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ABSTRACT

The improved oil recovery research program at the University of Florida

is a multidisciplinary research program designed to elucidate various inter-
~actions occurring between injection fluids such as surfactant and polymer .
solutions, and reservoir components such as clays, minerals, oils and sand.
The following are the five major areas of research of this program: 1) Inter-
facial Phenomena, 2) Bulk, Surface and Porous Media Rheology, 3) Adsorption
and Ion Exchange Phenomena, 4) Polymer Rheology and Fluid Mechanics, and 5)
Thermodynamic Phenomena and Phase Equilibria. The research program is designed
to establish a broad framework of information relating the microstructure of
injection fluids and their behavior in porous media to oil displacement effi-
clency. It is hoped that the development of the basic framework of new infor-
mation and the quantitative relationships among various parameters of the process

"~ would assist industry in developing, optimizing and fine tuning of injection

fluids for reservoirs of varying conditions. This paper reviews our accomplish-
ments of the past one year in cach of these areas. A ¥

.

INTRODUCTION

Tertiary oil recovery‘by'surfactant and polymer flooding involves the -
displacement of o0il by a surfactant slug which is followed by a polymer slug
for mobility control. Our rescarch program includes five major areas relevant
to this process as follows: ' ‘
gi' - (1) Interfacial Phenomena: The interfacial phenomena area involves the study
¢ ' of interfacial properties of stable surfactant formulations, and the elucidation
e of the microstructure of fluids responsible for their bulk and surface properties,
(2) Bulk, Surface and Porous Media Rheology: Such a study is necessary in order
to relate the properties of complex surfactant solutions te thei
perous media. Rheological properties of the surfactant solution
‘dstermined in order to control the mobility of the process.
theological properties can be correlated with the micrbstruct
solutions. o S
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‘vf}ﬂ?througw porous media, the extensional viscosity, zero shear viscosity, and
- degradation of the polymer are important parameters to be studied.

~ (3) Polymer Rheology: The main reason for the use of polymer solution in the

process is to control the mobility of the process. For the flow of polymer

(4) Adsorption and Ion Exchange Phenomena: Adsorption of surfactant,on the
porous media is one of the loss mechanisms in the process, and could be detri-
mental to the efficiency and cconomics of the process. A better understanding
of the mechanisms of adsorption to various clays and minerals, and the tech-
niques to reduce the surfactant and polymer losses are the main objectives

of this research. . .

(5) Thermodynamic Phenomena and Phase Equilibria: Theoretical aspects of this
research involves the prediction, from molecular parameters, of solubilization,
critical micelle concentration (CMC) and the effect of temperature .and pressure
on the surfactant solution properties. The experimental program involves the
study of properties of surfactant solutions at elevated temperatures and pres-

sures.

This paper is the summary of results obtained recently in each of these
areas and reported elsewhere (1-11).

INTERFACIAL PHENOMENA

Microstructure of Surfactant Formulations and Middle Phase Microemulsions by
Freeze-etching Electronmicroscopy

Our results on the microstructure of a birefringent surfactant solution
and of the middle phase microemulsion at optimal salinity are reported here.
Figure 1 shows the electronmicrograph of TRS 10-410 (5%) + IBA (3%) formulation
in 2% NaCl at 17,100 magnification. Figure 2 shows the electronmicrograph of
the same formulation fractured at a different angle at 36,000 magnification.
This formulation exhibited a strong birefringence when placed between polarizing
plates. These electronmicrographs reveal that this birefringent formulation
consists of a foam1like structure in which the surfactant and alcohol molecules
are presumably present in the membranes whereas the aqueous phase is trapped
inside the bubbles. These electronmicrographs clearly show a continuous mem-
branous structure. In Figure 2 one can see the walls between adjacent compart-
ments or bubbles. Each bubble is about 2-3 microns in diameter. It was estab-
lished from other electronmicrographs (not reported here) that the membranes
are made up of several bilayers of surfactant molecules. It was shown that each
wall is made up of several bilayers of surfactant molecules. We would like to
refer to such birefringent surfactant solutions as "Birefringent Cellular Fluids"
since they consist of cells or compartments surrounded by membranes. We believe
that this structure represents an intermediate phase before the surfactant mole-
cules are totally squeezed out of water when the salt concentration is increased.
It is very interesting that, in spite of its foam-like character, this formula-
tion exhibits an extremely low viscosity.

Since the realization of the importance of the middle phase formation in
tertiary oil recovery using concentrated surfactant formulations at the optimal
salinity value (same amount of oil and water solubilized in the middle phase),
the elucidation of the structure of the middle phase is one of the major ob-
jectives of the research in the field of tertiary oil recovery. Theoreticians
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as well as experimentalists have suggested various structures for the middle
phase. Scriven (12) has suggested that the middle phase is bicontinuous in
nature, with a continuous surfactant layerAseparating water -and oil. This
surfactant layer divides the volume into two multiply connected, interpene-
trating subvolumes, each of which is physically continuous., Friberg_gslgi.

(13) proposed a structure for the mniddle phase, as a mixture OF spherical ag-
gregates and planer surfactant layers. Miller (14) also stated that the struc-
ture of the middle phase is probably "bicontinuous" when the middle phase
exhibits ultra low interfacial tension with o0il and water simultanéously. How-
ever, they did not rule out the possibility that the middle phase may be an

0oil or water external microemulsion at salinities different from the optimal
salinity. Based upon the many similarities between the physico chemical prop-
erties of the middle phase and that of a microemulsion, as described by Schulman
and his co-workers (15-20), the structure of the middle phase was proposed

by Hsieh and Shah (21) to be a water external microemulsion with monodispersed
oil droplets suspended in a continuous aqueous phase. . The conclusion that the .

~ water is the external phase was based on the low electrical resistance of the
middle phase, namely, 50 to 300 ohm/cm. To strengthen the view that the middle
phase is a water-external microomulsion,electronmicrographs of the middle phases

The electronmicrograph of the middle phase at 1.2% NaCl (optimal salinity) con-
centration is shown in Figure 3. This electronmicrograph clearly indicates that
the middle phase is composed of. spherical oil droplets dispersed in a continuous
4queous phase. The spherical droplets are of almost uniform size and are ar-
ranged in an almost regular arrangement. Very similar observations were made
for other salt concentrations and it was also found that the size of these dis-
persed oil droplets decreased as the concentration of salt increased. This de-
crease in the size of oil droplets to almost micellar size appears to facilitate
the inversion of the water-external microemulsion to oil-external microemulsion
upon further increase in the salt concentration. Though the electronmictograph
clearly indicates that the middle phase is composed of dispersed spherical oil

. droplets in a continuous aqueous phase, further investigation to determine the
size of these droplets by small angle x-ray scattering and the surface charge
and shape of the droplets by impedence Mmeasurements at radio frequencies is
under way and we Plan to report these studies in our subsequent semi-annual
reports.

The Effect of 0il Chain-length on Optimal Salinity

_ In view of the fact that different crude oils can be considered having
different equivalent carbon numbers, it was thought that the effect of chain
length of 0il on the optimal salinity value of a particular surfactant formula-
tion should be of importance in tailoring surfactant formulations for different

crude oils. The study presented in this section was designed to elucidate the
effect of chain-length of oil on interfacial tension optimal salinity (SY)and phase
behavior optimal salinity (S¢) by measuring the solubilization parameters and
interfacial tension of the surfactant formulation containing 5% TRS 10-410 +
3% isobutanol at various salinities. The optimal salfnity values obtained for
different oils via measurement of solubilization parameters and interfacial
tensions (7) are shown in Figure 4. It is evident from Figure 4 that as the
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_chain length of the o0il increases the optimal salinity value (Sy or Sg) also

" fncreases. The values of Sy and Sy are very close to each other for these
oils. This observation is very similar to the obsérvations of Reed and Healy
. (22) for values of Sy and S; for their system. It was also found that, at

“ the optimal salinity, inter?acial tension,. Yoy Or Yp,, increases and the sol-
wbilization of brine or oil decreases as the chain length of oil increases.
The increase in the interfacial tension at optimal salinity upon increasing
the chain length of oil might be relevant to determining a suitable surfactant
formulation for the higher equivalent carbon nutber crude oils.

Molecular Mechanism for Achieving Ultra Low Interfacial Tension in Low
Concentration Surfactant Systems :

In the past few years, achievement of ultra low interfacial tension by
using dilute aqueous solutions of petroleum sulfonates has been reported in
literature (23-25). This phenomena, however, occurs in a very narrow range of
surfactant concentration. Interfacial tension first decreases with an increase
in surfactant concentration, and at a critical concentration, the interfacial
tension reaches its minimum value. Beyond this critical concentration, the
interfacial tension increases with increasing surfactant concentration. This
sharp minimum in interfacial tension can make the tertiary oil recovery by low
surfactant concentration solution difficult. Unfortunately, there is no ex-
planation offered for the molecular mechanism for the generation of the ultra-
low interfacial tension. We believe that a broad interfacial tension minimum
can be produced only after we understand the molecular mechanism governing the
sharp minimum in interfacial tension. '

Based on the surfactant partition and surface tension data, the molecular
mechanism for the effect of three major variables, namely, surfactant concen-
tration, salinity, and the chain length of o0il, on the ultra-low interfacial
tension have been proposed (5,11).

Effect of Surfactant Concentration on Interfacial Tension and Partitioning in 0il

For the effect of surfactant concentration on interfacial tension, it was
shown (5,11) that as the surfactant concentration increases, the number of surf-
actant monomers in brine and o0il intrecases. When the monomer concentration in
the brine reaches the Critical Micelle Concentration (CMC) both the interfacial
tension and surface tension show minima. The number of surfactant molecules
in the oil phase also reaches a maximum at this concentration. We have proposed
that the concentration at which the minimum interfacial tension and surface
tension as well as the maximum amount of surfactant partition in the oil phase
occur is the true CMC.

Figure 5 schematically illustrates the proposed molecular mechanism for the
interfacial tension minimum observed in the system. At very low surfactant con-
centrations (e.g., C1,C2 below CMC), the surfactant would partition in three
different regions, namely, brine, interface and oil. As ong increases the surf-
actant concentration, the concentration in each region increases. The increase
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in surfactant concentration at the interface will cause a decrease in the
interfacial tension as well as an increase in the amount of surfactant in
the oil phase. Both of these predictions were confirmed experimentally.
However, if the micelles just begin to form in the aqueous phase at the
concentration C3 then there will be a maximum number of monomers .in the
aqueous phase at this concentration. If the surfactant conceiftration is
increased, more micelles will be formed (e.g., C4, Cs). It is generally
assumed that the number of monomers of surfactant remains constant above
CMC. If this was indeed true, we should have seen the same amount of surf-
actant in the oil phase beyond CMC. 1In fact, the total amount of surfac-
tant in the oil phase decreases after CMC. This éuggests that the number
of monomers in the oil phase (since the surfactant concentration in the oil
phase is very low, we can assume that it is essentially in monomeric form)
decreases,the number of monomers at the interface .and in the aqueous phase
also decreases,and this will cause an increase in interfacial tension. The
decrease in the number of monomers in the aqueous phase beyond CMC was con-
firmed experimentally from the osmotic pressure- and light s¢attering measure-
ments (26), . ' ' -

Effect of Salinity on Interfacial Tension and Partition Coefficient

Surfactant partitioning in 0il and brine is extremely sensitive to salt
concentration. By adding salt to the aqueous phase, the solubility of the
surfactant in the aqueous phase decreases. When the solubility of the surf-
actant in o0il and the aqueous phase become equal, a maximym number of monomers
can be expected to be present at the interface, and thus the interfacial ten-
sion should be a minimum at this salt concentration. The proposed molecular
mechanism for the effect of salt concentration on interfacial tension and
partition coefficient is schematically shown in Figure 6. At zero salt con-
centration, most of the surfactant remains in the aqueous phase, and hence
very little of it partitions into the interface or oil phase. As the salt
concentration increases, the surfactant preferentially dissolves in the oil
phase. At optimal salinity, the surfactant concentration is the same in both
oil and brine phases. This presumably results in the highest interfacial con-
centration of surfactant, and hence the lowest interfacial tension. It is
interesting to note that if one measures the surface tension of equilibrated
brine phase, the minimum surface tension occurs at the same salt cdncentration
(Broken curve in Figure 6). The partition coefficient at the same concentration -
is unity. ' ' ‘

Effect of Chain-length of 0il on Interfacial Tension

The proposed molecular mechanism for the effect of 0il chain length on
interfacial tension is 1llustrated schematically in Figure 7. It was established
(5,11) from partitien coefficient data that as the chain length of oil increases,
the solubility of the surfactant in the oil phase decreases. Therefore the
number of monomers of surfactant in the oil phase decreases with an increase
in the chain length of oil, as shown in the upper part of Figure 7. Consequently,
the concentration of surfactant in the brine phase must increase as the oil is
changed from Cg to Ci6- It appears from interfacial tension and surface tension
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results that the concentration of surfactant in the aqueous phase equilibrated
vith C¢ and Cg is below CMC. The surfactant concentration in the aqueous phase
-equilibrated with decane is at the CMC and with higher chain-lengths of oil,
the surfactant concentration in the aqucous phase is above the CMC. As men-
tloned earlier, the monomer concentration decrecases as the surfactant concen-
tration increases beyond the CMC. This would increase both interfacihl ten-

! sfon and surface tension as was confirmed experimentally. The molecular
“pechanism proposed in Figure 7 takes the mystery out of the oil chain-length
effect reported by various investigators. 1t appears to us that a sharp chain-
length dependence is not due to any specific interaction between oil and surf-
"actant molecules, but due to partitioning (or solubility) in the oil phase and
a critical micelle concentration phenomena.

tion (Figure 5), the effect of salt concentration (Figure 6) and the effect of

oil chain-length (Figure 7) account for all experimental studies carried out

by us as well as by others (27,28) on these aspects of ultra-low interfacial

: tension. The explanations proposed here are valid for those surfactants which

) exhibit minimum in interfacial tension as a function of surfactant or salt con-

W  centration. The synthetic sulfonates (isomeric or very narrow equivalent weight

be distribution) do not show a sharp minimum as a function of surfactant concen-

‘ tration. This suggests that in such systems monomer concentration may not
decrease beyond CMC. This unified understanding of the molecular'mechanisﬁs

‘ for achieving ultra-low interfacial tension will assist in designing and man-

j“ ipulating desirable surfactant systems for tertiary oil recovery.

éh' The molecular mechanisms propose{ for the effect of surfactant concentra-

Enhancement of Salt Tolerance and Optimal Salinity of Surfactant Formulations

From the existing literature on petroleum sulfonates,it appears that surf-
actant formulavions based upon petroleum sulfonates exhibit relatively low salt
tolerance and low values of optimal salinity. This section reports our results
on the effect of blending an ethoxylated sulfonate (EOR-200) with a petroleum
sulfonate (Petrostep 465) on various properties of the mixed surfactant systems.
Figure 8 illustrates the effect of salt concentration on the surfactant formula-
tion consisting of Petrostep 465 + n-Pentanol + EOR-200.

The surfactant formulation passes through different regions, namely, stable,
precipitation, birefringent, and finally to phase separation (Figure 9.) It
is evident that as the amount of EOR-200 in the surfactant formulation increases,
the salt tolerance of each region increases. The surfactant formulation remains
stable with the addition of up to 24% salt when EOR-200 is 4% in the surfactant
formulation. As compared to the salt tolerance of the two individual surfac-
tants (Petroleum sulfonate or ethoxylated sulfonate) the mixed surfactant system
exhibits a much higher salt tolerance than either of the pure surfactants, sug-
gesting a synergistic effect by blend1ng of these surfactants. It was also
found for these mixed surfactant systems that as the fraction of ethoxylated
sulfonate increases (up to 1l:4 ratio of petroleum sulfonate/ethoxylated sul-
fonate), the optimal salinity incrcaseés. It was interesting to note that the
pure EOR-200 system as such is not able to produce an ultra-low interfacial ten-
sion but the addition of Petroqtep 465 to the system drastically reduces the

interfacial tension.
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The effect of divalent ions (Cn++ and Mg++) on the salt tolerance and
optimal salinity of this mixed surfactant system was also studied. The
system chosen for this study consisted of Petrostep 465 (3%) + EOR-200
(2%) + n-Pentanol (2%) and this formulation has a salt tolerance limit of
8.5% NaCl and its optimal salinity value with n-decane is 8.1%. It was
found that the formulation consisting of petroleum sulfonate and ethox--
ylated sulfonate can tolerate a sufficient amount of CaCl2 and MgCl2 in
the surfactant formulation without any precipitation of phase separation
up to the appropriate concentration of NaCl, and the surfactant formulation
still produced very low interfacial tensions (in thé range of millidynes/cm).
It was also found that the optimal salinity value decreases from 8.1% to 2.5%
when the CaClp/NaCl ratio in the surfactant formulation increases from 0 to
1:1(w/w) in the surfactant formulation.

BULK, SURFACE AND POROUS MEDIA RHEOLOGY

Effect of the Structure of Alcohol and of Dllution on the Viscosity of a
Surfactant Formulation

The objective of this research was to investigate the effect of dilu-
tion of a surfactant formulation on its bulk viscosity and apparent viscosity
as measured by flow through a: porous medium and to correlate these viscosities
with the microstructure of the surfactant formulation. The rationale for this
study was that if an aqueous surfactant formulation is injected into the
reservoir, it will be diluted by reservoir brine and subsequently would change
its properties. The system investigated was 5% TRS 10-410 + 3% Butanol + 2%
NaCl. The formulation was gradually diluted by addition of 2% NaCl. It was
found that as the aquecous surfactant formulation was diluted by brine, while
keeping surfactant/cosolvent ratio fixed, a maximum in bulk viscosity occurred
at a specific surfactant concentration. Furthermore, this maximum in viscosity
correlated well with the maxima observed in measurements of screen factor, NMR
half-band width and apparent viscosity in Berea sandstone. Figure 9 shows the
effect of molecular structure of butanol on the viscosity of thé surfactant
formulation. Up to 5% surfactant concentration, n-, iso- and 2-butanol systems
exhibit a maximum in viscosity at a specific surfactant/cosolvent concentration.
Based upon this study it was concluded that for alcohols, their brine solubility
plays a predominant role in 1nfluenc1ng the micellar structure as compared to
their molecular areas.

The significance of this study is twofold. First, it is established that
there is a correlation between rheology and flow through porous media for this
surfactant formulation. One can, hence, simply use any one of the parameters
measured (screen factor, NMR half-band width, relative viscosity) to screen the
surfactant formulatien before any extensive flow through porous media investiga-
tion is undertaken. Secondly, this study also has implications for injection of
such formulations into an oil reservoir. As the concentrated surfactant formula-
tion is injected into the ground, there will be not any injectivity problems be-
cause of the low viscosity of the formulation. However, once into the ground,
it will be diluted with the field brine and will exhibit a higher viscosity pre-
sumably more appropriate for the mobility control of the surfactant slug and the
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é@process. Such formulations, which at the injection point exhibit a low viscos-

ity and upon subsequent dilution increase their viscosity, might have certain
sdvantages. However, if the viscosity peak is very high then it may create a
“eonformance problem.

011 Displacement Tests s ‘ .

Figure 10 shows the efficiency of tertiary oil recovery as a function of
salinity for a 0.05 PV slug of 5% TRS 10-410 + 3% IBA in brine displacing n-
dodecane oil. The capillary number at each salinity was calculated and these
are also shown on the same graph. It is evident from Figure 10 that there is
_an excellent correlation between tertiary oil recovery and capillary number or
“eontrolling" interfacial tension. A maximum oil recovery of 72% was obtained
at 1.5% NaCl where Ymo = Ymy (optimal salinity value). The recovery was greatly
improved, however, when a longer sand pack of 15" was used in place of 6.63"
length used for results observed in Figure 10, and a final Tecovery of 82% was
obtained. Still, this recovery is much less than the 927 recovery reported by
Beneau and Clampitt (29). The diffcrence in the recovery values can be attrib-
uted to the 300 md, 3 ft. long Berea core and 0.1 PV surfactant slug used by
them and the 3000md. 1.2 ft. long sand pack and 0.05 PV surfactant slug used

in our experiment. ' .

POLYMER RHEOLOGY .AND FLUID MECHANICS

Because of the small average shear rates (1-10 sec-l) encountered by the
injection fluids in tertiary oil recovery, one would not expect extensional
flow behavior to be of importance. llowever, when one isolates a portion of the
field, one would find a maze of converging-diverging channels that could create
large instantaneous shear rates that would certainly be strongly dependent upon
extensional flow. The purpose of this research is to determine those rheological
parameters that are important in polymer flow through porous media and also to
determine the effect of physico-chemical variables upon them. :

Various rheological properties, e.g., shear viscosity, screen factor, ex-

R tensional viscosity, etc., of Dow "Pusher" series as well as other polymers were
studied at different CaCly concentrations. For all the Dow Pusher polymers

and experimental Dow polymer, the effect of CaCl2 was found to be similar.

This was also observed in the presence of sodium chloride.

In general, capillary viscometry measurements were more sensitive to salt
addition than either screen factor or extensional viscosity. Relative changes
in screen factor and extensional viscosity following salt addition corresponded
closely to one another. It was also observed that shear viscosity is sensitive
to mechanical degradation at low salt concentration, while at higher concentra-
tions changes in viscosity following shearing were negligibly small. Figure 11
schematically summarizes current achievements and future goals in this research
area. .
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ADSORPTION AND 1ON-EXCHANGE PHENOMENA

The work presented in this section summarizes our research in three
areas: 1) Methods of determining the cation exchange capacity (CEC) of
clays and reservoir minerals were cxplored and a centrifugation technique
for separation of solids from the residual liquid was found satisfactory.
The cation exchange capacities of a'select4d group of clay min¥rals of
Berea sandstone were determined and were found to be within the normal lim-
its for mineral spccies involved. 2) Surfactant precipitation by multivalent
cations, either added to the brine or by cation exchange, was examined and
found to be very substantial. Precipitation was shown to be a potentially
significant surfactant loss mechanism. The effect of cation exchange on the
adsorption of TRS 10-410 on the clay fraction of Berea sandstone was examined
and found to be relatively small. The small effect noted may have resulted
from surfactant precipitation by displaced calcium and magnesium ions. 3) The
adsorption of sodium pentadecylBenzene sulfonate on kaolinite, halloysite,
and montmorillonite was measured at 35°C and one wt.% NaCl. These adsorption
isotherms differ in several respects from those obtained for crushed Berea
sandstone and for its clay fraction. In the first place, no adsorption maxima
were observed. Secondly, there is a possibility that the isotherm rises to a
second plateau at higher SPBS concentrations.

Scanning clectron microscopy and energy dispersive x-ray analyses of sel-
ective reservoir core samples, and of selected clay minerals have been carried
out to learn more about the exact structure of perous media encountered by a
surfactant slug in a typical reservoir situation, especially concerning the pore
size and geometry, the distribution of clays and related materials, and the prob-
able contact area between the surfactant solution and the rock constituents. A
typical scanning electron micrograph of Berea sandstone is' shown in Figure 12.
The basic matrix of sand grains may be seen quite clearly, but it is obvious that
much of the surface of the sand grains is covered by a very fine grained extran-
eous material which is revealed to be a mixture of clays in the other scanning
electron micrographs at higher magnifications. As noted earlier, our main con-
cern here was not to charactérize the minerals in detail but to get a feel for
the rock structure with which surfactant solution would come into contact. The
electron micrographs make it clear that any solution injected into these formations
would have access to most of the surface and that flow through passages lined with
clay may often be occurring with. a clearance of only a few hundred to a few thou-
sand A. As one might expect, cation exchange and adsorption will be facilitated
by these structures.

THERMODYNAMIC PHENOMENA AND PHASE EQUILIBRIA

The work in this area has attempted to establish some definite molecular con-
cepts and macroscopic correlations for the properties of aqueous solutions. The
rationale is that the myriad of solution phenomena observed in concentrated surf-
actant solutions (micellization, solubilization, interfacial adsorption and liquid
crystal structures) are probably controlled in the most part by the unique struc-
ture and interactions of the aqueous phase rather than the nonaqueous and inter-

A
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“facial phases (unless the interfacial area is very large). Thus, for example,

'% we view the phenomena of micellization (30), which we have demonstrated (31)

» to be driven by the increase of entropy of the water when the volume occupied

by the hydrocarbon tails is aggregated from the monomer to the micelle, as

eing related both molecularly and thermodynamically to the solubility of gases

fn water(32,33) .We are using statistical mechanical models for quantitative .

expressions so that we will cover not only these phenomena, but also ‘$o that

¢ the theory and its parameters will describe the PVT behavior, the incorpor-

tion of solutes into micelles, the influence of added electrolytes, the be-

* havior of multicomponent surfactants, etc. We use scaled particle theory (34,35)
a8 modified by Stillinger (36) for water and plan furthervmodifications con-
fstént with observed phenomena. We have shown (37) quantitative success for

correlating the CMC of surfactants and- the entropy of micellization; with a

few more developments associated with the energetics of molecular interactions,

. we should be able to predict the CMC,the mean aggregation number and their

dependence upon added salt and other surfactants. The theory is also being

formulated so that such extensions as solubilization phenomerra are clear.

o

) ! All along, we attempt to incorporate in our work the observatioms of,

. 08 well as influence the conclusions about, the phenomena observed by others
‘_, in the University of Florida effort. The recognition that equilibrium proper-
{ ©  ties imply certain phase behavior and concentration dependence is an imput we
§’ make as well as suggest lines of experimentation which check assertions and

: point out features crucial to a physical picture or mechanism.

Finally, we are preparing experiments associated with PVTX behavior of
oil recovery fluids and the influence of pressure, temperature and dissolved
gas on the isotropic/anisotropic transitions in liquid crystals as observed by
" static optical birefringence. Initially we have found that anisotropic phases
_ are stabilized by increased pressure, and, particularly, by the presence of
* ' dissolved methane. Further work to confirm this trend and establish quantitative

.relationships is being done.
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Figure 1.

Figure 2

Freeze-etching Electron Micrograph of a Surfactant
Formulation (TRS 10-410 + Isobutanol) in 2% NaCl
(17,100X)

Frecze-etching Flectron Micrograph of a Surfactant
Formulation (TRS 10-410 + Isobutanol) in 2% NaCl
(36 ,000X) ‘ ‘

A-11/14



UOT1BIJUIDUO) TDEN %Z° T I® WaISAS UOXXT JO UOTSTNWI0ID TR
2seyq 2TPPTW Jo ydeadoaoTy .uo0a3d3[F 3uTyola-sza3l1j

- g 3 -
B
e,

*¢ 2an313

A-11/15



Figure 4.

OPTIMAL SALINITIES Sy AND Sg OF 5% TRS 10-410
+ 3% ISOBUTANOL VS. CHAIN -LENGTH OF OIL
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THE EFFECT OF SALT CONCENTRATION ON INTERFACIAL AND SURFACE TENSIONS
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