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Highlights:

e  Surfactant polarity affects the Huh equation.

e  The initial Cuo and n constant values from the Huh equation were adjusted.

e  The modified Huh equation constant, Cyo and n power, may be used as a guide
to select the optimum mixing ratio of surfactants compatible with the fluids
used in this experiment to obtain a low interfacial tension.

Abstract. Phase behavior tests in the surfactant screening process for EOR
applications remain one of the relatively convenient ways to design an optimum
surfactant formulation. However, phase behavior studies are unable to provide
quantitative data for interfacial tension, which is one of the parameters that must
be considered when selecting surfactants for EOR. Several studies related to the
prediction of interfacial tension through phase behavior testing have been carried
out. In this paper, the Huh correlation was used to estimate the interfacial tension
value based on phase behavior tests. It was found that the current form of the Huh
correlation may be applied for the below-to-optimum salinity condition.
Furthermore, the constants of the equation vary depending on the surfactant type
and mixtures.

Keywords: amphoteric and nonionic surfactant; Huh equation, interfacial tensions;
phase behavior.

1 Introduction

Amphoteric surfactants are rarely an option to be applied in chemical flooding of
enhanced oil recovery (EOR). This study showed that a novel surfactant called
sulfonated alkyl ester (SAE) has promising performance and can be considered
as a chemical agent for EOR. It has a unique chemical structure, with sulfonate
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(anionic) and ethoxylate (nonionic) groups in one single compound (Figure 1).
Therefore it can be categorized as an amphoteric (zwitterion) surfactant [1].
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Figure 1 The chemical structure of sulfonated alkyl ester surfactant [2].

The molecular conformation of this surfactant may change depending on the
water salinity and the presence of other compounds in the solution. This
characteristic enables one to formulate a surfactant to obtain optimum conditions.
The surfactant formulation process usually uses a single compound or mixture
with other chemicals, such as a co-surfactant or co-solvent. The formulation of a
surfactant was conducted to achieve optimum conditions. The optimum condition
involved low interfacial tension (IFT), Winsor type III microemulsion, and a
small contact angle (for oil-wet cases). Several studies have been conducted to
simplify the surfactant formulation to be compatible with the reservoir
characteristics. Several methods have been studied in surfactant formulation for
EOR application. Some of the most popular methods are equivalent alkane carbon
number (EACN) [3], hydrophilic-lipophilic balance (HLB) [2-4], hydrophilic-
lipophilic difference (HLD) [5,6], and the Huh equation [7,8].

One of the best-known correlations between phase behavior tests and IFT is the
Huh equation. Huh [9] developed this equation from three fundamental forces in
the microemulsion phase: van der Waals attraction, electrostatic repulsion, and
entropic repulsion. The correlation between phase behavior test and interfacial
tension was derived using several assumptions. Huh explained that there is a
relationship between the oil solubilization ratio and interfacial tension. This
relationship is described with the following Eq. (1):
CHo

00m = Wom/Vom)? M
The Huh equation assumes that the surfactant has optimum salinity. This equation
was later further developed for more complex conditions in other studies [9-13].
In the present study, the Huh equation was modified into the following more
general equation:

_ Cho
Som = o /Vem)® )
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Ao cos(nd)l/z)
96772

a cos(n¢1/2)

Cuo = or Cyg = 24.87 ——2 3)

with the value of Cuo explained as Eq. (3), which was derived from the van der
Waals attraction between oil-surfactant-water. This attraction is caused by the
interaction between surface-active hydrophilic particles in a surfactant with an oil
surface [11]. In the experiment conducted by Huh, a typical constant (Cro) of the
equation was 0.3. The Cyo constant is affected by two parameters that reflect oil
and surfactant properties, i.e. A and 1 respectively, where Ay is the interfacial
area per unit charge and 7 is the apparent thickness of the surfactant layer at the
oil/brine interface. The value of n in Eq. (2) refers to the geometry of the micro-
emulsion. In the original Huh equation, the value of » is 2, representing that the
microemulsion geometry is lamellar.

2 Materials and Methods

2.1 Surfactants, Oil, and Brine Samples

Sulfonated alkyl ester (SAE) and fatty ester oleate (FEO) surfactants synthesized
at the Bioorganic and Organic Synthesize Laboratory, Chemistry study program,
ITB, were used in this study [1,14]. Both surfactants were mixed with a specific
weight ratio, as presented in Table 1. The oil used in this study had an API gravity
of 40, wax content of 36%, viscosity of 7.9 cP (at 63 °C), and EACN of 25.2. The
brine used in this study was taken from the field and had a density of 0.9847,
salinity of 43 mEq/L (2,560 ppm), TDS of 4,648 ppm, pH of 7, and calcium and
magnesium ions at 168 and 4.4, respectively. During the salinity scan experiment,
sodium chloride was added to the field brine to achieve variable salinity of 171
to 3,422 mEq/L (or 10,000 to 200,000 ppm).

Table 1 Weight ratio of SAE and FEO surfactants as a mixture.

Weight Ratio of
SAE FEO
Formulation 01A 1 1
Formulation 01B 2 1
Formulation 01C 1 2

2.2 Phase Behavior Test

A phase behavior test was conducted to analyze the type of microemulsion
formed in the solution mixture of oil, surfactant, and brine. In a 5-mL scaled
pipette, the surfactant was diluted into the brine (percent wt) and mixed with oil
at a volume ratio of 1:1. The upper part of the scaled pipette was closed using the
flame-sealed method and stored in a heating oven at 63 + 0.5 °C (reservoir
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temperature) for two days [1,16]. The surfactant concentration (Cs), brine salinity
(A), aqueous level (B), oil level (C), top (D) and bottom (E) of the microemulsion
were all measured. All data observed are shown in Table 2.

Table 2 Table of phase behavior data input.

Surfactant Salinity  Sol. Oil  Sol. Water  Oil solution ratio Water solution ratio
Concentration meq/L mL mL mL/mL mL/mL
Cs A G=B-D H=E-B 1= G/[(5-B)*Cs] J=H/[(5-B)*Cs]

2.3 Interfacial Tension Measurement

Interfacial tension measurement was conducted using Spinning Drop
Tensiometer TX-500D at 63 £ 0.5 °C (reservoir temperature) at 6000 rpm for 30
minutes (following the standard operation of the apparatus). This time was
enough to obtain a stable interfacial tension (IFT) value, as shown in Figure 2.
The measurement of interfacial tension followed the following procedure: (1) the
surfactant was diluted into the brine at a specific concentration (%owt), (2)
subsequently, the surfactant solution was injected into a glass tube by using a
syringe until the tube was full, (3) the next step was injecting oil sample (£ 2 pL)
using a syringe into a glass tube that already contained surfactant solution; the oil
must form a droplet. The spinning drop tensiometer schematic diagram and oil
droplet formed in the surfactant solution can be seen in Figure 3.

10.00

2 4 6 8§ 10 12 M

Interfacial tension, mN/m
S

0.10 ; "
Time (min)

Figure 2 An example of a spinning drop tensiometer measurement with IFT
versus time.
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(¢) Schematic diagram of Spinning drop tensiometer TX-500D

Figure 3 (a) Spinning Drop Tensiometer TX-500D, (b) illustration of oil
droplets in the glass tube, and (c) schematic diagram of a spinning drop
tensiometer.

2.4 Partition Coefficient Measurement

The measurement of partition coefficient was conducted by using the ChemDraw
software, version 18.2. The first step is to open the software until an interface
appears, indicating a sheet for drawing the chemical structure of the compound
to be calculated (Figure 4(a)).
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Figure 4 The ChemDraw software, version 18.2, interface for calculating the
partition coefficient.
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The compound’s chemical structure can be calculated using the toolbar (Figure
4(b)). After the compound is drawn on the sheet, the compound is selected using
marquee tools (Figure 4(c)). After that, the software generates the partition
coefficient, and the measurement result can be seen by activating the chemical
properties window (Figure 4(d)).

3 Results and Discussions

3.1 Polarity of Surfactants

The characterization of both surfactants showed that the SAE was more polar
than the FEO [17], which was confirmed by measuring the partition coefficient
using ChemDraw. The partition coefficient (Log P) is the ratio of the
concentrations of un-ionized compounds between two solutions calculated
between an organic layer and an aqueous layer [18]. The partition coefficient
value of the SAE and FEO surfactants was computed to be 0.1376 and 7.2206,
respectively. The higher partition coefficient value indicates higher lipophilicity,
implying that the SAE was more polar than the FEO. This polarity of the
surfactant affects the interaction between a hydrophobic group of surfactants with
oil and a hydrophilic group of surfactants with water. The effect of the polarity
was analyzed through phase behavior tests and IFT measurements. The surfactant
polarity was analyzed to study its effect on the Huh equation since it involves the
van der Waals attraction in the microemulsions.

3.2 Comparison between Measured and Calculated Interfacial
Tension

A comparison between the measured and the calculated interfacial tension was
made. As in the Huh equation, a Cyo value of 0.3 and an n power of 2 was used.
As mentioned above, the Huh equation assumes a middle-phase microemulsion
(Winsor type II); thus, the optimum salinity of all surfactant samples was
determined to support the discussion of the analysis. The optimum salinity of all
surfactants used in this study is presented in Figure 5 and Table 3. A comparison
of the measured and the calculated IFT was made below or equal to its optimum
salinity.

Table 3 Optimum salinity of all surfactants used.

Surfactant Optimum Salinity, mEq/L
SAE 914
FEO 980
Formulation 01 A 1,149
Formulation 01B 913
Formulation 01C 1,635
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Figure 5 The effect of salinity on the phase behavior profile of SAE, FEO,
formulation 01A, 01B and 01C.

The first comparison used the SAE surfactant. It can be seen in Figure 6 that the
calculated interfacial tension from the Huh equation had a lower value compared
to the measured interfacial tension. This deviation also occurred in the FEO case.
Interestingly, in general, IFT prediction by the Huh equation is closest to the
measured value near optimum salinity. Another observation was that the
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surfactant with higher polarity had a lower prediction of the measured interfacial
tension value (Figure 6(a)). Meanwhile, the surfactant with lower polarity
showed the opposite behavior (Figure 6(b)). It can be inferred that the polarity of
the surfactant affects the prediction of IFT using the Huh equation.
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Figure 6 Interfacial tension values of measured and calculated (using the Huh
equation) for (a) SAE surfactant and (b) FEO surfactant.

A comparison was also performed for the mixture of SAE and FEO surfactants.
In the case of Formulation 01 A, see Figure 7(a), three regions were observed. The
first region was where the calculated interfacial tension had a higher value than
the measured interfacial tension, which occurred below a salinity of 780 mEq/L.
The second region was where the calculated interfacial tension had a lower value
than the measured interfacial tension, which occurred between salinity 780 and
1,140 mEq/L. The third region was where the salinity was above 1,140 mEq/L,
and the calculated IFT value returned to above the measured IFT value, as the
first region. Figure 7(b) compares the predicted and the measured IFT of
Formulation 01B shows a similar profile to Formulation 01A; however,
Formulation 01B only had two regions. The first region followed the SAE
surfactant profile, and the second region followed the FEO surfactant profile. The
transition of both regions occurred when the salinity was above 600 mEq/L. The
profile of Formulation 01C followed that of the FEO, where the calculated IFT
was higher than the measured one. Formulation 01C had excess FEO surfactant;
therefore, it was less polar than the SAE and Formulations 01B and 01 A, which
explains the profile shown in Figure 7(c).

Based on the comparisons discussed above, the surfactant polarity appeared to
affect the IFT prediction from high to low polarity consistently. The polarity of
the surfactant was in the following order: SAE, Formulation 01B, Formulation
01A, Formulation 01C, and FEO. This observation, then, became our
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consideration to make adjustments to the Cyo and the n constant values used in
the Huh equation for the surfactants studied.

3.3 Correlation between Phase Behavior and Interfacial Tension

The value of Cuo and n of the SAE surfactant may be calculated using the
modified Huh equation by plotting the oil solubilization ratio against the
measured interfacial tension values (Figure 8). The Cyo number and power of »
values were determined by regression of the data. The plot of the oil solubilization
ratio with measured interfacial tension values was divided by two regions, i.e. at
below to equal its optimum salinity of the surfactant and above its optimum
salinity. The first region, i.e. the plot below to equal its optimum salinity, showed
that the correlation between the oil solubilization ratio and the IFT values
provides a Cro number and power of n of 32.717 and 1.69, respectively. The n
power resulting from the plot was close to the Huh equation, but the Cno constant
differed.
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Figure 7 The measured and calculated (using the Huh equation) IFT of
Formulations 01A, 01B, and 01C.
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Figure 8 Correlation between oil solubilization ratio and interfacial tension
values of the SAE surfactant.

The IFT values were also plotted against the oil solubilization ratio versus brine
salinity for the FEO surfactant, as shown in Figure 9. The Cuo and n values
calculated from the phase behavior data below the optimum salinity were 0.028
and 1.34. As explained by Eq. (3), Cno is affected by the surfactant and oil
characteristics. The difference in Cuo values between the SAE and FEO
surfactants, in this case, was caused by the thickness of the surfactant layer at the
oil/water contact. In particular, the SAE surfactant had a thinner layer than the
FEO surfactant at the oil/water interface.

1.0E+00
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1.0E-01
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Figure 9 Correlation between oil solubilization ratio and FEO surfactant
interfacial tension values.

This study also examined the effect of surfactant mixtures on the Cuo value, in
this case, mixtures of the SAE and FEO surfactants. In Figure 10, a plot of IFT
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against the oil solubilization ratio below to equal optimum salinity indicates a
correlation with the Cpo value of 0.264, which is close to the typical constant
suggested by Huh’s study (Cuo = 0.3). Furthermore, the n value of 1.67 was also
near Huh’s original value (n = 2). It can be inferred that adding FEO surfactant
to SAE surfactant with a weight ratio of 1:1 increases the van der Waals attraction
of the SAE surfactant and oil. Note that the n value of Formulation 01A was
higher than FEO’s, while it was lower than SAE’s. These results are consistent
with the polarity order of the three: from low to high, the polarity order was FEO,
Formulation 01A, and SAE.
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Figure 10 Correlation between oil solubilization ratio and interfacial tension
values of Formulation 01A.
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Figure 11 Correlation between oil solubilization ratio and interfacial tension
values of Formulation 01B.
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The effect of the SAE/FEO surfactant ratio to Cro and n values was also analyzed
for the other formulations. It can be seen in Figure 11 that Formulation 01B had
a slightly higher n value compared to Formulation 01A, which again is consistent
with their polarity. When FEO was twice SAE in the mixture (formulation 01C),
the Cuo value was 0.005, as shown in Figure 12, indicating high van der Waals
attraction. Meanwhile, the n value of Formulation 01C was 1.38, which is
between that of FEO and Formulation 01A. It proves a strong relationship
between surfactant polarity and the values of Cro and #n, as indicated in Figure
13.

1.00E-01

E

y =0.005x"38
R?=0.746

1.00E-02

Interfacial Tension, 6, mN/m

1.00E-03
0.1 1 10
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Figure 12 Correlation between oil solubilization ratio and interfacial tension
values of Formulation 01C.

The Cruo and n values are summarized in Table 4. Except for Formulation 01A
statistically, the correlations were reasonably acceptable, which indicates a
correlation of fit, R-squared, more significant than 0.75. The formulation may
need to be examined further. It might be caused by waxy oil attached to the pipette
tube, which would affect the oil-surfactant-brine phase equilibrium. If we
compare the Cro and n values of SAE, FEO, and its formulations (Table 4), the
closest Cuo and n values to the value used in the Huh equation occurred when
Formulation 01 A was used. Among the three formulations, Formulation 01A had
the lowest IFT value. If Huh assumed an ideal condition, the optimum mixture of
two surfactants might be represented by values of Cho and 7 near to Huh’s. Since
the definition of Cpo is based on van der Waals attraction, the higher the Cpo
value, the greater the distance between the oil and the water. This can cause
instability of the microemulsion produced. However, the microemulsion would
be too stable if the distance between the oil and the water was too small. This can
cause problems when a microemulsion is produced on the surface because it will
be a challenge to demulsify it.
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Figure 13 The relationship of Cuo and n values versus the polarity of the
surfactants.

Table 4 Phase behavior and interfacial tension correlation for each surfactant
and formulation.

Modified Huh Equation
Surfactants Below/at Optimum Salinity R?
Cuo n
SAE 32.717 1.69 0.935
FEO 0.028 1.34 0.786
Formulation 01A 0.264 1.67 0.685
Formulation 01B 3.517 1.68 0.785
Formulation 01C 0.005 1.38 0.756

4 Conclusions

The Huh equation is affected by the surfactant polarity. Lower polarity decreases
the n value, and in general, also reduces the Cyo value. The Huh equation tends
to predict a lower IFT value at high polarity, while it tends to overestimate the
IFT value at low polarity. Therefore, an adjustment of the values of Cyo and n
proposed by Huh is needed.

This study discovered that Cuno and n values near Huh’s value indicate the
optimum mixture of two surfactants. Hence, the Huh equation constant and n
power values can be used as a reference to choose the best mixing ratio of
surfactants compatible with the corresponding fluids used in this study to achieve
alow IFT.
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