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Abstract

Recently,theincreaseinfuel oildemandwasnotsupported by petroleum productionduetothelow productivity of old wells. Furthermore,
an appropriate technology, such as Enhanced Oil Recovery (EOR) technology, is needed to maximize the productivity of the old well.
Therefore, the purpose of this study was to synthesize a polymeric surfactant for the EOR process from sodium lignosulfonate (SLS) and
polyethylene glycol (PEG) in various SLS to PEG ratios, namely 1:1 (PS1), 1:0.8 (PS2), and 1:0.5 (PS3). The surfactants were characterized
using several methods, such as Fourier Transform-Infrared spectroscopy (FT-IR), compatibility, stability, viscosity, and phase behavior
tests. The performance of the surfactants for the EOR process in different brine solution concentrations (16,000 ppm and 20,000 ppm)
was also studied. The result showed that the introduction of the PEG molecule to the surfactant had been successfully conducted as
FT-IR analysis confirmed. The surfactant's hydrophilicity increased with the introduction of PEG due to the increase of the ether group.
A Winsor Type | or lower phase microemulsion was formed due to the high hydrophilicity. The highest oil yield (79 %) was obtained by
PS1 surfactant, which has the highest PEG dosage, in a brine solution of 1,600 ppm. Therefore, it was concluded that the introduction

of PEG could increase the hydrophilicity, viscosity, and EOR performance.
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1 Introduction

In this decade, the world industry, especially in Indonesia,
has been increasing; consequently, the energy demand will
also increase. The main energy source for Indonesia and
the world comes from petroleum so that petroleum reserves
are decreasing. One of the efforts that can be done to over-
come this problem is by optimizing old wells through ter-
tiary recovery. The Enhanced Oil Recovery (EOR) method
is one of the methods that can be used. EOR is a technique
to increase oil recovery from fields that are already pro-
ducing using primary production methods. Several types
of EOR methods are commonly used, namely thermal EOR
or TEOR, chemical EOR or CEOR, gas flooding miscible
and immiscible EOR or GEOR, and microbial EOR or
MEOR processes [1]. One of the low-cost and most devel-
oped EOR methods is chemical injection or CEOR pro-
cess [1]. The chemical that can be injected is surfactant or
polymer material to change the properties of fluid or oil;

therefore, it makes the oil is easier to flow onto the sur-
face [2]. However, the chemical can be adsorbed by the sur-
face of the rock during the surfactant flooding process [3].
Therefore, it is important to develop a surfactant that has
a low tendency to be adsorbed by the surface of the rock.
Surfactants can be anionic, cationic, and nonionic. The
anionic surfactant is relatively stable, so that it is widely
used for EOR process purposes. On the other hand, it has a
low tendency to be adsorbed by the rocks in the reservoir,
unlike cationic surfactant [4]. The nonionic surfactant is
widely used to improve the surfactant properties as the
co-surfactant. Nonionic surfactant has no anionic head;
however, the ether group can form hydrogen bonding with
water that can improve the hydrophilicity [5, 6]. On the
other hand, it also has a high resistance to high salinity [4].
For EOR purposes, the surfactant is used to reduce the
interfacial tension between oil and brine [1]; therefore,
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the microemulsion can be formed. The microemulsions
formed can be classified through the Winsor type micro-
emulsions classification. The Winsor type microemul-
sion classification is depicted in Fig. 1 [7]. According to
Zulkifli et al. [8], the best microemulsion type for EOR
process purposes is Winsor Type I1I, followed by Winsor
Type I, and the last is Winsor Type II. However, Winsor
Type I microemulsion can be changed to Winsor Type III
microemulsion by changing several parameters, such as
the concentration of surfactant, salinity of the brine used,
and so on [8]. Polymeric surfactant is very attractive to the
EOR method. Polymers are used to increase the viscos-
ity and simultaneously, surfactants can reduce interface
stress or emulsifiers [9].

One of the ingredients for the polymeric surfactant that
has started to be developed at this time is lignin. This is
based on the fact that lignin is the main part of plant cell
walls so that the amount of this compound is very abun-
dant and is the second-largest and renewable resource on
earth after cellulose [10]. Babu et al. [11] studied the synthe-
sis of surfactants-PMES polymers (polymeric ester sulfon-
ate) with SMEs surfactants (sodium methyl ester sulfonate).
The results showed that the SMEs and PMES polymers could
reduce face stress by 102-107 mN/m [11]. Therefore, this
polymer can be used in the EOR process. Yin and Zhao [12]
studied the effect of viscosity and face stress for oil uptake in
heterogeneous reservoirs and determined controlling factors
on surfactant-polymer (SP) flooding. The results showed that
the higher the polymer concentration would increase the vis-
cosity. However, if the concentration of the polymer and the
viscosity are too high, it may block the reservoir; contrarily,
if the concentration of the polymer and the viscosity are too
low, the mobility is not appropriate [13].

The attractive lignin-based surfactant for the EOR pro-
cess is sodium lignosulfonate (SLS) [14—17]. The SLS
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Fig. 1 Winsor type microemulsions [7].

Priyanto et al. | 11 5
Period. Polytech. Chem. Eng., 66(1), pp. 114-124, 2022

molecule consists of the aromatic skeleton as the hydro-
phobic and sulfonic groups as the hydrophilic group [18].
The molecular structure of SLS is depicted in Fig. 2(a).
Teng et al. [19] reported that SLS has a water-soluble char-
acteristic. However, sulfonate-type surfactants precipi-
tate in the brine solution in which divalent ions are pres-
ent because they are sensitive to divalent ions [§]. On the
other hand, polyethylene glycol (PEG) is a polymer that
has high hydrophilicity [6]. The molecular structure of
PEG is depicted in Fig. 2(b). In addition, PEG has excel-
lent resistance to high salinity levels because of nonionic
surfactant [4]. Previously, we have developed SLS-PEG
polymeric surfactant for the EOR process. The PEG used
was low molecular weight (PEG-400) and the brine solu-
tion was low (5,000 ppm). Therefore, this study synthe-
sizes a high-performance polymeric surfactant and inves-
tigates the effect of PEG addition with high molecular
weight (PEG-4000) to SLS surfactant on polymeric sur-
factant properties and performance for the EOR process.
Furthermore, the effect of brine solution is also investi-
gated. To the best of our knowledge, there is still limited
study of investigating these matters. Therefore, we stand
out to cover these matters.

2 Materials and methods

2.1 Materials

Sodium Lignosulfonate (SLS) with molecular weight (MW)
of 534.5 g/mol was synthesized using the lignin sulfonation
method from black liquor from PT. Indah Kiat Pulp and
Paper Mill in Pekanbaru, Riau, West Sumatra. Kawengan
oil is obtained from STEM AKAMIGAS Cepu. The phys-
ical properties of Kawengan oil are presented in Table 1.
The other materials are Polyethylene Glycol with molecular
weight of 4,000 gram/mol (PEG-4000) as the polymer raw
material, ammonium persulfate, acetone, and demineralized
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Fig. 2 Molecular structure of (a) sodium lignosulfonate (SLS) and
(b) polyethylene glycol (PEG).
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Table 1 Physical properties of Kawengan oil

Parameters Value
Viscosity, Poise (30 °C) 0.96
Density, g/ml 0.843
Flash point, °C 115
Pour point, °C 27

water obtained from the Integrated Laboratory of Universitas
Diponegoro, Semarang, Central Java.

2.2 Synthesis of polymeric surfactant

All experiments were performed at the Laboratory of
Chemical Engineering, Department of Chemical Engi-
neering, Faculty of Engineering, Universitas Diponegoro.
Several steps were followed to synthesize the SLS, namely
the isolation of lignin and the sulfonation of lignin to obtain
the SLS. The synthesis was conducted following the method
presented by Priyanto et al. [16]. The reaction was carried
out with SLS surfactant and PEG using ammonium persul-
fate to synthesized the polymeric surfactant. The ratios of
SLS and PEG tested were 1:1, 1:0.8, and 1:0.5 (afterward
named as PSI1, PS2, and PS3, respectively). SLS was dis-
solved in 80 ml of demineralized water, PEG was dissolved
in 10 ml of demineralized water, and ammonium persulfate
was dissolved in 10 ml of demineralized water. The SLS and
PEG solutions were put into a three-neck flask and heated
at a temperature of 70 °C, with a stirring speed of 300 rpm.
After the temperature was reached, the ammonium persul-
fate solution was then put in a three-neck flask to react to the
polymeric surfactant. The reaction was carried out for 2 h.
The product of this reaction was extracted using acetone and
then put into the oven for 12 h before characterization tests.

2.3 Characterization methods

In this experiment, Fourier transform-Infrared (FT-IR)
analysis, compatibility, thermal stability, viscosity, phase
behavior, and core flooding test was carried out to deter-
mine the characteristic of the polymeric surfactant. Before
carrying out the tests as mentioned above, PS1, PS2, and
PS3 surfactants with 0.1 % wt concentration were dis-
solved into brine water, with two different concentrations
of 16,000 ppm and 20,000 ppm, respectively.

2.3.1 FT-IR analysis

This test was performed to determine the substitution
groups in the polymeric surfactant. FT-IR spectra were
obtained on a Perkin-Elmer Infrared spectrophotometer.

The samples were scanned in the wavenumber range of
4000—400 cm™.

2.3.2 Compatibility test

The changes on the polymeric surfactant-brine solution
were observed gradually. The polymeric surfactant was
tested by mixing it with brine solutions. The brine solu-
tions were varied at 16,000 ppm and 20,000 ppm. The con-
centration of the surfactant is 0.1 wt%. The solutions were
observed for 21 days.

2.3.3 Thermal stability test

In this test, polymeric surfactant in brine solutions with
16,000 ppm and 20,000 ppm concentrations were heated
at the reservoir temperature (70 °C) for 21 days. The poly-
meric surfactant was gradually observed and the density
was also measured.

2.3.4 Viscosity test

The viscosity of the polymeric surfactants at differ-
ent SLS-PEG ratios and for different brine concentra-
tions (16,000 ppm and 20,000 ppm) were measured using
the Ostwald viscometer.

2.3.5 Phase behavior test

Polymeric surfactant, injection water (brine), and oil were
mixed into a test tube. The volume ratio of the injection
water (containing 0.1 wt% surfactants) to oil was 1:1.
The mixture was shaken and then heated in an oven until
it reached a reservoir temperature (70 °C) for 21 days.

2.3.6 Core flooding test

This test was performed according to the method pre-
sented by Priyanto et al. [20] and Sudrajat et al. [17]. This
test was conducted using a core flooding unit to determine
the oil yield. The core flooding unit has been designed in
such a way as to illustrate the core rocks during the actual
oil recovery.

3 Results

3.1 Synthesized polymeric surfactant and FT-IR analysis
The polymeric surfactant from SLS and polyethylene
glycol (PEG) was synthesized following the previously
reported studies [11,17]. The synthesized polymeric sur-
factants are analyzed using FT-IR to determine the func-
tional groups present in the surfactants. The FT-IR spectra
were recorded at a wavenumber of 4000—400 cm™. The
infrared spectra of the surfactants are presented in Fig. 3.
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Fig. 3 Infrared spectra of polymeric surfactants.

The FT-IR spectra of the surfactants are deconvoluted
using the Gaussian equation to investigate the peak present
in the surfactants. The deconvoluted spectra are presented
in Fig. 4. The broad intensity between 3600-3200 cm™ is
attributed to the hydroxy group stretch [21]. As can be seen,
there are three bands in this range, namely ~3550 cm™,
~3400 cm™, and ~3200 cm™. These peaks are attributed
to the vibration of o, O-H, w;0-H, and @, O—H [22]. On
the other hand, Kubo and Kadla [23] reported that these
three peaks correspond to the intramolecular (~3550 cm™)
and intermolecular (~3400 and ~3200 cm™') hydrogen bond
of O—H. The O—H stretch for normal polymer appears at
~3400 cm! [21,24]. This peak is associated with the PEG
molecule. The band at 3045-3037 cm™ corresponds to the
vibration of aromatic C—H. The appearance of this peak
indicates that the polymeric surfactants contain an aro-
matic structure. It is true since the associated peak appears
at ~1590 cm™', which represents the C=C vibration of an
aromatic ring. The aromatic structure is detected from SLS
molecules. The peaks at ~2936 and ~2850 cm™ correspond
to the C-H stretching vibration of methyl (~CH,) and
methylene (—~CH,~) aliphatic groups [19,25]. This methy-
lene group comes from PEG molecules.

The peak at ~1640 cm™ corresponds to the O—H scis-
soring. As mentioned, the peak at ~1590 cm™ is attributed
to the aromatic ring (C=C vibration), which is associated
with the peak at ~1508 cm™. The sulfonate group is pointed
out by the peaks at ~1640 cm™ [21], and followed by the
associated peaks at ~1200 cm™ (ascribed as S=O band),
~1130 cm™ (asymmetric stretch vibration of S=0) [15], ~1030
cm! (C=S band), and ~640 cm™ (S—O band) [26]. Peaks at
~1169 cm™!, ~1080 cm ™, and ~1014 cm ™' are attributed to the
asymmetric vibration of the C—O—C bridge, C—O deforma-
tion, and C—O—C stretch vibration, respectively.
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The peaks at ~3400 cm™', ~2850 cm™, and ~1169 cm™!
are attributed to the O—H, C—H, and C—O—C of the PEG
structure. On the other hand, the peak at ~1590 cm™ is
attributed to the C=C vibration of the aromatic ring rep-
resenting the SLS molecule. Therefore, the ratio of the
deconvoluted area of those peaks can be used to predict
PEG composition in the surfactants. Table 2 shows the
ratio of O—H, C—H, C—0—-C, and C=C groups. As can
be seen, quantitively, the PEG molecule is introduced to
the polymeric surfactants since the ratio of those peaks
increases with the increase of PEG weight.

3.2 Compatibility test
The compatibility test is important to be performed to
observe the compatibility of surfactant and brine solu-
tion in the reservoir. It is expected that the mixture of
surfactant and brine solution is a perfect solution of col-
loid. The polymeric surfactant was tested by mixing it
with brine solutions. The brine solutions are varied at
16,000 ppm and 20,000 ppm. The concentration of the sur-
factant is 0.1 wt%. The result of this analysis is depicted
in Fig. 5. As can be seen, the polymeric surfactants are
completely dissolved in the brine solutions. No precipitate
is formed at the compatibility test for 21 days indicating
that the suspension is not formed for all polymeric surfac-
tants. The suspension is not allowed because it can cause
clogging when it is injected for the EOR process [27, 28].
Therefore, a high soluble surfactant is desired. These facts
indicate that the synthesized polymeric surfactants pass
the compatibility test and applicable for the EOR process.
The high solubility of this polymeric surfactant is due
to the presence of ether groups on PEG. The ether group
could bind with the water molecules so that the surfactant
can easily dissolve [29]. Nakama reported that the ether
oxygen of the polyoxyethylene group could catch the water
molecules through hydrogen bonding [29]. Based on this
understanding, the possible interaction of ether groups on
PEG with water molecules is depicted in Fig. 6. In this
interaction, water molecules bonded to the ether oxygen
of PEG separates as the temperature increases due to the
dehydration process. As the temperature increases, the
ether-bonded oxygen atoms and the hydrogen-bonded
water molecules start to separate. This process could
decrease the surfactant solubility against water due to the
decrease in the hydrophilic property, causing liquid cloud
formation due to the liquid-liquid detachment [29]. When
the surfactant reaches its cloud point, it can no longer dis-
solve in water. However, the nonionic surfactants have a
high cloud point as well as a high hydrophilic property.
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Fig. 4 Deconvoluted spectra of FT-IR analysis.
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Table 2 The deconvoluted area ratio of O—H,
C-H, C-0—-C, and C=C groups

Ratio PSl PS2 PS3
Ay Ao, 1368 LU L7
Aoy/Me. 1289 0726 0.685
Ao JAee 2867 1528 1414

(b)

Fig. 5 The results of the polymeric surfactant solubility test for 21 days
in brine solutions: (a) 16,000 ppm and (b) 20,000 ppm.
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Fig. 6 Interaction of ether groups in PEG with water molecules.

Therefore, the surfactant has high solubility and high sta-
bility in the brine solution.

On the other hand, the high solubility of the surfactant
is due to the presence of SLS because it is also a high sol-
uble surfactant. Teng et al. [19] reported that SLS has a
water-soluble characteristic. The molecular structure of
SLS surfactant has a short chain; therefore, it can eas-
ily react with the brine resulting in good solubility [4].
On the other hand, Lim et al. [28] reported that SLS is
a water-soluble anionic surfactant due to the presence of
negative charges on the hydrophilic part. The negative
charge comes from the sulfonate (=SO,") [28-30] and its
salt (NaSO,) [14] as the hydrophilic groups. However, sul-
fonate-type surfactants precipitate in the brine solution in
which divalent ions are present because they are sensitive
to divalent ions [8].
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3.3 Thermal stability test

The thermal stability test is intended to determine the effect
of heat on surfactant performance. The tests in this study
were carried out by observing the changes in the solution
at 70 °C for 21 days. The advisable surfactant is the sur-
factant that does not produce precipitate due to the heat-
ing process. The thermal stability test is conducted by
observing the change of the density of surfactant dissolved
in the brine solution. As can be seen in Fig. 7, the surfac-
tant density dissolved in brine solution of 20,000 ppm is
higher than 16,000 ppm. This finding is in accordance with
some previous studies reported. Yanti et al. [31] reported
that the density of surfactant-brine solution increased with
the increase in salinity levels.

As shown in Fig. 7, the synthesized polymeric surfac-
tants from SLS and PEG are relatively stable. The den-
sity of the surfactants in the brine solutions is relatively
constant. This fact confirms that the surfactants are stable
at reservoir temperature (70 °C). In addition, the density
that tends to be stable indicates that there are no changes
in molecular weight, which can be caused by the degra-
dation by heat. On the other hand, on 21 days of aging,
the surfactants are not precipitated (Fig. 7(b)). It indicates
that the synthesized polymeric surfactants are highly sta-
ble to form the solution. This fact is in accordance with
the compatibility test result. The surfactants are highly
soluble due to the presence of ether-bonded oxygen atoms
from the PEG molecule [29]. In addition, the high stabil-
ity of the surfactants, even at high salinity levels, is due to
the presence of PEG as the polymer and nonionic species.
As Sudarmoyo et al. [4] reported, the nonionic surfac-
tant has more excellent resistance to high salinity levels.
This property has a high impact on surfactant stability.
Furthermore, these facts confirm that the surfactant is
thermally stable at the reservoir temperature (70 °C) and
applicable for the EOR process.

3.4 Surfactants viscosity test

Surfactant viscosity is an important parameter in the EOR
process. However, the rock may be blocked if the surfac-
tant viscosity is too high. On the other hand, the mobility
reduction is inadequate if the surfactant viscosity is too
low [13]. Therefore, the viscosity of the surfactant has to
be optimized. However, it is reported that high viscosity
surfactant is required to reduce the oil-water mobility ratio
and enhance oil recovery [12]. Fig. 8 shows the viscosity
of the polymeric surfactants.
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Fig. 7 Stability test for 21 days at 70 °C: (a) density of surfactant solutions and (b) surfactant solutions

appearance on day 21.

As shown in Fig. 8, the viscosities of PS1, PS2, and PS3
surfactants in 16,000 ppm brine solution are 0.9153, 0.8755,
and 0.8735 centipoises, respectively. On the other hand, the
viscosities of PS1, PS2, and PS3 surfactants in 20,000 ppm
brine solution are 0.9393, 0.9264, and 0.866 centipoises,
respectively. Based on those data, the polymeric sur-
factant's viscosity is affected by the polymer concentra-
tion (ratio of SLS surfactant to PEG polymer). The poly-
meric surfactants' viscosity increases with the increase in
polymer concentration. This finding is in line with the pre-
viously reported study by Sudrajat et al. [17]. The amount of
PEG added to the SLS-based surfactants affects its viscos-
ity. They reported that the viscosity of surfactant increased
with the increase in PEG amount. It is true since PEG is a

polymer that can be added to increase the viscosity of the
injecting brine for the EOR process [32, 33].

On the other hand, as shown in Fig. 8, the viscosity of
the polymeric surfactants is different at different brine
solution concentrations. The viscosity of the SLS-PEG
polymeric surfactant in the brine solution concentration of
16,000 ppm is lower than the viscosity in the brine solution
concentration of 20,000 ppm. It confirms that the viscosity
of the polymeric surfactant increases as the brine solution
concentration increase. This finding is in line with some
previous studies [31, 34].

3.5 Phase behavior test
The objective of this test is to investigate the microemul-
sion formation of the polymeric surfactants. The mixed

1.05 fluid for phase behavior test consists of oil and injection
1.00 4 ll::; water (brine) containing 0.1 % polymeric surfactants.
095 1 B2 PS3 The test was carried out using a tube test. The volume
) ratio of injection water and oil is 1:1. The mixture was then
:§_ Ll shaken and heated up to the reservoir temperature (70 °C)
§ 0.85 - SR for 21 days. Fig. 9 illustrates the result of the phase behav-
i 0.80 4 ior test of the SLS-PEG polymeric surfactants. As shown in
% 075 Fig. 9, the type of microemulsion obtained is the Windsor
£ Type I microemulsion. According to Zulkifli et al. [8],
G105 the best microemulsion type for EOR process purposes is
0.65 - Winsor Type III, followed by Winsor Type I, and the last
0.60 = is Winsor Type II. Winsor Type I microemulsion can also
16000 20000

Brine Concentration (ppm)

Fig. 8 The viscosity of surfactants at different brine solutions.

be mentioned as Winsor Type II(-) or lower-phase micro-
emulsion, which is the minimum type of microemulsion for
EOR process purposes [35, 36]. On the other hand, Winsor



Type II microemulsion can also be mentioned as Winsor
Type II(+) or upper-phase microemulsion [36].

As shown in Fig. 9, all surfactants form Winsor Type |
microemulsion (lower-phase microemulsion) or form oil-
in-water (0/w) microemulsion. This microemulsion type is
formed because the surfactants used are water-based sur-
factants. Sudarmoyo et al. [4] stated that SLS surfactant is
categorized as a water-based surfactant. It means that the
hydrophilic part of SLS is stronger than the hydrophobic
tail. On the other hand, the introduction of PEG molecules
can increase the hydrophilicity of the surfactant. It is true
since the FT-IR analysis reported that the PEG molecule
had been introduced to the surfactant as the C—O—C (ether)
group increases. The ether group of PEG can form hydro-
gen bonding with water; therefore, the PEG-based surfac-
tant has high hydrophilicity [5, 6]. These surfactants' prop-
erties can promote the emulsion between the brine and the
oil. The surfactants will tend to pull the brine to the water
zone; therefore, the brine and oil interfaces decrease [4].
On the other hand, this microemulsion formation can also
be caused by the low salinity of the brine [8].

3.6 Core flooding test

Core flooding test requires oil samples, rock, injection water,
and 0.1 wt% polymeric surfactant. In this study, the oil used
was Kawengan oil with a density of 0.96 g/ml, which is
heavy crude oil, the injection water used was a brine solu-
tion with a concentration of 16,000 ppm and 20,000 ppm.
Artificial stone (synthetic core) is designed from the closest
structure to the real rock (native core). Rock compaction is
carried out at both ends of the core holder until the rock is
completely solid (does not break or does not fall from the
core holder) with a constant pressure of 500 psi. Filters are
placed at both ends of the core holder to prevent rocks from
clogging the pipe from the core holder. The size of the sil-
ica sandstone is 100 mesh with a 150-mesh filter. The core
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flooding tests were conducted at 70 °C. The results of the
core flooding tests are presented in Fig. 10.

As can be seen in Fig. 10, comparing the effect of PEG
weight (PEG dosage) in the surfactant, the oil yield obtained
increases as the PEG weight in the surfactant increases. At
a brine concentration of 16,000 ppm, PS1 (SLS:PEG = 1:1)
produces the final oil yield up to 79 % with a constant
time at 45 min, PS2 (SLS:PEG = 1:0.8) produces the final
oil yield up to 71 % with a constant time at 40 min, and
PS3 (SLS:PEG = 1:0.5) produces the final oil yield up to
70 % with a constant time at 40 min. On the other hand, at a
brine concentration of 20,000 ppm, PS1 produces the final
oil yield up to 75 % with a constant time at 45 min, PS2
produces the final oil yield up to 73 % with a constant time
at 45 min, and PS3 (SLS:PEG = 1:0.5) produces the final oil
yield up to 71% with a constant time at 40 min. Based on
these results, it can be observed that the PS1 surfactant has
the highest performance for the EOR process at both brine
salinity of 16,000 ppm and 20,000 ppm. Therefore, it can be
concluded that the surfactant performance on the EOR pro-
cess increases as the PEG weight increases. The increase
in the surfactant performance is due to the hydrophilicity
properties of the surfactant. As reported in the previous
section, the more the PEG introduced, the more the sur-
factant's hydrophilicity. This hydrophilicity is attributed to
the ether (C—O—C) group of the PEG molecule. This group
can bond with water through hydrogen bonding [5 ,6, 29].

Concerning the effect of brine concentration on the
performance of the EOR process, it can be seen that the
oil yield obtained at a brine concentration of 16,000 ppm
is higher than the oil yield obtained at a brine concen-
tration of 20,000 ppm. It confirms that at high salinity,
the EOR performance is low. This finding is in line with
the previous study conducted by Setiati et al. [34]. They
reported that the increase in brine salinity could decrease
the EOR performance.

Oil

Microemulsion

()

Fig. 9 The results of the 21-day phase behavior test on polymeric surfactant in a brine solution

of (a) 16,000 ppm and (b) 20,000 ppm and (c) illustration of Winsor Type I microemulsion.
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Fig. 10 EOR performance of polymeric surfactant in a brine solution of (a) 16,000 ppm and (b) 20,000 ppm.

4 Conclusions

In this study, a high-performance polymeric surfactant from
SLS and PEG has been successfully synthesized for an EOR
process of Kawengan oil (heavy crude oil). All synthesized
polymeric surfactants are compatible in the brine solutions
of 16,000 ppm and 20,000 ppm and thermally stable as the
density value tends to be stable. It is found that the viscos-
ity of the polymeric surfactant is affected by the concentra-
tion of the polymer added. It is also found that the micro-
emulsion formed is a Winsor Type I microemulsion or lower
phase microemulsion due to the high hydrophilicity, which
is affected by the introduction of PEG. The highest oil yield,
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