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EXECUTIVE SUMMARY

Fluids do not flow as a uniform plug through oil
reservoirs. Reservoir heterogeneities result in most of the flow
channelling through regions of high permsability, leaving
significant fractions of the original oil still remaining in
areas of low permeability, where flow rates are less. This is
known as bypassing and results in zones in the reservoir of high
residual levels of unproduced oil when a field is abandoned. It
is the improved recovery of the oil trapped due to reservoir
heterogeneity which this project addresses.

After development of water channels between the injection
and production wells, the injected brine results primarily in
brine production. The goal of surfactant-assisted waterflooding
is to partially or completely block these water streaks by
forming a plug of surfactant precipitate or coacervate deep in
the water channels, far from the injection wells, without the
occurrance of plugging in the immediate vicinity of the well
bore. This plugging of the water channels forces subsequently
injected brine into the portions of the reservoir with high
residual oil saturations, resulting in an extension of the
economic life of a secondary recovery project.

The process relies on the differences in the
chromatographic velocities of oppositely charged surfactants as
they are propagated through a porous medium and phase separation
behavior of surfactants to seal off high permeability, low
residual oil saturation regions of reservoirs. Though making use
of surfactants, this new process is not to be confused with
classical (low tension) surfactant flooding, which is designed to
enhance oil recovery by reducing oil/water interfacial +tensions.
In the new process, a sequence of surfactant species is injected
into the reservoir. The first surfactant injected is moved away
from the injection well by subsequent injection of waterflood
brine. The last surfactant injected is chosen to have higher
chromatographic velocity than the first one. The species are also
chosen so that when they mix in-situ, a phase separation occurs,
resulting in formation of a pore-blocking precipitate surfactant
phase or of a high viscosity gel-like coacervate surfactant
phase. Because the oil recovery mechanism is completely different
from that in low tension surfactant flooding, the new process can
operate at much lower surfactant concentrations and higher
injectivities, greatly reducing the upfront costs of the new
process, improving its economic feasibility.

The technical feasibility of the surfactant-assisted
waterflooding process in model porous media (an alumina sandpack
with 0.15M NaCl and Berea sandstone cores saturated with 10%
synthetic field brine) has been demonstrated both experimentally
and theoretically. Static and dynamic single component surfactant
adsorption isotherms, and static multicomponent adsorption
isotherms have been measured for a model surfactant system
(sodium dodecyl sulfate (SDS)/dodecyl pyridinium chloride (DPC)).

vii



The adsorption of the mixture of surfactants was described
by the use of ideal solution theory to model the formation of the
admicelle or surfactant aggregates on the surface of the mineral.
However, the phase separation model of surfactant adsorption
failed to represent +the monomer-micelle equilibrium at low
surface coverages. :

The effect of surfactant structures and concentrations, pH,
temperature, and electrolyte type and concentration on
precipitation phase boundaries for a model anionic/cationic
surfactant mixture was investigated. A mathematical model was
successfully - developed +to predict ‘the precipitation phase
boundaries. This model utilizes simple solubility product
constants coupled with +the assumption +that only surfactant
monomer concentration should be used in the solubility product
expressions. Regular solution theory is used to describe monomer-
micelle equilibrium. - This model accurately predicts the
precipitation phase boundaries of the anionic/cationic surfactant
mixture. The hardness tolerance of anionic surfactant solutions
was also found to be enhanced by +the addition of monovalent
electrolyte or nonionic surfactants. = In general, the
precipitation studies showed that the conditions of the injected
surfactant slugs and surfactant structure can be adjusted +to
allow precipitation under a variety of reservoir conditions.

Experiments in simulated porous media had shown that in-
situ mixing of surfactant slugs caused phase changes which were
capable of blocking the permeable pore channels in which fluid
was flowing, +thereby reducing +the permeability of +the high
permeability zones. The depth of plugging and plug sizes could
also be controlled by adjusting the pore volumes of brine spacer
or the concentration and pore volumes of surfactants injected.
Optimum strategies were identified whereby the stability of plugs
could be prolonged. It was also demonstrated that plugs could be
made to form selectively (with respect +to position) in high
permeability zones of reservoir sandpacks and sandstones, both in
the case of one directional flow through a core of low inlet and
high outlet permeability (and vice versa), and in the case of
two-directional flow originating in +the center of a core and
moving through regions of high, and low permeability,
respectively. Microscopic examination of the precipitate showed
that plate-like crystals were formed. It is likely +that the
mechanism of permeability reduction in the sandstone is closing
of pore throats by stacks of oriented precipitate crystals. This
mechanism is similar to that proposed for the effect of soft
water on sandstone cores, only there is a different source for
the particles which block the pores. This is a significant
finding in that it indicates that +the efficiency of the
permeability reduction is not likely to be strongly dependent on
the total volume of precipitate formed. This, in turn, means that
lower concentrations of surfactant may be used to form channel-
plugs of sufficient strength.

Mathematical simulation of a two dimensional reservoir with
two phase flow (0il and water) was developed which could be used
to determine the plug growth and resistance to bypassing and the
potential increases in  o©0il recovery when using the proposed
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process in a variety of simulated reservoir conditions. These
studies indicate that reservoirs in which the high-permeability
streaks are one or two orders of magnitude greater than the lower
permeability regions are strong candidate for this process.

In SUWNMary , Ll ability of surfactant-assisted
waterflooding to modify permeability profiles in a bheneticial way
has been demonstrated both experimentally and +theoretically.
Experimental work and mathematical modeling has delineated the
abilities and the limitations of the process. ©Starting from
scratch in the investigation of a total new concept and process,
results from the past three years lead to a great deal of
optimism about this new technology.
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ABSTRACT

durfactant-enhanced waterflooding is a novel EOR method
aimed to improve the volumetric sweep efficiencies in reservoirs.
The technique depends upon the ability to induce phase changes in
surfactant solutions by mixing with surfactants of opposite
charge or with salts of appropriate type. One surfactant or salt
solution is injected into the reservoir. It is followed later by
injection of another surfactant or salt solution. The sequence of
injections is arranged so that the two solutions do not mix until
they are into the permeable regions well away from the well bore.
When they mix at this point, by design they form a precipitate or
gel-like coacervate phase, plugging this permeable region,
forcing flow through less permeable regions of the reservoir,
improving sweep efficiency.

The selectivity of the plugging process is demonstrated by
achieving permeability reductions in +the high permeable regions
of Berea sandstone cores. Strategies were set to cbtain a better
control over the plug placement and the stability of plugs. A
numerical simulator has been developed to investigate the
potential increases in 0il production of model systems.
Furthermore, +the hardness tolerance of anionic surfactant
solutions is shown +to be enhanced by addition of monovalent
electrolyte or nonionic surfactants.



SURFACTANT ENHANCED VOLUMETRIC SWEEP EFFICIENCY

CHAPTER 1
INTRODUCTION
The purpose of this project is to increase the ultimate oil
recovery through waterflooding in heterogeneous reservolrs
by selectively Dblocking off high permeability zones which
exist at waterflood residual o0il saturation. Subsequently

injected displacement fluids will be diverted into the low
permeability zones of high oil content.

This process consists of +three parts; first a dilute
surfactant solution is injected into +the reservoir which has a
high adsorption loss onto the reservoir minerals. This leads to
a tail region in the advancing slug with a low
chromatographic velocity. Second, a brine spacer 1is 1injected.
Thirdly, a second unlike surfactant solution is injected
which has a lower adsorption than the first injected surfactant.
The concentration of the surfactant solutions are several times
the Critical Micelle Concentration (CMC); therefore surfactants
are in the form of micelles which advance with a large
chromatographic velocity.

Interaction of the two unlike surfactants will occur deep
within the reservoir in the high permeability =zones. This
interaction results in the formation of a precipitate or a gel-
like coacervate either of which can greatly reduce the
permeability of the high permeability zones. The distance from
the injection well at which perameability reduction occurs can be
controlled, by altering the size of the brine spacer and the
concentration of the two surfactants.

Experiments have been performed in sandstone cores which
have shown that in-situ mixing of surfactant slugs causes a phase
change which is capable of significantly reducing the
permeability. Strategies have been identified whereby the
stability of low-permeability plugs can be prolonged.

The research project has shown that selective plugging can
be made +to occur. For example, permeability reductions were
achieved in high-permeability zones, both in the case of one
directional flow through a core of low-inlet and high-outlet
permeability (and wvice versa), and in the case of two-
directional flow originating in the center of a core and moving
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through regions of high, and low permeability, respectively.

A numerical simulator has been developed which can be used
to determine the potential increases in oil recovery when using
the proposed process in model reservoirs. The studies indicate
that reservoirs in which the high-permeability streaks are one or
two orders of magnitude greater than the lower permeability
regions are strong candidates for this process. It has also been
shown that dramatic improvements in oil recovery are possible
with the process, because the precipitate or coacervate form
rapidly and selectively in the high permeability zones. '

Two possible candidates for +the injected slugs in this
procecs are; a slug of anionic surfactant followed by a slug of
multivalent cations, and a slug of anionic surfactant followed by
a slug of nonionic surfactant. Detailed work has been done on the
phase boundary behavior of such systems, without and with the
addition of monovalent electrolyte.

Such studies should make it possible +to predict how +to
formulate surfactant slugs, such that strong precipitation will
take place on in-situ mixing, and such that the individual slugs
themselves can be given an increased hardness +tolerance to
multivalent cations present in the reservoir itself.



CHAPTER 2

Expérimental Verification of Surfactant-Assisted Waterflooding

INTRODUCTION

The objective of the experiments described in this report
is to investigate permeability reduction in consolidated Berea
sandstone cores produced by a selective plugging process. The
process uses phase changes in surfactant solutions and the
chromatographic movement of surfactants to improve the volumetric
sweep efficiency. High permeability regions are +the desired
locations for surfactant precipitate formation +to occur. The
ultimate goal is to partially plug these regions and force the
fluid flow into the low permeability zones, which have higher oil
saturations after normal waterflooding.

To validate and to show the technical feasibility of the
proposed process in a well-defined experimental system,
experiments were designed and performed to: (1) verify that phase
separation would occur in a simulated porous media composed of
Berea sandstone with an anionic/cationic surfactant systen,
resulting in formation of either a solid precipitate or a viscous
gel-like coacervate phase, which is capable of blocking the high-
permeable pore channels in which fluid is flowing, thereby
reducing the permeability of the high perameability zones, (2)
show that the subsequently injected fluid would be selectively
diverted to the low permeability and wunswept regions, (3)
investigate the depth of plugging and +test +the injection
strategies so +that plug placement could be controlled, (4)
examine the long term stability of plugs.

RESULTS AND DISCUSSIONS

Berea sandstone cores were stabilized prior to each run.
This was required by the presence of considerable amounts of clay
minerals, which could migrate or swell +to cause plugging. In
order to minimize +these effects, 100 pore volumes of a 10%
synthetic field brine (SFB) solution was injected through one end
of the core and then through +the other end. The 10% SFB is a
dilution of a full strength SFB whose composition is shown on
Table 2.1. Several factors, such as injectivity rate, | salinity,
and pH were also monitored and kept constant. Brine solutions
were vacuum filtered +to prevent fine particles and degassed +to
prevent air bubbles from getting into +the system and effecting
the apparent permeability. A pressure +tap was placed about half
way from the inlet end and 1/2 inch into the surface of the core.
By monitoring the pressure drop between the inlet and the outlet
the approximate distance from the injection point at which
plugging occurs could be determined. The pressure and flow rate
were continuously monitored during the experiments. Table 2.2
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through Table 2.4 1list the test conditions, pore volumes of
injected surfactant and brine solutions.

The effect of coacervate formation on the permeability of
the core was determined by experiment 1. Figure 2.1 is a plot of
permeability versus pore volumes injected and figure 2.2 is a
concentration history curve for +this run. During injection of
Dodecyl Pyridinium Chloride (DPC), +the pressure drop for the
outlet section of the core decreased. This might be due to a drag
reduction phenomena known to Dbe produced by adsorbing
surfactants; it may also be due to some unknown mechanism by
which the surfactant interacts with the Berea surface or with
clays in the column. With injection of Sodium Dodecyl Sulfate
(SDS), the permeability through the outlet section first
increased, but +then sharply decreased within 3.14 pore volume
(pv) of injection (from 143.3 md to 23.1 md - 84% reduction).
However, permeability through the inlet section decreased
immediately and reached almost a constant value of 23 md (40%
reduction). Coacervate was observed in the effluent samples
shortly after the DPC concentration reached its minimum,
indicating that formation of this viscous surfactant phase was
occurring in-situ. Continued flushing with brine resulted in a
subsequent increase in permeability of the outlet section to 53
md (still 33% reduction overall). This was probably due to
partial .elution of the coacervate, or a dissolution of part of
the coacervate phase. However, as is evident from figure 2.1, the
permeability through both sections reached a stable condition
after 70 pv had been injected. It can also be observed from
figure 2.2 that continued injection of SDS would cause a partial
recovery of the permeability and elution of DPC from the porous
medium. After injection of 16 pv, the permeability in the cutlet
section increased. This coincides with an increase in effluent
DPC concentration. Continued injection of 10% SFB caused both the
effluent DPC concentration and +the permeability in the outlet
section to decrease. The effluent DPC concentration reached zero
after 3.4 pv of 10% SFB was injected. Thus, it is apparent that
only an optimum 8SDS slug size 1is needed to reduce the
permeability to its minimum. This optimum is reached when the
effluent DPC concentration reaches its minimum following SDhs
introduction into the system.

Experiment 2 was designed to show the effect of brine
spacer on selective permeability reduction. Permeability
reduction can be obtained in the outlet half of the core by
monitoring the size of the brine spacer. Moreover, it was desired
to demonstrate that the extent to which DPC was removed from the
core after injection of SDS could be controlled by the size of
the SDS slug. After injecting 10.03 pv of DPC, 0.64 pv of 10% SFB
(more than 150% increase in the size of the brine spacer over the
previous run), was followed by 3.5 pv of 8DS. Figure 2.3 is a
plot of permeability versus pore volumes injected for this run,
and Figure 2.4 is the concentration history curve. As shown in
Figure 2.3, after injection of SDS, a quicker response in
permeability reduction can be observed for the inlet section (20%
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reduction) than for the outlet section (28% reduction). When 10%
SFB was injected, there was first an immediate increase in
permeability through +the inlet section, which subseguently
remained constant at 121.6 md (11% reduction overall). However,
the increase in permeability through the outlet section did not
occur until 10 pv of brine had been injected into the core. This
recovery could again be due to partial dissolution of the plugs.
It stabilized at 83.7 md (23% reduction overall) and remained
constant throughout the rest of the run. Injection of SDS was
stopped when the effluent DPC concentration reached its minimum.
This limited the elution of DPC from the core and resulted in a
lower recovery in permeability in +the outlet section. As in +the
first run, the presence of coacervate in the effluent solution
was observed when the effluent DPC concentration was at its
minimum.

In the next two experiments, cores were placed in such a
way that higher permeability sections were at the outlet end and
lower permeability regions were at +the inlet end of the core.
This allowed us +to investigate the ability of formation of
precipitate at the downstream side away from the inlet end and in
the high permeability regions.

Experiment 3 was designed to show the effect of formation
of precipitate on the permeability of +the core. Figure 2.5 is a
plot of permeability versus pore volumes injected and Figure 2.8
is a concentration history curve for this run. After injection of
9.96 pv of DPC, 0.68 pv of 10% SFB was followed by 3.54 pv of
SDS. The optimum SDS slug size needed to control the elution of
DPC from the core, occurred after 0.22 pv of SDS was injected and
when the effluent DPC concentration reached its minimum following
SDS introduction into the system. At this point, the permeability
through the outlet section started to decrease and reached its
minimum within 3.84 pv of SDS injection (from 116 md to 22.5 md -
81% reduction). However, permeability in the inlet section
decreased immediately and reached almost a constant value of 15.4
md (67% reduction). Precipitate was observed in +the effluent
samples after +the DPC concentration reached its minimum,
indicating that formation of precipitate was occuring in-situ. It
was also desired to achieve more permeability reduction through
the outlet section by injecting 0.68 pv of Dbrine spacer. This
task was momentarily achieved after 18 pv had been injected (81%
reduction in the outlet section as opposed +to 67% reduction in
the inlet section). Continued flushing with brine resulted in a
subsequent increase in permeability which wultimately reached a
stable condition after 90 pv had been injected (still 45%
reduction in the outlet section as opposed to 70% reduction 1in
the inlet section). One reason for this behavior could be that
precipitate was not fully formed in the outlet section at time at
which injection of brine solution was resumed. Precipitate
particles are assumed to be produced as nuclei and grow in size
gradually. When the size of these particles is smaller than the
size of the pore throat of the porous media, they can easily pass
through the pores and leave more flow paths available for fluid
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to go through.

In Experiment 4, the concentration of ©SDS was increased
from 6000 um to 7000 um. This was +to produce more stable plugs
and to prevent a larger recovery in permeability. A smaller slug
size for the brine spacer was also used to concentrate the extent
of formation of precipitate in the inlet end of the core. Figure
2.7 is a plot of permeability versus pore volumes injected for
this run, and Figure 2.8 is the concentration history curve. As
shown in Figure 2.7, after injection of SDS, a quicker response
in permeability reduction can be observed for the inlet section
(88% reduction) than for +the outlet section (84% reduction).
After injection of 10% SFB, permeability through both sections
gradually increased. However, the permeability through the inlet
section remained constant after 20 pv of injection (still 79%
reduction overall), and the permeability through the outlet
section never reached a constant value (46% reduction after 163
pv of injection). This recovery was probably again due to elution
of precipitate, or a dissolution of part of the precipitate
phase. Injection of SDS was stopped when effluent DPC
concentration reached its minimum. This limited the elution of
DPC from +the core and resulted in a lower recovery in
permeability in +the outlet section. As in the last run, the
presence of precipitate in the effluent solution was observed
when the effluent DPC concentration was at its minimum.

To obtain a more stable plug and to prevent the elution or
dissolution of part of the coacervate phase, fluid flow was
stopped in Experiment 5. This resulted in a greater permeability
reduction and formation of more stable plugs, which prevented a
large recovery -in permeability. Figure 2.9 is a plot of
permeability versus pore volumes injected, and Figure 2.10 is the
concentration history curve for +the same experiment. After
injecting 8.21 pv of DPC at 15000 uM, 0.43 pv of 10% SFB, and
1.51 pv of SDS at 10000 uM, the permeability in the inlet section
dropped from 164 md to 50.5 md Flow was then stopped and the core
was placed in a horizontal position with a pressure tap on the
top. The horizontal position was chosen in order to eliminate the
gravity effect on the coacervate phase. At the injected
surfactant concentrations, based on +the phase diagram for the
SDS-DPC system, formation of coacervate was expected. As shown in
the diagram, during this time, +the permeability for the inlet
section changed from 57.1 md +to 50.5 md; the outlet section
permeability changed from 26 md to 26.5 md. These are not
significant changes in permeability. With additional injection of
brine the permeability through the inlet section increased to an
average value of about 64 md (an overall reduction of 61% from
th% original permeabilities). The permeability of the outlet
section averaged about 16 md (a 27% overall reduction). Since
only '0.43 pv of brine spacer was used, it was expected that the
permeabllity reduction for the inlet section would be greater
than for the outlet section. Thus, by stopping the flow for the
purpose of giving enough time for +the completion of any
interaction to occur between the SDS and the DPC, an increase in
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permeability with continued injection of brine was prevented.
This also suggests that large amounts of coacervate did not
dissolve into +the bulk solution after +the phase separation.
Moreover, as can be observed from Figure 2.10, there was no
increase in effluent DPC concentration once 10% SFB was again
injected. This implies that there was no elution of a significant
part of the coacervate phase from the porous medium and that a
stable plug was formed. ‘

The objective in Experiment 6 of this report was to show
the selective plug placement of the process. To achieve this
goal, a core from a previous run was used. Surfactant solutions
were injected into a core from the inlet end and the permeability
of the inlet section was selectively reduced. The core was now a
heterogeneous medium with one half having a much higher
permeability than the other half. After injecting more than 50 pv
of 10% SFB and reaching a stable condition, the core was flooded
from a tap which had been placed in the middle of the core; i.e.,
injection of fluid flow was carried out through a hole 7.2 cm
from one end and 6.9 cem from +the other end. The initial
permeability of the high permeable section (section 1) was 15.4
md; that of the low permeable section (section 2) was 3.0 md.
Approximately 83% of flow was initially through section 1. After
stabilization with 10% SFB, injection of 5.97 pv of DPC at 15000
wM was followed by 0.29 pv of 10% SFB, and 2.556 pv of 5DS at
10000 uM. Figure 2.11 is a plot of permeability of both the high
and low permeability sections and percent flow through the high-
permeable section, versus cumulative pore volumes injected;
Figure 2.12 1is a concentration history curve for the two
sections. Since more flow was passing through section 1, much of
the DPC and brine spacer ended up in this section. This 1is
evident from Figure 2.12, where an earlier DPC breakthrough
occurs from section 1 than from section 2: DPC was first detected
from section 1 at 1.97 pv, and from section 2 at 4.9 pv. The
maximum effluent DPC concentration from section 2 was 7941 pM,
while from section 1 the injected concentration, 15000 M, was
reached. A slow decrease of percent flow and permeability through
both sections during injection of DPC and 10% SFB was mainly
because the core was not completely devoid of any surfactant.
Even with injection of more +than 50 pv of 10% SFB during the
first part of the process, some surfactant was still left in the
core in form of coacervate or adsorbed molecules. However, they
interacted slightly with the incoming DPC slug and caused minimal
changes. During injection of 8DS, the interaction of +the +two
surfactants resulted in a phase separation. This diverted +the
fluid and forced extra SDS to pass through the low permeability
section (section 2), where SDS +then adsorbed on +the mineral
surface and interacted with the DPC which was left in this
section during DPC injection. The plugging occured rapidly as the
8DS invaded section 1 at a faster rate than section 2. This is
evident from the experimental results shown in Figure 2.11. At
the end of 5DS injection, both permeability and percent flow
through section 1 dropped sharply to 1.7 md and 54% (89% and 35%
reductions) respectively. At the same time +the permeability
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through section 2 was 1.3 md (57% reduction). After injecting
0.56 pv of 10%SFB, coacervate was observed at the effluent
solution from section 1. This again indicates that coacervate had
been formed in-situ and caused the permeability reduction of the
higher permeability section, forcing the subsequent fluid flow to
bypass this blocked, high permeability region and to divert the
fluid into the other region (section 2). This is also evident
from a decrease in percent flow through section 1. After 15.5 pv,
permeability through section 2 (K2) started to decrease and
finally reached to 0.7 md (77% reduction) at 21.51 pv. Since a
semaller fraction of surfactants invaded this section, they were
diluted to a lower concentration with the incoming brine. This
placed the mixture nearer the solubility curve, and, as a result,
decreased the relative supersaturation; +thus, the rate of
formation of the new phase was also decreased in this section.
Continual flushing with brine resulted in a partial recovery of
permeability through section 2. As described above, coacervate
was not fully formed in this section because of the slow rate of
formation. Also, from the ratio of relative permeabilities, which
was 5.13 before plugging and 1.3 after plugging, it can be
concluded that a more uniform and homogeneous medium can be
prepared by using this selective plugging process.



1.

CONCLUSTIONS

The following conclusions had been derived by the experiments:

rermeability reduction can be achieved by forming both
coacervate and precipitate in any desired region of a core.

The depth of ©plugging can be extended throughout the
length of +the core by increasing +the size of the
surfactant slug and the size of the brine spacer. The size
of +the brine spacer was increased from 0.25 pv in the
first experiment +to 0.64 pv in the second experiment.
This resulted in greater permeability reduction nearer
the end of the core.

The loss of the first surfactant from the core can be
reduced by controlling the size of the second surfactant
slug.

Plug formation is reversible; that is, injection of a
large excess of +the anionic surfactant may be used to
remove the plug if necessary for further treatments.

More stable coacervate phases can be formed by stopping
the flow after injection of the second surfactant. This
reduces permeability recovery during subsequent injection
of brine.

The diversion of fluid flow from +the high permeable
section to the low permeability section of the core
suggests that plugging +took place in the flooding zones
and forced the flow into the unswept regions. Thus,
the high permeability regions can be plugged
selectively by in-situ formation of coacervate; and this
results into a much more uniform and homogeneous medium.



TABLE 2.1

SYNTHETIC FIELD BRINE COMPOSITION

COMPONENT Kg/m3
NaCl 12.31
CaClz 0.32
MgClz .6H20 0.44
NH4 C1 0.07
Naz2B40O7 . 10H20 0.34
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TABLE 2.2
EXPERIMENTAL CONDITIONS IN FLOW EXPERIMENTS

CORE DATA :
EXPERIMENT # 1 EXPERIMENT # 2
LENGTH (cm) 16.7 14.2
CROSS SECTIONAL AREA 9.62 10.18
(cm2 )
DENSITY (g/cmd) ' 2.87  2.87
PORE VOLYUME (pv) 35.8 ml | 33.4 ml
POROSITY (%) - 22.3 23.1
PRESSURE TAP LOCATION
DISTANCE FROM INLET (cm) | 8.6 7.4
INITIAL PERMEABILITY (md) | ‘
INLET SECTION 38.5 148.0
OUTLET SECTION . 79.6 108.8
FINAL PERMEABILITY (md)
INLET SECTION 23.1 | 121.6
OUTLET SECTION 53.1 o 83.7
% PERMEABILITY REDUCTION
INLET SECTION 40.0 11.0
OUTLET SECTION 33.0 23.0
FLUID FLOW DATA:
pv INJECTED
1- DPC 10.96 10.03
2- BRINE SAPACER 0.25 0.64
3- SDS 12.57 3.50

EXPERIMENTAL SYSTEM : DODECYL PYRIDINIUM CHLORIDE (DFPC)/
SODIUM DODECYL SULFATE (SDS)

INJECTED SURFACTANT :
CONCENTRATION : 15000 uM DPC / 10000 uM SDS

SURFACTANT SOLUTION :
VISCOSITY :1.11 cp (for both SDS and DPC)

INJECTED BRINE
SOLUTION : 10% SYNTHETIC FIELD BRINE (SFB)

BRINE SOLUTION
VISCOSITY : 0.96 cp

-11-



TABLE 2.3
EXPERIMENTAL CONDITIONS IN FLOW EXPERIMENTS

CORE DATA :
EXPERIMENT # 3 EXPERIMENT # 4
LENGTH (cm) 16.55 16.55
CROSS SECTIONAL AREA 9.62 10. 46
(cmz )
DENSITY (g/cm?) 2.97 .64
PORE VOLYUME (pv) 38.0 ml 36.8 ml
POROSITY (%) 23.9 21.3
PRESSURE TAP LOCATION
DISTANCE FROM INLET (cm) 8.3 7.95
INITIAL PERMEABILITY (md) |
INLET SECTION 46.1 159.4
OUTLET SECTION 116.0 230.0
' FINAL PERMEABILITY (md)
INLET SECTION 13.8 34.0
OUTLET SECTION 63.3 123.6
% PERMEABILITY REDUCTION
INLET SECTION 70.0 79.0
OUTLET SECTION 45.0 46.0
FLUID FLOW DATA:
pv INJECTED
1- DPC 9.96 9.50
2- BRINE SAPACER 0.68 0.58
3- SDS 3.54 4.46
INJECTED SURFACTANT
CONCENTRATION (uM) : DEC 15000 15000
SDS 6000 7000

EXPERIMENTAL SYSTEM : DODECYL PYRIDINIUM CHLORIDE (DPC)/
SODIUM DODECYL SULFATE (SDS)

SURFACTANT SOLUTION
VISCOSITY : 1.11 cp (for both SDS and DPC)

INJECTED BRINE
SOLUTION : 10% SYNTHETIC FIELD BRINE (SFB)

BRINE SOLUTION
VISCOSITY : 0.96 cp
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TABLE 2.4
EXPERIMENTAL CONDITIONS IN FLOW EXPERIMENTS

CORE DATA :
EXPERIMENT # b EXPERIMENT # 6
LENGTH (cm) 14.8 14.1
CROSS SECTIONAL AREA 10.18 10.75
(cm2)
DENSITY (g/cm3) 2.74 2.72
PORE VOLYUME (pv) 33.94 ml 32.01 ml
POROSITY (%) 22.5 21.1
PRESSURE TAP LOCATION
DISTANCE FROM INLET (cm) 7.75 7.2
- INITIAL PERMEABILITY (md)
INLET SECTION 164.1 15.4
OUTLET SECTION , 22.1 3.0
FINAL PERMEABILITY (md)
INLET SECTION 54.7 1.8
OUTLET SECTION 1i6.1 1.4
% PERMEABILITY REDUCTION
INLET SECTION 67.0 88.0
QUTLET SECTION 27.0 63.0
FLUID FLOW DATA:
pv INJECTED
1- DPC 8.21 5.97
2- BRINE SAPACER 0.43 0.29
3- SDS 1.51 2.55
INJECTED SURFACTANT
CONCENTRATION (uM) : DPC 15000 15000
SDS 10000 10000

EXPERIMENTAL SYSTEM : DODECYL PYRIDINIUM CHLORIDE (DFPC)/
SODIUM DODECYL SULFATE (SDS)

SURFACTANT SOLUTION »
VISCOSITY : 1.11 cp (for both SDS and DPC)

INJECTED BRINE
SOLUTION : 10% SYNTHETIC FIELD BRINE (SFB)

BRINE SOLUTION
VISCOSITY : 0.96 cp

-13-
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CHAPTER 3

SIMULATION OF POTENTIAL INCREASES IN OIL RECOVERY BY
SURFACTANT ENHANCED SELECTIVE BLOCKING

INTRODUCTION

In earlier reports (third quarterly report, 1987), the
development of a mathematical model for +the process was
described. The model was used to simulate the development of low
permeability plugs, in model reservoir systems. The results
showed that, under most circumstances, it was possible to grow a
low permeability plug selectively within the high permeability
zone. Some important modifications have been made +to the
simulation, making it possible +to monitor more accurately +the
distribution of o0il saturation "“characteristics"” within the
. reservoir, and interpolate the values of grid Dblock oil
saturation. This modification is particularly important when
strong reductions of reservoir permeability lead to drastic
rearrangements in the reservoir flow patterns and induce strong
crossflows.

The objective of this section has thus been to monitor the
0oil production in model systems, for untreated and treated cases.
This makes it possible to identify those circumstances in which
the net o0il production without treatment is very poor, +the
potential increases in oil production if treatment can be made
selectively, and the optimum way in which this treatment should
be administered. Finally, these guidelines are used as a means of
optimising a full process simulation in which the net potential
increase in o0il production can be assessed.

RESULTS AND DISCUSSIONS

Model systems were chosen with the parameters given in
table 3.1. Figure 3.1 presents results for the total produced
volume of o0il from different short heterogeneous reservoirs as a
function of +the injected volume of water. The arrows on the
figure represent the points at which the water to oil ratio (WOR)
in the production wells exceeds b50; this is chosen arbritrarily
as the point at which it is no longer economically feasible +to
continue waterflooding the reservoir. For the homogeneous
reservoir, oil recovery is pistonlike up to 64 % recovery of oil
in place (0.I.P.) after which breakthrough occurs and the sweep
efficiency rapidly declines, o0il recovery reaching an ultimate
value of 72%. A reservoir with a 10 fold difference in
permeability between the middle streak and outside layers shows
almost the same performance. However, when the difference is 100
fold, sweep efficiency is much poorer, with an early breakthrough
and a final recovery of only 45%. For a 1000 fold difference in
permeability, this has dropped to 23%.
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Figure 3.2 presents the effect of ideal selective blocking
on the sweep efficiency in a short (100 feet) reservoir in which
the low-permeability zone is 10 md and the high permeability zone
is 1000 md Low-permeability plugs are introduced artificially
inside the high permeability zone when the WOR exceeds 50. The
various curves then represent the effect of a 100 fold reduction
in permeability ("plugging") at various locations within the high
permeability zone at water out. Relatively short plugs were
chosen to minimize the reduction in fluid injectivity. A plug
close to the injection well hardly improves the sweep efficiency
at all, while reducing the injectivity of displacement fluid, and
is thus detrimental to the oil recovery process. However, a plug
placed between one half and three quarters of the length along
the high permeability zone causes an immediate and dramatic
improvement in sweep efficiency, yielding a final oil recovery of
74% (24% increase) by injecting an extra one pore volume of fluid
only. Other cases yield oil recoveries intermediate between these
two extremes.

Figure 3.3 presents exactly the same results for a long,
5000 foot reservoir; a plug near the injection well produces no
observable improvement in sweep efficiency, while one between one
half and three-quarters along the high permeability zone produces
a significant improvement in sweep efficiency. The final recovery
is 74% (20 % increase) but this requires an additional 5 pore
volumes of injected water. In general, the improvement in sweep
efficiency for the same fractional length and position of plug is
rather lower in the long reservoir than in the short reservoir.
Clearly, a solution is +to use longer plugs but this must be
assessed against the further reduction in overall injectivity.
Furthermore, previous results indicated +that the selectivity of
plug formation for high permeability zones was worse in long
reservoirs.

Finally, a full process simulation was performed based on
the previous findings (Figure 3.4). First, the process was
applied to a 10 and 1000 md reservoir in which plug formation was
controlled to start in the middle of the reservoir and the size
of the slugs chosen so that plug formation ceased three quarters
of the way along the reservoir. Plug formation began when the WOR
exceeded 50. The local permeability reduction was chosen as 100.
In this case, the improvement in sweep efficiency is almost as
good as in the ideal case resulting in a 24% increase in oil
recovery for one pore volume of subsequent injection. Reduction
in injectivity is also similar to the ideal case. Thus, the plug
formation proceeds rapidly enough to give an almost instantaneous
and dramatic diversion of injected fluid into the regions of low
permeability and high residual oil content. Secondly, the process
was applied to the same reservoir in which the plug was allowed
to grow along the entire second half of the reservoir with a
permeability reduction of only 10. Again, an improvement in sweep
efficiency (though less dramatic) leads to a 20% increase in oil
recovery. The advantage of using a longer and weaker plug is that

-2% -



it causes a smaller reduction in overall injectivity.
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CONCLUSIONS

1. Short reservoirs in which the high permeabilty streaks have
a permeability at least one or two orders of magnitude
higher than the low permeability regions are strong

candidates for this process.

]

From all stand points, short reservoirs are expected +to
perform better than long reservoirs.

3. The optimum position of plug formation would appear to be
between one half and three quarters of the distance along
the high permeability streak; longer plugs of lower
permeability reduction may yield the same results. The use
of longer plugs of high permeability reduction should be
avoided since it will not 1lead to any great increase in
sweep efficiency, while leading to further unnecessary
decreases in injectivity.

4. The process method of plug formation is able to emulate the
ideal improvement in sweep efficiency quite closely; the
final injectivities are also close to those in the ideal
cases. The occurrence of auxiliary plugging near the
injection well has no serious detrimental effect.

Finally, the economic effect of an overall reduction in
injectivity (i.e. increased pumping costs or lower injection
rates), which is inevitable since the average permeability of the
reservoir is lowered considerably, has not been considered here
but is a factor to be considered in addition +to the economic
improvement in oil recovery as a result of a greatly improved
displacement efficiency.
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TABLE 3.1

Characteristics of simulated reservoir

Rock density
Porosity

Oil viscosity
Water viscosity

Injection pressure gradient
(maintained constant)

Fluid densities
Depth of injection face
Width of central high permeability streak

Length of reservoir

Trapped oil saturation
Initial water saturation

Henry’s law constant: DPC

(liter/gm)
or : 8DS
CMC values : DPC

(micromoles/liter)
SDS

Both surfactants injected at 10 CMC.

-30-

1"

2.65 g/cm?
0.2

5.0 cp
1.0 ¢cp

1.5 psi/ft

1.0 g/cm3
50 ft

10 £+

100 £t
or

5000 ft
0.2

0.1
8.3%10-5
2.71%10-4
800

4000
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CHAPTER 4

HARDNESS TOLERANCE IN ANIONIC SURFACTANT SOLUTIONS: I.
ANIONIC SURFACTANT WITH ADDED MONOVALENT ELECTROLYTE

ABSTRACT

Precipitation of sodium dodecylsulfate by calcium has
been reported over a wide range of concentrations with and
without added sodium chloride. Below the CMC, when no
micelles are present, surfactant precipitation can be
described by an activity-based solubility product written
between the surfactant and the calcium. Above the CMC, where
micelles exist, the solubility product must be written
between the unbound (unassociated) divalent counterion and
the monomeric (unassociated) anionic surfactant activities.
A model has been developed that can predict the precipitation
boundary using the solubility product combined with material
balances for each species and information about binding of
counterions on the charged micelles. Hardness tolerance
{(minimum calcium concentration reguired to cause
precipitation) of this system has been shown to increase by
as much as a factor of 25 by addition of 0.1 M NaCl,
indicating the value of monovalent electrolyte in enhancing
hardness tolerance of anionic surfactant solutions.

INTRODUCTION

Hardness tolerance of an anionic surfactant is defined
as the minimum concentration of multivalent cation necessary
to cause precipitation of the surfactant. Precipitation is
an important phenomenon because it is well known to
potentially limit the usefulness of anionic surfactants in
detergency applications in hard water (water containing a
high concentration of calcium and/or magnesium). It can also
restrict the ability +to apply surfactants in surfactant
enhanced waterflooding, or in micellar enhanced oil recovery,
in reservoirs with high hardness levels. However, the
hardness tolerance of the anionic slug +to reservoir-borne
multivalent cations can be increased by the correct use of
monovalent electrolyte to formulate the surfactant solution.

Conversely, the use of maltivalent cations to
precipitate anionic surfactant can be useful in surfactant
enhanced waterflooding, where the multivalent cations are
injected as a slug behind a leading anionic surfactant slug.
The trailing edge of the surfactant slug is overtaken by +the
slug of cations deep inside the high permeability zone.
Another use of multivalent cations +to precipitate anioinic
surfactant as illustrated by a proposed process for the
recovery of surfactant from surfactant-based separation
processesl .,
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In +this study, the precipitation phase boundary
(boundary between +the region where precipitate forms and
where solutions remain isotropic) is reported for mixtures of
sodium dodecylsulfate (8DS) and calcium chloride (CaCl2z) over
a wide range of concentrations. A model is developed which
can be used to predict the precipitation phase boundary for
this system when NaCl is also added. In the next chapter, the
model is expanded to include +the addition of nonionic
surfactant to the system to enhance hardness tolerance and
tested against experimental precipitation phase boundaries
for that system. In previous related work, we have studied
salinity tolerance of anionic surfactant solutions in the
presence of nonionic surfactant2 and precipitation of
anionic/cationic surfactant mixtures3.

EXPERITMENTAL MATERIALS

Sodium dodecylsulfate (NaDS) obtained from Fisher
Scientific had a purity greater +than 9b%. This was
recrystallized twice from a 50/50 mixture of water and
ethanol, then dried under vacuum with low heat.

The NaCl, CaClz, and MgClz were Fisher reagent grade and
were used as received. The water was distilled and
deionized.

METHODS

Precipitation Boundaries. A series of solutions, each
with the same concentration of NaD8 and NaCl (when present),
but with wvarying CaClz concentrations, were prepared in 100
ml volumetric flasks. All experiments in this study were
performed at 30°c % 0.050C, since precise temperature control
is essential to obtain accurate precipitation phase
boundaries. Surfactant solutions can remain supersaturated
for long periods of time before precipitation is completed.5;
therefore, all solutions were cooled +to near freezing
temperatures to force precipitation to occur. The solutions
were then placed in the 30°C water bath, shaken periodically,
and allowed to equilibrate for at least 4 days.

Whether or not crystals were present after equilibration
determined if the initial solution composition was inside the
precipitation phase boundary. Using simple visual detection,
the concentration of CaCl2z that determined a point on the
precipitation boundary was accurate +to within #10% at all
NaDS concentrations. Other workersé,7 have used laser
scattering to obtain more accurate phase boundaries in
similar systems. However, the observed precipitation phase
boundaries were not significantly different when laser
techniques were used for detection in this work. We have
found that the laser technique can give improved detection
results in precipitating anionic/cationic surfactant
systems3 .
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CMC Determination. Surface tension measurements were
used to determine +the critical micelle concentration (CMC)
for each system of interest by a break in the surface tension
versus logarithm of surfactant concentration curve. A DuNuoy
ring tensiometer (Central Scientific) with a platinum-iridium
ring was used and all the necessary precautions were taken to

maximize accuracy8. Solution temperatures were held constant
at 300 C and measurements were taken every 15 minutes until 3
successive readings were +the same. If readings did not

stabilize in 3.5 hours, the final surface tension measurement
was arbitrarily used.

THEORY

Figure 4.1 1is a schematic diagram which represents
precipitation in these mixtures when micelles are present.
The anionic surfactant is present in 3 environments: 1) as
monomer (unassociated molecules), 2) incorporated in mixed
micelles, and 3) as precipitate. Monovalent counterions (not
shown in Figure 4.1 for clarity) and divalent counterions,
both exist 1) as unbound (unassociated) species and 2) bound
onto the micelle surface. In addition, the divalent
counterion is present in any precipitate that forms.

To develop a model for surfactant precipitation in mixed
electrolyte systems, it is necessary to determine how the
surfactant monomer concentration varies as a function of the
concentration of all unbound counterions (those not bound to
micelles) at total surfactant concentrations above the CMC.
This is a difficult problem and very little work in the
literature addresses it. Fortunately, in hardness +tolerance
studies where only anionic surfactant is present, the
concentration of unbound €Cat*2 is usually negligible compared
to the unbound Nat concentration, so that a simple
relationship can be used to relate +the surfactant monomer
concentration to the unbound Nat concentration.

In +this paper, two different approaches will be
discussed to model precipitation phase boundaries. A
simplified model is developed that ignores the effect of Cat2
on the surfactant monomer concentration. This model is then
extended to a generalized model where the effect of unbound
Ca*2 is included. Although the simplified approach is
adequate for the anionic surfactant-only data presented in
this paper, the generalized model must be used in the
anionic-nonionic surfactant mixtures presented in Part II of
this series.

SIMPLIFIED MODEL
In hardness tolerance studies, there are two different

counterions which must be included in the model. In +this
case, sodium ions originate from +the NaDS and added NaCl,
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while calcium ions originate from added CaClz.
Theoretically, either Ca*2 or Nat could cause anionic
surfactant to precipitate in these solutions. Practically,
however, very high NaCl concentrationsZ (ca. 0.9 M) are
required to precipitate surfactant as NaDS (compared to a
maximum Na*+ concentration of 0.2 M imn this work), so it can

be assumed that Ca*2 is +the only counterion involved in the
precipitation reaction.

The precipitation reaction can be represented by:

which can be described by a simple solubility product

relationship between the free or unassociated species
involved. Therefore:
Ksp = [Ca*2 Jun ([DS- Jmon )2fca (fps )2 (4.1)

where Ksp is the activity-based solubility product, [Cat*2]un
in the concentration of unbound calcium, [DS-Imon is the
monomer concentration of anionic surfactant, and fca and fps
represent the activity coefficients of unbound Ca*2 and
monomeric DS- in solution, respectively.

Activity coefficients for each species are given by an
extended Debye-Huckel expression?®:

log(feca) = -0.5139(2)2(I1)0.-5/(1 + 1.9782(I1)0.5) (4.2)
log(fps) = -0.5139(-1)2(I)0.5/(1 + 2.3079(1)0-5) (4.3)

where I is the ionic strength. The ion size parameter in the
denominator of equations 2 and 3 is reported or estimated
using data or techniques from reference 9. The ionic
strength is calculated from:

I =2 0.5 ci(zi)2 = [NaCl] + [8DS] + 3[CaClz] (4.4)

where ci is the total concentration of ion i in solution, =i
is the charge of species i, and [NaCl], [SDS], and [CaCl2]
are the total concentrations of each species represented.
Calculating activity coefficients in micellar solutions can
be a difficult problem. Burchfield and Woolleyl¢® have
calculated mean stoichiometric activity coefficients by
treating the micelles as a separate species contributing only
a fraction of their total charge to ionic strength. The work
of other researchers has suggested that activity coefficients
of ions in solutions can be calculated by assuming the
surfactant is a simple strong electrolyte in solution

(discussed in Reference 10). In this study, the contribution
of surfactant to ionic strength will be considered to be the
same as a simple electrolyte, as shown in eq 4. The model is

not very sensitive +to the value of the resulting activity
coefficients, so inaccuracies introduced by these assumptions
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do not have a significant effect on +the final model
predictions.

The purpose of the theory is to predict the
precipitation phase boundary; i.e., the minimum CaClz2
concentration required to cause precipitation at any given
surfactant concentration. Along +the precipitation phase
boundary, therefore, only an infinitesimal amount of
precipitate is present and it can be neglected in material
balance equations, even though eq 1 is still satisfied. A
material balance on the anionic surfactant yields:

[SDS] = [DS-Imon + [DS-]Imic (4.5)

where [DS-Imic represents the concentration of DS- present in
micelles. Similarly, the total concentration of sodium ions
in solution, [Nat]Jtot is given by:

[Natjtot = [NaCl] + [8DS] = [Na*Jun + [Nat]v (4.6)

where [Natjun is the concentration of unbound Nat+, and [Nat]b
is the concentration of Na* bound on the charged micelles.
Eq 6 shows that sodium is contributed by both added NaCl
(when present) and surfactant, and +that all Nat in solution
must either be unassociated or bound onto the micelles. The
amount of sodium bound is related +to the fractional
counterion binding on a pure anionic micelle, BNa®, by:

BNa® = [Nat v /[{DS- Imiec (4.7)

The material balance for Ca+2 on the precipitation phase
boundary yields:

[CaCl2z] = [CatZjun + [Cat2]p (4.8)

where [Cat*2]bv represents the concentration of calcium ions
that are bound onto the micelles. Here however, the
counterion binding of calcium, Bca®, is defined by:

Bcad® = 2[Ca*2 Jb/[DS- Imic (4.9)

because the total number of charges of the micelle that are
neutralized by calcium is +twice the concentration of Cat2
bound on the micelle. Therefore, in this study, fractional
counterion binding is defined as the ratio of neutralized
charges in a micelle (from bound Na*t or Cat2) to the +total
number of anionic surfactant molecules in the micelle.

In this work, the monomer concentration, when micelles
are present, will be assumed to be equal to the CMC of the
surfactant. This CMC wused is that measured when the +total
concentration of counterions 1is equal +to the corresponding
concentration of unbound counterions in +the solution of
interest above the CMC. These unbound counterion
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concentrations are the same as the +total counterion
concentrations in CMC measurements because a negligible
amount of surfactant is in micellar form at the CMC (hence,
negligible micellar binding of counterion). Therefore, we
can discuss the monomer concentration of surfactant
([DS- Imon) in terms of +the CMC of the surfactant under
appropriate conditions.

If the concentration of unbound Ca*2 is small enough so
as not to affect CMC, the surfactant monomer concentration
can be described by the following equationil:

1In([DS-Jmon) = Ki - Kgln([Nat]un) (4.10)

where Ki and Kg are constants.

When a precipitation phase boundary is determined
experimentally, total surfactant concentration and salt
concentration are independent wvariables. When [8DS] and

[NaCl] are set, the dependent variable of interest is the
minimum concentration of calcium required to cause surfactant
precipitation, [CaClz]. If Ksp, @Na®, Bca®, Ki, and Kg are
known, egs 1 - 10 can be solved simultaneously to obtain

[CaClz], [Cat2lun, [Ca*2]Jb, [NatJun, [Na*]o, [DS5-]Jmon,
[DS~ Imie, I, fca, and fps. Therefore, it should be possible
to predict hardness +tolerance for any anionic surfactant
concentration at any salinity.

GENERALIZED MODEL

In generalit is not always possibleto neglectthe effect
of Cat2 on [DS-Jmon (which is the case for anionic-nonionic
mixtures presented in Part I1 of this series). In this case,
equations 1-9remain the same; however a new relationship must
now replace equation 10.Although a considerable amount of
data has been published concerning the effect of a single
counterion specieson theCMC of ionic surfactants,farless has
been published on mixturesof monovalent and divalent
counterions.Shinodal 2,13 derived theoreticalequations that
can be used to describemixed electrolyte systems andapplied
theseto data presented by Langeld4 Moroi et. al.i5,1l6have
modified theShinoda egquations to produce a successful model
for mixtures of NaDS and divalent metaldodecylsulfateswithout
other added electrolyte. The derivationpresentedhere isa
generalization of the approach taken by Moroi et.al. and it
allows calculation of the CMC for any concentration of added
NatandCat2 .The equationsthat follow are written specifically
for Nat and Cat2 but they apply for any mixture of monovalent
and divalent counterions.

By making +the proper assumptionsli3, +the Poisson-
Boltzmann equation can be applied to micelles to give:

2000 nEcS2 /(DNkT) = Zci {exp(-ziedo/kT) - 1} (4.11)
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where 5 is the surface charge density of the micelle, D 1is
the dielectric constant of +the solution, N is Avogadro’s
number, k is the Boltzmann constant, T is absolute
temperature, Ee is a conversion constant to give proper
units, ci and zi represent the concentration and charge of
each counterion in solution, respectively, e is the charge of
an electron, and %o is the electrical potential at the
surface of +the charged micelle. Since the micelle is
composed of negatively charged molecules, & is negative and
the exponential term in eq 11 is generally considered much
larger than 1 so equation 11 can be written as:

K282 = Zciexp(-ziedo/kT) (4.12)

where K2 1is a constant +that can be calculated from the
parameters in eq 11.

For a system of NaDS with added NaCl, equation 12 can be
written as:

K2 (SNa )2 = [NatJunP (4.13)

where SNa is the surface charge density when only sodium ions
are present, and P is given by:

P = exp(-edo /kT) (4.14)
Similarly, for Ca(DS)z with added CaCl2, one obtains:
K2 (Sca )2 = [Cat2 JunP2 (a.15)

where Sca is the surface charge density of the micelle when
Ca*2 is the only counterion present in solution. For
solutions that contain both Na* and Ca*2, equation 12 is
written as:

K252 = [Na*JunP + [Ca*2]JunP2 (4.16)

5 is assumed to be a linear combination of Si multiplied by
the ratio of ion concentrations at the micelle surface in the
mixed electrolyte system to the concentrations at the micelle
surface with only one type of counterion present:

S = [Nat]sSna/[Nat+]s0 + [Cat2]sS5ca/[Ca*t2]s0 (4.17

where [Nat]s and [Ca*2]s represent the concentrations of each
species at the micelle surface in +the mixed counterion
system, and [Nat+]Js© and [Cat2]s0 are the surface
concentrations at +the CMC for each pure surfactant. The
Boltzmann equationl? can be used to relate surface con-
centrations to bulk concentrations so that:

[Nat]s = [Nat*]JunP (4.18)
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[Nat]s0 = CMCspsPsps (4.19)
[Cat2]s = [Cat2]unP2 (4.20)
[Ca*t2]s® = 0.5CMCcos (Pcps )2 (4.21)

where CMCsps and C(MCcps are the CMCs of pure sodium
dodecylsulfate and pure calcium dodecylsulfate, without added
electrolyte, and Psps and Pcps are the values of P at CMCsps
and CMCcps, respectively.

In this work, CMC is defined as +the concentration of
dodecylsulfate anion where micelles begin to form.
Therefore, CMCcps is twice the concentration of pure calcium
dodecylsulfate ([Ca+2]un = 0.5CMCcps), whereas at the CMC of
pure sodium dodecylsulfate without added electrolyte, CMCsbps
is equal to the sodium concentration ([Nat]Jun = CMCsps).
Substituting equations 18 -21 into equation 17 gives:

S = [NatJunP(SNa)/{CMCspsPsps} +
[Ca+2 JunP2 (Sca )/{0.5CMCcps (Pcps )2} (4.22)
which allows calculation of S at any unbound Nat and Cat2
concentration.

Shinodal?® has developed equations which relate the CMC
to electrical potential:

1n(CMC) = 1n(1000/Nv) - mw/kT - 1 - Kgelo/kT (4.23)

where v is the free volume per surfactant molecule in the
micelle, m is the carbon number in the surfactant molecule,
and w is cohesive energy difference per molecule between
micellar and singly dispersed state. Using our nomenclature,
equation 23 is written:

1n[DS- Jmon = Kz + Kgln(P) (4.24)

where K3 can be calculated from parameters in equation 23 and
is constant for a given surfactant.

For a system of NaDS + NaCl, equation 24 is combined
with equation 13 to give:

In([DS-Imon) = Kz + (Kg,Na)ln{K2 (Sna )2} - (Kg,Na)ln[Nat ]un
= Ki - (Kg,nNa)ln[Natlun : (4.25)
where Kg,Na is the value of Kg when only Nat is present.
equation 25 is actually eq 10 written in more specific
detail. Similarly, for Ca(DS)z + CaClz, combining eaqs 24 and
15 yields:

1n([DS-Jmon) = Ka + 0.5(Keg,ca)ln{Kz(Sca)2} -
0.5(Kg,ca)ln[Ca*2 Jjun (4.26)

where Kg,ca is the value of Kg when only Cat2 is present.
Finally, for SDS + NaCl + CaClz, eq 24 is written as:
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In([DS~Imon) = K3 + Kgln(P) (4.27)

where Kg is a linear combination of Kg,i analogous to
equation 17. By combining eguations 18 - 21, Kg is given by:

Ke = [Na*JunP(Kg, Na)/{CMCspsPsps} +
: [Cat2 JunP2 (Kg, ca )/{0.5CMCcps (Pcps )2} (4.28)

When eq 24 is written for pure sodium dodecylsulfate and
pure calcium dodecylsulfate, respectively:

In(CMCsps )
In(CMCcps )

Ks + (Kg,Na)ln(Psps) (4.29)
Ks + (Kg,ca)ln(Pcps) (4.30)

If the constants Kz, Ka, Kg,Na, Kg,Cca, SNa, Sca, CMCsps,
CMCcps, Psps, and Pcps are known, eguations 16, 22, 27, and
28 can be solved simultaneously for [DS-Jmon, P, S, and Kg at
any given concentrations of [Na*]Jun and [Cat2]un. These four
equations can be used 1in +the place of eq 10 to predict
hardness tolerance as in the simplified model, except that
there are now a +total of 13 equations, instead of 10
equations, which must be solved simultaneously.

RESULTS AND DISCUSSION
DETERMINATION OF PARAMETERS IN SIMPLIFIED MODEL

Before equations 1 - 10 can be solved to predict
hardness tolerance, it is necessary to determine Ki, Kg, Ksp,
BNa¢, and f3ca®.

From eq 10 it can be seen that Ki and K¢ can be obtained
from CMC data over a range of salinities. The CMC of the
sodium dodecylsulfate under variable conditions will Dbe
referred to as CMCps, which is equal to [DS-Jmon, but will be
referred to separately when it is a measured CMC value.
Figure 4.2 shows OCMCps as a function of unbound Na+
concentration from which Ki = -8.5134 and Kg = 0.698 were
obtained. At the CMC, [Na+tlun is equal to the total sodium
ion concentration.

Figure 4.3 shows the entire precipitation boundary for
the SDS + CaClz system, from which these parameters can be
obtained. Below the CMC, where no micelles are present,
precipitation data are described by eqs 1 - 4 where [Cat?2]un
and [DS- Jmon are equal to the +total calcium concentration
([CaCl2]) and total surfactant concentration ([NaDs1),
respectively. Therefore, it is possible +to calculate Ksp
from any precipitation point below the CMC. In this case,
all precipitation data below the CMC was fit simultaneously
to obtain the best value of Ksp = 5.02 x 10-10 M3 as shown in
Figure 4.3.

Well above the CMC, virtually all of the surfactant 1is
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present as micelles so that [DS-Imie can be considered equal
to [SDS]. Similarly, the concentration of unbound calcium in
solution is insignificant compared to +the total amount
present so it is assumed [Ca*2]v = [CaClz]. Therefore, from
equation 9, Bca® can be determined from precipitation data
far above the CMC where [CaClz] versus ([SDS] is constant.
From the data in Figure 4.3, a value of Bca® = 0.20 1is
obtained. Although it would be wuseful to confirm this wvalue
with independent experiments using a calcium specific
electrode, it was not possible in this system because the
concentration of unbound Cat+2 was so low that interference

from Na* ions prevented accurate measurements. Other
workers4,18,18% have used precipitation boundary +to infer
values for counterion binding. Kallay et. al.l18 report

Bca® = 0.16 for the SDS + CaClz system at 250C.

To calculate a value for PNa®, it 1is assumed that the
total fraction of negative charges (from DS-) that are

neutralized in the micelles 1is constant. The counterion
binding of Nat*+ (without Ca*2 present) was found to be 0.65 on
a pure dodecylsulfate micelle20 If it is assumed that 65%

of all charges are still neutralized in the Nat*/Cat?2 mixture;
then, PBNna® = (0.45.

RESULTS USING SIMPLIFIED MODEL

The precipitation phase boundary shown in Figure 4.3 is
the result of simultaneous solution of equations 1-10 and it
is seen to represent the data very well. Actually, the curve
in Figure 4.3 is a composite of the curve below the CMC,
using equations 1-4, and the curve above the CMC, using all
10 equations.

Below the CMC, surfactant precipitation as Ca(D8)2
behaves the same as any simple electrolyte; i.e., as the
concentration of one ion is increased, the concentration of
the other ion required to cause precipitation decreases as
dictated by equation 1. At the CMC, however, micelles begin
to form and the precipitation boundary drastically changes
slope. This is primarily due to counterion binding of Cat?
onto any micelles that form. The steepness of the curve at
surfactant concentrations just above the CMC can be explained
by considering the concentration of unbound (total) Cat2
relative to the concentration of SDS at +the CMC. Any
surfactant added beyond +the CMC can be considered to form
micelles. 8o then, if 1.0 x 10-3 M of NaDS is added above
the CMC, approximately 1.0 x 10-4 M of additional CaClz can
be added (dictated by binding). In Figure 4.3 therefore, a
small change in [NaDS] beyond the CMC results in a relatively
large change in [CaCl2].

It has been demonstrated that +the model is able +to

describe the data in Figure 4.3 quite well. This is to be
expected however, because this data has been fit to determine
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the best wvalue for Ksp and Bca®. Using +these same
parameters, the model is able to predict what the
precipitation boundary for NaDS + CaClz should be for any
concentration of added NaCl as shown in Figure 4.4 for
[NaCl] = 0.02 M and 0.1 M. The results for [NaCl] = 0.02 M,
are excellent. However for [NaCl] = 0.1 M, agreement between
experimental values and calculations from the model are less
impressive. The error at the higher salinity in Figure 4.4
could be caused by several factors. For instance, equations
2 and 3 are only valid for ionic strengths up to about 0.1 M
which is exceeded in each solution with [NaCl] = 0.1 M.
Error in activity coefficient calculations would affect the
calculated value of [Ca*t2]un in equation 1 and thereby affect
predicted hardness tolerance in these mixtures since unbound
Cat2 accounts for most of the Cat2 in solution under +these
conditions.

Assumptions that were made about counterion binding may
also account for some of the discrepancy between predicted
and experimental values at 0.1 M NaCl. It seems reasonable
to believe that there must be competition between both Nat
and Ca*2 to bind on the charged micelle. Although divalent
calcium ions bind preferentially, PBca® may decrease as the
ratio of [Na*Jun/[Ca*2]un increases. Therefore, the binding
of Cat2 may be less than 0.2 when the concentration of NaCl
is raised to 0.1 M. Although a lower value for Bca® at +this
salinity would give a better fit to the data at 0.02 M added
NaCl, it still would not account for the minimum that is
observed in the precipitation boundary above the CMC.
Baviere and co-workers2i,22 have also observed minima in
precipitation boundaries when NaCl is added and attributed
this to competitive binding of Nat* and Cat2. It is
interesting to note +that, at high NaDS concentrations,
precipitation data converge along +the same line, implying a
constant value of [ca®.

Competitive binding between Nat and Cat2 could also
explain why the value of Bca® presented here is lower +than
one would expect from binding without Na+ present..

Koshinuma23 has shown that @ca® = 0.88 for micelles composed
of decylsulfate anions when sodium ions are not present in
solution. Binding of Ca*2 on dodecylsulfate micelles is

expected to give a similar value, but in these systems it 1is
much lower, indicating the competition with Nat. That paper
also shows (Figure 8 of Reference 23) that the total fraction
of charges neutralized (Bca® + BrNa®) is approximately
constant at higher Nat+/Cat+2 ratios. This seems to verify the
assumption made in this work +that the total binding
(BNa® + Bca®) is constant.

The most striking general observation from Figure 4.4 is
that as the concentration of added NaCl increases, the
‘minimum hardness tolerance for each system increases. For
instance, when 0.02 M NaCl is added, the mninimum point in the

~45-



precipitation boundary is shifted up by 400% (experimental
values) to a higher [CaClz]. When 0.1 M NaCl is added, a
2500% increase is realized in the nminimum hardness tolerance
compared to the precipitation boundary without added NaCl.
This can be explained by Figure 4.2 which shows that [DS-]mon
or CMCps decreases as Nat 1is increased. When the monomer
concentration of anionic surfactant decreases, a higher Cat2
is required to cause precipitation as dictated by equation 1.

CALCULATION OF PARAMETERS IN GENERALIZED MODEL

To calculate [DS-]Jmon at any Nat+ and Cat2 concentration,
it is necessary to obtain +the appropriate constants. For
NaDS, Moroi et. al.15 reports Nv = 32.7 cm? and w = 1.08kT so
that with m = 12, parameters in equation 23 can be used to

calculate K3 = ~10.53986. Similarly, with a valueZ4 of
Ec = 8.9876 x 109 Nm2 C-2, D = 78, and T = 303.15 K, Kz is
found from equation 11 50 that

K2 = 2.8724 x 105 (mol)m4/C2L).

When equation 25 is combined with data presented in
Figure 4.2, one obtains Kg,Na = 0.69832 and, from the
intercept, SNa = 7.960 x 10-3 (C/m2). When this wvalue 1is
converted to esu/cm?2, it is much lower than the value which
Moroi et. al.l1% reports due to using a different Kg,Na +value
and an error they made in units associated with K2 (which
does not affect their wultimate results since it was made
throughout). When the data in Figure 4.2 are extrapolated
back to the CMC of pure NaDS (or equation 25 is solved for
[DS-Jmen = [Na*Jun = CMCsps), it gives a value of CMCsps =
6.652 x 10-3 M. This is wused in equation 29 +to obtain
Psps = 2736.32. The wvalue of CMCsps reported here is
slightly lower +than the accepted literature valuel$,25 of
about 8.25 x 10-2 M (although wide variations are reported).
For example, Fan et. al.5 recently reported a CMCsps of
5.3 x 10-3 M in another study of the precipitation of this
surfactant.

In an analogous way, the constants Kg,ca, Sca, CMCcps,
and Pcps could be obtained from 1n(CMCps) versus 1ln([CatZ Jjun)
data for Ca(DS)2 + CaClz. This would give all the required
constants so that equations 16, 22, 27, and 28 could be used
to calculate [DS-Imon for any concentrations of unbound Nat
and Ca+2. Using a different method, Moroi et. al. measured
the CMC of pure divalent metal dodecylsulfates, CMCcps, and
used Kg,ca as an adjustable parameter to give the best fit
for CMC data in 8DS + Ca(D5)2 mixtures.

In this work, Kg,ca is used as an adjustable parameter
to give the best fit for CMC data in electrolyte mixtures.
At 300 C it is not possible to measure CMCps in electrolyte
mixtures containing Cat2 because preciptation occurs at even
low concentrations. Therefore, it is very difficult to
measure the effect of Cat2 on CMCps in SDS + CaClz + NaCl
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systems. This obstacle can be bypassed by studying +the
effects of other divalent metals on CMCps.  Generally, ions
with the same charge have the same effect on the C(M(C15,25-27
because it is an electrostatic phenomenon; i.e., there is
little specificity between ions of similar charge. The
Krafft temperature of magnesium dodecylsulfate, Mg(DS)2, is
much lower28 +than that of calcium dodecylsulfate (or the
solubility product of the Mg(DS)z is higher5), so the system
NaDS + Mg(D3S)2 + NaCl can be used to study the effect of
divalent metal concentrations on CMCps. Table 1 summarizes
the results of some CMC measurements for this system.

Table 4.1 shows there is good agreement between
experimental values of CMCps and calculations from egs 16,
22, 27, and 28 with Kg,ca = 0.895 and CMCcps = 1.800 x 10-
3 M. For a given CMCcps, the corresponding value of Pcps is
obtained from equation 30 and when an arbitrary Kg,ca 1is
chosen, Sca can be calculated from equation 26 using the
point [DS-Jmon = CMCcps = 2[Ca*2}un. In essence +then, two
parameters have been manipulated in this case (CMCcps and
Keg,ca) to give the best fit to the CMCps data. Using these
values for CMCcps, Pcps, Kg,ca, and Sca, it is possible  to
accurately calculate [DS-Jmen (or CMCps) at any Nat and = Cat2
concentration.

RESULTS USING GENERALIZED MODEL

Results for the generalized model will not be shown here
because they are essentially the same as those of the
simplified model at [NaCl] = 0.0 and 0.02 M. Simply stated,
this means +that the effect of [Ca*2jun on [DS-Jmon 1is
negligible compared to the effect of [Nat*]Jun because at each
point, {Na*Jjun >> [Ca*2]un. At [NaCl] = 0.1 M, the pre-
dicted precipitation boundary here gives a slightly worse fit
(a maximum of 10 % difference in the hardness tolerance) than
the simplified model. When [Ca*2]un is accounted for, it
causes [DS5-Jmen +to be decreased even more than in the
simplified model so that hardness tolerance predictions are
higher and therefore more in error.

In this work, and the work of others for these types of
systems, using the simplified model gives an accurate fit to
precipitation data since the effect of Cat?2 on +the CMC is
negligible. However, +this will not always be the case in
anionic-only surfactant systems. For instance, if Ksp were
greater, a higher concentration of unbound divalent metal
([Cat2Jun) would be required +to cause precipitation for the

same [S8DS] and [NaCl]. In this case, [Cat4]jun would no
longer have a negligible affect on [DS-Imon and it would be
necessary to use the generalized model. Similarly, in

anionic-nonionic surfactant mixtures (presented in Part II of
this series), [Cat2]un is not negligible and this generalized
approach must be used to determine anionic surfactant monomer
concentration.
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RELATIONSHIP TO PREVIOUS WORK

Much work has been done on precipitation of anionic
surfactants by calcium4-6,18,21-23,28-33  Because of this, a
basic understanding has developed concerning phenomena +that
are important in these systems. For instance, most workers
agree that: precipitation is governed by a solubility
product; hardness tolerance increases when micelles form due
to binding; and increasing NaCl concentration increases
hardness tolerance due to lowering of CMC. In addition,
several approaches have been used to model these
systemsd,5,18,22,29,30 and generally with good qualitative
results. Interestingly, Chou et. al.39 shows the same result
at high salinities (0.1 M) as are presented here (i.se.,
predictions that are higher than actual data) but likewise
has good success at moderate salinities.

Several authors have reported coprecipitation of
surfactant by both Nat and Cat2 in these +types of systems
although in the work presented in this chapter, only Ca(DS5)2
was assumed to precipitate. There are no conditions studied
here where the Ksp of NaDS is exceeded. Researchers2i, 34 that
have reported coprecipitation have used longer chain
surfactant molecules with lower Ksp values for Na+t .
Therefore at high enough total Nat* concentrations, the Ksp of
the sodium surfactant salt has been exceeded and
coprecipitation occurs.

CONCLUSIONS

In general, there are +two mechanisms by which hardness
tolerance can be increased in an anionic-only surfactant
system. First, hardness tolerance increases as surfactant
concentration is increased above the CMC. This 4is due to
binding of divalent counterions onto any micelles that form
above the CMC. GSecondly, the minimum hardness tolerance for
a precipitation boundary increases as the added monovalent
electrolyte concentration is increased. The reason for +this
is a reduction in the monomer concentration of anionic
surfactant when NaCl is added. As anionic surfactant monomer
concentration decreases, a higher concentration of divalent
counterion is required in solution to cause prec1p1tat10n (as
dictated by the solubility product).
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ci
[CaClz]
[Cat2]b

[CatZ2]s

[Ca+2 ]50

[Ca*2 Jun

[Cat2 Jun®

CMC -
CMCcps
CMCps
CMCsps

D

[DS- Imic
[DS- Imon
e

Ee

fca

fos

Ki, Ka, Kg
Kz

Kg, ca

NOMENCLATURE
concentration of ion i in solution, kmol/m3
total concentration of CaClz in solution, kmol/m?
concentration of Ca*2 bound dn micelles, kmol/m?

concentration of Cat2 at the micelle surface when
both Ca+2 and Nat are present in solution, kmol/md

concentration of Ca*2 at the micelle surface at
the CMC of pure Ca(DS)z2, kmol/md

concentration of unbound Ca*+2 in solution, kmol/m3

concentration of unbound Cat+2 at the CMC of pure
Ca(DS)2, kmol/m3

critical micelle concentration, kmol/m3

CMC of pure Ca(DS)2, kmol/m3

CMC of SDS under various conditions, kmol/m3

CMC of pure NaDS, kmol/m3

dielectric constant of water

concentration of DS- present in micelles, kmol/md
concentration of DS- present as monomer, kmol/md
charge of an electron, 1.6 x 10-18 C

conversion constant (8.9876 x 108 N m2/C2)
activity coefficient of unbound Cat+2 in solution

activity coefficient of monomeric DS- in
solution

ionic strength, kmol/m3

Boltzmann constant, 1.38 x 10-228 J/(molecule K)
constants

constant, Mm4 /C2

value of Kg when Ca*2 is the only counterion
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Ke, Na

Ksp

m

N
[Na* b

[Nat ]}s
[Nat ]s0
[Nat Jtot

[Na* Jun

[Nat Jun©

[NaCl]
P

Pcps
Psps

R

S

Sca

[SDS]

SNa

present in solution

value of Kg when Nat is the only counterion
present in solution

solubility product, M3

carbon number of surfactant molecule
Avogadro’s number, 6.023 x 1028 molecules/kmol
concentration of Na* bound on micelles, kmol/m3

concentration of Nat at the micelle surface when
both Na+ and Ca*2 are present in solution, kmol/m3

concentration of Nat at the micelle surface at
the CMC of pure NaDS, kmol/m?

total concentration of Nat ions in solution,
kmol /m3

concentration of unbound Na*+ in solution, kmol/m3

concentration of unbound Nat at the CMC of pure
NaDS, kmol/m3

total concentration of NaCl in solution, kmol/m3
term related to &o

the value of P at the CMC of pure Ca(DS)2

the value of P at the CMC of pure NaDS

gas constant, 1.987 kcal/(kmol K)

surface charge density of micelle, C/m2

surface charge density of micelle when Cat2 is
the only counterion present in solution, C/m?

total concentation of NaDS in solution, kmol/m3

surface charge density of micelle when Nat is the
only counterion present in solution, C/m2

absolute temperature, K

free volume per surfactant molecule in micelle,
m2 /molecule

cohesive energy difference per molecule between
micellar and singly dispersed state, J/molecule
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zi valence of species i

f3ca® fractional counterion binding of Ca*2 on micelle
f3Na O fractional counterion binding of Na* on micelle
fo electrical potential at the micelle surface, V
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Table 4.1: Comparison Between Calculated and Experimental

Values of CMCps with Added NaCl and MgClz (all
Concentrations in mM). Kg,ca = 0.895,
CMCcps = 1.900 x 10-3 M.

Calc.c Exper

[Mg*2Juna [Nat ]Junb CMCpbs CMCps error
.100 4.5711 4.5711 4.450 +2.7%

. 300 3.0360 3.0360 2.800 +8.4%
.000 1.8303 1.8303 1.930 -5.2%
.000 11.695 1.6954 1.750 -3.1%
0500 21.982 1.9820 1.900 +4.3%
000 21.041 1.0408 1.150 -9.5%
6004 101.01 1.0116 0.965 +4.8%

[Mg*2 Jun = [MgCl2]

[NatJun = [NaCl] + [SDS]

Calculated from eqs 16, 22, 27, and 28.

This point is for CaCl2, not MgCla.
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Figure 4.113

Schematic of Equilibrium Existing in System
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CHAPTER 5

HARDNESS TOLERANCE OF ANIONIC SURFACTANT SOLUTIONS: 1I.
EFFECT OF ADDED NONIONIC SURFACTANT

ABSTRACT

Precipitation of anionic surfactant by calcium has been
studied in the presence of added nonionic surfactant and
added NaCl. A model is developed that can predict +the
precipitation boundary as a function of surfactant
composition and concentration of added NaCl. The model uses
a solubility product relationship between anionic surfactant
monomer and unbound calcium, regular solution theory
description of monomer-micelle equilibrium, and considers
counterion binding of divalent and monovalent counterions
onto the micelles. The model works well at moderate NaCl
concentrations, but is less accurate at high NaCl
concentrations. Calculations from +the model confirm that
mixed micelle formation is responsible for increased hardness
tolerance in anionic surfactant solutions when nonionic
surfactant is added.

INTRODUCTION

Hardness tolerance of an anionic surfactant is defined
as the minimum concentration of multivalent cation necessary
to cause precipitation of the surfactant. In Chapter 3 , we
discussed: the precipitation of anionic surfactant with or
without added monovalent electrolyte. A model was developed
which could predict hardness tolerance as a function of
surfactant concentration and monovalent electrolyte
concentration. In an earlier raper?, we discussed salinity
tolerance (minimum concentration of a monovalent electrolyte
to cause precipitation) of an anionic surfactant in the
presence of a nonionic surfactant. The nonionic surfactant
was shown to enhance salinity tolerance substantially due +to
mixed micelle formation. In this chapter, we extend +these
Previous two investigations to consider the effect of added
nonionic surfactant on hardness tolerance of an anionic
surfactant. '

Hardness tolerance is a commonly encountered problem in
the utilization of ionic surfactants. Builders (e.g.,
phosphates) are traditionally added to detergent formulations
to prevent anionic surfactant precipitation3. In enhanced
0il recovery by micellar flooding or surfactant assisted
waterflooding, alcohols may be added to an injected slug to
prevent precipitationt.

The addition of nonionic surfactants to anionic

-59~



surfactants to enhance hardness tolerance in practical
applications is receiving increasing attention. Non-built
heavy duty liquid laundry detergents may utilize mixtures of
anionic and nonionic surfactants®,®. Mixed surfactant
systems employing nonionic surfactant have been proposed for
use in surfactant based enhanced o0il recovery’. More
generally, surfactant mixtures can have a number of
synergistic advantages over the use of a single surfactant
typed .

Conversely, the use of sequentially injected slugs of
anionic and nonionic surfactant solutions is another
potential candidate for surfactant enhanced volumetric sweep
efficiency. The nonionic surfactant solution has a low
adsorption to the reservoir minerals, and thus has a high
chromatographic velocity relative +to the anionic surfactant
solution. Successful application of +this approach requires
the correct formulation of the respective surfactant
solutions in monovalent electrolytes.

In this work, the precipitation phase boundary is.
measured for an anionic-nonionic surfactant mixture at
different NaCl concentrations. Furthermore, a model is
developed which can predict this phase boundary.

EXPERIMENTAL
The experimental materials and methods are the same as

used in chapter 4 with the following additions due to the
inclusion of nonionic surfactant in these studies.

The nonionic surfactant (NPE) was a polydisperse
nonylphenol polyethoxylate with an average of 10 ethylene
oxide groups per molecule. The NPE has a trade name of

Igepal CO-660 from GAF Corporation and was used as received.

"In order to determine if NPE incorporated itself into
the precipitated crystals, the precipitate was filtered from
the solution, washed with cold water, and dried at low heat.
The crystals were then dissolved in water and the
concentration of NPE in the solution determined using HPLC

with UV detection. The precipitate formed from mixed
surfactant solutions of various compositions was analyzed and
found to contain no detectable nonionic surfactant

contaminant (>99.98 % pure).
THEORY

The model developed here is an extention of the hardness
tolerance model developed in chapter 4, the main addition
being that regular solution theory will be included to
account for the equilibrium between surfactant monomer and
micelles. Figure 5.1 is a schematic diagram which represents
precipitation in these mixtures when micelles are present.
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The anionic surfactant 1is present in 3 enviromments: 1) as
monomer (unassociated molecules), 2) incorporated in mixed
micelles, and 3) as precipitate. Nonionic surfactant is
present 1) as monomer, and 2) in mixed micelles. Monovalent
counterions (not shown in Figure 5.1 for «clarity) and
divalent counterions, both exist 1) as unbound (unassociated)

species and 2) bound onto the micelle surface. In addition,
the divalent counterion is present in any precipitate +that
forms. The anionic surfactant used is sodium dodecylsulfate
(NaDS).

Nonionic surfactant does not participate in the precip-
itation reaction which is represented by:

Cat2z (aq) + 2 DS (aq) E-::::é Ca(DB)2 (s)

This can be described by a solubility product relationship
between unassociated species:

Ksp = [Ca*2Jun ([DS- Jmon)2fca (fps)2 (5.1)

where Ksp is the activity-based solubility product, [Cat2 Jun
in the concentration of unbound calcium, [DS-lmen 1is the
monomer concentration of anionic surfactant, and fca and fbs
represent the activity coefficients of unbound Ca*2 and
monomeric DS- in solution, respectively.

An extended Debyve-Huckel equation is used to describe
the activity coefficient of the unassociated ionsi.

log(fca) = -0.5139(2)2(I)e-5/(1 + 1.9782(1)0.5) (5.2)
log(fps) = -0.5139(-1)2(I)0-5/(1 + 2.3079(I)¢-5) (5.3)
I =2 0.5 ci(zi)2 = [NaC1l] + [SDS] + 3[CaClz] (5.4)

where I is the ionic strength, ci is the total concentration
of ion i in solution, zi is the valence of specles 1, and
[NaC13}, [8D8], and [CaClz] are the total concentrations of
each species represented.

On the precipitation phase boundaries, the amount of
anionic surfactant and calcium present as precipitate is
infintesimal. Therefore, a material balance for each
surfactant (anionic and nonionic) and counterion (calcium and
sodium) present in solution on this boundary yields:

[SD5] [DS- Imon + [DS- Jmic (5.5)
[NPE] [NPE]mon + [NPEJmic (5.6)
(5
(5

o

{CaClz] = [Cat2Jun + [Cat2]p .7
[NatJtot = [NaCl] + [NaDS] = {Na*Jun + [Natlv .8)

where [DS-Imie represents the concentration of DS~ present in
micelles, [NPE] is the total NPE concentration in solution,
[NPEImon and {[NPElmic represent the concentration of NPE
present as monomer or in micelles, respectively, [Ca*2]v is
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the concentration of calcium bound onto micelles, and
[NatJtot, [Na*+]un, and [Na*]p represent the total sodium
concentration, the unbound sodium concentration, and +the
concentration of sodium bound onto micelles, respectively.
The concentration of each counterion bound onto the micelle
is related to its wvalue of fractional counterion binding by:

Beca = 2[Ca*2]v/[DS- Imic (5.9)
BNa = [Nat]b/[D5- Imie (56.10)

where Bca and @Na are the fraction of micellar charge
neutralized by the respective counterion.

Application of regular solution theory +to describe
monomer-micelle equilibrium8.® yields:

[DS- Jmon = Xps JpsCMCps (6.11)
[NPEJmon = Xupre NPE CMCNPE (56.12)
In(Jps) = (XnPE)Z2W/RT (5.13)
In()nre) = (Xps)2W/RT (5.14)

where Xps and XNPE are the micellar mole fraction of the
respective surfactants, Yps and YNPE represent the activity
coefficients of the respective surfactants in the micelle,
CMCps and CMCnrE are the CMC values of the respective pure
component surfactants at the same unbound counterion
concentrations as present in the system of interest
(generally different +than the CMC of the pure surfactant
without additives), W is the regular solution theory
interaction parameter, R 1is +the gas constant, and T 1is
absolute temperature.

Mole fractions used here are on a surfactant-only basis:

Xps = [DS-Jmiec/{[DS" Imiec + [NPElmic} (5.15)
Xps + XnPE = 1 (5.16)

From eq 11, it is necessary to know CMCps, as a function
of unbound electrolyte concentration. The calculation of this
can be summarized by the following equationsl:

K252 = [Na*JunP + [Cat2 JunP2 (6.17)
In(CMCps) = Ka + Kgln(P) (56.18)

S = [NatJunP(SNa )/{CMCspsPsps} +
[Ca*2 JunP2 (Sca )/{0.5CMCcps (Pcps )2} (5.19)

Kg = [Nat]JunP(Kg,Na)/{CMCspsPsps} +
[Cat2 JunP2 (Kg, ca ) /{0.5CMCcps (Pcps )2} (56.20)

where K2, K3, and Kg are constants, Kg,Na is the value of Kg
when only Nat+ is present, Kg,ca is the value of Kg when only
Cat is present, CMCsps and CMCcps are the CMCs of pure sodium
dodecylsulfate and pure calcium dodecylsulfate, without added
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electrolyte, P is a term related to the electrical potential
at the micelle surface, Psps and Pcps are the values of P at
CMCsps and CMCcps, respectively, 5 is the surface charge
density of the micelle, SNa is the surface charge density of
the micelle when Na* is the only counterion present in
solution, and 8ca is +the surface charge density of the
micelle when Cat2 is the only counterion present in solution,

The purpose of +the equations presented here is to
predict the minimum calcium concentration required to cause
precipitation at any surfactant concentration. The
independent variables include +total concentration of each
surfactant, and concentration of added sodium chloride.
Therefore when [SDS]}, [NPE], and [NaCl] are set, the
dependent variable of interest is [CaCl]z. If Ksp, Pca, PNa,
K2, Ks, Kg,Na, Sva, CMCsps, Psps, Kg,ca, Sca, CMCcps, Pcops,
W/RT, CMCnPE are known, equations 1 - 20 can be solved
simultaneously to obtain [CaCl2], [Cat2Jun, [Cat2]vb, [DS-
lmon, [ps-Imie, [NPE]mon, [NPElmic, [Na+lun, [Na+Jv, I, fca,
fos, Xos, XwnPE, Jps, JNPE, P, CMCps, S, and Kg. Therefore,
from the theory presented here, it is possible to predict
hardness tolerance ([CaClz]) for  any surfactant
concentration, with any anionic-nonionic surfactant
composition, and for any amount of added salt.

RESULTS AND DISCUSSION
DETERMINATION OF PARAMETERS IN MODEL.

The value of Ksp, K2, Ka, Kg,Na, SNa, CMCsps, Psps,
Kg,ca, Sca, CMCcps, and Pcps, have been obtained for this
system in Part I of this seriesl!. It is now necessary to
obtain values for CMCnNrE, W/RT, @ca, and PBNa.

CMCnrE was found to be approximately constant over the
entire range of electrolyte concentrations of interest in
this study at a value of 4.2 x 10-5 M.

Counterion binding on mixed anionic-nonionic micelles
has been shownl?9,11 to be a function of +the micelle mole
fraction of anionic surfactant, Xps. Similarly, binding in
mixed (monovalent and divalent) counterion systems is a
function of the monovalent/divalent concentration ratiol.
Currently, there is no known work +that has measured
counterion binding in systems containing both mixed
surfactant and mixed counterions. Fortunately, the overall
mole fraction of NPE (i.e., [NPE]/([SDSI+[NPE])) in the
mixtures studied here does not exceed 0.1, so micellar mole
fractions of DS- are high. At high Xps, values for
counterion binding (BNa and Bca) are approximately equallo, 1t
to the wvalues of counterion binding on a pure anionic
micellel (BNa® = 0.20 and Pca® = 0.45).

The following equations define the relationship between

-3~ _



the mixture CMC (CMCmix) and the monomer mole fraction of
anionic surfactant (Yps) at the CMC of the mixture:

YosCMCmix = [DS- Imon (5.21)
(1-Yps )CMCmix = [NPE]mon (6.22)

The final parameter needed in the model is W/RT. Using
equations 5.11-5.14, 5.16, 5.21, and b5.22, CMCmix data as a
function of Yps can be used to obtain a best-fit value of
W/RT at a specific added electrolyte concentration and
temperature. The curves shown in Figures 5.2, 5.3, and 5.4
are the results of such analysis at different unbound Nat
concentrations and regular solution theory can be seen to fit
CMCnix data very well. Only at the CMC is +the unbound Na*
concentration equal to the total Na* concentration. As shown
in Figure 5, the resultant values of W/RT decrease as [Nat Jun
increases. This is due +to the fact that as electrolyte
concentration increases, the electrical potential at the
micelle surface decreases, which implies a reduction in
electrostatic repulsion between ionic groups in the micelle.
This means +that the synergistic effect of adding nonionic
surfactant (which also reduces surface electrical
potentiallo,1l) is decreased as electrolyte concentration
increases. The data in Figure 5.5 can be described by the
relationship:

In(-W/RT) = -0.2105 In([Na*Jun) + 0.1975 (5.23)

Obviously, unbound Ca*2 will also affect the value of W/RT.
To account for this, it is assumed that the mixture of Catl

and Nat can be +translated into an “equivalent” Nat
concentration. For any value of [Ca*2lun and [Nat]Jun, CMCps
can be calculated from equations 5.17-5.20. There 1is a

corresponding unbound Nat concentration, [Nat]eq, that gives
the same value of CMCps in a NaDS + NaCll solution (without
added divalent counterion). Assuming the same electrostatic
effects for W/RT in the Na+-Cat2 mixture and the Nat-only
system (at the same value of CMCps), W/RT for the Nat-Cat2
mixture can be calculated from equation 5.23 using [Nat]eq in
the place of [NatJun. When CMCps is known for given wvalues
of [Na*Jun and [Ca*2]un, the equivalent Nat concentration can
be calculated by:

In(CMCps) = -0.69832 In([Nat]Jeq) - 8.5134 (b.24)

Divalent magnesium is similar to divalent calcium in its
effect on +the CMC of anionic surfactants, yet has a much
higher Ksp, so micellization can be studied over a much wider
rangel . Therefore, we will present effects of Mgt2 on CMC
with the understanding that this is equivalent to the effect
of Cat2 on the CMC. For example, Figure 5.6 gives CMCmixz data
for [NatJun = 0.01175 M and [Mg*2 jun = 0.001 M. PFor anionic
surfactant only (¥Yps = 1), the value of CMCps is equal to
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1.750 x 10-3 M. From equation 24, the unbound Nat
concentration (without added divalent cation) required to
give the same CMCps, is [Na*Jeq = 0.0450 M. When this wvalue

is used in eq 24 for [NatJun, it results in a calculated
value of W/RT = -2.34. The actual value of W/RT determined
experimentally in Figure 5.6 is W/RT = -2.15. It will be

shown that the predictions of precipitation boundaries are
not highly sensitive to +the value of W/RT. Calculation of
W/RT can be simplified by combining equations 5.23 and 5.24
to give:

In(-W/RT) = 0.3014 1In(CMCps) + 2.765 (5.25)
PRECIPITATION BOUNDARY PREDICTIONS FROM MODEL

At this point, all the parameters that are required to
predict precipitation boundaries have been obtained as shown
in Table 5.1. Using these values, equations 5.1-5.20 with eq
5.25, must be solved simultaneously to predict the hardness
tolerance of an anionic-nonionic surfactant mixture with both
monovalent and divalent counterions present.

Figure b.7 shows the experimental and predicted
precipitation boundary for the anionic-nonionic surfactant
mixture, containing 10% nonionic surfactant (i.e.,
[NPE]/([SDS]1+[NPE]l) = 0.10), with no added NaCl. The
precipitation phase boundaryl for NaDS-only has also been
included in Figure 5.7 to show the benefit of adding nonionic
surfactant. It can be seen that by adding 10% NPE, the
minimum hardness tolerance for the 8SDS + CaClz system
increases approximately 850%. This serves to demonstrate the
tremendous potential of using anionic-nonionic mixtures in
applications where the sensitivity of anionic surfactants to
hard ions must be reduced. It is possible to understand why
hardness tolerance increases with added nonionic surfactant
by considering Figures 5.2-5.4 and 5.6. When a small amount
of nonionic surfactant is added to anionic surfactant, CMCmizx
decreases rapidly due to a reduction of electrostatic
repulsion in the micelles. From equation 21, as CMCwmix
decreases, the monomer concentration of anionic surfactant,
[DS- Jmon, also decreases. Therefore, a higher concentration
of unbound Cat2 is required to cause precipitation to occur
(equation 1). The curve in Figure 5.7 is a true rediction,
without adjustable parameters.

One advantage of +the model presented here 1is that,
without additional data, it can predict +the precipitation
boundary of the NaDS + CaClz system for any amount of added
nonionic surfactant and any concentration of added NaCl.
Figure 5.8 gives predictions for 10% added NPE with 0.02 M
added NaCl. The predictions for this system show excellent
agreement with the experimentally determined precipitation
boundary except at very high CaClz concentrations. Figure 5.9
gives results for 10% added NPE with 0.10 M added NaCl. The
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curve labeled Kg,ca = 0.895 and CMCcps = 1.9 x 10-3 M is the
a priori predictive model and it can be seen +that the
predictions for this system are not as accurate at these high
salinities. The experimentally determined increase in
minimum hardness +tolerance is 1400% for +the 0.02 M NaCl
system and 5000% for the 0.10 M NaCl system, both compared to
the NaDS-only system without added NaCl.

From Figure 5.9, it seems that the model has difficulty
in giving good predictions at high CaClz concentrations.
This corresponds to high NaCl concentrations, under which
conditions hardness tolerance is increased (CaClz2
concentrations on the phase boundary are increased). The main
reason for this is that the model is sensitive to the value
of CMCps calculated from equations 5.17-5.20. An accurate
value for CMCps is important because it greatly affects the
monomer concentration of DS- +that is obtained from equation
5.11. If [DS- Jmon has significant error, then the calculated
value of [Cat2jun will be greatly in error (equation 5.1).
The parameters used in equations 5.17-5.20 must be obtained
from data taken at low divalent counterion concentrations.
The probable cause of the deviation between predictions and
experimental data at high CaClz concentrations is the
required extrapolation of these values. The values of CMCcps

and Kg,ca were obtained from experimental CMCps datal. If
these value are changed, such that CMCcps = 2.00 x 10-3 M and
Kg,ca = 0.84, +the calcula-tions from +the model improve

substantially at high CaCl2 concentrations, as shown in
Figure 5.9 for +the 10% NPE + 0.10 M NaCl system. Table 5.2
gives a comparison between calculated and experimental values
of CMCps using CMCcps = 2.00 x 10-3 M and Kg,ca = 0.84. The
only other parameters in Table 5.1 which are changed by
changing the values of CMCcps and Kgca are Sca and Pcps. The
use of these values still gives excellent prediction of CMC
values (Table 5.2), while substantially improving the
prediction of the precipitation phase boundaries. Results of
this work serve +to emphasize the need to fully investigate
the effect of monovalent-divalent counterion mixtures on the
CMC of anionic surfactants.

For the 5DS-only solutions presented in reference 1, the
CMC corresponded to the calculated minimum CaClz concen-
tration for each precipitation boundary. In Figure 5.10,
however, it is not possible to identify a CMC along any of
the precipitation boundaries because micelles are present at
all NaDS concentrations shown. At the CMC for an anionic-
nonionic mixture, all surfactant is present as monomer so
that the monomer mole fraction, Yps, is equal to the overall
mole fraction. For a mixture containing 10% NPE, therefore,
¥Yps = 0.9.This corresponds to a low CMCmix in Figures 5.2-5.4
and 5.6, which implies a low DS- monomer concentration. As
the total surfactant concentration increases to a point which
is far above the CMC, virtually all surfactant is present as
micelles so the micellar mole fraction, Xps, is equal to the
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overall mole fraction (0.90 in this case). At this point,
essentially all nonionic surfactant is present in the mixed
micelles and the value of Yps is much higher than 0.9. This
means (from Figures 5.2-5.4 and 5.8) that as +the total
surfactant concentration increases and the corresponding
value of [DS-Jmonincreases. As [DS- Jmon increases, [Ca*2]un
must decrease as dictated by the solubility product (eq 5.1).
Therefore, the curves in Figure 5.10 are at high [CaCl2]
values at low total surfactant concentration, but drop as
total surfactant concentration increases.

The higher the concentration of micelles in solution,
the higher the concentration of bound Ca+2. Hence, a higher
total Ca*? concentration is necessary for the unbound calcium
concentration +to permit the solubility product to be
exceeded. The minima in Figure 5.10 occur at the points
where the amount of Ca*t2 bound on micelles begins to account
for a significant percentage of the total Ca*Z present in
solution. At still higher surfactant concentrations, binding
dominates so that virtually all of the Ca+*2 in the mixture is
bound onto the micelles and the hardness tolerance becomes
proportional to the total surfactant concentration.

' The precipitation boundary for 10% NPE without added
NaCl (Figure 5.8) describes the data well at 1low NaDS

concentrations. In this region, there are so few micelles in
solution that binding is insignificant. Therefore, hardness
tolerance depends entirely on the value of [D5" lmon

calculated by regular solution theory. The agreement between
predictions and experiments in this region implies that
regular solution theory does an adequate job of calculating
monomer-micelle equilibrium, a conclusion reached in other
works, 12 |

Discrepancies between calculated and experimental values
occur around the minimum point in the precipitation boundary;
i.e., where the amount of Cat*2 bound on micelles becomes an
important quantity. For the model to fit the data, a higher
value of Ca+2 counterion binding (Bca) would be necessary in

this region. However, as NaDS concentration continues to
increase, the actual binding approaches the value of Qca
(0.20) which was used in the model. Figure 11 shows the

values of Pca that are required to fit the experimental
precipitation data. Binding in mixed electrolyte systems is
a complicated process and presently there are no theories

available to describe these results. It has been shown,
however, that binding depends on the Cat2/Na* ratio in
solutionl3.14, It is not surprising, then, that a higher

value for PBca is observed around the minimum of the boundary
without added NaCl, since there is a relatively high Cat*2/Na*
ratio at this point. At the same time, a value of Bca = 0.20
predicts the precipitation boundary with 0.02 M added NaCl
very well. This is probably due to a lower Cat2 /Nat ratio
(because of added NaCl) in the region where binding becomes
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important.

In order to +test the sensitivity of the model to the
value of W/RT, Figure 5.12 compares calculations from the
model using W/RT = -5.00, W/RT = 0.0 (ideal solution), and

W/RT obtained from equavtion 23. This figure shows that 1is
not possible +to assume +the micelles behave ideally under
these conditions because significant errors result.
Interestingly, even with an unreasonably low value of
W/RT = -5.0, the calculated boundary does not agree with
experimental results around +the minimum. This seems to

confirm the fact that the error in this region is the result
of using too low a value for calcium binding, Bca, not +to
deficiencies 1in regular solution theory to model mixed
micelle formation.

The precipitation boundaries obtained from +the model
were not sensitive to the value of CMCupe used. There was
essentially no change in calculated quantities in the range
of CMCwre = 30 x 10-6 M to 55 x 10-8 M. Therefore, for the
precipitation boundary without added NaCl, an inadequate
description of counterion binding is responsible for the
error in the predictions obtained from the modsel.

RELATIONSHIP TO PREVIOQUS WORK

Fan et. al.l5 used a similar approach to that taken here
to describe the effect of nonionic surfactant on
precipitation of 5DS by calcium and magnesium. In that work,
several concentrations of added nonionic surfactant were
used, whereas we only studied one nonionic surfactant
concentration. However, no added monovalent electrolyte was
added to those systems and the monomeric anionic surfactant
concentration above the CMC was assumed to be affected only
by the added divalent cation (not the monovalent cation).

Nishikido et. al.18 found +that the Krafft temperatures
of divalent metal dodecylsulfates was lowered when nonionic
surfactant was added, which corresponds to an increase in
hardness tolerance.

Gerbacial7?7 measured hardness tolerance in the same four
component system presented here (with a different nonionic
surfactant) and demonstrated that hardness tolerance
increased as ionic strength was increased; which is the same
result given in +this study. In that work, the counterion
binding of Cat?2 was shown +to decrease as the Na+* /Ca+2 ratio
increased, consistent with this work.

Noik et. al.18 has presented the entire Precipitation
boundary for a four component mixture but they include
butanol rather than nonionic surfactant. In that work, the
increase in hardness +tolerance, with added butanol, is
attributed to a decrease in anionic surfactant monomer
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concentration.

Shah et. al.19 reported the influence of ethoxylated
sulfonates on the hardness tolerance of an anionic
surfactant, and demonstrated that hardness tolerance
increases as the percent of ethoxylated sulfonate increases.
Interestingly, they mention that precipitation boundaries
merge to follow +the same curve at high anionic surfactant
concentrations (the same result seen in this study).

The general phenomena of reduction of surfactant monomer
concentrations upon mixed micelle formation has been
discussed in literature review articles$, 20, Several
authorst 5, 21,22 have identified that mixed micelle formation
is the mechanism by which hardness tolerance is increased
when nonionic surfactant is added.
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ci
[CaClz]
[Cat2 ]b
[Cat*2 Jun
CMC
CMCcps
CMCps
CMCmi x
CMCnPE
CMCsps
[DS~ Imic
[DS- Jmon
fca

fbs

Ks, Ke
K2

Kg,ca

Ke, Na

[Nat Jb
[Nat Jeq

NOMENCLATURE
concentration of ion i in solution, kmol/m3
total concentration of CaCl2 in solution, kmol/m3
concentration of Ca*2 bound on micelles, kmol/m3
concentration of unbound Cat2 in solution, kmol/m3
critical micelle concentration, kmol/m3
CMC of pure Ca(DS)2, kmol/m3
CMC of SDS under various conditions, kmol/m3
measured mixtures CMC values, kmol/m3
CMC of pure NPE, kmol/m3
CMC of pure NaDS, kmol/m3
concentration of DS~ present in micelles, kmol/m3
concentration of DS~ present as monomer, kmol/m3
activity coefficient of unbound Cat2 in solution

activity coefficient of monomeric DS- in
solution

ionic strength, kmol/m3
constants
constant, MmiC-2

value of Kg when Cat2 is the only counterion
present in solution

value of Kg when Nat is the only counterion
present in solution

solubility product, M3
concentration of Na* bound on micelles, kmol/m3
concentration of Nat* in solution which would have

the same effect on the CMC of the anionic

surfactant as the actual mixture of counterions in
solution, kmol/m3
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[Nat Jtot

[Nat Jun
[NaCl}]

[NPE]
[NPE]mie
[NPE]mon
P

Pcops
Fsps

R

S

Sca

[SDS]

SNa

Xps
XNPE

Yps

3ca
ﬁNa

B3cao

B3Na o

total concentration of Na* ions in solution,
kmol /m3

concentration of unbound Na*+ in solution, kmol/m3

total concentration of NaCl in solution, kmol/m3

total concentration of NPE in solution, kmol/m3
concentration of NPE present in micelles, kmol/m3
concentration of NPE present as monomer, kmol/m3
term related to ®o

value of P at the CMC of pure Ca(D8S)2

value of P at the CMC of pure NaDS

gas constant, 1.987 kcal/(kmol K)

surface charge density of micelle, Cm-2

surface charge density of micelle when Ca+2 is
the only counterion present in solution, Cm-2

total concentation of NaDS in solution, kmol/m3

surface charge density of micelle when Nat is the
only counterion present in solution, Cm-2

absolute temperature, K

regular solution theory interaction parameter,
kecal/kmol

mole fraction of DS- in the micelle

mole fraction of NPE in the micelle

mole fraction of DS- in the monomer

valence of species i in solution

fractional counterion binding of Ca*2 on micelle
fractional counterion binding of Na* on micelle

fractional counterion binding of Ca*2 on micelle
in absence of nonionic surfactant

fractional counterion binding of Na* on micelle
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in absence of nonionic surfactant
yos activity coefficient of DS- in the micelle

JNPE activity coefficient of NPE in the micelle
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: Table 5.1
Summary of Parameters Used in Model.

Parameter | Value i Source
————————— e
Ksp . 5.02 x 10-10 M3 l' Reference‘l
Bea : 0.20 : This Paper
Pra : | 0.45 : This Paper
Kz :  2.8724 x 105 MméC-2 : " Reference 1
Ks ' : -10.5396 : Reference 1
Kg, Na : 0.69832 : -Reference 1
SNa : 7.960 x 10-8 Cm-2 : Reference 1
CMCNEE : 4.2 x 10-5 M : This Paper
CMCs ps : 6.652 x 10-3 M : Reference 1
Psps : 2736. 32 : " Reference 1
Kg, Cca ': 0.895 :  Referencef1
Sca : 6.816 x 10-2 Cm-2 :, Reference 1
CMCeps : 1.900 x 10-3 M : Reference 1
Peps : 118.52 : Reference 1
W/RT ' From eq 23 or 256 ' This Paper
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Table 5.2
Comparison Between Calculated and Experimental
Values of CMCps with Added NaCl and MgCl2 (all
Concentrations in mM). Kg,ca = 0.84,
CMCcps = 2.0 x 10-3 M.

Calc.c Exper.

[NaCl] [Mg+2 Juna [Nat Junb® CMCps CMCps error
0.0 0.100 4.5762 4.5762 4.450 +2.8%
0.0 0.300 3.1445 3.1445 2.800 +12.3%
0.0 1.000 1.9659 1.9659 1.930 +1.9%

10.0 1.000 11.807 1.8071 1.750 +3.3%

20.0 . 0.500 22.046 2.0464 1.900 +7.7%

20.0 3.000 21.143 1.1425 1.150 -0.7%

100.0 0.6004 101.01 1.0070 0.965 +4.4%

[Mg*2 Jun = [MgClz]
[NatJun = [NaCl] + [SDS]
Calculated from egs 17 - 20

This point is for CaClz, not MgCla

~-76-



Figure S.11 Schematic of Equilibrium Existing in System
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Figure S.21 CMC of Mixed Surfactant System at [Na*l.. = 0.01 M
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Figure 5.31 CMC of Mixed Surfactant System at [Na<l...= 0.02 M
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Figure S.41 CMC of Mixed Surfactant System at [Na=)..= 0.10 M
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-W/RT (DIMENSIONLESS)

Figure

5.5;1 £ffect of Unbound Na* Concentration on W/RT
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Figure S.7s

Precipitation Phase Boundary Without Added NaCl and
With and Without Added Nonionic Surfactant
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Figure 5.8B: Precipitation Phase Boundary With Nonionic surfactant
and 0.02 M Added NaCl and Without Added Nonionic
Surfactant or Added NaCl
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- Figure 8,9; Precipitation Phase Boundary With Nonionic surfactant

and 0.10 M Added NaCl and Without Added Nonionic
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Figure S5.101 Comparison of Precipitation Phase Boundaries With

Predictions Using Modified Model Parameters
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Figure S.111

Values of Fractional Counterion Binding of Calcium
Required to Describe System With Nonionic Surfactant

and No Added NaCl
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Figure S.12! offect of W/RT on Predicted Precipitation Phase Boundaries
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