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The increase in salt concentration causes very unusual changes in the optical appearance of the
surfactant formulations reported in this paper. At low salt concentration, the surfactant (TRS
10-410) solutions are isotropic and clear. With an increase in salt concentration, precipitation of
surfactant occurs. However, upon further increase in salt concentration, the precipitate redissolves
in the solution and a stable birefringent phase forms. Upon further increase in salt concentration
the birefringent phase is destroyed and phase separation occurs. The petroleum sulfonate solu-
tions have very poor salt tolerance (about 2.5% NaCl). However, upon addition of an ethoxylated
sulfonate (EOR-200) into petroleum sulfonate, the salt tolerance of the mixed surfactant formula-
tion markedly increases. By itself, the salt tolerance for the phase separation of the petroleum
sulfonate or the ethoxylated sulfonate (EOR-200) is respectively 2.5 and 18% NaCl. However,
upon blending these two surfactants in a 1:4 weight ratio, the salt tolerance for phase separation is
found to be 24% NaCl, suggesting a synergistic effect of blending these two sulfonates for salt
tolerance. When the mixed surfactant solutions are brought in contact with an equal volume of oil,
at a specific salinity a2 middle phase containing equal volumes of oil and brine is formed. This
salinity is defined as the optimal salinity. It is observed that the optimal salinity increases with
the fraction of ethoxylated sulfonate in the solution. The mixed surfactant solutions in distilled
water, without added oil, were investigated using radio frequency impedence measurements. The
capacitance of such solutions was interpreted in terms of surface charge density around micelles.
It was shown that the micellar charge density increases with the fraction of ethoxylated
sulfonate in the solution. The ‘relevance of these findings for designing optimum surfactant

formulations for oil recovery has been discussed.

INTRODUCTION

After water flooding of petroleum reser-
voirs (secondary oil recovery), about 70%
of the oil remains trapped in the reservoirs
in the form of microdroplets between sand
particles (1, 2). The entrapment of these
droplets in a narrow channel is due to high
interfacial tension at the oil-brine interface
(3, 4). It has been suggested that an injec-
tion of a surfactant solution which can lower
the interfacial tension at the oil-brine inter-
face can mobilize these droplets (4--9). The
petroleum sulfonate solutions have been
found to produce such low interfacial ten-
sion under appropriate conditions of sur-
factant and salt concentration (4, 10, 11).
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However, the limitation of petroleum
sulfonate is that the surfactant solutions be-
come unstable and phase separation occurs
when salt concentration is increased beyond
2 or 2.5% NaCl. In the present paper, we
have added ethoxylated sulfonate (EOR-
200) into the petroleum sulfonate to improve
the salt tolerance of petroleum sulfonate
solution. There have been several patents
on the possible use of ethoxylated al-
cohols and ethoxylated sulfonates for the
use in oil recovery application (12-18).

In general, the salt tolerance of a sur-
factant formulation is an important require-
ment for oil recovery process. When the
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surfactant solution is injected into the
reservoir, it is going to come in contact
with the reservoir brine, and, hence, one
would like to know the salt tolerance of the
surfactant formulation.

When the surfactant formulation is
equilibrated with the oil, the surfactant-
rich middle phase is formed within a partic-
ular salinity range. This middle phase was
termed as the middle phase microemulsion
by Healy and Reed (21). If the volume
of solubilized oil in the middle phase is
Vo, the volume of solubilized water V,,
and the volume of surfactant V;, then the
solubilization parameter Vy/V;or V,/V indi-
cates the solubilized volume of either oil or
water per unit volume of surfactant in the
microemulsion phase. The solubilization
parameter V,/Vy increases as salinity in-
creases, while V/V, decreases upon in-
creasing salinity. The intersection point of
VoV, and V,/V; is defined as the optimal
salinity for phase behavior (S4). The oil-
microemulsion phase interfacial tension ym,
decreases as the salinity increases, while
brine—microemulsion phase interfacial ten-
sion ynw increases with salinity. The inter-
section point of yn, and vy, Is defined
as the optimal salinity for interfacial tension
behavior (S,). The optimal salinity of
various petroleum sulfonates has been
studied by various workers and reported in
the literature (22-26). It appears from the
literature that the petroleum sulfonates ex-
hibit a relatively low value of optimal
salinity (1-2% NacCl). It has been reported
by Reed and Healy (19) and Boneau and
Clampitt (20) that oil recovery is maximum
at optimal salinity value. Therefore, it is
important to determine the optimal salinity
of these mixed surfactant solutions and how
it changes with the addition of the ethoxyl-
ated sulfonate.

Since surfactant formulations used for
tertiary oil recovery are opaque or turbid
and consist of high surfactant concentra-
tion, conventional techniques such as light
scattering cannot be used to clucidate the
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micellar structure of such formulations.
Impedence or diclectric behavior over a
wide range of frequency can provide useful
information about the structural aspect of
surfactant formulation. '

Impedence measurements of biological
tissues and cell dispersions have been
studied extensively in the past (27, 28). Re-
cently, dielectric measurements over a wide
frequency range have been employed to
study the dispersion characteristics of
microemulsions (29-31) and micelles (32).
In the present study, the mixed surfactant
solutions in distilled water, without added
oil, were investigated using radio frequency
impedence measurements. The capacitance
of such solutions was interpreted in terms
of surface charge around micelles. The
impedence measurement can also be used to
determine the relative salt tolerance of the
surfactant formulations.

MATERIALS AND METHODS

Petroleum sulfonate (TRS 10-410) and
ethoxylated sulfonate (EOR-200) were sup-
plied by Witco Chemicals and Ethyl
Corporation, respectively, and were used
as received. Paraffinic oil (n-hexadecane) as
well as isobutanol of 99% purity were
purchased from Chemical Samples Com-
pany.

Aqueous solutions consisting of TRS 10-
410 (5%) and isobutanol (3%) were prepared
at various NaCl concentrations. All sur-
factant solutions were prepared on the
weight basis. The aqueous surfactant solu-
tions were equilibrated with the same
volume of n-hexadecane. Interfacial tension
between various phases was measured using
the spinning drop tensiometer developed by
Cayias et al. of the University of Texas at
Austin (33). The density of different phases
was measured using a S-ml density bottle.
The optimal salinity values were obtained
using the approach described by Healy and
Reed (23). Interfacial tension measurements
were carried out at 25 *+ 1°C and the
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FiG. 1. Equivalent parallel and series circuits for a micellar solution.

solubilization parameters were obtained at
room temperature (25 = 1°C) and at least
after 1 month equilibration time. The
volume of different phases did not change
after this equilibration time.

Impedence characteristics were meas-
ured by an HP 4815ARF vector impedence
meter. The probe of the meter was con-
nected directly to the cell. The cell used
for the impedence measurement was made
up of a hollow Plexiglas cylinder of ' in.
inner diameter and 2 in. length. The elec-
trodes were made up of stainless steel and
were fixed at the two ends of the cylinder.
The cell was filled with the formulation by
a hypodermic syringe through a small hole
in the cell. A series of measurements of
the impedence of surfactant solution was
carried out within the frequency range of 0.5
to 100 MHz. The value of complex imped-
ence (Z*) und phase angle @ were obtained
directly from the meter. The complex
impedence (Z*) is given by the equation

Z* =R + X,

where R is the real part of Z* and X, is the
imaginary part-of Z*. The values of R and
X atdifferent frequency were separated out

- from the complex impedence value with the

aid of a computer program.

Figure 1 schematically presents the equiv-
alent parallel and series circuits of a micellar
solution and the relationship between the
different components of the circuit. The
values of X. and R obtained at different
frequencies were used to plot a Cole plot
(34) for the micellar solution. The surfactant
formulations used for impedence measure-
ments were made in distilled water.

The effect of EOR-200 on the various
properties (e.g.. salt tolerance, optimal
salinity, impedence characteristics) of
mixed surfactant formulations was studied
by gradually replacing TRS 10-410 with
EOR-200, keeping the total surfactant con-
centration constant at 5%.

RESULTS AND DISCUSSION
A. Salt Tolerance Study

Figure 2 illustrates the effect of salt con-
centration on the surfactant formulation
consisting of TRS 10-410 + EOR-200 with
different proportions of TRS 10-410 and
EOR-200. The increasing salt concentration

causes  very unusual changes in  these
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FiG. 2. Effect of NaCl concentration on optical

" appearance of formulations (TRS 10-410 + EOR-200

+ IBA).

surfactant formulations. Mixed surfactant
formulation passes through different re-
gions, namely, isotropic, precipitation,
birefringent, and phase separation upon in-
creasing the salt concentration. At low salt

. concentration, the surfactant solutions are

isotropic and clear. With an increase in
salt concentration precipitation of sur-
factant occurs. However, upon further in-
crease in salt concentration, the precipi-
tate redissolves in the solution and a stable
birefringent phase forms. Upon further in-
crease in salt concentration, the birefringent
phase is destroyed and a nonbirefringent
surfactant-rich phase separates out. In this
case, we take the upper limit of salt
concentration which does not cause any
precipitation or phase separation as a salt
tolerance limit for the surfactant formula-
tion. It is evident from Fig. 2 that as the
amount of EOR-200 in the surfactant
formulation increases, the salt tolerance
limit for every region increases, and the
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stability of surfactant formulation (phase
separation limit) increases to 24% salt when
EOR-200 is 4% in the surfactant formula-
tion. The phase separation limit for ethoxyl-
ated sulfonate is 18% NaCl and that for
TRS 10-410 is 2.5% NaCl. It is evident
from the salt tolerance behavior that the
mixed surfactant system, TRS 10-410
+ EOR-200 (1:4 wt ratio), exhibits a much
higher salt tolerance than that of the two
individual surfactants (petroleum sulfonate
or ethoxylated sulfonate), suggesting a
synergistic effect upon blending of these
surfactants. Very similar results were also
obtained by us (35) for another petroleum
sulfonate (Petrostep-465), and it was found
that the mixed system consisting of Petro-
step-465. + EOR-200 in 1:4 ratio has almost
the same tolerance (24%) as the mixed
System of TRS 10-410 + EOR-200 of the
same ratio. It should be noted that a pure
5% EOR-200 system is isotropic and clear
up to 18% NaCl concentration. It separates

T T - T
SURFACTANT FORMULATION:

(@ TRS 10-410 {4 %) + EOR-200 ( 1%) + 1BA (3%)
(@ TRS 10-410 (3 %) + EOR-200 (2%) +IBA (3%)

SOLUBILIZATION OF OIL OR BRINE, Vo/Vs or Vw/Vs

1

PR SUE DU S R U
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Fic. 3. Effect of NaCl concentration on the
solubilization parameter of surfactant formulations
(TRS 10-410 + EOR-200 + 1BA).
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FiG. 4. Effect of NaCl concentration on inlérfacial
tension of surfactant formulations (TRS 10-410
+ EOR-200 + IBA).

455

into two phases above 18% NaCl concen-
tration without going through a birefringent
region.

When the surfactant solution is injected
into reservoirs, it comes in contact with
reservoir brine. The salt concentration in
various reservoir brines varies from 649
ppm of Na* to.76200 ppm of Na* (36). The
results presented here suggest an approach
to improving salt tolerance by incorporation
of appropriate amounts of ethoxylated
sulfonate into petroleum sulfonate formula-
tion.

B. Interfacial Tension and Phase
Behavior Optimal Salinity

Figures 3 and 4 show the solubilization
and interfacial tension data for TRS 10-410
+ EOR-200 + IBA formulations contain-
ing TRS 10-410 and EOR-200 in ratios 4:1
and 3:2. The optimal salinity values (S4 or
S) obtained from the intersection point of

OPTIMUM SALINITY OF SURFACTANT FORMUL ATIONS

T T

OIL: HEXADECANE

OPTIMUM SALINITY, Sy,% NaCl

SURFACTANT FORMULATION: TRS 10-410+EOR-200 + IS OBUTANOL

50% 30%

EOR-200 O | 2
TRS10-410 S

SURFACTANT CONCENTRATION wi %

Fi1G. 5. Optimal salinity values for various ratios of TRS 10-410 and EOR-200 in the surfactant

formulations.
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FiG. 6. Reactance values (X,) at different frequencies
for various ratios of TRS 10-410 and EOR-200 in the

surfactant formulations.

Vo/Vs and V,/V, or Yme and 7yn. clearly
indicate that as the amount of EOR-200 in
the surfactant formulation increases, the
optimal salinity value also increases. The
optimal salinity values for other TRS 10-410
and EOR-200 ratios were also obtained in
the similar way and are shown in Fig. 5.
It is evident from this figure that as the
amount of ethoxylated sulfonate increases
(up to -1:4 ratio), the optimal salinity
value also increases (up to 32% NaCl). We
have also observed that EOR-200 (5%)
+ IBA (3%) is not able to produce ultra-low
interfacial tension with Decane as oil, but
the addition of 1% petroleum sulfonate in
the system drastically reduces the inter-
facial tension (35).

The interfacial tension data and optimal
salinity values reported for the above sys-
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tems suggest that one can increase the op-
timal salinity of petroleum sulfonate
formulation by the addition of an appropri-
ate amount of an ethoxylated sulfonate.
The results presented here suggest an ap-
proach for designing suitable surfactant
systems for reservoirs with high salinities.

It was also observed (Fig. 4) that the
minimum interfacial tension at optimal
salinity is not significantly influenced by the
addition of the ethoxylated sulfonate (EOR-
200). This insensitivity of interfacial tension
at optimal salinity by the addition of EOR-
200 could result in a constant capillary
number (3, 4), which in turn would not ef-
fect the oil displacement efficiency by the
addition of EOR-200 in the surfactant
formulation but would provide a greater
salt tolerance to the formulation. ‘

] T T L] L] LIS
R vs { FOR DIFFERENT SURFACTANT FORMULATIONS )
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1 10-410 =5.0%

1BA *3.0%
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184 23.0%
+« EOR-200 +50%
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R 10°0hms

11 1t 113
' 10 100
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F1G. 7. Resistance values (R) at different frequencies
for various ratios of TRS 10-410 and EOR-200 in the
surfactant formulations.
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The Characteristic Frequency (f.) and Reactance X,
of Surfactant Formulations in Distilled Water at T
= 22°C

Critical X, value
Sample Surfactant frequency (fe) atf,
number formulation (MHz) (ohms)
1 TRS 10-410 (5%) 7.5 3600
+ IBA - (3%)
2 TRS 10410 (4%) 15 2140
+ EOR-200 (1%)
+ IBA (3%)
3 TRS 10-410 (3%) 20 1500
+ EOR-200 (2%)
+ IBA (3%)
4 EOR-200 (5%) 30 990
+ IBA

(3%)

C. Impedence Characteristics of
Surfactant Formulations

Figures 6 and 7 show respectively re-

actance (X.) and resistance (R) values at

different frequency for the surfactant

formulations in distilled water without
added oil. The characteristic frequency f,
obtained from Fig. 6 (frequency at which
maximum value of X, is observed) or ‘from
Fig. 7 (inflection point for R vs f behavior)
is tabulated with the value of X. at the
critical frequency in Table I.

It is evident from the values of f. for
different surfactant formulations that as the
amount of EOR-200 in the surfactant
formulation increases, the value of f. in-
creases and simultaneously the value of X,
at critical frequency decreases. Qualita-
tively the increase in the value of f. can be
interpreted as the decrease in the thickness
of ionic atmosphere around the micelles. A
very similar conclusion was made by Sachs
et al. (37) for polyelectrolyte systems.
Figure 8 is the plot of X, vs R which is
known as the Cole plot (34). For all the
systems the Cole plot indicates that there
is no leakage current across the electrical
double layer (the plot is a semicircle). The
surfactant formulation [TRS 10-410 (3%)
+ EOR-200 (2%) + IBA (3%)] exhibits a

SURFACTANT FORMULATIONS:
TRS 10-410-5.0%

ot EOR-200 =0.0%
1BA £3.0% 1BA *3.0%
TRS 10-410+4.0% TRS 10-410+0.0%
s 2 EOR-200 =1.0%
1BA £3.0% I1BA +3.0%

COLE PLOT FOR DIFFERENT SURFACTANT FORMULATIONS

T T T L

TRS 10-410 =3.0%
EOR-200 =2.0%

EOR-200 =5.0% .

~Xe x 1030hms

R x 10°0Ohms

Fic. 8. Cole plot
surfactant formulations.

(R vs X) for various ratios of TRS

10-410 and EOR-200 in the
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deviation from a smooth scmicircle in the
Cole plot, presumably indicating the devi-
ation from the monodisperse state of the
system. From the Cole plot (Fig. 8), it is
evident that there is a drastic decrease in
R, value (the right hand side intersection of
semicircles on the R axis) upon the addition
of EOR-200 in the TRS 10-410 surfactant
formulation. This increase in ionic strength
of the djspersing phase can be explained
either by the formation of mixed micelles,
i.e., EOR-200 molecules entering in the
TRS 10-410 micelles, or by an increase in
the number of surfactant monomers, or
both.

The capacitance (C) of a micellar solu-
tion can be expressed as follows,

1
27 fX,

where f is the frequency and X, is the
reactance. For micellar solutions consider-
ably above CMC, the capacitance C reflects
the magnitude of micellar charge. There-
fore, the lower value of X, at critical
frequency upon the addition of EOR-200 in
the surfactant formulation (Table I) indi-
cates that upon the addition of EOR-200,
the capacitance of the double layer around
micelles and hence micellar charge increases.

Impedence characteristics of the middle
phase microemulsions at different salt con-
centration has also been reported (38) and it
was observed that the value of critical
frequency is maximum and the value of re-
actance (X,.) at the critical frequency is
minimum at optimal salinity value, indi-
cating maximum charge density at optimal
salinity value.

The impedence characteristics of mixed
surfactant formulations reported here sug-
gest that for a greater salt tolerance and
optimal salinity, the capacitance of formula-
tions should be increased. From the results
presented in this section, it is also obvious
that one can predict the order of salt
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tolerance of various surfactant formula-
tions from their impedence characteristics.

CONCLUSIONS

It was observed that as the amount of an
ethoxylated sulfonate (EOR-200) in the sur-
factant formulation increases, the salt
tolerance limit of the formulation increases.
The increase in salt tolerance by blending of
ethoxylated sulfonate and a petroleum
sulfonate - suggests that there is a syner-
gistic effect of these mixtures on salt
tolerance behavior. From the phase be-
havior and interfacial tension data it was
found that the optimal salinity increases
upon the addition of EOR-200 in the sur-
factant formulation. From the impedence
measurement it was also observed that the
addition of EOR-200 in the surfactant
formulation increases the critical frequency
and capacitance. This increase was inter-
preted as an .increase in the micellar
charge. The impedence dispersion charac-
teristics of the surfactant formulation can
be represented by the Cole plot.
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