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Low salinity water (LSW) flooding alters rock surface wettability toward more water wet-
ness, and consequently, oil recovery will be increased from a carbonate oil reservoir. Sur-
factant flooding and polymer flooding enhance oil recovery by oil–water interfacial tension
(IFT) reduction and water–oil mobility ratio change, respectively. In this study, a combi-
nation of LSW and two non-ionic natural surfactants for enhanced oil recovery was evalu-
ated. Four types of salts (CaCl2, MgCl2, Na2SO4, and MgSO4) at different concentrations in
distilled water were used to find optimal LSW based on contact angle (CA) reduction. Two
non-ionic natural surfactants (a new natural surfactant from Gemini surfactants (GS) family
and Tribulus terrestris surfactant) were applied to obtain their optimum concentration based
on IFT reduction. The minimum IFT was achieved in 2000 ppm of GS (4.06 mN/m) and
3000 ppm of TTS (6.21 mN/m). Experimental results showed that the presence of GS in low
salinity surfactant solution (1000 ppm of MgSO4 and 2000 ppm GS) is capable to reduce IFT
(to 1.02 mN/m) and CA (to 31.25�). Therefore, GS showed good results in IFT improvement
and wettability alteration. Finally, the optimal LSS was combined with different concen-
trations of PHPA polymer and injected into cores. Core flooding results demonstrated
69.7% oil recovery for LSW injection, 82.2% for low salinity GS injection (an increase of
12.5%) and 87.9% for low salinity GS-polymer injection (an increase of 5.7%).

KEY WORDS: Enhanced oil recovery, Low salinity water flooding, Surfactant flooding, Interfacial
tension, Wettability.

INTRODUCTION

Enhanced oil recovery (EOR) techniques are
used to improve oil recovery (OR) from oil reser-
voirs when reservoir pressure drops. Water flooding
is widely applied to displace residual oil and conse-
quently increases OR. In recent years, many studies

have focused on injected water salinity and ions
composition. Results of these studies showed that
low salinity water (LSW) injection enhances OR
compared to high salinity water injection (Xie et al.
2016; Pooryousefy et al. 2018). Moreover, the effect
of specific ions concentration on LSW performance
was investigated and the results reveal that there
should be an optimal LSW composition to achieve
better results in oil recovery factor (RF) (Yildiz and
Morrow 1996). The presence of Ca2+, Mg2+ and
SO4

2� ions in seawater (SW) improves OR. An in-
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crease in the sulfate ion concentration in SW and
formation water (FW) leads to an increase in OR.
SO4

2� ion in SW is an important factor in wettability
modification of carbonate rocks (mix wet to water
wet) (Strand et al. 2006; Zhang et al. 2007; Punter-
vold et al. 2015). Furthermore, the results of several
studies indicate that higher concentrations of diva-
lent cations, specifically Ca2+ in FW, generally lower
the LSW flooding performance in sandstone reser-
voirs. In addition, the effect of diluted Mg2+ on LSW
performance was either zero or small. When both
Ca2+ and Mg2+ were diluted, there was a positive
LSW effect on OR. However, the presence of Mg2+

inhibited the full benefit of Ca2+ dilution (Al-Saedi
and Flori 2019; Al-Saedi et al. 2019a, b). It is
important to note that LSW is more effective on
contact angle (CA) alteration and has less effect on
interfacial tension (IFT) reduction.

Surfactant flooding (as a chemical EOR tech-
nique) increases OR by simultaneously decreasing
the IFT and modifying the wettability of the car-
bonate rock surface (Jia et al. 2017). In the oil wet
carbonate reservoirs, surfactant flooding has a high
effect on wettability alteration (Karimi et al. 2016).
The combination of surfactant flooding and LSW
flooding significantly reduces IFT and CA, which
enhance OR consequently (Alagic and Skauge 2010;
Alagic et al. 2011; Johannessen and Spildo 2013).
Low salinity surfactant (LSS) flooding reduces sur-
factant retention (due to surfactant adsorption on
the carbonate rock surface in the reservoir). There-
fore, it allows surfactant to be injected at lower
concentrations in EOR process (Johannessen and
Spildo 2013; Spildo et al. 2014).

Recently, the effect of natural surfactants (be-
cause of their cost-effectiveness and renewability)
on EOR has been examined and discussed in EOR
processes. The studies declare that natural surfac-
tants have a great effect on IFT reduction, and
consequently, OR can be improved (Moradi et al.
2019). Plant-based Saponin surfactants were applied
in some works to evaluate their effect on IFT and
OR in EOR processes (Chhetri et al. 2009). Other
studies have investigated the potential of some nat-
ural surfactants including Seidlitzia rosmarinus,
Zizyphus spina-christi, Glycyrrhiza and Matricaria
chamomilla for EOR scheme (Chhetri et al. 2009;
Deymeh et al. 2012; Ahmadi et al. 2014; Shadizadeh
and Kharrat 2015). Gemini surfactants (GS) are
another kind of natural surfactants, which can re-
duce IFT and alter wettability. GSs consist of two
hydrophilic heads and two hydrophobic tails. They

can reduce oil–water IFT to the desired value at a
lower concentration in comparison with monomeric
surfactants. Some studies demonstrated that GSs
have great potential for enhancing OR (Jiang et al.
2014; Chang et al. 2016; Zhou et al. 2017, 2018).

Polymer flooding, as a chemical EOR tech-
nique, has been applied in carbonate and sandstone
reservoirs to improve OR. Polymer flooding is
effective on OR improvement at different wetting
conditions. Polymer injection increases the viscosity
of the injected water (displacing fluid), which leads
to water relative permeability decline. The decrease
in water relative permeability causes an increase in
vertical and areal sweep efficiencies, and OR will be
enhanced. In other words, polymer injection im-
proves the oil–water mobility ratio (Kamal et al.
2015a, b; Saboorian-Jooybari et al. 2016).

A combination of surfactant and polymer
flooding has a major effect on rock wettability
alteration, IFT reduction and oil–water mobility
ratio improvement. It was reported that a significant
increase in OR can be achieved by surfactant-poly-
mer injection in low chemical concentration (Austad
et al. 1994). In addition, it was observed that synergy
of LSW and polymer injection can provide a favor-
able mobility ratio (by polymer) and carbonated
rock wettability alteration (by LSW) and EOR
efficiency will be increased (Shiran and Skauge 2013;
Khorsandi et al. 2017). Moreover, LSW increases
polymer stability by decreasing polymer degradation
due to reduction in injected water salinity (desali-
nation). Besides, LSW reduces the quantity of
polymer, which is needed to obtain the target vis-
cosity, decreases the cost remarkably and solves the
chemistry issues of production (Zaitoun et al. 2012).

Some of the aforementioned researches pre-
sented experimental results of cationic and anionic
surfactants flooding. The main aim of this study is to
investigate the effect of two new non-ionic natural
surfactants (a new oil-based Gemini surfactant and
plant-based Tribulus terrestris surfactant) at low
salinity on oil–water IFT, wettability alteration and
OR in an oil wet carbonate oil reservoir. The com-
bination of the new surfactants, LSW and PHPA
polymer has not yet been investigated experimen-
tally in a strongly oil wet carbonate oil reservoir. In
addition, four types of salts were used at different
concentrations to obtain the optimum concentration
of each salt (as LSW) based on wettability changes.
After that, different concentrations of the surfac-
tants were applied to find the optimum concentra-
tion of each surfactant based on IFT reduction. To
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evaluate the integrated effects of IFT reduction and
wettability alteration on OR, the optimal LSWs and
two natural surfactants were combined and injected
into cores. Finally, different concentrations of
PHPA polymer were added to the optimal low
salinity surfactant solution to examine the polymer
effect on OR.

EXPERIMENTAL METHODOLOGY

Materials

Crude Oil

The crude oil sample was taken from a car-
bonate oil reservoir in southwestern Iran. Crude oil
compositions were obtained by SARA (saturate,
aromatic, resin and asphaltene) analysis and GC/MS
(gas chromatography/mass spectrometry). The crude
oil sample properties and its compositions are given
in Tables 1 and 2, respectively.

Brine

To prepare LSW, four types of salts including
magnesium chloride (MgCl2), calcium chloride
(CaCl2), sodium sulfate (Na2SO4) and magnesium
sulfate (MgSO4) were used. In addition, before the
core flooding tests, original FW was injected into the
cores to prepare the core samples for core flooding
tests. The geochemical analysis of FW is given in
Table 3.

Surfactants and Polymer

Two non-ionic natural surfactants, including a
new Gemini surfactant (GS) and Tribulus terrestris
surfactant (TTS), were used. Partially hydrolyzed
polyacrylamide (PHPA) polymer (av. mol. wt. =
3,000,000 g/m, from SNF Floerger, France) was
chosen for the experiments because of its low cost
and resistance to bacterial attack (Kamal et al.
2015a).

Tribulus terrestris surfactant (TTS) was ex-
tracted from Tribulus terrestris, which is a plant
growing in dry climate. Tribulus terrestris contains a
steroidal Saponin called Protodioscin, two alkaloids
and a phytosterol called hecogenin. Saponins are
natural biodegradable non-ionic surfactants and

composed of hydrophilic and hydrophobic parts that
are attached by glycoside bonds. In aqueous solu-
tion, Saponin molecules align themselves vertically
on the surface with their hydrophobic ends oriented
away from the water, and consequently, the oil–
water IFT will be reduced. Therefore, Saponins are
surface-active agents with detergent, wetting, emul-
sifying and foaming properties. Moreover, it was
observed that Saponins are capable to improve OR
and reduce residual oil saturation (Daghlian et al.
2016; Moradi et al. 2019).

To synthesize Tribulus terrestris surfactant
(TTS), a clear light brown-colored liquid was ex-
tracted by the Soxhlet extraction of Tribulus ter-
restris leaves with methanol for 48 h. Then, the
solution was passed through filter paper and placed
in an oven to evaporate methanol. After evapora-
tion, the remaining yellow powder, which was sol-
uble in the water, was used in the experiments
(Moradi et al. 2019).

The second surfactant was introduced, for the
first time, by Pal et al. (2019), which are from the
Gemini surfactants (GS) family and synthesized
from sunflower oil. Recently, GSs have been widely
considered for their functionality, flexibility and
economic effectiveness. GSs are composed of two
polar heads and two nonpolar tails, which make
them more hydrophilic and hydrophobic, compared
to other known surfactants. GSs in lower critical
micelle concentrations (CMC) can provide favorable
IFT values. Therefore, GSs are surface-active agents
with detergent, wetting, emulsifying and foaming
properties. Therefore, they can improve OR more
than known surfactants and produce additional oil
from an oil reservoir (Menger and Littau 1993; Abo-
Riya et al. 2016).

The procedure of synthesizing GS from sun-
flower oil and its characterization has been discussed
by Pal et al. (2019). To prepare GS, 0.05 mol sun-
flower oil and 0.15 mol glycerol (C3H8O3) were
mixed in the presence of 0.44 g CaO as the base
catalyst at 80 �C for 45 min. The mixture was heated
to 220–240 �C under nitrogen environment for 4 h.
To separate excess glycerol, water was added to the
mixture and distilled under vacuum to obtain glyc-
erol ester. Then, 45 ml of 20% of potassium
hydroxide (KOH) and 0.5 g tetrabutylammonium
bromide (C16H36BrN) were added to 0.05 mol
glycerol ester and stirred for half an hour. The
mixture was stirred for 24 h at 100 �C, after the
addition of 0.025 mol 1,4-dibromobutane(C4H8Br2)/
1,6-dibromohexan (C6H12Br2). The organic phase
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was separated and dried over anhydrous sodium
sulfate, and then, the solvent was removed under
vacuum. The resulting products are non-ionic GSs
including SF-4-SF and SF-6-SF with molecular
weights 809 g/l and 834 g/l, respectively. Both sur-
factants are soluble in the aqueous phase. In this
work, SF-6-SF surfactant was applied in the experi-
ments for its better solubility in the aqueous solution
than SF-4-SF (Pal et al. 2019).

Core Samples

Required core samples were taken from out-
crops of a carbonate oil reservoir in the southwest-
ern of Iran. Properties of the core samples are given
in Table 4. A helium porosity test was performed to
measure the porosity of the core samples. In addi-
tion, the permeability of the core samples and irre-
ducible water saturation were calculated. (The
measurement method is described in the core
flooding test section.)

Methods

Contact Angle (CA) Measurement

Young�s equation (1) was used to calculate CAs
in the water–oil–solid system. The Young�s equation
is (Anderson 1986):

rws ¼ ros þ row cos h ð1Þ
According to Figure 1, rws is the water–solid

IFT, ros is the oil–solid IFT, and row is the oil–water
IFT. The angle h is an important factor to determine
rock wettability. When h is 0�–75�, the rock is water
wet, 75�–115� is mixed wet, and 115�–180� is oil wet.

The captive drop method was used to measure
the CAs. The schematic of a captive drop instrument
is shown in Figure 2. To measure the CAs, 5-mm
slices of core samples were prepared, then polished
and smoothed. Afterward, these slices were washed
with distilled water and dried at 120 �C for 24 h. All
slices were placed in a vacuumed cell for 8 h until
there was no air in the slices. Then, crude oil was
injected into the cell and the slices were kept under
6.8947 MPa for 3 days. Subsequently, the slices were
aged in crude oil for about 5 weeks at 75 �C. The
slices were placed in a glass vessel, which was filled
with prepared solutions. A crude oil drop was
squeezed into the solution and attached to the lower
surface of the slice. The CAs were recorded by a
high-resolution camera. For each solution, CA was
measured until it became constant. All CA mea-
surements were taken at 25 �C and 101.3529 kPa.

Interfacial Tension (IFT) Measurement

The IFT between oil and the solutions was
measured by the pendant drop method, which has

Table 3. Geochemical analysis of FW

Ions Concentration

FW

Na+ 79,877

Mg2
+ 3174

Ca2
+ 12,970

Cl� 137,870

HCO3
� 67

SO4
2� 45

K+ 23

Br� 0

Total dissolved solids (TDS) 234,026

pH 7.89

Table 1. Properties of the crude oil sample

Saturated (%) Aromatic (%) Resin (%) Asphaltene (%) API Viscosity (cp) @24 �C

47.1 35.64 11.01 6.25 30.39 18.85

Table 2. Compositions (in %) of the crude oil sample

Component C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11 C12
+ Total

Molar percent 0 0.09 0.67 0.73 2.36 1.1 1.12 9.1 8.86 7.21 7.56 6.29 4.98 49.93 100
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been used widely to measure IFT between fluids.
This method is based on the shape of a liquid drop
suspended in another liquid. A schematic of a pen-
dant drop set is shown in Figure 3. In this method,
the following relationship is used to obtain IFT
based on drop shape (Manshad et al. 2017):

c ¼ gD2Dq
H

ð2Þ

where c is the IFT (mN/m), Dq is the density (g/cm3)
difference, D is the equatorial diameter of the drop,

Table 4. Properties of the core samples

Core

sample

Length

(cm)

Diameter

(cm)

Bulk volume

(cm3)

Pore volume

(cm3)

Porosity

(%)

Permeability

(mD)

Irreducible water saturation

Swir (%)

1 7.67 3.72 83.36 18.72 22.46 19.4 12.4

2 7.54 3.72 81.95 19.30 23.55 17.66 10.6

3 7.84 3.72 85.21 18.73 21.98 18.34 12.1

4 7.43 3.72 80.75 19.18 23.75 16.4 11.45

5 7.82 3.72 84.99 20.59 24.23 15.36 10.63

6 7.36 3.72 79.99 18.11 22.64 17.34 10.45

7 7.75 3.72 84.23 20.77 24.66 16.43 11.21

8 7.49 3.72 81.41 18.92 23.24 15.87 10.78

9 7.73 3.72 84.01 17.53 20.87 15.41 11.17

10 7.86 3.72 85.43 19.40 22.71 16.82 12.72

11 7.64 3.72 83.04 19.27 23.21 14.39 10.67

12 7.57 3.72 82.28 20.13 24.47 16.64 9.94

13 7.72 3.72 83.91 19.96 23.79 17.21 10.34

14 7.77 3.72 84.45 19.12 22.64 16.43 11.4

15 7.86 3.72 85.43 18.39 21.53 16.88 12.2

16 7.52 3.72 81.73 19.53 23.89 15.73 13.6

17 7.46 3.72 81.08 17.46 21.54 15.34 12.58

18 7.69 3.72 83.57 17.41 20.83 14.23 11.27

Figure 2. Schematic of captive drop instrument

(Manshad et al. 2017).
Figure 3. General schematic of pendant drop set

(Manshad et al. 2017).

Figure 1. Contact angle in oil–water–solid system

(Manshad et al. 2017).
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H is a correction factor, which is related to the shape
factor of the pendant drop, and S is defined as:

S ¼ d

D
ð3Þ

where d is the drop diameter measured horizontally
at a distance D away from the apes of the drop as
shown in Figure 4. The amounts of 1/H based on S
are given in different researches (e.g., Manshad et al.
2017).

Here, the pendant drop test was performed to
find the optimum concentration of GS and TTS (in
distilled water) based on oil–water IFT reduction. In
addition, the effect of different concentrations of
PHPA (in optimum concentration of GS and TTS)
on oil–water IFT was investigated by the pendant
drop method. All tests were done at 75 �C and
13.7895 MPa.

Core Flooding Tests

First, the core samples were washed by toluene
and acetone. Then, the samples were kept at 120 �C
for 24 h. Then, all core samples were put in a vac-
uumed vessel for 8 h until there was no air in the
cores. For presaturation, FW was injected into the
vessel and kept under 13.7895 MPa for 72 h. The
core samples were then placed in a core holder, and
five pore volumes (PVs) of FW were injected
through the cores under a confining pressure of
15.8579 MPa, back pressure of 12.4105 MPa and

flow rate of 0.1 cm3/min. In this step, the perme-
ability of the core samples was calculated and the
results are listed in Table 3. Three to four PVs of the
crude oil were injected (at 0.1 cm3/min flow rate) for
the displacement of mobile water to achieve irre-
ducible water saturation (Table 3). The core sam-
ples were then aged in crude oil and kept at 75 �C
for 40 days. Finally, the core samples were placed
into a core holder and four PVs of the prepared
solutions were injected into the core samples.
Reservoir temperature of 75 �C, back pressure of
12.4105 MPa, confining pressure of 15.8579 MPa
and flow rate of 0.5 cm3/min were applied to mimic
the reservoir conditions. During the core flooding
tests, the oil and water production rates were mea-
sured to calculate RF.

RESULTS AND DISCUSSION

Effect of Low Salinity Water on Rock Wettability

The effect of different concentrations (0–
7000 ppm) of the salts (CaCl2, MgCl2, Na2SO4 and
MgSO4) on the rock wettability was investigated
(Fig. 5). Each salt at its optimal concentration leads
to a significant reduction in the CA (Fig. 5). The
most reduction in CA (about 79.14�, 156.34�–77.2�)
belongs to 1000 ppm of MgSO4. The salts� optimum
concentration (which led to minimum CA), their
corresponding CAs and ionic strengths are listed in
Table 5. Figure 6 shows the method of CA mea-
surement at the optimum concentration of each salt
and FW. It should be noted that the measured CA in
FW was 150.63�, which shows that reservoir rock is
strongly oil wet. The CA measurement results clar-
ified that LSW can alter rock surface wettability
from oil wet toward more water wet.

CaCl2 and MgCl2

Mg2+ and Ca2+ ions can react with carboxylic
hydrocarbon groups (carboxylic hydrocarbons have
a negative charge, which can attach to positively
charged rock surface) and remove them from the
carbonate rock surface. Therefore, Mg2+ and Ca2+

ions are capable to alter wettability (Moradi et al.
2019). Measured CAs for 2500 ppm CaCl2 and
1500 ppm MgCl2 were 90.22� and 84.09�, respec-
tively, showing that in the presence of Cl� ions,
Mg2+ ions are more effective on wettability alter-

Figure 4. Pendant drop for IFT measurement

(Manshad et al. 2017).
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ation compared to Ca2+ ion. As it is seen in Table 5,
the ionic strength of MgCl2 (0.0321) is more than
that of CaCl2 (0.0289), which leads to expansion of
the double layer and consequently more reduction in
CA by MgCl2. Moreover, calcite (CaCO3) dissolu-
tion is effective on wettability alteration. The nega-
tive charge of organic components allows Mg2+ to

come near to the rock surface and react with CO3
2�

(in CaCO3). Then, MgCO3 is precipitated and Ca2+

ions are released. Therefore, close to the rock sur-
face, Ca2+ ions concentration increases and Ca2+

ions react with negatively charged organic compo-
nents on the rock surface and some of them are
released (Zhang et al. 2007).

Figure 6. Captive drop tests at optimum concentration of each salt and FW.
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Figure 5. Measured CAs at different concentrations of each salt.

Table 5. Measured CAs and ionic strengths at the optimum concentration of each salt

Salt CaCl2 MgSO4 MgCl2 Na2SO4

Optimum concentration (ppm) 2500 1000 1500 2000

Ionic strength 0.0289 0.0352 0.0321 0.0217

CA (�) 90.22 77.2 84.09 88.25

Amount of reduction in CA (�) 66.12 79.14 72.25 68.09
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MgCl2 and MgSO4

Comparison between the effect of MgCl2
(1500 ppm) and MgSO4 (1000 ppm) on wettability
alteration (84.09� for MgCl2 and 77.2� for MgSO4)
shows that sulfate ion (SO4

2�) is more effective on
CA reduction compared to Cl� ion. In addition,
MgCl2 (0.0321) has less ionic strength compared to
MgSO4 (0.0352). Moreover, sulfate ions adsorption
(on carbonate rock surface) decreases the positive
charge of the rock surface. This positive charge
reduction desorbs the loosely absorbed organic
components from the calcite. Moreover, the pres-
ence of sulfate ions on the calcite surface results in
increase in Mg2+ and Ca2+ ions concentration close
to the rock surface. In addition, at temperatures
below 90 �C, the sulfate ions act as a catalyst and
alter wettability (Karimi et al. 2016; Zhang et al.
2006, 2007).

Na2SO4 and MgSO4

As can be seen in Table 5, in the presence of
SO4

2� ions, divalent cation Mg2+ was more effective
on CA reduction than monovalent cation Na+.
Na2SO4 has less ionic strength (0.0217) compared to
MgSO4 (0.0352). Therefore, MgSO4 expands the
double layer and consequently CA decreases con-
siderably. As mentioned earlier, Mg2+ can react with
CO3

2� (in calcite, CaCO3) and release Ca2+ ions
near the rock surface, and finally, wettability alters.

Effect of Natural Surfactants on IFT

To find the optimum concentration of each
surfactant (GS and TTS), several solutions at dif-
ferent concentrations (at the range of 500–
9000 ppm) of each surfactant in distilled water were
prepared, and then oil–water IFT was calculated
using the pendant drop method. Measured IFTs are
shown in Figure 7. The optimum concentrations of
GS and TTS that led to the minimum IFT were 2000
and 3000 ppm, respectively. The minimum IFT for
2000 ppm GS was 4.06 mN/m, and for 3000 ppm,
TTS was 6.21 mN/m. The mechanism of oil–water
IFT reduction by surfactants is related to the fact
that surfactant species attach to an oil–water inter-
face, resulting in IFT reduction (Daghlian et al.
2016). As it is seen in Figure 7, GS is more effective
on oil–water IFT reduction compared to TTS. GSs

belong to a unique category of surface-active agents,
which have two hydrophobic tails and two hydro-
philic heads, but TTS (Saponin as a monomeric
surfactant) has a nonpolar (hydrophobic) tail and a
polar (hydrophilic) head. Therefore, GSs can reduce
IFT to a favorable value in lower concentrations in
comparison with known monomeric surfactants.

Effect of Combining LSW with Natural Surfactants
on CA and IFT

The combined effect of optimum concentra-
tions of the surfactants (GS and TTS) and optimum
salt concentrations (LSWs) on CA and water–oil
IFT was studied. As observed in Table 6, a combi-
nation of GS and TTS altered wettability toward
more water wetness, but GS was more effective on
rock wettability improvement than TTS. An LSS
solution containing 1000 ppm MgSO4 and 2000 ppm
GS can significantly reduce CA (156.34�–31.25�) and
alter wettability from oil wet to strongly water wet.
Non-ionic surfactant alters carbonate rock wetta-
bility in two ways, which occur simultaneously
(Moradi et al. 2019): (1) The weak attraction be-
tween the positive-charged head of surfactant with
negative adsorbed chemicals (e.g., asphaltenes)
leads to desorption of these groups; and (2) the hy-
drophilic head of the surfactant attracts the surfac-
tant molecules toward the brine at the rock surface,
to replace with adsorbed organic molecules, and
makes the surface more water wet. Based on the
results, the minimum IFT (1.02 mN/m) belongs to a
solution containing 1000 ppm MgSO4 and 2000 ppm
GS. In addition, the presence of the salts reduces
IFT because the cations cover the interaction of
acid–base between oil and aqueous phase; therefore,
oil becomes more soluble in brine. Moreover, the
presence of the cations converts asphaltene and re-
sin to soluble ions in the water, resulting in more IFT
reduction. SO4

2� ions adsorb resin and asphaltene
from the crude oil to the oil–water interface, and
IFT reduces (Lashkarbolooki et al. 2014). There-
fore, synergy of 1000 ppm MgSO4 and 2000 ppm GS
(contains Mg2+ and SO4

2� ions) was the most
effective on IFT reduction.

Combination Effect of Polymer and LSS on IFT

Different concentrations (500–2500 ppm) of
PHPA were added to the optimum concentrations of
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GS and TTS (in LSWs) to investigate PHPA con-
centration impact on IFT. As observed in Figures 8
and 9, the increase in PHPA concentration leads to
an increase in IFT. The reasons for the increase in
IFT due to the polymer are (Austad et al. 1994;
Kamal et al. 2015b): (1) Increase in polymer con-
centration elevates solution viscosity, which reduces
the diffusion of surfactant from aqueous phase to-
ward the oil–water interface, and (2) some chains of
the polymer may be adsorbed on the interface and
form a mixed-adsorption layer with surfactant mo-
lecules.

CORE FLOODING TESTS

LSW Flooding Tests

To evaluate the LSW effect on OR, the LSW
solutions (optimum concentration of each salt in
distilled water) and FW were injected into core
samples 1–5 (Table 4) and then RFs were calculated
(Fig. 10). According to the figure, LSW injection
considerably improves OR compared to FW injec-

tion. An LSW containing 1000 ppm MgSO4 (which
had the most wettability alteration) can improve OR
up to 69.7%, an increase of 23.8% compared to FW
injection. The final OR factors for each LSW injec-
tion are listed in Table 7.

LSS Flooding

To evaluate the effect of the surfactants on OR,
LSWs were combined with the optimum concen-
trations of the surfactants (GS 2000 ppm and TTS
3000 ppm) and were injected into core samples 6–13
(Table 4). Core flooding results for the solutions are
shown in Figures 11 and 12. As seen in the figures,
synergy of the LSWs and 2000 ppm GS is more
effective on OR factor (up to 82.2% with 1000 ppm
MgSO4) than injection of LSWs with 3000 ppm TTS
(76.4% with 1000 ppm MgSO4). Optimal LSS
(2000 ppm GS and 1000 ppm MgSO4) flooding can
increase OR about 12.5% compared to optimal
LSW flooding (1000 ppm MgSO4). As discussed
earlier, simultaneous effects on wettability alteration
and IFT reduction lead to a significant increase in
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Figure 7. Calculated IFT at different concentrations of GS and

TTS.

Table 6. Measured IFTs and CAs at LSWs combined with 2000 ppm GS and 3000 ppm TTS

LSWs with GS and TTS CaCl2
2500 ppm

GS

2000 ppm

MgSO4

1000 ppm

GS

2000 ppm

MgCl2
1500 ppm

GS

2000 ppm

Na2SO4

2000 ppm

GS

2000 ppm

CaCl2
2500 ppm

TTS

3000 ppm

MgSO4

1000 ppm

TTS

3000 ppm

MgCl2
1500 ppm

TTS

3000 ppm

Na2SO4

2000 ppm

TTS

3000 ppm

IFT (mN/m) 2.46 1.02 1.56 1.84 5.82 5.22 5.44 5.65

CA (�) 50.31 31.25 42.53 47.69 73.23 54.53 62.66 68.76
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Figure 10. Oil recovery factor for LSWs injection.
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OR by LSS flooding. Total OR factors for LSS
flooding are listed in Table 8.

Low Salinity Surfactant-Polymer Flooding

An LSS solution (2000 ppm GS and 1000 ppm
MgSO4) was chosen due to its better performance in

OR based on the previous section. Core flooding
tests were performed on core samples 14–18 (Ta-
ble 4) by injecting the LSS solution with different
concentrations of PHPA (500, 1000, 1500, 2000 and
2500 ppm). As observed in Figure 13, the increase in
PHPA concentration leads to OR improvement.
Final OR factors at different concentrations of
PHPA are given in Table 9. Adding 2500 ppm of
PHPA to an LSS solution (2000 ppm GS and
1000 ppm MgSO4) increased OR from 82.2 to
87.9%, an increase of 5.7%. The decrease in water
relative permeability improves the oil–water mobil-
ity ratio and finally enhances OR.
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Figure 12. Oil recovery factor for low salinity surfactant (TTS)

injection.
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injection.

Table 7. Oil recovery factor for each LSW injection

Solution CaCl2
2500 ppm

MgSO4

1000 ppm

MgCl2
1500 ppm

Na2SO4

2000 ppm

FW

–

RF % 60.37 69.7 66.3 64.9 45.9
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CONCLUSIONS

This paper describes an experimental study to
investigate the combined impact of low salinity wa-
ter and two natural surfactants on wettability alter-
ation, IFT reduction and OR. The experiments were
performed on oil wet carbonate core samples. The
optimum concentrations for CaCl2, MgCl2, Na2SO4

and MgSO4 were obtained separately in LSWs by
CA tests. Then, the optimum concentrations of GS
and TTS in distilled water were determined based
on IFT reduction. After that, the effect of LSS on

IFT and CA was evaluated. Finally, core flooding
tests were done to obtain OR factors for injection of
the LSW, LSS and low salinity surfactant-polymer
solutions. Based on this study, the following con-
clusions were reached:

1. LSWs with optimum concentration of each
salt changed the rock wettability from oil wet
to mixed wet. An LSW with 1000 ppm of
MgSO4 had the most reduction in CA from
156.34� to 77.2� compared to other salts
optimum concentration. Moreover, the most
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Figure 13. Oil recovery factor for the injection of combined LSS

with different concentrations of PHPA.

Table 8. Oil recovery factors for LSS flooding

Low salinity surfactant CaCl2
2500 ppm

GS

2000 ppm

MgSO4

1000 ppm

GS

2000 ppm

MgCl2
1500 ppm

GS

2000 ppm

Na2SO4

2000 ppm

GS

2000 ppm

CaCl2
2500 ppm

TTS

3000 ppm

MgSO4

1000 ppm

TTS

3000 ppm

MgCl2
1500 ppm

TTS

3000 ppm

Na2SO4

2000 ppm

TTS

3000 ppm

RF (%) 72.8 82.2 78.1 74.55 67.93 76.4 74.6 69.53

Additional OR than LSW (%) 12.43 12.5 11.8 9.65 7.56 6.7 8.3 4.63

Table 9. Recovery factor at different concentrations of PHPA

MgSO4 (ppm) GS ppm PHPA ppm RF (%) Additional OR than low salinity surfactant (%)

1000 2000 500 84.47 2.27

1000 2000 1000 85.8 3.6

1000 2000 1500 87.47 5.27

1000 2000 2000 87.69 5.49

1000 2000 2500 87.9 5.7
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OR (about 69.7% of original oil in place)
was for injection of 1000 ppm MgSO4

through core sample (an increase of 23.8%
compared to FW injection).

2. The presence of GS at different concentra-
tions (as a new non-ionic oil-based natural
surfactant) in distilled water was more
effective on IFT reduction than TTS (non-
ionic plant-based natural surfactant). The
least IFT (about 4.06 mN/m) was for
2000 ppm of GS in distilled water.

3. The combination of LSW and the non-ionic
natural surfactants (as low salinity surfac-
tant) led to more reduction in IFT and CA
(oil wet to water wet) compared to any one
of them alone. The presence of GS in LSW
was more effective in increasing the OR
factor compared to TTS.

4. An increase in PHPA polymer concentration
in LSS increased IFT. An increase in oil–
water IFT in a solution with PHPA and low
salinity TTS was greater than the same
solution with GS.

5. Increase in PHPA concentration up to
1500 ppm in LSS (2000 ppm GS and
1000 ppm MgSO4) improved OR up to
87.47% (an increase of 5.27% compared to
the low salinity surfactant). After 1500 ppm
of PHPA, the rate of increasing OR de-
clined. The OR factors for 2000 ppm and
2500 ppm of PHPA were 87.69% (an in-
crease of 0.22% compared to) and 87.9% (an
increase of 0.43% compared to 87.47%),
respectively.
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