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Abstract: As-synthesized oleic amido propyl betaine surfactant mixture, that was produced through
a “direct formulation through synthesis” process, exhibited ultra-low oil/water interfacial tension
(IFT) values as low as 3.5 × 10−4 mN/m when dissolved in seawater at a reservoir temperature of
96 ◦C. The as-synthesized surfactant, which was left untreated, had a slightly cloudy appearance
when mixed with seawater. Polar solvents were introduced to this surfactant to improve its aqueous
solubility by changing its overall hydrophilicity, particularly on the oil/water interface. In this study,
two types of glycol ether co-solvent, i.e., ethylene glycol monobutyl ether and diethylene glycol
monobutyl ether, were used at different concentrations in a single application and as a mixture of
co-solvents at a certain ratio. The behavior of the as-synthesized surfactant with the presence of
these co-solvents was investigated. As a result, it showed that the co-solvent helps in solubility
improvement and alters the interfacial tension behavior of the surfactant. Ethylene glycol monobutyl
ether was found to be efficient in maintaining an ultra-low IFT value of the surfactant. However,
the aqueous solubility of the surfactant was not significantly improved. In contrast, the addition of
diethylene glycol monobutyl ether showed improvement of the aqueous solubility of the surfactant,
but it tends to increase the IFT above ultra-low value. Based on this understanding, a set of co-
solvent mixing ratios were tested, and the results showed further improvement in both the oil/water
interfacial tension behavior and surfactant aqueous solubility. The most stable oil/water IFT of
3.36 × 10−3 mN/m and clearer surfactant solutions were obtained for ratio C at 35 wt.% presence
of co-solvent.

Keywords: ultra-low IFT; co-solvent; EOR surfactant

1. Introduction

In the enhanced oil recovery (EOR) method, surfactant flooding is one of the most
efficient ways to improve oil displacement from a depleted reservoir. Surfactant was added
to the oil/water system, and the interfacial tension between the water and oil was reduced
to a certain level that should be enough to displace the trapped oil. For greater perfor-
mance of the chemical oil displacement system in EOR, its important index of interfacial
tension (IFT) is preferred to be at an ultra-low level (10−3 mN/m order of magnitudes [1].
Extensive research has been done worldwide to search for the best surfactant for the
said application [2–4]. Among the most applied are anionic and amphoteric types with
carboxylate and sulfonate heads, especially for high-temperature applications [5].

Amphoteric surfactant is one of the surfactants that has been studied worldwide
for applicability in EOR. In the study done by [6], it was found that amphoteric surfac-
tant produced the most ultra-low IFT value out of 30 surfactants that were synthesized.
In our lab, oleic amido propyl betaine was synthesized using a modified synthesized step,
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which could produce ultra-low IFT when applying directly with seawater at a high temper-
ature (96 ◦C). The uniqueness of this surfactant is that it was produced through a “direct
formulation through synthesis” which did not require any further treatment processes
to purify the surfactant, yet the surfactant would still be able reduce the crude oil/water
IFT. Through a characterization process, it was clear that the surfactant still contained
some unreacted components and by-products. However, the presence of those unwanted
components influenced the interface behavior of the surfactant and reduced the IFT to an
ultra-low level [7]. Apart from the surfactant′s activity at the interface, it is also crucial to
consider the aqueous solubility of the surfactant. especially in seawater, as many factors
can affect the aqueous solubility of the surfactant such as the presence of divalent ions
(Ca2+, Mg2+), the length of hydrophobic surfactant tail, the nature of the surfactant head
group, the electrical charge of the surfactant counterion, temperature, and the solution
environment [8].

Co-solvents are typically used in surfactant formulation to increase the compatibility
between surfactants and the aqueous phase, allowing for a clear and stable surfactant slug.
This criterion is essential to ensure the injected solution will transport in the reservoir over
long distances with low retention [9]. They are usually amphiphiles that have the ability to
partition into aqueous, oleic, and microemulsion phases, thus allowing alteration of the
phase behavior [10]. In this work, we aimed to enhance the as-synthesized surfactant′s
property by adding a co-solvent to improve the solubility with its long hydrophobic tail
and the presence of unreacted elements. This study aimed to show that the surfactant,
containing some unreacted components, can be improved for more stable performance
in terms of the IFT, solubility of the surfactant in seawater, and the microemulsion phase
behavior. Enhancement of the as-synthesized surfactant was performed by the addition of
polar co-solvents from the glycol ether family, which are ethylene glycol mono butyl ether
(EGME) and diethylene glycol mono butyl ether (DGME). The function of the co-solvents
was to reduce the formation of viscous structures such as gels, liquid crystals, and macro-
emulsions [11]. These two co-solvents were selected due to their high boiling points of
170 and 230 ◦C, for EGME and DGME, respectively, as well as slow evaporating properties,
suitable for high-temperature applications. Consideration of the higher carbon number
of the surfactant tail was also taken into account, which may desire more hydrophilic
co-solvents to solubilize the oil, leading to an equal partitioning of the surfactant in oil
and brine [10,12]. EGME and DGME are among the most popular co-solvents in EOR
studies and have been used to increase surfactant solubility under high-salinity conditions
to overcome the salting-out effect [13,14] and as surfactant/co-surfactant to improve mi-
croemulsion as well as functioning as an additive in alkaline surfactant polymer (ASP)
optimization in EOR application [15,16]. It is also noted that the ether type of co-solvents
also has a surface-active agent property and is thermally stable [13].

2. Materials and Methods
2.1. Materials Used

The surfactant used in this study was reported in a previous publication [7]. The as-
synthesized surfactant was used without further treatment. Actual crude oil from one
Malaysian field (Field A) was used in this study, with a composition of 8.4% volatiles,
47.61% inorganics, 44.4% aromatics, and 0.7% resins. The total acid number, specific gravity,
and kinematic viscosity of the oil were found to be 1.064 mg KOH/g, 0.806, and 96 mm2/s
at 45 ◦C, respectively. Synthetic seawater according to the Field A seawater composition
was prepared by mixing different salts (NaCl, 42.33 g/L; KCl, 1.48 g/L; CaCl2, 2.43 g/L;
MgCl2, 19.46 g/L; Na2SO4, 7.09 g/L; SrCl2, 0.039 g/L; KCl, 1.48 g/L; NaHCO3, 0.311 g/L)
in deionized water. All chemicals for the synthetic seawater preparation were purchased
from Merck, with 98% purity.
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2.2. Improvement of As-Synthesized Amphoteric Surfactant for Better Solubility and Stability

The as-synthesized surfactant was prepared as a 25 wt.% active concentration in
deionized water. The surfactant was diluted to different concentrations ranging from
0.1 to 0.5 wt.% by using synthetic seawater with 30,000 ppm salinity, and the solubility of
surfactant was observed accordingly. The solubility of the surfactant was enhanced with
glycol ether co-solvent. For this study, two types of co-solvents were used, i.e., ethylene
glycol monobutyl ether (EGME) and diethylene glycol methyl butyl ether (DGME). The co-
solvent was added into 25 wt.% of the semi-solid surfactant at various concentrations,
starting from 3 to 40 wt.%, and deionized water was added to 100 wt.%. The solution
was stirred at a slow speed between 60 and 80 rpm at 50 ◦C for 30 min. The mixture was
further diluted in seawater to 0.1 wt.% as a screening concentration. This concentration
was selected based on the IFT performance of as-synthesized surfactant without co-solvent,
which gave the IFT value of 3.4 × 10−4 mN/m [7]. The samples were then tested for the
IFT analysis.

2.3. Co-Solvent Ratio Study

The effect of the co-solvent ratio was also tested. The co-solvent that gave good
solubility and IFT value at a specific amount in the first test was selected and mixed into the
surfactant to study the best ratio. The ratios of 1:1 (A), 3:1 (B), 4:1 (C), and 6:1 (D) were used,
which represent the ratio of EGME: DGME and were prepared at selected concentrations of
co-solvent. In this test, the surfactant solution appearance and IFT were monitored, and a
microemulsion phase behavior test was also performed for the selected ratio to determine
the type of microemulsion produced.

2.4. Turbidity Test

A turbidity meter model HACH TL2350 Tungsten Lamp Turbidimeter, EPA, 0–10,000
nepholometric turbidity unit (NTU) was used to measure the turbidity level of the solution.
In each experiment, a sample volume of approximately 20 mL was used and was placed in
a 25-mm sample cell. The experiment was performed at room temperature (25 ◦C).

2.5. Oil–Water Interfacial Tension Test

The oil–water IFT of the prepared surfactant solution was measured using a Data
Physics spinning drop tensiometer, model SVT 20N, equipped with a video measuring
system (USB-CCIR camera; max. resolution, 768 × 576 pixels; max. frame rate, 123 frames/s)
at 96 ◦C for 60 min with an interval of 5 min between each reading. In this test, the crude
oil drop was injected into a capillary tube containing the surfactant solution. The capillary
tube was rotated at 4000 rpm, and the value of the dynamic IFT was monitored through
the images.

2.6. Microemulsion Phase Behavior Test

A volume of 4 mL with a ratio of 1:1 of surfactant and crude oil was filled into a
small test tube with a dimension of 7.0 mm outer diameter) × 4.8 mm (Internal diameter)
× 270 mm (Length) × 1.0 mm. The test tubes were adequately sealed with chemical-
resistant epoxy resin that can withstand high temperatures and were shaken moderately
by tilting 100 times before they were put in the oven at 96 ◦C. The samples were taken
out, and the appearance of the liquid samples was monitored until it reached 14 days.
The microemulsion phase behavior type was recorded.

3. Results and Discussions
3.1. Solubility and Interfacial Tension of As-Synthesized Surfactants in Seawater

The solubility of the as-synthesized surfactant (ULCB) solution was tested at various
concentrations against seawater at ambient temperature. The as-synthesized surfactant
dissolved directly in seawater upon completion of the synthesis had a slightly hazy ap-
pearance. This condition was anticipated to occur as the as-synthesized surfactant still had
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remaining by-products. Generally, the surfactants made of long carbon chains had less
solubility in water as compared to those with shorter ones due to the higher hydrophobic-
ity [17]. Apart from the hydrophobicity or the polarity, the solubility of the surfactant in
seawater could also be affected by saline water due to the salting-in/salting-out effect [18].
It was observed through the appearance of this surfactant that it had good solubility and
clarity in distilled water; however, it became cloudy when the actual composition of sea-
water was used due to the divalent ions such as calcium and magnesium ions that were
naturally present in seawater, as shown in Figure 1 below for the concentrations from
0.05 to 0.5 wt.%. The turbidity of each concentration was tested and was tabulated in the
Table 1 below.
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Table 1. Turbidity value for as-synthesized surfactant.

Concentration (%) Turbidity (NTU)

0.05 79.5

0.1 149.4

0.2 189.9

0.3 234.2

0.4 308.8

0.5 316.2

An IFT test was performed for the as-synthesized surfactant diluted in Field A seawa-
ter. For the diluted surfactant without co-solvent, the crude oil/water IFT values at 96 ◦C
with surfactant concentrations of 0.05 to 0.5 wt.% are presented in Figure 2. The lowest
value of IFT was recorded at 0.1 wt.% with a value of 3.4 × 10−4 mN/m at 60 min of the
evaluation. This concentration is slightly higher than the critical micelle concentration
(CMC) of this surfactant, which was determined at 0.05 wt.% through the surface tension
method in the previous work [7], thus indicating that the surfactant solution had enough
concentration to form a dense packing at the interface that was consequently reducing the
IFT to the ultra-low level. At this concentration, however, the dynamic IFT showed some
instability, which might be due to the back-and-forth mechanism of surfactant diffusion
from the bulk to the crude oil/seawater interface and the diffusion of surfactant back into
the bulk solution [19,20]. This phenomenon is driven by the adsorption of the surfactant
monomer, which started at the empty site until the interface became fuller and more surfac-
tant monomer arrived at the occupied site, which subsequently induced the back-diffusion
of the surfactant to the bulk solution [21] until it reaches an equilibrium before 60 min.
Ultra-low IFT was also observed at 0.2 and 0.4 wt.% surfactant concentrations with the
values of 6.36 × 10−3 and 6.41 × 10−3 mN/m, respectively. As the lowest IFT was found
for the solution with 0.1 wt.%, this concentration was chosen as the screening concentration
for the improvement of the surfactant with the co-solvent.
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Figure 2. Crude oil-seawater IFT results for 0.05–0.5 wt.% of as-synthesized surfactant in seawater as
published in [7].

3.2. The Effect of Co-Solvent on Solubility and IFT

A high carbon number in the surfactant tail can affect the solubility of the surfactant.
The addition of a co-solvent with high polarity property is proven to enhance the miscibility
of organic compounds in water, thus improving the solubility of the solution. [22]. In this
study, two types of glycol ether-based co-solvents were tested: ethylene glycol monobutyl
ether and diethylene glycol monobutyl ether. These two solvents are common in EOR
application [13], and they were selected due to their high polarity property, high boiling
point, and slow evaporation, which are suitable for high-temperature applications. The sta-
bility of the surfactant was determined through the surfactant′s ability to maintain solution
clarity without phase separation and precipitation. The addition of co-solvents was also
expected to improve the dynamic IFT behavior while retaining ultra-low IFT.

Both ethylene glycol ether solvents are easily dissolved in water because they con-
sist of a hydroxyl group attached to the terminal carbon and ether group in between,
allowing more hydrogen bonding with the water molecules [19]. After mixing with the
solvent, the amount of polar groups increased in the solution, making the magnitude of
the hydrophobic effect smaller [23]. Hence, with higher concentrations of co-solvent used,
the solubility of surfactants also increased due to more polar sites introduced, allowing for
hydrogen bonding between the hydrophilic group in the co-solvent and surfactant with
water. In this study, the surfactant solutions were prepared by diluting the solution to
0.1 wt.% in seawater from the mixture of surfactant with co-solvent. The appearance of the
surfactant in the seawater was found improved as it was more transparent and stable as the
concentration of the co-solvent increased from 3 to 40 wt.%, as shown in Figures 3 and 4.
The turbidity level of the surfactant solution also tremendously dropped from 149.4 NTU at
0.1 wt% in the as-synthesized surfactant to below 70 NTU with the presence of co-solvent.
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Figure 3. Solubility of surfactant mixture with different co-solvent concentration diluted to 0.1
wt.% in seawater with ethylene glycol mono butyl ether (EGME) at 3, 5, 10, 20, 30, 35, and 40 wt.%
compared to 0.1 wt.% as-synthesized surfactant in seawater (ULCB).
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The 0.1 wt.% surfactant mixed with EGME in seawater was found to be clearer as
compared to the 0.1 wt.% as-synthesized surfactant in seawater, as can be seen in Figure 1.
The surfactant–co-solvent solution stability was monitored for 24 h at a room temperature
of 25 ◦C. As a result, only surfactants with 20 to 40 wt.% EGME were selected as they
showed a better appearance upon mixing with seawater and after being left at room
temperature. The level turbidity of each sample is presented in Table 2

Table 2. Turbidity values for as-synthesized surfactant with the presence of EGME at different
concentrations.

Concentration (%) Turbidity (NTU)

3 69.5

5 64.1

10 59.2

20 48.2

30 44.5

35 33.5

40 34.4

The solubility and stability of the as-synthesized surfactant were also tested with
DGME. This co-solvent theoretically has a better solvency effect due to the nature of its
structure of having two ether groups, which increases the polarity of the component.
By applying this co-solvent, the solution compatibility of the surfactant was improved
as the surfactant solution becomes even more clearer immediately after it was mixed
with seawater, especially at the concentration of 20–40 wt.% as can be seen in Figure 4.
Hence, these concentrations were selected for the IFT screening. The turbidity value,
which indicated a reduction in value as more concentration of co solvent added, is shown
in Table 3 below:

Table 3. Turbidity value for as-synthesized surfactant with the presence of DGME.

Concentration (%) Turbidity (NTU)

3 40.8

5 40.2

10 38.1

20 34.1

30 28.5

35 23.7

40 23.4
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Figure 5 shows the dynamic IFT data for the 25 wt.% as-synthesized surfactant with
the addition of 20 to 40 wt.% co-solvent diluted in seawater at a 0.1 wt.% concentration.
These concentrations were selected for the IFT analysis due to their stability after 24 h in
seawater. The dynamic IFT analysis shows that all co-solvents increased the original IFT
value of the as-synthesized surfactant. After 60 min, the lowest IFT value was found for the
surfactant with the addition of 30 wt.% EGME solvent with the value of 0.00459 mN/m,
while for the 30 wt.% DGME, the IFT value was recorded as 0.01487 mN/m. In this test,
it was observed that EGME still maintained the ultra-low IFT value of the surfactant as
compared to DGME. The structure of EGME itself, which has a lower carbon number
(C6H14O2) as compared to DGME (C8H18O3), might contribute in its better adjustment of
the hydrophilic–lipophilic balance of the surfactant [24], thus allowing for more packing
adsorption at the interface of oil/seawater. For other co-solvent concentrations, at 20,
35, and 40 wt.%, the IFT values did not show significant improvements. However, they
stabilized the activity of the as-synthesized surfactant mixture at the interface and made
it dynamically stable during the entire experimental period. The trend was obtained for
both EGME and DGME solutions, as tabulated in Table 4. Thus, the concentrations of
30 and 35 wt.% of both co-solvents were chosen for further analysis due to the stability in
seawater and the low IFT values.
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Table 4. IFT values at 60 min with different concentrations of co-solvent in the surfactant–co-solvent
mixture.

Concentration (wt.%) Co-Solvent IFT (m/N/m) at 60 min

20
EGME 0.19126

DGME 0.49966

30
EGME 0.00459

DGME 0.01487

35
EGME 0.01371

DGME 0.01490

40
EGME 0.01850

DGME 0.0166

3.3. Effect of Mixed Solvents on the IFT of the Surfactant

Further testing was carried out to see the solvent mixture′s effect after the individual
solvent enhanced the IFT value and solubility. Four different ratios were used where
the amount of EGME was added more compared to DGME to maintain the solubility
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in seawater. In this study, only 30 and 35 wt.% co-solvent content was tested. Out of
all combinations, only ratio A (1:1) with 30 wt.% co-solvent content did not reach the
ultra-low value after 60 min. The other ratios were able to reach the ultra-low level after at
least 45 min, as shown in Figure 6. The addition of a co-solvent mixture was observed to
further reduce the IFT and improve the surfactant′s stability compared to single co-solvent
application. The combination of DGME with EGME seems to have a good synergy in
reducing the IFT and enhanced the stability of the surfactant in seawater. To determine the
best combination ratio, EGME was added in increasing amounts compared to the DGME
due to its IFT reduction effect, while at the same time, the DGME is needed for the solubility
and clarity of the sample. In terms of the amount, 35 wt.% solvent performed better than
the 30 wt.% addition of co-solvent, which was observed through excellent solubility and
maintaining ultra-low IFT. Although the 30 wt.% ratio of the solvent mixtures showed
the lowest IFT (Figure 6), the surfactant with 35 wt.% co-solvent ratio exhibited better
performance in terms of clarity and stability. From the 35 wt.% co-solvent combination,
ratio C was found as the best combination due to the shortest time until an equilibrium
was achieved, with the ultra-low IFT obtained as early as 15 min, as shown in Figure 7.
To further qualify the surfactant, a phase behavior study was performed for the surfactant
at 35 wt.% at different ratios. The results are presented in the next section.
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Figure 6. IFT at 60 min with as-synthesized surfactant in the presence of EGME/DGME at differ-
ent ratios.
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3.4. Microemulsion Phase Behavior Test on As-Synthesized Surfactant with a Co-Solvent Mixture

Surfactant solution phase behavior is usually influenced by the presence of electrolytes
in brine. In EOR application, the surfactant′s behavior in the presence of oil and electrolyte
solutions is among the critical factors determining the effectiveness of the solution when
injected into the reservoir [25]. The phase behavior experiment represents the interaction
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between the two phases, nonpolar (oil) and polar (brine/seawater), containing surfactant.
The presence of surfactants in these two phase systems leads to a homogenous microemul-
sion, which is thermodynamically stable and allows light to pass through it [5,25,26]. In this
test, the selected solvent–surfactant combination with a selected ratio that gives an ultra-
low IFT value was tested for the phase behavior. A surfactant generally works in optimum
salinity to produce microemulsion. At the optimum salinity, the same amount of water
and oil is dissolved in the microemulsion phase [27]. In this work, we focused on applying
seawater and evaluating the phase behavior of the surfactant at a fixed seawater salinity
of 30,000 ppm. Figures 8–10 present the phase behavior of the surfactant with a 35 wt.%
mixture of co-solvents at different ratios (ratios B, C, and D) mixed with actual reservoir
crude oil after 14 days of exposure at reservoir temperature.
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Figure 8 represents the as-synthesized surfactant in the presence of a co-solvent
mixture in ratio B (3:1), in which the concentration has been varied from 0.05 to 0.5 wt.%.
A thin layer of middle-phase microemulsion (Winsor type III), which can also be considered
as a boundary between type I and type III, was observed at the surfactant concentration
of 0.1 wt.%. However, the other surfactant concentrations from 0.2 to 0.5 wt.% show the
behavior of Winsor type I microemulsion, where only two phases of oil in water exist.
This type of phase behavior can usually be seen in low-salinity brine in a salinity gradient
test [28].

Figure 9 shows the phase behavior of the surfactant in a co-solvent mixture with ratio
C (4:1). This ratio contains more EGME compared to ratio B (3:1), while the amount of
DGME was fixed. There is clear evidence of Winsor type III microemulsion, which can be
seen at this ratio for the concentrations of 0.05 to 0.2 wt.%, in which the upper and lower
layer contain the oil phase and seawater, respectively. In contrast, the middle phase consists
of oil, surfactant, and co-solvent mixture [29]. However, a clear lower layer and no middle
phase were observed for 0.05 wt.% concentration, which indicated that the concentration of
surfactant is not enough to make it stay in the aqueous phase and partition to the middle
layer, thus forming type II phase behavior [30]. From this phase behavior finding, it was
proven that the type III microemulsion, which is desirable for chemical EOR, can be formed
at a certain concentration of surfactant in a fixed salinity provided that the structure of the
surfactant and the balance between the hydrophobicity and hydrophilicity of surfactant
and co-solvent moieties are matched with the crude oil in the study [26,31].

Figure 10 exhibits the phase behavior of the surfactant with ratio D. There was no
Winsor type III behavior observed from the sample but there was behavior of type II,
which was shown by the 0.05 and 0.1 wt.% surfactants. Meanwhile, the rest of the samples
from 0.2 to 0.5 wt.% showed the behavior of type I, where the upper oil layer exists in
equilibrium with the lower (o/w) microemulsion phase [32]. This combination has the
highest amount of ratio EGME to DGME. More EGME added to the system increases the
hydrophilicity, resulting in more surfactant dissolved into the brine layer instead of the
oleic phase. This combination generated the highest dynamic IFT in the magnitude of
10−1 mN/m at early contact with crude oil but reduced to the magnitude of 10−3 mN/m,
indicating an ultra-low IFT value at the end of the 60 min.

4. Conclusions

The instability of the dynamic IFT and slightly cloudy appearance of as-synthesized
oleic amido propyl betaine surfactant mixture with a long hydrophobic tail can be improved
by adding EGME and DGME. The appearance issue needs to be solved before it can be
applied in EOR, even though it exhibits the desired ultra-low IFT value. The two types of
co-solvent successfully provided the surfactant with the additional polar group desired
for the hydrophilicity of the surfactant. The findings showed that EGME in a single
application successfully improved the appearance while still maintaining the ultra-low IFT
property of the surfactant with a minimum of 30 wt.% application. DGME exhibited better
improvement in the solubility with slight surface activity changes in the interface, which can
be seen in the increment in IFT value to 10−2 mN/m magnitude. On the other hand,
the mixture of this co-solvent based on the ratio method indicated that the combination
of these co-solvents contributed to a better interface activity by lowering the IFT down
to an ultra-low level as compared to the application of a single co-solvent. Additionally,
Winsor type III microemulsion phase behavior can be seen clearly at concentrations from
0.05 to 0.1 wt.% in the presence of co-solvent mixtures at a ratio of 4:1 (ratio C) with
35 wt.% (EGME to DGME). These results confirmed that the presence of the co-solvent in
formulation mixtures could alter the behavior of the as-synthesized surfactant regardless
of the fixed salinity of seawater used and induced packing adsorption at the interface,
resulting in ultra-low IFT between oil and seawater, which makes it possible to evaluate
this surfactant further and has the potential to be applied in EOR.
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