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SECTION I. OBJECTIVE

The main purpose of this project is to develop an improved basic
understanding of how ultralow interfacial tensions arise in oil-brine=
surfactant systems, Such tensions must be achieved and maintained during
enhanced o0il recovery processes emplbying surfactants if these processes

are to be successful,

ABSTRACT

Two model surfactant systems, one based on Texas 1 and the other
on sodium dodecyl sulfate, were developed to give ultralow interfacial
tensions and middle phase microemulsions when equilibrated with o0il. Exam-
ination of their aqueous and microemulsion phase behavior, and comparison
of the results with results of similar studies made on a system based on
WITCO TRS 10-410, led to the conclusion that it is possible to generalize
the phase behavior. The liquid crystalline spherulitic and lamellar tex-
tures observed in all these systems are the only homogeneous, non-phase
separating fluids which can produce ultralow tensions on contact with oil.
Mapping of the phase behavior of the two model surfactant systems showed
that existence of the middle phase is relatively insensitive to surfactant
concentration but quite dependent on cosurfactant concentration. Preliminary
study of polymer~-surfactant interactions confirmed the previously reported
phase separation effect. A new temperature controlled polarized light
screening device was built and has already been put to use for discrimina-
tion of isotropy, birefringence, scattering and interfacial phenomena in

systems of interest for enhanced oil recovery.



SECTION 1I. SUMMARY OF PROGRESS

Two model surfactant systems, one based on Texas 1 and the other
on sodium dodecyl sulfate, were developed to give ultralow interfacial ten-
gions and middle phase microemulsions when equilibrated with oil. Detailed
study was first made of the structure of the aqueous systems alone. Liquid
crystal phases found were identified as spherulitic and lamellar textures very
similar to those already reported for commercial petroleum sulfonates. It
is therefore concluded that this is general behavior for anionic surfactant,
cosurfactant, brine, water systems., This result is significant in terms of
enhanced o0il recovery since the liquid crystal is the only homogeneous, non-
phase separating fluid yet found which can produce ultra-low tensions on
contact with oil.

Viscosity measurements were used as a means of obtaining informa-
tion about structure, and especially about structural changes, in the
aqueous systems, Viscosity was shown to vary with system composition. If
viscosity is plotted as a function of composition, maxima and minima.observed
correspond to structural discontinuities in the liquid crystal. For the sys-
tems studied, these maxima and minima also correspond to compositions where
the lower~-to-middle, and middle-to-upper, transitions occur when the system
is equilibrated with a given oil.

Studies were made of the phase behavior of both the Texas 1 and
SDS systems when these were equilibrated with oil. Both show continuous
mi@dle phase regions from above 10 wt 7 surfactant to below 0.005 wt 7 sur-
factant, The middle phase region is found over only a narrow range of co-
surfactant concentrations. This range is only weakly dependent on surfactant
concentration. Therefore, concentrations of cosurfactant must be optimized

more than concentrations of surfactant, to achieve the middle phase and



resulting ultralow interfacial tensions necessary for efficient oil recovery
processes, Understanding why cosurfactant concentrations are critical really
requires knowledge of how the cosurfactant partitions between phases, The
necessary analyses are planned,

Similar studies were made of a system based on WITCO TRS 10-410
(607, active) surfactant., For the aqueous solution the general trend was
similar to that reported for other sulfonate surfactants, The textures
changed, as salinity was increased, from a system of two-phase coexistence
consisting of spherulitic and lamellar phases, to two separate phases, the
upper of lamellar and the lower of isotropic character.

The aqueous TRS 10-410 systems were equilibrated with oil. At low
salinities a microemulsion existed in equilibrium with excess oil. The mid-
dle phase microemulsion existed at intermediate salinities., At high salini-
ties the system became an upper phase microemulsion in equilibrium with
excess brine. Observation of the movement of schlieren peaks obtained from
ultracentrifuge studies clearly indicated that the lower microemulsion phase
was an oil-in-water type and that the upper microemulsion phase was a water-
in-0il type. TFrom this same method of analysis the middle phase micro-
emulsion was determined to be water continuous at its lower salt concentra-
tion end and oil continuous at its high salt concentration end. This con-
ciusion was supported by visual observation (not in the ultracentrifuge) of
diffuse interfaces at salinities corresponding to transitions from lower-to-
middle and middle~to-upper phase microemulsions.

The ultracentrifuge data showed two peaks, one moving inward and
one moving outward, near the region of optimum salinity. Such behavior can
be explained by a mixture of oil continuous and water continuous micro-

emulsions, or possibly by other models such as a bicontinuous structure.



However, it is clear that the middle phase over all of its range is not
bicontinuous,

Preliminary experiments showed that Shell's Neodol 25-3S, an
ethoxylated sulfate, was able to increase and broaden the salt concentration
range over which the TRS 10-410 system exhibits liquid crystal formation. The
same influence on middle phase microemulsion behavior was noted when these
systems were equilibrated with oil. Such behavior is important for efficient
enhanced recovery processes in high salinity reservoirs,

Studies were begun on the phase behavior of aqueous surfactant/
brine solutions containing a polymer, The polymer selected for first studies
was Xanthan gum., Results of preliminary experiments to show the influence
of polymer concentration on the TRS 10~410 systém indicate reduced birefringence
and increased viscosity as compared with the polymer-free system, Given
sufficient time, phase separation may be induced by the gum in the normally
single phase region of the polymer free system, Experiments are continuing.

Contacting experiments between aqueous surfactant solutions and
hydrocarbon oils were continued. A manuscript titled, "Spontaneous Emulsi-
fication in Oil-Water-Surfactant Systems', is in preparation,

The development of the polarized light screening (PLS) technique
for the macroscopic discrimination of birefringence, scattering, phase be-
havior, and interfacial phenomena such as critical end pointé was continued.
A new instrument (PLS II) which enables isothermal operation with improved
optical performance was designed and constructed.

The purification procedure for Texas 1 was extended and improved

to achieve a final surfactant purity exceeding 99 percent.



SECTION III, MODEL SURFACTANT SYSTEMS

A. Texas 1

Introduction

Texas 1 (8-phenylhexadecane sodium sulfonate)(l), an isomerically
pure dialkylaryl sulfonate surfactant, was purified (see Section VIII) and
then developed as the basis of a model surfactant system for studies of
microemulsion phase behavior giving ultralow interfacial tensions. The
components of the system were Texas 1, n-nropanol as cosurfactant, NacCl,
water, and n-decane. The phase behavior of the aqueous solutions as well
as the phase behavior of oil-equilibrated systems were mapped up to 10 wt %
Texas 1, 15 wt % cosurfactant and 2,0 wt % NacCl. 'Additionally, studies were
extended to include some pfeliminary results on the rheological properties
of aqueous solutions of selected surfactant, cosurfactant and salinity

scans of the Texas 1 system.

Aqueous Phase Behavior

One goal of this work was to extend the surfactant concentration
range over which middle phase microemulsions would be observed. An earlier

(2)

report showed the effect of different members of an homologous series

of short chain n-alcohols on middle phase formation in systems where Texas 1
and NaCl were held constant at 2.5 wt % and 1.0 wt 7 respectively, and the
aqueous phase was equilibrated with an equal volume of n~decane. Refer to
Figure 1. The region of middle phase formation decreased in width as the
chain length of the alcohol increased and the system became less polar. With
butanol the system was too hydrophobic and as a result a very narrow three-

phase region was formed. Methanol and ethanol were too hydrophilic and



the middle phase region was very broad. Propanol formed a middle phase with
distinct lower and upper phases where hydrophilic-lipophilic balance was
optimized for this composition and hence was chosen for further investigation,

Aqueous solutions were formulated in the following manner. The
surfactant was first weighed into a test tube. Cosurfactant was added, and
the components were then heated and mixed to form homogeneous isotropic
solutions., To these solutions was added a concentrated NaCl solution., All
components were mixed thorough1§ and finally triple~distilled water was added
to bring the solutions to the desired volume. They were then heated to 60°¢C
and mixed, first with a vortex mixer and then by ultrasound. Finally, they
were equilibrated for twenty-four hours and screened in the polarized light
screen (PIS). Selected systems were studied with the polarizing microscope.
The phase diagram for Texas 1 vs. n-propanol at constant 1.0 wt % NaCl
(T ::220 + 1°C) is shown in Figure 2. Since these results were deduced
from the PLS and polarizing microscopy, they are tentative with respect to
exact positions of the phase boundaries.

When the concentrations of both surfactant and the cosurfactant are
low there exists an unstable region which upon standing separates into un-
stable layers of liquid crystalline (l.c.) aggregates and myelines. Similar be-

3

havior has been described by the University of Minnesota group when no
cosurfactant is present. This region is designated unstable l.c. in

Figure 2. As the concentration of surfactant is increased from about .005

i
H

wt %, with between 6 and 10 wt % cosurfactant, the appearance is initially
isotropic but with increasing surfactant concentration the samples show a
bluish coloration that with further increase in surfactant exhibits flow
birefringence, This is designated region S in Figure 2. Microscopy re-

veals an increasing concentration of aggregates (spherulites) with increasing



concentration of surfactant, The'S + L and L + S regions of the phase dia-
gram showed a two-phase coexistence region of spherulites and lamellar
phase which transforms into a predominantly lamellar texture. With yet
further increase of surfactant a homogeneous lamellar phase appears. To
the right of the liquid crystalline phase in Figure 2 there exists an iso-
tropic region, the structure of which is yet to be determined,.

Remembering that the phase diagram represented in Figure 2 was ob~
tained under constant salinity conditions, it is noteworthy that these are
the same liquid crystalline structures that have been observed in the commer-
cial petroleum sulfonate systems including Exxon's PDM-337, Witco's TRS 10-410
and Amoco's Mahogany AA. Various salinity scans have been conducted where a
more complex phase behavior has been observed, but the basic trend is that
the structure is spherulitic at low salinity, and as salinity increases
passes through a two-phase coexistence region to a lamellar or isotropic

phase depending upon the surfactant concentration,.

Viscosity Measurements

Some preliminary studies into the rheological properties of the
aqueous solutions of the Texas 1 model system were conducted. These studies
are a part of our continuing investigation into the nature of smectic lyo-
tropic liquid crystalline solutions. Rheological properties are important
for several reasons. They provide further insight into the complex structural
behavior of the liquid crystalline textures. Micellar solutions for enhanced
oil recovery are formulated with specific, optimized properties for injecs
tability as well as for their underground microemulsion phase behavior. The
aqueous solutions will remain in their original structural form as liquid

crystals long after they have been injected into the porous media under-



ground,'at least in the region behind the initial microemulsion front, and
hence behave as mobility control agents where viscosity is of specific
relevance,

In an earlier report(é), a sharp maximum in viscosity vs. salinity
for the PDM-337/TAA system was shown. This maximum corresponded to the two-
phase coexistence region of spherulitic and lamellar phases. The viscosity
of Texas 1 solutions of selected surfactant, cosurfactant and salt concen-
trations has now been determined. The measurements were conducted on a
Brookfield-Wells cone-and-plate microviscometer. The temperature was con-
trolled from a water bath to + .05°c. The results are shown in Figures 3,

4 and 5 in which surfactant, cosurfactant and salt concentrations are varied.
The scans reveal a complex pattern of rheological behavior. With the sur-
factant scan a nearly monotonic increase in the viséosity is measured with
increasing surfactant concentration, with breaks at 3.5 and 5% surfactant.
With the cosurfactant scan a maximum is measured at 9% cosurfactant, but the
shape of the curve is essentially hyperbolic. The salinity scan shows a more
complex pattern with two distinct minima at 0.9 and 1.3 wt % NaCl, and a
maximum at 1.1 wt % NaCl. This behavior is typical of non-Newtonian fluids
and from the birefringent texture studies of these same solutions it is clear
that the discontinuities observed in the structures correspond to maxima and
minima in the viscosities. Investigations of this complex behavior are con-
tinuing. Present measurements are being conducted on a Brookfield-Wells cone
and plate '"Rheolog" which gives continuous shear stress measurements at
varying shear rates where a pressure-transduced signal is converted to an
electrical response and recorded continuously on a chart recorder. With this

instrument we are now able to measure time-dependet behavior.



Behavior on Equilibration with 0il

The aqueous phases of the Texas 1 system were contacted with an
equal volume of n~decane. The mixing procedure was a follows: 5 ml of the
aqueous phase was mixed with 5 ml of n-decane in Teflon sealed test tubes.
The mixtures were heated to 60°C and thoroughly mixed for 15 seconds with a
vortex mixer, After 24 hours the mixing was repeated, without further heat-
ing, and the samples were allowed to equilibrate at room temperature, ~22°¢C
+ 1°C. When the volumes of the phases showed no further change these
volumes were measured and the discernible characteristics noted. This was
accomplished by the previously described PLS technique which can easily dis-
criminate isotropy, scattering and birefringence of samples,

The microemulsion phase behavior at constant salinity is shown in
Figure 6 as a function of surfactant and cosurfactant concentrations, It
can be seen that Téxas 1 is a hydrophobic surfactant., With increasing cosur=-
factant concentration the system showed a change in microemulsion position
from upper phase (ugdME) to middle phase (mgME) to lower phase (1¢ME). At
compositions below the dashed line equilibration is not easily achieved. The
microemulsion middle phase formed from below .005 wt 7 surfactant to > 10 wt %
surfactant in the cosurfactant range of 7 wt’% to 10 wt %. A typical scan
is shown for increasing surfactant concentrations at constant cosurfactant
concentration of 8.5 wt %, in Figure 7.

These results show that a critical cosurfactant concentration is
necessary for middle-phase formation. The slope of the middle-phase region
indicates a critical surfactant/cosurfactant ratio is necessary for optimiza-
tion. The solubilization of both o0il and water into the middle phase is

essentially independent of surfactant concentration if plotted as a function of



critical cosurfactant concentration., This critical concentration of cosurfac-
tant is related to the mutual solubility of the cosurfactant in the brine and
0il phases exclusive of surfactant, Diffuse, critical interfaces were observed
at the upper to middle and middle to lower microemulsion phases both co-
surfactant and salinity scans. Preliminary measurements using a spinning drop
apparatus indicated that interfacial tensions were very low (~1.Sx10-3 dyne/cm).
Several salinity scans were made at various surfactant and cosurfac-
tant concentrations., Results were the same as observed in other systems,
There is first a lower phase microemulsion which proceeds into a middle phase
microemulsion and, finally, an upper phase microemulsion is formed.
Preliminary ultracentrifuge studies have been conducted with micro-
emulsions from this system at various surfactant, cosurfactant and salt con-
centrations. At 3.5 wt % surfactant and 8 wt % cosurfactant the effect of
salinity on the middle phase region has been studied. As with commercial
petroleum sulfonate systems at lower salinity, schlieren peaks of two dif-
ferent types (i.e., o/w and w/o) have been observed. At 12 wt % cosurfactant
concentration, 1 wt % NaCl, and a surfactant concentration < 4.5 wt % the
system forms an o/w lower phase microemulsion. On increasing the surfactant
concentration a middle phase is formed which shows a water-continuous micro-
emulsion. Similar results were obtained for systems containing 1 wt % NacCl,
'8 wt % Texas 1 and various amounts of cosurfactant. 1In all the cases studied,
near its upper and lower ends (in the parameter space) the middle phase always
has the phase structure of the upper or the lower microemulsion phase. These
studies are continuing.
Another preliminary result on the Texas 1 system is shown in
Figure 8, a plot of the phase inversion temperature (PIT) yvs. salinity. The

surfactant and cosurfactant concentrations were held constant at 3.5 wt % and

10



9 wt % respectively. These data were obtained with our recently constructed
PLS II, described below. The plot shows an essentially linear increase in
the shift of optimal salinity with increasing temperature over the range of
20 - 45°C, which is consistent with results found for commercial petroleum

&)

sulfonates . The effect of temperature will be explored and reported in

detail in subsequent reports,

B. Sodium Dodecyl Sulfate

Introduction

A second model system for studies of microemulsion phase be-
havior was developed.(G) This second system was built around the surfactant
sodium dodecyl sulfate (SDS). Other components were hexanol as cosurfactant,
NaCl, water and n~decane. SDS was selected because it can be obtained as a
very pure (99.9%) crystalline reagent from Gallard-Schlesinger Corporation
and because it is probably the classical model surfactant for scientific
studies. Comparison of results obtained with Texas 1 with results obtained
with SDS provides most useful information about microemulsion phase behavior,
and ultralow interfacial tension in systems of interest for enhanced oil
recovery,

Two related sets of SDS based systems were studied. The first
were aqueous solutions containing varying quantities of 5DS, hexanol and
NaCl. The second were some of the solutions from the first set which had
been equilibrated with an equal volume of n~decane. Examination consisted
of observations with PLS, measurement of phase volumes, some polarizing
microscopy, and measurement of interfacial tensions by both the sessile and
spinning drop techniques. The middle phase microemulsion region was easy

to identify with the PLS, This region was observed at low SDS concentrations

11



(.0005 molar or .0144 wt %). Measured interfacial tensions for these systems

were as low as 3.4}(10"4 dynes/cm,

Aqueous Phase Behavior

There were no long lasting order of mixing effects observed with
the SDS solutions., All such effects were limited to the formation of a tran-
sient liquid crystal phase that dissolved in about twelve hours. The forma-
tion of metastable liquid crystal was only noticed at the high salt and the
high n-hexanol concentrations.

Stock solutions of SDS (.5 molar) and NaCl (2.0 molar) were propared

and the serial dilutions reported below were made from them. The usual pro-

cedure was to blend SDS, NaCl and n~hexanol, then dilute to the desired
volume with water. An alternate order of mixing was to blend SDS and NaCl
(or hexanol), dilute to the desired volume, and then add the hexanol (or salt).
Figure 9 shows the phase behavior of structures observed for the SDS
system at varying surfactant and n-hexanol concentrations, Results are simi-
lar to those found for Texas 1 (Figure 2). As the cosurfactant concentration
is increased the S to S+L to L liquid crystalline regions are observed. But
Figure 9 shows that the SDS system deviates from the Texas 1 system in that a
three-phase coexistence region also exists, Both the liquid crystalline and
three-phase coexistence regions extend towards low surfactant concentration.
The lower phase of the three coexisting phases is isotropic, the middle phase
scatters light and the upper phase is isotropic. The hydrophobic cosurfactant,
n~hexanol, appears to be behaving like an oil and it is possible that the middle
scattering phase is a microemulsion.
Unlike Texas 1 and other petroleum sulfonates, the S to L transition
in the initial aqueous solution of SDS does not indicate where the middle phase

microemulsions in the oil-equilibrated solutions will be found. For SDS it is

12



a two-phase to three-phase transition in the initial aqueous solutions that is
tied to the middle microemulsion phase in the oil-equilibrated solutions. The
difference is probably due to the fact that SDS is much more hydrophilic than
Texas 1 or commercial petroleum sulfonate surfactants, The fact that a phase
transition in the initial aqueous solutions of both types of surfactants is

linked to a phase transition in the oil-equilibrated solution is felt to be

significant,

Behavior on Equilibration with 0il

Screening of oil-equilibrated SD5 solutions to find the middle-
phase microemulsion region was conducted with the aid of the PLS, The critical
region involves relatively narrow hexanol and NaCl concentration bands. The
necessary concentrations of hexanol and NaCl are a small region of phase space
and were found empirically, The NaCl concentration range was from a little
less than .3 molar to a little more than .4 molar, The hexanol concentration
range was from about 8 vol % to 10 vol %.

The phase diagram for the SDS:hexanol plane at a constant salt con-
centration of .4 molar NaCl is shown in Figure 10. The middle-phase micro-
emulsion region is outlined. It has a two-phase region on all sides. An
upper phase microemulsion coexists with a lower brine phase on the more hydro-
phobic (more hexanol and/or less SDS) sides. A lower phase microemulsion co-
exists with an upper o0il phase on the more hydrophilic (less hexanol and/or
more SDS) sides. It can be seen that the middle-phase microemulsion region
extends to very low (.00l molar) SDS concentrations. This fact is significant,
The behavior of Texas 1 systems is similar and suggests this as general rather
than unique behavior.

Interfacial tensions we-e measured at many points in Figure 10. The

lowest IFTs (3.81::10-4 dynes/cm) were found for a four-phase sample. This

13



four-phase sample is thought to contain a tricritical phase. The second
lowest IFT (3.6}{10"3 dynes/cm) was found for a two-phase sample with a lower-
phase microemulsion. This sample was very close to the three-phase envelope.

SDS, as can be seen from Figure 10, is nearly identical in its
phase behavior to Texas 1 and commercial petroleum sulfonates around the
middle~phase microemulsion region. This fact shows that SDS is an excellent
model surfactant for studies of microemulsion phase behavior, analogous in
most ways to the petroleum sulfonates.

If SDS is analogous to the petroleum sulfonate, then phenomena seen
in SDS should be found in petroleum sulfonates. Studies of both SDS and
Texas 1 indicate that the ultralow IFTs needed for good enhanced oil recovery
may be related to higher order critical points. These studies also indicate
that the middle-phase microemulsion region can be produced with very low
jonic surfactant concentration if the critical cosurfactant and salt condi=-
tions are met, Further characterizations of SDS and Texas 1 solutions are

proceeding and will be reported subsequently.
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SECTION IV, WITCO TRS 10-410 SYSTEMS

A, Introduction

The phase behavior of Witco TRS 10-410 (607 active) surfactant when
contacted with isobutylalcohol and n~dodecane has been studied in order to
extend understanding of the structures and their relationship to ultralow
interfacial tension. This section includes several experimental results on
these systems, Part B describes the results obtained from studies of
5 wt % TRS 10-410, 37 IBA and x7 brine where the aqueous structures have been
observed by polarizing microscopy and by the PLS technique. Part C describes
phase volume and ultracentrifugal measurements of the TRS 10-410 system equil-
ibrated with n-dodecane. Part D gives the results of increasing the salinity
tolerance of the aqueous phases of TRS 10-410 by addition of Neodol 25-3S, an

ethoxylated surface. Part E describes the phase behavior of the TRS 10-410/

Neodol 25-3S system equilibrated with n~-dodecane.

B. Aqueous Phase Behavior

The TRS 10-410 surfactant is a 607 active petroleum sulfonate with
an average molecular weight of 424. Aqueous solutions of TRS 10-410 were for-
mulated with cosurfactant and brine. The surfactant/cosurfactant (IBA) solu-
tions were mixed thoroughly by magnetic stirrer for twenty-four hours. To the
surfactant/cosurfactant solutions were added concentrated brine solutions
until the systems were homogeneous. To these homogeneous solutions were added
triple-distilled water to make 10 ml aliquots. The final formulations were
5 wt % TRS 10-410 and 3 wt % IBA. The salinity was varied from 0.5 wt % to
3 wt %. Each solution was thoroughly mixed with a vortex mixer followed by
ultrasound and heated to 60°C for two hours. Then the solutions were cooled
to room temperature, remixed, and allowed to equilibrate. They were then
studied with the PLS and in sealed rectangular optical capillaries by

microscopy.

15



rigure li demonstrates tihie blreiringent teXtures OL a salinitly scan
of TRS 10-410/1BA by the PLS technique. The salinity is varied from 0.8 wt %
to 2.2 wt % NaCl in 0.2 wt % increments. The general trend is similar to the
variance in texture reported for other model and commercial petroleum

(7))

sulfonate solutions At 0.8 wt ¢ NaCl an aggregated phase of spherulites

in brine exists. As the salinity increases to about 1.4 wt 7% NaCl the tex-
tures show a two-phase coexistence region consisting of spherulites and lamel-
lar phases, with the spherulites predominating. At 1.6 wt 7% NaCl the two phases
coexist in equal proportions and at 1.8 wt % NaCl the aqueous solution is a
homogeneous lamellar phase. At 2.0 wt % NaCl the solution separates into two
phases, the upper of which is a lamellar phase and the lower a yellowish iso-
tropic phase. If the lower phase is disturbed it exhibits "streaming" or
"flow'" birefringence which is indicative of a close-packed cubic structure of
aggregates, generally known as the 'viscous' or 'cubic' isotropic phase. At
2.2 wt % NaCl phase separation also occurs but the upper phase being the
'viscous' isotropic phase and the lower being a clear isotropic phase with a
high viscosity. All the solutions in the one-phase region are light yellow in
color when first formulated, but the coloration darkens over time, even though

the structures generally show little change on aging.

C. Behavior on Equilibration with Qil

The aqueous solutions of TRS 10-410, IBA and brine described in the
previous section were equilibrated with an equal volume of n-dodecane. The
procedure for forming the microemulsions was as follows: 5 ml of n-dodecane
was added to 5 ml of the aqueous solution, then mixed with a vortex mixer and
temperature cycled. The samples were then allowed to equilibrate in a constant
temperature environment. Equilibrium was assumed to have been established
when no further changes in phase volumes occurred. 1In general, one month was

adequate.
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Solubilization data are presented in Table 1. At low salinity a
microemulsion phase exists in equilibrium with excess oil. The middle phase
appears at 1.2 wt 7 NaCl. At 2.2 wt % and higher salinities the system becomes
an upper phase microemulsion in equilibrium with excess brine. As shown in
Figure 12 the 0il solubilization increases with increasing salt concentration.
The reverse is the general trend for water solubilization.

Ultracentrifuge studies were undertaken on the microemulsion phases
using a Beckman Model E Analytical Ultracentrifuge. The ultracentrifuge
studies were conducted at various speeds and for different periods of time.

The results are shown in Table 2 and plotted in Figure 13.

The following equation( 85 is used to calculate the radius, a, of

he d . 1/2
the drop a + él/B)exp( 5é“—§1 /
19 us TEAMI(-)7
R I N 2
D m (1 -4
where
a = radius of the drop in cm
p = viscosity of the continuous phase in poise
s = sedimentation coefficient in sec
Pp = density of the dispersed system in gms/cc
P = density of the continuous -medium in gms/cc
4 = volume of the dispersed phase

total volume of the phase
It is assumed that all of the surfactants and cosurfactants are at
the interface. For mixtures of oil-in-water and water-in-oil microemulsions
it is assumed that the surfactants and cosurfactants are distributed between
the microemulsions in the same ratio as oil and water in the total phase.
The lower microemulsion phase was an oil-in-water type. This desig-
nation was indicated by a schlieren peak moving inwatds. The drop size in-

creased with increasing salt concentration (Figure 13). The upper
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microemulsion phase is a water-in-oil type as indicated by a schlieren peak
moving outwards. The results indicate a decrease in drop size with increasing
salt concentration. The results are not as consistent as were found in the
lower phase microemulsion.

The middle phase has been studied rather extensively in the ultra-
centrifuge. The results indicate that at the lower end (s 1.3 wt 7 NaCl) it
was water-continuous. This behavior was indicated by the appearance of a
single inward-moving schlieren peak. This resuit is in agreement with that of
Chan and Shah(g). But at higher salinity (= 1.8 wt % NaCl), contrary to
their findings, the middle phase was distinctly a water-in-oil type micrecemul-
sion. The appearance of a single well-characterized outward-moving schlieren
peak confirms this fact. These results are in agreement with Hwan et al's
hypothesis of middle phase structure near the end points(lo).

Between 1.4% and 1.8% sait concentration we observe two peaks, one
moving inwards and the other outwards. This has been explained previously by
Miller et gl(ll) as indicating the existence of a mixture of o/w and w/o
microemulsions. The calculated values of drop diameters are less reproducible.
It is possible that the actual structure in the optimum region may be approxi-
mated by other models such as a bicontinuous structure(lz). But it is
obvious that the middle phase over all of its range is not bicontinuous. The
drop diameters, assuming it to be a mixture of o/w and w/o microemulsions, are
shown in Table 2.

In all of these experiments, diffuse interfaces near the transi-
tion (lower to middle or middle to upper) region have been observed.

The interfacial tensions for this system have already been obtained by other

(9,14)

workers A few data obtained by our group confirm the low IFT values

obtained by other groups.
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D. Aqucous Phase Behavior of High Salt~Tolerant Systems

Some preliminary results on the effect of increasing the salinity
tolerance of the TRS 10-410 system described in the previous section are
reported here, Conventional commercial petroleum sulfonate systems will
generally form microemulsions and give ultralow interfacial tensions at
relatively low salinities 4 wt %). Yet many underground reservoirs have
latent brine concentrations which are much higher; as a result it is nec-
essary to formulate micellar solutions that will tolerate these high salini-
ties. Several methods of increasing the salinity tolerance of petroleum sul-
fonate systems have been reported including the addition of ethoxylated
alcohols, ethoxylated sulfates and ethoxylated sulfonates(13’14’15). In this
study Shell's Neodol 25-3S, an ethoxylated sulfate, has been used in order to

understand the effect of salt tolerance on the phase behavior of both the

aqueous solutions and the o0il equilibrated microemulsion phases,

The procedure for formulating the aqueous solutions for this séries
of experiments was the same as outlined in the previous section. Six TRS
10-410/Neodol 25-3S blends were formulated such that the surfactant blend was
held constant at 5 wt % and the cosurfactant at 3 wt %. However, the surfac-
tant ratio was varied starting with 4.5 wt ¥ TRS 10-410 and 0.5 wt % Neodol
25-3S to 2 wt % TRS 10-410 and 3 wt % Neodol 25-35. The salt concentration
was varied from 0.5 wt % to 10.5 wt % for each of the six surfactant blends.

The phase behavior of the aqueous solutions is plotted in Figure 14
with salinity along the x-axis vs. weight percent Neodol 25-3S5 in TRS
10-410. The basic trend of the liquid crystal (S&.) formation observed in
the TRS 10-410 system in the absence of Neodol 25-3S is also seen with the
addition of increasing Neodol 25-3S. But as the concentration of Neodol

25-3S increases the liquid crystal region broadens and shifts to higher
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salinities. The PLS and polarizing microscopy techniques showed that the gen-
eral appearance of liquid crystal textures was the same as found for

the TRS 10-410, and other petroleum sulfonate systems; i.e., a spherulitic
phase at low salinity, passing through a two-phase coexistence region of spher-
ulite and lamellar phases, to an homogeneous lamellar phase at higher salin-
ities. Below the liquid crystal region at lower salinities a transparent iso-
tropic phase (Iso) is present. As the liquid crystal region is approached
with increasing salinity an opaque precipitate exists at the bottom of the

isotropic phase samples (Iso + precip). With further increase in salinity the

solutions become stable liquid crystalline structures. At salinities atove

the liquid crystal region the solutions separate into two phases. The upper
phase is a lamellar liquid crystal and the lower an isotropic phase that ex-
hibits 'streaming' or 'flow' birefringence. At even higher salinities yet
another two-phase region exists. The upper phase exhibits .'streaming' bire-
fringence, contains most of the surfactant, and is designated V,Iso. The lower

phase is a viscous clear isotropic phase and is designated Iso.

E. High Salt-Tolerant Systems Equilibrated with 0il

As with the previous oil-equilibrated systems, equal volumes of the
aqueous solutions and n-dodecane were thoroughly mixed, temperature cycled,
and then allowed to equilibrate until no further change in the phase volumes
was apparent. Figure 15 is a plot of the microemulsion phase behavior for
x wt % salinity versus y wt % Neodol 25-3S in TRS 10-410. With increasing
Neodol 25-3S the middle phase microemulsion region broadens and shifts to
higher salinities. For the range of Neodol 25-3S studied the shift is from
1.6 wt % NaCl at 0 wt % Neodol 25-35 to around 9 wt % for 3 wt % Neodol 25-3S
and 2 wt % TRS 10-410. Also, an essentially one-to-one cortespondence exists

between the formation of the liquid crystalline region of the aqueous solutions
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and the formation of the middle phase microemulsion when the systems are oil
equilibrated. As is to be expected the volume of water solubilized (Vw) in

the microemulsion decreases with increasing salinity and conversely, the volume
of oil solubiljized (Vo) increases with increasing salinity. The behavior of
the Vo/vs and Vw/VS curves for this series indicate that the solubilization at
optimum salinity is not a linear function of the Neodol concentration. These
results along with further studies of high salt-tolerant systems will be the

subjects of a subsequent report.

21



SECTION V. POLYMER-SURFACTANT INTERACTIONS

Studies have begun on the phase behavior of an aqueous sur-
factant/brine solution containing a polymer. Determination of the effect of
polymer on the aqueous/oil phase behavior has also been initiated as part of
a program to investigate the interactions between polymer and surfactant
systems as relevant to enhanced oil recovery.

Interactions in the polymer-surfactant mixing zone have received
attention from some investigatorgls—lg). Trushenski(l6) reported that high
mobility and phase separation can occur due to polymer-surfactant incompat-
ibility leading to excessive sulfonate reteution through 'phase entrapment."

(17)

Szabo studied a number of polymer-surfactant systems and found that mix-

tures of sulfonate and polymer solutions form a'two-phase system. One phase
contains most of the polymer complexed with the sulfonate, while the other is
rich in sulfonate and low in polymer. More recently Hesselink and Faber(ls)
investigated the effect of polymer and found that the polymer is usually
present in an aqueous phase which can be highly concentrated. They pointed
out that the polymer may extract water from a microemulsion phase and hence
increase the microemulsion/brine interfacial tension.

Water-soluble polymers have been the most commonly used mobility
control agents. Practical application has been restricted to two types:
(i) a polysaccharide biopolymer, Xanthan gum and (ii) partially hvdrolyzed
polyacrylamides. Both polymers suffer limitations that cause process inef-
ficiencies or loss of cost-effectiveness. Martin(lg) recently reviewed the
potential inadequacies of existing mobility control agents. An evaluation of
water-soluble polymers for secondary oil recovery has also been presented by

20,21
Szabo( ? )-
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Xanthan gum is the polymer so far investigated in this laboratory.
The polymer content of the Xanthan broth supplied by Abbott Laboratories is

o (22)
2,917 . Xanthan gum has advantages in terms of good shear stability and

brine compatibility. But it also suffers from a number of inadequacies such
as high cost, microbial and thermal degradation, filtration requirements, and

hydrolysis. Hence, other water-soluble polymers, particularly polyacrylamides,

will also be investigated. OQOur initial experiments have been with TRS 10-410

(Witco), a commercial petroleum sulfonate that has been studied extensively in

this laboratory and by several other groups(g’la). But a model surfac-

tant, Texas-l, will also be investigated. The phase behavior of the Texas-1
system without polymer has been reported in Section III and will be used as a
standard for evaluating the effect of polymer.

The viscosity of the aqueous polymer solution was measured as a
function of salt concentration using a Wells-Brookfield microviscometer (Model
RVI-C/P). Addition of 0.4% (w/w) NaCl decreased the viscosity of the polymer
solution significantly. Further increases in salt concentration had negligible
effect. The relative change in viscosity on addition of NaCl was found to de-
pend on the polymer concentration as well as the shear rate. The viscosity
change varied from about 14% for 1500 ppm to about 27% for 750 ppm Xanthan
gum at a shear rate of 150 sec_l. The change was higher for decreasing shear
rate (increasing RPM). Hence, the general trends observed in the viscosity
behavior of Xanthan gum solutions are consistent with those reportea by other
investigators(22’23).

Several TRS 10-410 aqueous systems have been prepared as a function

of Xanthan gum concentration. The surfactant concentration is fixed at 5% (w/w).

The brine (NaCl) concentration is varied in each system from 0.8 to 2.4% at an
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interval of 0.2% (w/w). The surfactant-polymer systems are made by diluting
concentrated polymer and surfactant solutions to the desired composition.

The aqueous phase behavior of the polymer-free TRS 10-410 (Witco)
system as a function of brine concentration is described in Section IV of
this report. A spherulitic liquid crystalline phase exists at 0.8% (w/w)

NaCl and transforms into a lamellar phase at about 1.8% NaCl with an intermed-
jate two-phase coexistence region of spherulites-plus-lamellar textures.

Above 2.07 salt there exists a surfactant-rich upper phase in equilibrium with
a lower brine phase, the volume of the latter increasing with increaéing elec-
trolyte concentration. The addition of the polymer to the surfactant solution
results in a reduced birefringence and increased viscosity as compared to the
polymer-free system. However, no macroscopic phase separation was observed
immediately on contacting the polymer with the surfactant solution. But given
enough time (weeks to months, depending on the brine and polymer concentration)
a phase separation may be induced by the Xanthan macromolecules in the other-
wise one-phase region of the polymer-free system.

The phase behavior of the aqueous surfactant solutions with 750 ppm
Xanthan polymer is shown in Figure 16, and may be compared with Figure 11 for
the polymer-free system. The first sample on the left in Figure 16 is at
0.8% NaCl and shows phase separation into an upper aqueous phase (weakly bire-
fringent) and a lower liquid crystalline phase. Although the next sample
(1.0% NaCl) appears to be one phase, it did separate into two phases (an
aqueous upper in equilibrium with a lower liquid crystalline phase). Thus,
two phases exist over the whole salinity range examined. Between 1.0 and 2.0
wt % NaCl (samples no. 3 to 7 from the left in Figure 16), the upper phase
is liquid crystalline and the lower phase aqueous with some streaming bire-

fringence. It should be noted that the interface between the two phases is
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not very sharp, an indication that the interfacial tension is low. 1Indeed,
low interfacial tensions between such separated phases have been reported by
(18)

Szabo . At 2.2 and 2.4 wt % salt, two phases exist as in the polymer-free

system. The interface is sharp although not very distinct in Figures 16
and 11. However, the viscosity of the lower phase is much higher as expected
due to the presence of the added polymer.

Samples of the aqueous surfactant-plus-polymer solutions with vary-
ing salt concentration were contacted with an equal volume of dodecane and
allowved to equilibrate. The objective was to evaluate the effect of the polymer
by comparison with the results of the polymer-free system described in Section
IV. of this report. The addition of the polymer tends to slow down the equil-
ibration process. The basic pattern of phase behavior is the same as in the
polymer-free system except in the lower phase microemulsion region. A middle
phase microemulsion is observed at intermediate salt concentrations and at
higher salinity an upper phase microemulsion exists in equilibrium with an
excess brine phase. With 750 ppm Xanthan gum it was observed that at low
salinities (p,8-1.0% (w/w)) the aqueous phase microemulsion in equilibrium
with excess 0il separates out into two phases. A small but highly viscous
polymer phase (@pparently a gel) separates out at the bottom of the sample.

Such a phase separation will significantly affect the performance of a
micellar-polymer flooding process. The details of the phase behavior on

contacting with oil will be reported later.
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SECTION VI, CONTACTING EXPERIMENTS WITH AQUEOUS SOLUTTIONS AND HYDROCARBONS

Contacting experiments between aqueous surfactant solutions and
hydrocarbons were continued, Studies of the contacting of both commercial
petroleum sulfonates and model surfactants with various hydrocarbons were
made., The experiments were conducted in sealed rectangular capillaries and
observed under the microscope, and in test tubes with a polarized light
6)

screen, Some of these results have been repcrted(z’ A manuscript en-

titled "Spontaneous Emulsification in 0il, Water and Surfactant Systems"

is in preparation,
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SECTION VII, POLARIZED LIGHT SCREEN II, (PLS II.)
(6)

In past reports , the useful development of the polarized light
screening (PLS) technique for the macroscopic discrimination of birefrin-
gence, scattering, and interfacial phenomena, in aqueous solutions and in
oil-equilibrated microemulsion systems has been demonstrated. The use of
the PLS technique has now been extended to enable studying solution samples
under isothermal conditions, The PLS II as described here also provides
better optical properties than the PLS I. Through its use phase volumes
can be measured, birefringence and scattering discriminated, and inter-
facial phenomena such as critical end points and probable tricritical
points studied and photographically recorded.

The PLS II is designed to operate between 10 and 80°¢ holding
temperatures to within + 0.05°Cc. The body of the system consists of a rec~
tangular Pyrex tank with inside dimensions of 22"x6"x12" filled with water
to a depth of 10" (approximately 20 liters). The Pyrex glass sheets were
cut to size and then assembled using a silicone glass sealant., Figure 17
is a photograph of the instrument.

Temperature fluctuations are regulated using a YSI Thermistemp
Model 71A on/off controller connected to a 500-watt submersible heating coil
through a Powerstat 3PN116B variable transformer to allow variance of the
heating rate, thus minimizing temperature overshoots. The tank is constantly
cooled by a copper refrigeration coil which is suspended along the bottom of
the tank. This coil is attached to a common Freon-12 refrigeration unit which
was salvaged from an old refrigerator. A 1/35 HP centrifugal circulation
pump is sufficient to keep spatial temperature variations to + .05°¢.

Tank temperature is monitored via an Omega Model 2170A-T digital

thermometer attached to two copper-constantan thermocouples (one placed at
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each end of the tank) along with one mercury thermometer (accurate to within
O.loC). The controller itself has its own YSI Model 403 temperature probe
which means that four temperatures are monitored at all times in the PLS II.
As with the probes for the digital thermometer, the other probes are placed
throughout the tank so as to allow uniform sampling of the tank temperature.
A voltage regulator is used along with the digital thermometer to eliminate
voltage fluctuations which could lead to uncertainties in the temperature
readings.

A bank of 12 8-inch fluorescent bulbs aligned vertically behind the
tank at one-inch intervals is used as the light source. This bank allows
viewing up to twelve test tubes at one time while allowing room for up to
twelve more tubes to be kept in isothermal storage. The light is diffused,
polarized, and then passed through the tank and samples. An analyzer viewing
screen in front of the tank allows for viewing the samples. The polarizing
filters were cut from HN 22 Neutral Linear sheets 0.137" thick, supplied by
Polaroid Corp., Cambridge, Mass. Figure 18 shows a cross-sectional view of
the optics of the system.

The water is kept free of dust and dirt particles which would reflect
light by a standard charcoal aquarium filter. This arrangement proved to be
more than sufficient to keep the water free from dust and dirt.

An auxiliary heating coil, identical to the first, is included in the
tank. It is wired directly to a toggle switch on the control panel and used to
cut down transient times while raising the PLS II up to a desired temperature.
It is switched off after the desired temperature is reached.

A ventilation system, consisting of three fans, is used to keep the

bank of lights, the refrigerator's compressor, and the refrigerator's heat
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exchanger from overheating since the PLS II is designed for continuous duty,
Figure 19 shows a front and top schematic view of the PLS II.

A rack was designed to fit on top of the tank in order to suspend
13 mm diameter test tubes. The actual design of the rack is quite arbitrary
as long as it holds the samples securely and spaces them apart from each
other in a uniform manner.

All of these systems were wired together into three electrical cir-
cuits in a manner that distributes the load equally. See Figure 20. Each
piece of equipment is fused, along with tihe main power cord for each circuit.

To equilibrate samples, the PLS II is first set at the desired tem-
perature with the sample tubes in place. Once the system has reached the de-
sired temperature the samples are thoroughly mixed with a vortex mixer and
replaced in the tank. They are then equilibrated until no further change in
the volumes or behavior is observed, at which time measurements and data are
recorded. Transient liquid crystalline phases and other transient effects
may occur if this procedure is not followed. On reequilibration by the
above-mentioned procedure, results are reproducible at least with the pure
surfactant systems studied to date. Some preliminary results for studies of
the shift in the optimum salinity with increasing temperature for the Texas 1

model system are reported in Section III of this report.

29



SECTION VIII, PURIFICATION OF 8-PHENYLHEXADECANE
SODIUM SULFONATE (TEXAS 1)

Texas 1 was obtained from the University of Texas group.in two lots,
each from a different batch, The University of Minnesota group reported
various impurities in Texas 1 samples and a procedure for separating some

(25)

of these impurities . This procedure has been extended in our laboratory,

by passing the surfactant through a liquid chromatographic column(2’24).

This
extension has markedly improved the purity of Texas 1 to better than 99%.

The results of elemental analysis on five separate column runs and both lots
of Texas 1 are shown and compared to theoretical in Table 3. Highest purity
was obtained with sample #5, which was from lot #2 and was passed through the
column twice. This result indicates that the column loading of 10 wt % solu-

tion was slightly overloaded and that a more dilute solution would produce

a better yield and purity,
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SECTION XI, TABLES

Table 1

Ultracentrifuge Results for Witco TRS 10-410

% NaCl Microemulsion Drop Dia (X)
olw w/o
0.8 lower 230 -
0.9 1 270 -
1.0 1 315 -
1.1 1 410 -
1.2 middle 455 -
1.3 m 575 -
1.4 m 495 1430
1.5 m 770 1020
1.6 m 1200 550
1.7 m 500 740
1.8 m - 650
1.85 m - 480
1.9 m - 470
1.95 m - 400
2.0 m - 400
2.1 m - 510
2.15 upper - 440
2.2 u - 480
2.3 u - 380
2.4 u - 340
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Table 2

Solubilization Data for Witco TRS 10-410~TBA~
n~Dodecane System

% NaCl Vv (o=0il) Vo/Vs Vw/(w=brine) vw/Vs
0.8 0.4 0.93 - -
0.9 0.5 1.14 - -
1.0 0.6 1.36 - -
1.1 0.75 1.70 - -
1.2 0.95 2.16 3.26 7.41
1.3 1.15 2.61 2.16 4.91
1.4 1.1 2.50 1.31 2.98
1.5 1.1 2.50 1.15 2.61
1.6 1.15 2.61 0.81 1.84
1.7 1.1 2.50 0.76 1.73
1.8 1.3% 2.95 0.61 1.39
1.9 1.3*% 2.95 0.56 1.27
1.95 1.9% 4,32 0.56 1.27
2.0 1.85% 4.20 0.46 1.05
2.1 2.3%% 5.23 0.41 0.93
2.15 - - 0.46 1.05
2.2 - - 0.26 0.59
2.3 - - 0.26 0.59
2.4 - - 0.26 0.59
* Interface between middle and upper phase is diffuse

**k Interface between middle and upper phase is very diffuse. Very close
to critical point.

Vs = yolume of surfactant + cosurfactant.
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Table TII

Results ofrElemental Analysis for Texas 1.

‘ Formula
%C %H %S #Na %0 7%CL Weight
Theoretical 65.31 9.22 - © 7293 5.68 - - 404.59
Lot #1 #1 - - 7.93 5.55 - 0.68 -
Lot #1 42 64 .34 9.48 7.81 5.04 - 0.23 401.59
Lot #1 #3  64.47  9.09 8.18  5.39 - 1.56  397.9
Lot #1 #4  62.85 9.47 7.40 5.65 - 0.31 403.24
Lot #2 #5 65.18 9.14 7.77 5.69 - 0.13 404.6
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Phase Behavior of Aqueous Solutions of y wt % Texas 1, x wt %
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Figure 3. Viscosity of 8.5 wt % n-Propanol, 1.0 wt % NaCl, x wt % Texas 1.

42



TC Series:
35 % Texas-~1;1% NaCl; X% Propanol ; Aq. O

Temp.(°C):25.5 Shear Rate
Cone Angle: .8° O s sec'i
Vol. of Sample (m1.): 1.1 [J 150 sec

40 4

30 -

(cps)

Viscosity
)
o
]

10 <

wt. % Propanol
‘inaq. @

Figure 4. Viscosity of x wt % n-Propanol, 1.0 wt % NaCl, 3.5 wt % Texas 1.
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Figure 5. Viscosity of 8.0 wt n-Propanol, x wt % NaCl, 3.5 wt % Texas 1.
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TO Series:
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Figure 9. Phase Behavior of Aqueous Solutions of y wt % SDS, x wt % n-Hexanol,
1.17 wt % NaCl.
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Figure 12. Solubilization Data for TRS 10-410, IBA Equilibrated 1:1 with
n-Dodecane , T~22°C.
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Figure 13. Drop Diameters of Microemulsion Phases of TRS 10-410, IBA Equili-

brated 1:1 with n-Dodecane from Ultracentrifugal Experiments.
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Figure 15. Effect on the Phase Behavigr and Salt Tolerance of 0il Equilibrated
Neodol 25-3S System. T-~22 C.
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CROSS-SECTION OF PLS IT OPTICS
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Figure 18. Schematic Cross-Section of PLS II Optics.
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Figure 19. Schematic Front and Top View of PLS II.
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