentration was extremely dilute, and swamping
electrolyte was always present in the experiments.

Therefore, the monomer was assumed to obey Henry's Law (yimon

= 1.0).

At equilibrium, the partial fugacities of a
component are equal in every phase. Therefore, Equations
1 and 2 can be equated to form Equation 3, which is valid
for each surfactant component in the mixture.

adm * *
Z,Y; CAC, = Y.CAC (3)

It is desirable to obtain an a priori pgediction of the
total equilibrium monomer concentration (CACm ) at set levels
of adsorption based on the mixture feed mole fractions,
instead of the equilibrium monomer mole fractions (Y,). The
equilibrium monomer mole fractions will differ from tﬁe feed
mole fractions because of the preferential adsorption of some
of the surfactants in the mixture. A mass balance on
component i in the feed, equilibrium solution, and adsorbed
phase is solved for the equilibrium monomer mole fraction to
obtain Equation 4:

*
Q.(caCc_ V+ W) - 1Z W
i m g
i * (4)

where Q, is the feed mole fraction of component i, V is the
volume of the liquid sample, is the total adsorption, and W
is the weight of the aluminum sample. Equations can also bg
written for the surfactant-only based mole fractions in the
monomer, admicelle, and feed. For a binary system,

Y, + Y, =1.0 (5)

1 2
’Zl + Z, = 1.0 (6)
Ql + Q2 = 1.0 (7)
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If ideal solution theory for mixed admicelle formation
is assumed (y-adm = 1,0), six independent equations can be
written for a binary system. The set of equations consists
of Equation 3 written for components 1 and 2, Equation 4
written for component 1, and Equations 5, 6, and 7. The six
equations can be solved girectly for the six unknowns (Yl, Y

2
Z
1 Z

o Q2’ and CACm ) to completely describe the system.
Equation 3 written for components 1 and 2 and Equations 4 - 7
can be combined to result in Equation 8.

r

* * k
CAC + -
Wng + CAC. (cac, Vv Wg(l Ql))

V(l—Ql)CACi* + VCACZ*Q1 + Wg

Once CACm* is known, Y. and Z., can be calculated by a
simultaneous solution of Equations 3 and 4, and then Y_ and
Z2 can be calculated from Equations 5 and 6, respectively.
Equations 3-7 can easily be expanded to more than two
components, and can describe non-ideal mixing 1in the
admicelle phase by inserting the correct expressions for the

admicellar activity coefficients for each component.

Except at concentrations near the CAC; the amount of
surfactant adsorbed in the Henry's law region is small in
comparison to the amount of surfactant present in the
admicelles. This implies that nearly all of the adsorbed
sur factant molecules are associated on the mineral surface in
the form of admicelles. It is important to keep in mind that
Equation 8 is valid only between the CAC and the CMC. Above
the CMC, equations could be included to account for the
formation of micelles, by including monomer-micelle
equilibrium equations (11).

The only information needed to predict the mixture
sur factant concentration to attain a specified adsorption
level is the pure component adsorption isotherms measured at
the same experimental conditions as the mixture isotherms.

These 1isotherms are needed to obtain the pure component
standard .states.

The method of predicting the mixture adsorption
isotherms is to first select the feed mole fractions of
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interest and to pick an adsorption level within Region IT.
The pure component standard states are determined from the
total equilibrium concentration that occurs at that set level
of adsorption for the pure surfactant component adsorption

isotherms. The total equilibrium mixture concentration
corresponding to the selected adsorption 1level 1is then
calculated from Equation 8. This procedure 1is repeated at

different levels of adsorption until enough points are

collected to completely describe the mixture adsorption
isotherm curve.

Results and Discussion

The three pure component adsorption isotherms of the
homologous series of sodium alkyl sulfates (CSSO4’ ClOSO4'
and C12804) in Figure 2, were plotted at their reduced
concentrations in Figure 3, to extrapolate the CBSO data to
its CAC. The adsorption data for C,s0, could not be measured
below a certain concentration and the data was needed to
obtain the 08504 standard state concentrations. The critical
concentrations used to calculate the reduced concentrations
were chosen for +the best coincidence of the reduced
adsorption isotherms. As seen in Figure 3, the corresponding
states theory (32) worked very well for the pure component
sur factants used in this study.

The adsorption isotherms of CBSO and C,.SO,, and
mixtures thereof, on alpha aluminum oxide are illustrated in
Figure 4. Also shown in Figure 4 is the extrapolation of the

C_SO, pure component adsorption isotherm down to its CAC and
the ideal solution theory predictions.

The agreement between the mixture adsorption data and
ideal solution theory is excellent. It 1is important to
remember that while 1looking at various constant*levels of
adsorption in Region II, we are looking at the CAC of the
mixed admicelle that has just formed on a particular patch.
By looking at different adsorption levels, we are looking at

how the +two surfactants interact on different energy level
patches on the surface.

Equation 8 was also used to predict the mixture

i i h in Region II of C
adsorption isotherms 1n Reglon 10804 and Clzso4 on
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gamma aluminum oxide and compared to experimental data from
Roberts et. al. (33). Figure 5 is a plot of the total
adsorption versus the total equilibrium concentration for two
pure component and three mixture mole fractions from that
work. The conditions under which the data were obtained were
identical to those in this study, except for the substrate

(gamma alumina) and the equilibrium pH (6.8). Once again,
agreement between the data and ideal solution theory 1is
excellent. It is no surprise that the adsorption of mixtures

of Closo4 and Clzso4 follow ideal solution theory, because

the adsorption of mixtures of C8504 and c12504 follow ideal
solution theory, and ClOSO and C 2SO are closer members of

the homologous series. Roberts et. af., reported a positive
deviation from ideality for the adsorption of mixtures of
Closo4 and ClZSO due to a miscalculation, and attributed it
to the planer shape of the admicelle. The results presented
here clearly shows that the hydrophobic bonding in the

admicelle is similar for mixed and single component
admicelles. ' ‘

Micelles and monolayers composed of homologous mixtures
of anionic surfactants can be approximately described by
ideal solution theory to model the mixed surfactant aggregate
(35) . Therefore, it is not surprising that mixed admicelles
composed of these surfactants also obey ideal solution
theory. It is also important to note that this 1is true at
all adsorption levels within Region II, as seen by the

excellent agreement between theory and experiment in Figures
4 and 5.
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Figure 1. Typical Anionic Surfactant Adsorption
Isotherm on a Positively Charged Mineral Oxide Surface.

Figure 2. Adsorption Isotherms of C_ SO Cc..SO

. . g- 4’ 1074
Clzso4 on Alpha Aluminum Oxide.

and

Figure 3. Reduced Adsorption Isotherms of CSSO '

4
ClOSO4’ and C12SO4 on Alpha Aluminum Oxide.

Figure 4. Mixure Adsorption Isotherms of C8504 and
Clst4 on Alpha Aluminum Oxide.

Figure 5. Mixture Adsorption Isotherms of C

SO, an
4
Cl-zso4 on Gamma Aluminum Oxide (Data from (éi?).

d
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REGION IV

REGION III

REGION II

REGION I

ADSORPTION (MICROMOLE/G)

HENRY'S LAW ADSORPTION

EQUILIBRIUM CONCENTRATION (MICROMOLE/L)

Figure 1. Typical Anionic Surfactant Adsorption
Isotherm on a Positively Charged Mineral Oxide Surface.
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ADSORPTION (MICROMOLE/G)
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C:=50. on Alpha Aluminum. Oxide.
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CHAPTER 4

CHROMATOGRAPHIC MOVEMENT AND PRECIPITATION OF
ANIONIC AND CATIONIC SURFACTANTS DURING PROPAGATION

WITHIN A HOMOGENEOUS POROUS MEDIUM

INTRODUCTION

In this chapter, some studies are described on the
behavior of anionic-cationic surfactant mixtures, during in-
situ mixing inside a one dimensional, homogeneous, porous
medium. A theoretical model is described which accounts for
the pertinent phenomena including mixed micelle formation,
chromatographic movement, and precipitate formation.This
model 1is then used to predict the effluent surfactant
profiles from the porous medium and the important features of
these predictions are confirmed by some experimental results.

THEORY

1 Development of the mathematical model

The experiments that are being modeled here occur within
a column packed with aluminum oxide. A solution of anionic
surfactant SDS was injected, followed by a brine spacer, then
a solution of cationic surfactant DPC, and finally an
infinite brine slug. 1In these experiments, the mobile phase
was a 0.15 M NaCl solution. To explain the experimental

results, a theoretical model assuming the following was
developed:

1. The column is one dimensional and the porous
medium is homogeneous with constant porosity.

2. The surfactant solution is in plug flow.

3. There is a instantaneous reaction between the
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SDS and the DPC monomers.
4. There is no supersaturation of the fluid phase.

5. The monomer and the adsorbate are in local
equilibrium and the equilibrium is modeled assuming
Henry's law adsorption.

6. The precipitate particles do not move through
the column.

7. Mixed admicelles do not form.

In a real system, none of the above assumptions are
completely correct but assumptions #3 and #6 have the most
significant effect on the qualitative difference between the
experimental and the theoretical results. It is clear that
the reaction is not instantaneous and most probably, the
precipitate does move through the column; nonetheless, the
theoretical model does qualitatively predict every aspect of
the experimental results except the fact that precipitate is
seen in the effluent. '

To model the experiments, the equilibrium relationships
between monomer and micelle, monomer and admicelle, and
monomer and precipitate, as well as the mass balance
equations for the SDS and DPC are necessary (1,2).

To model the monomer-micelle equilibrium, regular
solution theory was used. ‘

2
- = - W/RT 1
[DS ]mon deCMCdsexp[(l de) /RT] {11
2
+ = 1-X M W/RT 2
[DP ]mon ( ds)C Cdpexp{(de) /RTY [2]
where [DS-] and [DP+] are the monomer concentrations of

SDS and DPCngspectively,‘nX is the mole fraction of SDS in
the micellar phase, CMC < ang CMC are the critical micelle
concentrations of pure SDS and DPC En 0.15 M brine, W is the
interaction parameter, R is the ideal gas constant, and T is
the absolute temperature.

It was assumed that Henry's law adsorption explains the
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monomer-admicelle equilibrium. So,

[Ds-1_ ((1-E)/E)dH,_[D8-1_ [3]

[DP+] ((l—E)/E)dep[DP+]mon [4]

where H s and H are Henry's law constants for SDS and DPC,
respectively, E ik porosity, d is the density of the aluminum
oxide, and_[DS-]a and [DP+]a are the adsorbed concentrations
of SDS and DPC, respectively, in units of micromoles per ml
of solution.

The following equation was used to model the monomer-
precipitate equilibrium: ‘ '

[DS-] [DP+] <K /f2 [5]
mon mon - Sp :

where ks is the solubility product, and f is the activity
coefficiegt in solution.

The differential material balance equations for the SDS
and DPC in their nondimensional forms are:

[ps-17/ t% + (ps-1/ z'

=0 [6]
[Dp+17/ t' + [DP+1/ 2 = 0 [7]
where
t = tv/L
and
z = z/L
and
[ps-17 = [DS-]mon + [Ds-]agg + [ps-]_ + [DSDP] [8]
and
[DS-1 = [Ds—]mon + [Ds—]agg [91]
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and

[DP+]T = [DP+] + [DP+] + [DP+] + [DSDP] fi10]
mon agg a
and
[DP+] = [DP+] + [DP+] [11]
~ mon agg

where t is time, v is the pore velocity, L is length of the
column, 2z 1is the 1length along the column, t is the
dimensionless time (pore <volumes injected), Z+ is the
dimensionless length, [DS-]" and [DP+]  represent the total
concentrations of SDS and DPC, respectively, [DS-] and [DP+]
represent the total concentration of 8SDS and DPC in the

solution, respectively, [DSDP] is the concentration of
precipitate in units of micromoles per ml of solution, [DS-
] and [DP+]a are the concentrations of SDS and DPC in

tgggaggregate phagg, respectively.

In the experiments, SDS injection was started at time
equal to zero (t =0) and DPC injection was started after the
SDS and brine spacer were injected at t=t _. The following
boundary conditions were wused to solve tge respective mass
balance equations for SDS and DPC. For the SDS:

+ +
at t'=0 [Ds-]1T=[DS-1=0 for 0<z <1 [12]
+ T +
at z =0 [DS-] =[DS-1=[DS-]., . for O0<t <e
, inj ds
+ T +
at z =0 [DS-] =[DS-1=0 for eds<t [13]
For the DPC:
T +
at t<t+2 [DP+] =[DP+]=0 for 0<z <1 [14]
+ + + +
at z =0 [DP+] =[DP+]=[DP+]. . for t <t <t _+e
inj 2 2 dp
at z'=0 [Dp+1T=[DP+]=0 for t+2+edp<t+ [15]

where e and eds represent the pore volumes of DPC and SDS
injectegg respectively, and [DS-]in, and [DP+]in' are
injected concentrations of SDS and DPC, gespectively. ]
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Substituting equation (3) into equation (8) results in
the following:

[Ds-1T = Uy [DS-1 . + [DS-] + [DSDPI] [16]

agg

where

Uge = 1+ ((1-E)/E)dHds
Substituting equation (4) into equation (10) results in
the following:

[DP+]° = u_ [DP+] __ + [DP+]___ + [DSDP] [17]
‘ dp mon agg

where
= + 1-E)/E)dH
udp 1 (( ) /E) dp
where u and u < are a measure of adsorption of DPC and SDS
by the padsorbent. Any increase in the value of u or u

d ds
means the adsorption of DPC or SDS by the adsorbegt have

increased.

There areTseven unknowns [DP+]T, [DP+] 0’ [DP+]a ,
[DspP}, ([Ds-1", [DS-] , ~and [Ds-] and there are sevén
equations; (1), (2),"%s5), «(6), (3¢ (6), ana @17).
Egquations (1), (2), and (5) are inequalities. So, it is
necessary to ascertain the presence of micelle or precipitate
before using the respective equations. 1Initial conditions
set the values_ of the total concentration of SDS and DPC,
[DS-1" and [DP+] , respectively, and the total concentration
of SDS and DPC in the solution, [DS-]1] and [DP+],
respectively, at time equal to zero; boundary conditions set
the values of the total concentration of SDS and DPC .in the
solution at the beginning of the column at any time. Initial
conditions, equations (12) and (14), and the mass balance
equations can be used to calculate the total concentration of
SDS and DPC at the next value of time. Then, equilibrium
relationships are used to calculate the total concentration
-of 8DS and DPC in the solution from the newly calculated
values of the total concentration of SDS and DPC and this
process is repeated for the entire value of time. 1In the
next section , the solution technique for solving the mass
balance equations will be discussed and in section 3 the
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procedure for calculating the total concentrations of SDS and:
DPC in the solution knowing the total SDS and DPC

concentrations using the equilibrium relationships will be
explained.

2 Solution Technique

The mass balance equations, equations (6) and (7) were
solved numerically using the explicit backward finite
difference method. Dispersion was qualitatively approx1mated
by numerical dispersion (3).

Finite difference expressions were substituted into
equations (6) and (7).

T T + +
[DS-] i+1'j=[DS—] i'j—( t /z ([Ds-]i

4

-[DS—]i'j_l)) [18]

T T + +
- [DP+] i+1’j=[DP+] i,j'( t / z ([DP+],

L4

-[pp+], . .)) [19]
, i,3-1

i shows the time and its range of value is from 0 tom. J is

the value of node along the length of the column and its

range of value is from 0 to n.

To calculate the values of [DS—]T._ . and [DP+]
for 1<j<n the initial conditions,equatiéﬁs' (12) and (lif]
were used. Since the values of [DS-]", . = and [DP+]
are given by the boundary conditions, é&ﬁatlons (13) g 8
(15), it 1is not necessary to <calculate them., To go any
further, to calculate the values of [DS-] 5 and
[DP+] 5’ it is necessary to know the values of [DSJ%
and [DP+] The values of [DS-] . and [DP+] i=1,
are known an% ghe equilibrium relatlonshlpé ave toT be usea
to c%lculate [DS~ ]i= . and [DP+]i= . from [DS-] 3 and
[DP+] . ( the ‘prédedure is exﬁialned in the "“next
sectlo%) anow1ng [DS~-] . , [DP+], [Ds-] . , and
[DP+]T1—1 5 equationsg (iB} gnd (19) éan Be used to “célculate
[DS-] ‘- and [DP+] .. These steps are continuously

repeated tdr the entlre véiue of time.
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3 Equilibrium Relationship Calculations

In the previous section, the solution technique for
solving the mass balance equations, equations (6) and (7),
was explained. 1In this section, it will be explained how the

concentration ‘of SDS and DPC in the solution are calculated
knowing the total concentration of SDS and DPC.

If the total concentration of SDS and DPC are Kknown,
equilibrium relationships are used to calculate the
concentration of SDS and DPC in the solution. Equations (1),
(2), and (5) are inequalities. So, before using these
equilibrium relationships , it is necessary to ascertain the
presence of micelles and precipitate. Equations (1) and (2)
model the equilibrium between monomers and micelles.
Equation (5) models the equilibrium between monomers and
precipitate. ‘The first step in calculating the concentration
of SDS and DPC in the solution, knowing the total
~concentration of SDS and DPC, is to ascertain the presence or
non-presence of precipitate or micelles. The second step is
to calculate the amount of SDS and DPC in the solution using
the appropriate equilibrium relationships.

The procedure, both the mentioned first and second step,
used here to calculate the concentration of SDS and DPC in
the solution knbwing the total concentration of SDS and DPC,
is based on the model developed by Stellner et. al. (4) to
calculate the SDS-DPC phase boundaries at a pH of 8.4 and
T=30 C. To understand the details of the procedure used here
to calculate the concentration of SDS and DPC in the solution
a clear and detailed understanding of the Stellner et. al.
(4) model is required. :

To show how the 8DS and DPC concentrations in the
solution are calculated knowing [DS-]  and [DP+] , three new
terms are introduced.

D = [Ds-1T - [Dp+]T [20]
D1 = 600uds - 0.65udp [21]
D, = 0.13ug_ - 3000udp [22]
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The full significance of numbers in equations (21) and

(22) are explained in reference 4. The variable D is
calculated using equation (20). The first possibility is
that D is greater than D,. If D is greater than D, then both

precipitate and SDS rich micelles are present or there is no
precipitate and only SDS rich micelles are present. To test
whether there 1is any precipitate present or not, the
following equations are used:

[Dss] ={[Ds-]T—[DP+]T+u [DP+] -u_ [Ds-] 1/
agg dp mon ds mon

*
(2x dsfl) [23]

, *
DS— =
[ ]agg (x ds)[DDs]agg [24]
T
DSDP] = [DS-] - - - -
[DSDP] [DS-] uds[Ds ]mon [Ds ]agg [25]
*
where [DSS] is the total aggregate concentration and x

is the mole %ggction of SDS in the aggregate phase. ng
aggregate phase includes both the micelles and coacervate.
The values used in the equations (23) through (25) for this
case are: ‘

*

= 0.62
x ds
[DP+] =.0.65 Molar

mon _
{DS-1] = 600.0 Molar

mon

Equation (23) was derived by subtracting equation (17)
from equation (16) and usjing the fact that [Ds-] and
[DP+] are related by x ds” The variables [DP+] a?g [DS-

s a
]ag?,aggnd [DSDP] are calculated using equations (23?gthrough
{2 . '

If [DSDP] calculated from equations (23) through (25) is
negative, it indicates that the concentration of precipitate
is equal to zero and only SDS rich micelles with a SDS mole
fraction greater than 0.62 are present. A negative
concentration does not have any physical significance but it
is useful because it indicates no precipitate is present. ToO
calculate .[DS-] and [DP+], assuming no precipitate is
present, equations (1) and (2) are substituted into equations
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(16) and (17), respectively, and [DSDP] is set equal to zero
in equations (16) and (17), the following equations result:

T_ * * 5
ps-171= _
[DS-17=u, x" gsCMCggexpl (1-x 4 ) “W/RTI+

*
X ds[DDS]ag [26]

g

T * 24/RTIH(1

= - + -
[DP+] udp(l x ds)CMCdpexp{x ds /RT3 + (

*
X ds)[DDS]agg [27]
where
W/RT=-8.62 at T=30°C
*

Two unknowns in equations (26) and (27) are X 5 gnd
[DDS]a . Eqguations (26) and (27) can be solved for x s
using d the , Newton-Raphson root finding method. After
calculating x and [DDS] , equations (16) and (17) can be
used to calculate [DS-] and [DP+] . Then, equations (9)

m
and (11) are used to caTgalate [DS-1] gﬁd [DP+].

If [DSDP] calculated using equations (23) through (25) is
not negative, then both precipitate and SDS rich micelles
with a SDS mole fraction equal to 0.62 are present and the
[DS-]mon and [DP+]mon are equal to 600 and 0.65 micromolar,
respectively. In this case eguations (9) and (11) can be
used to calculate [DS-] and [DP+]. 1If the calculated [DSDP]
is zero then only SDS rich micelles with a SDS mole fraction
of 0.62 are present.

The second possibility is that D is less than D_. If D
is less than D_ , both precipitate and DPC rich micefles are
present, or the concentration of precipitate is zero and only
DPC rich micelles are present. In any event, the same steps
as in the previous case (D greater than D_) ha¥e to be
repeated with the exception that the values of x , [Ds-
] , and [DP+]mon used in the equations (23) throuSh (25)
are different. The values in this case are as follows:

*

X = 0.107
ds 0.10

[DS-] = 0.13 Molar
mon
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[DP+] = 3000.0 Molar
mon

Now, if [DSDP] calculated using equations (23) through
(25) is negative, DPC rich micelles with a SDS mole fraction
less than 0.107 are present. If [DSDP] is positive or zero
then DPC rich micelles with a SDS mole fraction of 0.107 are
present and the SDS and DPC monomer concentration are 0.13
and 3000 micromolar, respectively.

The third possibility is that the calculated value of D

is between D_ and D,. In this case, no micelles are present
and the foilowing equations are used to calculate [DSDP],

[DS-], and [DP+]:

(pp+]__ = C([DP+]T - [DS-1T) +SORTL ([DS-]1T-[DP+]T)2

2
+ (4K f 2u 28
( spudsudp/ )13/ dp [28]
T .
[DSDP] = [DP+] - u._. [DP+] [29]
dp ~“mon
T
[DS-] = {[Ds-] - [DSDP]1l/u [30]
mon ds
where
2 o
K =115 ( M) at T=25C
sp
£=0.758 for 0.15 M NaCl solution
Equation (28) was derived by setting [DS-]a and
[DP+]a in the eguations (16) and (17) equal tggzero,
respecggvely, and substituting them in equation (5) assuming
that precipitate is present. Since in this case
concentration of micelles is equal to =zero, [DS-]mon and
[DP+] are equal to [DS-] and [DP+], respectively. TIf the

calcunged value of [DSDP] using equations (28) through (30)
is negative or =zero that means no precipitate is present.
Then the following egquations can be used to calculate [DS-]
and [DP+]: ‘

T
[Ds-] = [DS-]"/u [31]
mon ds
T
[DP+] = [DP+] /u [32]
mon dp
Equations (31) and (32) were derived by setting the
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concentrations of micelle and precipitate in equations (16)
and (17) equal to zero and solving them for [DS—]m and

[DP+] tivel [ a1
opn’ Tespectively. DS—]m

m - on and [DP+]mon are equal to
[DS-] and [DP+], respectively.

EXPERIMENTAL WORK

In the experimental studies, both an SDS and a DPC slug
were sequentially injected into the column. The purpose of
these experiments was to form precipitate in the column and,
therefore, reduce the column's permeability.

In all of the experiments, the column was dry packed
with alpha aluminum oxide and equilibrated with 0.15 M brine
at a pH of 5.2. The equilibration was stopped when the
effluent pH was the same as the injected pH. To keep the air
out of the injected solution, the solution was kept under a
nitrogen environment. The effluent pH was measured using
nitrogen, also.

In all cases, pH was adjusted using 0.01 and 0.1 N NaOH
and HC1l (Fisher Scientific) and it was measured by a Jenson
pPH meter and electrode (Jenson Products #R-6102A and #R-830B,
respectively). The solvent for all of +the surfactant
solutions was a 0.15 M brine (NaCl, Fisher #5-271). The
water was distilled and deionized.

In all of the experiments, SDS (Fisher #0-2674) was used
as  received. DPC (Pfaltz and Bauer #D 56650) was
recrystallized four times from a mixture of petroleum ether
and ethanol and was dried under vacuum for 72 hours. before
use.

In all of the experiments, the order of injection of
solutions into the column was as follows, (1) SDS slug, (2)
brine spacer, (3) DPC slug, (4) final brine solution. 1In all
of the experiments, before a new solution was injected into
the column, all of the remaining previous solution was

flushed out of the tubes connecting the injection solution
container to the column's inlet.

The solutions were pumped through the column using a
constant flow rate pump with fluctuation in flow of less than
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5%. The pressure drop across the column was measured using a
pressure gauge. The pressure drop across the packing during
the column equilibration was taken as the initial pressure.
At the end of step 4, final brine injection, the pressure
drop across the packing was measured again and it was taken
as the final pressure drop, but usually, at the end of step
3, the DPC injection step, a new pressure drop across the
packing stabilized and did not change. Any increase in the
final pressure drop from the initial pressure drop was
attributed to the formation of precipitate within the column.
In all of the experiments, the effluent was collected in a
fraction collector and later was analyzed.

In total, six experiments were performed and all of them
were done at a pH of 5.2. The column was packed with low
surface area aluminum oxide (Alpha Products #87354). 1In
experiments 1, 2, 3, and 4, a 10mm x 25mm column (Alltech
#9033D) was used and in experiments 5 and 6 a 6mm X 25mm
column (Rainin #252-00) was used.

In experiments 1 through 5, a 0-30 psig pressure gauge
(Cole Parmer #T-7380-22) was used. In experiment number 6 a
0-600 psig pressure gauge (Rainin #38-057) was wused to
measure the pressure drop across the packing.

Surfactant Analysis

SDS was analyzed using high-pressure liquid
chromatography. The SDS solution containing NaCl was
injected into a stainless steel column packed with C__,
polymeric silica gel (Alltech # 8251) and the effluent was
analyzed by a conductivity detector (Wescan #213-505). The
results were relayed to the integrator (Varian #4270) and it
was recorded as peak heights or areas. The silica gel
separated +the SDS from NaCl and two separate peaks; one for
each them was recorded by the integrator.

The peak heights for a set of SDS standards was found.
A straight line was drawn through the plot of standard's
concentration versus peak height and this plot was used to
calculate the samples' SDS concentration knowing its peak
height. Each sample, as well as standards, were injected
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into the column more than once; usually, three times.

DPC was analyzed using a UV spectrophotometer (Bausch

and Lomb 1001 Spectronic). The absorbence of +the DPC
pyridinium ring was measured at the wavelength of 260.1 nm.
At this wavelength, the SDS and NaCl interference 1is

negligible. Absorbence of a set of DPC standards was also
measured and it was used to calculate the DPC concentrations

in the solution knowing their absorbence. At DPC
concentrations less than 200 micromolar and more than 10
micromolar, the plot of standard concentration versus

absorbence is linear. All samples were diluted down into
this concentration range.

RESULTS -AND DISCUSSION

1 Experimental Results

The purpose of this section is to present and discuss
the results of the experiments of formation of precipitate
and coacervate in the column. As-mentioned the order of :the
injection of the  solutions into. the column in these
experiments was as follows: (1) The SDS solution, (2) the
brine spacer, (3) the DPC solution, and (4) the final brine
solution.

In tables 1 and 2, experimental data for experiments 1
through 6 are tabulated. Shown in the following figures,
figures 1 through 6, are the plots of the concentrations of
SDS and DPC in the effluent versus the <cumulative pore
volumes injected (pore volumes of SDS, brine spacer, DPC, and
the final brine solution, respectively) for each of the
mentioned six experiments. In figures 1 through 6, the zero
in the abscissa (the pore volumes injected) marks the
beginning of the injection of SDS and the end of the abscissa
marks the end of step 4, injection of final brine solution.

Using SDS and CPC as the surfactant pair, Arshad (5)
performed experiments similar to experiments 1 through 6.
Arshad (5), in some cases, was able to reduce the column's

permeability by more than 30% using smaller concentrations of
SDS and CPC than the SDS and DPC concentrations used in

experiment 13. CPC has a higher molecular weight than DPC,
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and it reacts with SDS to form larger precipitate particles.
SDS-CPC precipitate particles are larger than the SDS-DPC
precipitate particles, so, smaller concentrations of SDS and
CPC are necessary to cause the same permeability reduction.

In all of the experiments except experiment 6, a long
tail of SDS and DPC were seen in the effluent (look at
figures 1 through 5. 1In experiment 6 not enough brine in the
fourth step was 1injected for the long tail of SDS and DPC
seen in other experiments to show up in the effluent. It was
not possible to measure the concentration of S8SDS in the
mentioned tail accurately using available analysis
techniques; but the concentration of DPC was measured to be
14 micromolar. A long tail of SDS or DPC can not be seen in
any of the SDS or DPC breakthrough curves shown in the
previous section. The +tail of SDS and DPC seen in the
effluent is due to precipitate dissolving. Using the value
of Ks at room temperature, the theory predicts that the
concengrations of the SDS and +the DPC coming out of the
column when the precipitate is dissolving should be 14
micromolar. (In the next section, it will be shown that the
model developed in chapter 3 predicts the long tail seen in
the effluent and it predicts that the concentration of 8DS
and DPC in the tail should be 14 micromolar).

As mentioned above, the third step in all of the
experiments was to inject a DPC slug into the column. In the
experiments 2, 3, 5, and 6 (look at figures 2, 3, 5, and 6),
no DPC wave came out of the column at the first pore volume.
In the experiments, the concentration of DPC in the effluent
goes to zero and the only DPC seen coming out of the column
is due to precipitate dissolving. This phenomenon can be
explained by the fact that the DPC wave catches up with the
DS wave and they react to form precipitate. Since all the
DPC reacts with the SDS, the otherwise expected DPC wave
disappears and the only DPC coming out of the column is due
to precipitate dissolving.

It was believed that if precipitate has formed in the
column, then the amount of SDS and DPC remaining in the
column just before the precipitate started to dissolve should
be equal. In the experiments 1, 2, and 4, the amount of SDS
and DPC remaining in the column just before the long tail of

-82~



SDS and DPC appeared in the effluent were calculated (look at
table 3). In each of these experiments, the amount of SDS
and DPC remaining in the column was calculated by finding the
amount of SDS and DPC that have come out the column before
the precipitate started to dissolve and subtracting it from
the total amount of SDS and DPC injected. To find out the
total amount of SDS and DPC that have come out of the column,
the area under the plots of concentrations of SDS and DPC
versus the pore volumes injected in figures 1, 2, and 4 were
graphically integrated. The calculated amount of the SDS and
DPC remaining in the column just before the long tail of
surfactants was seen in the effluent for experiments 2 and 4
are very close; suggesting that the SDS and DPC have formed
precipitate. But, the calculated amount of §SDS and DPC
remaining in the column for experiment 1 are not as close as
in experiment 2 or 4. There is probably some error involved
in graphically estimating the amount of SDS and DPC that have
come out of the column. In experiment 1, the injected
concentrations of SDS and DPC were less than the injected SDS
and DPC concentrations in experiments 2 and 4. So, the error
has a more significant effect on the final calculated results
in experiment 1 than experiments 2 and 4.

In the plot shown in figure 4, there are two SDS peaks
which are split by a DPC peak. Notice that at the center of
the DPC peak, the SDS concentration is at its minimum value
for anywhere in the plot. In the next section, it will be
explained why the concentration of SDS should go to a minimum
when the concentration of DPC is at the maximum. Precipitate
was seen in the effluent in experiment 4 at close to "pore
volumes injected"” equal to 4. There can only be two reasons
for the presence of precipitate in the effluent: (1) Reaction
between the SDS and the DPC 1is not instantaneous. (2)
Precipitate move through the column.

All the mentioned aspects of the plots shown in figures
1 through 5, except the fact that any precipitate would be
seen in the effluent, are predicted by the model developed
previously. The mentioned aspects are: (1) In experiments 1
through 5, a long tail of SDS and DPC was seen in the
effluent. (2) in experiments 2, 3, and 4, no DPC comes out
of the column except for precipitate dissolving. (3) When the
concentration of DPC goes to a maximum, the concentration of
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SDS goes to a minimum (look at figure 4) and visa versa.

2 Theoretical Modeling

In this section, experimental results will be compared
to the theoretical results obtained using the model developed
previously. Theoretical data used to generate the plots
shown in figures 7 through 12 is as follows: [SDS]in.=249O
micromolar, [DPC]in.=2980 micromolar, ©SDS slug=1.38" pore
volumes, DPC slug=a.53 pore volume, and brine spacer=0.13
pore volume.

Figures 7 through 9 show the effluent profiles of SDS
and DPC as SDS adsorption, wu_. , increases. As can be seen
from figures 7 through 9, sas u is increased, the DPC
concentration band gets smaller and 18 eventually disappears.
As u is increased, +the SDS waves move slower and slower
through the column. So,  there is more time for the DPC wave
to catch up with the SDS wave. Eventually, the SDS wave
moves soO0 slow that even the back of the DPC concentration
band catches up with the SDS wave and it reacts with SDS to
form precipitate. The same thing happens in experiments
2,3,5, and 6. In these experiments, the DPC wave disappears.
The disappearance of the DPC concentration band in the
experiments 1is due +to all the DPC reacting with SDS and
forming precipitate within the column. 1In figures 7 through
9, just to show that it is possible for the expected DPC wave
to disappear, ud was increased while every other parameter
was kept a constant. It is also possible to cause the DPC
concentration band to disappear by keeping Ugg @ constant and
changing one or combination of other parameters. Except for
uds, the other parameters that could have been changed to
cause the DPC concentration band to disappear are the amount
brine spacer injected, injected concentrations of SDS and
DPC, and the amount of the SDS and DPC slugs injected.

A long tail of SDS and DPC is seen in the effluent
profiles shown in figures 7 through 9. The concentrations of
SDS and DPC in the tail of the effluent profiles shown 1in
figures 7 through 9 are 14 micromolar. The concentrations of

SDS and DPC in the effluent have to satisfy the following
constraint:
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[DP+]. [DS-1<k /f2 [33]
Sp

where

k_ =115 ( M) 2 at T=25°C (room temperature)
f=8.758

For a 0.15 M ©NaCl solution [DP+] and [DS-] are the
concentrations of DPC and SDS in the solution. In the fourth
step of the experiments (brine injection), precipitate starts
dissolving from the beginning of the column. Due to the
values of Ksp and f at T=250C, the model predicts that the
concentrations of SDS and DPC in the effluent when the
precipitate is dissolving have to be equal to 14 micromolar.
In experiments 1 through 5 (previous section), the

concentration of DPC . in the tail 'was measured to be 14
micromolar.

Equation 33 can easily explain the SDS and DPC effluent
profiles shown in figure 4, experiment 4. In the effluent
profiles shown in figure 4, when the concentration of DPC in
the DPC band is . .at the maximum, - the concentration of SDS is

at the minimum. This 1is to satisfy +the equality in the
equation 33.

Shown in figures 2 through 4 are the concentrations of
- SDS, DPC, and precipitate within the column at "pore volumes
injected" equal to 2.8 and different values of u_, . As can
be seen from the concentration profiles in tgg mentioned
figures, as the value of u increases, the average amount of
precipitate formed in t & column increases as well.
Increasing the value of u means the amount of adsorbed SDS
in equilibrium with the same concentration of SDS monomer in
the solution has increased. Since the SDS monomer is in
equilibrium wﬁth the adsorbed SDS, any reduction in the
concentration of SDS monomer in ‘the solution due to the
reaction causes the adsorbed SDS monomer to desorb, and they
in turn react with the DPC monomer. So, the total amount of
precipitate formed at any point in the column is dependent on
"the total amount of SDS present, both in the solution and
adsorbed. By increasing the value of u_, , not only does the
SDS wave slow down to allow the DPC wavesto completely react
with it but, also, the increase in the value of u . causes
the amount of precipitate formed at any point in the column
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to increase, as well. Unfortunately, increasing the value of
uES causes an increase in the spreading of the SDS wave,
also.

The model also predicts that it is possible to control
where in the column the precipitate‘forms by varying the
amount of the brine spacer injected between the SDS and the
DPC slugs. Shown in figure 13 is the plot of concentrations
of SDS, DPC, and precipitate versus dimensionless length. at
"pore volumes injected" equal to 2.8. The only difference
between the data used to generate the plots shown in figures
13 and 10 is the value of the brine spacer. The values of
the brine spacer used to generate the plots shown in figures
13 and 10 are 0.62 and 0.13 pore volumes, respectively. 1In
figure 13, concentration of precipitate in the first half of
the column is zero. In figure 10, the amount of brine spacer
is smaller, and concentration of precipitate in the first
half of +the column is not zero. By comparing the
concentrations of precipitate in both +the plots shown in
these figures, it can be concluded that the greater the
amount of the brine spacer injected, the further away from
the beginning of the column the precipitate forms.

CONCLUSIONS

1. When SDS and DPC are injected into a packed column, they
react and form precipitate.

2. Only at very high injected SDS and DPC

concentrations 1is there a significant reduction in
permeability.

3. With the exception of seeing precipitate in the

column effluent, every other aspect of the
experimental SDS and DPC effluent profiles 1is
predicted by the theoretical model.

4. Anionic-cationic surfactants with high molecular
weights form larger precipitate particles, and

cause greater reductions in permeability.

5. The model predicts that the average amount of
precipitate formed within the column increases with an
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increase in the adsorption of the first
surfactant by the mineral oxide. Increasing

adsorption causes an increase in the spreading of the
sur factant concentration wave also.
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Table 1. Experimental Data for Experiments 1

Through 3

[SDS]inj ( M)

[DPC] inj ( M)

SDS Slug (pv)

DPC Slug (pvVv)

Brine Spacer (pv)
Velocity (ft/day)

Initial Permeability (md)

Final Permeability (md)

Porosity

-89~

Experiment#

1 2 3

310 2490 9000
1200 2980 10000
1.61 1.38 2.86
0.68 0.53 0.65
0.31 0.13 0.17

6 12 12

217 197 172

210 188 151
0.84 0.84 0.84



Table 2. Experimental Data for Experiments 4

Through 6

[sns]inj ( M)

[DPC]inj ( M)
SDS Slug (pv)
DPC Slug (pv)
Brine Spacer (pv)

Velocity (ft/day)

Initial Permeability (md) .

Final Permeability (md)

Porosity

~90-

Experiment#

4 5 6
20000 2000 2000
40000 400 400

1.51 9.2 28
0.62 1.1 1.3
0.23 0.17 0.19

12 17 17

157 125 11

105 120 8

0.83 0.83 0.83



Table 3. Amount of SDS and DPC Remaining in the Column at a

Certain Pore Volumes

Experiments 1, 2, and 4.

Experiment # 1:

Amount of SDS remaining in

the column (at pv injected=4.1)

Amount of DPC remaining in

the column (at pv injected=4.1)

Experiment # 2:

Amount of SDS remaining in
‘the column (at pv injected=20)
Amount of DPC remaining in

the column (at pv injected=20)

Experiment # 3:

Amount of SDS remaining in
the column (at pv injected=17)
Amount of DPC remaining in

the column {(at pv injected=17)
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Injected
= 5 Mole
= 4 Mole

21 Mole

21 Mole
431 Mole
420 Mole

for
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CHAPTER 5

SIMULATION OF ENHANCED OIL RECOVERY
BY SURFACTANT ENHANCED VOLUMETRIC

SWEEP EFFICIENCY

ABSTRACT

A critical requirement in evaluating the technical
feasibility of the process 1is the development of a
mathematical simulation which is presented here. Case studies
are presented which address different types of heterogeneous
reservoirs. These studies examine the effectiveness of the
Plugs in enhancing the net o0il recovery, so that types of
reservoirs which are potential candidates for the process may
be delineated.

INTRODUCTION

In this chapter, the development of a mathematical model
to describe the proposed enhanced oil recovery process is
described. The model will simulate a conventional
waterflooding operation; the new process has been
superimposed on the waterflooding model. The model will
encompass the following; two-phase flow with o0il mobilization
by water displacement, the chromatographic movement of
separately injected slugs, allowance for an arbitrary
description of absolute permeability variation (directional
dependence of permeability is allowed) ,and accounting for
plug formation and permeability reduction upon phase
separation.

The main physical assumptions made in the model are:
1. All fluids are incompressible.

2. Local pﬁase equilibrium is assumed throughout.

-105-



3. No volume change occurs in the agueous phase upon
mixing or precipitate formation.

. 4. There are no important effects due to diffusion.

5. There is no partitioning of surfactant into the
oleic phase.

6. "Trogus" type surfactant adsorption will apply.

7. The effects of gravity forces may be neglected
(choose o0il and water to be of equal density.)

8. The effects of capillary forces may be neglected.
9. Darcy's law applies.

10. The surfactant components react instantaneously and
irreversibly to form a pore blocking phase so that
reaction occurs at a single interface, and this
leads to a fixed local permeability reduction.

The model is probably thT fﬁfSt of its kind in applying
the theory of "coherence" to the waterflood and
chemical flood of a black-oil reservoir. It allows the use of
timesteps several orders of magnitude greater than those used
in traditional finite difference models, whilst promoting the
same accuracy and stability. The solution method allows the
direct representation of water saturation distributions in
terms of contour diagrams, and the edges of injected chemical
slugs can be defined.It is also possible to define the edges
of low permeability plugs.

DEVELOPMENT OF MODEL EQUATIONS

If a material balance for a surfactant component i is
considered, it is apparent that:

C,_W aC; v
¢Sy—— +p(1_¢)_+¢v fw a ‘Hb fw dy

=0 EQ.1

Similarly, a material balance for incompressible water
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yields:

—~ -9 EQ.2

where

‘¢ = porosity
S, = volume fraction of aqueous phase
f,, = fractional flow of aqueous phase

C,w = concentration of surfactant in aqueous phase, mol/l

C; = concentration of adsorbed surfactant i in solid phase, mol/g
p = density of solid phase, g/l

V = interstitial fluid velocity vector

Equations 1 and 2 are first order hyperbolic partial
differential equations and are amenable to a characteristic
solution. A characteristic solution is one which tracks the
movement of certain values of the dependent variables. It is
easy to show that if a set of observation points is moved
through the reservoir at a velocity given by the following:

_ 505 EQ.3
v‘_vdfw

then a constant "characteristic" water saturation will be
observed. Similarly, the characteristic velocity for a given
surfactant concentration (without coincidence of more than
one component at a given place) is:
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fw

V= Vo 4G EQ.4
6S+p(1-9) o
This "characteristic" approach can be extended to

encompass binary interactive adsorption using the theory of
"coherence", although this is not fully described here. It
is known that surfactant solution compositions within
chromatogragg%i]waves tend towards a form of propagational

stability . Such compositions remain intact within the
wave and are termed "coherent." Their movement can be
tracked.

In order to simulate the flow-field, we use Darcy's
law for a multiphase system:

(ki | ap EQ.5 & 6
Ve=— —
K'“‘Euj}ax
v [skm]a

v, 2&_ EQ.7
ox oy
kT,
Let k:ﬁ,=_Kabsx [ZJ:"H—;]

so that equations 5,6 and 7 give
Ol ot 9 | 9p|_ EQ.8
ax[k@ax}+ay[kﬁyay]—o
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For two surfactant components, and two phases, six
equations in six unknowns are obtained:

Sw’ Cl,w: CZ,w’ Vs Vy, P-

Relative p gTeability relations are based on simple
power law models involving water saturation, initial water
saturation and capillary "trapped" oil saturation. Fractional
flow relations as functions of phase saturations are then
derived from the relative permeability expressions. The
fractional flow curve for water is given in figure 1.

SOLUTION OF THE MODEIL EQUATIONS

The simulation proceeds in several sequential stages.

a)

Using the values of water saturation at every grid point
to calculate the effective permeabilities, the pressure
equation is solved by using the wusual finite difference
discretization on a grid. The reservoir permeabilities for
each grid point represent an average value. The solution
method 1is direct, and proceeds by writing the finite
difference equations and boundary conditions at every point.
The resulting set of linear equations is then solved by an
efficient banded structure Gaussian elimination. This method
is extremely fast compared to Gauss-Seidel iteration,
especially for 1long reservoirs. The interstitial fluid
velocities are now calculated from equations 5 and 6.

b)

Curves of characteristic points, each curve representing
a particular water saturation S , are now moved through the
reservoir at a velocity given by equation 3. This is achieved
using a fourth order Runge-Kutta method, where the
interstitial velocities vary linearly in-between grid points.
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c)

The value of the water saturation is now found at every
grid point by interpolation from the positions of the
characteristic curves. Linear interpolation is used for the
interpolation scheme. The interpolation scheme will allow for
arbitrary characteristic curve shapes, and is equivalent to
finding spot high values from a "contour" map.

d)

Characteristic curves representing the chromatographic
movement of injected surfactant slugs are moved through the
reservoir according to equation 5 and analogous versions for
the case of chromatographic " shock waves." Three such curves

are associated with desTE}bing the chromatographic movement
of each surfactant slug .

e)

Finally, a check is made of whether the leading edge of
the second injected surfactant slug has overtaken the
trailing edge of the first injected slug. The curve along
which the two slugs first overlap represents. the origin of a
"reaction interface” which can be shown by material balance
to move at a velocity given by:

V ¢f,
Teme ey, EQ.9
| CMC1 G,

$Sw+p(1-¢)

The areas of the reservoir contacted by this reaction
interface then experience a certain reduction in absolute
permeability (i.e.plugging.) This permeability reduction
factor depends on the ability of the precipitate formed to
block the pore throats, and can be controlled to some extent
by changing the concentrations at which the slugs interact.
The new values for the absolute permeabilities are now
calculated on a point by point basis.

Having completed the calculations for a given timestep,
the simulation returns to step (a).
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The computer code for the simulation consisted of two
thousand 1lines of Fortran 77, and all the calculations were
performed on an IBM-PC XT unit.

RESULTS OF CASE STUDIES

In this section, the results of computer simulations of
the selective blocking process will be given. 1In all the
simulations, the net pay-thickness of the reservoir was
assumed to be 50 feet while the length of the reservoir was
either 100 feet (corresponding to a short reservoir) or 5000
feet (corresponding to a long reservoir.) The first injected
surfactant was anionic SDS and the second injected surfactant
was cationic DPC. Both slugs were injected at a concentration
of ten times the CMC. This enables large plugs to be formed
from small injected slugs. Relevant data are given in table
1. The reservoir consisted of a narrow, high permeability
zone along the center(y=20ft to 30 ft);surrounded by two low
permeability =zones. The transition in permeability was
continuous.

a.Illustration of sweep efficiency.

In order to illustrate the problem of poor sweep
efficiency a normal waterflood was simulated in a
heterogeneous reservoir. Figure 2 and 3 represent the
positions of the water saturation characteristics at an early
stage in the flood. It is apparent that the high permeability
zone 1is being depleted of oil at a more rapid rate than the
low permeability zone, even for small permeability contrasts.

In figure 3, an order of magnitude difference in
permeabilities has led to a large preferential invasion of
injected water into the central, high-permeability zone, and
this is reflected in the production history in figure 4. 1In
this figure, the volume of oil produced as a result of
waterflooding the reservoir is shown.Initially, the recovery
of 0il is rapid owing to a "piston-like" displacement of oil
by the water in the high-permeability zone. However, after
this point, injecting 1large amounts of water into the
reservoir results in only an incremental increase in the
recovery of oil.

The water to o0il ratio in the production well reaches 50
at a point when the recovery of o0il from the reservoir is
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only 41% of the original oil in place. Furthermoré&/ tﬁe
flow-rate of displacement fluid through the highly permeable
"thief-zone" is over 4 times that through the rest of ~the
reservoir, even though it accounts for only 20% of the
'reservoir volume.

b.Selectivity of plug growth.

It 1is important to the feasibility of this process that
the formation of low-permeability plugs as a result of
surfactant phase separation takes place selectively in the
watered out, high-permeability zones. The plugs should not
enter zones of high oil saturation or low permeability. In
zones where plugging occurs, in depth penetration is desired
so that bypassing of fluids around the plug and back into the
highly permeable streak is prevented.

As explained before, preferential diversion of injected
surfactant should occur into the high-permeability zone.
However, once that a low-permeability plug is formed, the
flow pattern in the reservoir will begin to alter. Plug
formation will have two possible self regulating effects:

(i) It may hinder the further interpenetration of the two

surfactant slugs inside the high-permeability zone, hindering
further plug development.

(ii) It may cause subsequent diversion of injected fluids
into the low-permeability zones, 1leading to interpenetration
of the surfactant slugs there, and blockage of the low-
permeability zones.

The injection strategy for the surfactant slugs was
chosen so that plug formation began at a fixed point deep
inside the high-permeability zone, at a point when the ratio
of water to oil produced from this zone exceeded 50.

Figures 5 and 6 represent the successive development of
low-permeability plugs in a mildly heterogeneous reservoir.It
is apparent in figure 5 that when plug formation is
associated with a drastic permeability reduction (100),the
selectivity of plug formation for the higher-permeability
zone 1is extremely poor. The plug rapidly begins to bulge
outwards into the low-permeability zone, and all zones of the
reservoir are equally sealed off to injected fluids. 1In
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figure 6, the permeability reduction factor is chosen to be
2, which is equal to the permeability contrast. In +this
case, selectivity is improved somewhat, but plug formation in
the low permeability zones is still significant. Plug growth
occurs somewhat faster in time.

The development of a plug in a strongly heterogeneous
reservoir is shown in figure 7 and 8. The permeability
contrast is 10 and the permeability reduction was chosen to
be 100 and 10 respectively. In this case, the plug
selectivity 1is improved. Since the permeability contrast is
much larger, substantial interpenetration of the surfactants
can occur before further plug development is hindered by
blocking of the high-permeability zone. Several new phenomena
are apparent.

1.

The development of a plug which is deep inside the highly
permeable zone is associated with the formation of daughter
plugs in the low-permeability zones which are very close to

the injection well. However, this is found not to have a
drastic reduction on injectivity since the fluids move
initially into the high-permeability zone and are

subsequently diverted into the low- permeability zone. Some
reduction in injectivity 1is observed, once the high -
permeability zone is blocked.

2,

After reservoir fluids containing the trailing slug have
been forced into the low permeability regions long enough to
bypass the plugged region, they return into the high
permeability areas where they encounter the leading slug
components and result in further blockage of the high
permeability regions. This can be seen as the development of
"lobes" or "jaws" at the leading edge of the plug in the high
permeability zone.

3.

In figure 8, the permeability reduction matches the
initial permeability contrast and here the selectivity is
very good. The outgrowth of the plug into the low-
permeability zone is much reduced compared with figure 7. In
figure 9, the high-permeability zone is surrounded by a thin
inpermeable layer which prevents flow of fluids across it.
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This reduces the side growth of the plug, but the development
of the "daughter plugs" is more apparent since fluids cannot
enter the unblocked portion of the high permeability zone.

The previous phenomena are apparent in figure 10, where
the permeability contrast is now two orders of magnitude. The
permeability reduction in this case matches the permeability
contrast and selectivity is good. In this case, the Ilow
permeability =zones have a large c. tent of residual oil and
this prevents plug growth by virtue of high fluid
viscosities.

Finally, figure 11 demonstrates the development of a
plug in a very long reservoir (5006 feet.) In this case, the
effect of bypassing of the plug is severe sinca2 the large
length to pay-thickness ratio(aspect ratio) causes the flow
pattern to adjust rapidly before anu after a disturbance
caused by blocking of the flow paths. Thus, in this case
growth into the high-permeability zones is marked but this is
associated with a marked side growth into the low-
permeability =zones. The plug selectivity quickly becomes
very poor compared with figure 7.

c.Flow path diversion.

In figure 12, the effect of forming a small, very-low
permeability plug on the flow pattern is shown. The plug is
formed ideally inside the high-permeability zone at the point
when it 1is watered out. The arrows on the figure represent
the direction and magnitude of the fluid flow, and it can be
seen that the low-permeability zone is only swept effectively
in the vicinity of the plug. The fluid flow rapidly returns
to the high-permeability zone after the plug, and is fully
re-established 15% of the reservoir length downstream of the
plug. This illustrates the importance of having in-depth
penetration of the plugs inside the high-permeability zones.

CONCLUSIONS

Large permeability contrasts within an oil reservoir
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lead to poor sweep efficiencies in waterflooding operations.

II

The development of low-permeability plugs with the
proposed process 1s self influenced to a large extent. 1In
reservoirs with small permeability contrasts, selectivity of
low-permeability plugs for the high-permeability zones is
very poor. This may be detrimental when the permeability
variation is very gradual.

ITT

In reservoirs with 1large and distinct contrasts in
permeability, plug selectivity 1is generally very good.
However, it is poorer when the reservoir has a larger aspect

ratio, or when the permeability reduction is large compared
with the initial permeability contrast.

Iv
A mechanism exists whereby new flow paths which form
ahead of the plug are sealed off. In order for plugs to

effectively improve the sweep efficiency, they must deeply
penetrate the high-permeability zones.
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NOMENCLATURE

G, = concentration of surfactant, mol/l

Ci,j = injected concentration of surfactant, mol/l

CMC = critical micelle concentration, mol/l

k.ps = absolute permeability, md

a1}

k; = relative permeability of phase "]

p = pressure, psi

t = time, seconds

Vwave = Wave velocity (ft/s)

X,y = depth, length (ft)
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I; = adsorption of component ‘i‘ , mol/g

T'eme = adsorption at CMC

p; = viscosity of phase ’j’ , cp
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TABLE 1.
Rock density = 2.65 g/cm?
Porosity = 0.2
Oil viscosity = 5.0 cp
Water viscosity = 1.0 cp
Injection pressure gradient = 1.5 psi/ft
Fluid densities = 1.0 g/cm?
Net pay thickness = 50 ft
Length of reservoir = 100 ft or 5000 ft
Trapped oil saturation = 0.2
Initial water saturation = 0.1

Henry’s Law constant : DPC = 8.3 x 107 liter/g

or : SDS =2.71 x 10™ liter/g

CMC values : DPC = 800 micromole/l

or : SDS = 4000 micromole/l
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