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The application of supramolecular chemistry may be a promising and convenient approach to construct

desired surfactants via noncovalent interactions in various fields, including chemical enhanced oil

recovery (EOR). Gemini-like surfactants were fabricated by combining sodium dodecyl benzene

sulfonate (SDBS) and butane-1,4-bis(methylimidazolium bromide) (BBMB) at the interface and evaluated

for their ability to reduce the interfacial tension (IFT) between water and a model oil (toluene and n-

decane, v/v ¼ 1 : 1). The SDBS/BBMB molar ratio at the interface, but not in the bulk phase, was the

crucial factor in the construction of gemini-like surfactants and the reduced level of IFT. Based on the

synergistic effect between electrostatic attraction and other intermolecular or intramolecular interactions

(p–p stacking and hydrophobic interaction), the formation mechanism of gemini-like surfactants was

proposed. The effects of temperature and salinity on the IFT were systematically investigated. Moreover,

the (SDBS)2/BBMB gemini-like surfactant system showed the desired ability to reduce the IFT of water/

crude oil and a great improvement in crude oil recovery.
Introduction

Surfactant ooding can effectively mobilize residual oil from
mature reservoirs as a signicant method towards enhanced oil
recovery (EOR).1 Traditional surfactants hardly satisfy the
practical requirements of unconventional reservoirs with harsh
environments; therefore, many groups have researched and
developed novel high-performance surfactants.2–5 Compared
with single chain surfactants, gemini surfactants have exhibited
specic physical and chemical properties. For example, the
surface/interface activity of gemini surfactants is orders of
magnitude higher than that of single-chain surfactants.6–14 The
oil/water interfacial tension (IFT) reduction is the main mech-
anism of surfactant ooding. Thus, gemini surfactants have
great potential for EOR application.15–25 Chen et al. found that
cationic gemini surfactants could reduce the IFT between
model oil or crude oil and water to ultralow values.15–17 Recently,
Nguele and coworkers proposed a recovery method for heavy
crude oils by injecting fully emulsied oil (formulated by
cationic gemini surfactants).25 Although gemini surfactants
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were efficient in EOR in the above reports, their complicated
synthetic method and correspondingly high price may greatly
restrict their applications. Therefore, this study attempts to nd
facile methods to fabricate gemini-like surfactants without
tedious covalent synthesis and complex purication at the
interface.

Creating gemini-like surfactants via the noncovalent inter-
actions of appropriate monomers may be a convenient
approach since supramolecular chemistry was rst proposed
and widely accepted. Noncovalent interactions, mainly
including electrostatic attraction, hydrogen bonding, host–
guest recognition, and metal–ligand coordination, have been
employed to construct supramolecular amphiphiles.26–30 Non-
covalent interactions have been applied to the fabrication of
gemini-like surfactants in recent years. The synergistic effects
between the electrostatic interaction and other intermolecular
or intramolecular interactions may be the most effective and
facile approach to construct gemini-like surfactants.31–41 Feng
et al. designed two pH-switchable gemini-like surfactants using
a bola-type dicarboxylic acid or salt and a single-chain surfac-
tant with opposite charge.31–33 Wang's group systematically
investigated the effects of single-chain structures in surfactants
on the properties of obtained gemini-like surfactants.34,35 The
above reports focused on the versatile phase behaviours of
gemini-like surfactants in solution; however, the authors
believe that the construction of gemini-like surfactants may
produce remarkable effects on the interfacial system activity,
which has scarcely been reported.
RSC Adv., 2017, 7, 32413–32418 | 32413
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Fig. 1 Effects of additional BBMBmolecules on the IFT between SDBS
aqueous solutions (250 mg L�1, 1000 mg L�1, and 5000 mg L�1) and
model oil at 30 �C.
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Recently, Sun et al. fabricated a gemini-like surfactant
utilizing the spacers butane-1,4-bis(methylimidazolium
bromide) (BBMB) and the single-chain surfactant sodium
dodecyl benzene sulfonate (SDBS) in solution.40 The addition of
spacer molecules could induce vesicle formation in solution.
Herein, the gemini-like surfactants were fabricated by
combining SDBS and BBMB at the interface, and the ability of
the gemini-like surfactants to reduce the IFT of water/model oil
was evaluated. It was found that the optimal SDBS/BBMB molar
ratio to construct the gemini-like surfactant at the interface was
different from that in the bulk phase. The effects of temperature
and salinity on the IFT were systematically investigated. In
addition, the gemini-like surfactant system was further evalu-
ated in a water/crude oil system.

Experimental
Chemicals

Sodium dodecyl benzene sulfonate (SDBS, 95%) was purchased
from Shanghai Chemical Reagent Co. Ltd. and recrystallized in
methanol prior to use. Sodium dodecyl sulfate (SDS, 98%),
sodium chloride, toluene, and n-decane were purchased from
Aladdin Chemical Reagent Company. 1-Methylimidazole (98%),
1,4-dibromo-butane (98%), and 1-bromododecane (98%) were
the products of J&K Chemical Company. All of the chemicals
were of analytical grade and used without further purication.

The crude oil was obtained from Jidong oileld. The main
composition and properties of crude oil are shown in Table S1.†
The composition of the used formation brine is also given in
Table S2.†

Butane-1,4-bis(methylimidazolium bromide) (BBMB,
Fig. S1†) and 1-dodecyl-3-methylimidazolium bromide (M12)
were synthesized following techniques presented in previous
literature.40,42 The purities were conrmed by the 1H NMR
spectrum with a Bruker Avance 300 spectrometer.

Measurement of interfacial tension

The interfacial tension between the model oil (toluene and n-
decane, v/v ¼ 1 : 1) and water was directly measured via the
spinning drop method on a TX-500C spinning drop interfacial
tension apparatus (American CNG Company) as previously
described.43,44 The aqueous solution was primarily lled in the
glass tube. Then, droplet model oil was injected into the centre
of the water phase. Finally, the interfacial tension wasmeasured
at a xed rotating velocity (5000 rpm) at a given temperature.

Core ooding tests

The articial core used for the ooding test was 5.0 cm in
diameter, with a length of 60 cm. The core wettability was water
wet. The core porosity is approximately 40%, and the absolute
permeability is �500 mD. The core ooding test was performed
at 30 �C, which was briey described as follows. Firstly, the core
was saturated using brine, followed by the injection of crude oil
until no more production of brine (brine cut < 1%). Then, the
core was ooded with the brine until the negligible oil
production (oil cut < 1%). Next, a 0.5 PV slug of the chemical
32414 | RSC Adv., 2017, 7, 32413–32418
formula brine solution was injected. Finally, an extended water
slug was injected until the oil cut became nearly 0 percent. The
injection rate was set at 2.0 mL min�1.

Results and discussion

Model oil consisting of toluene and n-decane (v/v ¼ 1 : 1) was
used to replace crude oil to avoid the inuence of impurities
(gelatin, asphaltene and other uncertain matters) in the
mixtures.

Effects of (SDBS)2/BBMB gemini-like surfactants on the
interfacial tension (IFT) of water/model oil

As shown in Fig. 1, the additional BBMBmolecules can produce
drastic effects on the IFT between the SDBS aqueous solutions
and model oil. The IFT value changes appear to be closely
related to the SDBS/BBMBmolar ratios (R). When the number of
SDBS molecules is much more than or roughly equal to that of
BBMB molecules (R ¼ 10 : 1, 5 : 1, 2 : 1, 1 : 1, and 1 : 2), the IFT
values sharply decreased with the increased BBMB concentra-
tion. The excess BBMB molecules (R ¼ 1 : 5 and 1 : 10) are
detrimental to the further reduction of IFT values, and the
change tendency of IFT curves is completely opposite. The
additional BBMB molecules can also exert the remarkable
inuence on the dynamic IFT (Fig. 2). The time to the balance
IFT value is shorten with the more BBMB molecules. It's worth
noting that the dynamic IFT is increased to the balance value at
the R of 1 : 5 and 1 : 10.

As is well known, the electrostatic repulsion of the head
group can disturb the ordered arrangement of the surfactant
molecules at the interface and decelerate the adsorption
velocity of subsequent surfactant molecules.45 It is found that
the additional BBMBmolecule is a typical bola-type organic salt
without apparent interfacial activity (Table S3†). The BBMB
molecules can interact with SDBS molecules in at least two
respects. On the one hand, an electrostatic attraction exists
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Effects of additional BBMB molecules on the dynamic IFT
between model oil and SDBS aqueous solutions (5000 mg L�1) with
different SDBS/BBMB molar ratios at 30 �C.
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between the imidazole BBMB ring with positive charges and the
anionic SDBS head group. On the other hand, the p–p stacking
between the imidazole BBMB ring and the SDBS benzene ring
cannot be neglected. One BBMB molecules can “bridge” two
SDBS molecules, leading to the constructions of the (SDBS)2/
BBMB gemini-like surfactants at the interface. The hydrophobic
interactions among the SDBS chains in one or adjacent gemini-
like surfactants may promote the arrangement of SDBS mole-
cules. Besides, the BBMB molecule may “connect” the adjacent
gemini-like surfactants by the p–p stacking, which is benecial
to the compact arrangement of the gemini-like surfactants at
the interface. Thus, the synergistic effect between electrostatic
attraction and other intermolecular or intramolecular interac-
tions (p–p stacking and hydrophobic interaction) plays the
signicant roles in the formations of gemini-like surfactants.
Due to the closer arrangement and the higher effective
concentration of SDBS molecules at the interface, the IFT was
largely decreased.

In the previous literature, gemini-like surfactants were
successfully constructed in a mixed SDBS/BBMB solution at the
R of 2 : 1.40 Further, the molar ratio of 2 : 1 is considered to be
the optimal ratio to fabricate gemini-like surfactants using
single-chain ionic surfactants and bola-type organic matters
(base, acid, and salt) with opposite charges.6 In the present
Table 1 Effects of NaCl and BBMB on the IFT between SDBS aqueous s

Salt concentration (mg L�1)

SDBS/NaCl system

SDBS/NaCl molar ratio IF

546 10 : 6.5 0.
1090 5 : 6.5 0.
2730 2 : 6.5 0.
5460 1 : 6.5 0.
10 900 1 : 13 0.

This journal is © The Royal Society of Chemistry 2017
study, the lowest IFT value (0.0443 mNm�1) is achieved at the R
of 1 : 2 but not at 2 : 1. The “effective” concentration may be the
key factor to explain the above difference. The interfacial activity
of SDBS is much higher than that of BBMB (Fig. 1 and Table
S3†). The SDBS molecules at the interface can attract the BBMB
molecules in the bulk phase to prompt the construction of the
gemini-like surfactants. Then the more additional BBMB
molecules can shorten the time of the dynamic IFT to the
balance value (Fig. 2). Thus, the bulk phase concentration may
not reect the effective interface concentration. Although R is
1 : 2 in solution, the effective molar ratio must be higher at the
interface. It is reasonable to obtain the lowest IFT value at the R
of 1 : 2. If R is 1 : 5 or 1 : 10, a large number of BBMB molecules
could diffuse into the interface and destroy the initial gemini-
like surfactant construction due to the excessively high BBMB
concentration in the bulk phase, leading to the increase of the
dynamic IFT (Fig. 2). The IFT should be increased with the
increased concentration of BBMB with weak interfacial activity
at the interface.
Verication of the assembly mechanism of the (SDBS)2/BBMB
gemini-like surfactant at the interface

In general, the addition of salts (e.g., NaCl) can largely reduce
the IFT by neutralizing the head group charges of the ionic
surfactants.45 The effects of BBMB, as a typical organic salt,
should be deeply explored to determine whether the construc-
tion of a gemini-like surfactant or the normal “salt effect”
occurs. Thus, NaCl replaced BBMB in the control experiment
(Table 1). It is evident that the level of IFT reduction is moderate
with the additional NaCl. The IFT value for the SDBS/NaCl
system is almost one order of magnitude larger than that for
the SDBS/BBMB system at high concentration. Furthermore, the
number of NaCl molecules is much more than that of BBMB
molecules at the same mass concentration. Thereby, a special
interaction must occur in the SDBS/BBMB system. The
following two similar/control surfactants were used to further
verify the possible interaction: sodium dodecyl sulfate (SDS), an
anionic surfactant without a conjugated p bond, and 1-dodecyl-
3-methylimidazolium bromide (M12), a cationic surfactant with
a conjugated p bond at the head group. As shown in Fig. 3, the
mixed SDBS/BBMB system, the SDS/BBMB system, and the
M12/BBMB system can decrease the IFT from 0.701 mN m�1,
0.967 mNm�1, and 4.319 mNm�1 to 0.0443 mNm�1, 0.484 mN
m�1, and 2.491 mN m�1, respectively (IFT values in Table S4,†
olutions (5000 mg L�1) and model oil at 30 �C

SDBS/BBMB system

T (mN m�1) SDBS/BBMB molar ratio IFT (mN m�1)

67654 10 : 1 0.312
57186 5 : 1 0.156
45779 2 : 1 0.0714
32827 1 : 1 0.0550
17318 1 : 2 0.0443

RSC Adv., 2017, 7, 32413–32418 | 32415
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Fig. 3 Effects of additional BBMB molecules on the IFT between
different surfactant aqueous solutions (5000 mg L�1) and model oil at
30 �C.
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dynamic IFT in Fig. S2†). The IFT reduction degrees for the
three systems are obviously different and are attributed to the
interactions between surfactant molecules and BBMB mole-
cules. For the SDS/BBMB system, the electrostatic attraction is
dominant, whereas the p–p stacking is the crucial interaction
in the M12/BBMB system. The gemini-like surfactants in the
SDS/BBMB or M12/BBMB systems, constructed by the sole
interaction, may be loose at the interface, resulting in the slight
IFT reduction. Besides, the electrostatic repulsion between M12
and BBMB head groups can disturb the construct process of the
gemini-like surfactants. The dynamic IFT in the M12/BBMB
system rstly decrease and then slightly increase to the
balance value, which is distinctly different to that in SDBS/
BBMB or SDS/BBMB system (Fig. S2†). Based on the above
results, the synergistic effect between electrostatic attraction
and other intermolecular or intramolecular interactions (p–p
Fig. 4 Effects of NaCl concentrations on the IFT betweenmixed SDBS
(5000mg L�1) and BBMB aqueous solutions with different molar ratios
and model oil at 30 �C.

32416 | RSC Adv., 2017, 7, 32413–32418
stacking and hydrophobic interaction) is further veried to be
the predominant factor in the constructions of the (SDBS)2/
BBMB gemini-like surfactant at the interface.

Effects of NaCl concentration and temperature on the IFT
between model oil and mixed SDBS/BBMB aqueous solutions

It is well known that temperature and salinity are the two most
signicant factors that affect the IFT of oil/water. In the
proposed system, the effects of additional NaCl are discrepant
for the systems with different R values (Fig. 4). The model of
a “gemini-like surfactant” is employed to explain the difference.
If R is too large or too small (10 : 1, 5 : 1, 1 : 5, and 1 : 10), the
reduced level of the IFT is relatively great. When R is too large
(10 : 1 and 5 : 1), there are abundant “free” SDBS molecules at
the interface due to a lack of “bridging BBMB molecules”. For
the mixed SDBS/BBMB system at the R of 1 : 5 and 1 : 10, an
excess of additional BBMB molecules may destroy the gemini-
like surfactant structures to generate “free” molecules at the
interface. Then, the inorganic salt can neutralize the “free”
surfactant molecule charges to further reduce the IFT. If the
number of SDBS molecules is roughly equal to that of BBMB
molecules (R ¼ 2 : 1, 1 : 1, and 1 : 2), the gemini-like surfactant
molecules are dominant at the interface. A strong interaction
between SDBS and BBMB molecules exists, so the salt effects
may be neglected, leading to the nearly at IFT change curve.

As shown in Fig. 5, there is an evidently increasing tendency
for all seven IFT curves with increased temperature. It is notable
that the increased level of the IFT is relatively low at the R of 1 : 5
and 1 : 10. The surfactant type explains the temperature effects
on the IFT. Based on the phase inversion temperature (PIT)
theory, the effects of temperature on the IFT are discussed for
nonionic surfactant systems.44 In the present study, the hydro-
philicities of ionic surfactant SDBS and organic salt BBMB
systems are enhanced with increased temperature.46 A great
number of SDBS and BBMB molecules will desorb from the
interface and enter the bulk phase, resulting in the IFT increase.
Fig. 5 Effects of temperatures on the IFT between mixed SDBS
(5000mg L�1) and BBMB aqueous solutions with different molar ratios
and model oil.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Dynamic IFT between the SDBS (5000 mg L�1) or the mixed
SDBS/BBMB (R¼ 1 : 2, [SDBS]¼ 5000mg L�1) brine solution and crude
oil at 30 �C.
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When R is 1 : 5 or 1 : 10, the excess BBMB molecules can retard
the SDBS desorption via electrostatic attraction, lowering the
IFT increased degree.
The applications of the (SDBS)2/BBMB gemini-like surfactant
in core ooding tests

The above results suggest that the mixed SDBS/BBMB system at
R of 1 : 2 has the optimum interfacial activities for a water/
model oil system. Then the selected system is further
Table 2 Summary of core flooding tests

Core
no.

Porosity
(%)

Permeability
(mD)

Initial oil
saturation (%)

Waterood
recovery (%

a 40.13 543 87.23 36.6
b 38.20 516 88.70 32.0

Fig. 7 Results of core flooding tests in Table 2.

This journal is © The Royal Society of Chemistry 2017
evaluated in a water/crude oil system. Due to the uncertain
impurities in crude oil, the IFT value obviously increases for the
water/crude oil system in brine solution, which is much lower
than that for SDBS system (Fig. 6). Then ooding tests were
performed in cores to exam the potential of the (SDBS)2/BBMB
gemini-like surfactant for EOR in waterooded oil reservoirs.
The main parameters of cores, chemical formula compositions,
and ooding effects are summarized in Table 2 and Fig. 7. It is
noteworthy that the (SDBS)2/BBMB gemini-like surfactant has
shown the satisfactory displacement performances (�10% of
IOIP (initial oil in place)), which is much higher than that for
individual SDBS system (�4% of IOIP). The results of core tests
demonstrate that the constructions of the (SDBS)2/BBMB
gemini-like surfactant can further enhance the incremental
crude oil recovery.

Conclusions

In conclusion, SDBS and BBMB were employed to successfully
fabricate gemini-like surfactants at the interface. It was found
that the optimal SDBS/BBMB molar ratio to construct the
gemini-like surfactant at the interface was completely different
from that in the bulk phase. At the optimal SDBS/BBMB molar
ratio of 2 : 1, the constructed gemini-like surfactants could
effectively reduce the IFT of water/model oil to the much low
value (0.0443 mNm�1). Compared with the effects of additional
NaCl, SDS, and M12 in the control experiments, the synergistic
effect between the electrostatic attraction and other intermo-
lecular or intramolecular interactions (p–p stacking and
hydrophobic interaction) was found to play a signicant role in
)
Chemical
formula

Tertiary recovery
(% IOIP)

Final recovery
(% IOIP)

SDBS (5000 mg L�1) 4.0 40.6
SDBS/BBMB (R ¼ 1 : 2)
[SDBS] ¼ 5000 mg L�1

9.8 41.8

RSC Adv., 2017, 7, 32413–32418 | 32417
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the formation of gemini-like surfactants. Further, the gemini-
like surfactant model was used to perfectly explain the effects
of temperature and salinity on the IFT. Moreover, the (SDBS)2/
BBMB gemini-like surfactant showed the satisfactory ability to
reduce the IFT of water/crude oil, leading to the prominent
improvement (10% of IOIP) of tertiary oil recoveries in core
ooding tests. The present study proposes a simple and
promising approach to construct desired surfactants with new
features in the eld of chemical EOR.
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