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ABSTRACT:Formulation of surfactant was usually conducted to improve several parameters related to surface
interaction behavior. Among of such methods is by mixing ionic surfactant with nonionic surfactant. In this
work, Sulfonated Alkyl Ester (SAE) surfactant was mixed with Fatty Ester Oleate (FEO) surfactant. SAE is an
amphoteric surfactant that has sulfonated groups and ester groups as its hydrophilic groups, and FEO is a
nonionic surfactant. lon-dipole interaction mechanism between the two surfactants was found to be responsible
for obtaining an optimum mixture composition. The ion-dipole interaction was quantified using spontaneous
interaction energy, and atom distance oxygen atom (with free electron pair) in sulfonate group to carbon atom in
carbonyl group. While typical plot to distinguish Winsor microemulsion type during salinity scan had been
found in the literature, this study proposed a plot to identify Winsor microemulsion type changes with variation
of surfactant concentration.
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NOMENCLATURE
Symbol Description Unit
Vom Solubilized Qil mL
Vwm Solubilized Water mL
Volume fraction of .
Vsm ; . ratio
Microemulsion
CMC Critical Micelle Concentration %wt
IFT Interfacial Tension mN/m

I. INTRODUCTION

Surfactant has become more useful for developing enhanced oil recovery nowadays [1]. Surfactant
could reduce the interfacial tension of oil-brine system by lowering the energy tensions and widening the
surface. This phenomenon leads to spontaneous dispersion between oil and brine, thus the system become
thermodynamically stable [2]. Microemulsions will form when the composition of surfactant and oil-brine
system produces sufficiently low number interfacial tensions between oil and brine. Huh [3], studied that
microemulsion is effective for enhanced oil recovery process, it was mentioned that solubilization of oil and
brine into the surfactant-rich phase play important roles in the oil displacement process. The authors further
offered analysis of solubilized oil and brine volumes as functions of salinity, surfactant structure, and Hamaker
constant of the oil. For Enhanced Oil Recovery two or more surfactants can be combined. With a right formula,
surfactant mixtures could lower the interfacial tensions of oil-brine more efficiently than each individual
surfactant could. Surfactant tends to gather at the interface of oil and water where the hydrophobic and
hydrophilic sides were on their lowest energy. This phenomenon leads to a wider surface and a lower energy at
interface hence the interfacial tensions will be at the lowest point.

Formulation of surfactant usually was conducted to improve several parameters related to surface
interaction behavior. Among of such methods is by mixing anionic surfactant with nonionic surfactant. Mixtures
of anionic and nonionic surfactants have been proposed to give the surfactant a better performance in various
salinity [4]. The CMC of the pure nonionic surfactant was found to be independent of the salinity over the range
of interest and the CMC of the anionic surfactant varies substantially with salinity variations [5]. Mixtures
between sulfonate and nonionic surfactant could lower the value of interfacial tension and also has a good
solubility by optimizing HLB value of nonionic surfactant [6]. It was also reported that addition of nonionic
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surfactant into ionic molecules would reduce interfacial tensions [7]. Anionic surfactant tends to be stable as a
molecule, has a lower adsorption value on reservoir rocks, and could be produced economically [8]. When
anionic surfactant interacted with a negatively charged surfaces, it would not change the wetting properties of
the surface because both surface and head group of surfactant has negative charge, hence the surface is water
repellent. Mixture of nonionic surfactant would make hydrophobic groups of anionic and nonionic surfactant
bonds with surface area and become water-wet [9]. The mixture of anionic surfactant and nonionic surfactant
should be stable in reservoir and perform lowest interfacial tensions measurements [8]. In this study, SAE
surfactant was mixed with a nonionic surfactant (FEO), to obtain low interfacial tension and middle phase
microemulsion state at various brine salinity on high content waxy oil along with its optimum salinity.

Formulation of surfactant in its application for chemical injection in EOR process has been studied for
a long time. Determination of HLD (hydrophilic—lipophilic deviation), HLB (hydrophilic-lipophilic balance),
EACN (equivalent alkane carbon number) and optimum salinity [10-13] become parameters used to design a
surfactant to be matched with the characteristic of reservoir. Many of the studies on formulation of surfactant in
chemical injection commonly neglected the interaction occurred between each compound on the mixture.
Conception of the interaction of each compound in the mixture can improve the process to get an optimum
result.

lon-dipole interaction has been studied for its application and behavior [14] in various fields, such as
protein science [15], polymer science [16], and also in physical chemistry [17,18]. Recent study showed
hypothetically that ion-dipole interaction was responsible for a nonionic surfactant to improve an amphoteric
surfactant performance in lowering the interfacial tension [19]. This study provided quantitative analysis of the
ion-dipole interaction by computing the Interaction energy and the atomic distance. This reveals a new
mechanism of non-ionic surfactant (as co-surfactant) changes the interaction ratio of hydrophilic-water phase
and lipophilic-oleic phase of surfactant mixtures, which affects the interface properties and phase behavior.

Il. MATERIALS AND METHODS

Sulfonated alkyl ester (SAE) and fatty ester oleate (FEO) surfactant used in all measurements of this
study. These two surfactants mixed with certain ratio and tested for its performance in reducing interfacial
tension between oil and brine. The fluid samples used was from T-KS field, Indonesia, and in the characteristics
this fluid samples have been described in previous study [19].

Phase behavior conducted to determine which type of microemulsions formed between oil and brine.
There are four surfactants used in this study as seen in Table 1. The phase behavior tests conducted in two
scenarios. First scenario used SAE, FEO, SAE-01A and SAE-01B at various concentrations which were diluted
in reservoir brine (2,560 ppm or 44 mEg/ml). In the second scenario, SAE, FEO, SAE-01A and SAE-01B were
diluted in brine in the salinity range of 150 to 3,500 mEg/mL.

Table 1Surfactants used in this study

Ratio of
Surfactant SAE FEO
SAE 1 0
FEO 0 1
SAE-01A 1 1
SAE-01B 2 1

After loading all of the solutions, scale pipettes sealed using flame sealed technique and put in the oven
at 63 °C (temperature of reservoir). Microemulsion type was determined by recording the oil level (C), Aqueous
Level (B), Top Microemulsion (D) and Bottom Microemulsion (E) as illustrated by Fig. 1. All data from phase
behavior observation were inputted to Table 2.

Table 2Tables of data for phase behavior tests

Surfactant - - . Solubilized Water, Volume Fraction of Microemulsion,
c . Salinity, Solubilized Qil, Vom

oncentration, mEa/mL (Vou = B-D) Vwm Vsm
Yowt 4 oM (Vwm = E-B) Vsm = (5-D)/(5-C) or (E-D)/(5-C)

www.ijeijournal.com Page | 13



The Effect of lon-Dipole Interaction in Sulfonated Alkyl Ester (SAE) and Nonionic ...

OmL | | | Otel© | | O I
S
2o o) o o
4
— Top of ME (D)
a1 B
| Ioil Solubilized (G)
oo forod _JAquequslevel B)}_ _fv_ __________ N0 N [
I =
Q I Water Solubilized (H)
g BotomonnE ® | |y "
s
Tg W \ud \u4 W
H
SmL v
Type I Type LI1 Type Il

Fig. 1lllustration of phase behavior tests (rewritten from Sheng, (2011))

The interfacial measurement was conducted to determine the surfactant ability to lower the interfacial
tension of oil-brine. This measurement was conducted by using spinning drop Tensiometer TX-500D at 63 + 0.5
°C (reservoir temperature) with 6000 rpm of rotation for 30 minutes.
And for the measurement of atomic distance and interaction energy of surfactant on the interface was conducted
by using minimization energy method and ChemOffice™ software. This measurement runs with a few
assumptions, which are
1. The measurement of bond length and interaction energy is not in aqueous solution, hence the effect of
monovalent ion, divalent ion, and other compounds in field brine is neglected.
2. The interaction of ion-dipole occurs at one molecule of SAE surfactant with one molecule of FEO
surfactant.

I1l. RESULTS AND DISCUSSION

lon-Dipole Interaction Analysis

Marhaendrajana, et al., [19], hypnotized that ion-dipole interaction which occurs between sulfonate
groups on SAE surfactants and carbonyl groups in FEO surfactant became one of parameter that improve the
SAE surfactant performance. This interaction helps to extend the hydrophobicity of SAE surfactant to oil phase
thus balancing the energy between hydrophobic group to oil phase and hydrophilic group to water phase.

The ion-dipole interaction occurs when an ionic compound mixed with polar compound. In previous
study, the SAE surfactant showed a good performance in lowering interfacial tension at low salinity with 1:1
ratio of SAE and FEO surfactant because the HLB value of the mixture meet the criteria of surfactants to be
used as chemicals in surfactant injection. The study concluded that interaction of ion-dipole interaction was
responsible for the improvement of phase behavior and interfacial tension of surfactant mixtures solution and oil
phase.
This paper proposed quantitatively computation of ion-dipole interaction by measuring the interaction energy of
intermolecular. The interaction energy calculation results of SAE, FEO, SAE-01A and SAE-01B surfactants are
shown in Table 3. SAE surfactant has a negative value of interaction energy means that ion-dipole interactions
can occur between SAE molecules itself. For FEO surfactant, the molecule itself has no charge in the
hydrophilic group which caused no ion-dipole interaction between FEO molecules, but instead dipole-dipole
interaction occurred. lon-dipole interaction also took place in SAE-01A and SAE-01B mixtures.

Table 3Interaction energy of SAE, FEO, SAE-01A and SAE-01B surfactants
Interaction Energy (kcal/mol)

Surfactant lon Dipole Interaction Dipole-dipole Interaction
SAE -1.9753 18.5878

FEO - 2.1646

SAE-01A -33.9031 13.2374

SAE-01B -1.2093 19.6195

In SAE-01A mixture, the ion-dipole interaction became stronger in the presence of FEO surfactant in
the system which led to conformation change (Fig. 2(b)). It increased the interaction of hydrophobic group with
oil phase which help balancing the interaction of hydrophilic group with water phase. The higher ratio of SAE
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surfactant in the system weaken the ion-dipole interaction, and it was observed in SAE-01B mixture.
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Ri and Rs: non-polar group: Ry: polar groups

Fig. 2lllustration of SAE and FEO surfactants in one system

To prove the present of ion-dipole interaction in the mixture of FEO and SAE surfactant is by
computing the atom distance. Table 4 shows the atomic distance of oxygen atom (with free electron pair) in
sulfonate group to carbon atom in carbonyl group. Although there is no decisive number of the atomic distance
to form ion-dipole interactions, some studies stated that ion-dipole interaction can form at 2 — 4 A [20,21] and at
1 -5 A [15]. It was obvious that ion-dipole interaction was stronger in SAE-01A mixture than in SAE-01B
mixture.

Table 4Atomic distance between each formulation of surfactant

. Ratio of :
Formulation code SAE FEO Atom distance (A)
SAE-01A 1 1 2.459
SAE-01B 2 1 5.792

The measurement of atom distance which formed ion-dipole interaction can be useful to understand the
arrangement of surfactant on the interface of oil and water. Table 5 shows the interfacial tension and CMC
measurement results of SAE, FEO, SAE-01A and SAE-01B surfactants. In oil-water system, each molecule of
surfactant will be placed on the interface of oil and water. The arrangement of surfactant molecule will continue
until the entire oil-water interface area is covered by surfactant molecules. It is the minimum surfactant
concentration where surfactant molecule starts to form micelles in the water phase.

Table 5Interfacial tension and CMC measurement results of all surfactants at salinity of 44

mEqg/mL
. Ratio of CcMC IFT at CMC
Formulation code SAE FEO (%6wt) (MN/m)
SAE 1 0 2.0 1.69 x 10°
FEO 0 1 3.0 1.74 x 102
SAE-01A 1 1 2.0 259 x 10°
SAE-01B 2 1 15 3.16 x 102
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Fig. 3lllustration of arrangement SAE, SAE-01A and SAE-01B surfactants on the interface oil
and water

Fig. 3 shows the illustration of arrangement SAE, SAE-01A and SAE-01B surfactants on the interface
oil and water. It can be seen in Fig. 3(a) that SAE surfactant molecule has a wide conformation which will
require a few SAE molecules to cover the interface. Compared to SAE-01B arrangement Fig. 3(c), the excess
SAE molecule helped to cover the interface area less than only SAE surfactant did, which yield a lower CMC
value. SAE and SAE-01A have a same value of CMC. It is mentioned earlier that FEO surfactant help SAE
surfactant to elongate the hydrophobic groups to be able to interact with oil better. Though both SAE and SAE-
01A have CMC value, the interfacial tension value of SAE-01A surfactant is lower than SAE surfactant. It is
caused by the lack of a hydrophobic group interaction of SAE surfactant with oil.

The Effectof Surfactant Concentration in Phase Behavior Tests

Phase behavior test becomes one of the parameters used as a reference in analyzing the performance of
a surfactant in surfactant injection [22-24]. The phase behavior tests were conducted to analyze the ability of
surfactant to form microemulsions. In application of surfactant injection, surfactant that could form a
microemulsion with Winsor type 111 preferably chosen.

In phase behavior tests, oil solution ratio was calculated by dividing solubilized oil with the amount of
surfactant, while water solution ratio was calculated by dividing solubilized water with the amount of surfactant.
Phase behavior test for SAE surfactant, FEO surfactant, SAE-01A and SAE-01B for various concentrations with
reservoir oil and brine were conducted and were observed for seven days (Fig. 4). It is possible from figure to
characterize the Winsor type of microemulsion formed during phase behavior test as function of surfactant
concentration. Winsor type | was indicated by water solution ratio higher than oil solution ratio. On the other
hand, Winsor type Il was distinguished by water solution ratio lower than oil solution ratio. When the two
curves relatively coincide the phase behavior showed Winsor type I11.

It can be seen in Fig. 4(a), when SAE surfactant was used in waxy oil and brine system, the plot of oil
solution ratio and water solution ratio shows a similar trend or profile and they almost coincide each other at the
observation range. Both oil solution ratio and water solution ratio decreased with increasing of surfactant
concentration. At this case, at any SAE surfactant concentration, the microemulsion appears as a microemulsion
Winsor type Il (middle phase was formed). When the interaction strength of hydrophilic group with water and
hydrophobic group with oil reached its balance, both oil solution ratio and water solution ratio appeared almost
coincides with each other, and it indicates that the microemulsion occurs as Winsor type III.
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Fig. 4The effect of surfactant concentration in phase behavior measurement results using SAE
surfactant, FEO surfactant, SAE-01A and SAE-01B

A different profile showed when phase behavior test used FEO surfactant. It showed significant
difference in amount of oil solution ratio and water solution ratio (Fig. 4(b)). It began with Winsor type Ill and
shifted to Winsor type Il as surfactant concentration increased. At this state the microemulsion has a richer
amount of oil and poor amount of water which caused water dispersed in oil. The SAE surfactant has stronger
hydrophilic group than FEO surfactant which caused stronger interaction with water [19].

The mixture of SAE and FEO surfactants, SAE-01A and SAE-01B, showed an interesting
microemulsion type changes with surfactant concentration changes. At SAE-01A (Fig. 4c)), microemulsion type
changes from water-in-oil emulsion (Winsor Type I1) to middle phase (Winsor Type I11). It happened because of
the interaction with water is weaker as the result of sulfonate groups in SAE surfactant interact with carbonyl
group in FEO surfactant form ion-dipole interaction. As SAE composition is higher in the mixture (SAE-01B),
excess SAE strengthen the interaction with water phase, so at lower concentration the phase behavior formed
Winsor type | microemulsion (oil-in-water), as can be seen in Fig. 4(d). As surfactant mixture concentration
increases Winsor type 111 microemulsion started to develop which was indicated by the two curves coincide,
starting at CMC of 1.5%.

Plot of oil solution ratio and water solution ratio was proposed to be a tool to analyze the phase
behavior results (microemulsion type identification) as function of surfactant concentration. This plot also
suggested a more confident CMC value denoted by the two curves started to intersect. It could be helpful to
determine surfactant optimum condition in term of balancing interaction of hydrophilic group with water and
hydrophobic group with oil.

The Effectof Salinity Changes in Phase Behavior Tests

As mentioned earlier, phase behavior was affected by surfactant concentration, types of oil, and salinity
of brine. The effect of salinity through phase behavior test was analyzed by plotting the Vom/Vsyw and Viwm/Vsm
vs salinity. In this study, SAE, SAE-01A and SAE-01B was tested for phase behavior tests by using variation of
salinity in the range of 150 to 3,500 mEqg/mL.

From Fig. 4 the plot of oil solution ratio and water solution ratio, there was a concentration where the
plot started showing plateau conditions which showed that the interaction of hydrophobic group with oil and
hydrophilic group with water reached its balance. This concentration was used as the concentration for each
surfactant during salinity scan, i.e. SAE surfactant 2.0 %wt, SAE-01A surfactant 2.0 %wt and SAE-01B
surfactant 1.5 %wt.

Salinity effect to phase behavior was analyzed by plotting salinity to Vou/Vsm and Vwm/Vsm VS

www.ijeijournal.com Page | 17



The Effect of lon-Dipole Interaction in Sulfonated Alkyl Ester (SAE) and Nonionic ...

salinity. The plot of salinity vs Vou/Vsw and Vwwm/Vsupresented an information of microemulsion type shifting
from type | — type 11 — type II, the lower Vou/Vsy Value would indicate that the resulting microemulsion is a
microemulsion type I. On the contrary, the higher Vww/Vsw value would indicate that the resulting
microemulsion is type I. Winsor type 111 appears in the area below the intersection curve between Vou/Vsy and
Vwm/Vsu[25,26]. During salinity scan, ratio between water and oil dissolution was measured as volume of
dissolved water or oil surpasses volume of surfactant in microemulsion phase. Ratio of oil dissolution increases
as the salinity increases, meanwhile ratio of water dissolution decreases as the salinity increases [27].

The phase behavior test results of SAE surfactant at one day of observation can be seen in Fig. 5(a). It
showed that the intersection of Vou/Vsy and Vwm/Vsuresulted area below it in the range of salinity 1,500 to
1,882mEg/mL and the intersection point is 1,717 mEqg/mL which indicated that SAE surfactant forms
microemulsion Winsor type Ill. This curve followed typical salinity vs Voum/Vsy and Viww/Vswcurve which
showed the increasing of Vou/Vsw and the decreasing of Viw/Vsw along with the increasing of salinity. Fig.
5(a) also showed that the lowest value of IFT is in salinity of 1,882mEg/mL which was also still in
microemulsion Winsor type 111 form.

Compared to SAE-01A, the resulted curve was different from typical curve of salinity vs Vou/Vsyv and
Vwm/Vsu. It can be seen in Fig.5(b), the resulted curve was the opposite of the typical curve. When SAE and
FEO surfactants were mixed, Voum/Vsy is increasing and Viww/Vsy is decreasing along with the increasing of
salinity which indicates that SAE-01A and SAE-01B started with Winsor type Il before the optimum salinity. In
Fig. 5(b) there were two intersection points, i.e. salinity of 1,540 meg/mL and 2,909 mEg/mL. The first
intersection area was between salinity of 1,369 to 1,882 mEqg/mL. If we assumed that the first intersection area
resulted microemulsion Winsor type Il as typical curve of salinity vs Voum/Vsm and Vww/Vsy, the lowest IFT
values has been reached when the microemulsion type appeared in Winsor type 111 (5.07x10*mN/m at salinity
of 1,540 mEg/mL). After the first intersection area, the curve was following typical salinity vs Vou/Vsv and
Vwm/Vsm curve, where the increasing of Vou/Vsy and the decreasing of Viwwm/Vsw along with the increasing of
salinity. The second intersection area appeared in the range salinity of 2,738 to 3,080 mEg/mL with the
intersection point at 2,909 mEg/mL. But the resulted IFT was higher than the first intersection area and
remained constant. From the results, the addition of FEO surfactant could lower the intersection point (optimum
salinity) from 1,717 to 1,540 mEg/mL, also widen the intersection area from 1,500 —1,882 mEg/mL to 1,369 —
1,882 mEg/mL. it can be said that FEO surfactant improve the interaction of SAE surfactant to water and oil
with lowered the interaction hydrophilic group of SAE surfactant by forming ion-dipole interaction as
illustration in Fig. 3(b).

In surfactant mixture, the results will be different depending on ratio of each surfactant. From Fig. 5(c),
SAE-01B resulted three intersection points while the curve was similar to SAE-01A curve. The intersection
point appeared at 302; 1,441; and 1,751 mEg/mL. There were also three areas below the intersection of
Vom/Vsm and Vwu/Vsuwhich are in the salinity range of salinity 171 — 531 mEg/mL; 1,369 — 1,540 mEg/mL,;
and 1,711 — 2,242 mEg/mL. While the lowest IFT also appeared at two salinities, i.e. at salinity 342 mEg/mL
(IFT = 8.5x10°mN/m) and 1,369 mEg/mL (IFT = 3.8x10°mN/m). If we apply the same assumptions as to SAE-
01A that the intersection area was resulted microemulsion Winsor type Ill, the mixture of SAE and FEO
surfactant with ratio 2:1 could still improve the optimum salinity range and lowering the IFT.

The range of salinity would decrease as the number of sulfonate groups increases, as also observed by
Baviere, Wade, & Schechter [28]. The change of optimum salinity occurred because there was an interaction
between mono-covalent ions in brine with surfactant. High concentration of salt in the solutions led the
sulfonate group of SAE cannot stay on water surface. It occurred when higher concentration of salt causing
hydrophilic chain of SAE-01A and SAE-01B structure straight because of higher ionic strength in aqueous
solutions. SAE and FEO would be easier to interact to each other because of decreasing of the steric effect. Ren
[29] mentioned that addition of sodium chloride in the system could reduce the steric effect of two surfactants
and consequently favored the attractive interaction between two surfactants. Interaction between SAE and FEO
led to an ion-dipole interaction between sulfonate groups from SAE and ester group from FEO. lon-dipole
interaction occurred because sulfonate groups have negative ions that could interact with carbon atom from
carbonyl side in ester groups of FEO with positive charge. When ion dipoles forces occurred between SAE and
FEO, it became easier for the solutions to form micelle. Therefore, SAE-01A and SAE-01B has wider range of
salinity rather than SAE because ion dipole forces that happened in oil-brine interface make SAE-01A and SAE-
01B easier to form micelle and be stabilized at various salinities.
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Fig. 5Comparison of phase behavior test and IFT results using SAE surfactant, SAE-01A and
SAE-01B

1IV. CONCLUSION
The mixture of FEO surfactant and SAE surfactant lower interfacial tension and optimum salinities by
utilizing ion-dipole interaction, compared to SAE surfactant alone. The ion-dipole interaction stronger at
surfactant mixture composition at 1:1 ratio between SAE and FEO. At this composition, spontaneous interaction
energy of ion-dipole is largest. The atom distance between oxygen in sulfonate group and carbon atom in
carbonyl group is smallest.
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Plot of oil solution ratio and water solution ratio was proposed to be a tool to analyze the phase behavior results
(microemulsion type identification) as function of surfactant concentration. This plot also suggested a more
confident CMC value denoted by the two curves started to intersect. It could be helpful to determine surfactant
optimum condition in term of balancing interaction of hydrophilic group with water and hydrophobic group with

oil.

In this study, it has been found that the curve of phase behavior results during salinity scan of

surfactant mixture showed a different profile from typical optimum salinity curve of a single surfactant, but it
still needs further confirmation by using a different mixture of surfactants.
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