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Surface active ionic liquids (SAILs) are considered as prominent materials in enhanced oil recovery
thanks to their high interfacial activity. This study reports the preparation and applications of a nano-
structure Tripodal imidazolium SAIL as an environmentally-friendly substitute to the conventional sur-
factants. The product has a star-like molecular structure centered by a triazine spacer, namely
[(C4im)3TA][Cl3], prepared by a one-step synthesis method and characterized with FT-IR, NMR, XRD, and
SEM analysis methods. The interfacial tension of the system was decreased to about 78% at critical
micelle concentration of less than 0.08 mol-dm 3. Increasing temperature, from 298.2 to 323.2 K,
improved this capability. The solid surface wettability was changed from oil-wet to water-wet and 80%
and 77% stable emulsions of crude oil—aqueous solutions were created after one day and one week,
respectively. Compared to the Gemini kind homologous SAILs, the superior effects of the Tripodal SAIL
were revealed and attributed to the strong hydrophobic branches in the molecule. The Frumkin
adsorption isotherm precisely reproduced the generated IFT data, and accordingly, the adsorption and
thermodynamic parameters were determined.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Despite worldwide growing demand for energy, primary and
secondary recoveries produce low percentages of crude oils from
mature reservoirs (Tamayo-Mas et al., 2016). Accordingly, injection
of surfactants for reducing crude oil—water interfacial tension (IFT),
improving capillary number, altering rock wettability, and forming
microemulsion have been attempted in different ways (Kharazi
et al., 2022; Razzaghi-Koolaee et al., 2022; Painter et al., 2010).
Meanwhile, the main challenge of conventional surfactants is to
lose their performance in the harsh conditions of reservoirs and
create environmental problems (Saien et al., 2022).

Surface active ionic liquids (SAILs), with amphiphilic nature and
high stability show great potential for replacing conventional sur-
factants. SAILs, which exhibit advantages over thermal and chem-
ical treatments, are resistive in brine solutions, non-flammable and
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recyclable (Hou et al., 2022; Zhou et al., 2016).

In view of environmental protection, unlike most conventional
hazardous surfactants, most of the SAILs exhibit low toxicity, minor
vapor pressure, and are environmentally friendly. These are docu-
mented according to the Classification Labelling and Packaging
(CLP) or criteria of the Globally Harmonized System (GHS) regula-
tions (Bera and Belhaj, 2016; de los Rios et al., 2013). Meanwhile,
the toxicity of SAILs can be tuned by an appropriate molecular
design. For instance, use of the imidazolium SAIL with Cl anion is
satisfactory in an enzyme-friendly environment (Liu et al., 2021).
Biodegradation is also important in the field of green chemistry. In
this regard, the proper biodegradability and mineralization of the
imidazolium SAILs have been confirmed (Panchal et al., 2020).
These advantages, as well as the high stability and recyclability of
SAILs (Pal et al., 2019; Painter et al., 2010) are remarkable. Note-
worthy, cationic SAILs, due to charge repulsion, are reluctant for
adsorbing on the positive charge carbonate rocks which constitute
about 60% of the world reservoirs (Joonaki et al., 2016).

Considering these features, multicationic SAILs (including
Gemini and Tripodal types), consist of more than one cationic and
anionic portions. Accordingly, they exhibit superior interfacial
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Abbreviates

CMC Critical micelle concentration

EOR Enhanced oil recovery

HLB Hydrophilic-lipophilic balance

IFT Interfacial tension

OF Objective function

o/W Oil-in-water emulsion

SAIL Surface active ionic liquid

A Interface area occupied by each molecule, m?
b Adsorption equilibrium constant, dm>-mol !
C Ionic liquid or electrolyte concentration, mol-dm—>
f Ions average activity coefficient

G Gibbs free energy, kj-mol !

Nay Avogadro's number

R Universal ideal gas constant, J-mol~!-K~!

S Entropy at the interface, J-K~!-m™2

U Energy at the interface, J-m 2

T Temperature, K

Greek symbols

I’} Molecular interaction parameter

r Interface excess concentration, mol-m~2
v Interfacial tension, mN-m™!

A Difference

0 Interface layer coverage or contact angle
o Interfacial pressure, mN-m~!

p Density, kg-m—3

s Water molar concentration, mol-dm 3
Subscripts

ads Adsorption

cal Calculated

exp Experimental

F Frumkin

m Maximum or minimum
mic Micellization

° Pure state

Superscript

Standard state

o

activity of lower critical micelle concentration (CMC), easier
emulsion formation, greater thermal and salinity resistance, and
lower vapor pressure compared to monocationic branch SAILs
(Saien et al., 2022; Ezzat et al., 2021). Adding to these, studies have
confirmed that the stretched conformation of multicationic SAILs
limit their penetration into cell membranes and give low hazards to
organisms (Zhang et al., 2012). In this regard, Sharma et al. (2008),
by synthesizing 28 symmetrical Tripodal SAILs and testing their
ability in different aspects, reported that the physico-chemical
properties of Tripodal SAILs were simply modified compared to
traditional samples. Relevantly, Nacham et al. (2015) introduced
two Tripodal imidazolium SAILs with higher surface activity in
aqueous solutions and with lower CMC compared to single chain
ones. Meanwhile, the nano-size SAIL particles improves their
interfacial activity for better oil field operations (Pavia et al., 2014).

In this context and in the continuity of our previous studies
(Kharazi et al., 2020, 2021; Saien et al., 2019), present work reports
the results of a novel nano SAIL with prominent properties. The
Tripodal imidazolium SAIL with a star-like molecular structure,
namely  [3,3',3"-(1,3,5-triazine-2,4,6-triyl)tris(1-butyl-1H-imid-
azole-3-ium) chloride] abbreviated as [(C4im)3TA][Cl3], was syn-
thesized and its structure was characterized by various methods.
Worth mentioning, the lipophilicity as an important parameter in
the toxicity of SALs (Steudte et al., 2014); i.e. the longer the alkyl
chain, the more probable entering the SAILs to the cells of organ-
isms, causing membrane damage and cell damage (Kapitanov et al.,
2019). Thus, a short alkyl chain (four carbons) Tripodal SAIL was
preferred. The important effects in IFT and CMC reduction, wetta-
bility alteration and emulsification of crude oil—water system were
explored. The effect of temperature was also considered. In theo-
retical study, the Frumkin adsorption isotherm was used to repro-
duce the experimental data and to obtain the thermodynamic and
relevant parameters. For better demonstrating, the results are
compared with the previously examined homolog structure Gemini
SAILs. Synthesis of this nanostructure Tripodal SAIL and its appli-
cation for different aspects of EOR have not been previously
reported.
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2. Experimental
2.1. Materials

The crude oil was obtained from an Iran southern oil field. De-
tails of the specification and the composition of the crude oil are
listed in Table 1. Purity (mass fraction) and the supplier of the other
chemicals for synthetizing the SAIL are listed in Table 2. The
chemicals were analytical grade and were utilized with no purifi-
cation. Freshly deionized water (conductivity less than
0.07 pS-cm™") was used to prepare solutions of the SAIL.

2.2. Synthesis and characterization of the Tripodal SAIL

2.2.1. Synthesis

In a number of imidazolium based SAILs, benzene ring has been
as the spacer in the molecular structure; however, it is attempted in
this study to design a Tripodal SAIL with triazine moiety spacer. The
synthesis procedure is shown in Scheme 1. Briefly, 40 mmol (4.96 g)
of 1-butyl imidazole was dissolved in 30 cm? toluene. In another

Table 1

Principle specifications and compositions of the used crude oil.
Specification/composition Value
Saturated, wt% 54.0
Aromatic, wt% 223
Resin, wt% 6.7
Asphalt, wt% 7.7
Acidity number, mg KOH/g 0.09
Sulphur content, wt% 1.63
Salt, Ibs per 1000 bbls 4
Water content, wt% Nil
°API 20.7
Density at 20 °C, g-cm™> 0.915
Pour point, °F 10
Flashpoint, °F 70
Reid vapor pressure, psi 121
Viscosity at 70 °F, cP 55
Viscosityat 100 °F, cP 44
Kinematic viscosity at 70 °F, ¢St 60
Loss at 200 °C, wt% 9.3
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Table 2
Purity (mass fraction) and supplier of the used materials other than crude oil.
Material Purity (mass fraction) Supplier
Cyanuric chloride >0.98 Merck
1-butylimidazole >0.98 Merck
Toluene >0.99 Merck
n-hexane 0.99 Exir
Ethanol 0.96 Merck
N O= f/
O Cr N
cl NN NN
X S
)NI\ \J\‘\ [N> Toluene, reflux YC@
= & / NCI
CI” "N” °CI N 12h,110°C o)

Scheme 1. The procedure of the [(C4im)3TA][Cl3] synthesizing route.

solution, 10 mmol (1.84 g) cyanuric chloride was dissolved in
toluene (30 cm?) in a 100 cm® round-bottomed flask. Then the
solution of 1-butyl imidazole was added to the cyanuric chloride
solution dropwise. The provided reaction mixture was refluxed for
12 h at 110 °C to complete the reaction. In this way, C—Cl bonds of
cyanuric chloride were broken by the attack of 1-butylimidazole
and consequently the Tripodal SAIL was synthesized containing
the chloride ions. The obtained precipitated product was filtered
and washed three times with n-hexane, once with cold ethanol and
finally dried at 50 °C to give the pure product of [3,3',3"-(1,3,5-
triazine-2,4,6-triyl)tris(1-butyl-1H-imidazole-3-ium) chloride],
abbreviated as [(C4im)3TA][Cl3]. As observed, the hydrophobic parts
of the Tripodal SAIL are composed of three alkyl chains and a
triazine spacer, but the hydrophilic parts are of three imidazolium
rings. Accordingly, the hydrophilic-lipophilic balance (HLB) (Pillai
and Mandal, 2022) of the Tripodal SAIL was calculated as 8.93
indicating a water-soluble surfactant with high wetting and
spreading efficiency as well as the ability to form O/W emulsions.

A main challenge in the SAIL applications is their cost, which
inevitably limits their utilization in large-scales. Generally, price of
raw materials has the major contribution in this regard. Here
inexpensive and commercially available raw materials (listed in
Table 2) with high purity and reactivity were used for preparing the
Tripodal SAIL.

2.2.2. Characterization

According to FT-IR spectrum, shown in Fig. ST (Supplementary
data), the stretching vibration of aliphatic C—H groups are
appeared within 2959—2782 cm™!, which are relevant to butyl
chains. The stretching vibration of aromatic C—H groups, appeared
at about 3036 cm~! is relevant to imidazolium rings. The sharp
peaks in the areas of 1725 and 1622 cm™! are related to C=N and
C=C groups, respectively (Pavia et al., 2014).

TH NMR and 3C NMR analyses help to accurate detecting the
product structure as well as confirming its purity. As can be seen in
TH NMR spectrum (Fig. S2(a)), the existence of a triplet pick with
integral of nine in 0.86 ppm verify the terminal methyl groups of
butyl chains. Three methylene groups with integrals of about six are
appeared at 1.20, 1.75, and 4.24 ppm, respectively. Due to the high
electronegativity of nitrogen compared to carbon, the methylene
linked to nitrogen undergoes a higher chemical shift at 4.24 ppm.
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Imidazolium ring hydrogens are also appeared at 7.70, 7.88, and
9.36 ppm. Further, 3C NMR confirms the accuracy and purity of the
synthetized Tripodal SAIL. One peak at 150.40 ppm is related to
triazine ring and three peaks at 135.44, 122.43, and 120.11 ppm are
related to imidazolium rings. The peaks of aliphatic carbons of butyl
chains are properly displayed at 48.63, 31.91, 19.26, and 13.71 ppm
(Fig. S2(Db)).

According to the sharpness of the XRD peaks (Fig. S3)., the
synthetized Tripodal SAIL has relatively good crystal structure with
diffraction lines at 26 = 13.34°,17.34°, 18.54°, 20.14°, 20.89°, 22.04°,
27.89°, and 28.24°. The Scherrer equation, D = K1/(fcosf), in which
K and 4 are the constants and the X-ray wavelength, § is the full
width at the half maximum of the peak in radians, and 4 is to the
Bragg diffraction angle, could be used. Accordingly, the crystalline
size of the product is obtained within 21.3—24.5 nm. Details are
provided in the Table S1.

The provided SEM image (Fig. 1) represents the morphology of
the product, which shows spherical particles with almost uniform
distribution and apparent nanometer size of 60.6—91.4 nm. Based
on investigations, nano-size surfactants show superior perfor-
mance in adsorption, micelle formation, and emulsification
compared to conventional surfactants (Gbadamosi et al., 2018;
Jiang et al., 2018). Noteworthy, the injection of nano-size materials
(here, the Tripodal SAIL), strongly prevents the crude oil backflow,
helps to separating oil drops from rocks and inhibits the asphaltene
deposition (Luczak et al., 2016). Further, the higher viscosity of
these solutions can increase the oil displacement as well as
sweeping efficiency (Gbadamosi et al., 2018; Jiang et al., 2018).

Dynamic light scattering (DLS) analysis was also employed to
determine the size of particles and their aggregates in aqueous
solutions. For this purpose, solutions with 1x10~3 mol-dm™3 (less
than CMC) and with 0.1 mol-dm 3 (more than CMC) were used. The
measured values, known as “hydrodynamic size” were within
4.8—23.2 nm for the particles and stayed within 564.9—2317.6 nm
for the micelles. The corresponding spectra is presented in Fig. 2.

2.3. Instruments and measurements

The IFT and contact angle between crude oil—aqueous solutions
of the Tripodal SAIL, were measured by means of a pendant drop
tensiometer (Fars EOR Technol, CA-ES10 model). This measurement
is based on the formation of crude oil drops at the tip of different
stainless steel needles dipped in the aqueous phase. The details of
the set-up and method have already been described (Kharazi et al.,
2019; Saien et al., 2019). The tensiometer can determine the IFT (7y)
by automatically analyzing the formed droplets shape by image
processing system and calculating a balance between buoyancy and
interfacial forces according to (Stauffer, 1965):

B ApgD?
-~ H

(1)

where g and D are, respectively, the gravitational constant and the
equatorial diameter. Also, Ap and H are the difference of the
aqueous and crude oil densities as well as the drop shape param-
eter that depends according to a polynomial correlation as a
function of shape factor of S = d/D, where d is the diameter at
distance D from top of the drop.

Using this set-up, crude oil—pure water equilibrium IFT was
detected as 31.8 mN-m~! at 298.2 K. For more validation, the pure
water—air IFT was measured as 71.9 mN-m~! at 298.2 K, which was
close to 72.0 mN-m ™, reported in the literature (Lan et al., 2016). To
ensure consistency, each measurement was repeated at least twice.
Table S2 lists details of the achieved data. All the measurements,
under a certain SAIL concentration, were examined under ambient
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WD: 519 mm Bl: 7.00
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200 nm

Fig. 1. The SEM images of the synthesized SAIL with low (a) and high (b) magnifications.
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Fig. 2. The DLS spectra of the [(C4im)3;TA][Cl3] product at lower and higher concen-
trations than CMC.

pressure, and at four temperatures within 298.2—328.2 K adjusted
with a temperature sensor (PT 100, uncertainty 0.1 K) and fine
tunable electric heater. At each temperature, the CMCs were
graphically determined from the intersection of the upper and
lower tangential lines of the breakpoint region in the IFT against the
SAIL concentration graphs.

Prior to experiments, various aqueous solutions of the Tripodal
SAIL in the range of 1.0 x 10”4 —0.2 mol-dm 3 were prepared by
mass. For this purpose, SAIL was weighed up using a 1.0 x 1074 g
uncertainty Ohaus balance (Adventurer Pro, AV 264). It is important
to note that the used SAIL solutions could be reused many times
without significant change in their impact. At each temperature,
the density of solutions was detected using an oscillating U-tube
densitometer  (Anton Paar DMA 4500, uncertainty
1.0 x 1074 g-cm~3) with automatic viscosity correction.

For measuring the contact angles, a quartz sheet was first
immersed in the crude oil. The system was left overnight (14—18 h)
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for aging to approach the real reservoir condition. After that, crude
oil was injected through a needle in the aqueous phase with a
certain concentration to release a drop to attach the top quartz
surface in the cell (Kharazi et al., 2023). After at least 1 h, the image
of the crude oil drop was captured and the contact angle was
determined by analyzing the geometry (with the aid of an image
processing system) of the hemisphere crude oil drop surrounded by
an aqueous solution. Noteworthy, the mean contact angles between
the left and right sides was determined automatically.

To evaluate the capability of emulsion formation, equal volumes
of 2 cm? from the crude oil and the aqueous solution of the Tripodal
SAIL with a typical concentration of 0.01 mol-dm 3 (corresponding
to a middle IFT) were transferred to the glass vials and sonicated by
using a SONICA 2400ETH S3, 40 kHz, 305 W ultrasound bath for
30 min. After resting for one day and one week at 298.2 K, the
corresponding emulsion indices were easily obtained from Ve /V; x
100% in which V. and V4, stand for the emulsion and the total
sample volumes. The emulsion microscopic images were also taken
to observe the dispersion of droplets on the glass lames using an
Olympus BX-60 loupe microscope (45 x magnification).

3. Results and discussion
3.1. IFT variation

The crude oil-water IFT variations against the Tripodal SAIL
concentration is shown in Fig. 3. As is apparent, presence of the SAIL
till CMC, at which drastic declines in IFT appeared as 7.2 and
6.4 mN-m~! (maximum reductions of 77.4% and 78.5%) at tem-
peratures of 298.2 and 328.2 K, respectively. This is desired in EOR
processes with respect to increasing the capillary number in the
reservoirs (Zhang et al., 2009). An economically attractive result is
reducing more than 50% in IFT with a surfactant concentration of
less than 0.01 mol-dm~3 (Rosen et al., 2005), precisely attained
here. Upon reaching CMC of the Tripodal SAIL, at concentrations
below 0.08 mol-dm~3, the adsorbed particles saturate the interface.
At this point, the IFT remains nearly constant. For a better clarifi-
cation, all the related values at different temperatures are listed in
Table 3.
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Fig. 3. IFT variations as a function of the Tripodal SAIL concentration at different
temperatures.

The amazing effect in IFT reduction is corresponding to the
strong amphiphilic nature of the Tripodal SAIL, which creates a high
migration tendency toward the oil-water interface. Under this
situation, the hydrophobic parts, containing the side chains and the
aromatic spacer ring, are placed in the crude oil phase at the
interface, whereas, the hydrophilic ring with the charged nitrogen
atoms place in the aqueous phase (Saien et al., 2015; Gao and
Sharma, 2013a). With this configuration, as shown schematically
in Fig. 4, SAIL particles find the lowest free energy and the inter-
molecular forces diminish, bringing about high IFT reductions. It is
worth to note that electrostatic repulsion inhibits a close orienta-
tion at the interface when a single chain SAIL (with the same chain
length) is used; however, the spacer ring in the Tripodal SAIL
compensates the electrostatic repulsion, giving a closer packing
and significant IFT reduction (Kharazi et al., 2022).

In EOR, surfactants are inevitably imposed to high dominant
temperatures in reservoirs. Here, results show that temperature
gives extra IFT reductions under certain concentrations of the SAIL
(Fig. 5). The highest decrease was about 20.5% compared to IFT at
298.2 K, for 5.0 x 1072 mol-dm3. Therefore, performance and
stability of the Tripodal SAIL is improved with temperature. IFT
reductions due to temperature effect can be ascribed with the
following causes (Saien et al., 2023):

o Interrupting the water molecules surrounding the hydrophilic
parts of Tripodal SAIL, which reduces their solubility in the
aqueous phase and facilitates their adsorption.

e Improving molecular movements which weakens the intermo-
lecular forces at the interface.

e Reducing the viscosity of the aqueous phase, giving in turn, a
higher mass transfer rate from bulk to the subsurface and SAIL
adsorption at the interface.

In the same way, decomposition of water icebergs around the

Table 3
The obtained empirical parameters for the TSAIL.
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Fig. 4. A schematic of Tripodal SAIL configuration in the crude oil-water system.
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Fig. 5. IFT variation versus temperature for different Tripodal SAIL concentrations.

SAIL particles diminishes the CMCs (Table 3). Under these condi-
tions, alkyl chains tend more to aggregate at low concentrations
(Chen et al., 2018). Thus, from CMC point of view, higher temper-
atures are also desired.

3.2. Wettability alteration

Wettability reflects the interaction between the brine and crude
oil in contact with the reservoir rock. This is known as an essential
parameter for controlling the remaining original oil in place (OOIP).
In wettability alteration, the mobility of the crude oil increases by
transforming the rocks from oil-wet to water-wet, which causes the
residual oil easily detached from rocks, leading to significant EOR
(Pillai and Mandal, 2019). Wettability could be assessed with the
contact angle of liquids with a surface. In the crude oil—water—rock
system, surface of reservoirs are categorized as hydrophilic (water-
wet) with a contact angle of 0—80°, moderate (intermediate-wet)

Temperature, K Crude oil-water IFT y,, mN-m~!  CMC, mol-dm—3

IFT at CMC ycpe, mN-m™!

1

Minimum IFT y;,, mN-m Maximum IFT reduction, %

298.2 31.8 8.8 x 1072 7.6
308.2 29.8 84 x 1072 7.2
318.2 28.6 7.9 x 1072 6.8
3282 27.6 7.5 x 1072 6.4

7.2 774
6.8 77.5
6.4 77.7
5.9 78.5
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with a contact angle of 80°—100°, and hydrophobic (oil-wet) with a
contact angle of 100°—180° (He et al., 2015). It should be noted that
for an oil drop forming in an aqueous phase, the external contact
angle surrounded by the aqueous phase is deliberated.

The appeared shape of attached drops, surrounded by each of
the Tripodal SAIL solutions are presented in Fig. 6(a) and the cor-
responding contact angles of crude oil drops, measured at the
298.2 K, in Fig. 6(b). As observed, the contact angle of 156.3° is
highly decreased to 31.4°, with, the 0.2 mol-dm~> SAIL concen-
tration. Thus, in addition to the previous mentioned advances, the
Tripodal SAIL can remarkably change the wettability.

The proposed mechanism for this observation is that the
Tripodal SAIL, could accumulate on both the crude oil drops and on
the solid surface so that the alkyl chains direct toward the plates
surface and the polar parts toward the solution. This configuration
hydrophilizes the plates; thus, oil separation happens and the oil-
wet surface changes to water-wet, rising with the SAIL concentra-
tion (Gbadamosi et al., 2019).

3.3. Emulsifying capability

During crude oil recycling, it is necessary to transfer surfactants
to zones with low permeability and dissolve the remaining crude
oils by forming stable oil-in-water (O/W) or multiple emulsions.
Noteworthy, forming emulsions diminishes the adsorption of crude
oils on the reservoir rocks and thus, facilitates the movement of the
residual crude oils (Guang et al., 2018). Emulsions also facilitate
injected fluids to flow in non-swept areas, block permeable path-
ways to inhibit the backflow of crude oil and highly improve the
mobility and the sweeping efficiency (Kumar and Mandal, 2018;
Yazhou et al., 2017). Indeed, a low IFT is a basic requirement for

@

0.0001 mol-dm-2
156°

108°

175

0.001 mol-dm-3
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stable emulsions. Notably, creating stable emulsions with conven-
tional surfactants is often available with the aid of co-surfactants,
which are often volatile and involve an environmental risk. In
this sense, due to powerful cohesive forces, SAILs can make stable
emulsions with no co-surfactant requirement (Bera and Belhaj,
2016).

The photographs of the crude oil—water emulsions with no SAIL
and with typical 0.01 mol-dm™3 of the Tripodal SAIL after one day
and one week, as well as their microscopic images are shown in
Fig. 7. As is obvious, no emulsion was created with pure water; but,
stable emulsions were corresponding in the presence of the SAIL.
Emulsification indices as high as 80.5% and 76.6% were, respec-
tively, achieved after one day and one week, implying that the used
SAIL is a proper candidate for EOR. Furthermore, the prepared
emulsions were monitored after three months and the stability of
emulsions was observed. Similarly, from microscopic images it is
clear that the presence of SAILs leads to forming crude oil droplets
in water. This is because of the strong amphiphilic nature of the
SAIL, giving directional adsorption at the interface of droplets and
forming protective films which facilitate dispersion of the crude oil
in the aqueous media (Gao and Sharma, 20133, 2013b).

4. Theoretical consideration

The well-known Frumkin adsorption isotherm, was satisfacto-
rily fitted to the experimental IFT data at concentrations below CMC
under examined temperatures. This isotherm emphasizes on
existing non-ideal interactions (attraction or repulsion) between
adsorbed particles at an interfaces (Birdi, 2009). Given the three
positively charged aromatic rings that provides strong interfacial
interactions between the Tripodal SAILs, this isotherm looks

0.01 mol-dm-2
76°
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Bl
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Fig. 6. The shapes of the crude oil drops under different Tripodal SAIL aqueous solutions (a), and the contact angles of crude oil drops, surrounded with Tripodal SAIL solutions, on

the quartz surface (b), all at 298.2 K.
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No SAIL After one day

After one week

Fig. 7. The crude oil-water emulsions and their

microscopic
(45 x magnification) with no SAIL and with 0.01 mol-dm—> of the Tripodal SAIL after
one day and one week.

images

adaptable to the data. The equation of state and the isotherm are
defined by the following equations (Stubenrauch et al., 2005):

= —2RTTpp [1n(1 —0)+ 602] 2)

1

be fx [C(C + Celectrolyte)} > =%CXP(*HW)

In these equations, II = vy, — v, known as the interfacial pres-
sure, is the difference between clean system IFT, v, and the present
IFT, v. Based on the Gibbs dividing interface theory on which
Frumkin isotherm is based, n is related to the number of cations and
anions of the ionic surface-active substance after dissociating at the
electro-neutral interface (Stubenrauch et al., 2005). Moreover, R
and 'y, g, are the universal gas constant and the maximum interface
excess concentration related to Frumkin model which represents
the adsorption effectiveness. Moreover, § = I'/T', ¢ displays the
interface layer coverage, by shows the Frumkin adsorption constant,
which describes adsorption tendency and £ indicates the van der
Waals molecular interaction parameter in which positive and
negative values are relevant to attractive and repulsive interactions
(Stubenrauch et al., 2005). Other parameters are f,, as the activity
coefficient of ions that is approaching to unit at low concentrations,
and, C and Celectrolyte as the bulk concentration of a surface-active
substance and a salt (if present). Fittings the experimental data
with the Frumkin isotherm was attained by reaching a low value of
the objective function (OF), defined as (Mobius et al., 2001):

(3)

m

> AG; ATl
i1 CEXP,i Hm - H]

i=

OF = (4)

in which the term AG = |Cexpi — Ceari| and AIlj = (HHexpii1 —
Heypi—1) /2, respectively, indicate the difference of concentrations
(experimental and calculated) as well as interfacial pressure values
relevant to the ith data point. Also, I, = v, — v, represents the
maximum interfacial pressure corresponding to v, of the last IFT in
a series with m data points. As shown in Fig. S4, the Frumkin
adsorption isotherm is adaptable to the data. Accordingly, the
appropriate parameters and the objective function, OF, for different
temperatures are listed in Table 4.

As can be seen, I'yr increases with temperature, atributed to
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improving the thermal mobility of the SAIL particles in addition to
dehydration of hydrophobic parts of the SAIL as was described in
Section 3.1. Conversely, the Frumkin adsorption equilibrium con-
stant, bg, decreases as temperature increases. It is because of the
more compact interface arrangement of adsorbed particles, which
leads to greater electrostatic repulsion. Rising mobility of particles
at the interface decreases the adsorption tendency at high tem-
peratures. The negative values of the molecular interaction
parameter, (, confirms electrostatic repulsion among the adsorbed
Tripodal SAILs with positively charged head groups. As a result, the
more adsorbed particles at elevated temperatures provides a
greater electrostatic repulsion. According to these, the minimum
interface area occupied by each molecule, Ay can be calculated
from:

1

Ap—=—
m Fm,FNAv

(5)

where Nay displays the Avogadro's number. Reasonably, tempera-
ture increases the interface concentration and causes compact
orientation of particles at the adsorption layer, and reduces the
occupied area by each molecule. Finally, considering the tempera-
ture range, the OF values were within 6.2 x 1072—8.2 x 1072 that
approves proper fittings.

The thermodynamic parameters of AG, ;. and AG’ ; , relevant to
adsorption and micellization Gibbs free energies, which, reflect the
adsorption and aggregation tendencies were calculated by (Liu
et al., 2012; Mobius et al., 2001):

bep’
2RTIn (T)

AG,4, (6)

AG;niC = RTII'ICCMC (7)
where p’ = p/18 is the water molar concentration. As presented in
Table 5, these energies, confirm that Tripodal SAIL adsorption at the
crude oil—water interface, and micellization in the bulk are spon-
taneous. At high temperatures, the thermal agitation of adsorbed
particles elevates, decreasing the absolute free energy of adsorp-
tion. Meanwhile, dehydration of the hydrophobic parts of the SAIL
in the balk phase, improves the aggregation tendency with tem-
perature. As another point, the absolute values of AG,, are
significantly higher than AG; ., meaning that the Tripodal SAIL
tends to rather adsorb rather than remain in the bulk and form
aggregate.

Finally, the interface entropy change, AS, as well as the energy

change, AU, can be obtained from (Motomura et al., 1982):

oy
s
aT p,C

AU =y + TAS

(8)

9)

The variations of AS and AU versus temperature are illustrated
in Figs. S5 and S6. The variations of AS with temperature is due to
the involved competitive phenomena of improving agitation of
particles and dehydration of hydrophobic parts of SAILs at the
interface (Asadabadi et al., 2013). The former causes entropy rising
and the latter creates a strong van der Waals attraction between the
hydrophobic parts of the SAIL with low entropy values (Matsubara
et al., 2010). Due to the dependency on AS, a similar variation trend
is observed for the energy AU.
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The theoretical parameters obtained from the Frumkin adsorption isotherm at different temperatures.

Temperature Maximum interface excess
2

Frumkin adsorption equilibrium

Molecular interaction Minimum interface area occupied by Objective

T,K concentration I’y p, mol-m™ constant by, dm*-mol~" parameter each molecule A, m? function

298.2 13 x10°6 550 -38 8.7 x 10736 6.2 x 1072

308.2 1.5x 1076 350 —4.4 7.3 x 10736 7.1 x 1072

3182 1.7 x 1076 275 -5.1 6.1 x 10736 6.6 x 1072

328.2 1.9 x 1076 250 -56 49 x 10736 82 x 1072
Table 5

The water molar concentration and free energies of adsorption and micellization at different temperatures.

Temperature T, K Molar concentration of water p/, mol-dm—>

Gibbs free energy of adsorption AG

298.2 554 —46.5
308.2 55.2 —46.8
318.2 54.9 —47.5
328.2 54.5 —48.5

- 4s» KI-mol~!  Gibbs free energy of micellization AG;;., kJ-mol "
-10.2
-10.9
-11.8
—-12.8

5. Comparative study

The performance of the Tripodal SAIL could be scrutinized by
comparing with the previously investigated similar head group and
alkyl chain length Gemini SAILs, i.e. [C4im-Cp-imCy][Br]y, n = 2, 4
and 6 (Kharazi and Saien, 2022a). The crude oil—water IFT varia-
tions with concentration are shown in Fig. 8 at a typical tempera-
ture of 298.2 K. As it is possible to see, the nano Tripodal SAIL gives
significantly higher IFT reductions even at lower concentrations,
which is economically attractive in EOR. To reach a certain IFT, for
instance15 mN-m~!, the required amount of the Tripodal SAIL is
only about 0.02 mol-dm~3, whereas much higher concentrations,
0.5 to 0.7 mol-dm 3, of the Gemini SAILs are required. Thus, it re-
veals that the three hydrophobic branches as well as the more
hydrophobic aromatic spacer group give so effective capability to
the Tripodal SAIL. Also, the spacer ring reduces better the electro-
static repulsion between charged head groups and provides easier
adsorption (Kharazi and Saien, 2022b). This is confirmed by the
found lower van der Waals molecular interaction, (, values of the
Tripodal SAIL compared to that of the Gemini SAIL (see Table S3). A
comparison of the I'np values in this table, verifies the above
results.

As shown in Fig. 9, drastically low CMCs are relevant to the
Tripodal SAIL, giving average 89%, 91%, and 90% lower values than
the Gemini SAILs with n = 2, 4, and 6, respectively. As previously

35
—8— [C,im-CimC,][Br,]
—{— [C.im-C,-imC,][Br2]
30 —A— [C,im-Cs-imC,][Br;]
—— [(C4m);TAI[CI,]
25 4
T
E
% 20 4
=
L
15
10
0.00001 0.0001 0.001 0.01 0.1 1

SAIL concentration, mol-dm™

Fig. 8. Comparison of IFT variations of the used Tripodal with Gemini SAILs at 298.2 K.
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Fig. 9. Comparison of CMC values of the used Tripodal SAIL with different Gemini
SAILs for the crude oil—water system at different temperatures.

pointed, more hydrophobicity and less electrostatic repulsion
brings about so great aggregation tendency for the Tripodal SAIL.
This also confirms the higher negative values of the free energy of
micellization AG_ ;. for the used SAIL (Table S3).

The Tripodal SAIL also presents greater emulsification
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Fig. 10. The emulsification indices for 0.01 mol-dm— of the Tripodal and
0.1 mol-dm~3 of the Gemini SAILs after one day and one week, all at 298.2 K.
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performance. Fig. 10 shows the emulsification indices for 0.01 and
0.1 mol-dm~3 (corresponded to a middle IFT) of the Tripodal and
the Gemini SAILs, respectively. The data approve the Tripodal SAIL
promising emulsifying capability at one order of magnitudes lower
concentration, which is due to greater hydrophobicity and less
electrical repulsion.

6. Conclusions

This study demonstrated the performance of a synthetized nano
Tripodal SAIL with a star-like molecular structure in reducing the
IFT and CMC as well as wettability alteration and emulsification of
the crude oil—water system.

The outcomes revealed that thanks to its unique structure, the
Tripodal SAIL could considerably decrease the crude oil—water IFT
to about 78% at very low CMC and temperature favors the perfor-
mance. Moreover, the surface wettability was easily transferred
from oil-wet to water-wet as a consequence of diminishing adhe-
sion between the crude oil and the surface. Adding to these,
emulsification of crude oil—aqueous solutions revealed that the
used SAIL could disperse the crude oil droplets in the aqueous
phase and give stable emulsions. Compared to the Gemini SAILs,
the superior performance of the used Tripodal SAIL in reducing IFT
and CMC as well as increasing emulsification was revealed. These
was observed at extremely lower concentrations, credited to the
strong hydrophobicity of the three branches and presence of an
aromatic spacer ring in the molecular structure.

In theoretical study, Frumkin adsorption isotherm was utilized
for precisely fitting the experimental data and determining the
related factors as well as the consistent thermodynamic
parameters.

Briefly, the results concluded that the nano Tripodal SAIL could
be considered as a desired and environmentally-friendly alterna-
tive in enhancing interfacial properties of the crude oil—water
system. However, their actions in large scales have to be investi-
gated to find operational problems.
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