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Density, surface tension and refractive index were determined for the binary mixture of catalytic deactivated compounds with
1-ethyl-3-methylimidazolium thiocyanate {{EMIM][SCN]} at temperature of (298.15 to 323.15) K. For all the compounds with
ILs, the densities varied linearly in the entire mole fraction with increasing temperature. From the obtained data, the excess molar
volume and deviation of surface tension and refractive index have been calculated. A strong interaction was found between similar
(cation-thiophene or cation-pyrrole) compounds. The interaction of IL with dissimilar compounds such as indoline and quinoline
and other multiple ring compounds was found to strongly depend on the composition of IL at any temperatures. For the mixtures,
the surface tension decreases in the order of: thiophene > quinoline > pyridine > indoline > pyrrole > water. In general from
the excess volume studies, the IL-sulphur/nitrogen mixture has stronger interaction as compared to IL-IL, thiophene-thiophene
or pyrrole-pyrrole interaction. The deviation of surface tension was found to be inversely proportional to deviation of refractive
index. The quantum chemical based COSMO-RS was used to predict the non-ideal liquid phase activity coefficient for all mixtures.

It indicated an inverse relation between activity coefficient and excess molar volumes.

1. Introduction

Zero emission of nitrogen and sulphur in diesel oil produc-
tion is one of the largest challenges for petroleum refineries
in the world. However the hydrodenitrification (HDN) and
hydrodesulphurization (HDS) processes represent an even
more important challenge. Most of the refineries in the
world are able to produce diesel oil with above 70 ppm of
nitrogen [1] and 500 ppm of sulphur [2] by using high hy-
drogen consumption, large reactor volume, and severe op-
erating conditions [3]. Thus the refinery must remove the
aromatic compounds of nitrogen/sulphur such as pyrrole,
indole, indoline, carbazole, benzocarbazole, pyridine, quino-
line, benzoquinoline, thiophene, benzothiophene, diben-
zothiophene, and their derivatives [1, 2, 4]. Moreover the
catalysts having higher activity or selectivity do not interact
favourably with such compounds, even at moderate temper-
atures [5]. On the other hand the nature of the compounds

coupled with its chemical structure posseses more sterical
hindrance as compared to the catalysts. The HDN and HDS
processes have greater ability in removing nonaromatic
structure of nitrogen and sulphur molecules from diesel oil
with high efficiency although not economically [6, 7].

Over the past few years Ionic Liquid (ILs) are alternative
solvent for organic solvents in various applications and are
particularly used as an extracting solvent for the removal of
sulphur from fuel oil [7-11]. The physiochemical properties
of ILs are easily adjustable by changing cation and anion
combination. Further it has negligible vapour pressure,
posses nonflammability and high thermal and chemical
stability. ILs provide better solution for removal of aromatic
skeleton structure with multiple rings of nitrogen and sul-
phur compounds in diesel oil via CH-7 bond interaction, 7—
7 stacking, and n— bond interaction [12-16]. Additionally
ILs have higher LUMO/HOMO energy and high polarity
in mixtures with such compounds [17].There are several



works which report desulphurization using ionic liquid with
a target of below 10 ppm of total sulphur content in diesel
and other liquid fuels. However these works are carried out
without proper screening of ionic liquid (combinations as
large as 10'8 ILs!!).

In our previous work we have reported that smaller size
of cation has higher selectivity but lower capacity for the
removal of thiophene using COnductor-Like Screening
MOdel for Real Solvent (COSMO-RS) predictions at T =
298.15K and atmospheric pressure [18]. Further we have
studied the removal of pyrrole, indole, indoline, carbazole,
benzocarbazole, pyridine, quinoline, benzoquinoline, thio-
phene, benzothiophene, dibenzothiophene, and their deriva-
tives from diesel oil using smaller size cation based on im-
idazolium, pyridinium, pyrrolidinium, piperidinium, mor-
pholinuim, and triazolium with fluoro- and nonfluoro
anions [13, 14]. According to these results we have chosen
few ionic liquids for the removal of such compounds via
Liquid-Liquid Extraction (LLE) at T' = 298.15 K. According
to our work via COSMO-RS prediction [12-16] the IL:
1-ethyl-3-methylimidazolium thiocyanate ([EMIM][SCN])
was the most efficient IL for the removal of pyrrole, pyridine,
indoline, quinoline, and thiophene molecules. Thus in this
work we have studied the phase behaviour of [EMIM][SCN]
with such compounds at p = 1 bar.

In a recent work, Domanska et al. [19] studied the phase
behaviour of the binary system of thiophene with 1-ethyl-
3-methylimidazolium thiocyanate and other ionic liquids.
In this work, they measured densities, surface tension,
and refractive index of mixtures of [EMIM][SCN] with
pyrrole, pyridine, indoline, quinoline, thiophene, and water.
Further they have calculated the excess molar volume,
deviation of surface tension, and refractive index of their
mixture over the entire mole fraction of [EMIM][SCN]
at several temperature. The studied binary systems are
[EMIM][SCN](1) + pyridine(2), [EMIM][SCN](1) + pyr-
role(2), [EMIM][SCN] (1) +quinoline(2), and [EMIM] [SCN] (1) +
indoline(2), [EMIM][SCN](1) + thiophene(2) and
[EMIM][SCN](1) + water(2) over the 0.2 to 0.8 mole frac-
tion of [EMIM][SCN](1) at T = (298.15-323.15) K and at-
mospheric pressure.

Finally the quantum chemical-based COSMO-RS (Con-
ductor-like Screening MOdel for Real Solvents) [12-15]
model has been used to predict the activity coefficient for
known composition of mixtures. This model is independent
of experimental data and uses the molecular structure to
determine the Screening Charge Densities (SCDs) or the
sigma profile of the pure molecule. This is the only indicator
in computing the chemical potential of a component in the
solution. The computational details of COSMO-RS will be
described briefly in the later section.

2. Experimental Section

1-Ethyl-3-methylimidazolium thiocyanate [EMIM][SCN]-
(C7H11N3S) ionic liquid was purchased from Fluka with a
purity of >95%. In order to increase the purity and for
reducing the water content and volatile compounds to
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negligible values, vacuum (0.1 Pa) for at least 48 h was ap-
plied to the IL sample prior to the measurements. A water
content of 0.044% in [EMIM][SCN] was obtained by Karl
Fischer titrator (KF 787, Metrohm). Pyrrole (C4H5N) and
indoline (CsHgN) were supplied from Spectrochem, India
with mass fraction of 99%. Pyridine (CsHsN), quino-
line (CoH;N) and thiophene (C4H4S) were received from
Sigma-Aldrich with mass fractions greater than 98% and
were used without further purification. The pure component
structures, experimental densities, refractive index, and sur-
face tension are given in Tables 1 to 3. A comparison between
reported and experimental measurements was carried out on
all the properties.

Densities of the pure components and binary mixture
were measured at atmospheric pressure with Anton Paar
DSA-4500MA digital vibrating U-tube densimeter. The
densitometer has a well-defined thermoelectric temperature
control system. The uncertainty in the density measure-
ment is £0.0001 g-cm™>. The apparatus was calibrated by
measuring the density of Millipore quality water and ambient
air. The surface tension of the pure components and binary
mixtures was measured with a tensiometer by plate type
method (Hanging drop tensiometer method, kruss k9, Ger-
many) with a precision of 0.01 mN/m. The apparatus was
calibrated by measuring the surface tension of Millipore
quality water at ambient temperature. Refractive index of
the pure components and binary mixtures was determined
at ambient temperature using an automatic refractometer
AD-13 model (ABBEMAT-WR Dr. Kernchen), with an un-
certainty of +0.00004.

Samples were prepared by transferring known mass of
the pure liquids into stoppered bottles via syringe. The
stoppered bottles are closed with screw caps to seal and
prevent evaporation. All weighing was carried out in a bal-
ance (Mettler Toledo AT 261) with an accuracy of +10~ gm.
Previous experiments [18] showed that equilibrium was
attained after 6 hours of stirring at 100 rpm at temperature
at 298.15K, using circulating water bath along with auto-
matic controller. Equilibrium was attained by keeping the
mixture settled for 12 hours during which good contact was
obtained between two pure components. Samples from the
homogeneous mixture were withdrawn using syringes for the
thermodynamic phase behavior studies. All the samples were
prepared immediately prior to performing density, surface
tension, and refractive index measurements so as to prevent
variation in composition due to water/air retention via the
hygroscopic IL.

3. Computational Details

The sigma profile generation and methodologies are given
in detail in our previously published work on ionic liquid
systems [12—-15]. The SCDs obtained in COSMO calculations
are given for each segment. Thereafter the expression for
chemical potential of segment in the mixture phase is
derived in which interaction energies between segments are
calculated from COSMO-RS. The chemical potential of each
molecule is then obtained by summing the contributions of
the segments.
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TaBLE 1: Name and structure of the studied ionic liquid.
S. no. Name Structure Acronym Mole. for (I;//Igig{; CASRN? ?gj?rsrg})l Appearance
=
1-Ethyl-3- N=—s" N@
01 methylimidazolium " [EMIM][SCN] C;H;;N;S 169.25 143314-17-4 1.027 Liquid
thiocyanate
 CASRN: Chemical Abstracts Service Registry Number.
TasLE 2: Comparison of measured density p as a function of temperature with literature data for pure compounds.
T (K)
298.15 303.15 308.15 313.15 318.15 323.15
p(gem™)
1-ethyl-3-methylimidazolium thiocyanate [EMIM][SCN]
Measured 1.1345 1.1313 1.1279 1.1246 1.1213 1.1179
Reported® 1.1168 NA 1.1107 NA 1.1047 NA
Pyridine (PY)

Measured 0.9783 0.9732 0.9682 0.9631 0.9581 0.9581
Reported 0.9780P NA NA NA NA NA
Pyrrole (PYRR)

Measured 0.9655 0.9611 0.9568 0.9524 0.9479 0.9436
Reported 0.9733" NA NA NA NA NA
Quinoline (Qu)

Measured 1.0883 1.0843 1.0804 1.0764 1.0724 1.0685
Reported 1.0929° NA NA NA NA NA
Indoline (INDO)

Measured 1.0883 1.0843 1.0804 1.0764 1.0724 1.0685
Reported NA NA NA NA NA NA
Thiophene (TS)

Measured 1.0584 1.0525 1.0465 1.0405 1.0344 1.0284
Reported 1.0585¢ NA NA NA NA NA
Water
Measured 0.9971 0.9957 0.9939 0.9918 0.9879 0.9849
Reported 0.99714 NA NA NA NA NA

“[15]; ®[16]; €[17]; 4[18]; NA. not found.
For the prediction, a complete dissociation of ionic lig-  where
uids into cations and anions was assumed as in our earlier Xigi it 2
.- . . . 11 1h
work [13-15].The activity coefficient of any component in i = m, i = ma li = E((ri —qi) — (ri = 1)).

the mixture is then given by
Inyys = mi>_pi(o)[InTs(0) = Ti(o)] +Inyj§. (1)
[

Here InT's(0) and InT;i(0) refer to the activity coefficient of
the segment in the mixture and compound i, respectively.
pi(0) refers to the sigma profile of the component i, and
n; implies the contribution of number of segments for
component i. Thereafter the Staverman-Guggenheim term
for the combinatorial contribution [Inyj] is calculated
using the following equation:

iz 0; i
lnyl-s/(s3 zln%+5qiln$+li— %ijlj, (2)
1 1 1 ]

(3)

Here r; and g; are normalized using the volume (66.69 A?)
and surface area (79.53 A?) of a functional group, that is,
ri = COSMO Volume/66.69, g; = COSMO Area/79.53. The
COSMO volume and COSMO area are taken from the out-
put of the COSMO file. COSMO-RS thereafter estimates the
activity coefficients of the components in the liquid-liquid
system according to (2).

4. Results and Discussion

4.1. Pure Compounds and Their Binary Mixtures. Experi-
mental densities of pure [EMIM][SCN], aromatic nitrogen,
aromatic sulphur species, and water have been measured



TaBLE 3: Surface tension ¢ and refractive index nD for pure com-
pounds of the binary system studied in this work at 298.15K and
atmospheric pressure.

o (mNm™) nD
Present  Literature = Present  Literature
study value study value

[EMIM][SCN] 53.1 57.76* 1.5377 NA
Pyridine (PY) 37.5 NA 1.5013 NA
Pyrrole (PYRR) 41.7 NA 1.4884 NA
Quinoline (QU) 46.5 NA 1.4997 NA
Indoline (INDO) 32.6 NA 1.5867 NA
Thiophene (TS) 31.7 NA 1.5271 1.5255%f
Water 72.1 71.18 1.3357 NA

*[15]; ¢[16]; £[17]; 8[19]; NA. not found.

and benchmarked at different temperatures (Tables 2 and 3).
Besides the effect of temperature and experimental method,
the presence of trace amount of impurities such as water
or ions provides a remarkable effect on thermodynamic
properties [20]. Table 2 shows the comparison of measured
densities for pure [EMIM][SCN] with temperature. Table 3
shows the comparison between experimental and literature
data of the pure aromatic nitrogen/sulphur and water at
298.15K. This agrees will with data reported for pyridine,
pyrrole, and quinoline [21]. This also matches with the
experimental data obtained earlier for thiophene [22] and
water [23]. It was observed that the density p of pure
ionic liquid is higher than that of water and also than that
of aromatic nitrogen/sulphur compounds. Table 3 shows a
comparison for the surface tension ¢ and refractive index
nD of pure components with literature data at 298.15K. The
surface tension and refractive index were compared success-
tully against the known value of water [21] and thiophene
[22], respectively. The difference between experimental and
literature data for pure [EMIM][SCN] can be explained by
the thermodynamic properties which strongly depend on
water and other impurities.

Experimental densities over the entire composition range
for EMIM][SCN](1) + PY(2) (Table 4(a)), EMIM][SCN](1)+
PYRR(2) (Table 40)), [EMIM][SCN](1)+QU(2) (Table 4(9),
[EMIM][SCN](1)+INDO(2) (Table 4(d)), [EMIM][SCN](1)+
TS(2) (Table 4(e)), and [EMIM][SCN](1) + water(2) (Table
4(f)) have been determined at temperature of T' = (298.15
to 323.15) K. The surface tension ¢ and refractive index nD
of the pure component and its mixtures were determined
at 298.15K from 0.2 to 0.8 mole fraction of [EMIM][SCN]
(1). Additionally we have studied the binary mixtures of
[EMIM][SCN](1) + water(2) which is more helpful in the
purification and regeneration of [EMIM][SCN] [22].

«_»

4.2. Thermal Expansion “a”. The coefficient of thermal ex-
pansion of the [EMIM][SCN] « is shown in Figure 1. The
densities of pure [EMIM][SCN] decrease linearly (R?> = 1)
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Ficure 1: Experimental values of In p of pure [EMIM][SCN] ionic
liquid versus temperature of (298.15 to 323.15) K.

with increasing temperature. The value of a« = 0.117K™!
(ionic liquid) was calculated from

1[0V 1(0dp

“= V<aT>p’ p<aT>P’ )
where V is the molar volume of the pure fluid, p is the
density of the pure fluid, and subscript P indicates constant
pressure. The volume expansivity of [EMIM][SCN] was cal-
culated using the measured density observed at different
temperatures. The volume expansivity of [EMIM][SCN]
was found to be independent of temperature (Figure 1).
These observations are more consistent with the studies of
Rodriguez and Brennecke [24], Wandschneider et al. [25],
and Pereiro et al. [26, 27].

4.3. Effect of Composition on Density and Excess Molar
Volume. Table 2 shows the experimental densities of pure
[EMIM][SCN], aromatic nitrogen, aromatic sulphur, and
water at temperatures of T = (298.15 to 323.15) K. It can
be seen that the density of all the pure components including
ionic liquid decreases linearly with increasing temperature.
Tables 4(a) to 4(f) show the experimental densities for six
binary systems studied as a function of temperature over
the studied mole fraction (0.2 to 0.8) of [EMIM][SCN].
For all the compounds with ILs, the densities varied linearly
in the entire mole fraction with increasing temperature.
This behavior can be explained by the efficient structural
interaction of [EMIM][SCN] with aromatic structure of
nitrogen/sulphur and water via packing effects [13-16, 18,
19, 28, 29] (Scheme 1). Additionally it can be a result of
smaller size of cation [18] and anion providing better
interaction with aromatic compounds. A small size of IL
molecule has a significant influence on the changing densities
of the mixture with an increase in temperature over the
studied mole fraction (0.2 to 0.8) of IL. Besides the hydrogen
bonding strongly depends on the temperature [30] as com-
pared to CH-7 bond interaction [12-14, 31-33] and n—n
bond interactions [13, 14, 27-29].These similar trends were
observed for other binary systems [24, 28, 29].

The measured densities of binary mixtures over the
studied mole fraction (0.2 to 0.8) of [EMIM][SCN] at several
temperature are presented in Tables 4(a) to 4(f). The binary
mixture of [EMIM][SCN](1) + pyrrole(2) system shows
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TABLE 4
(a) Experimental density p and excess molar volume VE, for the binary system [EMIM][SCN](1) + Pyridine (2).
XIL P Vi YCOSMO-RS P Vi YCOSMO-RS P Vi YCOSMO-RS
gem™? cm?® mol ™! gem™? cm® mol ™! gcm™? cm® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.0452 —0.0434 1.1988 1.0412 —-0.0396 1.2007 1.0372 —-0.0357 1.2025
0.3 1.0601 —0.0578 1.3841 1.0563 —0.0541 1.3874 1.0525 —0.0504 1.3900
0.4 1.0726 —0.0699 1.5733 1.0691 —0.0664 1.5788 1.0655 —-0.0630 1.5833
0.5 1.0823 —0.0795 1.7402 1.0788 —-0.0762 1.7493 1.0754 —-0.0728 1.7570
0.6 1.0928 —0.0900 1.8689 1.0895 —0.0868 1.8822 1.0862 —-0.0836 1.8950
0.7 1.0965 —0.0945 1.9504 1.0933 —-0.0913 1.9694 1.0900 —0.0881 1.9879
0.8 1.1021 —0.1007 1.9863 1.0989 —-0.0975 2.0117 1.0957 —0.0944 2.0362
T =313.15K T =318.15K T =323.15K
0.2 1.0332 —0.0319 1.2039 1.0293 —-0.0281 1.2053 1.0253 —-0.0242 1.2066
0.3 1.0488 —0.0468 1.3923 1.0450 —0.0431 1.3946 1.0412 —-0.0395 1.3965
0.4 1.0620 —0.0596 1.5877 1.0585 —-0.0562 1.5911 1.0550 —-0.0528 1.5944
0.5 1.0720 —0.0695 1.7645 1.0686 —-0.0662 1.7706 1.0653 —0.0629 1.7765
0.6 1.0830 —0.0803 1.9061 1.0797 —-0.0771 1.9169 1.0765 —-0.0739 1.9259
0.7 1.0868 —0.0849 2.0042 1.0836 —-0.0817 2.0201 1.0804 —-0.0785 2.0339
0.8 1.0925 —0.0912 2.0591 1.0894 —0.0881 2.0799 1.0862 —-0.0850 2.1000
(b) Experimental density p and excess molar volume V£, for the binary system [EMIM][SCN](1) + Pyrrole (2).
XIL P Vi YCOSMO-RS P V'E YCOSMO-RS P V')E' YCOSMO-RS
gem™? cm?® mol ™! gcm™? cm?® mol™! gcm™? cm?® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.0284 —0.0275 0.3445 1.0247 —-0.0239 0.3552 1.0210 —-0.0203 0.3659
0.3 1.0492 —0.0472 0.2176 1.0457 —0.0440 0.2271 1.0422 —0.0406 0.2367
0.4 1.0562 —0.0543 0.1522 1.0528 —-0.0512 0.1604 1.0493 —0.0478 0.1687
0.5 1.0736 —0.0708 0.1124 1.0703 —0.0680 0.1194 1.0669 —0.0648 0.1266
0.6 1.0886 —0.0853 0.0858 1.0854 —-0.0827 0.0919 1.0822 —-0.0796 0.0981
0.7 1.0945 —0.0918 0.0671 1.0913 —-0.0893 0.0723 1.0882 —-0.0861 0.0777
0.8 1.1035 —0.1018 0.0535 1.1003 —0.0986 0.058 1.0972 —-0.0955 0.0626
T =313.15K T =318.15K T =323.15K
0.2 1.0174 —0.0168 0.3764 1.0137 -0.0133 0.3869 1.0101 —0.0097 0.3973
0.3 1.0388 —0.0373 0.2464 1.0353 —-0.0339 0.256 1.0319 —-0.0306 0.2657
0.4 1.0458 —0.0444 0.1771 1.0424 —-0.0411 0.1857 1.0390 —-0.0377 0.1942
0.5 1.0636 —0.0616 0.134 1.0604 —0.0584 0.1415 1.0571 —0.0552 0.1491
0.6 1.0790 —0.0764 0.1045 1.0758 -0.0733 0.111 1.0726 —-0.0702 0.1177
0.7 1.0850 —0.0830 0.0832 1.0819 —0.0800 0.089 1.0788 —-0.0769 0.0948
0.8 1.0941 —0.0925 0.0675 1.0910 —0.0894 0.0725 1.0879 —0.0864 0.0777




6 International Journal of Chemical Engineering

(c) Experimental density p and excess molar volume V£ for the binary system [EMIM][SCN](1) + Quinoline (2).

XIL p V,]f, YCOSMO-RS p Vf’ YCOSMO-RS P V'E YCOSMO-RS
gem? cm® mol ™! gem? cm® mol ™! gcm? cm® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.1084 —0.1070 1.4345 1.1049 —0.1034 1.4326 1.1012 —0.0998 1.4307
0.3 1.1122 —0.1106 1.9141 1.1087 -0.1071 1.9102 1.1053 —0.1037 1.9062
0.4 1.1140 -0.1125 2.5577 1.1106 —0.1090 2.5528 1.1071 —0.1056 2.5477
0.5 1.1163 —0.1148 3.3339 1.1131 -0.1116 3.3324 1.1098 —0.1083 3.3304
0.6 1.1170 -0.1157 4.1652 1.1138 -0.1125 4.1776 1.1106 —0.1093 4.1854
0.7 1.1172 —0.1161 4.9321 1.1141 -0.1130 4.9702 1.1109 —0.1098 5.0011
0.8 1.1173 —0.1165 5.5048 1.1141 -0.1133 5.5815 1.1110 -0.1102 5.6486
T =313.15K T =318.15K T =323.15K
0.2 1.0976 —0.0963 1.4285 1.0940 -0.0927 1.4264 1.0904 —0.0891 1.424
0.3 1.1018 —0.1003 1.9016 1.0983 —-0.0968 1.897 1.0948 —-0.0934 1.8918
0.4 1.1037 —0.1022 2.5414 1.1002 —0.0988 2.535 1.0968 —0.0954 2.5274
0.5 1.1065 —-0.1050 3.3258 1.1033 —-0.1018 3.321 1.1000 —-0.0986 3.3139
0.6 1.1074 —0.1061 4.1923 1.1042 -0.1029 4.1949 1.1010 -0.0997 4.1969
0.7 1.1077 —-0.1067 5.0304 1.1045 —-0.1035 5.0529 1.1014 —0.1004 5.0742
0.8 1.1079 -0.1071 5.7135 1.1047 —0.1040 5.7725 1.1016 —0.1009 5.8225
(d) Experimental density p and excess molar volume VZ for the binary system [EMIM][SCN](1) + Indoline (2).
XIL P Vﬁ YCOSMO-RS P V’ﬁ YCOSMO-RS P Vﬁ' YCOSMO-RS
gem™? cm?® mol ™! gem™? cm® mol ™! gcm™? cm® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.0838 —0.0846 1.2640 1.0802 —0.0809 1.2659 1.0765 -0.0772 1.2675
0.3 1.0927 —0.0930 1.5451 1.0893 —0.0896 1.5484 1.0858 —0.0861 1.5511
0.4 1.0992 —0.0991 1.8866 1.0959 —-0.0959 1.8931 1.0926 —-0.0925 1.8987
0.5 1.1041 —0.1039 2.2431 1.1009 —0.1006 2.2568 1.0976 -0.0973 2.2687
0.6 1.1061 —0.1059 2.5539 1.1029 -0.1027 2.5800 1.0997 —0.0995 2.6033
0.7 1.1093 —0.1090 2.7565 1.1061 —0.1059 2.8004 1.1030 -0.1027 2.8406
0.8 1.1131 —0.1127 2.8091 1.1100 —0.1096 2.8725 1.1069 —0.1065 2.9346
T =313.15K T =318.15K T =323.15K
0.2 1.0729 —0.0735 1.2690 1.0693 —0.0699 1.2702 1.0656 —0.0662 1.2712
0.3 1.0824 —-0.0826 1.5536 1.0789 -0.0791 1.5555 1.0754 —0.0755 1.5572
0.4 1.0892 —0.0891 1.9038 1.0859 —-0.0858 1.9080 1.0826 —0.0825 1.9117
0.5 1.0944 —0.0941 2.2799 1.0911 —0.0908 2.2895 1.0879 -0.0876 2.2984
0.6 1.0965 —0.0962 2.6257 1.0933 —-0.0931 2.6455 1.0901 —0.0899 2.6644
0.7 1.0999 —0.0996 2.8796 1.0967 —0.0965 2.9150 1.0936 —0.0934 2.9493

0.8 1.1038 —0.1034 2.9926 1.1008 —0.1004 3.0492 1.0977 —-0.0974 3.1032




International Journal of Chemical Engineering 7
(e) Experimental density p and excess molar volume V£, for the binary system [EMIM][SCN](1) + Thiophene (2).
XL P Vin YCOSMO-Rs P Vin YCOSMO-Rs P Vi YCOSMO-RS
gem™? cm® mol ™! gem ™ cm® mol ™! gem ™ cm® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.1107 —-0.1066 1.6572 1.1067 —-0.1026 1.6502 1.1023 —0.0983 1.6432
0.3 1.1061 —0.1031 2.0822 1.1024 —0.0994 2.0738 1.0986 —0.0956 2.0654
0.4 1.1122 —0.1090 2.4632 1.1085 —0.1054 2.4581 1.1049 —-0.1017 2.4518
0.5 1.1144 —0.1116 2.7427 1.1107 -0.1078 2.7449 1.1069 —0.1040 2.7464
0.6 1.1150 -0.1127 2.8916 1.1119 —0.1095 2.9055 1.1087 —-0.1062 2.9184
0.7 1.1157 —0.1139 2.9142 1.1124 -0.1105 2.9428 1.1090 -0.1071 2.9688
0.8 1.1166 —0.1152 2.8414 1.1133 —0.1120 2.8824 1.1101 —0.1087 2.9211
T =313.15K T =318.15K T =323.15K
0.2 1.0980 —0.0940 1.6362 1.0935 —0.0896 1.6292 1.0889 —0.0851 1.6222
0.3 1.0947 -0.0917 2.0566 1.0909 —-0.0879 2.0477 1.0870 —0.0840 2.0384
0.4 1.1012 —0.0981 2.4452 1.0976 —0.0944 2.4376 1.0940 —0.0908 2.4298
0.5 1.1031 —0.1003 2.7459 1.0993 —0.0965 2.7449 1.0955 —0.0928 2.7421
0.6 1.1055 —0.1030 2.9285 1.1023 —0.0998 2.9376 1.0992 -0.0967 2.945
0.7 1.1056 —0.1038 2.9915 1.1023 —0.1004 3.0129 1.0990 —-0.0971 3.0321
0.8 1.1069 —0.1055 2.9573 1.1037 —-0.1023 2.9909 1.1005 —0.0991 3.0216
(f) Experimental density p and excess molar volume V£, for the binary system [EMIM][SCN](1) + water (2).
XIL P V,ﬁ YCOSMO-RS P V’IE' YCOSMO-RS P Vf’ YCOSMO-RS
gem™? cm?® mol ™! gem™? cm® mol ™! gem™? cm?® mol ™!
T =298.15K T =303.15K T =308.15K
0.2 1.0758 —0.0719 0.8053 1.0725 —0.0689 0.8106 1.0693 —0.0659 0.8157
0.3 1.0893 —0.0847 0.7201 1.0861 -0.0817 0.7261 1.0828 -0.0787 0.7319
0.4 1.0997 —0.0947 0.6502 1.0966 -0.0918 0.6565 1.0934 —0.0888 0.6624
0.5 1.1042 —0.0996 0.5916 1.1010 —0.0966 0.5978 1.0978 -0.0937 0.6038
0.6 1.1066 —0.1029 0.5417 1.1035 —0.0999 0.5477 1.1004 —0.0969 0.5537
0.7 1.1104 —0.1074 0.4987 1.1074 —0.1044 0.5045 1.1043 -0.1015 0.5104
0.8 1.1112 —0.1092 0.4612 1.1081 —0.1062 0.4670 1.1050 —0.1032 0.4725
T =313.15K T =318.15K T =323.15K
0.2 1.0659 —0.0628 0.8206 1.0626 —-0.0596 0.8254 1.0591 —-0.0562 0.8299
0.3 1.0796 —0.0756 0.7376 1.0763 -0.0725 0.7431 1.0731 —0.0694 0.7483
0.4 1.0902 —0.0858 0.6683 1.0870 —-0.0827 0.6740 1.0838 -0.0797 0.6794
0.5 1.0946 —0.0907 0.6097 1.0915 -0.0876 0.6153 1.0883 —0.0846 0.6208
0.6 1.0972 —0.0939 0.5594 1.0941 —-0.0909 0.5650 1.0910 —-0.0879 0.5704
0.7 1.1012 —0.0985 0.5159 1.0982 —0.0955 0.5214 1.0951 -0.0925 0.5266
0.8 1.1020 —0.1002 0.4779 1.0989 —-0.0972 0.4833 1.0958 —0.0942 0.4884




Six membered ring

Possible weak interactions are:

(1) CH (cation) - - - - 7 (pyridine)
(2) S (anion) - - - - H (pyridine)
(3) 7 (cation) - - - - 7 (pyridine)
(4) N (anion) - - - - H (pyridine)
(5) N (pyridine) - - - - H (cation)
(6) H (cation) - - - - S (thiophene)

International Journal of Chemical Engineering

Five membered ring

ScHEME 1: 1-ethyl-3-methylimidazolium thiocyanate with six membered ring of pyridine and five membered ring of thiophene [9-12, 14,

15].
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XL

—— At 298.15K
—&— At 303.15K
—A— At 308.15K

—— At 313.15K
—*— At 318.15K
—e— At 323.15K

FiIGURE 2: Experimental density for the binary system
{[EMIM][SCN](1) + Pyridine(2)} as a function of mole fraction
of the IL at different temperature.

that the composition or mole fraction of [EMIM][SCN](1)
increases with density. This is due to the stronger association
between the similar aromatic structure of molecules (i.e.,
[EMIM] cation and pyrrole molecule). There are many
possibilities in [EMIM][SCN] to interact with aromatic
or nonaromatic structure compounds such as (1) CH-7
interaction [8-10, 26-29], (2) m—m interaction [9, 10, 29],
and (3) n—m interaction [8-10], where n = N, O, E and
S atoms are located on the aromatic/nonaromatic com-
pound or ionic liquid structure (Scheme 1). Therefore the
measured densities of binary mixture for [EMIM][SCN](1)
+ pyridine(2) systems (Figure 2) show a linear trend in
the liquid phase at all temperatures, which includes water
(Table 4(f)).

Geng et al. [20] had earlier reported that the ratio of van
der Waals and electrostatic force plays a significant role in
the extraction process. It was found that mixtures of IL with
similar or dissimilar structure of molecules for mole fraction
0.3 and above plays a dominating role at temperatures 293.15

55
50 1 ° ° ;|
T 45 ° d ° Y
! y

Ead n ? g X %
Z 35 x X
g x X x
= 30 3
© 25 ]

20 . . . . .

0.2 0.3 0.4 0.5 0.6 0.7 0.8

XL

+ [EMIM][SCN] + PY
x [EMIM][SCN] + QU
= [EMIM][SCN] + PYRR

x [EMIM][SCN]L + TS
A [EMIM][SCN] + INDO
o [EMIM][SCN] + water

FiGure 3: Composition dependence of surface tension of the binary
mixture plotted against mole fraction of IL at 298.15 K.

to 318.15 K. On the same lines, the mixture of [EMIM][SCN]
+ thiophene shows a similar trend at above 0.3 mole fraction
of IL in the mixture.

4.4. Effect of Composition on Surface Tension and Refractive
Index. The measured surface tension data for all the studied
systems are listed in Table 5 and illustrated in Figure 3. At
xi = 0.2 the surface tension of [EMIM][SCN](1) + water
system is higher as compared to other systems such as
[EMIM][SCN](1) + pyrrole, [EMIM][SCN](1) + pyridine,
[EMIM][SCN](1) + thiophene, [EMIM][SCN](1) + indo-
line(2), and [EMIM][SCN](1) + quinoline(2). It should be
noted that the strength of van der Waals force is negligible as
compared to the sterical hindrance provided by the addition
of benzene ring [34-36] in pyrrole/pyridine structure which
is accountable upon mixing. Therefore with increasing
mole fraction of [EMIM][SCN], surface tension of mixture
increases even if it has dissimilar molecules like indoline
(Figure 3) and quinoline (Figure 3).

It is well-known fact that the strength of CH-m bond
and hydrogen bond increases in liquid phase over the entire
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TaBLE 5: Experimental surface tension ¢ and deviation of surface tension for the binary systems: (a) [EMIM][SCN] + Pyridine, (b)
[EMIM][SCN] + Pyrrole, (c) [EMIM][SCN] + Indoline, (d) [EMIM][SCN] + Quinoline, (¢) [EMIM][SCN] + Thiophene, and (f)

[EMIM][SCN] + Water at 298.15 K.

P [EMIM][SCN] + PY [EMIM][SCN] + PYRR [EMIM][SCN] + QU

o (mN-m™) Ao (mN-m™) o (mN-m™) Ao (mN-m™1) o (mN-m™) Ao (mN-m™1)
0.2 37.4 —-1.22 40.9 —1.08 29.5 —16.32
0.3 38.6 —0.58 41 —1.12 32.3 —13.18
0.4 38.7 —-1.04 42.5 0.24 35.2 -9.94
0.5 41 0.7 42.8 0.4 394 —-5.4
0.6 42.4 1.54 44 1.46 40.1 —4.36
0.7 45.4 3.98 46.5 3.82 40.4 -3.72
0.8 46.5 4.52 47.4 4.58 40.8 —-2.98
i [EMIM][SCN] + INDO [EMIM][SCN] + TS [EMIM][SCN] + Water

o (mN-m™') Ao (mN-m™) o (mN-m™) Ao (mN-m™") o (mN-m™) Ao (mN-m™)
0.2 39.9 5.2 30.8 -3.18 44.6 -20.1
0.3 40.8 5.05 31.8 —-3.32 45.1 —-16.9
0.4 40.9 4.1 32.1 —4.16 46.2 —13.1
0.5 41.9 4.05 33.6 -3.8 46.8 -9.8
0.6 42.4 3.5 34.1 —4.44 50.2 -3.7
0.7 43.9 3.95 38.4 —1.28 50.4 -0.8
0.8 44 3 45.5 4.68 50.4 1.9
mole fraction of [EMIM][SCN] at T = 298.15K [9-12]. 1.62
For [EMIM][SCN](1) + pyridine(2), [EMIM][SCN](1) + llsg i 5
indoline(2), [EMIM][SCN](1) + quinoline(2), and 1.56 £ : ) <
[EMIM][SCN](1) + thiophene(2) systems, this trend in- 2 154 3 ¥ x x i
creases linearly from xy, = 0.3 to x, = 0.8. [EMIM][SCN](1) + 115§ " ° & i :
thiophene(2) mixture gave higher surface tension because 1.48 ‘
of the similarity in structure of thiophene to [EMIM] 1.46
cation. The dissimilar structure of pyridine, indoline, and 02 0.3 04 ?{'5 06 0.7 08

1L

quinoline in [EMIM][SCN] gave higher surface tension as
compared to water with [EMIM][SCN]. It can be seen in
Figure 3 that the surface tension increases in the order of
thiophene > quinoline > pyridine > indoline > pyrrole >
water. Thus an increasing mole fraction of [EMIM][SCN]
causes a decrease in the strength of sterical hindrance due to
dissimilar molecules or addition of benzene ring in pyrrole
or pyridine structure The van der Waals force between the
ethyl substitution on the [EMIM] and the aromatic structure
of nitrogen/sulphur is not much significant in liquid phase.
Further when the similar or dissimilar aromatic structures of
molecules are mixed together, then the interaction between
[EMIM] cation and [SCN] anion decreases while the CH-7
bond interaction, m—7m stacking, and dispersion forces get
increases particularly for the systems having similar or
dissimilar aromatic structure of molecules [37].

Figure 4 shows the composition dependence of refractive
index for the above-mentioned binary systems (seen in
Table 6). Refractive index for [EMIM][SCN](1) + pyrrole(2)
systems decreases linearly with increasing mole fraction
(0.2 to 0.8) of [EMIM][SCN] because there is no mobility
of ion upon mixing over the entire mole fraction of
[EMIM][SCN] at T = 298.15K. This similar behavior
has been observed for other studied systems such as
[EMIM][SCN] (1) +thiophene(2), [EMIM][SCN] (1) +pyridine(2),
[EMIM][SCN](1) + indoline(2), and [EMIM][SCN](1) +

+ [EMIM][SCN] + PY
x [EMIM][SCN] + QU
= [EMIM][SCN] + PYRR

x [EMIM][SCN] + TS
» [EMIM][SCN] + INDO
o [EMIM][SCN] + water

F1Gure 4: Composition dependence of surface tension of the binary
mixture plotted against mole fraction of IL at 298.15 K.

quinoline(2). The only exception is, [EMIM][SCN](1) +
water(2) system which shows an increasing trend with
increasing mole fraction due to the increased strength of
hydrogen bond. It is clear from Figure 4 that, for the binary
mixture under study, the refractive index increases in the
order of [EMIM][SCN]: pyrrole < Pyridine < thiophene
< indoline < quinoline. Thus [EMIM][SCN] + quinoline
mixture has the highest refractive index values as compared
to other studied systems.

4.5. Effect of Composition on Excess Molar Volume. The excess
molar volume can be defined by [38, 39]

(M +x, M) M, M,
= X — — X —

Pmix P1 P2 (5)
= Vimix —x1V1 =V,

Vi
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TaBLE 6: Experimental refractive index nD and deviation of refractive index AnD for the binary systems: (a) [EMIM][SCN] + Pyridine,
(b) [EMIM][SCN] + Pyrrole, (¢) [EMIM][SCN] + Indoline, (d) [EMIM][SCN] + Quinoline, (e) [EMIM][SCN] + Thiophene, and (f)

[EMIM][SCN] + Water at 298.15 K.

[EMIM] [SCN] + PY

[EMIM] [SCN] + PYRR

[EMIM] [SCN] + QU

. nD AnD nD AnD nD AnD
0.2 1.5335 0.02492 1.5214 0.02314 1.5974 0.0901
0.3 1.5326 0.02038 1.5209 0.01771 1.5968 0.0863
0.4 1.5351 0.01924 1.5187 0.01058 1.5756 0.0819
0.5 1.5302 0.0107 1.5137 0.00065 1.5746 0.0569
0.6 1.5188 ~0.00434 1.5126 ~0.00538 1.5727 0.0521
0.7 1.5178 ~0.00898 1.5093 —0.01361 1.5675 0.0464
0.8 1.5171 ~0.01332 1.5079 ~0.01994 1.5587 0.0374
N [EMIM] [SCN] + INDO [EMIM] [SCN] + TS [EMIM] [SCN] + WATER
nD AnD nD AnD nD AnD
0.2 1.581 0.0041 1.5426 0.01338 1.4754 0.11186
0.3 1.5762 0.0042 1.5421 0.01182 1.4927 0.10739
0.4 1.5699 0.0028 1.5398 0.00846 1.5095 0.10242
0.5 1.5614 ~0.0008 1.5388 0.0064 1.5186 0.08975
0.6 1.5541 ~0.0032 1.5373 0.00384 1.5247 0.07408
0.7 1.5518 ~0.0006 1.537 0.00248 1.5308 0.05841
0.8 1.5507 0.0032 1.5305 ~0.00508 1.5314 0.03724

where V is the molar volume of the pure fluid, p is the density
of the pure fluid, and subscript P indicates constant pressure.
VE is the excess molar volume of the binary mixture, pmix is
density of the mixture, and density of the pure components
is denoted as p; and p,, respectively. x; and x; are the mole
fraction of components 1 and 2. M;, M, are the molecular
weight of components 1 and 2, respectively.

The calculated excess molar volume values are listed
in Tables 4(a) to 4(f). [EMIM][SCN](1) + pyridine(2)
(Figure 5) binary mixture exhibits a linear decrease with
an increase in the mole fraction of [EMIM][SCN](1) at
all studied temperatures. At temperature T = 298.15K a
negative excess molar volume for all the systems is obtained
within 0.2 to 0.8 mole fraction. This is due to fact that
the specific interactions include the partial charge transfer,
formation of hydrogen bond, CH-7 bond, n—n stacking,
and n-7 bond interaction. The weak H-bonds are easily
broken up when the temperature increases as compared to
CH-n bond, n— stacking, and n—7 bond. This indicates that
the IL-sulphur/nitrogen mixture has stronger interaction as
compared to IL-IL, thiophene-thiophene, or pyrrole-pyrrole
interaction. A similar phenomenon is applicable for all other
studied systems. This can also be explained by the stronger
association occurring between similar or dissimilar aromatic
structure of molecules in liquid phase at any composition
or temperatures without any temperature and composition
influence.

In case of [EMIM][SCN](1) + water(2) mixture, a sud-
den decrease is seen at initial mole fraction, thereafter de-
creasing linearly as the composition increases. This is due
to the fact that at individual concentration (higher dilution
rate), the oxygen sites are stabilized by electron or partial
charge transfer. Thus [EMIM][SCN] has strong attrac-
tion with water at low concentrations. Furthermore the

temperature effect on the excess molar volume is negligible
since the rate of kinetic energy is not enough to change
the phase behavior upon mixing with aromatic structure of
the nitrogen/sulphur molecules. It means that the structural
effect becomes more important than the dispersion or
dipolar interactions. Hence the composition has significant
influence on excess molar volume of aromatic structure with
multiple ring compounds like indoline and quinoline.

4.6. Effect of Composition on Deviation of Surface Tension
and Refractive Index. The deviation of surface tension and
refractive index can be defined by [35-39]

A0 = Onmix — (011 — 02%7)

(6)
AnD = nDpix — (nD1x; — nD1x5),

where Ac and AnD are the deviation of surface tension
and refractive index. The surface tension and refractive
index of the binary mixture are denoted as omix and #Dp;y,
respectively. x; and x, are the mole fraction of the compo-
nents 1 and 2.

The deviation of surface tension and refractive index are
presented in Figures 6 and 7. The deviation of surface tension
for [EMIM][SCN](1) + pyrrole(2) indicates an increasing
trend with increasing mole fraction of [EMIM][SCN] while
the refractive index deviation shows a decreasing trend at
T = 298.15K. It can be observed that the strong elec-
trostatic interaction takes place between the two similar
aromatic structures of the molecules (IL-nitrogen/sulphur
compound), even though molecules posses additional ben-
zene ring such as indoline and quinoline. The deviation
of surface tension was found to be inversely proportional
to deviation of refractive index. This is due to the fact
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FiGURE 5: Excess molar volume VE for the system of
[EMIM][SCN](1) + pyridine(2) at different temperatures.
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FiGure 6: Surface tension deviation versus mole fraction of IL at
298.15 K.

that the deviation of surface tension of the binary mixture
strongly depends on the cohesive interaction at the surface
level while the refractive index deviation depends on the
dispersion interaction upon mixing. However both depend
on the size and shape of the molecules in a liquid phase.
These tendencies agree well with the reported data of Nain
[40] and Freire et al. [41]. In [EMIM][SCN] + Water
mixture, the deviation of surface tension increases linearly
with composition (Figure 7) while the deviation of refractive
index decreases slightly (Figure 8). The molecular interaction
is very strong between similar and dissimilar aromatic
structures [31, 34, 42, 43] of sulphur/nitrogen compounds
and [EMIM] cation while the mobility of ions is weakened
upon mixing. However [EMIM][SCN] interacts with the
compounds in liquid phase via n—-7 bonding (where n:
N,O from both the side). It can be observed that the
minimum amount of [EMIM][SCN] ionic liquid is enough
for separation of similar structure of pyrrole and thiophene
while for pyridine, indoline, and quinoline more amount is
required as compared to pyrrole and thiophene. Negative
deviation was observed for the mole fraction (0.2 to 0.8) of
IL at temperature from 298.15 to 323.15 K for both deviation
in surface tension and refractive index studies. The observed
trends are as follows.

For surface tension deviation:

Water > quinoline > thiophene > pyrrole > pyridine >
indoline.

11
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FIGURE 7: Refractive index deviation against mole fraction of IL at
298.15K.
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FIGURE 8: Relation of activity coefficient with excess molar volume
of [EMIM][SCN](1) + pyridine(2) systems at T = 298.15K.

For refractive index deviation:
Indoline > thiophene > pyrrole > pyridine > quinoline >
water.

4.7. Relation of Activity Coefficient with Excess Molar Volume.
In order to substantiate the findings we have predicted
the activity coefficients of solutes (nitrogen and sulphur
compounds) in mixture (Tables 4(a) to 4(f)). It is interesting
to know that that pyrrole (Table 4(b)) and water (Table 4(c))
have activity coefficients less than one among all the studied
systems. It implies that water is soluble in IL, thus the IL is
hydrophilic in nature. Among all the compounds it seems
that pyrrole is the most soluble. Figure 8 shows a comparison
of predicted activity coefficient and excess volume for IL-
pyridine mixture. The predicted activity coefficient increases
with increasing mole fraction of ionic liquid in the mixture,
except for [EMIM][SCN] + water systems. However the
excess molar volumes are seen to decrease with mole fraction.
Thus it is fair to say that the activity coefficient is inversely
proportional to excess volume.

It is observed that the properties of mixture are influ-
enced by the aromatic ring structure of thiophene, pyridine,
pyrrole, indoline, and quinoline (Tables 4(a) to 4(f)). The
activity coefficient also gives us an indication of the strength
of solubility. For example, [EMIM][SCN](1) + Pyridine(2)
system (Figure 8) shows low activity coefficient (i.e., high
solubility with mole fraction of IL) as compared to
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[EMIM][SCN] + thiophene (Table 4(e)) which implies that
the solubility of pyridine in [EMIM][SCN] is higher than
thiophene. In case of excess molar volume both the systems
show an increasing excess molar volume with increasing
mole fraction of IL.

5. Conclusion

Excess molar volume and deviation of surface tension
and refractive index have been calculated from measured
densities, surface tension, and refractive index for the
systems of [EMIM][SCN] ionic liquid with pyrrole, pyridine,
indoline, quinoline, thaiophene, and water in a liquid phase
at temperature of 298.15 to 323.15K and atmospheric
pressure. The surface tension increases with increasing mole
fraction in the order of thiophene > quinoline > pyridine
> indoline > pyrrole > water, while the refractive index
increases in the order of [EMIM][SCN]: pyrrole < Pyridine <
thiophene < indoline <quinoline. Furthermore the deviation
of surface tension and refractive index show a similar
negative trend which follows: for surface tension: Water >
quinoline > thiophene > pyrrole > pyridine >indoline, for
refractive index: Indoline > thiophene > pyrrole > pyridine >
quinoline > water. Finally it was concluded that the similar
aromatic structures of nitrogen and/or sulphur compounds
are removed via CH—n bond interaction and 7—7 stacking.
The aromatic heterocycle with multiple ring of nitrogen and
sulphur compounds removal was found to strongly depend
on the composition of IL as compared to temperature effect.
It is also observed that the activity coefficient of IL increases
while the excess molar volumes decreases with increasing
mole fraction of IL.

Abbreviations
HOMO: Higher occupied molecular orbitals
LUMO: Lower unoccupied molecular orbitals
[EMIM]: 1-ethyl-3-methylimidazolium
[SCN]: Thiocyanate
[EMIM][SCN]: 1-ethyl-3-methylimidazolium
Thiocyanate
PY: Pyridine
PYRR: Pyrrole
INDO: Indoline
QU: Quinoline
TS: Thiophene.
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