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In the present work, the binding capacity of a 1-methyl-3-hexylimidazolium p-toluenesulfonate ionic
liquid to Aragon light oil within a 70/30 oil/water emulsion was studied by cyclic voltammetry. The
imidazole-based ionic liquid was synthesized by anion interchange reaction. Its chemical structure was
confirmed by Fourier-Transform Infrared Spectroscopy and Nuclear Magnetic Resonance. Its Critical
Micelle Concentration (CMC) in water was determined by Conductimetry, Ultraviolet-Visible
Spectroscopy and Cyclic Voltammetry. The ionic-liquid-to-oil binding-constant and binding-free-
energy were determined from the dependence of the voltammogram anodic-peak-current with the ionic
liquid concentration in the emulsion. The diffusion coefficient of the free and bound forms of the oil
within the emulsion were determined from the Randles-Sevcik equation. The measurements led to a
CMC value of approximately 152 mg/L and a binding constant of 0.98x10* M, corresponding to a
binding free energy of -22.78 KJ/mol. The negative value of the latter confirmed the ionic liquid
spontaneously binds to the oil phase. The oil-droplets diffusion coefficient showed a 2.5-fold increase
(up to 4.631x107 cm?/s) due to incorporation of the ionic liquid molecules. The information gathered
can be helpful to design more efficient remediation processes of oil-contaminated water, as well as to
improve the design of ionic liquid molecules, and to study their interaction with different oil
components.

Keywords: Imidazole, diffusion coefficient, oil/water emulsion, critical micelle concentration, oil-
contaminated waters

1. INTRODUCTION

The hydrocarbon industry has grown extensively during the last decades, leading unfortunately
to a large number of accidents and thus to increased levels of pollution within water bodies located
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around extraction, transportation or storage sites. Such pollution causes irreversible damage to plants
and animals within the aforementioned environments. For example, when hydrocarbons are released
into superficial water bodies, the oil phase floats due to its lower density. In this way, it blocks the
passage of light and the interchange of gases, hindering the development of photosynthesis. It also
allows the solubilization of materials which affect plankton and micro-invertebrates living at the
bottom of such water bodies. While the main toxic and volatile components of oil can be eliminated by
evaporation, other components can be oxidized by the action of UV radiation from sunlight. Such
compositional changes may modify the oil physical properties and toxicology. Furthermore, depending
on the molecular weight, some oil components may deposit as sediment [1, 2].

Several strategies have been developed to reduce the impact of oil spills into the environment.
For example, some biological methods use plants and microorganisms to degrade the oil, while
chemical techniques use chemical agents to this end. Electrochemical methods, on the other side, can
directly apply electrical energy to aid the remediation. They offer a broad spectrum of electrolytes and
electrodes, and can be combined with biological agents as well as with ionic liquids [2-4].

lonic liquids have been successfully implemented in diverse scientific/industrial areas such as
catalysis, chemical synthesis, metals extraction, energy storage, supported liquid membranes,
lubrication industry, production industry, solvents industry and pharmaceuticals. The diverse and
extraordinary properties of ionic liquids can be adapted to the requirements of every application by the
selection of an appropriate anion/cation combination. lonic-liquid cations have normally an aromatic
nature with nitrogen atoms within the aromatic ring, nitrogenated heterocycles, while the anionic part
can be constituted by a variety of chemical elements. The cation is the main responsible of the
molecule chemical behavior while the anion is the main responsible of the molecule physical
characteristics. Among the different ionic liquids, the imidazolium-based ones have attracted great
attention lately due to their thermal stability, high ionic conductivity and wide electrochemical
window. Thus, they have a broad spectrum of promising applications [3-7].

Interest, has grown recently in studying the interaction of ionic liquids with diverse substances,
and the subsequent modification of their properties [5-8]. Published studies deal with drugs [9],
biomacromolecules [10], DNA of different animals such as veil [11-13], ferrocene-derived molecules
[14], macrocyclic molecules such as Curcubit (6) Urile [15], etc. The studies range from computational
modeling, such as molecular dynamics, to experimental methods including electrochemical techniques.
In the latter case, interaction parameters such as the binding constant, the binding free energy and the
diffusion coefficient of the ionic-liquid-bound molecule can be derived [16-18]. Additionally, for
aqueous systems, the determination of the critical micelle concentration (CMC) becomes of great
value. The CMC is the concentration at which the solution reaches saturation and thus the solute
molecules aggregate into micelles. Above this point, significant changes in the physicochemical
properties of the solution take place. The CMC provides important information on the ionic liquid
surface activity [16-19]. The present work studies the interaction of an imidazole-based ionic liquid
with light crude oil in a 70/30 oil/water emulsion by cyclic voltammetry. The ionic-liquid-to-oil
binding-constant and binding-free-energy, as well as the diffusion coefficient of the free and bound
forms of the oil within the emulsion are there from calculated. The applied methodology and derived
data can be helpful to design new routes for the remediation of crude oil spilled into water bodies.
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2. EXPERIMENTAL

2.1. lonic Liquid synthesis

Figure 1 shows the synthesis route of the 1-methyl-3-hexylimidazolium p-toluenesulfonate
ionic liquid. 1-methyl-3-hexylimidiazolium bromide (synthesized as well at our laboratory) and
sodium p-toluenesulfonate (Sigma Aldrich, 95% purity) were the anion-interchange-reaction
precursors. Distilled water was used as reaction medium. The chemical synthesis was conducted
during 24 h at 60°C under constant stirring. Afterwards, several evaporation and filtration cycles were
used to eliminate, respectively, the remaining water and sodium bromide salt. The molecular structure
of the synthesized ionic liquid was confirmed by Fourier-Transform Infrared Spectroscopy (FTIR)
using a Perkin Elmer Spectrum 100 and by Nuclear Magnetic Resonance (NMR) using the Bruker
Avance 111 HD 400 [18, 19].
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Figure 1. Synthesis route of 1-methyl-3-hexylimidazolium p-toluenesulfonate ionic liquid by anion
interchange reaction of 1-methyl-3-hexylimidiazolium bromide and sodium p-toluenesulfonate

2.2. Oil/Water Emulsion Preparation

The crude oil was extracted from the Aragon oil-well located within the Chicontepec region in
central Mexico. The oil, characterized by the SARA analysis method, consists of 24% saturated
hydrocarbons, 41% aromatic hydrocarbons, 34% resins and 0.8% asphaltenes. It has a density of
0.903 g/cm® and a viscosity of 17.4 cP. The 70/30 oil/water emulsions were prepared with deionized
water under constant stirring (4000 RPM, 5 minutes). Whenever required, the ionic liquid was added at
the end of the stirring period [20-22].

2.3. lonic Liquid Critical Micelle Concentration (CMC) in Water

The CMC of the ionic liquid in water was determined by three different techniques. First, by
conductimetry using a HM Digital EC-3 conductimeter [23-25]. Afterwards by Ultraviolet-Visible
Spectroscopy, using an Agilent Cary 60 spectrophotometer [25-30]. Finally by cyclic voltammetry
using a BASI 100 B/W Potentiostat and a conventional 3-electrode cell with a silver wire as reference



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210611 4

electrode, a 304 stainless-steel plate (2.3 cm?) as counter electrode and a 304 stainless-steel perforated
plate (1.7 cm?) as working electrode. Cyclic voltammograms were acquired scanning the potential
from -1.2 V to +1.3 V at 0.8 V/s [31-35]. Twenty different concentrations of ionic-liquid aqueous-
solutions in deionized water were tested (10 to 200 mg/L at 10 mg/L increments).

2.4. Diffusion Coefficient of the Free and Bound Crude-Oil

A conventional 3-electrode cell was used along with a silver wire as reference electrode, a 304
stainless-steel plate (2.3 cm?) as counter electrode and a 304 stainless-steel perforated plate (1.7 cm?)
as working electrode. Cyclic voltammograms were acquired scanning the potential from -1.3 V to +1.3
V with scan rates ranging from 0.1 to 0.8 V/s. The diffusion coefficient was determined from the
anodic peak-current (Ipa) by means of the Randles-Sevcik equation:

Ip, = 0.4463(nF)3/25CoD?v/2(RT)~1/? (1) [36]

where n is the number of transferred electrons, F is the Faraday constant, S is the electrode area
(cm?), Co is the reacting species bulk-concentration (mol/cm?), v is the potential scan rate (V/s), R is
the universal gas constant (J/mol K), T is the absolute temperature(K) and D is the diffusion coefficient
(cm?/s). Plotting Ipavs v*2 leads to a straight line whose slope m is related to D as follows:

2
m
b= (0.44-63(nF)3/25Co(RT)—1/2) (2) [36-40]

2.5. lonic-Liquid-to-Oil Binding-Constant and Binding-Free-Energy (70/30 Oil/Water Emulsion).

Cyclic voltammograms of oil/water emulsions, with ionic liquid in concentrations ranging from
10 to 150 mg/L, were acquired. The potential was scanned from -1.3 V to +1.3 V at a rate of 0.5 V/s,
using a conventional 3-electrode cell with a silver wire as reference electrode, a 304 stainless-steel
plate (2.3 cm?) as counter electrode and a 304 stainless-steel perforated plate (1.7 cm?) as working
electrode. The decrease in anodic peak-current caused by the ionic liquid concentration increase
followed Equation 3:

Lo K g (3) [36-38]

where Cy, is the ionic liquid concentration in the oil/water emulsion (mol/L), K is the ionic-
liquid-to-oil binding constant (L/mol), io and i are the anodic peak current density (A/cm?) of the oil
oxidation in the absence and presence, respectively, of ionic liquid. The calculated binding constant
was used along with Equation 4 to determine the binding-free-energy (AG):

AG= -RTInK (4) [36, 37, 39-46]



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210611 5
3. RESULTS AND DISCUSSION

3.1. lonic Liquid Synthesis

Figure 2 shows the FTIR spectrum of the synthesized ionic liquid. The 3377 and 567 cm™
bands are due to the N-H bond stretching mode; the 2960, 2915 and 817 cm™ bands are characteristic
of the C-H bonds stretching mode; the 1653 cm™ band is characteristic of the C=C groups stretching
mode; the 1182 cm™ band is characteristic of the C-N bonds; the 1182 and 1037 c¢m™ bands are
characteristic of the C-N and S=O bonds, respectively.
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Figure 2. Fourier Transform Infrared spectrum of the synthesized 1-methyl-3-hexylimidazolium p-
toluenesulfonate ionic-liquid.

Figure 3a shows the proton NMR spectrum of the synthesized ionic liquid. The following
chemical shifts were there from identified: -CH=CH-aromatic (7.58 ppm, doublet, 2H), =CH-NR2
aromatic (7.36 ppm, doublet, 2H), -CH=CH- aromatic (6.84 ppm, doublet, 2H), -CH2-N+R3 (4.37
ppm, triplet, 2H), CH3-NR2 (3.66 ppm, singlet, 3H), CH3-(C6H4)- (2.27 ppm, singlet, 3H), -CH2-
CH2-N+R3 (2.384 ppm, quintet, 2H), -CH2-CH2R (1.96 ppm, quintet, 6H) y CH3-CH2R (0.78 ppm,
triplet, 3H). The carbon-13 RMN spectrum of the synthesized ionic liquid is observed in Figure 3b.
The following chemical shifts were there from identified: -CH=CH- aromatic (142.43, 140.14, 129.34
y 125.65 ppm), -CH=N+R2 aromatic (136.84 ppm), =CH-NR2 aromatic (122.41 ppm), -CH2-N+R3
(58.49 ppm), CH3-NR2 (36.08 ppm), -CH2-CH2- (25.37 ppm), -CH2-CH3 (22.10 ppm), CHS3-
(C6H4)- (18.87 ppm) y CH3-CH2R (0 y 0.80 ppm). Both the FTIR and NMR spectra characteristics
confirmed the desired ionic-liquid molecular-structure was achieved with the implemented chemical
synthesis procedure [18, 19].
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Figure 3. Nuclear Magnetic Resonance spectra of the synthesized 1-methyl-3-hexylimidazolium p-

toluenesulfonate ionic-liquid a) proton spectrum, b) carbon-13 spectrum.

3.2. Determination of the lonic Liquid Critical Micelle Concentration (CMC) in Water

The conductimetry technique results can be observed in Figure 4. The ionic conductivity of the
solution increases linearly with ionic liquid concentration from 10 to 152 mg/L. Afterwards, the linear

behavior changes abruptly.
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Figure 4. Determination of the Critical Micelle Concentration of 1-methyl-3-hexylimidazolium p-
toluenesulfonate ionic liquid in water by Conductimetry: a) 10 to 200 mg/L ionic liquid
concentration range, b) 150 to 160 mg/L ionic liquid concentration range.

The inflection point is associated with the CMC, as reported in the literature [23]. It represents
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the initiation of micellization. For the pre and post-micellar regions, a linear regression coefficient of,
respectively, 0.994 and 0.997 was obtained. This indicates the ionic liquid is a normal surfactant with a
clear CMC [24]. The decrease in solution ionic conductivity after the CMC can be ascribed to the
incorporation of ionic liquid molecules into the micellar structures which have a larger molecular
weight and thus are less mobile [25].

Figure 5a shows the UV-Vis absorption spectrum of the 100 mg/L solution of 1-methyl-3-
hexylimidazolium p-toluenesulfonate ionic liquid in water. Figure 5b shows the variation of the main-
absorption-peak height (200 to 260 nm wavelength interval) with ionic liquid concentration from 10 to
200 mg/L. The CMC can be determined from the observed peak behavior [27]. As shown in Figures 6a
and 6b, below the CMC the peak absorbance increases continuously along with ionic liquid
concentration. This is attributed to the presence of imidazolium-ion aggregates. The absorbance
follows the Lambert-Beer law, i.e. it is proportional to the concentration of absorbing species. Close to
the CMC, however, there is an inflection point. Such absorption behavior is typical of imidazolium
based ionic liquids. At concentrations above 150 mg/L the peak absorbance decreases due to the
micellar saturation process [27]. According to Figure 6b, the CMC can be found at around 154 mg/L
[27, 28].
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Figure 5. UV-Vis spectra of 1-methyl-3-hexylimidazolium p-toluenesulfonate ionic liquid in water: a)
100 mg/L ionic liquid concentration, b) 10 to 200 mg/L ionic-liquid concentration range.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210611

3.5
a /8 g
3.0 4 = )
I/ ‘\.‘
/
2.5 v R 0.997
®
§ 2.0 /.’
S .
0 15- 3.20- 4
@ R0979 ®° o N
.Q / g ./ A
< g T 3.16- LN
1.0 1 ., £ X
o b N
m/ §3.1z- R
_ 7/ T ome
LS / 3.08- | _ '
/. 152 156 160
004 ® Concentration (mg/L)
I I 1 I
0 50 100 150 200

Concentration (mg/L)

Figure 6. Determination of the Critical Micelle Concentration of 1-methyl-3-hexylimidazolium p-
toluenesulfonate ionic liquid in water by UV-Vis spectroscopy (main absorption peak height):
a) 10 to 200 mg/L ionic-liquid concentration range, b) 150 to 160 mg/L ionic liquid
concentration range.
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Figure 7. Cyclic voltammograms of 1-methyl-3-hexylimidazolium p-toluenesulfonate ionic liquid in

water (scan rate:0.8 V/s, reference electrode:

silver wire, working electrode and counter

electrode: 304 stainless-steel plate): a) 100 mg/L ionic liquid concentration, b) 10 to 200 mg/L
ionic liquid concentration range.
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Figure 7a shows the cyclic voltammogram of the 100 mg/L ionic liquid aqueous solution. The
oxidation and reduction peaks of the ionic-liquid electroactive-units can be observed. Figure 7b shows
the variation of the anodic-peak (at around 900 mV) with ionic liquid concentration. The anodic peak
corresponds to the electron transfer from anion to cation within the ionic liquid molecule, due to the
high electron density of the former.

Figure 8a plots the anodic peak-current as a function of ionic liquid concentration in the 10 to
200 mg/L range. The peak current increases with concentration up to 152 mg/L (Figure 8b), where an
inflection point is observed. Afterwards, the peak current goes down. The peak current is a function of
both the concentration and the diffusion coefficient of reacting species. Thus, beyond the CMC, the
current behavior stems from a smaller amount of free ionic liquid units present in solution and the
lower diffusion coefficient that the newly-formed micelles have. In this way, the CMC was found to be

around 152 mg/L [31, 32, 35].
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Figure 8. Determination of the Critical-Micelle-Concentration of 1-methyl-3-hexylimidazolium p-
toluenesulfonate ionic liquid in water by cyclic voltammetry (anodicpeak-current): a) 10 to 200
mg/L ionic-liquid concentration range, b) 150 to 160 mg/L ionic liquid concentration range.

An average CMC value of 152.6 mg/L for the 1-methyl-3-hexylimidazolium p-toluenesulfonate
ionic liquid was calculated from the results of three different techniques used to determine such

parameter.
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3.3. Diffusion Coefficient of the Free and Bound Crude-Oil

Figure 9a, shows the cyclic voltammograms of oil/water emulsion acquired at the 8 different
scan rates tested. Several redox processes associated with the Aragon crude-oil are observed. A major
anodic peak appears at around -0.2 V and, afterwards, the current increases due to decomposition of
the medium. Such processes are shifted to more negative values by adding ionic liquid to the system
(figure 9b). A quasi-reversible signal is then observed at a half-wave potential of -0.45 V, with larger
associated currents at each scan rate. The anodic peak-current of the system with and without ionic
liquid is plotted vs. the square root of the scan rate in Figure 10. Applying Equation 2 to the slope of
the data linear fit leads to a diffusion coefficient of D = 1.852x10" cm?/s for the water/oil system, and
D = 4.631x10" cm?/s for the ionic-liquid modified system. An approximate 2.5-fold increase in the oil
diffusion coefficient was thus achieved by adding the ionic liquid [36-40].
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Figure 9. Cyclic voltammograms of a) 70/30 Aragon-oil/water emulsion, b) 70/30 Aragon-oil/water
emulsion + 1-methyl-3-hexylimidazolium p-toluenesulfonate ionic liquid (150 mg/L). Scan rate
range: 0.1 to 0.8 V/s, reference electrode: silver wire, working electrode and counter electrode:
304 stainless-steel plate.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210611 11

0.10 - a .
0.08 4 -

& 0.06—: -~
0.04 - .
1R0995 o

0.00 T T T T T T T g T v T v T
0.3 0.4 0.5 0.6 0.7 0.8 0.9
V1,"2
0.30 b =
0.25 - p--"
0.20 e
0.15 - _-=
— - ’.’
0.10 - _-
00541 R0.990 - S
000{ ®~ = O/WIL
-0.05 T T T T T T T T T T T v T ’
0.3 0.4 0.5 0.6 0.7 0.8 0.9
V1."2

Figure 10. Anodic peak-current versus cyclic-voltammogram scan rate for the determination of the
diffusion coefficient via the Randles-Sevcik Equation (Equation 1) of Aragon-oil in: a) 70/30
oil/water emulsion, b) 70/30 oil/water emulsion + 1-methyl-3-hexylimidazolium p-
toluenesulfonate ionic liquid (150 mg/L).

3.4. Binding Constant and Binding Free Energy

Figure 11a shows the cyclic voltammogram of the 70/30 oil/water/ionic-liquid emulsion
(70 mg/L). A major anodic peak is observed at around -0.7 V. Figure 11b shows the anodic peak
decrease with increasing ionic liquid concentration in the emulsion.

Figure 12 shows the 1/Cy vs. 1/(1-i/io) plot, together with the equation of the best linear fit
attained, and its corresponding correlation coefficient (R?). Using Equation 3, a binding constant (K) of
0.98x10* L/mol is determined [41-43]. Such K corresponds to a binding free-energy of -22.78 KJ/mol
(Equation 4). The free-energy negative value is an indicator of the spontaneous nature of the
interaction [38-42]. Such observations are common to systems where ionic liquids are involved, due to
their ionic properties which that favor migration and species-interchange phenomena.
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Figure 11. Cyclic voltammograms (scan rate: 0.5 V/s, reference electrode: silver wire, working
electrode and counter electrode: 304 stainless-steel plate) of the 70/30 Aragon-oil/water
emulsion +1-methyl-3-hexylimidazolium p-toluenesulfonate ionic liquid: a)70 mg/L ionic
liquid, b)10 to 150 mg/Lionic liquid concentration range.
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Figure 12. Determination of the binding constant of 70/30 Aragon-oil/water emulsion +1-methyl-3-
hexylimidazolium p-toluenesulfonate ionic liquid (10 to 150 mg/L) from the cyclic-
voltammograms anodic-peak-current via Equation 3.
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4. CONCLUSIONS

The ionic liquid synthesis procedure was successful and the desired molecular structure was
achieved, as proved by the FTIR and NMR acquired spectra. The CMC determination can be
adequately conducted by any of the techniques hereby tested. Cyclic Voltammetry confirmed the
existence of a convenient interaction between the ionic liquid and the oil in the oil/water emulsion. The
diffusion coefficient of the oil was enhanced with the addition of ionic liquid. The binding constant
resulted negative and the Gibbs free energy indicates the spontaneous nature of the binding process.
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