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Qualifying interfacial properties
of crude oil-water system

with the synergistic action

of a nano Gemini ionic liquid
and conventional surfactants

Javad Saien®"‘, Asma Eghtenaei & Mona Kharazi

Surface-active ionic liquids (SAILs) have gained much attention due to their green, stable, and efficient
properties. The high costs associated with SAILs have raised concerns in their applications; however,
blending with conventional surfactants like sodium dodecyl benzene sulfonate (SDBS) can bring about
desired outcomes. Gemini surface-active ionic liquids (GSAILs) have been recognized as more efficient
surfactants. Accordingly, this study investigates the influence of a mixture of an imidazolium-based
GSAIL, [C,im-C¢-imC,][Br,], and SDBS on different aspects of crude oil-water interfacial properties.
The findings show remarkable synergy in interfacial tension (IFT) reduction up to 98.8% together

with incredibly low IFT value of 0.05 mN m™. This was with an optimal GSAIL mole fraction of 0.2 in
the mixture. Further, the surfactant mixture gives synergies of 52.6% in emulsification and 51.8% in
wettability of a quartz surface. These amazing results can be explained by the dominant interactions
between the oppositely charged components. In theoretical study, the adsorption of individual
surfactants and their mixtures was analyzed based on the Frumkin isotherm and the Rosen model,
respectively, further supporting the findings.
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The world demand on crude oil is steadily increasing whereas primary and secondary recovery methods could
only extract 20 to 40% of reservoir crude oils'. Thus a growing interest has been developed on alternative
enhanced oil recovery (EOR) techniques with a significant focus on surfactant application®*. Use of traditional
surfactants usually face limitations in EOR because of sensitivity to operating conditions such as salinity and
temperature®. In contrast, amphiphilic surface-active ionic liquids (SAILs) are considered as promising materi-
als due to their favorable activity and environmental advances such as stability, low toxicity, recyclability and
low vapor pressure®.

From an economic standpoint, SAILs are considerably expensive’, and that for valuable EORs, the crude
oil-water interfacial tension (IFT) needs to be at very low values; hence, use of a SAIL could not be economy*.
However, blending with conventional surfactants can develop a synergy with extensive IFT reduction. Accord-
ingly, it has been represented that blends of opposite charged surfactants can significantly influence the IFT of
(toluene + n-decane)-water system®. Additionally, it has been demonstrated that different mixtures of a sin-
gle-chain SAIL with a conventional surfactant can remarkably improve the interfacial properties of the crude
oil-water system, making oil recoveries more attainable’.

As a subset of SAILs, Gemini surface-active ionic liquids (GSAILs), consisting of two hydrophilic head groups
and hydrophobic chain groups linked by a hydrocarbon spacer have received high attention. Desired properties
and environmentally friendly characters are emphasized for GSAILs whilst exhibiting high interfacial activity
and being resistive against thermal and salinity effects'®!". Of note, among various types of GSAILs (imidazolium,
pyrrolidinium, morpholinium and pyridinium), imidazolium ones are with great activity'?. Adding to these, the
associated nano-size particles give rise their activities'?.
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[C4im-C¢-C4im][Br,], imidazolium GSAIL

In this context, the medium-chain-length GSAIL [Cgim-C,-C8im][Br], was synthesized in nano-size for the
first time by Saien et al.'%. The investigation focuses on the interfacial properties of the used GSAIL at different
temperatures and salty solutions. The results demonstrated its great performance in reducing IFT and forming
stable oil-water emulsions, even under elevated temperatures and salt concentred conditions. In, another study
by Ding et al.'?, demulsification performance of a GSAIL was investigated. The results indicated that the GSAIL
achieved 100% efficiency compared to conventional surfactants. Additionally, Wang et al.'® studied the interfa-
cial properties of a mixture of the cationic Gemini ammonium surfactant (16—4-16) and SDBS. Their findings
revealed a strong synergistic effect between the surfactants, leading to significant reductions in IFT and critical
micelle concentration (CMC).

In the continuity of our studies on different aspects of EOR'-'?, this study was dedicated to examine how
the presence of imidazolium cationic GSAIL, namely [C,im-C¢-imC,][Br,] (structured with two C, alkyl chains
linked with a Cg alkyl chain spacer) mixed with the anionic surfactant of sodium dodecyl benzene sulfonate
(SDBS) works in EOR. Considering the fact that most EOR studies are concerned on using single-chain SAILs,
utilizing mixtures of powerful imidazolium-based GSAILs and SDBS for different aspects of EOR are potentially
beneficial. The extent of IFT reduction and corresponding CMC as well as capability in emulsion formation and
wettability alteration are investigated for the crude oil-water system. These are important parameters determining
pore-scale oil/water distributions and thus with serious effects in reservoir-scale oil production.

Accordingly, the impact of individual surfactants are first considered. Next, the level of synergism in reducing
IFT and CMC using surfactant mixtures are investigated. The results are then analyzed based on the Frumkin
isotherm and the Rosen non-ideal interactions in binary mixtures (NIBM) model. Finally, this study assesses
the impact of these mixtures on emulsion formation and wettability alteration.

Experimental

Materials

The examined crude oil was from the Ahwaz oil field in south Iran for which the major specifications are tabu-
lated in Table 1. The 99% pure SDBS surfactant was a Sigma Aldrich product. The synthesized imidazolium
cationic GSAIL was comprised of four carbon atoms alkyl chains and six methylene in the spacer as well as two
bromine anions, totally denoted as [1, 1’-(hexane-1, 6-diyl) bis (3-butyl-1H- imidazol-3-ium) bromide], concisely
abbreviated as [C,im-Cy-C,im][Br], (Fig. 1). This GSAIL was prepared according to a reported procedure®. To
ensure GSAIL quality and nano-size product, "H NMR, C NMR, dynamic light scattering (DLS) and scanning

Spicification/Composition Value
°API 20.7
Saturated (wt%) 54.0
Aromatic (wt%) 22.3
Resin (wt%) 6.7
Asphalt (wt%) 7.7
Acidity number (mg KOH g™") 0.09
Sulphur content (wt%) 1.63
Salt content (Ibs per 1000 bbls) 4
‘Water content (wt%) Nil
Density at 20 °C (g cm™) 0.915
Viscosity at 70 °F (cP) 55
Viscosity at 100 °F (cP) 44
Kinematic viscosity at 70 °F (cSt) 60
Pour point ('F) 10
Flashpoint ('F) 70
Reid vapor pressure (psi) 12.1
Loss at 200 °C (wt%) 9.3

Table 1. Most important crude oil specifications.
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Sodium dodecyl benzene sulfonate (SDBS), anionic surfactant

Fig. 1. The used surfactants chemical structures.
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electron microscopy (SEM) were employed. Analytical results are provided in Figs. S1 to S4 (Supplementary
Material). The high purity of the product was proved by appearing specific peaks of the prepared imidazolium
GSAIL as in the NMR spectra with no sign of the reactants or any by-product. The hydrodynamic and micelle
size of the as prepared product were examined via SEM and DLS methods as listed in Table 2. It is important to
note that the obtained size via DLS, referred as "hydrodynamic size", pertains to the GSAIL particles in aqueous
solution which is different from that of particle size observed in SEM. Aqueous phase solutions were prepared
using a high quality distilled water. For convenient understanding, the chemical structure of the GSAIL and
SDBS surfactants are illustrated in Fig. 1.

Instruments and procedures

IFT and contact angle measurements

The IFT and contact angle (CA) measurements were performed by means of a pendant drop tensiometer (CA-
ES10, Fars EOR Technology). For this aim, crude oil was conducted to the tip of a suitably size stainless steel
needle, which was submerged in the aqueous bulk solution. The experimental setup and methodology were
thoroughly explained in our previous publications®"?2. The IFT (y) was detected at different times by consider-
ing the geometric shape of the pendant drop with respect to the involved forces monitored and analyzed by
an image processer®. Through this technique, an equilibrium IFT equal to 31.8 mN m™! was detected for the
crude oil - pure water at 298.2 K. Meanwhile, the surface tension of water was determined to be 71.9 mN m™" at
the same temperature, remarkably close to the literature reported value of 72.0 mN m™'2%. These measurements
were conducted under ambient pressure, and temperature was maintained constant by means of a thermostat
(uncertainty of 0.1 K).

The surfactants, individually and in mixtures, were utilized within a concentration range of 1.0 x 107 to
1.25 mol dm™, were prepared by mass utilizing a 1.0 x 10™* g digital balance. Mixing of components was based
on the GSAIL mole fraction, «; = C;/C; in which Cj,=C;+C, whereas C; and C, represent the molar bulk
concentrations of the GSAIL and SDBS and Cj; for the mixture, all in aqueous phase. Meanwhile, an Anton Paar
oscillating densitometer (DMA 4500, Austria) was used to determine the density of solutions which is an essential
parameter to determine IFT values. The uncertainty of the densitometer was 1.0x 10™* g cm™. To determine a
CMC, the corresponding concentration at the intersection of tangent lines to the upper and lower regions of the
IFT variations against surfactant concentration was considered.

Emulsion formation

Emulsion formation was performed with equal volumes of the aqueous and oil phases. Here, the aqueous phase
concentration of individual surfactants/mixtures was 0.05 mol'dm™ having significant impact. Samples were
transferred to a scaled glass vial and sonicated in an ultrasound bath (40 kHz, 305 W) for 30 min and then were
allowed to rest at 298.2 K over one day and one week. After that, the volume of the formed emulsion (V,) was
measured and the emulsion index (in percentage) was obtained from V, / V; x 100 where V; was the sample
total volume?.

Wettability alteration measurement

For wettability alteration, measuring CA was the basis. Accordingly a quartz plate was first maintained in crude
oil for 15 to 20 h to simulate aging. Then, injection of crude oil into the aqueous phase, containing in a glass cell,
was done via a vertical stainless steel needle to create a drop which was released and attached to the upper quartz
plate in a cell filled by the aqueous phase?. After allowing the drop to settle over a minimum one hour time, the
image was captured and the CA was reported as an average of the right and left sides of the hemispherical drop.
Similar to emulsions, a constant 0.05 mol dm™ concentration, though different mole fraction of mixtures, was
considered and examined.

Results and discussion

Interfacial tension reduction with individual surfactants

Figure 2 illustrates the IFT variation versus concentration of individual surfactants. A significant IFT reduction
is observed till a CMC. For the imidazolium GSAIL and SDBS, the IFT declines from 31.8 to, respectively, 8.8
and 1.2 mN m™' and the CMCs were appeared at 0.68 and 0.03 mol dm™> (Table 3)*’. Comparing the imidazo-
lium GSAIL with the conventional surfactant reveals that the longer alkyl chains of 12 C-atoms of the SDBS
gives it an edge over the 4 C-atoms short-chain GSAIL. The maximum IFT reduction of more than 96% with
SDBS could be compared to about 72% with the GSAIL. Nevertheless, as Fig. 2 demonstrates that imidazolium
GSAIL, despite a short alkyl chain, gives almost good IFT reduction. To attain a typical mid IFT of 15 mN m™,
the required GSAIL was only 0.15 mol dm™.

DLS (nm)
SEM (nm) Hydrodynamic Micelle
11.9-27.5 0.7-5.0 199.8-580.2

Table 2. The ranges of pure GSAIL particle size by SEM and hydrodynamic and micelle sizes in aqueous
solutions by DLS analysis.
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Fig. 2. IFT of the crude oil-water versus concentration of either of surfactants.

Surfactant CMC (moldm™3) |ycyc (mMNm™?) | Pmin(mN m™) | Maximum IFT reduction (%)
[Cyim-Cg-imC,][Br,] | 0.68 9.9 8.8 72.4
SDBS 0.03 1.9 1.2 96.2

Table 3. CMC and IFT under CMC and minimum achieved IFT values for individual surfactants.

The Frumkin adsorption isotherm, which takes into account the non-ideal interactions among adsorbed
species, gives a satisfactory explanation for predicting IFT with individual surfactants. With respect to the posi-
tive charged rings in the GSAIL structure, and also the negative charge head group in SDBS, one can conclude
certain interactions among the surfactant molecules in solutions and in adsorbed layers. The adsorption model
and the isotherm of the Frumkin equation are as*®:

T = —2RTTyr [In(1 — 0) + 62 (1)
bFf:l: [C(C + Celectrolyte)] = 1—06 eXP(—n/%) (2)
whereIT = y, — y represents the interfacial pressure and y, and y are, respectively, the pure and the present

IFT values. Also, & = I / ' represents the fraction of interface coverage, corresponding to I and I', f (the
present and the maximum interface excess concentrations). Parameters by, S and fi are respectively, the Frumkin
adsorption constant, the van der Waals molecular interaction and the activity coefficient of ions. Also, n rep-
resents the number of cations and anions of the substance. The accuracy of fittings was based on achieving the
lowest value of an objective function (OF) as a fraction of unity, introduced in Ref.?’. The parameters obtained
from fitting and the corresponding OF values are tabulated in Table 4. Evidently, the Frumkin adsorption iso-
therm precisely predict the data.

It is obvious that I',,,  of SDBS, possessing long 12 C chain, is greater than that of GSAIL with short 4 C chains.
This is in agreement with the previous results relevant to higher hydrophobicity and thus increased interface
adsorption. Relatedly, the minimum occupied interface area per adsorbed molecule,A,, was obtained from
An=1 / I'm,rNay in which Njy represents the Avogadro number. As is expected, SDBS has a more compact
orientation at the interface resulting in lower interfacial area per each molecule compared to the GSAIL. Also,
the negative molecular interaction parameter, 8, confirms intermolecular repulsion. Remarkably, this parameter
is greater for the GSAIL which is attributed to the two positively charged rings in the structure. Moreover, the bp
parameter is greater for the conventional surfactant, indicating it superior hydrophobicity and more adsorption
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Surfactant Tr % 10° (mol m2) A, x10° (m?) B br(dm?® mol™) OF AG;d_i(k] mol ™) AG?, (K] mol™)
[C,4im-Cy-imC,][Br,] 0.77 15.13 -6.2 1.53x10% 0.116 - 75.62 -0.96
SDBS 0.83 13.97 -25 6.47 x 10* 0.391 —105.58 - 8.69

Table 4. The Frumkin and thermodynamic parameters and the objective functions in accordance to the
Frumkin isotherm.

tendency. Consistently, the adsorption and micellization Gibbs free energies, are ascertained as following where
p' = p/ 18 stands for molar concentration of water*:

. brp'
AGl, = —2RT 1n<F7p) 3)

AGS;. = RT In CMC (4)

The negative values for the Gibbs free energies listed in Table 4 reinforce understanding that the GSAIL and
the SDBS tend to adsorb and form micelle spontaneously. Indeed, the strong hydrophobic nature accompanied
with the low electrostatic repulsion, provide a stronger adsorption capability for SDBS. Further, significantly
higher absolute values for AG, ;. implies stronger surfactants tendency to adsorb than forming micelle.

Interfacial tension reduction with surfactants mixtures

Figure 3 illustrates the IFT variation versus mixture concentration when various GSAIL mole fractions («1) are
attributed. For all the mole fractions, the IFT decreases consistently with concentration. Rationally, the easily
adsorption at low concentrations gives more slope of IFT variation (logarithmic scale x-axis) and ultimately
with very low IFTs, around 0.05 mN m™. Notably, low IFTs are coincident with high capillary number in oil
reservoirs'>’!.

The synergistic action of surfactants could be quantified in comparison to the IFT which could be achieved
with the linear contribution of surfactants in each mixture (i.e. no synergism)®. The IFT variations versus o
are depicted in Fig. 4. As can be seen, as «; increases, the IFT initially decreases sharply and then gradually rises
toward the IFT corresponding to the GSAIL («;=1) under a specified concentration. Regions with a percentage
of synergy are marked by distinct colors. The most appropriate 98.8% synergy, relevant to the lowest IFT, was
revealed with 0.1 mol dm™ when «1=0.2. In comparison to former investigations on the combination of cationic
and anionic surfactants®*?, as well as the mixture of single-chain SAILs and surfactants®***, the attained here
high degree of synergy, proves the strong influence of the GSAIL and SDBS mixtures.

25

20

IFT (mN.m™")

10

0.0001 0.001 0.01 0.1
mixture concentration (mol.dm™3)

Fig. 3. Variation of the crude oil-water IFT versus mixture concentration for different GSAIL mole fractions.
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Fig. 4. Synergy regions in IFT reduction for mixtures of the GSAIL and SDBS surfactant.

Examining the surfactants chemical structure (refer to Fig. 1), it is evident that a proximal orientation at the
interface is plausible because of the attractive forces between the opposite charge mixture components. Notably,
owing to the impact of the single negative charge of SDBS per molecule and the positive charge rings of the
GSAIL, it is likely that the maximum synergy to be associated with a GSAIL:SDBS molar ratio of 1:2. However,
because of bulkier head groups of the GSAIL, this ratio was revealed with best results when one GSAIL molecule
is accompanied with four SDBS molecules, i.e. molar ratio of 1:4 or o;=0.2. This finding is quite interesting since
an optimal mixture of so much low GSAIL contribution acts so efficient, important also in economic evaluation.
As mole fraction increases, the percentage of synergy decreases due to disruptions in the electrostatic balance.
Figure 5 depicts the most possible assembly of the considered surfactant molecules and their arrangement at the
interface of the crude oil-water system.

%0
VVVV\/\ﬂ Aqueous phase

Fig. 5. The assembly of the GSAIL and SDBS molecules and their arrangement at the interface of crude oil-
water.
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A comparable mechanism could also be attributed to micellization. The CMC, in the present of mixtures, falls
to an exceptionally small value of 0.016 mol dm™ (90.2% synergy compared to presumably linear contribution
of surfactants in mixture) at o¢;=0.2. It is important to emphasize that low CMCs are desirable. This is because
low CMCs facilitate the transportation of oil droplets via surfactant flooding in EOR processes’. Noteworthy,
low CMCs could diminish overall costs because of using minor doses which is highly beneficial in industries.

The NIBM theory* was employed to ascertain the obtained results and determining the adsorbed GSAIL
mole fraction (X, designated as surfactant (1) as well as the adsorbed molecular interaction (), included in
the following Eqgs. %

(X1)? In(Crze1 / CYX1)
2 0 =1 (5)
(1 =X)2In[Ci2(1 — )/ CI(1 — X1)]
B In(Cr2a1 / CYX1)
P="0"xr ©

where, C?, Cg and C(l)2 denote the bulk concentration of the GSAIL, of SDBS and of their mixture, all correspond-
ing to a certain IFT. These values are derived from IFT versus surfactant concentration and their mixture for a
particular «; value (see Fig. 3). Precise X; and § values were then calculated from Egs. (7 and 8) using an itera-
tion method®. Reasonably, negative f values validate an attractive molecular interaction, while positive values
indicate repulsive one (in contrary to the Frumkin theory). The corresponding parameter values at certain IFTs
are tabulated in Table S1 (Supplementary Material) and Fig. 6a and b show X; and g values. It becomes clear that
despite self-repulsion between molecules of indiviual surfactants, an attractive interaction is dominant at the
interface. Large absolute 8 values, in another way, confirm strong synergistic effect’.

Emulsifying ability

Transferring surfactants to low permeable zones in order to facilitating dissolution of crude oils through
oil-in-water (O/W) emulsions is important in EOR. This gives rise the crude oil adsorption on reservoir rocks
and gives rise residual crude oil flow*. Further, emulsions improve the mobility and sweeping efficiency of
injection fluids in non-swept areas***’. Figure 7 depicts images of emulsions with various mixtures under a
typical 0.05 mol dm™ of mixture concentration (significant synergy with this concentration, Fig. 4). The role
of surfactant mixture in producing emulsions is evident. Moreover, Fig. 8 demonstrates the emulsion indices
for various GSAIL mole fractions. Again, the highest emulsification indices are corresponding to the greatest
synergy mole fraction of a1 =0.2, bringing about 78 and 74% emulsion indices after one day and after one week,
respectively. These are relevant to 40.8 and 52.6% synergy (same aspect of IFT synergy). Meanwhile, monitoring
after two-months, showed no significant reduction in the emulsion volumes, approving the stability. This is a
consequence of surfactants regular orientation at the interface of drops, creating hydrophilic protective layers*.
Notably, achieving stable emulsions with conventional surfactants, regularly necessitates using co-surfactants
that are volatile and environmentally hazardous”; hence, no co-surfactant was used here.

0
(a) (b)
i 10 4 G‘e/e/e/@
b -20 -
@
b =30 -
—6—IFT=1 (mN'm™)
—6—IFT=1(mN'm™) = 25
] —8— 2.5 -40 —A— 5
& s —— 10
—— 10 15
T T 15. T T T -50 T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.2 0.4 0.6 0.8
GSAIL mole fraction, a, GSAIL mole fraction, a,

Fig. 6. Interface mole fraction (a) and interaction parameter (b) as functions of mole fraction for certain IFTs.
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Fig. 7. The crude oil-water emulsions under different mole fractions with 0.05 mol dm™ of mixtures after one
day.
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Fig. 8. The emulsification index as a function of the GSAIL mole fraction with 0.05 mol dm™ of mixtures.

Wettability alteration

Wettability is crucial for reservoir rocks and their performance, affecting the residual original oil in place (OOIP).
A shift of the quartz surface wettability, from oil-wet to water-wet, results in detachment of residual oil from
the rocks, and improves crude oil flow. Based on CA measurements, reservoir rocks categorized as hydrophilic
(water-wet, CA ranging from 0 to 80" degree), moderate (CA from 80 to 100°) and hydrophobic (oil-wet, CA
from 100 to 1807)*L.

In Table 5 and Fig. 9, the shapes and the corresponding wettability state, as well as measured CA of drops while
surrounded are presented for different aqueous mixtures (0.05 mol-dm ). Notably, CAs of 130° and 70° with
the GSAIL and SDBS, highly decrease to about 40° with o;=0.2. This reflects a maximum degree of synergism
of 51.8%; thus, altering wettability from oil-wet to water-wet.
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Mole fraction | Image Contact angle | Wettability state
v i A= Wateravet
- L' o e
a;=0.2 i CA=40" ‘Water-wet
o i o e
“=0e v ca=60 Water-wet
“=06 ' CA=80 Intermediate-wet
e " CA=1E Oil-wet

Table 5. Shape and CA of crude oil drops on quartz surface with 0.05 mol*dm™ of individuals and mixtures.
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Fig. 9. Variation of CA with the GSAIL mole fraction under mixture concentration of 0.05 mol dm=.

Conclusions

This investigation was conducted to explore how effective mixtures of a nano-size imidazolium cationic GSAIL,
[C,im-C4-imC,][Br,], and the anionic SDBS surfactant act on the interfacial properties of the crude oil-water
system. Initial results evidenced that the capability of individual surfactants was high and that IFT variations
matched the Frumkin isotherm.

The adaptated interactions enabled the GSAIL and SDBS surfactant to significantly reduce the IFT, surpassing
the potential of a linear contribution by individual surfactants providing very distinct synergies. The mixture
achieves very low IFTs at GSAIL mole fraction of only 0.2, whilst also decreasing the CMC. The variations were
consistent with the NIBM model and reasonable parameter values were corresponding. Examining the emulsion
formation confirmed stable crude oil in water dispersions. Consistently, wettability study showed a transition
from oil-wet to water-wet due to the low adhesion of crude oil drops to the quartz surface in the present of
mixtures.

Inclusively, the results affirmed that this sort of surfactant mixtures can significantly enhance the interfacial
properties of the crude oil-water system. In addition to high reductions in oil-water IFT, these mixtures could
alter wettability which is crucial in oil recovery. Further, the stability, confirmed through emulsion forma-
tion, gives rise feasibility of practical implications in various oilfield processes. Indeed, their effectiveness could
extend to challenging conditions of high salinity and elevated temperatures which requires complementary
investigations.

Data availability

The data will be provided upon request to the corresponding author of this article.
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