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ABSTRACT

Better use of already exploited oil reservoirs using Enhanced Oil Recovery techniques is becoming essen-
tial. The use of surfactant blends is a common approach when individual surfactants are not effective.
However, defining the optimum conditions for application becomes very challenging due to the number
of variables involved in specific cases. In this work, blends of dioctyl sulfosuccinate sodium salt with
Akypo LF2 and two surfactant ionic liquids (1-decyl-3-methylimidazolium chloride and 1-dodecyl-3-
methylimidazolium bromide) were evaluated for oil recovery. Activity maps, representations of the phase
behavior of the surfactants as a function of blend ratio, salinity and temperature, were found to be useful
tools to describe conditions leading to Winsor type III systems. Among the blends studied, mixtures with
Akypo LF2 were found of interest for application at low temperatures, showing interfacial tensions close
to 0.01 mN/m in a wide range of salinity concentrations. In the case of blends with ionic liquids, even
though they led to more promising solubilization parameters, the high sensitivity of these mixtures to

blend ratio changes discourages, in principle, their use for practical applications.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Considering the investment and other associated risks involved
in discovering and developing new oil fields, hydrocarbon explo-
ration has decreased in recent years, whilst oil reserves around
the world are being depleted [1,2]. In this context, oil companies
must turn to their existing oil fields and maximize the oil recovery
from already exploited reservoirs. As water flooding alone is insuf-
ficient to displace all the oil in place, due to viscous and capillary
trapping forces, the application of Enhanced Oil Recovery (EOR)
techniques is needed to extract as much oil as possible. For this
reason, these methods will probably become more relevant than
in the previous decades, with an increasing imperative on their
being employed wherever economically feasible. One of the main
chemical EOR methods is surfactant flooding. A surfactant is a sub-
stance which lowers the surface tension of the medium in which it
is dissolved, and/or the interfacial tension with other phases [3].
Anionic, cationic and non-ionic surfactants have been proposed
for EOR. Recently, aqueous mixtures of two oppositely charged sur-
factants, so-called catanionic surfactant mixtures, have been
shown promising for the application [4].
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The oil droplets (residual oil), which remain trapped in the
pores of the reservoir after water flooding cannot be displaced
under normal oil-water interfacial tension (IFT), around 10-30
mN/m, because of the strong capillary forces. To start the mobiliza-
tion of oil droplets and decrease the residual oil saturation to very
low values, IFT must first be reduced to around 1072 to 10> mN/m
during surfactant flooding [5-9]. Such ultralow values of IFT corre-
spond to Winsor Type Il systems, according to the Winsor classifi-
cation [10], where a surfactant solubilizes equal volumes of oil and
water to form a middle microemulsion in equilibrium with excess
oil (upper) and excess water (lower) phases. This behavior is pre-
ferred to Winsor Type I, with an aqueous microemulsion in equilib-
rium with an excess oil phase, or Winsor Type Il where the biphasic
system corresponds to an oily microemulsion in equilibrium with
an excess water phase. The fragile equilibrium of optimal Winsor
Il microemulsions can be easily broken with changes in water
salinity, temperature, surfactant concentration, etc., causing a shift
to Winsor Type I or I [11].

The presence of a salinity gradient in the reservoir makes it dif-
ficult to keep the surfactant formulation in optimal conditions
(ultra-low IFT) along its path from the injection well to the produc-
tion wells. This is a typical problem found when water flooding is
not carried out with the formation brine. A gradient appears
between the injected and formation water salinities because of
the mixing that occurs in the process, and the existence of non-
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swept heterogeneous zones which contain immobile oil and for-
mation brine. This salinity gradient depends on the initial water
saturation, the composition and concentration of injected and for-
mation water, pore volume, arrangement of the injector/producer
wells, and volume of injected water, among other factors. Sheng
[12] suggests that a 80/20 ratio for injection water/formation brine
salinity should be selected to design formulations able to produce
Winsor type IIl systems. Thus, the influence of salt concentration
on microemulsion behavior is a relevant study for EOR.

The use of surfactant blends is a common approach when single
surfactants are unable to meet the demanding requirements of sur-
factant EOR. These blends can be adjusted to obtain an optimal
microemulsion (Winsor III system) at the desired salinity by
changing the surfactant mix ratios. The synergy between two sur-
factants encourages the formation of mixed micelles, improving
the performance of the formulation [13-16]. Previous studies
[4,13,16-23] have shown favorable interactions in quite different
systems, such as anionic-anionic, anionic-nonionic and anionic-
cationic. In this line, Anton et al. [24] tested the combination of
sodium dodecyl sulfate with tetradecyltrimethylammonium bro-
mide looking for an optimal formulation. The desired three-phase
behavior was found with water, oil and alcohol for mixtures up
to 25 % of any of the surfactants. Higher concentrations led to pre-
cipitation of flat crystals. The design of alcohol-free anionic-
cationic microemulsions which avoid such precipitation problems
was approached in detergency studies, and the combination of a
branched surfactant and surfactants with varying tail length was
proposed [18,25]. Puerto et al. studied the use of alkoxygly-
cidylether sulfonates for EOR, and proposed their combination
with an internal olefin sulfonate in order to avoid the cloud-
point phenomenon found at elevated temperatures [20]. To
address the disadvantages of the use of alkalis during surfactant
flooding, Zhang et al. [26] proposed the use of blends of cationic,
anionic, zwitterionic and nonionic surfactants to achieve ultra-
low IFT. The authors demonstrated that anionic/cationic and anio-
nic/zwitterionic blends for highly active aggregates behave like
nonionic surfactants and show a high salinity tolerance. The sur-
factants used and their mixing ratios can be tailored to achieve
optimal formulations at different salt concentrations. The possibil-
ities of anionic/cationic blends were further studied by Li et al. [22].
A polyoxyethylene ether carboxylate anionic surfactant was
blended with a quaternary ammonium chloride cationic surfactant
and tested for a high-temperature, low-salinity, and high-hardness
condition. The ethoxy number of the anionic compound and the
chain length of the anionic surfactant were tuned to obtain optimal
surfactant blends able to produce ultra-low IFT. In our previous
work [27], blends of traditional surfactants and surface-active ionic
liquids (SAILs) were tested for EOR. To that aim, the phase behavior
of the mixtures with octane and a hard brine was determined at
several temperatures. The combination of an internal olefin with
dodecyltrimethylammonium bromide or 1-dodecyl-3-
methylimidazolium bromide was proposed for the application.
However, there is a lack of studies in the literature involving the
phase behavior of surfactant blends at a wide range of salinities
and temperatures.

The purpose of the present work therefore is to evaluate the
phase behavior of different surfactant blends with water and oil
at such conditions. In order to formulate the surfactant blends,
the anionic branched surfactant dioctyl sulfosuccinate sodium salt
(AOT) was selected. It has a relatively short but bulky double alkyl
chain and a small ionic head group. This disproportion between the
hydrophilic and hydrophobic parts makes it highly lipophilic [28],
thus allowing a flexible tuning through blending with more hydro-
philic surfactants. It was also selected because it has been shown
as a component of interest in the design of microemulsions for var-
ious applications [29,30]. To design an anionic/nonionic blend,

Journal of Molecular Liquids 364 (2022) 119984

polyoxyethylene(8) octyl ether carboxylic acid (Akypo LF2) was
selected. This is a triblock alkyl ethoxy carboxylate surfactant
whose ionization level depends on the pH of the formula, behaving
like a nonionic surfactant at acid pH, and an anionic one in an alka-
line solution. It has a short lipophilic chain and a relatively long
hydrophilic section. Due to its chemical structure, the ethoxy and
carboxylate groups make it tolerant to high salinity and stable
long-term to high temperature [23,31,32]. To design anionic/ca-
tionic blends, ionic liquids were selected as cationic components.
These salts with long alkyl chains are being currently proposed
as surfactants for EOR due to their promising features, such as
the possibility of their functionalization [33-38]. However, their
success in forming Winsor type III systems is low, and blends with
traditional surfactants are required [27,39-41]. The selected sur-
face active ionic liquids  (SAILs) were 1-decyl-3-
methylimidazolium chloride ([C;omim]Cl) and 1-dodecyl-3-
methylimidazolium bromide ([C;,mim]Br).

The main contribution of this paper is the proposal of activity
maps to analyze the influence of salt concentration, thus consider-
ing the possible variation of this parameter from injection to pro-
duction wells, and temperature, on the phase behavior of
surfactant blends. Even though obtaining these maps is a time-
consuming procedure, they are an extremely useful tool to deter-
mine the limits of the region with the greatest interfacial activity
(three-phase zone) of a surfactant system, varying two or three for-
mulation parameters at the same time. The information provided
offers a thorough understanding of the performance of the surfac-
tant formulation, with the aim of predicting the behavior of chem-
ical flooding in the reservoir in the event of salinity changes, thus
allowing better decisions regarding the process. To that aim, the
following studies were carried out:

e Phase behavior of AOT/Akypo LF2, AOT/[C;omim|Cl and AOT/
[Ci2mim]Br blends at 25 °C and seawater salinity (5 wt% NacCl).

o Influence of water salinity on phase behavior. The concentration
was varied from 1 to 15 wt% NacCl. This allowed activity maps to
be made of the studied blends at 25 °C.

o Influence of temperature on phase behavior. Determinations at
two new temperatures (50 and 75 °C) were carried out covering
the entire range of salinities. This allowed the analysis of the
variation of the size of the Winsor III region with this variable.

e Measurements of IFT for promising blends at optimal condi-
tions, to ensure the achievement of ultra-low IFT and the valid-
ity of the blends for EOR.

2. Materials and methods
2.1. Materials

The anionic surfactant dioctyl sulfosuccinate sodium salt (Aero-
sol® OT, AOT) and the salt sodium chloride (NaCl), with purity
grade of > 97 wt% and > 99 wt% respectively, were purchased from
Sigma-Aldrich. The polyoxyethylene(8) octyl ether carboxylic acid
(CgEOgOCH,COOH), commercially named Akypo LF2 (hereinafter
referred as LF2 for simplicity), was kindly provided by KAO Chem-
icals with a purity of > 98 wt%. The cationic SAIL 1-dodecyl-3-
methylimidazolium bromide ([C;>mim]Br) was purchased from
Iolitec with a purity of > 98 wt%, while the SAIL 1-decyl-3-
methylimidazolium chloride ([C;omim]Cl) was synthesized. To
that aim, 1-methylimidazole (Aldrich, 99 wt%) was directly alky-
lated with 1-chlorodecane (Aldrich, 98 wt%) at 60 °C under inert
atmosphere for 72 h. The product was dissolved in acetonitrile
(Panreac, >99.9 wt%) and washed several times with ethyl acetate
(Aldrich, >99.5 wt%) to eliminate unreacted starting materials.
After washing, most of the organic solvent was removed in a rotary
evaporator, followed by stirring and heating at 70 °C for 48 h under
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high vacuum (<0.1 mbar) to complete the removal of any residual
volatile compounds present. A purity > 99 wt% was estimated by
chromatography. Fig. 1 shows the chemical structures of surfac-
tants. N-octane was used as a model oil because it can mimic crude
oil behavior in optimal salinity determinations for many surfac-
tants [27]. It was purchased from Sigma-Aldrich with purity
grade > 99 wt¥%.

2.2. Methods

Fig. 2 shows a schematic representation of the methodology
used in this work. It involves phase behavior determinations and
IFT measurements.

2.2.1. Phase behavior

The phase behavior of mixtures of water, oil (n-octane) and sur-
factant (AOT, LF2, [C;omim]Cl, [C;mim]Br and their blends) was
visually analyzed following the so called encased-glass-pipette
method [20,42]. The borosilicate glass pipettes were sealed at the
tip, then once the reagents of the formulations were placed inside
the pipettes (water oil ratio was ~ 1 and the concentration of sur-
factant in the aqueous phase 4 wt%), they were heat-sealed at the
top and gently mixed for 24 h in a rotary mixer at ambient temper-
ature. Thereafter, each pipette was enclosed in a 10 cm? test tube
filled with silicone oil, to favor thermostatization, and placed in a
dry block heater OVAN model BD200-RE at the required tempera-
ture (25, 50 or 75 °C). When no change in the interfacial surface
position was noticed, equilibrium condition was assumed. A sur-
factant concentration higher than that usually found in formula-
tions was used to facilitate the visualization of the interfacial
surface and the estimation of solubilization parameters. This pro-
cedure is frequently used in this kind of study [20,23,27,41].
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Fig. 1. Chemical structure of surfactants and ionic liquids.
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Solubilization parameters were determined as the volume of oil
or water solubilized in the microemulsion divided by volume of
surfactant (V,/Vs and Vi/Vs), assuming all the surfactant is present
in the microemulsion phase. To attain an optimal formulation,
three phases must coexist (Winsor type Il system) and the solubi-
lization parameters must be equal and of large value. According to
Hugh'’s correlation [43] (Eq.1), this condition leads to ultra-low IFT.

IFTyun = ¢/ (Vi/ Vs')? (1)

where V;/Vs* is the optimal solubilization parameter, and C is an
empirical constant which ranges from 0.1 — 0.35 mN/m. A value
of 0.3 was assigned to this constant to estimate IFTyy;, for the eval-
uated blends.

In order to find the hydrophilic or lipophilic character of the tar-
get surfactants, salinity scans were carried out for LF2 and
[Ciomim]Cl at 25 °C. To that aim, several pipettes were prepared
with different salt concentrations ranging from zero to 15 wt%, at
2 wt% intervals, in the aqueous phase. In the case of AOT and
[C12mim]Br, the information was taken from a previous work [27].

The blending of surfactants can be used to adjust the
hydrophilic-lypophilic balance and obtain a Winsor type III system.
As in the case of the salinity scan, a blend scan is one-dimensional
phase behavior evaluation with changes in a formulation variable,
in this case the blend ratio. Its main objective is the determination
of the optimal blend ratio required to achieve a triphasic system
with a middle microemulsion. The blend scans were carried out
at 25 °C with AOT and LF2, [C;omim]Cl or [C;,mim|Br. Blend ratios
were prepared at 5 wt% intervals, maintaining 4 wt% as the concen-
tration of surfactant in the formulation. When a transition from
Winsor | to Winsor Il was observed without triphasic systems in
the middle, the step was reduced to 1 wt%. Water salinity was ini-
tially set to 5 wt% NaCl to approximate the salinity of seawater
(5 wt% TDS).

With the purpose of evaluating the effect of salinity and tem-
perature on the phase behavior, blend scans were also carried
out at salinities ranging from 1 wt% NaCl to 15 wt% NaCl, and tem-
peratures of 50 and 75 °C. The interval for the salinity changes was
adapted to the needs of each system. Thus, for the very electrolyte
sensitive systems, the evaluation was done with increments of
1 wt% NaCl concentration, while for less sensitive mixtures incre-
ments of 5 wt% NaCl were used.

An activity map has as its main target the visualization of the
greatest activity zone, as a function of two or three formulation
variables, which can offer helpful insights into the development
of a surfactant flooding strategy providing the highest oil recovery
[12,44]. Thus, as the present study is particularly focused on opti-
mizing the phase behavior of the systems during a hypothetical
blend injection in an EOR process, the chosen formulation variables
were: blend ratio, aqueous phase salinity (mimicking the salinity
gradient that could be encountered in the reservoir during chemi-
cal flooding), and temperature. Thus, the type of Winsor system
was analyzed through the preparation of activity maps as a func-
tion of these three variables.

2.2.2. Interfacial tension (IFT)

If the surfactant blends were clear or translucent, dynamic IFTs
were measured between n-octane (representing oil) and the aque-
ous phase at 1 wt% blend concentration using a spinning drop ten-
siometer (Kriiss model Site 100), as in our previous reports [38,41].
For all measurements, the capillary tube of the spinning drop was
filled with the aqueous phase, and a 4 pL drop of n-octane was left
inside. Measurements were taken at a fixed rotation speed of
3000 rpm, making sure that length of the drop was 4 times greater
than its diameter. Measurements were taken at 25 °C, along the
three-phase region, at different blend ratios and salinities.
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* Blends at 25°C, 5 wt% NaCl
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Water/Oil Interfacial Tension

Fig. 2. Schematic representation of the methodology used in this work.

3. Results and discussion
3.1. Phase behavior

Salinity scans were carried out for LF2 and [C;omim]Cl at 25 °C.
Results can be seen in Figures S1 and S2 from Supporting Informa-
tion (SI). Both surfactants were found to be highly hydrophilic,
remaining Winsor | systems along the salinity interval evaluated.
A similar behavior was previously found [27] in the case of the SAIL
[Ciomim]Br, microemulsions of Winsor type I were found up to
15 %wt NaCl. Conversely, the pure surfactant AOT is highly lipophi-
lic, changing from Winsor I to Winsor II at 0.21 wt% NaCl optimal
salinity [27]. Therefore, fixing a salt concentration of 5 wt% NaCl
in water/oil systems, AOT was mainly located at the upper phase
(Winsor II), while the rest of the surfactants were found in the
lower phase (Winsor I). The lipophilic character of the AOT was
then used as a tuning tool to find optimal blend ratios (leading
to three phase systems with equal and large solubilization param-
eters), in combination with more hydrophilic surfactants.

3.1.1. Blend scans at 25 °C and seawater salinity

Three surfactant systems, AOT/LF2, AOT/[C;omim]Cl and AOT/
[Ciomim]Br, were subjected to blend screening at a fixed salinity
of 5 wt% NaCl and 25 °C to determine the optimal mixing ratios.
Fig. 3a shows the blend scan of the AOT/LF2 mixture. Both surfac-
tants show very different hydrophilicity. At low proportions of AOT
(left side Fig. 3a), the blend behaved as hydrophilic and pipettes
were in the Winsor [ region. Increasing the AOT ratio made the for-
mulation more lipophilic, and Winsor type II systems were found
passing through the three-phase region. Winsor type III systems
were found at ratios between 50/50 and 60/40 AOT/LF2. However,
the volume of the microemulsion phase was limited. As expected,
similar tendencies were found for the other two blends (Fig. 3b and
3c left) due to the hydrophilic character of the SAILs. In the case of
the blend with [C;omim]Cl, a change from Winsor I to Winsor III
was initially observed (tests not shown) close to a composition
ratio of 45/55 AOT/[C;omim]|Cl, which is why a narrower blend
scan was carried out from 40/60 to 48/52 ratios (Fig. 3b). A nar-
rower three-phase region than in the case of LF2 was found (be-
tween 43/57 and 45/55), however, the volume of the
microemulsion was greater. Also, the dissimilar optimal salinities
of AOT and [C;,mim]Br lead to a very narrow region of optimal
salinities. In fact, a Winsor type Il system was only found at
35/65 AOT/[C;,mim|Br ratio, the volume of the middle microemul-
sion being very significant (Fig. 3c left).

The capacity of solubilization of the evaluated blends was stud-
ied through the solubilization parameters (V,/Vs and Vi/Vs). Fig. 3
right shows these relative volumes, for the three blends studied, as

a function of blend ratio. As shown, the AOT/LF2 blend had the
lowest optimal solubilization parameter (Vy/Vs*, when V,/Vs = Vi/
Vs) of 2.5 (Fig. 3a right). Numerical data are shown in Table 1. A
low value of V;/Vi* indicates a low capacity of the formulation to
solubilize large volumes of oil and water in the middle phase.
Based on Huh’s equation (Eq. (1)), the IFTy,, was approximately
4.8 x 102 mN/m at the optimal blend ratio AOT/LF2 = 53/47. The
solubilization parameter plot for the mixture AOT/[C;omim]|Cl
(Fig. 3b right) shows a higher value of the optimal solubilization
parameter (V;/V;* ~6.6) at a 44/56 blend ratio, giving rise to IFTyyn
of about 6.9 x 10~ mN/m. The blend AOT/[C;,mim]Br showed the
highest value of Vi/Vs*, about 14.5 at an optimal blend ratio of
35/65 (Fig. 3c right), deriving on an ultralow IFTy,, of about
1.4 x 103 mN/m at that optimal point, a promising value for
EOR applications.

The justification for these remarkable differences in solubiliza-
tion capabilities between AOT/LF2 and AOT/SAILs blends lies in
the electrostatic activity between the oppositely charged head
groups of the surfactants. They tend to form ion pairs, so that syn-
ergy between surfactants increases when their charges are oppo-
site [22,45]. AOT is anionic whereas SAILs are cationic
surfactants. LF2 is a weak carboxylic acid sensitive to the surround-
ing solution’s pH. In alkaline environments it behaves as an anionic
surfactant (-COO"), while in acid solutions it acts as a nonionic sur-
factant (-COOH), similar to the nonionic surfactant CgEOgOH. In
neutral conditions, it behaves more like a nonionic surfactant
[32]. Thus, the anionic/nonionic blend is less synergic than the
anionic/cationic ones. Electrostatic interactions between oppo-
sitely charged surfactant head groups lead to an effective reduction
of the area of the combined surfactant-head groups, leading to a
higher surface activity and greater capacity of solubilization [22].

Some works have evaluated the synergy between AOT and non-
ionic polyoxyethylene alkyl ether (C;oEOg/C10EO10/C13EO10) [46] or
[Comim|Br (n =8, 10, 12, 14) SAILs [47,48], by means of the deter-
mination of the micellar interaction parameter (™). Positive val-
ues of B™ are associated with repulsion between two surfactant
molecules, while negative values with attraction in the mixed
micelles. Therefore, at higher negative values, the synergy between
the head groups of two surfactants is also higher. Those studies
[46-48] estimated lower negative values for AOT/nonionic surfac-
tant blends (in the range of —0.902 to —6.34), and higher negative
values for AOT/SAIL blends (between —17.6 and -23.1). The nega-
tive values in the first case are due to the insertion of ethylene
oxide chains in nonionic surfactants reducing the repulsion
between these and anionic head groups in mixed micelles. The
negative values in the second case are associated to the formation
of ion-pairs, leading to an increase of the aggregation number or
even the formation of microstructures such as vesicles. Such syner-
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Fig. 3. Blend scans and solubilization parameters (V;/Vs) for the studied blends at 5 wt% NaCl and 25 °C. (a) AOT/LF2, (b) AOT/[C;o0mim]Cl, (c) AOT/[C;,mim]Br.

getic effects favor solubilization. When a very high synergism is
found between surfactants, the surface area charge of mixed
micelles is reduced practically to zero and blends can show less
hydrophilic behavior or even behave like nonionic surfactants.
Thus, catanionic mixtures interact more strongly with the oil, so
as their concentration at the interface increases, the interaction
of the surfactant mixture with the oil phase is also increased, a
change which is compensated by decreasing the salinity in order
to increase the interaction on the water side [24]. Then stronger
interactions of the surfactant mixture with both oil and water
result in a higher solubilization. In the case of AOT/SAILs, parame-
ter B reduced with the increase of the alkyl chain length, and con-
sequently micellar radius, which explains the larger solubilization
capacity of AOT/[C{,mim]Br with respect to AOT/[C;omim]Cl.

3.1.2. Effect of salinity

It is well-known that increasing the aqueous phase salinity
reduces the polar interaction between water molecules and
head-groups of ionic surfactants, inducing surfactants to be
expelled from the aqueous phase to the oil phase, while nonionic
surfactants are more insensitive to electrolyte concentration
[9,49]. Aiming to analyze the influence of salt concentration on
the phase behavior of the studied blends, tests were also carried
out at 1, 10 and 15 wt% NaCl.

Fig. 4 shows AOT/LF2 blend scans at different salt concentra-
tions and 25 °C. In this case, the maximum salt concentration
tested was 13 wt% since higher concentrations led to the appear-
ance of a coacervate. As shown, the effect of salinity is rather sig-
nificant on this blend. The increase of salt concentration has two
effects: the size of the Winsor Il regions (the range of composi-
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Table 1
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Optimal blend ratios and corresponding solubilization parameters for AOT/LF2, AOT/[C;omim]Cl and AOT/[C;omim]Br blends at several salinities and temperatures and

atmospheric pressure.

AOT/LF2

25 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
84/16 5.7 53/47 2.5
50 °C

1 wt% NaCl

Mass ratio Vi/Vs*

88/12 4.25

AOT/[C1omim]Cl

25 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vy/Vs* Mass ratio Vi/Vs*
45/55 8.6 44/56 6.6
50 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
49/55 59 43/57 3.7
75 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
43/57 2.8 42/58 32
AOT/[C;,mim]Br

25 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
36/64 14.8 35/65 145
50 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Viy/Vs*
37/63 6.7 35/65 6.1
75 °C

1 wt% NaCl 5 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
37/63 5.4 35/65 38

10 wt% NaCl 13 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
39/61 22 35/65 1.9
10 wt% NaCl 15 wt% NaCl

Mass ratio Vy/Vs* Mass ratio Viy/Vs*
43/56 6.4 43/57 8.1

10 wt% NaCl 15 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
43/57 3.7 43/57 3.7
10 wt% NaCl 15 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
41/59 2.5 40/60 2.2
10 wt% NaCl 15 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Viy/Vs*
34/66 14.0 32/68 15.3

10 wt% NaCl 15 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Vi/Vs*
33/67 7.2 32/68 8.4
10 wt% NaCl 15 wt% NaCl

Mass ratio Vi/Vs* Mass ratio Viy/Vs*
32/68 3.7 31/69 3.7

tions leading to three equilibrium phases) increases, and the pro-
portion of AOT leading to optimal formulations decreases. At
1 wt% NaCl, three-phase systems are found from 80/20 to 90/10
AOT/LF2 ratios, and in the case of 13 wt% NaCl, a middle
microemulsion is found from 20/80 to 50/50 blend ratios. More-
over, at low salinity (1 wt% NaCl), the optimal AOT/LF2 ratio was
estimated to be 84/16 and decreased in AOT fraction to 39/61
and 35/65 at 10 wt% and 13 wt% NaCl, respectively. The blend
becomes more lipophilic when salinity concentration increases,
and the concentration of AOT required to achieve the
hydrophilic-lipophilic balance decreases. Regarding the optimal
solubilization parameter, it decreases from 5.7 to 1.9 when NaCl
concentration increases from 1 to 13 wt¥% (see Table 1). The behav-
ior found for this blend is typical of anionic surfactants. This may
be explained by the lower synergism between the surfactants of
this blend, the interactions between negatively charged AOT head
groups being more significant than those of the nonionic ethoxy-
lated groups of LF2 with water. The addition of NaCl reduces the
electrostatic interaction between water molecules and the sul-
fonate group of AOT making it partition to the oil phase.

Fig. 5 shows AOT/[C;omim]Cl blend scans at 1, 10 and 15 wt%
NaCl concentrations and 25 °C. As shown, the blend is less sensitive
to salinity than the mixture with LF2. In fact, salt concentration
hardly affects the size of the Winsor III region, which is very nar-
row at all concentrations. The salinity has also little influence on
the blend optimal ratio that goes from 45/55 AOT/[C;omim]Cl at
1 wt% to 43/57 at 15 wt% NaCl. Regarding optimal solubilization
parameters, V;/V*=8.6 at 1 wt%, and this value decreases down to
6.6 and 6.4 at 5 and 10 wt% NaCl (Fig. 5 right) then increases up

to 8.1 at the highest salt concentration. The same qualitative
behavior was found in the case of the blend with the other SAIL,
[C1omim]Br. The salinity has a negligible influence on the size of
the three-phase region and likewise on the optimal blend ratio,
with optimal solubilization parameters first decreasing and then
increasing with salt concentration. Fig. 6 shows that at 1 wt% Nadl,
Vi/Vs*=14.8 at 36/64 AOT/[Ciomim|Br, while at 10 wt% NaCl the
optimal solubilization parameter is 14.0 at 34/66. The greatest sol-
ubilization capacity was found at 15 wt% NaCl, V;/V*=15.3 at 32/68
optimal ratio. Lower concentrations of SAIL were required to
achieve optimal formulations with [C;omim]Cl than with
[Ciomim|Br, however in the last case solubilization parameters
are higher (better synergy between surfactants) and could be of
interest for EOR.

Based on the results shown in Figs. 4, 5, and 6 a more detailed
screening was carried out at 25 °C to generate activity maps, a clear
visual representation of phase behavior of the blends studied, as a
function of surfactant ratio and salinity. The activity map corre-
sponding to the AOT/LF2 blend is shown in Fig. 7. Due to the high
sensitivity of this mixture to salinity, new pipettes were prepared
at intermediate salt concentrations between those initially studied.
Circles in Fig. 7 show all the tests carried out. Black circles repre-
sent pipettes with two phases (Winsor I or Winsor II) and red cir-
cles show pipettes with three phases and a middle microemulsion.
The highlighted area shows promising formulations for EOR due to
their Winsor type III behavior. The figure also shows blend ratios
and salinity concentrations leading to optimal formulations
(dashed line) associated to low IFT. The activity map (Fig. 7) clearly
shows that blends with AOT concentrations higher than 65 wt¥% are
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Fig. 4. Effect of salinity on blend scans and solubilization parameters (V;/V;) for AOT/LF2 at 25 °C.

the most sensitive to salinity, where a small difference in wt% NacCl
produces a significant change in the composition of the optimal
blend ratio. In this sense, the use of this blend at low salinities is
discouraged, because slight variations in either salt concentration
or composition of the injected blend inside the reservoir would
shift the formulation away from its optimal behavior. Conversely,
at the highest concentrations of salt, the slope of the line corre-
sponding to optimal formulations is high and the Winsor III region
large. Even with significant variation in salinity or blend ratio, the
Winsor III system remains, although the formulation moves away
from its optimal behavior. The higher sensitivity of the blend at
AOT compositions >65 wt% is accounted for by the excess of anio-
nic surfactant, which makes it behave like an ionic surfactant. The
increase of salinity in the water phase diminishes water activity
and affinity of the surfactant for that phase. Increasing the concen-

tration of LF2, a change in the trend is noticed and the blend
becomes more tolerant to NaCl increases. The ethoxylate block is
likely the main cause of the interaction with the aqueous phase,
and the presence of the inorganic salt has no significant influence,
since the solubility of the surfactant in water is mainly due to the
hydration of the ethoxy groups and not to electrostatic interactions
[19,32].

Different behavior is observed in Fig. 8, showing activity maps
for the blends of AOT with SAILs at 25 °C. These systems were
clearly less sensitive to salt concentration than the blend with
LF2. At the optimal blend ratios, with the dashed lines correspond-
ing to the optimal formulations being practically vertical (espe-
cially in the blend with [C;omim]Cl), an increase in NaCl
concentration would keep the system as Winsor III and at the opti-
mal formulation (or very close to it). This is of great importance,
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Fig. 5. Effect of salinity on blend scans and solubilization parameters (V;/V;) for AOT/[C;omim]|Cl at 25 °C.

because the injection water used in EOR frequently differs from the
formation brine found in the reservoir, and salinity varies in the
flooding process. The lipophilic AOT and hydrophilic SAILs were
mixed seeking Winsor III behavior, however electrostatically neu-
tral complexes are also formed due to the different charge of the
components of the blend. When the synergy is high enough and
the oppositely charged surfactants interact strongly, the mixed
surfactants behave as nonionic and are less salinity sensitive
[4,50]. On the other hand, Fig. 8 also shows that blends with SAILs
are very sensitive to blend ratio. In mixtures with [C;omim]Cl, and
more significantly in the case of [C;;mim]Br, a small change in
blend ratio generates distancing from the optimal region and low
IFTs. This problem could be a concern in practice, due to the possi-
ble adsorption of surfactants on the rocks of the reservoir. Figure S3
in the Supporting Information allows the comparison of the activ-
ity maps of the three blends studied, and shows an advantage of

the mixture with LF2 regarding variations of blend ratio, in com-
parison to those with SAILs.

3.1.3. Effect of temperature

The effect of the temperature on phase behavior of the studied
blends was analyzed. To that end, blend scans were carried out at
50 °C and 75 °C (pipette photographs and solubilization parame-
ters can be seen in SI, Figures S4-S13).

Fig. 9 shows the activity map for the AOT/LF2 blend including
the effect of temperature. The solubilization capacity of the system
was drastically affected by this variable. Even though the range of
blend ratios in which Winsor III systems appear is greater at 50 °C
than at 25 °C, the middle microemulsions found had low volumes,
hard to estimate accurately, especially at salt concentrations above
4 wt% NaCl. In some cases, coacervates were also identified by the



N. Tafur, A. Somoza and A. Soto

AOT/ 30/70 31/69  32/68 33/67 34/66 35/65
[C4,mim]Br T 1 - = = o v ]
rlt:tio b,l | H ﬂ L] ',B _3 ‘
15 wt% Nacl | | & :1 L r L i L
L | E E = i
t L_; il = - I
£ , = - = =z
L & | 4|4 . 414 {] L3 |
[ - 1 ERLT E
£S
S - i
AoT/ 31/69 32/68 33/67 34/66  35/65
[C1,mim]Br E F F 7 T
wo - | 1| BRI G [RI] &
— —— -_—— = -l
10 wt% NaCl | — r r r i
- - b % - N
) L 1 1? —
P e | |2 s
| = B ¥ 4-;;__ \ E_
PR il
L Ul - —— w
AOT/ 34/66 35/65  36/64 37/63 38/62
[C1,mim]Br I i W j |
=TT S |
1wi%nacl [ :: | E'u 1 :
| L e llE] E
- = 0 i 3
_> - - S —
4 | |4 | |24 E—LQ“_] -
S ‘
_AL

Journal of Molecular Liquids 364 (2022) 119984

30

F 15 wt% Nacl
25 &
” 20 -B-Vw/Vs
2 15 - -4-Vo/Vs
S F
10
5 -+
o .
30/70 31/69 32/68 33/67 34/66 35/65
AOT/[C,,mim]Br Blend Ratio
30
F 10 wt% Nacl
25 |
20, = -B-Vw/Vs
é 15 -4-Vo/Vs
s r
10 +
5 E
o -
31/69 32/68 33/67 34/66 35/65 36/64
AOT/[C,,mim]Br Blend Ratio
30
1 wt% Nacl
25
" 20 -B-Vw/Vs
2 15 -A-Vo/Vs
b=
10 -
5 L
o -l
34/66 35/65 36/64 37/63 38/62

AOT/[C;,mim]Br Blend Ratio

Fig. 6. Effect of salinity on blend scans and solubilization parameters (V;/V;) for AOT/[C;,mim]Br at 25 °C.

high curvature of the interface. The problem is even worse at 75 °C,
reason why measurements were not carried out.

Figs. 10 and 11 show the activity maps for AOT/[C;omim]Cl and
AOT/[C,,mim|Br, respectively, including the effect of temperature.
A widening of the triphasic areas with temperature was observed
for the two blends. This is in agreement with results previously
reported for anionic, nonionic and cationic-anionic mixtures
[4,51-54].

Fig. 12 allows the visualization of the salinity and temperature
effects on the optimal AOT/SAIL blend ratios. These mixtures
behaved like non-ionic surfactants due to the formation of electro-
statically neutral complexes. High temperature breaks hydrogen
bonds between blends and water, thus decreasing the affinity of
the surfactant for the aqueous phase and increasing its lipophilic
character. Consequently, higher temperatures required lower pro-

portions of AOT (very lipophilic) in the blend to achieve an optimal
behavior. This effect is more apparent in the case of SAILs of shorter
alkyl length and at higher salt concentrations (see Fig. 12).

3.1.4. Solubilization parameters

Optimal blend ratios and corresponding solubilization parame-
ters for AOT/LF2, AOT/[C;omim]Cl and AOT/[C;,mim]|Br blends at
several salinities and temperatures and atmospheric pressure are
presented in Table 1.

As explained above, in the case of AOT/LF2 blend at 50 °C, solu-
bilization parameters could only be estimated at 1 and 2 wt% NaCl
(Figure S5 in SI). At 1 wt% NacCl, a value V/Vs*= 4.25 was found at an
optimal blend ratio 88/12 AOT/LF2. In comparison with results
achieved at 25 °C at the same salt concentration, the optimal solu-
bilization parameter decreased (leading to a higher IFT and lower
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oil recovery), and the concentration of AOT slightly increased.
Higher temperatures increase the hydrophilic character of the
blend. It is worth mentioning that a previous study [32] shows
the appearance of cloudy solutions when Akypo LF2 was used at
50 °C, however these problems disappear when combined with
AOT. No further evaluations were carried out at higher tempera-
tures for this blend that, among the temperatures studied, shows
optimal behavior at 25 °C.

10

Fig. 13 allows the visualization of the salinity and temperature
effects on the optimal solubilization parameters for AOT/SAIL
blends. At all the studied salt concentrations, optimal solubiliza-
tion parameters decrease with temperature, an effect more pro-
nounced when the temperature increases from 25 to 50 °C and
with the SAIL of longer alkyl chain length. Further studies (out of
the scope of this work), based for instance on molecular simula-
tion, are required to understand the combined effect of all the
involved variables on the phase behavior of the different blends.
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3.2. Interfacial tension measurements

Blends with SAILs were found to be too sensitive to blend ratios.
Moreover, in absence of the oil, the injection fluids were found
unstable, so they only could be injected as microemulsions. In
the case of the blend AOT/LF2, a temperature of 25 °C was estab-
lished as the best for the operation. For that reason, and focusing
on IFT reduction as the main goal of surfactant EOR, measurements
of this variable were carried out for the blend AOT/LF2 at 25 °C at
optimal blend ratios. The surfactant concentration in the aqueous
phase was 1 wt%. Experimental values of IFT and those calculated
with Huh’s equation for optimal conditions are shown in Table 2.
Except in the case of 1 wt% NaCl, values of IFT estimated by the
Huh'’s equation are over-estimated. Some experimental measure-
ments were also carried out at blend ratios close to optimal (al-
ways in the Winsor III region). Results are shown in Fig. 14. As
shown, optimal blend ratios achieved through experimental IFT
measurements slightly differ from those previously obtained
through solubilization parameters. Promising values of IFT, close
to 0.01 mN/m in all cases, are found for the application of this
blend at 25 °C.

4. Summary and conclusions

In this work, three blends (AOT/LF2, AOT/[C;omim]|Cl and AOT/
[C1omim]Br) were evaluated for EOR. Both the carboxylic acid and
the SAILs can be used to balance the hydrophilic-lipophilic charac-
ter of the surfactant blend, thus improving the properties of the
overly lipophilic AOT for the application. In the case of the anionic
(AOT) - cationic (SAILs) mixtures, the properties of the blend
depend on the formation of electronically neutral complexes due
to their opposite charges. Activity maps, representations of the
type of phase behavior of the surfactants as a function of blend
ratio, salinity and temperature, were found to be useful tools for
a clear visualization of the conditions of interest for the application
of blends to EOR.

4.1. AOT/LF2 blend

Among all the studied blends, AOT/LF2 was found to be the
most salinity sensitive, with significant changes in both optimal
blend ratio and solubilization parameters, as NaCl concentration
varies.

The effect of salt was more significant in the case of blends with
AOT concentrations higher than 65 wt%, at which the mixture
behaved like anionic surfactants, and less significant for lower con-
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Table 2
Experimental and calculated, through Huh’s equation, IFT for AOT/LF2 optimal blend
ratios at 25 °C and different salinities.

Salinity Optimal mass Experimental IFT Calculated IFT (mN/
(wt% ratio (mN/m) m)
NacCl)
1 84/16 1.51 x 107 9.2 x 107
53/47 1.21 x 1072 4.8 x 102
10 39/61 1.23 x 1072 6.3 x 1072

centrations at which the behavior
surfactants.

The main advantage of this blend lies in its low sensitivity to the
blend ratio, allowing good performance even if there are changes in
surfactant composition inside the reservoir. The increase of tem-
perature led to middle microemulsions of low volumes and small
solubilization parameters.

The application of this blend would be of interest at low tem-
peratures. At 25 °C and the optimal blend ratios, IFTs close to
0.01 mN/m were found throughout all the range of salinities stud-
ied. Futures studies should focus on core flooding experiments to

confirm the oil recovery capacity of the blend.

approached nonionic

4.2. AOT/SAILs blends

Both AOT/SAILs performed similarly. With a behavior similar to
nonionic surfactants, they were shown to be more tolerant to salin-
ity changes. Thus, the variation of NaCl hardly affected optimal

blend ratios or solubilization parameters. These last being higher,
and promising, in the case of the SAIL of higher alkyl chain length.

As in the case of the blend with LF2, the increase of temperature
led to wider Winsor III regions and lower solubilization parame-
ters. However, problems of stability in the absence of oil, and the
high sensitivity of these mixtures to blend ratio changes discour-
age, in principle, the use of these blends for practical applications.
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