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In this investigation, a unique approach using a green surfactant extracted from the Avena sativa (AS) plant in conjunction with
three different salts, including Na2CO3, NaCl, and Na2SO4, was examined for enhanced oil recovery. In addition, the efficiency of
NaOH as a supplementary chemical in the process was investigated. Based on the results of the interfacial tension (IFT), the
optimum value of NaOH was found to be 2,000 ppm, while the green surfactant had a CMC value of 4,000 ppm. The IFT value at
the CMC point of NaOH was 2.34mN/m, when the FB was used, and the IFT value was 2.78mN/m, when deionized water was
used. In addition, in terms of IFT reduction, wettability modification, and oil recovery factor enhancement, Na2CO3 was the most
suitable salt with the AS surfactant at the CMC point (4,000 ppm), followed by NaCl and then Na2SO4. The IFT values at the
optimum salinity point (10,000 ppm) of Na2SO4, NaCl, and Na2CO3 were 3.18, 3.05, and 2.87mN/m, respectively. Moreover, the
contact angles at the optimum salinity point of 10,000 ppm after 150 hr and at the reservoir temperature (80°C) were 36.58°,
40.76°, and 44.18° with Na2CO3, NaCl, and Na2SO4, respectively. Furthermore, the addition of NaOH improved the efficiency of
the green surfactant in terms of maximizing the recovery factor by decreasing the IFT values and changing the wettability of the
rock toward a more water-wet state. The final recovery factors of 88.45%, 80.87%, and 7.98% were attained using Na2CO3, NaCl,
and Na2SO4, respectively, when 1 PV of NaOH was injected as the preflush, followed by 4 PVs of natural AS surfactant.

1. Introduction

Increasing energy demand and the necessity to produce
more crude oil have led researchers to look into a new
method to maximize recovery factor (RF) from the reser-
voirs. Chemically enhanced oil recovery (CEOR) is one of
those methods that has received significant attention over the
past few years. Surfactant flooding is one of the CEOR meth-
ods that results in significant oil recovery from reservoirs.
Regardless of their effectiveness in increasing the RF, their
toxicity and environmental drawbacks are the major obsta-
cles to large-scale implementation nowadays. Therefore,
using green chemicals to reduce this problem is critical
[1–3]. Recently, the use of green surfactants derived from
sustainable resources has gained substantial attention to be

used for EOR applications. These surfactants are usually
derived from different plants and animals. The efficiency of
the extracted saponin from sustainable resources is compara-
ble with the conventional chemical-based surfactants. In addi-
tion, they overcome the negative impacts of using commercial
surfactants from an environmental point of view [4, 5]. One of
the earliest investigations that used a green surfactant for EOR
purpose was performed by Chhetri et al. [6]. These research-
ers extracted a natural surfactant from soapnut fruit pericarp
shells. They concluded that the extracted saponin was very
effective in reducing interfacial tension (IFT), wettability
alteration from oil-wet to water-wet states, and increasing
the recovery factor from the reservoir. After proving the effi-
ciency of the green surfactants for EOR purposes, the research
started to gain more attention [6].
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In a study performed by Moradi et al. [7], the effective-
ness of the green surfactant derived from Tribulus terrestris
was investigated. They performed different experiments,
including IFT, contact angle, and oil recovery measurements.
Moreover, the efficiency of the green surfactant in the pres-
ence of smart water was also examined. The obtained results
from their experiments revealed that the T. terrestris surfac-
tant is highly compatible with the ions present in smart
water. In addition, the contact angle and IFT values were
reduced to 54.4° and 13.5mN/m, respectively. In addition,
the maximum oil RF of 72% was achieved with tertiary
recovery using the injection of smart natural surfactant [7].
A nonionic surfactant derived from linseed oil was used for
EOR in another investigation conducted by Nafisifar et al. [8].
The efficiency of the green surfactant was evaluated when
NaCl, the most prevalent salt, was present. The obtained
results demonstrated that NaCl salt and the surfactant were
compatible. In addition, ultra-low IFT values were achieved
using low concentrations. At the CMC point, the IFT value
was found to be 0.99mN/m, and the value was further low-
ered to 0.26mN/m when NaCl was added to the solution.
They concluded that the green surfactant extracted from lin-
seed’s oil is very effective to be used for EOR applications [8].

Norouzpour et al. [9] extracted a nonionic surfactant from
the red beet (RB) plant and utilized it for EOR application in
different solutions, including fresh water and NaCl. They
conducted various experiments, including contact angle and
IFT experiments as well as core flooding tests. Their findings
revealed that the derived saponin was highly effective in
increasing the RF as the tertiary recovery, where an additional
26.29% was achieved in RF. In addition, at the CMC point of
2,500 ppm, the IFT value of 9.92mN/mwas achieved, and the
contact angle changed from 151.4° to 42.14° [9]. Sami et al.
[10] also investigated the feasibility of deriving a natural sur-
factant from Avena sativa (AS) plant for EOR purposes. They
used nine various salts, like Na2SO4, NaCl, MgSO4, CaCl2,
K2SO4, MgCl2, KCl, NaHCO3, and Na2CO3 with constant
ionic strength of 40.517× 10−3. The concentrations of these
salts were in a low salinity range of 1,219–3,403 ppm, respec-
tively. They deduced that the extracted AS surfactant is very
effective in low salinity conditions. In addition, Na2CO3 was
the most compatible salt with the AS surfactant in terms of
decreasing IFT and contact angle values and raising the oil
recovery factor [10]. Other researchers investigated the appli-
cability of various natural surfactants extracted from differ-
ent plants. These plants are soapnut, soapwort plant,
Zizyphus spina-christi trees (cedar), quinoa, mulberry leaves,

Vernonia amygdalina, Chuback, setifera plant, and soapnut
fruit [11–19].

NaCl salt has been employed in the majority of the pub-
lished papers as the most prevalent salt type present in the
formation brine, whereas the application of natural surfac-
tants in low salinity conditions has been the subject of several
others. Therefore, the primary objective of this work was to
examine the influence of various ions and salt types present
in the formation brine on the effectiveness of the AS surfac-
tant in a large variety of salinities, which has not before been
studied. In addition, the investigation of the role of chemical
additives in improving the efficiency of AS surfactant under
reservoir conditions was the other purpose of this study.
Therefore, the effectiveness of the AS surfactant was investigated
in the presence of three various salts, including NaCl, Na2CO3,
and Na2SO4, in a wide range of salinity (1,000–97,000ppm).
In addition, the effect of NaOH as a chemical supplement
on the efficiency of the AS surfactant was examined. The
experimental study of these parameters was performed using
various tests, including IFT and contact angle measurements,
zeta potential measurements, and oil recovery factor experi-
ments. The results of this investigation will offer a better
knowledge of the synergism between the AS surfactant and
various salts under reservoir conditions during tertiary oil
recovery in carbonate reservoirs.

2. Materials and Methods

2.1. Materials. In this investigation, the extraction of saponin
compound as the natural surfactant was performed from the
dry powder of AS plant, which was purchased from a local
shop, to conduct the experiments. A sample of dead crude oil
with an API of 31.56°, asphaltene content of 4.59%, resin
content of 9.78%, and acid number of 1.63 was used in this
investigation. The carbonate rock samples were collected
from an outcrop of one of the Iranian carbonate oil fields.
The physical and petrophysical characteristics of the core
samples used in this investigation are also displayed in
Table 1. The formation brine (FB) with a total dissolved
salinity (TDS) of 97,645 ppm was used in this study.

2.2. Methods. To extract saponin from AS powder, the proce-
dure explained in our previous work by Sami et al. [10] was
carefully followed. In order to measure IFT values, the IFT400
(Fars EOR Tech. Co, Iran) apparatus was used, as shown in
Figure 1. This apparatus uses the Axisymmetric Drop Shape
Analysis (ADSA) technique. In this method, the shape of each
drop is recorded then the IFT of each drop is calculated using

TABLE 1: Properties of the carbonate core samples utilized in this investigation.

Sample name Diameter (cm) Length (cm) Pore volume (cm3) Bulk volume (cm3) Permeability (mD) Porosity (%)

D1 3.81 7.58 9.73 86.38 14.86 11.27
D2 3.81 7.56 9.69 86.15 14.82 11.25
D3 3.81 7.58 9.73 86.38 14.85 11.26
D4 3.81 7.55 9.65 86.03 14.89 11.22
D5 3.81 7.61 9.79 86.72 14.85 11.29
D6 3.81 7.58 9.73 86.38 14.86 11.27
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the ADSA technique. In this investigation, first, a variety of
solutions were made, and the IFT value between various solu-
tions and crude oil was evaluated at a temperature of 80°C
(reservoir temperature). An inaccuracy of �5% was chosen
to be reported for the IFT values.

The contact angle measurement was performed using the
IFT400 instrument. Prior to the measurement, rock samples
were cut, sliced, and immersed in an oil phase for a period of
40 days at 80°C. This was done to make sure that the wetta-
bility of the rock samples changed to the original oil-wet
state. The sessile drop method was then used to measure
the contact angle of each drop in a variety of solutions at
atmospheric pressure and 80°C. Each recording was per-
formed after 150 hr. The contact angle value was determined
by measuring the average of three separate measurements.

The zeta potential measurement was carried out using a
zeta potentiometer (Horiba SZ100, Japan). This method
involved adding 0.125 g of crushed rock sample to 20ml of
each solution and then each solution was agitated for 72 hr.
Afterward, each suspension was settled for nearly 1 hr until a

clear suspension was produced. Then, the extraction of fine
particles suspended in the solution was carried out using a
spinal needle, followed by filtration. Finally, the samples were
analyzed using the zeta potentiometer.

The core flooding apparatus depicted in Figure 2 was
used to conduct the core flooding tests. Initially, acetone
and toluene were used to wash all the core samples, followed
by drying in an oven at 70°C. Then, each core sample was
saturated with FB at a pressure of 3,500 psi for 24 hr. In the
next step, each saturated core sample was flooded with 5 PVs
of FB under the confining pressure of 4,500 psi and tempera-
ture of 80°C (representing reservoir pressure and tempera-
ture). Following the injection of 5 PVs of dead crude oil into
the core, each sample was aged in crude oil at 80°C for 30 days
to restore the rock sample’s original wettability. Afterward,
5 PVs of FB was injected as secondary recovery after the aged
core samples were placed inside the core holder. For the ter-
tiary recovery, 5 PVs of AS surfactant prepared at 10,000 ppm
of each salt was injected into the core samples. Another series
of tertiary tests began with the injection of 1 PV of NaOH

VIT-6,000 apparatus

Solution chamber Oil chamberCamera

FIGURE 1: IFT400 schematic utilized in this investigation [9].
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FIGURE 2: Schematic illustration of the core flooding setup employed in this research [10].
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solution as a preflush, followed by the injection of 4 PVs of AS
surfactant. Finally, the recovery factor of each core flooding
experiment was determined accordingly.

3. Results and Discussion

3.1. CMC Measurement. The CMC measurement in this
investigation involves the CMC measurement of natural sur-
factant and alkaline. In this regard, natural surfactant and alka-
line solutions were prepared in deionized water (DIW) and FB.
The IFT of each solution was determined by the different
surfactant and alkaline concentrations (100–10,000 ppm).

The IFT values for crude oil and surfactants are shown in
Figure 3. This figure illustrates how the IFT of the surfactant

and crude oil is strongly influenced by the concentration of the
surfactant, with negligible changes occurring when the concen-
tration was increased to 10,000 ppm after a drastic decline to
4,000 ppm. Surfactant’s IFT values were 5.17 and 5.13mN/m at
4,000 and 10,000ppm, respectively. These results imply the
CMC point of the AS surfactant is 4,000 ppm.

Figure 4 also represents the IFT values of alkaline and
crude oil in both DIW and FB. As shown in this figure, IFT is
significantly reduced with increasing alkaline concentration.
Two different trends of IFT are observed with increasing the
concentration of alkaline. IFT values are initially reduced
substantially up to 2,000 ppm, after which raising the con-
centration has no significant impact on IFT. This trend in
IFT values is observed for both solutions prepared in DIW
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FIGURE 3: CMC measurement of AS surfactant at 80°C.
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and FB; however, the IFT values of NaOH solutions prepared
in FB are slightly lower than that in DIW. These findings
suggest that the optimum point of NaOH is 2,000 ppm,
in which the IFT values at the optimum point are 2.34 (solu-
tions in FB) and 2.78mN/m (solutions in DIW).

3.2. Impact of Various Salts on IFT Measurements. Table 2
presents the IFT values of diluted formation brine (DFB) and
crude oil. As shown in this table, there are two different beha-
viors for IFT with formation brine salinity. From 1,000 to
10,000 ppm salinity, the IFT gradually decreases, and increas-
ing the salinity to 97,000 ppm increases the IFT. In other
words, the optimum salt concentration of 10,000 ppm exists,
where the minimal IFT value of 14.26mN/m is obtained.
Decreasing the IFT values up to an optimum point is due to
the “salting-in” effect, which is due to the increased solubility
of organic compounds. On the other hand, at higher concen-
trations of salt, the solubility of the organic compounds is
decreased, resulting in higher IFT values between the salts
and crude oil. “Salting-out” impact refers to this phenomenon
[18, 20–22].

Figure 5 presents the IFT values of 4,000 ppm of AS sur-
factant prepared in different concentrations of Na2SO4, NaCl,
and Na2CO3. As shown in this figure, there is an optimum
point of IFT value for all three tested salts. Increasing the salt
concentration has a positive impact on IFT reduction, where
this concentration is 10,000 ppm, and further increasing the
salt concentration to 97,000 ppm has a negative influence on
IFT values and results in an increased IFT. Among these three
salts, Na2CO3 had the best performance with the natural sur-
factant, followed by NaCl, and finally Na2SO4. The IFT values
at 10,000 ppm of Na2SO4, NaCl, and Na2CO3 were 3.18, 3.05,
and 2.87mN/m, respectively.

The IFT can be significantly decreased by adding a surfac-
tant to the solution. Although a similar trend was seen in the
IFT of FB and crude oil, the values were significantly lower
when the AS surfactant’s CMCwas added to the solutions. The
optimum point of salinity is at 10,000 ppm for all three tested
salts, where the minimum IFT is achieved. At slightly low
concentrations of salts in solution, the “salting-in” phenome-
non occurs, where the solubility of organic compounds is
increased, consequently reducing the IFT. However, exceeding
the optimum concentration of salt in solution results in a
decreased organic compound solubility and increased IFT, a
so-called “salting-out” phenomenon. According to the results,
CO2−

3 (basic cations and anions) are more compatible with the
natural surfactant rather than Cl− and SO2−

4 (acidic anion).

The interaction between the crude oil’s carboxylic acid and the
alkaline portion of Na2CO3 results in the production of an in
situ surfactant. This results in lower IFT values from the solu-
tions of Na2CO3 and the natural surfactant. For solutions with
NaCl and Na2SO4, the acidic strength of the anions is the
controlling parameter for IFT reduction, where the higher
the acidic strength of anions the higher the IFT values. This
is the reason for having lower IFT values with NaCl rather
than Na2SO4 [23–26].

Figure 6 displays the IFT values between crude oil and
various solutions that were prepared using the AS surfac-
tant’s CMC value and optimum value of alkaline. As the
results show, the addition of 2,000 ppm NaOH is highly
efficient in decreasing IFT values. The salt concentration of
10,000 ppm is the optimum salt concentration, where the
lowest IFT is achieved with all three tested salts. The perfor-
mance of Na2CO3 is better than NaCl, andNa2SO4 in all tested
concentrations. The minimum IFT values between Na2CO3,
NaCl, and Na2SO4 in the presence of the CMC value of sur-
factant and alkaline are 1.52, 1.63, and 1.81mN/m, respec-
tively. These findings suggest that salting-in and salting-out
effects are the reason for having an optimum concentration
of salt in terms of IFT reduction, which is 10,000 ppm in this
study. Furthermore, the IFT values were successfully decreased
by adding the optimal amount of NaOH to the surfactant
solutions. Considering the IFT values between various salts
and the AS surfactant’s CMC reveals that a reduction of
1.38mN/m is achieved on average with NaOH addition to
the solutions. These findings also imply that the acidic strength
of the anions as well as the in situ soap generation between the
carboxylic content of the crude oil and natural surfactant are
still the main mechanisms for having a lower IFT with
Na2CO3, NaCl, and Na2SO4 accordingly [17, 27].

3.3. Effect of Different Salts on Wettability Alteration.
Dynamic contact angle measurements between crude oil
and various solutions, including FB, the AS surfactant’s
CMC and FB, and the optimum value of alkaline and FB,
are shown in Figure 7. The tests aimed to identify the opti-
mum time for measuring the contact angle. The experimen-
tal findings revealed that the contact angle value decreased
sharply from the initial state to some extent, and from that
point onward the changes are insignificant. Initially, the con-
tact angle decreased for the first 150 hr, but after that, the
changes are insignificant. Considering the time of 150 hr as
the optimum time for contact angle measurement results in a
contact angle of 128.11°, 90.88°, and 95.36° for solutions of
FB, 4,000 ppm of AS surfactant in FB, and 2,000 ppm of
NaOH in FB. These results also show that the contact angle
is decreased remarkably when the AS surfactant is added to
the FB rather than NaOH. The AS surfactant is very compati-
ble with FB in changing the contact angle to an oil-wet state.

Figure 8 illustrates the contact angle after 150 hr at 80°C
between crude oil and various salts in the presence of
4,000 ppm AS surfactant. This figure illustrates how the con-
tact angle is considerably changed when the salt concentra-
tion rises from 1,000 to 97,000 ppm. Regardless of the salt
type, the optimal salt concentration was found to be at

TABLE 2: IFT values of diluted formation brine and crude oil at 80°C.

Diluted formation brine (ppm) IFT (mN/m)

1,000 19.64
5,000 16.42
10,000 14.26
20,000 14.78
50,000 15.34
75,000 15.89
97,000 17.02
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10,000 ppm, which resulted in the lowest contact angle value.
The maximum contact angle is achieved when 1,000 ppm salt
is used, and further increasing the salt concentration reduced
the contact angle sharply, and further increasing the concen-
tration to 97,000 ppm increased the contact angle. The opti-
mum contact angles at 10,000 ppm salt concentration are
36.58°, 40.76°, and 44.18° with Na2CO3, NaCl, and
Na2SO4, respectively.

These findings suggest that the optimum salt concentra-
tion is due to the salting-in and salting-out phenomenon,
which occurs at low and high concentrations of salt in

solution, resulting in 10,000 ppm being the optimum salt
concentration. Among the three tested salts, Na2CO3 per-
formed better than the other two in decreasing the contact
angle value. The in situ generation of soap due to the reaction
of the carboxylic content of crude oil and the alkaline part of
Na2CO3 results in favorable conditions for wettability modi-
fication in the presence of N2CO3. On the other hand, the
synergism between acidic salt and AS surfactant is the deter-
mining factor in altering rock wettability. The acidic strength
of SO2−

4 is higher than Cl−, which results in a higher syner-
gism between NaCl and natural surfactant compared with
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Na2SO4 and natural surfactant in changing the rock wetta-
bility [28–31].

The wettability of carbonate rock is a complex phenom-
enon that can be influenced by various factors. One of the
critical factors that affect the wettability of carbonate rock is
carbonate rock minerals [9]. In this investigation, the
mechanisms that alter the wettability of carbonate rock
from oil-wet to water-wet states have been investigated.
The first step in the study was to confirm that the original
components of the carbonate rocks were magnesium and
calcium components. These positively charged sites can
decrease the contact angle between the rock surface and

fluids [32]. However, it was observed that the interaction
between oil molecules and Mg2+ is weaker than that of Ca2+

due to the larger hydration energy of Mg2+ [33]. Moreover,
the link between carboxylate and Ca2+ is stronger than the
bond between carboxylate and Mg2+. This can result in
reduced oil component adsorption on the carbonate surface,
leading to a change in wettability toward a water-wetting
state [34].

Another significant mechanism for the adsorption of
surfactants to alter the wettability of carbonate rock is the
electrostatic attraction forces between negatively charged
hydroxyl groups and positively charged carbonate rock
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surfaces. This mechanism is called the adsorption mecha-
nism, which is further supported by the FT-IR results show-
ing that the extracted saponin from the AS, as the natural
surfactant, possesses hydroxyl groups, each having a negative
charge. Therefore, these mechanisms can work together to
change the wettability of carbonate rock from oil-wetting to
water-wetting states. The study findings highlight the impor-
tance of understanding the mechanisms that control wettabil-
ity alteration in carbonate rocks, which can have implications
for oil recovery in carbonate reservoirs [9, 35].

Figure 9 presents the contact angle measurements when
different salts were prepared in 2,000ppmNaOH and 4,000ppm
of AS surfactant. The gained contact angle results showed that
the lowest contact angle values were achieved at the optimum
salt concentration of 10,000 ppm. At any concentration above
this point, the contact angle increased slightly, which was due
to the salting-out effect. The minimum contact angles of
35.79°, 33.02°, and 29.63° were achieved at 10,000 ppm salt
concentration when the optimum amount of alkaline and AS
surfactant was utilized in the sample solution. This finding
suggests that NaOH is highly compatible with the AS surfac-
tant and salts for wettability modification toward a water-wet
state. However, the synergism of NaOH and AS surfactant
was higher with salts in the order of Na2CO3, NaCl, and
Na2SO4. Moreover, the addition of NaOH to the surfactant
solution and different salts resulted in an average 9° further
reduction in the contact angle compared with the solution
without alkaline. Based on the obtained results, it is clear
that adding NaOH to the natural surfactant and salts was
very effective in reducing contact angle values.

3.4. Effect of AS Surfactant and Alkaline on Zeta Potential
Measurements. Figure 10 presents the zeta potential results
of various solutions made with 4,000 ppm of AS surfactant,
1,500 ppm NaOH, and 10,000 ppm of various salts with rock

powder. As shown in this figure, the zeta potential results are
negative for all three solutions; however, the values are dif-
ferent. For the solution prepared in N2SO4, the zeta potential
value is −18.21mV, and it is −19.34mV for the NaCl and
47.36mV for NaCl and Na2CO3, respectively.

In order to investigate the impact of the natural green
surfactant on the electrostatic charge of various solutions at
the carbonate rock interface, zeta potential measurements
were conducted. A direct correlation was found between the
zeta potential and contact angle values, with a lower contact
angle corresponding to a lower (more negative) zeta potential.
The thick electrical double-layer expansion at the brine, rock,
and crude oil interface resulted in a higher negative value of
the zeta potential, leading to a more water-wetting state by
increasing the repulsive forces at the rock–brine interface.
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The AS surfactant was found to be responsible for altering the
surface charge, resulting in this phenomenon. When the
CMC value of the AS green surfactant is added to the solution,
a condition is formed for more negativity to be achieved with
the surface charge, leading to a higher negative zeta potential
value with the surfactant. Moreover, adding NaOH to the
solution also resulted in further negativity for all three tested
salts. In other words, increasing the repulsive force of salt and
carbonate rock results in the creation of a thicker water film
around the rock surface and makes the rock surface more
water-wet [9, 10, 25, 36, 37].

3.5. Oil Recovery Measurements. Figure 11 shows the oil
recovery measurements during six different fluid injections
as the tertiary recovery. The first three fluids were composed
of 5 PVs of AS surfactant prepared in various salts, and the
other three fluids were 1 PV of NaOH injection followed by
4 PVs of natural green surfactant prepared in different salts.
Table 3 also presents the final recovery factor during tertiary
recovery with different fluids.

The recovery factor measurement results showed that the
recovery factor increased significantly during tertiary recov-
ery, regardless of the fluid type injected. As the results show,
when only the natural surfactant was injected for the tertiary
recovery, the maximum recovery factors of 75.60%, 69.72%,
and 62.75% were achieved with 4,000 ppm of AS surfactant
prepared in Na2CO3, NaCl, and Na2SO4, respectively. These
findings also confirm the IFT and contact angle measure-
ment results showing that Na2CO3 was most compatible
with the AS surfactant, followed by NaCl and Na2SO4.
In addition, when 1 PV of NaOH was injected as the pre-
flush, followed by 4 PVs of natural surfactant, the recovery
factor was significantly increased. The final recovery factors
of 88.45%, 80.87%, and 7.98% were achieved using Na2CO3,
NaCl, and Na2SO4, respectively. The recovery factor mea-
surement results showed that the injection of NaOH as pre-
flush resulted in an increase of 12.85%, 11.15%, and 15.23%
with Na2CO3, NaCl, and Na2SO4, respectively.

In this study, it has been concluded that the use of AS
green surfactant can increase oil recovery through two domi-
nant mechanisms. The first mechanism is the IFT reduction,
which is discussed in Section 3.2. The second mechanism is
changing the wettability of the carbonate rock from hydro-
phobic to hydrophilic states, which is discussed in Section 3.3.
These two mechanisms have proven to be effective in increas-
ing oil recovery using AS green surfactant. The results of this
study from core flooding experiments are in agreement with
similar studies that have also used natural surfactants. The
findings of this study are in good agreement with the literature
[10, 11, 36–39].

4. Conclusion

This investigation aimed to evaluate the performance of a
natural surfactant derived from AS in combination with
three different salts and the addition of NaOH as a supple-
mentary chemical. Various experiments, including IFT, con-
tact angle, zeta potential, and recovery factor measurements,
were conducted. The positive results of this investigation can
have a significant impact on sustainable crude oil production
from carbonate reservoirs. The successful use of AS as a
natural surfactant in this study can lead to further research
and development in this area. Moreover, it can help reduce
the dependence on synthetic surfactants, which can have
negative environmental impacts. The findings of the research
could be summarized as follows:

(i) According to the results, it was found that the optimum
salt concentration for minimum IFT and contact angle
values for all three tested salts was 10,000ppm. These
results suggest that salting-in and salting-out impacts
are the reasons for having an optimum concentration
of salt in terms of IFT and contact angle reduction.

(ii) Based on the findings, the different ions present in
the salts affected the maximum compatibility of the
natural surfactant with Na2CO3, followed by NaCl
and Na2SO4, in terms of contact angle and IFT
reduction.

(iii) The addition of NaOH as a chemical supplement
was proven to be effective in enhancing the perfor-
mance of the natural surfactant under reservoir con-
ditions. The minimum IFT values between Na2CO3,
NaCl, and Na2SO4 in the presence of the CMC value
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FIGURE 11: Oil recovery factor using different fluids as the tertiary
recovery.

TABLE 3: Final recovery factors using different fluids as the tertiary
recovery.

Injected fluid as the tertiary
recovery

Maximum recovery
factor (%)

Na2CO3 +NS 75.60
NaCl +NS 69.72
Na2SO4 +NS 62.75
Na2CO3 +NaOH+NS 88.45
NaCl +NaOH+NS 80.87
Na2SO4 +NaOH+NS 77.98
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of surfactant and alkaline were 1.52, 1.63, and
1.81mN/m, respectively.

(iv) The results showed that NaOH is highly compatible
with the AS surfactant and salts for wettability modi-
fication toward a water-wet condition. The minimum
contact angles of 35.79°, 33.02°, and 29.63° were
achieved at 10,000 ppm salt concentration when the
optimum amount of alkaline and AS surfactant was
utilized in the sample solution.

(v) The highest oil recovery factor of 88.45%was obtained
when the AS natural surfactant and NaOH were com-
bined at their CMC points with Na2CO3 and injected
as tertiary recovery.

(vi) Based on the obtained results, it was confirmed that
the IFT reduction and wettability alteration of carbon-
ate rock were the primary mechanisms in improving
oil recovery.
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