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It is well established that surfactant-assisted enhanced oil recovery (EOR) offers significant advantages for
improving oil production efficiency. In this study, a surface-active deep eutectic surfactant (DESU) was
synthesized from a Gemini surface active ionic liquid (GSAIL) and methylurea in a molar ratio of 3: 2, and
its potential applications in EOR were systematically investigated. SEM and DLS analyses confirmed the
nanoscale size of the synthesized material. FT-IR spectroscopy verified the successful formation of the
DESU structure and its stability in the aqueous phase. Density functional theory (DFT) calculations
revealed strong hydrogen-bonding interactions and electrostatic stabilization between the imidazolium
unit and methylurea molecules, accounting for the pronounced surface activity and observed
physicochemical behavior of the DESU. The synthesized DESU effectively reduced the oil-water
1 at 328.2 K, demonstrating
superior performance compared with its individual precursors or their simple mixture. The experimental

interfacial tension (IFT) from 27.53 to a very-low value of 0.10 mN m~™

IFT data were successfully reproduced using the Frumkin adsorption model with reasonable parameter

fitting. Moreover, the DESU promoted the formation of stable water-in-oil emulsions, achieving
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Accepted 25th January 2026 a maximum emulsion index o %, and altere e surface wettability of a quartz plate from oil-wet to

water-wet, as evidenced by a contact angle change from 137° to 41°. Overall, these results demonstrate

DOI: 10.1038/d5na01151e that the designed DESU exhibits remarkable interfacial properties and provides multiple advantages for
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1. Introduction

Reduction in oil-water interfacial tension (IFT), in situ emulsi-
fication and wettability alteration of rocks are major contrib-
uting factors in enhanced oil recovery (EOR). In this regard, the
impacts of influencing parameters have been the subject of
many investigations for several decades.”> A relevant well-
known parameter is the capillary number, C, = uV/y, in
which u represents the viscosity of the displacing solution, V is
the movement velocity and vy represents the IFT between the
displacing solution and crude oil phases.® Oil recovery efficiency
necessitates high capillary numbers* and its critical value falls
within the range of 10~*-107>;* however, core tests have shown
that at least a tenfold increase in capillary number is necessary
to achieve about 80% recovery.® To establish higher capillary
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enhancing the efficiency of EOR processes.

numbers, it is not feasible to increase the velocity of the di-
splacing liquid solution due to limitations on the injection
pressure. Also, the aqueous phase viscosity cannot be substan-
tially increased because it would also result in a higher pressure
drop, as dictated by Darcy's law.” Thus, efforts have been
focused on IFT reduction, often achieved by utilizing surface-
active agents.®

Surfactants adsorb at interfaces as their hydrophilic and
hydrophobic parts direct into the matching phase, ultimately
reducing the IFT and altering rock wettability. However, a major
challenge for traditional surfactants is their poor stability under
harsh reservoir conditions of salinity, temperature and pres-
sure. In addition, nanosized surface-active particles exhibit
superior performance in adsorbing at oil-water interfaces,
forming micelles, and stabilizing emulsions compared to
conventional surfactants. These materials can penetrate into
rock cavities and partially block reservoir pores, thereby inhib-
iting the backflow of crude oil. Furthermore, surfactants facil-
itate the detachment of oil droplets from reservoir rock
surfaces, and through cationic interactions and charge transfer,

they cause dissolution of asphaltenes, enhance oil
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displacement efficiency, and promote sweeping motion within
the porous medium.’

In this regard, the use of a specific branch of ionic liquids,
surface-active ionic liquids (SAILs) has attracted much atten-
tion. These compounds exhibit amphiphilic properties similar
to surfactants thanks to their distinct hydrophilic head and
hydrophobic tail. This allows them to self-organize at the crit-
ical micelle concentration (CMC) and display impressive
surface activity. Their remarkable properties include thermal
and chemical stability, low vapor pressure, and a wide liquid
phase range.' Another advantage is their structual tunnability
via hydrophilic and hydrophobic parts.* Among various
surfactants, imidazolium-based Gemini surface-active ionic
liquids (GSAILs) have demonstrated high efficiency in reducing
IFT, promoting the formation of stable emulsions, and altering
rock wettability."> In some cases, these GSAILs also exhibit
nanoscale characteristics.*

Despite superior performance, SAILs are limited by cost for
large-scale applications. A promising solution to this issue lies
in forming deep eutectic surfactants (DESUs) by combining
SAILs with urea derivatives."'*'> Generally deep eutectic prod-
ucts consist of hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) constituents. These compounds can benefit the
economic feasibility as well as ionic surface activity, leading to
enhanced interfacial properties and structural stability. In
recent years, DESUs based on choline chloride and urea have
revealed desired potentials in reducing IFT, altering rock
wettability and enhancing crude oil mobility.**** In this regard,
Kumar et al.* reported the impacts of a DESU obtained from
choline chloride : urea (molar ratio of 1: 2) on EOR. The IFT was
reduced from 53.5 with pure water to 39.7 mN m™" by using
0.77 mol dm > of the DESU. The IFT reduction was attributed to
the enhanced hydrogen bonding and electrostatic interaction
between adsorbed species at the interface. In a study by Rao
et al.,”” the addition of the DESU (chloride : urea molar ratio of
1:2) together with the CTAB co-surfactant resulted in reducing
IFT from 37.81 to 21.27 mN m ™ *. The corresponding synergistic
interaction between the DESU and CTAB was attributed to
enhanced hydrogen bonding and electrostatic effects at the oil-
water interface, leading to improved wettability alteration
towards water-wet state. Noteworthily, these systems often
require co-surfactants to achieve optimal performance and
exhibit limited stability under reservoir conditions.

In previous studies, the use of choline chloride-urea based
DESUs'™* has provided ultimate IFT values which are not
adequately low for an efficient EOR. Therefore, the development
of high performance DESUs seems promising to attain desired
interfacial properties. Here, we report the development of
a novel DESU, by combining an imidazolium GSAIL, [3,3'-
(hexane-1,6-dial)  bis(1-butyl-1H-imidazol-3-ium) bromide],
abbreviated as [C,im-Ce-C4im][Br],, and methylurea (CH;-
NHCONH,). The imidazolium cation, particularly the acidic
hydrogen at the ring, serves as a strong HBD, while the
accompanying anion (Br~) enhances electrostatic stabilization.
On the other hand, methylurea has a carbonyl group that can
act as a HBA and the methyl branch improves the hydrophilic
part of the DESU. These together bring about a strong
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amphiphilic and structurally stable product. The environmental
promise of the DESU arises from its precursors, as both of them
have been reported to exhibit high biodegradability and low
toxicity.>®** Accordingly, a complementary density functional
theory (DFT) analysis has been conducted to provide direct
molecular-level insights into hydrogen bond formation and to
evaluate the electrostatic stabilization of the DESU structure.
IFT data could also be analyzed on a theoretical basis. Such an
integrated framework highlights the potential of DESU systems
as tunable and eco-friendly surfactants for efficient crude oil
recovery.

2. Experimental

2.1. Materials and methods

The crude oil sample was from an oil field which is located in
southern Iran for which, the detailed composition and proper-
ties of the oil are listed in Table 1. Additional chemicals were
procured from Merck and Exir companies, all of which were of
analytical grade and utilized with no further purification. Table
2 details the respective suppliers and the mass fraction purity of
the chemicals used in the synthesis of the GSAIL and the DESU.
Solutions of the DESU were prepared using fresh deionized
water with an electrical conductivity of about 0.08 uS cm ™.

FT-IR spectra were recorded by utilizing KBr pellets on
a PerkinElmer spectrometer. Thin-layer chromatography (TLC)
was employed to monitor the advancement of the GSAIL
synthesis. To obtain NMR spectra, a Bruker Ultrashield instru-
ment, operating at a frequency of 250 MHz, was used. The
melting point of samples during DESU preparation was deter-
mined using capillary tubes and a Stuart melting point
apparatus.

The IFT of crude oil and aqueous solutions containing DESU
were determined by means of a Fars EOR Technol pendant drop
tensiometer (CA-ES10 model) The specifics of the experimental
setup are described in a prior study.*® The IFT, in this method, is
determined by analyzing the equilibrium between gravitational
forces and the interfacial forces that hold each droplet in place.
This evaluation is conducted via y = ApgD*/H equation® where,
Ap stands for the density difference between the two phases, g
represents the acceleration due to gravity, D denotes the equa-
torial diameter of the droplet, and H refers to the shape
parameter which depends on the shape factor S, as S = d/D,
where d is the diameter of the drop measured at a distance D
from the apex of the droplet. Details of the H values versus S are
given in ref. 23.

To assess the capability for stable emulsion formation, equal
volumes of crude oil and aqueous DESU solutions (2 cm?) at
a CMC of 0.48 mol dm? (as an intermediate IFT) were placed
into vials. These mixtures were subjected to sonication in
a SONICA 2400ETH S3 ultrasound bath operating at 40 kHz and
305 W for 30 minutes. Following sonication, the samples were
allowed to rest at a constant temperature of 298.2 K for periods
of one day and one week. Subsequently, the emulsion stability
was quantified by calculating the emulsion index as V,/V, x 100,
where V. denotes the volume of the emulsion phase and V; is the
total sample volume.** Additionally, microscopic examination

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of the used crude oil
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Chemical properties

Physical properties

Specification Value-unit Property Value/unit
Saturated 54.0 Wt% °API 20.7 (—)
Aromatic 22.3 wt% Density, at 20 °C 0.915 g cm ™
Resin 6.7 wt% Kinematic viscosity, at 70 °F 60 cSt
Asphaltene content 7.7 wt% Viscosity, at 70 °F 55 cP
Loss at 200 °C 9.3 wt% Viscosity, at 100 °F 44 cP
Total acid number 0.09 mg KOH per g

Sulphur content 1.63 wt%

Total salt 4 1bs per 1000 bbls

Water content Nil wt%

Pour point 10 °F

Flash point 70 °F

Reid vapor pressure 12.1 psi

Table 2 The supplier and purity percentage of the utilized chemicals

Chemical Supplier Purity percentage
1-Butylimidazole Merck >98
1,6-Dibromohexane Merck >97

Acetonitrile Merck =99.9
Methylurea Merck >99
Tetrahydrofuran Exir >99.5

of the emulsions was conducted to evaluate dispersion of
droplets. Images of these states were captured using a Nikon
eclipse E200 microscope at 45x magnification on glass slides.

The IFT measuring apparatus was equipped with the func-
tionality of contact angle measurement. Consequently, image
analysis of oil drops on a solid substrate (specifically, a quartz
plate) was performed and the contact angle at the interface of
the three involved phases of water, oil, and quartz was recorded.

3. Results and discussion

3.1. Synthesis of the GSAIL and the DESU

The imidazolium GSAIL, [3,3'-(hexane-1,6-dial) bis(1-butyl-1H-
imidazol-3-ium) bromide], abbreviated as [C,im-C¢-C,im][Br],,
was synthesized in a comprehensive manner according to
a protocol documented in previous studies.*>** The purity and
structure of the GSAIL were verified through various analytical
techniques including '"H NMR, *C NMR, FT-IR, and melting
point analysis utilizing authentic samples for comparison. The
"M NMR and “C NMR spectra (Fig. S1 and S2 in the SI)
exhibited only the peaks corresponding to the GSAIL product,
with no signals indicative of the starting materials or by-
products. Details are as follows:

'H NMR (300 MHz, DMSO, §, ppm) 0.87 (t, 6H, ] = 9 Hz,
CHj;), 1.74-1.83 (m, 8H, CH,), 1.17-1.27 (m, 8H, CH,), 4.24 (t,
8H, J = 6 Hz, CH,), 9.61 (brs, 2H, imidazolium ring), 7.95-7.98
(m, 4H, imidazolium ring). **C NMR (75 MHz, DMSO, 4, ppm)
13.8, 25.2, 19.2, 31.8, 29.5, 49.0 (2C), 122.9 (2C), 136.5.

Dynamic light scattering (DLS) analysis was also performed
for determining the hydrodynamic particle size and micelle
formation in aqueous solutions. The measured values, related

© 2026 The Author(s). Published by the Royal Society of Chemistry

to the transfer of particles in the fluid, were within 0.7-4.9 nm
for GSAIL particles. The graphs for typical concentrations below
the CMC, are presented in Fig. S4. So, the synthetized GSAIL in
both the solid state and aqueous solutions has nanometer size.

The scanning electron microscopy (SEM) image of the GSAIL
(Fig. S3) reveals nearly spherical particles with a uniform
distribution and an apparent nanoscale size in the range of
11.93-27.49 nm. Dynamic light scattering (DLS) analysis was
also conducted to determine the hydrodynamic particle size of
the GSAIL in aqueous solution. The measured hydrodynamic
diameters, reflecting the diffusion behavior of particles in the
fluid phase, ranged from 0.7 to 4.9 nm. The corresponding DLS
profile is presented in Fig. S4. These findings confirm that the
synthesized GSAIL possesses nanoscale dimensions both in the
solid state and in aqueous solution.

To find the DESU composition, different samples were
synthesized according to the method proposed by Abbott et al.>”**
Various molar ratios of GSAIL : methylurea were gradually heated
in a jacketed glass vessel to the melting point of the components
while stirring magnetically. This process was continued until
a transparent solution appeared. The temperature was then low-
ered until turbidity appeared, indicating a change in the solu-
tion's phase. The melting points of the precursors were
determined to be 156.3 °C for GSAIL and 97.2 °C for methylurea.
All samples were vacuum-dried prior to analysis to minimize the
influence of moisture or impurities. The observed eutectic point
were consistent across three independent measurements. The
solid-liquid phase diagram presented in Fig. 1 depicts the
formation of the DESU at a GSAIL : methylurea molar ratio of 3: 2
yielding a DESU with a molar mass of 325.04 g mol . GSAIL and
methylurea form a number of hydrogen bonds, reducing the
lattice energy and thereby resulting in very much low melting
points within the eutectic range. The melting point of the DESU
was 8.3 °C, indicating a stable liquid state suitable for use at
conventional temperatures. The disparity in the freezing point at
the eutectic composition, compared to that of an ideal mixture, as
ATy =124.4 °C represents the strength of the interactions between
the HBD and the HBA. The higher value of AT indicates the
stronger interaction between the HBD and the HBA components.

Nanoscale Adv.
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Fig. 1 Phase diagram of the DESU product from the GSAIL and m-
ethylurea precursors.

The FTIR spectra of the individual components and the
synthesized DESU, as well as its aqueous solution, with 0.48 mol
per dm® concentration, are presented in Fig. 2. In the DESU
spectrum, the broad absorption band within 3200-3400 cm ™",
corresponding to N-H stretching vibrations (originating from
methylurea), is red-shifted and significantly broadened
compared to the spectrum of pure methylurea.* This indicates
the participation of N-H groups in hydrogen bonding with
electronegative acceptor sites in the GSAIL. Additionally, the
C=O0 stretching vibration of methylurea, normally appearing
near 1650 cm ', also shifts to lower wavenumbers, further
supporting hydrogen bond formation.

The characteristic C-H stretching vibrations of the imida-
zolium ring in GSAIL (around 3100-3150 cm ™) exhibit notice-
able intensity variations and slight frequency shifts in the DESU
spectrum. These changes suggest that the acidic hydrogen

GSAIL

W
3067 1562

methylurea 1168

Transmitance

aqueous solution of the DESU

1164
3075 1562

3405

2550 2050 1550 1050 550

Wavenumber (cm™)

3550 3050

Fig.2 FT-IR of GSAIL, methylurea, DESU and the aqueous solution of
the DESU at a concentration of 0.48 mol dm~>.
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atoms of the imidazolium ring participate in hydrogen bonding
interactions with the electron-rich sites of methylurea (e.g.,
carbonyl or amine groups).*® Furthermore, alterations observed
in the fingerprint region (1000-1600 cm™ ') of the DESU spec-
trum, compared with those of the pure components, indicate
the formation of a new supramolecular network stabilized
through hydrogen bonding.

As is apparent for the DESU solution in water, the corre-
sponding spectrum retains the major hydrogen-bonding of the
DESU. Although minor shifts and broadening due to water
interactions are expected, the characteristic bands in the 1600-
1700 cm ™' and 3100-3400 cm ' regions remain consistent,
indicating that the DESU structure is preserved. Meanwhile, the
absence of component-resolved peaks from GSAIL or methyl-
urea in the aqueous spectrum suggests that no significant
dissociation occurs. This structural stability enhances the
practical applicability of the DESU in aqueous systems where
robustness in water is important.

In Fig. 3(a), the "H NMR spectrum of DESU shows a singlet
peak at 9.5 ppm and multiple peaks at about 7.9 ppm, attrib-
uted to the imidazolium ring protons. The broad peak at about
5.4 ppm is related to amidic protons, confirming the successful
construction of the DESU via hydrogen bonding interactions.
Moreover, the sharp peak at 2.5 ppm corresponds to the methyl
group of methylurea. The triplet peak at 4.19 ppm is also
attributed to the hexyl chain adjacent to the imidazolium ring.
Other hydrogens of the butyl and hexyl chains with correct
integrations can be observed in the range of 0.82-1.84 ppm. In
Fig. 3(b) >C NMR spectrum of the DESU shows a distinctive
peak at 159.98 ppm corresponding to the C=0 group of m-
ethylurea. The other peaks at 136.45 and 122.87 ppm are related
to the imidazolium ring. In addition, the signals of methyl,
butyl and hexyl chains appear at 48.98, 31.74, 29.47, 26.65,
25.15, 19.2, and 13.71 ppm.

3.2. Computational study

The integration of theoretical calculations for experimental
results is essential to reveal the molecular origin of the observed
interfacial behavior. Theoretical analyses provide fundamental
insights into hydrogen bonding, charge transfer, and electro-
static stabilization within the DESU structure, thereby offering
a clear mechanistic explanation for its superior surfactant
performance.

The DESU structure, comprising six imidazolium cations, six
bromide anions and two methylurea molecules, was investi-
gated at the CAM-B3LYP-D3 level of theory. For simplicity, the
system here is denoted as ([LH,]*'[Br,]*");[MU],, where
[LH,]*[Br,]>~ represents the GSAIL and [MU] represents the
methylurea units. Geometry optimization was performed in the
gas phase using the CAM-B3LYP-D3 functional with the def2-
SVP basis set. Subsequently, natural bond orbital (NBO),
energy decomposition analysis (EDA) and atoms in molecules
(AIM) calculations were carried out at the CAM-B3LYP/Def2-
TZVP level of theory. The resulting optimized geometries are
presented in Fig. 4 where the key bond lengths and bond angles
involved in the interactions are presented.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The H NMR spectra (a) and *C NMR spectra of the DESU (b).

The NBO method converts delocalized molecular orbitals bridges quantum mechanical results with classical chemical
into localized ones, providing a clear picture of bonds, lone concepts, making it especially useful for studying bonding,
pairs, bond orders, charges, and donor-acceptor interactions. It molecular stability, hyperconjugation, hydrogen bonding, and

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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Fig. 4 Optimized geometry of the DESU structure at the B3LYP-D3/def2-SVP level, showing atom numbering along with the key bond lengths
(A) and bond angles involved in interaction. For clarity, all hydrogen atoms, except for the positively charged hydrogens and those attached to the

methylurea group, have been omitted.

reaction mechanisms.**** The analysis includes the Wiberg
bond index (WBI),**** natural atomic charge transfer,* and the
key donor-acceptor interactions.** NBO analysis was carried out
at the CAM-B3LYP-D3/Def2-SVP//CAM-B3LYP-D3/Def2-TZVP
level of theory for the DESU structure.

The WBI, derived from NBO analysis, serves as a numerical
descriptor of bond order. In this study, the O---H bond orders of
the studied structures were calculated at the CAM-B3LYP-D3/
Def2-SVP//CAM-B3LYP-D3/Def2-TZVP level of theory. The
resulting bond orders and corresponding bond lengths are
presented in Table 3. The optimized structure reveals an
intramolecular O---H bond interaction between methylurea and
the N-H fragment of imidazolium in the optimized structure.
These findings are consistent with the Wiberg index values
calculated for the interacting fragments in the DESU structure.

The partial charges on the oxygen and hydrogen atoms
involved in the O---H interaction, as well as the charge redis-
tribution between the two investigated fragments, are summa-
rized in Table 4. The results confirm a charge transfer of
approximately —1.6e from GSAIL to the two methylurea mole-
cules within the DESU structure. The natural charges calculated

Table 3 The Wiberg index and calculated O---H bond lengths
according to Fig. 4

072_H134 072_H135 0147_H208 0147_H209
Wiberg index

0.057 0.044 0.09 0.053
Bond length ()

1.74 1.90 1.63 1.84

Nanoscale Adv.

for the two oxygen atoms and four hydrogen atoms are pre-
sented as averaged values, each corresponding to a single
oxygen and a single hydrogen atom, respectively.

Generally, donor-acceptor interactions are stabilized due to
electron density delocalization from a filled donor orbital into
an empty acceptor orbital. NBO analysis quantifies this effect
using second-order perturbation theory, providing insight into
hyperconjugation, back-donation, and charge transfer in
molecular systems.*” The most significant donor-acceptor
interaction between fragments in the DESU structure, arises
from the charge transfer from the lone pairs of oxygen atoms of
methylurea to adjacent antibonding orbitals (c*) of the N-H
fragment of imidazolium. Oxygen atoms primarily interact with
N-H bonds, with the strongest stabilization (21.38 kcal mol)
resulting from O;4;, — Nyo—-H,og transfer. These interactions
reinforce weak bonds like hydrogen bonds, thereby enhancing
the overall molecular stability as reflected in Table 5.

The interaction energy between the two investigated units, ie.
([LH,]*[Br,]*); as unit A and [MU], as unit B in the DESU struc-
ture was evaluated based on the following equation® at the CAM-
B3LYP-D3/Def2-SVP//CAM-B3LYP-D3/Def2-TZVP level of theory.

IEpg = Eap — (EA + Ep) 1)

Table 4 Natural charge and the amount of charge transfer for the
DESU structure

Natural charge Charge transfer

0 H* ([LH,*[Bry]*")s — [MU],

—0.8¢e 0.46e —1.6e

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Most important donor—acceptor interactions analysis in the
DESU structure

Donor — acceptor Type E (kcal mol ™)
Oz, = Nyz—Hizy LP — o* 3.61
Oz, = Nos—His; LP — o* 19.71
O147 = N7o=Hzos LP — o* 21.38
O147 = Nisg—Hago LP — o* 10.04

The results, in good agreement with NBO data, show the
existence of an interaction energy of about —99.61 kCal mol™*
between the investigated fragments in the DESU structure.

Energy decomposition analysis (EDA) is a powerful compu-
tational tool used to investigate the nature of chemical bonding
in molecules and complexes. EDA breaks down the total inter-
action energy between two units into physically meaningful
components, electrostatic interaction AE.g .. and classical
coulombic attraction between unit charge distributions. Pauli
repulsion AEp,y); destabilizes interactions due to electron cloud
overlap and the Pauli exclusion principle. Orbital covalent
interaction, AE,, in turn, stabilizes effects arising from elec-
tron sharing, charge transfer, and polarization. Dispersion
interaction, AEg;sp, Tepresents the dispersion energy contribu-
tion, accounting for weak van der Waals interactions arising
from correlated electron motion between fragments.*® Accord-
ingly, the interaction energies between the N-H fragment of
imidazolium units and methylurea in the DESU structure were
computed using ADF 2013 at the BP86-D3/TZP level of theory.
These energies were decomposed according to the following
equation:*

AE‘int = AE‘elstat + AEpauli + AEorb + AEdisp (2)

The corresponding results are summarized in Table 6,
indicating excellent agreement with the interaction energies
obtained from the Gaussian calculations. The EDA results
confirm that, electrostatic contributions are dominant, sug-
gesting that the O---H bond interactions between the inter-
acting fragments in the DESU structure play a key role.

Bond critical points (BCPs) between interacting fragments in
the DESU structure were analyzed using Bader's AIM theory.*
Topological parameters at these points, including the electron
density (p) and the Laplacian of the electron density, V,*(r.),
were calculated for the O---H bonds in the DESU structure. The
results are summarized in Table 7. A low electron density (p <
0.1 au) combined with a positive Laplacian, V,*(r.), confirms
van der Waals interactions in the O---H bonds.

The above DFT calculations elucidated the enhanced
amphiphilicity of the designed DESU. Charge transfer analysis
indicated a pronounced electron donation from methylurea to
the imidazolium unit, which increases the polarity and
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Table 7 Topological properties (a.u.) for the DESU structure

Bond p(re) I pz(rc)
0,,-Hy33 0.052 0.13
O7,-Hiz, 0.056 0.11
0O147-Hjos 0.068 0.12
O147-Hsgo 0.058 0.11

hydration capacity of the headgroup. Furthermore, the results
highlighted the dominant contribution of electrostatic and
orbital interactions in stabilizing the hydrophilic domain, while
the hydrophobic alkyl chains of the GSAIL remained free to
interact with the oil phase. AIM analysis confirmed the presence
of stable hydrogen bonds between the imidazolium headgroups
and methylurea, with significant bond order and short bond
lengths, reinforcing the hydrophilic character of the polar
region. These collectively confirm the superior amphiphilic
nature of the DESU.

3.3. IFT variation

The IFT variations of the considered system in the presence of the
DESU (GSAIL : methylurea molar ratio of 3 : 2), were investigated.
The IFT measurements were performed at ambient pressure and
various temperatures. Fig. 5 illustrates the relationship between
IFT and the concentration of the DESU. It is evident that IFT
decreases with DESU concentration, even at low concentrations
and continues until reaching the CMC. This phenomenon can be
attributed to the amphiphilic characteristics of the GSAIL-based
DESU, which has a tendency to adsorb at the interface between
organic and aqueous phases.** Upon reaching the interface, the
hydrophobic lateral chains and spacer chains of the DESU
molecules preferentially position themselves within the oil
phase. Meanwhile, the hydrophilic imidazolium rings exhibit
strong electrostatic interactions with water and tending to
remain in the aqueous phase (Fig. 6).*> Methylurea increases the
polarity and hydration of the GSAIL head group region,
improving its ability to align with water molecules and displace
water from the interface, a key step in reducing IFT.*

In a study, by Rao et al,” it has been shown that upon
addition of a commercial co-surfactant (cetyltrimethyl ammo-
nium bromide, CTAB) to a 0.07 mol per dm® solution of choline
chloride : urea (1:2) DESU, the amount of IFT reduction was
only 16.54 mN m ' at a temperature of 303 K. The synergistic
interaction between DESU and CTAB was attributed to
enhanced hydrogen bonding and electrostatic effects at the oil-
water interface, leading to improved wettability transition
toward a water-wet state. This is while the employed
imidazolium-based DESU in this study, could give a low IFT of
0.83 mN m™' at 298.2 K, at a concentration of 0.48 mol dm™
and without using a co-surfactant.

Table 6 EDA (kcal mol™) of the DESU structure at the BP86-D3/TZP level

Fragment AE‘Pauli AEelstat

AEorb AEdisp AEint

A-B 138.03 —119.77 (49.7%)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, as presented by Fig. 5, temperature favors IFT
reduction which can be attributed to the following reasons:*

e Interrupting the surrounding water molecules around the
hydrophilic regions of the DESU which diminishes the aqueous
phase solubility and favors its adsorption.

e Favoring molecular motion and reducing the intermolec-
ular forces at the interface.

e Decreasing the aqueous phase viscosity which facilitates
mass transfer from the bulk solution, thereby promoting
adsorption of the DESU.

Table 8 presents the relevant values of clean system IFT (no
surfactant addition), CMC, IFT at the CMC, and the maximum
IFT reduction for the utilized DESU at various temperatures.
The DESU shows the lowest IFT value of 0.10 mN m~" at a CMC
of 0.41 mol dm™* at 328.2 K. The relatively high CMC can be
attributed to the bulky Gemini headgroup and strong hydrogen-
bonding interactions in the DESU system, which reduce
aggregation tendency at low concentrations. Noteworthily each
CMC was determined from the intercept of tangential lines
before and after the zone where the IFT data tend to a constant
value.*®

To comprehensively evaluate the performance of the DESU,
IFT variations were measured for the individual precursors
(GSAIL and methylurea) and for their simple mixture at a 3:2
molar ratio (no DESU formation), all at 298.2 K. As illustrated in
Fig. 7, at CMC concentrations of about 0.5 and 1.0 mol dm*
with individual components of methylurea and GSAIL,
minimum IFT values of 14.72 and 11.49 mN m ™" were achieved.
In contrast, their mixture was able to reduce the IFT to 7.57 mN
m . However, in comparison, the DESU with a CMC of
0.48 mol dm™* brings about a minimum IFT as low as 0.83 mN
m.

Nanoscale Adv.

IFT variations as a function of the DESU concentration at different temperatures.

In prior studies with the same crude oil and at the consistent
temperature of 298.2 K, IFT values of 1.55 and 1.21 mN m ™"
were recorded utilizing the conventional surfactants of sodium
dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate
(SDBS) at concentrations of 0.25 and 0.20 mol dm >, respec-
tively.***® However, in the current study, an IFT value of 5.40 mN
m ! corresponded to a DESU concentration of 0.20 mol dm >,
suggesting that conventional surfactants exhibit better perfor-
mance at moderate concentrations. This is while at a higher
concentration of 0.48 mol dm™® (CMC of the DESU), the
performance of the DESU becomes comparable, as the IFT
reaches 0.83 mN m™'; whereas the corresponding values with
SDS and SDBS are 1.1 and 1.2 mN m ™", respectively. Thus, the
IFT reduction achieved by the DESU is superior to that reported
for conventional surfactants like SDS and SDBS under compa-
rable conditions, highlighting its practical competitiveness. It is
important to note that the environmental benefits, associated
with the use of the DESU, should also be considered.

3.4. Theoretical DESU adsorption study

The well-known Frumkin adsorption isotherm effectively
represents the experimental IFT data at concentrations lower
than the CMC across the different studied temperatures. This
isotherm accounts for the non-ideal interactions (either
attractive or repulsive) between adsorbed species at the inter-
faces.*” The corresponding equation of state and the isotherm
are as follows:**

IT = —2RTT e[In(1 — 6) + 367 (3)

bFfi [C(C + Celeclrolyle)} 2 =

T xp(-160) (4)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The schematic of the DESU orientation in the oil-water system.

In these equations, IT = v,, — v, refers to interfacial pressure, v, is
the IFT of the pure system (no surfactant present) and v is the
measured IFT under a specific condition i.e. when surfactant is
present at a certain concentration. Additionally, § = I'/T'y ¢
represents the fraction of the interface covered by the surfactant.
Other parameters are relevant to the Gibbs dividing interface
theory,*® which underpins the Frumkin isotherm. These encom-
pass the maximum interfacial excess concentration as described
by the Frumkin model, I'y, 5, the activity coefficient of ions, f.,
the van der Waals molecular interaction parameter, 3, and the
Frumkin adsorption constant, bg. To assess the accuracy of fitting
the experimental data to the Frumkin isotherm, the following
objective function (OF) was calculated:*®

"N AC;  AIL
OF = G AL
Cexp,i Hm - Hl

(5)
=1
where AC; = [Cexp,i — Ceal,i| and AII; = (I1;, — I1;_4)/2 represent
the deviations between the experimentally determined and
calculated concentrations and interfacial pressure values cor-
responding to the ith data point. Additionally, IT,, = Yo — Ym
refers to the highest interfacial pressure in relation to vy,, the
final IFT in a dataset comprising m data points. The calculations
were performed using IsoFit software. Fig. S5 shows that the
Frumkin adsorption isotherm aligns well with the data for
a typical temperature of 298.2 K. Consequently, the fitting
parameters and the corresponding OF values were determined
as listed in Table 9. The OF values, ranged from 0.22 to 0.46
within the temperature range, confirming that the fits were
satisfactory.
The I'y, r values of the DESU are of the same order as those
previously reported for a number of surface active agents.*® This
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can be explained by the increased hydrophobicity and adsorp-
tion propensity. Meanwhile, negative values of § indicate elec-
trostatic repulsive forces among the adsorbed DESU molecules.
Similarly, a more compact interfacial arrangement of adsorbed
molecules, observed at elevated temperatures, indicates an
increase in electrostatic repulsion, as reflected by higher
@ values. In contrary, the Frumkin adsorption equilibrium
constant (bg) decreases with rising temperature, consistent with
the enhancement of electrostatic repulsion at elevated temper-
atures. Notably, the minimum occupied surface area by each
adsorbed molecule, A,,,, is expressed as:

Am = V(' pNav) (6)
where N,y represents Avogadro's number. An increase in
temperature elevates the interfacial concentration, promoting
a more compact arrangement of particles within the adsorption
layer. Consequently, this results in a relatively smaller area
occupied by each molecule, denoted as A,,. As observed, the
parameter I'y,y exhibits an increase with temperature. This
phenomenon can be attributed to the enhanced mobility of the
DESU molecules as well as dehydration of their hydrophilic
regions within the bulk phase.

The corresponding thermodynamic parameters of AG,
AG,;., which pertain to the adsorption and micellization Gibbs
free energies, indicating the tendencies for adsorption and
aggregation, are stated as:*>>°

and

AG., = —2RT In <b;"> )
AG,,. = RT In CMC (8)

Table 8 The relevant parameters of IFT reduction with the used DESU at various temperatures

CMC IFT of clean system, vy, IFT at CMC, Ycmc Minimum IFT 7, Maximum IFT
T (K) (mol dm ™) (mN m™) (mN m™) (mN m™) reduction (%)
298.2 0.48 30.26 0.86 0.83 97.2
308.2 0.45 29.47 0.69 0.64 97.8
318.2 0.42 28.64 0.48 0.44 98.4
328.2 0.41 27.53 0.13 0.10 99.6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variation of the IFT between crude oil-water as a function of DESU concentration and the individual precursors at 298.2 K.

where the water molar concentration is represented by p’ = p/18.
The data presented in Table 9 demonstrate that the negative
values of Gibbs free energy signify the spontaneous nature of
both the adsorption and micellization of the DESU at the crude
oil-water interface and in the aqueous phase, respectively.
Notably, the broader distribution of molecular charge contrib-
utes to stronger interactions for the DESU. At elevated temper-
atures, increased thermal mobility results in a rise in the
adsorption free energy. Additionally, the dehydration of the
hydrophilic components of the DESU in the bulk phase
enhances their tendency to aggregate with increasing temper-
ature. Sensibly, the absolute values of AG,,, are significantly
higher than those of AG,,;., suggesting a preference of the DESU
to adsorb rather than to form aggregates in the bulk phase.
Finally, changes in interface entropy, denoted as AS, along
with the changes in energy, AU, were determined using the

following equations:**
dy
as = ~(57) )
T/, ¢

AU =y + TAS (10)

The variations of AS and AU as functions of temperature are
illustrated in Fig. S6 and S7, respectively. Variations of AS can be

attributed to the alternative phenomena of enhanced agitation
and dehydration of the DESU molecules.” The former phenom-
enon leads to higher entropy, while the latter results in significant
van der Waals attraction, thereby reducing the entropy values.” A
similar trend is observed for the energy, AU, in relation to AS.
The strong hydrogen bonding and charge transfer interactions,
revealed by DFT calculations, are consistent with the non-ideal
adsorption behavior characterized by dominant interactions
between the adsorbed molecules and quantified by the Frumkin
model. In this model, lateral interactions between adsorbed DESU
molecules at the oil-water interface are taken into account.

3.5. Investigating the emulsification capability

In the context of crude oil extraction, it is essential to facilitate the
transfer of surfactants to low permeable reservoir zones and to
dissolve residual crude oil by creating emulsions. Emulsions
enhance the movement of fluids in regions that have not been
effectively swept, obstruct permeable zones to prevent the back-
flow of crude oil, and significantly increase the mobility.> Indeed,
a low IFT is crucial for the development of stable emulsions.
Fig. 8 displays the images of crude oil-water emulsions
containing 0.48 mol dm ™2 of the DESU, captured after one day
and one week, accompanied by the respective microscopic
photographs. Accordingly, Fig. 9 shows that the emulsification

Table 9 Obtained parameters based on the Frumkin isotherm at different temperatures for DESU

T (K) T'mp % 10° (mol m™?) i bp (dm® mol ) OF Am x 10%¢ (m?) AG.,, = (k] mol™) AG.;. = (k] mol™)
298.2 1.81 -9.9 46 270 0.22 6.40 —69.68 —1.81
308.2 2.04 —-11.0 45792 0.38 5.70 —-71.95 —2.04
318.2 2.38 —-13.3 45174 0.47 4.88 —74.18 —2.29
328.2 2.63 —14.7 44 288 0.46 4.42 —76.37 —2.49
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after one day after one week

Fig. 8 The crude oil-water emulsions and the microscopic images
(45x magnification) with 0.48 mol dm™ of the DESU at 298.2 K.

index for the DESU reaches a maximum of 65% after one day
and 52% after one week. Furthermore, the microscopic images
demonstrate that the DESU facilitates a nearly uniform distri-
bution of water droplets in crude oil. Also, stable emulsions
were formed in the presence of the DESU with the size of
droplets ranging from 5-90 pm after one day and 7-110 um,
after one week, respectively. This can be attributed to the
pronounced amphiphilic characteristics of the DESU and the
rather long hydrophobic alkyl chain of the GSAIL provides steric
stabilization within the oil phase, preventing droplet coales-
cence. The probable formation of a coherent and elastic inter-
facial film could also reduce the interfacial mobility and
promote kinetic stability of the emulsion.

70
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3.6. Investigating the wettability alteration

The affinity of a rocks’ surface to crude oil or water is recognized
as a critical parameter when both fluids are in contact with the
rock. The separation of residual oil from reservoir rocks is
facilitated by a transition in wettability from oil-wet to water-
wet, thereby improving EOR. Reservoirs are accordingly cate-
gorized into hydrophilic (water-wet) with contact angles within
0-80°, intermediate within 80-100°, and hydrophobic (oil-wet)
within 100-180".5° It should be noted that, in the case of an
oil drop forming within an aqueous medium, the external angle
that is established at the interface with the surrounding
aqueous phase is considered as the contact angle.

Fig. 10 displays the shape of attached drops in DESU solutions
on a quartz surface, along with the measured contact angles at
298.2 K. The contact angle was initially measured at 137" in the
absence of DESU, indicating an oil-wet surface. This significantly
decreased to 41° at a concentration of 0.48 mol dm > of the DESU.
The variations clearly indicate that the solution of DESU success-
fully modifies the surface wetting affinity to a water-wet state. The
hypothesized mechanism underlying this observation suggests
that in addition to crude oil drops, the DESU could aggregate on
the solid surface. In this arrangement, the alkyl chains orient
themselves towards the surface of the plates, while the polar
components are directed towards the surrounding solution. M-
ethylurea, acting as a hydrogen bond donor, promotes the
formation of a stable hydrogen-bonding network at the solid-
liquid interface. This configuration enhances the hydrophilicity of
the plates, facilitating the separation of trapped oil and resulting
in a transition from an oil-wet surface to a water-wet state. This
transition increases with the concentration of the DESU.*

The observed wettability alteration can be attributed to the
strong interaction of the DESU molecules with the quartz
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Fig. 9 The emulsion index versus DESU concentration at 298.2 K.
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Fig. 10 Contact angle of crude oil surrounded by different DESU aqueous solutions on a quartz surface at 298.2 K.

surface. Under near-neutral pH conditions, the quartz substrate
carries negatively charged Si-O~ groups that interact electro-
statically with the cationic headgroup, present in the DESU.’
The results are consistent with those reported by Guo et al.,*®
who investigated a DESU composed of choline chloride and
urea (molar ratio 1: 2) applied to Indiana limestone core plugs.
In their study, the contact angle decreased from 137.0° to 54.3°
upon using 0.5 mol dm? of the DESU. However, this reduction
was less pronounced than that achieved by the DESU employed
in the present work. This comparison, supported by molecular-
level interaction analyses, highlights the significance of ratio-
nally designing DESU structures. In particular, the findings
underscore that selecting an appropriate HBD is essential for
optimizing wettability alteration processes in EOR applications.
Notably, the DFT calculations are consistent with and support
the above explained experimental observations. The computed
charge transfer and strong O---H hydrogen bonds enhance the
polarity and stability of the DESU headgroup, giving rise the
adsorption capability at the oil-water interface. The high inter-
action energies (Table 6) confirm the stability of the DESU,
consistent with the observed micellization and emulsion forma-
tion. Moreover, AIM analysis highlights electrostatic and orbital
contributions that strengthen the hydrophilic domain, rational-
izing the wettability alteration of quartz from oil-wet to water-wet.

4. Conclusions

In this study, a novel deep eutectic surfactant was developed by
combining an imidazolium-based Gemini surface active ionic
liquid and methylurea, aiming to generate an efficient surfac-
tant to improve the interfacial phenomena involved in the EOR
process. In addition to the conventional analysis, the theoretical

Nanoscale Adv.

calculations provided deep insight into the molecular origin of
the amphiphilicity of the target product. NBO analysis showed
effective charge transfer and EDA emphasized electrostatic and
orbital stabilization. AIM analysis confirmed strong hydrogen
bonding between the imidazolium unit and methylurea, rein-
forcing the hydrophilic region.

Interestingly, the IFT reached the 0.10 mN m ™" value at 328.2 K,
i.e. acting much stronger than individual constituents and ach-
ieved without using co-surfactants. Consequently, the Frumkin
adsorption model was employed to precisely reproduce the ob-
tained data and to facilitate the determination of the associated
parameters. The emulsification study indicated that the DESU
could disperse water droplets, forming stable water-in oil emul-
sion that remained stable over a one-week period. Furthermore,
the solid surface wettability was altered from oil-wet to water-wet
in the presence of the DESU as a consequence of reduced adhe-
sion between crude oil and the solid surface. This transition was
attributed to the effective adsorption of the DESU at the solid
surface.

Overall, the DESU with its unique molecular structure and
interfacial activity presents a promising alternative to conven-
tional surfactant systems for EOR. Future studies could focus on
scaling up the system, conducting core flooding experiments to
directly confirm the oil recovery potential of the DESU, and
testing its performance under reservoir-relevant salinity and
hardness conditions as well its long-term stability under high-
salinity brine conditions.
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