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Gemini surface active ionic liquids (GSAILs) are known as effective and environmentally friendly materi-
als. Conventional anionic surfactants like sodium dodecyl sulfate (SDS), on the other hand, can establish
desired properties in solutions. This study reports investigation on the influence of the mixtures of an
imidazolium cationic GSAIL, [C4im-C6-C4im][Br]2, and the SDS anionic surfactant on the interfacial ten-
sion (IFT), emulsification, and wettability alteration of the crude oil–water system. Results demonstrate
amazing synergistic effects, resulting in 97.1 % more IFT reductions compared to what could be achieved
with the linear contribution of surfactants. Under the GSAIL mole fraction of 0.4 and the mixture concen-
tration of 0.25 molˑdm�3 in aqueous phase, a low IFT of 0.18 mNˑm�1 was attained. This is attributed to
the attractive interaction between the involved surfactants. Synergisms of 52.0 and 59.8 % were also
achieved in emulsification and wettability alteration with the mixture of surfactants under the optimum
GSAIL mole fraction of 0.4. The obtained data for the individual and the mixture of surfactants were ana-
lyzed based on, respectively, Frumkin adsorption isotherm and the ‘‘non-ideal interactions in binary mix-
tures” theory. Corresponding consistent parameters were determined and discussed.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Demand for crude oil, as the major source of energy, is growing
worldwide; but, unfortunately, primary and secondary recoveries
produce only 20 to 40 % of crude oils in mature reservoirs
(Tamayo-Mas et al., 2016). Accordingly, injection of surfactants
to reduce crude oil–water interfacial tension (IFT), as well as form-
ing stable emulsions, and altering the wettability of rocks has been
identified as a promising technique in enhanced oil recovery (EOR)
(Kharazi et al., 2022, Hui et al., 2020). The main challenges in this
technique and when using conventional surfactants are their sen-
sitivity to salinity and temperature, leading their activity to dimin-
ish under harsh reservoir conditions (Rosen and Kunjappu, 2012).
In this regard, amphiphilic nature surface active ionic liquids
(SAILs) have received much attention in recent years. They exhibit
remarkable desired properties such as minor vapor pressure, sta-
bility, recyclability and non-toxicity (Kharazi et al., 2022). Notably,
from economical point of view, SAILs are rather expensive and low
cost-effective compared to the conventional surfactants (Saien
et al., 2022).

For successful EOR purposes, it has been emphasized that the
IFT of crude oil–water system has to be diminished to low values
(Bera and Belhaj, 2016). Thus, addition of just a SAIL could be
non-efficient (Rosen and Kunjappu, 2012). It is while, the mixture
of a SAIL and a conventional surfactant can create synergism and
reduce the IFT to a much greater extent, which is important and
cost-effective case for eliminating surfactant flooding problems
in EOR. In this regard, Jia et al., (2017) demonstrated that the mix-
ture of cationic and anionic surfactants can significantly affect the
IFT of the system of water–model oil (toluene + n-decane). Also,
recently, Xu et al. reported that the various single-chain SAIL/sur-
factant mixtures bring about much better interfacial properties
for the crude oil–water system and higher oil recoveries would
be feasible compared to the case of using individual surfactants
(Xu et al., 2023).

Gemini surface active ionic liquids (GSAILs), have been recog-
nized with high interface activity as well as environmentally
friendly nature. The molecular structure of GSAILs are consisted
of two hydrophobic chains and hydrophilic head groups, connect-
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Table 1
The determined GSAIL sizes with different analysis methods.

SEM (nm) Hydrodynamic DLS size (nm) Micelle DLS size (nm)

11.9–––27.5 0.7–––5.0 200–––580

Table 2
Major specifications of the used crude oil.

Spicification/Coposition Value

�API 20.7
Saturated (wt%) 54.0
Aromatic (wt%) 22.3
Resin (wt%) 6.7
Asphalt (wt%) 7.7
Acidity number (mg KOHˑg�1) 0.09
Sulphur content (wt%) 1.63
Salt content (lbs per 1000 bbls) 4
Water content (wt%) Nil
Density at 20 �C (gˑcm�3) 0.915
Viscosity at 70 �F (cP) 55
Viscosity at 100 �F (cP) 44
Kinematic viscosity at 70 �F (cSt) 60
Pour point (�F) 10
Flashpoint (�F) 70
Reid vapor pressure (psi) 12.1
Loss at 200 �C (wt%) 9.3
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ing with a spacer chain (Nessim et al., 2018). Compared to single-
chain SAILs, the high level amphiphilic nature of GSAILs gives
favorable properties in interfacial activity, resistance against salin-
ity and thermal effects (Kharazi and Saien, 2022a, Ezzat et al.,
2021). Compared to other GSAIL families such as pyridinium, mor-
pholinium and pyrrolidinium; imidazolium GSAILs have exhibited
higher interfacial activity (Kharazi et al., 2022, Hou et al., 2022).
Adding to these, their nano-size structure, even in solutions,
improves the interfacial and thermo-physical properties of GSAILs
(Chen et al., 2018).

In this context and in continuation of our previous studies in
upgrading the performance of the surfactants in EOR (Kharazi
and Saien, 2022b, Kharazi et al., 2021, Saien and Asadabadi,
2011), present study investigates the effects of the mixture of a
nano-size imidazolium-based cationic GSAIL namely [C4im-C6-
C4im][Br]2 (four carbons alkyl chains and six carbons spacer group)
and the well-known anionic surfactant sodium dodecyl sulfate
(SDS). The IFT reduction, critical micelle concentration (CMC),
emulsification and wettability alteration of a crude oil–water sys-
tem are investigated with mixtures. Given the point that most
researches on EOR are based on single chain SAILs; use of the GSAIL
and its mixture is a new endeavor here. For a deeper investigation,
the results are compared with the effects of individuals and also,
theoretical parameters are determined using appropriate models.
Effects of the surfactant mixture on the emulsification and wetta-
bility alteration are also investigated. This study seems compre-
hensive since close to real employed operating conditions.
2. Experimental section

2.1. The used materials

The anionic surfactant SDS (purity > 99 %) was purchased from
Merck. The imidazolium-based cationic GSAIL consisting of four
carbons in the alkyl chains and six methylene spacer group with
bromine anions, namely [1, 10-(Hexane-1, 6-diyl) bis (3-butyl-1H-
imidazol-3-ium) bromide], abbreviated as [C4im-C6-C4im][Br]2
(Fig. 1), was prepared by a one-pot synthesis method (Kharazi
et al., 2019) with high purity. For this aim, a mixture of 1-
butylimidazole (12.4 g, 100 mmol) and 1,4-dibromobutane
(10.8 g, 50 mmol) was refluxed in acetonitrile (100 mL) for three
days. Afterward, the solvent was removed and the crude product
was thoroughly washed with tetrahydrofuran (3 � 30 mL) to yield
the desired target product. The purity and the nano-size structure
of the GSAIL were confirmed by 1H NMR, 13C NMR, dynamic light
scattering (DLS) and scanning electron microscopy (SEM) methods.
All the required solutions were prepared with a produced distilled
water (electrical conductivity < 7.0 � 10–2 lSˑcm�1).

The analysis results are illustrated in the Supplementary infor-
mation as Figs. S1 to S4, and the determined particle sizes with dif-
ferent criteria are summarized in Table 1. The purity of GSAIL was
confirmed by appearing only the peaks of the GSAIL product in the
13CNMR and 1HNMR spectra and none for the reactants and/or side
products. The crude oil in this study was from an oil field in the
[C4im-C6-C4im][Br]2 GSAIL

Fig. 1. Chemical structures of [C4im-C6-C4im][Br]2 (a)

2

southern Iran, for which the composition and the characteristics
are listed in Table 2.
2.2. The main instruments and procedures

For measuring the IFT and contact angle values, a pendant drop
tensiometer (manufacturer: Fars EOR Technology, model: CA-
ES10) equipped with a digital monitoring system was used. Mea-
surements were conducted by forming crude oil drops at the tip
of a suitable size stainless steel needle, immersed in the continu-
ous water phase. The setup and the method have been widely
described in our previous reports (Kharazi et al., 2019, Saien
et al., 2019). The IFT (c) was determined by analyzing the shape
of formed drops in relation to the force balance of buoyancy and
of interfacial tension established with an automatic image process-
ing system based on the following equation (Stauffer, 1965):

c ¼ Dq g D2

H
ð1Þ

In this equation, Dq represents difference between the crude oil
and aqueous solution densities, g is the gravitational acceleration
constant, D is the forming drop equatorial diameter, and finally,
H is the drop shape parameter whose correlation and the involved
parameters have been precisely reported in the literature (Drelich
et al., 2002).

Using this method, an IFT of 31.8 mNˑm�1 was measured for
pure crude oil–water system at 298.2 K. To ensure the accuracy,
the IFT of pure water–air system (as surface tension) was also mea-
sodium dodecyl sulfate (SDS)

and sodium dodecyl sulfate (SDS) (b) surfactants.



J. Saien, A. Eghtenaie and M. Kharazi Arabian Journal of Chemistry 16 (2023) 105329
sured at 298.2 K as 71.9 mNˑm�1, very close to 72.0 mNˑm�1 in the
literature (Lan et al., 2016). All measurements (at least twice) were
carried out under ambient pressure and at the temperatures of
298.2 K that was adjusted by means of a thermostat (0.1 K
uncertainty).

The concentration ranges of the individual GSAIL, SDS solutions
as well as their mixture were within (1.0 � 10�4 � 1.25) molˑdm�3

and (1.0 � 10�4 � 0.25) molˑdm�3, respectively. To this end, surfac-
tants were weighed by means of a digital balance (uncertainty of
1.0 � 10�4 g). The mixing ratio of two substances was determined
based on the mole fraction of GSAIL, a1 = C1/C12, in which C1 and C2,
are respectively, the concentration of GSAIL and SDS, and also,
C12 = C1 + C2 stands for the concentration of the mixture. Perfect
mole fraction range of a1 = 0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1 were
considered. The density of all the solutions was obtained using a U-
tube oscillating densitometer (Anton Paar, DMA 4500, uncertainty
1.0 � 10�4 gˑcm�3), with automatic viscosity correction. The CMCs
were determined from the intersection of the upper and lower tan-
gent lines of the breakpoint region in IFT variations versus surfac-
tants concentration.

To evaluate emulsion formation, 2 cm3 of either of phases with
a specific mole fraction and the typical concentration of 0.05
molˑdm�3 (corresponding to an intermediate IFT) were transferred
to a glass vial. Each sample was then sonicated in a 40 kHz, 305 W
ultrasound bath (SONICA 2400ETH S3) for 30 min. After resting for
one day and one week, at 298.2 K, the resultant emulsion index
was determined from the volumes of the formed emulsion (Ve)
and the total sample volume (Vt) as Ve=Vt � 100 (Amani, 2015).

To measure the contact angles, a quartz plate was first
immersed in the crude oil overnight (14 to 18 h) for aging and to
be approximate to the real reservoir conditions. Subsequently,
the crude oil was injected via a needle into the aqueous phase to
release a drop to adhering to the top quartz plate (Saien et al.,
2015). After at least one hour, the image of the drop was recorded.
The contact angles were then determined by analyzing of the
hemisphere crude oil drop surrounded by different mole fraction
solutions of the mixture of surfactants having a typical concentra-
tion of 0.05 molˑdm�3. An average contact angle for the left and the
right sides of the hemispheres was automatically determined. All
the measurements were performed at least twice to establish con-
sistent results.
3. Results and discussion

3.1. IFT variations

3.1.1. Individual surfactants
The variation of the system IFT against the corresponding con-

centration are presented in Fig. 2. Evidently, either of the surfac-
tants, brings about drastic decrease in the IFT up to CMC, from
an initial value of 31.8 to 8.79 and 1.55 mNˑm�1 respectively.
Under this condition, the intermolecular forces at the interface will
diminish, leading to a large IFT reduction. Upon reaching CMC for
GSAIL and SDS (0.68 and 0.06 molˑdm�3), the adsorbed particles
completely saturate the interface with no free sites; thus, forcing
the particles to self-assemble spontaneously. The corresponding
obtained parameters are listed in Table 3. Comparison between
the GSAIL and SDS in IFT reduction as well as the micelle forma-
tion, reveals that the longer alkyl chain SDS with 12 carbon chain
outperforms the short chain GSAIL with 4 carbon atoms.
3.1.2. Theoretical consideration of individual surfactants
The Frumkin adsorption isotherm, which considers the non-

ideal interactions (attraction or repulsion) among adsorbed parti-
cles at the interface, acceptably covers the IFT data with individual
3

surfactants (Birdi, 2009). Considering the two positively charged
imidazolium rings in the [C4im-C6-C4im][Br]2 structure as well as
anionic head group in SDS, giving strong interactions, the use of
this isotherm is consistent. The equation of state and the isotherm
are described as (Stubenrauch et al., 2005):

P ¼ �2RTCm;F lnð1� hÞ þ bh2
� � ð2Þ

bF f� C C þ Celectrolyte
� �� �1=2 ¼ h

1� h
exp �nbhð Þ ð3Þ

Here, P ¼ c� � c is known as interfacial pressure which repre-
sents difference between the pure system IFT, c� , and the achieved
value,c. Besides, h ¼ C=Cm;F shows the interface coverage. Other
parameters are the maximum interface excess concentration,
Cm;F, the Frumkin adsorption constant, bF, the van der Waals
molecular interaction parameter, b, the activity coefficient of ions,
f±, and the number of cations and anions of the ionic surface-active
substance, n. The correctness of fittings was established upon
achieving a low value of the objective function (OF), which is
described in details in our previous studies (Kharazi et al., 2019,
Saien et al., 2019). The achieved fitting parameters and the objec-
tive function, OF, are listed in Table 4.

As presented in Figs. S5 and S6, the adsorption isotherm of
Frumkin fits the data very well. The low OF values confirm good fit-
tings. The Cm;F of the SDS with smaller volume and longer chain of
12 carbon atoms is higher than bulkier GSAIL with shorter chains
of 4 carbon atoms, which is consistent with the above results rel-
evant to greater hydrophobicity and more adsorption at the inter-
face for longer hydrocarbons. Further, the negative value of the
molecular interaction parameter,b, confirm the existence of elec-
trostatic repulsion among GSAIL and SDS molecules. However, this
parameter is higher for GSAIL because it has two positively charged
rings per molecule, creating more electrostatic repulsion. In the
same manner, the Frumkin adsorption constant, bF, is obviously
higher for SDS, which is due to greater hydrophobicity leading to
higher adsorption tendency. Relevantly, the minimum occupied
interface area by each adsorbed molecule, Am, can be obtained
from Am ¼ 1=Cm;FNAv , where NAv displays the Avogadro’s number.
As is expected, the compact orientation of SDS at the interface
decreases the occupied area by each molecule, Am, compared to
GSAIL.

Meanwhile, the thermodynamic parameters of DG
�
ads and DG

�
mic,

related to adsorption and micellization Gibbs free energies, reflect-
ing the adsorption and aggregation tendencies, can be determined
as (Liu et al., 2012, Möbius et al., 2001):

DG
�
ads ¼ �2RT ln

bFq0

2

� �
ð4Þ

DG
�
mic ¼ RT ln CMC ð5Þ
while q0 ¼ q=18 is the molar concentration of water. As listed in

Table 5, negative values of Gibbs free energies approve the GSAIL
and SDS adsorption at crude oil–water interface and that the
micellization was spontaneous. However, superior hydrophobicity
with less electrostatic repulsion provides greater forces for SDS. As
another point, for the both used surfactants, the absolute values of
DG

�
ads are meaningfully greater than DG

�
mic, implying that the sur-

factants prefer to adsorb instead of stay in the bulk to create
aggregates.

3.1.3. Mixture of surfactants
The variation of the system IFT against the concentration of the

surfactants mixture, at different GSAIL mole fractions (a1), are pre-
sented in Fig. 3. It can be seen that IFT decreases with concentra-
tion for all the mole fractions. Reasonably, easier interfacial
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Fig. 2. The crude oil–water IFT variations with individual GSAIL and SDS
concentration.

Table 5
Gibbs free energy of adsorption, DG

�
ads, Gibbs free energy of micellization, DG

�
mic, and

the molar concentration of water, q0 , for individual surfactants.

Surfactant DG
�
ads (kJˑmol�1) DG

�
mic (kJˑmol�1) q0 � 103 (molˑcm�3)

GSAIL –75.62 –0.96 55.38
SDS –93.51 –6.97 54.38
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adsorption at low concentrations gives a steeper slope in IFT vari-
ation (Kharazi and Saien, 2022b).

In another view, IFT changes versus a1, at different concentra-
tions, are illustrated in Fig. 4. It can be seen that IFT significantly
decreases with a1 and then increases toward the IFT of just the
GSAIL. The lowest IFT with the highest synergy is corresponding
to the GSAIL mole fraction of about 0.4. If there was no synergy,
the performance of the mixture was expected to lie along the
straight lines between the IFTs of the individual components. To
better clarify, the color synergistic regions are distinguished in
Fig. 4.

To justify the synergy, the Rosen concept of dilution effect at the
interface adsorption layer was employed (Rosen and Kunjappu,
2012). The level of synergism can be calculated as the percentage
of difference between the achieved IFT and the linear contribution
of the individual surfactant IFTs to the achieved IFT. Accordingly, a
maximum 97.1 % synergismwas relevant with 0.25 mol�dm�3 mix-
ture of surfactants at a1 ¼ 0:4, providing a low IFT value of 0.18
mNˑm�1. A low IFT is essential to have stable emulsions, required
for efficient EOR processes, as it raises the capillary number in
the reservoirs (Pillai et al., 2018, Zhang et al., 2009). From an eco-
nomic point of view, use of low doses of surfactants is important to
attain low IFT values. Another remarkable economy advantage is
that experiments showed several times reusing of solutions with
no sensible change in results.

In the same manner, the CMC reached to the very low value of
0.03 molˑdm�3 (89.6 % decrease compared to the linear contribu-
tion of individual surfactants) at a1 ¼ 0:4. It is worth noting that
the decrease in CMC is desired for EOR since it favors the transport
Table 3
CMC, IFT at CMC (cCMC), minimum reached IFT (cmin) and maximum IFT reductions for ind

Surfactant CMC (molˑdm�3) cCMC (mNˑm�1)

GSAIL 0.68 9.9
SDS 0.06 2.1

Table 4
The maximum interface excess concentration,CmF , the Frumkin adsorption constant, bF, the
and the objective function, OF, for individual surfactants.

Surfactant CmF � 106 (molˑm�2) bF (dm3ˑmol�1)

GSAIL 0.77 1.53 � 102

SDS 0.91 5.67 � 103

4

of oil droplets with micelles in the surfactant flooding process
(Saien et al., 2022).

With respect to the chemical structure of surfactants (Fig. 1),
due to the attraction between two positively charged imidazolium
rings of the GSAIL and the negatively charged hydrophilic SDS head
group, a close orientation at the interface would be established
bringing about high IFT reductions. A similar mechanism can be
interpreted for the micelle formation. Fig. 5 schematically presents
the arrangement of the surfactant molecules in the bulk and at the
interface. Considering two positively charged rings in the GSAIL
and one negative charge in SDS molecules, the highest dilution
effect as well as the maximum degree of synergy was found at
the ratio of 4:6 for GSAIL:SDS i.e. a1 ¼ 0:4. At higher mole fractions,
the percentage of synergy decreases due to disrupting the balance
between electrostatic interactions. Based on the results, it can be
concluded that the adsorbed layers are different for different bulk
mole fractions (Saien and Asadabadi, 2011).

For a better comparison, variation of the maximum percentage
of synergism (at a1 ¼ 0:4), with the concentration of the mixtures
is shown in Fig. 6. As can be seen, maximum percentage of syner-
gism rises incredibly at low concentrations, tends to low variations
after 0.01 molˑdm�3 and remains almost constant, around 97 %, for
concentrations more than 0.10 molˑdm�3. At low concentrations,
due to provided space, positive and negative charged molecules
are better placed next to each other, significantly neutralize the
electrostatic repulsion and thus, synergism rises. However, at high
concentrations, the closer orientation of the adsorbed molecules
gives greater electrostatic repulsion.

3.1.4. Theoretical investigation for the mixture of surfactants
The Rosen non-ideal interactions in binary mixtures (NIBM)

theory (Rosen and Kunjappu, 2012), was used to determine the
mole fraction of adsorbed compounds (X1 for the GSAIL as surfac-
tant 1) and the parameter of molecular interaction between
adsorbed components (b) using the following equations (Rosen
and Kunjappu, 2012):

ðX1Þ2 lnðC12a1=C
0
1X1Þ

ð1� X1Þ2 ln½C12ð1� a1Þ=C0
2ð1� X1Þ�

¼ 1 ð6Þ
ividual surfactants.

cmin (mNˑm�1) Maximum IFT reduction (%)

8.8 72.4
1.5 95.1

interaction parameter, b, the minimum occupied interface area by each molecule, Am,

b Am � 1036 (m2) OF

–6.2 15.13 0.116
–3.6 12.80 0.335
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b ¼ lnðC12a1=C
0
1X1Þ

ð1� X1Þ2
ð7Þ

while a1 is the mole fraction of surfactant 1 (GSAIL) in the bulk
solution and C0

1, C
0
2, and C12 are respectively, the bulk concentration

of surfactant 1 (GSAIL), surfactant 2 (SDS), and their mixture. The
C0
1, C

0
2 and C12 values for a specified IFT, were determined from

the graphs of IFT against the concentration of individual and the
5

mixture of surfactants at a certain a1 (Fig. S7). The corresponding
values are listed in Table S1. After that, the exact values of X1

and b were calculated from above equations by iteration method
(Saien and Asadabadi, 2011). Based on NIBM theory, the negative
b values roughly indicate attractive interactions and positive val-
ues repulsive interactions at the interface. The determined values
of the parameters at selected IFTs of 1, 2.5, 5, 10 and 15 mN.m�1

are presented in Table 6. As illustrated in Fig. 7, the maximum X1



Fig. 5. Schematic arrangement of the GSAIL and SDS molecules in the crude oil–water system.
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Table 6
The interfacial mole fraction (X1) and the interfacial molecular interaction parameter
(b) for different bulk mole fraction of the GSAIL (a1) and selected IFTs.

a1 IFT (mNˑm�1) X1 b

0.2 1.0 0.21 �7.57
2.5 0.24 �11.61
5.0 0.27 �13.37

10.0 0.31 �16.32
15.0 0.35 �16.41

0.3 1.0 0.24 �8.52
2.5 0.27 �12.85
5.0 0.30 �15.30

10.0 0.33 �19.39
15.0 0.36 �24.58

0.4 1.0 0.29 �9.42
2.5 0.35 �13.55
5.0 0.36 �19.12

10.0 0.37 �23.55
15.0 0.38 �28.18

0.5 1.0 0.28 �9.10
2.5 0.31 �12.68
5.0 0.33 �14.53

10.0 0.36 �20.92
15.0 0.37 �31.05

0.6 1.0 0.26 �9.06
2.5 0.29 �12.68
5.0 0.31 �12.37

10.0 0.35 �17.40
15.0 0.36 –22.58

J. Saien, A. Eghtenaie and M. Kharazi Arabian Journal of Chemistry 16 (2023) 105329
is achieved at a1 ¼ 0:4, corresponding to the highest degree of syn-
ergism. These results confirm that the dilution effect causes more
interfacial adsorption of the surfactants, which is the main reason
of synergy.

The interfacial molecular interaction parameter, b, variation
versus a1 is shown in Fig. 8. Negative b values indicate that the sur-
factants exhibit attractive interaction despite the dominant self-
repulsive interaction between just either of surfactants. Therefore,
the larger absolute value of b, the stronger synergistic effect would
be (Olea and Gamboa, 2003). It can also be seen that the highest
absolute interaction between the compounds corresponds to
a1 ¼ 0:4, consistent with the above results.

3.2. Emulsifying capability

Transferring surfactants to the low permeable zones and dis-
solving crude oil via stable oil–in–water (O/W) is vital in EOR.
Noteworthy, the formation of emulsions reduces the adsorption
of crude oil on the surface of the reservoir rocks and smoothens
the movement of the residual crude oils (Guang et al., 2018).
Besides, emulsions facilitate the flow of injection fluids in non-
swept areas, blocks permeable pathways to inhibit the crude oil
6

backflow, raises the viscosity of the displacement medium, and
greatly improves the mobility as well as the sweeping efficiency
(Yazhou et al., 2017, Mandal et al., 2010). Hence, a low IFT is essen-
tial for stable emulsions.

The images of the produced emulsions with different mole frac-
tion of mixtures at typical concentration of 0.05 molˑdm�3 (corre-
sponding to an intermediate IFT) are presented in Fig. 9. As is clear,
the emulsion is well formed in the presence of the surfactants.
These confirm that the mixture of surfactants is a suitable candi-
date for EOR.

For a better comparison, the emulsion indices for different mole
fractions after one day and one week are shown in Fig. 10. As
expected, the maximum emulsification indices correspond to the
highest synergistic degree at a1 ¼ 0:4, bringing about emulsion
indices as high as 75.1 and 69.8 % after one day and after one week,
giving 44.8 and 52.0 % synergism, respectively. The emulsions were
also monitored after two months and, interestingly, their stability
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was proved as there was no sensible change in the emulsions. This
is a consequence of more directional adsorption of surfactants
around the interface of crude oil droplets and the formation of
hydrophilic protective films, playing a prominent role in the dis-
persion of phases (Gao and Sharma, 2013). Noteworthy, creating
stable emulsions with individual surfactants regularly requires
co-surfactants which are volatile and present environmental haz-
ards (Saien et al., 2022); however, it is beneficial here that the mix-
ture of surfactants form stable emulsions with no aid of a harmful
7

co-surfactant (Bera and Belhaj, 2016, Rodríguez-Escontrela et al.,
2016).

3.3. Wettability alteration

Known as a critical factor, wettability represents the interaction
between the rock surface of the reservoir in contact with crude oil
and aqueous solutions affecting the residual original oil in place
(OOIP). As the wettability changes from oil-wet to water-wet, the



Fig. 9. Emulsions with 0.05 molˑdm�3 of the surfactants mixture under different GSAIL bulk mole fractions after one day.
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residual oil will detach easily from the surface of the reservoir
rocks. This improves the mobility of the crude oil leading to a bet-
ter EOR. In a crude oil–water–rock contact, reservoirs are consid-
ered as hydrophilic (water-wet) with the contact angles within
(0 � 80�), moderate (intermediate-wet) within (80 � 100�) and
hydrophobic (oil-wet) within (100 � 180�) (He et al., 2015).

The appeared shapes of the attached drops, surrounded by dif-
ferent mole fractions of the mixture of surfactants under typical
0.05 molˑdm�3 concentration, the measured contact angles and
the corresponding wettability state, are precisely given in Table 7
and presented in Fig. 11. The reason for choosing the mentioned
concentration is the high level revealed synergy (Fig. 6), and allow-
ing correct comparison (Kharazi and Saien, 2023, Saien et al.,
2023). As it is possible to see, the contact angles of 130� and 100�

with, respectively, just GSAIL and SDS, are drastically reduced to
45� at a1 ¼ 0:4 with the highest degree of synergism of 59.8 %..
8

4. Conclusions

The effects of the mixture of [C4im-C6-C4im][Br]2 cationic nano
GSAIL and the SDS anionic surfactant on curing interfacial proper-
ties of the crude oil–water system were studied. The individual
surfactants could diminish the crude oil–water IFT. In theoretical
study, the Frumkin adsorption model was able to reproduce the
data with reasonable parameter values.

Thanks to their matched molecular interactions, the mixture of
the surfactants reduced the IFT much stronger than just the linear
contribution of individual surfactants and providing a low IFT
value under the GSAIL mole fraction of 0.4. This synergism is a con-
sequence of interactions between the cationic GSAIL and the anio-
nic surfactant. In the same manner, CMC was highly reduced. The
obtained results for the mixture of surfactants were analyzed by
NIBM theory and the related parameters were determined.



Table 7
The shapes of the drops on the solid surface surrounded by different mole fractions of
the mixture of surfactants, the contact angle and the wettability state at the typical
concentration of 0.05 molˑdm�3.

Mole
fraction

Image Contact
angle

State

Pure
water

h = 158� oil-wet

a1 = 0 h = 100� intermediate-
wet

a1 = 0.2 h = 68� water-wet

a1 = 0.3 h = 53� water-wet

a1 = 0.4 h = 45� water-wet

a1 = 0.5 h = 77� water-wet

a1 = 0.6 h = 95� intermediate-
wet

a1 = 0.8 h = 116� oil-wet

a1 = 1.0 h = 130� oil-wet
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Fig. 11. The quartz-crude oil-aqueous phase contact angle versus GSAIL bulk mole
fraction under surfactants mixture concentration of 0.05 molˑdm�3.
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The emulsification study revealed that the mixture of surfac-
tants could create stable dispersion of crude oil in aqueous phase.
Furthermore, the effect of mixture of surfactants on the wettability
alteration showed transferring from oil-wet to water-wet because
of reducing the adhesion of the crude oil to the solid surface.

The results totally demonstrated that the mixture of surfactants
exhibit much better performance while using low concentrations.
However, their performance at field should be sufficiently explored
to find out the effects of operational parameters.
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