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inity impacts on the interfacial
activity of crude oil–water systems using individual
and mixtures of a surface-active ionic liquid and
conventional surfactant

Simin Asadabadi, * Mona Kharazi and Javad Saien

Surface-active ionic liquids (SAILs) in combination with conventional surfactants offer promising effects on

the interfacial properties of crude oil–water systems. Relevantly, aqueous phase salinity and alkalinity exert

inevitable impacts. This study explores the impacts of salt and salt–alkali media on the interfacial behavior of

a long-chain cationic imidazolium-based SAIL, [C12mim][Cl], and the anionic conventional surfactant SDS,

individually and in mixtures. Results indicate that SDS alone exhibits higher efficiency, and exposure to salty

and/or alkaline media gives rise its activity through a significant reduction in interfacial tension and critical

micelle concentration (CMC). Using a surfactant mixture, adaptive charge interactions between surfactants

yield synergistic effects in IFT and CMC reductions with optimal performance at a SAIL mole fraction of 0.3.

Salt and alkali amplify interfacial activity, resulting in IFT reductions from 26.5 to 1.6 mN m−1 with 3.0 wt%

NaCl and further down to 0.2 mNˑm−1 with 3.0 wt% NaCl and 1.5 wt% NaOH. Besides, corresponding CMCs

dropped substantially, from 9.8 × 10−3 and 9.4 × 10−3 mol dm−3 to 2.3 × 10−3 in a saline medium and 1.5×

10−3 mol dm−3 in a saline–alkaline medium, respectively. Theoretical analyses, based on the Gibbs

adsorption equation and the Rosen model, were employed to evaluate the adsorption characteristics of

the individual surfactants and their mixtures, revealing reasonable key parameters that provide deeper

insights into basic concepts.
1. Introduction

Crude oil plays a vital role in driving global economic growth;
however, more than 70% of oil reserves remain unrecoverable
despite advancements in recovery technologies.1 Viscous forces
and the interfacial tension (IFT) of crude oil and the aqueous
phase primarily control the entrapment of oil within porous
reservoir rocks. The IFT between crude oil and water is another
critical factor limiting oil recovery, especially in mature reser-
voirs.2 To address this challenge, surfactants are employed to
reduce IFT. Notably, low IFT values correspond to higher
capillary numbers in oil reservoirs,3,4 facilitating the mobiliza-
tion of residual oil through porous media toward production
wells as a promising technique for enhanced oil recovery
(EOR).5

Various surfactants have been investigated in this regard;
however, conventional surfactants possess intrinsic limitations
because of their sensitivity to media salinity, temperature, and
pH.6 Consequently, there has been an ongoing effort to create
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new materials capable of consistently lowering IFT. In this
regard, surface-active ionic liquids (SAILs) have attracted much
attention due to their amphiphilic characteristics and robust-
ness under harsh conditions.7 SAILs are viewed as promising
substances owing to their high activity and desirable attributes,
which include stability across extreme temperatures, salinities,
and pH ranges, as well as their low toxicity, recyclability, non-
ammability, and minimal vapor pressure.8,9

Among different SAIL categories, those based on imidazo-
lium are recognized for their superior activity.3 Nevertheless,
the synthesis of SAILs is still in its nascent phase and is
recognized as cost-prohibitive.10,11 Moreover, to attain effective
EORs, substantial reductions in crude oil–water IFT are
required. Thus, depending solely on SAILs seems inadequate.
To address these issues, research on surfactant mixtures is
ongoing. The combination of SAILs with conventional surfac-
tants can produce considerable synergies in IFT reduction,
oen surpassing the performance of individual surfactants and
making them economically viable for EOR. The improved
performance stems from the complementary properties of both
surfactant types, such as enhanced thermal stability and
tunable surface activity. Several studies have highlighted these
advantages. In particular, investigations on the (toluene + n-
decane)–water system have shown extraordinary IFT reductions
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
with surfactant mixtures12 and that blending SAILs with
conventional surfactants led to notable enhancements in the
interfacial characteristics of crude oil–water systems.13,14

Nonetheless, despite the signicant progress on blends of SAILs
and conventional surfactants, minimal focus has been directed
toward the behavior of such mixtures under high-salinity and
alkaline conditions in real crude oil systems, which has not
been systematically studied. Building upon our earlier works on
EOR,15,16 this study aims to evaluate the extent of IFT and critical
micelle concentration (CMC) reduction in the crude oil–water
system under high-salinity and alkaline media, relevant to
actual reservoir conditions.

Accordingly, a long-chain cationic imidazolium-based SAIL,
1-dodecyl-3-methylimidazolium chloride, [C12mim][Cl], and the
anionic conventional surfactant sodium dodecyl sulfate (SDS),
are used here, individually and in a mixture. Synergistic
performance offers a cost-effective alternative to relying only on
expensive SAILs. Realistic conditions suggest using sodium
chloride (NaCl), which is commonly found in seawater and
formation brines, and sodium hydroxide (NaOH), which
imparts alkaline conditions in brine systems. Alkaline species,
like NaOH, naturally increase the alkalinity of formation waters,
a condition dominant in carbonate and sandstone reservoirs,
and alkaline solutions are used in EOR to mitigate corrosion
issues, especially with crude oils with high acid numbers.17

Experimental data are analyzed with adsorption isotherms to
elucidate the mechanisms responsible for observed variations
and to determine relevant thermodynamic parameters. The
comprehensive scope of this investigation offers valuable
Table 1 Major specifications/compositions of crude oil

Specications/compositions Value

°API 20.7
Saturated (wt%) 54.0
Aromatic (wt%) 22.3
Resin (wt%) 6.7
Asphalt (wt%) 7.7
Acidity number (mg KOH per g) 0.09
Sulphur content (wt%) 1.63
Salt content (lbs per 1000 bbls) 4
Water content (wt%) Nil
Density at 20 °C (g cm−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

Fig. 1 Chemical structures of the used SAIL and the SDS conventional s

© 2025 The Author(s). Published by the Royal Society of Chemistry
practical knowledge on the application of surfactant mixtures in
EOR scenarios under salty and alkaline conditions.
2. Experimental
2.1. Materials

Crude oil specimens were procured from the Marun oil eld in
southern Iran. The corresponding major specications/
compositions are listed in Table 1. The long-chain cationic
imidazolium-based SAIL created for this research features
a twelve-carbon alkyl chain with a chlorine anion, which is
identied as 1-dodecyl-3-methylimidazolium chloride and
denoted as [C12mim][Cl]. The synthesis of this SAIL was con-
ducted according to a previously established procedure.18 The
resulting product was conrmed using FTIR, 1H NMR, 13C
NMR, and mass spectrometry. Characterization details and all
the relevant spectra are given in the supplementary informa-
tion. The molecular structures of the imidazolium-based SAIL
and the analogous SDS surfactant are shown in Fig. 1. The
purity of the synthesized SAIL was determined to be greater
than 99.0% based on chloride ion titration. SDS anionic
surfactant, sodium chloride salt, NaCl, and sodium hydroxide,
NaOH, were purchased from Merck, all with purities exceeding
99.0%. The aqueous phase solutions were prepared with great
care using high-purity, freshly deionized water with a conduc-
tivity below 0.08 mS cm−1.
2.2. Instruments and procedure

The IFT was measured using a pendant drop tensiometer
(model CA-ES10, Fars EOR Technology). In this technique,
crude oil was extruded through the tip of a stainless-steel nee-
dle, which was immersed in the aqueous bulk phase. The
experimental conguration and procedure have been described
in detail in a previous publication.19 IFT values were calculated
at different times by assessing the geometric prole of the
developing pendant drop and analyzing the images using
dedicated soware. For each measurement, the pendant drop
was monitored until the IFT variation became negligible (<±0.1
mN m−1). The equilibration time changed depending on the
SAIL/surfactant concentration. In crude oil–pure water systems,
equilibrium was typically reached aer ∼20 min, whereas at the
highest SAIL/surfactant concentration, it decreased to ∼250 s
due to faster adsorption kinetics and enhanced interfacial
activity. Aer equilibrium was achieved, the measurements
were continued for an additional period to conrm stability. All
IFT tests were repeated under identical conditions (SAIL/
surfactant concentration, salinity, and pH) to ensure accuracy
urfactant.

RSC Adv., 2025, 15, 36050–36064 | 36051
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and reproducibility. Using this method, an equilibrium IFT of
29.1 mN m−1 was established for the crude oil–pure water
system, while an IFT of 26.5 mN m−1 at 298.2 K was measured
for the crude oil–salt water of NaCl (3.0 wt%), approximating the
primary salt content in seawater.20 In addition, the surface
tension of water (against air) was determined as 71.9 mNm−1 at
the same temperature, in close agreement with the literature
value (72.0 mN m−1).21 The experiments were performed under
ambient pressure and at a steady temperature of 298.2 K,
controlled by a thermostat, with a ±0.1 K uncertainty.

Prior to the experiments, surfactant solutions were prepared
at concentrations ranging from 1.0 × 10−4 to 2.5 × 10−2 mol
dm−3 for the individual surfactants and from 1.0 × 10−4 to 2.0
× 10−2 mol dm−3 for the surfactant mixtures, all prepared by
mass. Salty solutions of surfactants with NaCl (3.0 wt%, pH 6.8)
and in the presence of NaOH (1.5 wt%, pH 9.0) were prepared in
the range of (1.0 × 10−4 to 2.5 × 10−2) mol dm−3 for the indi-
vidual surfactants and (1.0 × 10−4 to 1.0 × 10−2) mol dm−3 for
the mixture of surfactants. All solutions were meticulously
prepared by mass using an Ohaus digital balance, model AV 264
Adventurer Pro, with an accuracy of ±0.0001 g.

To prepare aqueous solutions, 3.0303 g of NaCl (99.0 wt%)
and 1.5151 g NaOH (99.0 wt%) were added to a 100 ml ask
containing SAIL and SDS. The composition of the mixtures was
adjusted based on the SAIL mole fraction, a1 = C1/C12, where C1

denotes the molar bulk concentration of the SAIL, C2 represents
that of the SDS, and C12 = C1 + C2 as the total concentration of
the SAIL and SDS in the aqueous phase. For example, with
a total concentration of 0.01 mol dm−3 and a1 = 0.3, the
required amounts of SAIL (0.01 × 0.3 = 0.003 mol dm−3) and
SDS (0.01–0.003 = 0.007 mol dm−3) were 0.0869 and 0.2039 g,
respectively. Accordingly, for the mixture of surfactants, the
Fig. 2 IFT variation in the crude oil–water system versus the concentra

36052 | RSC Adv., 2025, 15, 36050–36064
SAIL mole fraction (a1) was varied within the range of 0–1. The
density of the solutions, crucial for determining the IFT, was
measured using an Anton Paar oscillating densitometer (DMA
4500, Austria) with a density uncertainty of 1.0 × 10−4 g cm−3.
CMC was determined as the concentration at the intersection of
tangent lines to the upper and lower regions of the IFT varia-
tions versus the surfactant concentration.
3. Results and discussion

In evaluating surfactant behavior for EOR applications, it is
important to simulate reservoir-like conditions since salinity
and alkalinity can affect the IFT and CMC via surfactant
adsorption at the oil–water interface. The corresponding results
and analyses of individual surfactants and their mixtures are
given below.
3.1. Individual surfactants

Fig. 2 and 3 illustrate the changes in IFT and CMC for individual
surfactants under three distinct conditions: pure surfactants,
surfactants in a salty aqueous phase of NaCl (3.0 wt%), and
surfactants in a salt–alkaline solution containing NaCl
(3.0 wt%) and NaOH (1.5 wt%). Notably, each CMC corresponds
to the point at which the IFT reaches a plateau, showing no
signicant decrease despite increasing surfactant
concentration.

3.1.1. Salt and alkali free conditions. Fig. 2 demonstrates
a signicant IFT reduction up to the CMC achieved. In the
presence of the individual [C12mim][Cl] and SDS surfactants,
the IFT decreases from the initial value of 29.1 to 9.7 mN m−1

and 4.0 mN m−1, indicating maximum IFT reductions of 66.5%
tion of individual surfactants under different conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CMC of individual surfactants under different conditions.
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View Article Online
and 86.1%, respectively. Further, as shown in Fig. 3, the corre-
sponding CMCs were at 9.8 × 10−3 and 9.4 × 10−3 mol dm−3,
respectively. These are due to the well-known amphiphilic
nature of surfactant molecules. At the interface between crude
oil and water, the hydrophobic hydrocarbon tails of the
surfactants are oriented in the oil phase, whereas their charged
hydrophilic heads are directed toward the aqueous phase.9 At
concentrations above CMC, the amphiphilic nature compels the
surfactants to aggregate, arranging themselves with hydro-
phobic tails directed inward and hydrophilic heads outward.

3.1.2. Salt condition. The inuence of water salinity was
examined with a 3.0 wt% NaCl solution, which approximates
the primary salt content in seawater. This is important from
both operational and economic perspectives, considering the
use of seawater and saline solutions for injection into
reservoirs.20

As a rst point, adding 3.0 wt% of NaCl salt led to an IFT
reduction from 29.1 to 26.5 mN m−1 in the absence of surfac-
tants. The potential mechanism behind this effect can be
attributed to the accumulation of cations at the interface of the
phases. This occurs through a non-covalent interaction of the
cations with the hydrocarbon phase, resulting in positive ion
adsorption at the interface at low concentrations.22 As a result,
even under low salt concentrations in the bulk, the dissociated
cations in water tend to localize preferentially at or close to the
interface. Consequently, with cations present at the interface,
the surface excess increases or becomes positive, leading to
a decrease in IFT.22 A second important nding is that the used
surfactants were stable in salty water, showing no phase sepa-
ration or precipitation of surfactants from the solution. In many
studies, co-surfactants or co-solvents are added to improve
surfactant efficacy and enhance formulation stability in chal-
lenging environments, such as salty solutions; however, this
approach increases cost and poses potential environmental
risks.23 In contrast, our research achieved stable formulations
without the need for co-surfactants or co-solvents.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 2 shows a signicant reduction in IFT with the effect of
salt, leading to ultimate IFTs of 8.1 mN m−1 in the presence of
[C12mim][Cl] and 3.3 mN m−1 in the presence of SDS. This
results in a remarkably greater IFT reduction to 16.3% and
17.6%, respectively, i.e. a promising method for EOR applica-
tions under challenging salinity conditions. The improved
performance observed in the presence of salt can be explained
by the following primary mechanisms:

� The counter-charged salt ions diminish the electrostatic
repulsion among the surfactant head groups, thereby giving
a more compact arrangement of surfactant molecules at the
crude oil–water interface.9 This tightening of the electrical
double layer around the surfactant head groups allows for
denser packing of surfactant molecules at the boundaries.2,24

� The salt ions exhibit a high charge density and superior
hydration in comparison to surfactant ions, which creates
a “salting-out effect” that lowers the solubility of the surfactant
in the aqueous phase. As a result, their migration to the inter-
face is enhanced, causing a progressive reduction in IFT in the
presence of salt.25

The presence of salt aids in reducing IFT and affects CMC. As
shown in Fig. 3, the CMC values for [C12mim][Cl] and SDS fall
from 9.8 × 10−3 mol dm−3 and 9.4 × 10−3 mol dm−3 to 9.1 ×

10−3 mol dm−3 and 6.2 × 10−3 mol dm−3, respectively, corre-
sponding to 7.1% and 34.1% more reductions relative to the
salt-free (pure) condition, respectively. Diminishing the elec-
trostatic repulsion between the charged surfactant heads by the
counter-charged salt ions results in a compression of the charge
layers around the surfactant head groups, which gives closer
aggregation in the bulk solution.26 In addition, the salting-out
effect accelerates the formation of micelles by lowering the
surfactant's solubility in the aqueous phase.

3.1.3. Salt–alkali condition. The effect of salty water con-
taining 3.0 wt% NaCl and 1.5 wt% NaOH was further investi-
gated. The data in Fig. 2 show amore pronounced IFT reduction
under alkaline conditions, with IFT values dropping to 7.6 mN
RSC Adv., 2025, 15, 36050–36064 | 36053
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m−1 for [C12mim][Cl] and 2.9 mN m−1 for SDS. Consequently,
the alkaline environment in salty water results in IFT reductions
of up to 21.6% and 28.0%, respectively. These observations can
be attributed to several phenomena:

� The hydration of sodium ions originating from NaOH gives
strong hydration and causes higher migration of surfactant
molecules to the interface, enhancing IFT reduction through
the salting-out effect.

� It is known that hydroxide ions (OH−) exhibit a strong
tendency to migrate toward the interface.27 By accumulating at
the interface, these ions reduce the electrostatic repulsion
between the positively charged hydrophilic heads of surfac-
tants, thereby promoting greater interfacial adsorption.

� It has been identied that certain organic acids present in
crude oil (HA(crude oil)), like sulfonate and naphthenic acids, can
serve as natural surfactants. The acidic groups of these natural
surfactants can dissociate at the interface in the presence of
hydroxide ions according to the following path,28 leading to the
formation of in situ surfactants.

HAðcrude oilÞ 5
I

HAðinterfaceÞ þ ðOH�Þ
,II A� þ H2O ()III A�

ðwaterÞ þH2O (1)

An alkaline condition favors dissociation step II in the above
path, causing the natural in situ surfactants to accumulate more
and producing notable reductions in the IFT.28 A schematic
diagram of this mechanism is presented in Fig. 4.

The alkaline environment also inuences CMC, as demon-
strated in Fig. 3, leading to micelle formation at low surfactant
concentrations. Under salt–alkali conditions, the CMC values
for [C12mim][Cl] and SDS decrease to 5.9 × 10−3 and 4.7 ×

10−3 mol dm−3, respectively, representing 39.8% and 50.0%
more reductions compared to the non-alkaline salt condition.
As pointed out earlier, the salting-out effect reduces the
Fig. 4 Schematic of the creation of natural in situ surfactants at the cru

36054 | RSC Adv., 2025, 15, 36050–36064
solubility of surfactants in the aqueous phase, thereby acceler-
ating micelle formation. Additionally, the presence of hydroxide
ions (OH−) lessens the electrostatic repulsion between charged
surfactant head groups, facilitating aggregation and promoting
efficient micelle formation in the bulk phase.

3.1.4. Theoretical considerations. In order to evaluate the
performance of individual surfactants under the applied
conditions, crucial parameters related to their interfacial
behavior were determined. The gCMC and gmin, representing,
respectively, the IFT at CMC and the minimum achieved IFT,
were determined from the variations in IFT versus surfactant
concentration (Fig. 2). It is worth noting that the absence of
a minimum point in the IFT versus concentration plot near the
CMC indicates the purity of the surfactants.29 Additionally, the
effectiveness of IFT reduction, dened as the interfacial pres-
sure at the CMC (PCMC), can be obtained as follows:30

PCMC = g0 − gCMC, (2)

where g0 denotes the IFT of the pure system without any
surface-active additive. Thus, PCMC serves as a metric for
assessing the efficiency of the surfactants relevant to the CMC.6

As another important parameter, the maximum interfacial
adsorbed concentration, Gmax, reects the saturation of the
interface, beyond which additional surfactant molecules
predominantly remain in the bulk phase. Analysis of Gmax can
offer insights into molecular packing and interactions at the
interface. High values of Gmax indicate dense molecular
packing, which oen correlates with enhanced interfacial
activity and stronger synergistic effects in mixed surfactant
systems. Conversely, lower values suggest either weaker
adsorption or repulsive interactions that limit surface coverage.

By utilizing the Gibbs adsorption equation, which provides
a fundamental thermodynamic relationship linking the surface
concentration of adsorbed molecules to the variation of IFT
de oil–water interface under alkaline conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with bulk concentration, Gmax can be calculated using the
following equation:31

Gmax ¼ � 1

iRT

�
dg

d ln C

�
; (3)

where g, R, T, and C represent the IFT, the ideal gas constant,
the absolute temperature, and the adsorbate concentration,
respectively. The parameter i signies the number of surfactant
species. Since the surfactants utilized in this study dissociate
into a cation and an anion, the value of i is equal to 2.6

Subsequently, the minimum interface area occupied by each
molecule, Amin, can be determined as follows:

Amin ¼ 1

NAvGmax

; (4)

where NAv denotes Avogadro's number. Furthermore, the
tendency for micellization can be evaluated through the free
energy of micellization, DGm, expressed as follows:32

DGm = RT ln(CMC). (5)

Moreover, the standard free energy of adsorption (DGads),
indicating the spontaneity of the surfactant adsorption at the
interface, is calculated as follows:31

DGads ¼ DGm � PCMC

Gmax

(6)

By applying these equations, the calculated parameters for
the individual surfactants in three states (salt and alkali free,
salt water, and salt–alkali water) are listed in Table 2.

The results show that the effectiveness of SDS in lowering
IFT is greater than that of the imidazolium-based SAIL.
Furthermore, the inclusion of salt and alkali boosts the
performance of both surfactants, resulting in additional IFT
reductions. Consequently, in the three experimental scenarios,
the imidazolium-based SAIL attains a maximum IFT reduction
of about 66.5%, 69.3%, and 71.3%, whereas SDS shows
impressive maximum IFT reductions of 86.1%, 87.5%, and
88.8%. This discrepancy is likely due to the bulkier structure
Table 2 Interfacial parameters for the individual surfactants

Parameter

[C12mim][Cl]

Salt and alkali free Salt

Pure IFT (mN m−1) 29.1 26.5
gmin (mN m−1) 9.7 8.1
Max IFT reduction (%) 66.5 69.3
IFT reduction (%) — 16.3
CMC × 103 (mol dm−3) 9.8 9.1
CMC reduction (%) — 7.1
gCMC (mN m−1) 10.4 8.9
PCMC (mN m−1) 18.6 17.6
Gmax × 105 (mol m−2) 55.1 60.5
Amin × 102 (nm2) 29.2 26.6
DGm (kJ mol−1) −11.4 −11.6
DGads (kJ mol−1) −11.5 −11.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
and larger spatial requirement of the imidazolium SAIL, caused
by its aromatic ring, which leads to a lower concentration of
adsorbed SAIL molecules at the interface compared to SDS, and
thus a smaller reduction in IFT. The interfacial pressure crite-
rion,PCMC, indicates higher values for SDS, aligning with SDS's
greater adsorption tendency.

Accordingly, the higher values of Gmax for SDS in comparison
to the SAIL under all the conditions validate the higher inter-
facial concentration of SDS, which adopts a more tightly packed
arrangement at the interface, leading to a smaller interfacial
area per adsorbed molecule (Amin) compared to the
imidazolium-based SAIL. They also revealed the benecial
effects of salt and alkali on the adsorption of both surfactants at
the interface, conrming their adsorption tendency and
promoting a more compact orientation.

Comparing the CMCs in Table 2, low CMCs are observed for
both surfactants owing to their signicant hydrophobicity. The
comparable CMC values of [C12mim][Cl] and SDS in the salt and
alkali free system underscore their similar hydrophobic char-
acteristics. However, the CMC reduction for the SAIL caused by
salt water and salt–alkali water conditions, with the maximum
synergy of 39.8% is less than that of SDS, which exhibits up to
a 50.0% reduction.

Finally, the negative values of the associated Gibbs free
energies conrm the shared tendency of both surfactants to
adsorb at the interface and to form micelles spontaneously,
being more signicant for SDS under all the three conditions.
The absolute values of DGads compared to DGm indicate that
surfactant adsorption at the interface takes precedence over
micellization for both surfactants.31 The presence of salt and
alkali enhances these processes, making them more negative
and, hence, more spontaneous.

3.2. Mixture of surfactants

In the next step of this study, the inuence of salinity and
alkalinity on the behavior of SAIL and surfactant mixtures is
examined. Fig. 5 illustrates the changes in IFT as a function of
mixture concentration for different SAIL mole fractions (a1)
under both the salt and salt–alkali conditions.
SDS

Salt–alkali Salt and alkali free Salt Salt–alkali

26.5 29.1 26.5 26.5
7.6 4.0 3.3 2.9

71.3 86.1 87.5 88.8
21.6 — 17.6 28.0
5.9 9.4 6.2 4.7

39.8 — 34.1 50.0
8.3 4.7 4.1 4.0

18.2 24.3 22.4 22.5
61.1 71.4 74.3 75.9
26.3 22.5 21.6 21.2

−12.7 −11.5 −12.6 −13.2
−12.8 −11.6 −12.7 −13.3
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3.2.1. Salt and alkali free conditions. Fig. 5 shows that
there is a consistent decrease in IFT as the surfactant concen-
tration rises for all the mole fractions under salt and salt–alkali
conditions. The ease of adsorption at low concentrations leads
to a more pronounced slope in the IFT variation. The inset
graph emphasizes the changes in IFT in relation to the SAIL
mole fraction (a1) at various mixture concentrations, revealing
a marked reduction in IFT with a1 before increasing toward the
Fig. 5 Variation in the crude oil–water IFT versus the concentration of
conditions. The inset figures show the IFT changes versus a1 at different

36056 | RSC Adv., 2025, 15, 36050–36064
SAIL alone. Hence, under both the established conditions, the
minimum IFT value appears at the SAIL mole fraction of a1 =
0.3.

Here, the degree of synergy can be determined by comparing
the IFT achieved with the linear combination of the SAIL and
SDS contributions in the mixtures (i.e. assuming no synergism)
at a given concentration:
surfactants for different mole fractions under (a) salt and (b) salt–alkali
mixture concentrations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Synergy percentage in IFT reduction versus the concentration of the mixture of surfactants for different mole fractions under (a) salt and
(b) salt–alkali conditions.
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Synergy ð%Þ ¼
�
1� gmix

a1gSAIL þ gSDS

�
� 100; (7)

where gmix, gSAIL and gSDS denote the IFT with the mixture, with
only the SAIL, and just with SDS, respectively.

Accordingly, the percentage of synergy in IFT reduction
versusmixture concentration for different a1 values is illustrated
in Fig. 6, with both the salty and salt–alkaline waters. The trend
of changing the percentage of synergy with the mixture
concentration remains consistent with a1; however, the gure
© 2025 The Author(s). Published by the Royal Society of Chemistry
shows a signicant rise at low concentrations, peaking, and
then staying relatively constant with slight decreases at high
concentrations. This is due to the neutralization of electrostatic
repulsion when positively and negatively charged molecules are
in close proximity at low concentrations, resulting in high
synergisms. At high concentrations, the tight packing of
adsorbed molecules causes minor changes in the synergy level.
The highest degree of synergy of 74.9% and 95.0% corresponds
to salt water and salt–alkali conditions, with a SAIL mole frac-
tion of a1 = 0.3 and a mixture concentration of 0.003 mol dm−3.
RSC Adv., 2025, 15, 36050–36064 | 36057
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From an economic viewpoint, these achievements must have
a low SAIL mole fraction. Indeed, a bulky SAIL head group and
the charge distribution in the aromatic ring facilitate the
attraction of two SDS molecules alongside each SAIL molecule,
contributing to the observed synergy.33 Notably, the ndings
from this study show a considerably greater level of synergy
than those reported in earlier studies on mixtures of cationic
and anionic surfactants34,35 as well as SAILs with conventional
surfactants.15,36

However, the variations in the CMC of themixtures and gCMC

values across different SAIL mole fractions (a1) are depicted in
Fig. 7 under different conditions. Under all the studied condi-
tions, the CMC decreases to remarkably low values at all mole
fractions, with the strongest effect appearing at a1 = 0.3
Fig. 7 Variations in (a) CMC and (b) gCMC versus SAIL mole fraction und

36058 | RSC Adv., 2025, 15, 36050–36064
(Fig. 7a). Consistent with previous ndings, the intermolecular
attractive forces between surfactants weaken electrostatic
repulsion, facilitating micelle formation at lower concentra-
tions. It has to be emphasized that a low CMC is crucial in EOR
processes for the efficient transportation of oil droplets through
surfactant ooding.37,38 Further, comparing gCMC values for
different SAIL mole fractions (Fig. 7b) reveals that in addition to
CMC, the relevant IFTs also decrease in the presence of the
mixture of surfactants.

To provide a more precise comparison of the results ob-
tained in this study with previous investigations, Table 3 pres-
ents interfacial parameters for mixtures of SAIL/surfactant in
water–crude oil systems. As shown, compared to other
studies,39–42 the present study demonstrates outstanding
er different conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the results with other related studies under salt and alkali free conditions

Crude oil source, type Used SAIL
T
(°C) a1

C12

(mol dm−3)
Max. g reduction (%)
than the sole SAIL

gCMC reduction (%)
than the sole SAIL Ref.

Ankleshwar (India), light 1-Hexadecyl-3-methyl imidazolium
bromide

35 0.80 0.220 2 50 39

Karamay (China), heavy 1-Dodecyl-3-methylimidazolium
chloride

30 0.33 0.017 86 27 40

Tapis (China), light Choline laurate 25 0.60 0.219 72 — 41
Arab (Saudi Arabia), light 1-Butyl-3-methylimidazolium

lauroyl sarcosinate
25 0.83 0.177 46 — 42

Marun (Iran), heavy 1-Dodecyl-3-methylimidazolium
chloride

25 0.30 0.003 86 77 15
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performance. Using a total concentration of only 0.003 mol
dm−3 and a low SAIL mole fraction of 0.3 at 25 °C, signicant
reductions in both IFT and gCMC were achieved compared to the
sole SAIL, highlighting the superior performance of the present
study under mild conditions.

3.2.2. Salty condition. The inuence of water salinity on the
surfactant mixture was examined using a 3.0 wt% NaCl solu-
tion. In a manner similar to the individual surfactants, the
mixture of the surfactants was found to be stable in salt
systems, with no signs of phase separation or precipitation, and
without the need for any co-solvents to enhance formulation
stability in challenging environments.

The results illustrated in Fig. 5a indicate a signicant
reduction in IFT by the addition of the salt, leading to an IFT
decrease of up to 1.6 mN m−1 with the SAIL mole fraction of a1
= 0.3. The inclusion of salt demonstrates a synergistic inuence
on IFT reduction in the mixture, achieving up to 74.9% synergy
compared to the linear contribution of the surfactants in the
salt and alkali free system, as shown in Fig. 6a. For comparison,
the related interfacial parameters for the surfactant mixture
under various conditions are compiled in Table 4. Analogous to
the individual surfactants, the improved performance in the
presence of salt is attributed to the salting-out effect and the
compression of the electrical double layer around the surfactant
head groups, which is due to the counter-charged ions from the
salt. These factors promote a more compact arrangement of the
surfactant molecules at the interface, leading to a greater IFT
reduction with salt.
Table 4 Corresponding parameters for the mixture of surfactants
under different conditions

Parameter Salt and alkali free Salt Salt–alkali

Pure IFT (mN m−1) 29.1 26.5 26.5
gmin (mN m−1) 1.8 1.6 0.2
Max IFT reduction (%) 93.8 94.0 99.2
Max synergy of IFT
reduction (%)

83.6 74.9 95.0

Min CMC × 103 (mol dm−3) 2.7 2.3 1.5
Max synergy of CMC
reduction (%)

71.5 67.5 70.4

Min gCMC (mN m−1) 2.41 2.39 0.98

© 2025 The Author(s). Published by the Royal Society of Chemistry
The addition of salt not only leads to a further reduction in
IFT but also impacts the CMC and gCMC (Fig. 7). The results
indicate micelle formation at lower concentrations of the
surfactant mixture, while the corresponding IFTs are signi-
cantly reduced. In the presence of salt, the CMC decreases to
a very low value of 2.3 × 10−3 mol dm−3 at a1 = 0.3, repre-
senting a 14.8% reduction compared to the salt-free condition.
The presence of counter-charged ions in the salt lessens the
electrostatic repulsion between the charged heads of the
surfactants, leading to a compression of the charge layers
surrounding the surfactant head groups and promoting the
aggregation of surfactants in the bulk solution.26 The low IFT
value of 2.4 mN m−1, achieved at this CMC, highlights the
superior performance of the surfactant mixture under salt
conditions.

3.2.3. Salt–alkali system. The combined effects of salt and
alkali on the reduction of IFT and CMC were examined using
a solution containing 3.0 wt% salt and 1.5 wt% NaOH, respec-
tively. The alkali environment in the salt water leads to a more
signicant reduction in IFT with the surfactant mixture. This
caused IFT to reach an exceptionally low value of 0.2 mNm−1 at
the SAIL mole fraction of a1 = 0.3 (Fig. 5b). The salt–alkali
solution creates a synergistic effect on IFT reduction with the
surfactant mixture, reaching up to 95.0% compared to the
linear contribution of the surfactants in the salt and alkali free
system (Fig. 6b). Fig. 8 better demonstrates that the maximum
synergism (under SAIL mole fraction of a1 = 0.3), under salt–
alkali conditions, exceeds those under salt conditions across all
the mixture concentrations.

The enhanced performance of the surfactant mixture under
salt–alkaline conditions aligns with the mechanisms described
for individual surfactants in Subsubsection 3.1.3. For better
visualization, Fig. 9 illustrates the most likely arrangement of
surfactant molecules in the mixture at the oil–water interface
under different conditions.

The alkaline condition also affects CMC and gCMC (Fig. 7),
resulting in micelle formation at lower concentrations of the
surfactant mixture and correspondingly lower IFTs at the CMC.
In this system, the CMC decreases to a very low value of 1.5 ×

10−3 mol dm−3 at a1 = 0.3, providing 44.4% and 38.8% lower
values compared to the salt and alkali free (pure) and only salt
conditions, respectively. The salting-out effect aids micelle
formation by decreasing surfactant solubility in the aqueous
RSC Adv., 2025, 15, 36050–36064 | 36059
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Fig. 8 The maximum degree of synergism against the surfactant mixture concentration under salt and salt–alkali conditions, all with the SAIL
mole fraction of a1 = 0.3.
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phase. Additionally, hydroxide ions reduce the electrostatic
repulsion between the charged heads of the surfactants, facili-
tating a closer arrangement and promoting aggregation of the
surfactants in the bulk. Accordingly, the very low IFT of 0.98 mN
m−1 signies the optimal performance of the surfactant mixture
under salt–alkali conditions.

3.2.4. Theoretical considerations. The non-ideal binary
mixture (NIBM) theory6 was applied to analyze the results with
the mixture of surfactants and to obtain the adsorbed SAIL mole
fraction (X1) and the molecular interaction parameter (b) using
the following equations:6

ðX1Þ2 ln
�
C12a1

�
C0

1X1

�
ð1� X1Þ2 ln

�
C12ð1� a1Þ

�
C0

2ð1� X1Þ
� ¼ 1; (8)

b ¼ ln
�
C12a1

�
C0

1X1

�
ð1� X1Þ2

: (9)
Fig. 9 Orientations of the SAIL and SDS molecules at the crude oil–w
conditions.

36060 | RSC Adv., 2025, 15, 36050–36064
Here, C0
1, C

0
2 and C12 represent the bulk concentration of the

SAIL, SDS, and their mixture, respectively, all corresponding to
a specic IFT. These concentrations were derived from IFT
variations versus individual surfactant concentrations and their
mixture for a particular a1 value (Fig. 5). The same procedure
was employed in our previous studies.15,16 Consequently, accu-
rate values of X1 and bwere calculated using an iterative method
based on eqn (8) and (9).6 Negative values of b indicate an
attractive molecular interaction, while positive values represent
repulsion.

It is evident from Fig. 10a and b that the adsorbed SAIL mole
fraction (X1) in salty water and salt–alkali water increases with
a rise in the mole fraction of SAIL (a1) under both the salt and
salt–alkali conditions. The results also show that as the inter-
facial concentration increases and the IFT decreases, X1

decreases, suggesting that SDS has a higher affinity for inter-
facial adsorption compared to the imidazolium-based SAIL.
ater interface under (a) salt and alkali free, (b) salt, and (c) salt–alkali

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Interfacemole fraction under (a) salty water and in (b) salt–alkali conditions, and interaction parameter under (c) salty water and under (d)
salt–alkali water conditions versus the SAIL mole fraction for various constant IFT values.
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Comparing the salt and salt–alkali conditions indicates that the
alkali addition gives rise to X1 across all mole fractions, con-
rming that alkali enhances interfacial adsorption, as elabo-
rated in the previous sections.

The interaction parameter (b) represents the strength and
nature of the interactions between surfactant molecules at the
interface. A positive b indicates repulsive interactions, while
a negative one indicates attractive interactions. By analyzing b,
one can gain insight into the molecular organization and
interactions occurring at the interface. As shown in Fig. 10c and
d, the negative values of b signify an attractive interaction pre-
vailing between the adsorbed components in the mixtures
under both the salty water and salt–alkali conditions despite
self-repulsions among individual surfactant molecules. Addi-
tionally, the relatively high absolute b values imply a strong
synergistic effect.43 The highest absolute interaction is observed
at a1 = 0.3. Further, the absolute b values decrease as the IFT
decreases. This is attributed to the higher interfacial
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentrations and closer arrangement of the adsorbed
surfactant molecules, intensifying repulsion between similar
charged molecules. Alkaline conditions enhance the absolute
value of b, consistent with greater synergism. Hydroxide ions
also contribute to the reduction of electrostatic repulsion
between like-charge species, favoring attraction between the
SAIL and SDS and ultimately achieving a higher IFT reduction.
4. Conclusions

This investigation explored the effects of salty and salt–alkali
waters on the interfacial activity of crude oil–water using indi-
vidual and mixtures of a long-chain cationic SAIL and the
anionic conventional surfactant. Preliminary experiments on
the individual surfactants conrmed that SDS achieved
a stronger reduction in IFT than SAIL. This study also uncovered
the synergy in the individual surfactant systems when exposed
to salty and salt–alkali waters, which resulted in a greater IFT
RSC Adv., 2025, 15, 36050–36064 | 36061
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reduction than in the salty and alkali free (pure) systems. The
salting-out effect and the lessening of electrostatic repulsion
between like-charged surfactants in the presence of salt and
alkali were identied as primary factors that boosted surfactant
interfacial activity. Furthermore, under alkaline conditions, the
generation of in situ surfactants from natural compounds in the
crude oil contributes to the IFT reduction. To provide a thor-
ough evaluation of the effectiveness of individual surfactants,
several theoretical parameters were obtained, illustrating the
inuence of salt and salt–alkali on each parameter.

The synergistic behavior in the surfactant mixtures resulted
in a substantial decrease in IFT that surpassed the capabilities
of the individual components. The optimal performance was
found at a SAIL mole fraction of 0.3, which yielded exceptionally
low IFT values. In addition, the CMC was lowered to minimal
values. The presence of salt and alkali greatly improved the
interfacial activity of the surfactant mixtures, causing further
reductions in IFT and CMC. The lowest IFT values achieved with
salt and salt–alkali were as low as 1.6 and 0.2 mN m−1,
respectively. These IFT changes were consistent with the NIBM
model, and the theoretical parameters showed reasonable
correspondence.

To accomplish this research, further studies should focus on
establishing more realistic reservoir conditions, e.g. high pres-
sures and temperatures as well as core ooding tests. Alterna-
tive crude oil samples are also viable to examine.
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