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Introduction

With respect to the growing worldwide energy demand,
investigation on novel methods for producing more crude
oil is essential. Investigations indicate that interfacial
tension (IFT) is among the major parameters that cause
two thirds of crude oil remain unrecoverable in mature
reservoirs. Injecting special chemicals to decrease IFT is
a suitable method for enhanced oil recovery (EOR) which
leads to smoothing the mobilization of the residual oil in
the reservoirs. In this regard, different kinds of cationic,
anionic, zwitterionic, and polymeric have been used in
various investigations. However, surfactant type Gemini
ionic liquids (ILs), with amphiphilic nature, have received
considerable attention during recent years. Because of
stronger amphiphilic nature, these ILs exhibit higher
interfacial activity, lower critical micelle concentration
(CMC) as well as lower toxicity in comparison with
mono analog ILs [ 1].

Gemini IL molecules can be altered by changing their
alkyl chain length to increase molecular hydrophobicity
and interfacial adsorption capacity [2]. Thus, in the
current study, two Gemini imidazolium ILs with
different alkyl chain lengths were synthesized, and their
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performance for IFT reduction at different temperatures
and pHs were examined. Afterwards, experimental
data were analyzed by Frumkin adsorption model, and
related parameters were determined. This study supports
application of the Gemini ILs in EOR.

Materials and Methods

Materials

The examined crude oil was from the Iranian southern
field and the Gemini ILs were synthetized based
on a two-step synthetic procedure which has been
previously reported (Figure 1) [3]. The structures
of the Gemini ILs were confirmed with HNMR and
CNMR analyses.

Instruments and Measurements

The digital pendant drop tensiometer was used to mea-
sure the IFT of crude oil-water system. The density of
solutions at each temperature was measured by means
of Anton Paar DMA 4500 densitometer. The stainless-
steel needle with 1.628 mm outer diameter was used
in this study, and all the experiments were repeated at
least twice, to ensure consistency.
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Fig. 1 A two-step synthetic procedure of the Gemini ILs.
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In the pendant drop method, the balance between grav-
ity and surface forces of a forming drop determines
the relationship between the drop profile and the IFT
through:

Apg D?
_8psl (1

where Dbi[s the equatorial diameter, Ap is the differ-
ence between aqueous and oil phases density, and H is
a parameter depending on the shape factor, in addition,
S=d/D, where d is diameter at distance D from drop
bottom.

Results and Discussion

Effect of Alkyl Chain Length

The IFT variation versus concentration of Gemini ILs
is shown in Figure 2. As it is possible to observe, IFT
decreases drastically with the concentration of ILs up
to CMCs. This is because of amphiphilic nature of the
Gemini ILs, which it tends to adsorb at the organic/
aqueous interfaces to find minimum free energy.
Accordingly, the hydrophobic lateral chains and the
spacer chains tend to locate in the oil phase, while the
hydrophilic imidazolium ring, because of the charged
nitrogen atoms, remains in the aqueous phase [4]. By this
arrangement, the intermolecular forces of each phase are
reduced, leading to lower IFT values. As the concentration
becomes greater, the number of the adsorbed molecules
increases, which it causes more IFT reduction. Under the
CMC, the interface becomes saturated with the adsorbed
IL molecules and due to unavailable vacant sites, the ILs
begin to spontaneous associating to form micelles in the
aqueous phase. At this time, the IFT remains constant.
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Fig. 2 The IFT variations versus concentration of the Gemini
ILs at different temperatures.

Results demonstrate maximum IFT reductions of 72.5
and 97.5% for [C,im-C,-imC,][Br,] and [C,im-C,-
imC_][Br,], respectively. Thus, by increasing the alkyl
chain length, impressive decrease in the crude oil-wa-
ter IFT is achieved.

Additionally the CMC decreases by increasing the
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length of ILs chain. It is because of high tendency of
the longer hydrophobic chain IL to migrate toward the
interface as well as lower hydration of the longer chain
molecules.

Comparison between [Cim-C,-imC[Br,] and the
mono analog IL [C,mim][CI] for which data set have
been reported in the reference [ 5] show that the gemini
IL gives significantly more IFT reduction (Figure 3).
The reason can be attributed to the spacer that provides
ordered orientation of the Gemini IL molecules at the
interface as well as decreasing electrostatic repulsion
between charged head groups of Gemini ILs.
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Fig. 3 The IFT variations versus concentration of the gemini
IL and mono analog IL.

Effect of Temperature

As shown in Figure 4, temperature causes more IFT
reduction, and the variation is almost linear. This
phenomenon can be attributed to breaking down iceberg
structures surrounding the Gemini IL hydrophilic
parts that simplifying their adsorption at the interface
[1]. Also, decreasing aqueous phase viscosity by
temperature, facilitates transporting and adsorption of
the ILs on the crude oil-water interface. Further, the
molecular kinetic agitation with temperature gives
weaker intermolecular forces at the interface.
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Fig. 4 The IFT variations with temperature for typical IL
concentration of 0.01 mol-dm™.
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Effect of pH

As illustrated in Figure 5, more IFT reductions are cor-
responding to higher pHs, which it leads to 49.5 and
34.5% more IFT reductions for short and long chain
ILs, respectively (considering their initial values). This
event is due to the adsorption of hydroxyl ions (OH—)
at the interface, which reduces the electrostatic repul-
sive between the IL molecules [1].

30
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Fig. 5 The IFT variation with pH at 298.2 K for typical
IL concentration of 0.025 mol-dm.

Theoretical Considerations
The provided IFT data were analyzed with the Frum-
kin adsorption isotherm for concentrations less than

Table 1 The theoretical parameters at different temperatures.

CMC. The Frumkin state and adsorption isotherm
equations are as follows:

IT = <2RTT, ;|in(1-0)+ g0 @

B[O | = enl29) (3)

Accordingly, the minimum interface area, occupied by
each molecule, is obtained from:

1
A =—"
T e N Ay “4)
On the other hand, the Gibbs free energy of adsorption
can be calculated using Equation 5:

()

In the above equations, II=y -y is the interfacial
pressure. }, and } are pure system IFT and any IFT
value. J” F and b are the Frumkin maximum interface
excess concentration and the adsorption equilibrium
constant. Additionally, 6=I|T - is the interface
layer coverage. Furthermore, 7, is the ions average
activity coefficient. Also, C and _Celmrlyw, respectively,
are the concentrations of the surface-active and the
electrolyte (if there is any) in bulk. Furthermore, is
the van der Waals molecular interaction parameter.
The corresponding parameters for the Gemini ILs at
different temperatures are listed in Table 1. Reasonable
absolute and relative values are appropriate.

" T A x109 A x10% B by AG.,
(K) (mol-m?) (m?) (dm*-mol ™) (kJ-mol™)
298 2.78 4.19 4.1 477.0 -47.0

. 308 3.70 3.14 5.0 160.0 -43.0
318 5.00 233 6.8 83.1 -40.9
328 6.25 1.86 9.9 92.8 427
298 3.3 3.5 -5.0 481.1 —47.1
308 42 2.8 -6.1 213.6 —44.5

R TP 5.3 22 -8.5 173.9 —44.8
328 6.7 1.8 -10.1 103.1 433

Conclusions

In this study, the aim was how to improve the influence
of Gemini ILs surfactant on the crude oil-water IFT.

Accordingly, the effects of concentration, temperature
and pH were investigated. The maximum IFT reduc-
tion of, respectively, 72.5 and 97.5% for [C,im-C,-
imC,][Br,] and [C im-C -imC_][Br,] ILs demonstrated
the high performance of these materials to reduce the
IFT. Indeed, the longer alkyl chain caused the higher
decrease in the IFT, especially at low concentrations,
which it is relevant to stronger hydrophobicity. Also,
much lower CMC was corresponding to longer alkyl
chain length. Obviously, the performance of the ILs
was improved by increasing temperature and pH. Ad-

ditionally, the Gemini IL was much more effective
than mono analog IL.

In summary, the used Gemini ILs represent amazing
properties in EOR applications; however, more inves-
tigations should be accomplished on economic aspects
and in contact with reservoir rocks.
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