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Abstract. Density (p), refractive index (n), conductivity (k) and viscosity (n) measurements have
been carried out for binary mixtures of imidazolium based ionic liquids with ethanol at 298.15 K.
Excess molar volumes have been calculated from experimental data and was fitted by Redlich-Kister
equation. The density and refractive index increase with increasing ionic liquid (IL) concentration.
Addition of IL leads to increased conductivity initially within these mixtures, which is subsequently
followed by gradual decrease in IL-rich region showing the restricted ion mobility and enhanced
interactions within these mixtures. Viscosity was found to be increase gradually with increasing IL
concentration. It has been observed that solubility parameters, dielectric constant and nature of anions
of ILs being used play a vital role in determining the fate of resultant properties.

Introduction

Ionic liquids (ILs) are a class of solvents that have shown great potential in different technological
processes due to their unique properties such as extremely low vapor pressure [1, 2]. Immidazolium
based ionic liquids have found great applicability especially in the processing of polymers, mainly
focusing on the dissolution and further processing of lignocellulosic biomass. As it is known that ILs
are quite expensive and also exhibit high viscosity in certain cases which could hinder their
applicability in certain fields. In order to fully exploit the potential of ionic liquids as solvent and
recovery medium in various applications, it would be crucial to investigate certain binary systems of
ILs with organic solvents. As the competence of such ILs systems is strongly dependent on the
molecular interactions between ILs and organic solvents [3], the studies of various physical properties
could definitely provide an insight into the extent of interactions monitoring the resultant properties
of the mixtures. Previously, various studies focusing on the mixtures of ILs with organic solvent have
been reported [4-8]. The ILs being used in our studies comprise of 1-ethyl-3-methylimidazolium
acetate  ([EMIM]OAc),  l-ethyl-3-methylimidazolium  formate  ([EMIM]COOH) and
1-ethyl-3-methylimidazolium methyl phosphate ([EMIM][PO,(CH3)H]). Immidazolium based ILs
have received much more attention due to their applicability in polymer processing most importantly,
cellulose [9]. Ethanol is one of the versatile solvents used in various chemical and technological
processes and is relatively cheap [10]. Conductivity, density, viscosity and refractive index
measurements have been carried out in order to discuss the effect of the underlying interactions on the
mass and transport properties of these mixtures.

Experimental

Materials and Instrumentation

[EMIM]OAcand [EMIM]COOH were purchased from Chengjie chemical. Ethanol has been
bought from Shanghai chemicals.[EMIM][PO,(CH3)H] has been prepared in laboratory following the
procedure mentioned by Fukaya et al. [9]. The details of the chemicals being used with their
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percentage purity and water fraction have been illustrated in Table 1. The purity of ILs was verified in
terms of NMR analysis. The water mass fraction of ILs was determined by the Karl Fisher titration
(ZSD-2 KF Cany Precision Instruments Co, Ltd.). A 2WAJ Abbe refractometer has been used for the
measurements of the refractive index. Calibration of the instrument has been done by means of
deionized water.

Table 1. Purity grades with experimental and theoretical values for properties of the pure ILs and
ethanol along with Hildebrand, Hansen solubility parameters and dielectric constants at 298.15 K

Purity Grades and physical data for pure components

Purity Water n p K 1

Component 0 Mass [g.mL™] [mPa.s]
(%] Fraction
Exp. Lit. Exp. Lit. Exp. Lit.
[EMIM][PO,(CH;)H] >908 0.19 1.489 - 1.191 - 43.14 -
[EMIM]OACc 99.3 0.12 1.49 - 1.135 - 32.13 -
[EMIM]COOH 99.1 0.15 1.466 - 1.229 - 6.734 -
Ethanol >99.5 - 1.359  1.35[20] 0.786  0.785[20] 1.094 1.09[20]
Solubility Parameters and Dielectric constants
Hildebrand Solubility

Hansen solubility parameters

Solvent parameters 12 Dielectric constants
[MPam] [MPa"][19]
A O S O €
Ethanol 12.92 15.8 8.8 194 24.20[19]

The conductivity measurements were made with a DDSJ-308A conductometer (Shanghai Optical
Instrument Factory, cell constant=1.0 cm™); uncertainty was found to be 0.5 %. The viscosity was
determined by an Ubbelohde viscometer (inner diameter=1.5 mm). The temperature of the sample
was maintained at 298.15+0.01K with an external temperature controller (SYP Electro-thermostatic
water cabinet). The uncertainty was found to be 2.0+10~ mPa.s. Before measuring the densities,
DA-130N Density Specific Gravity Meter was calibrated with pure water at298.15+0.01 K. The
uncertainty in density was estimated to be 5x10* g.cm™. Repetition of all the data was carried out
three times.

Results and Discussions

Various models have been used for describing the underlying interactions between ILs and ethanol.
In order to elucidate the extent of interaction within solute-solvent molecules, the excess molar
volumes (V) were calculated for all the systems by Eq. 1 [11]:

_ (:{,_Z'-'I,_ X Z'-'I::I (1)
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Where p depicts density of mixtures; x and M represents mole fractions and molar masses.
Subscripts 1 and 2 correspond to pure ionic liquid and ethanol, respectively. All values of excess
molar volume have been fitted by using Redlich-Kister polynomial equation:

VE = x;,(1—x) T4, (2%, — 1) (2)
Where (A))is adjustable parameter. The standard deviations (c) have been calculated by using Eq.
3:
WE e T
E 3)

For viscosity measurements, data has been fitted by empirical equations suggested by Seddon et al.
[4] as shown below:
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n=n, exp (Ax,) 4)

Here, n and ny., denote the viscosities of mixtures and pure ILs, respectively. X, is the mole fraction
of ethanol in the mixtures; and A is a constant.

Density and refractive index of ILs+ethanol binary mixtures
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Fig. 1. Relationship between density and mole Fig. 2. Plot of excess molar volumes against
fraction of IL (xy.) of ethanol with ILs at mole fractions of ethanol (X;) for the mixture
298.15 K of [EMIM]OACc with ethanol at 298.15 K.

Solid line represents the Redlich-Kister fit.

The relationship of densities and mole fractions (x) of different ILs with ethanol has been shown in
Fig. 1. It is clearly indicated that density of the mixtures increase with increasing concentration of IL
[12, 13]. In order to elucidate further interactions, excess molar volumes (V) have been calculated by
means of Eq. 1. The data has been fitted by Redlich-Kister equation and has been shown in Fig.2.

Table 2. Coefficients of Redlich Kister Equation for V* of Different ILs/organic solvents at 298.15 K.

Systems Ao Al As As A °
[EMIM]OAc 21297 2423 1358 3310  -53.65  0.045
+ethanol
[EMIMIPOACHIH 3 798 1630 2437 603403  -4076  0.139
+ethanol
[EMIM]COOH 7805  -2494 3765  -52310 7411 0515
+ethanol

The negative values of Vg are due to the chemical intermolecular interactions which lead to volume
decrease, and include charge transfer type forces and complex forming interactions among the
molecules of ILs and ethanol. For [EMIM]COOH system, certain positive values could be observed
for excess molar volumes especially at higher concentrations of IL. It could be suggested that as
COOH -anion is known to make dimmers within solvent system; it’s quite obvious that the ethanol
moieties failed to disrupt this strong network of dimmers of IL molecules with eachother. This
dominant behavior of the IL molecules leads to weak interactions in the IL-rich region. The
relationship of refractive index with mole fraction has shown a gradual increase with increasing mole
fraction (Fig.3) for all the ILs+ethanol systems as being suggested by many studies reported in
literature [14]. Generally, polar and dipolar solvents of high dielectric constants show better
miscibility with ILs indicating polar solvents have stronger molecular interactions with ILs [4].
Deetlefs et al. [15] and Brocos et al. [16] reported that the larger the reduced molar free volume of the
substance, the smaller would be its refractive index. So it could be suggested that in case of ILs with
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anions, [PO,(CH3)H] and OAc’; increasing concentration within solution would lead to more
interactions and hence more aggregate formation. But in case of [EMIM]COOH+ethanol, the mixture
still show aggregates formation or more interactions. Hereby, it is necessary to suggest that absence of
free volume in this case is more due to interactions in ILs molecules itself rather than IL-ethanol

molecule’s interactions.

1.51- 69.6 -
s arg . [EMIM]POz(CH3)H
: el 0 4 [EMIM]OAc
1.47 - 2 i~ . " = [EMIM]COOH
ot A 4644
2" A I 4a -
1.43 4 Q.AAA g 34.8*‘.“"A A“
= A Cﬂ [
. 4 E 22 tee,
fa5] 3‘ » [EMIM]PO(CH3)H = : 5 .
& o [EMIM]OAC 11.6 1
s 1 [EMIM]COOH i 3
L)
1354, 1 . . . . e . . . . . .
0.0 0.2 0.4 0.7 0.9 1.1 00 02 04 05 07 09 1l
Fig.3. Relationship between refractive index Fig. 4. Relationship between conductivity and
and mole fraction of IL (x.) of ethanol with mole fraction of IL (xy.) of ethanol with ILs at
ILs at 298.15 K 298.15 K.

Conductivity and viscosity on ILs+ethanol binary mixtures

Conductivity measurements are quite crucial in liquid systems as it depends on the extent of
associations and dissociations within solvent molecules in mixtures. For ethanol+ILs mixtures, it
follows the general trend (Fig. 4) i.e. the conductivity increase rapidly in the organic solvent-rich
region and then gradually decreases IL-rich region. Related data has been shown in Table 2.

The increase of conductivity in high organic rich-region could be attributed to the rapid and free
movement of ions more easily as compared to IL-rich region which can obstruct the motion of ions
due to aggregates formation/association [17].
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Fig. 5. Relationship between viscosity and mole  Fig. 6. Relationship between viscosity and mole
fraction of ILs (xyr) with different organic fraction of ethanol (x;) with ILs at 298.15 K.
solvents at 298.15 K.

Viscosities of binary mixtures, ILs+ethanol; has been measured as shown in Fig.5. For each IL,
ethanol was found to interact in same manner. The data was fitted with Seddon equation (Eq. 4) as
shown in Fig. 6. It has been observed that the viscosity of mixtures is decreased with increasing
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concentration of organic solvent and vice versa. Due to occurrence of diverse interactions and
aggregation within pure ILs, their addition in certain mixture will lead to enhanced viscosities and
therefore hindered mobilities of ions. Similar behavior has been observed previously for different
mixtures of ILs with organic solvents [18]. The A values along with their standard deviations have
been listed in Table 3. It is quite evident that parameter A varies for all the systems. The values show
variation depending on the nature of the ILs. The experimental data fit accurately by using Eq. 6.

Table 3. The A values and the standard deviations of the fit for the viscosities of [Ls+ethanol.

Systems A G

[EMIM]OAc+Ethanol -2.877+0.052 0.347

[EMIM]COOH+Ethanol -2.172+0.031 0.137

[EMIM][PO2(CH3)H] +Ethanol -3.185+0.051 0.402
Conclusions

The density, refractive index, viscosity and conductivity measurements for the mixtures of
[EMIM]-based ILs with ethanol have been reported. All mixtures have shown ideal behavior for the
density, and refractive index measurements i.e. increase with increasing IL concentration. Excess
molar volumes studies showed the existence of considerable interactions and aggregates formation
within these mixtures. This behavior was further confirmed by refractive index measurements by the
unavailability of free volume within these mixtures as the concentration of IL is increased.
Conductivity measurements have shown enhanced electrical conductivity and ion mobility in
organic-rich region. Viscosity was found to be increased by the addition of ILs. It was evaluated that
the molar mass and hydrogen bonding ability of anion, solubility parameters and dielectric constants
of ethanol play an important role in determining the extent of solute-solvent interactions within these
mixtures.

Acknowledgements

This work is supported by a grant from National Natural Science Foundation of China (51273041).

References

[1] E.J. Gonzalez, B. Gonzalez, N. Calvar, A. Dominguez, Physical properties of binary mixtures of
the ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate with several alcohols at T = (298.15,
313.15, and 328.15) K and atmospheric pressure, J. Chem. Eng. Data. 52(2007) 1641-1648.

[2] R. Bernini, A. Coratti, G. Provenzano, G. Fabrizi, D. Tofani, Oxidation of aromatic aldehydes and
ketones by H202/CH3ReO3 in ionic liquids: a catalytic efficient reaction to achieve dihydric phenols,
Tetrahedron. 61 (2005) 1821-1825.

[3] P. Attri, P. Venkatesu, T. Hofman, Temperature dependence measurements and structural
characterization of trimethyl ammonium ionic liquids with a highly polar solvent, J. Phys. Chem. B.
115 (2011) 10086-10097.

[4] K.R. Seddon, A. Stark, M.-J. Torres, Influence of chloride, water, and organic solvents on the
physical properties of ionic liquids, Pure Appl. Chem. 72 (2000) 2275-2287.

[5] Ciocirlan, O. Croitoru, O. Iulian, Densities and viscosities for binary mixtures of
1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid with molecular solvents, J. Chem. Eng.
Data. 56 (2011), 1526-1534.



104 Material Science and Environmental Engineering

[6] S. Sarkar, R. Pramanik, C. Ghatak, P. Setua, N. Sarkar, Probing the interaction of
1-ethyl-3-methylimidazolium ethyl sulfate ([emim][etso4]) with alcohols and water by solvent and
rotational relaxation,J. Phys. Chem. B. 114 (2010)2779-2789.

[7] S. Singh, M. Aznar, N. Deenadayalu, Densities, speeds of sound, and refractive indices for binary
mixtures of 1-butyl-3-methylimidazolium methyl sulphate ionic liquid with alcohols at T = (298.15,
303.15, 308.15, and 313.15) K, J. Chem. Thermodynamics. 57 (2013) 238-247.

[8] D. Matkowska, T. Hofman, Volumetric properties of the ionic liquids: [CoHmim][MeSO4],
[Comim][EtSO4], [C4mim][EtSO4] and their mixtures with methanol or ethanol, J. Mol. Liq. 177
(2013) 301-305.

[9] Y. Fukaya, K. Hayashi, M. Wada, H. Ohno, Cellulose dissolution with polar ionic liquids under
mild conditions: required factors for anions, Green Chem. 10 (2008) 44-46.

[10] K.A. Kurnia, B. Ariwahjoedi, M.I. Abdul Mutalib, T. Murugesan, Density and excess molar
volume of the protic ionic liquid bis(2-hydroxyethyl)ammonium acetate with alcohols, J. Solution
Chem. 40 (2011) 470-480.

[11] Redlich, A.T. Kister, Algebraic Representation of Thermodynamic Properties and the
Classification of Solutions, Ing. Eng. Chem. 40 (1948) 345-348.

[12] D. Wu, B. Wu, Y.M. Zhang, H. Wang, Density, viscosity, refractive index and conductivity of
1-allyl-3-methylimidazolium chloride+water mixture,J. Chem. Eng. Data. 55 (2010) 621-624.

[13] Tulian, O. Ciocirlan, Volumetric properties of binary mixtures of two
1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids with molecular solvents, J. Chem. Eng.
Data. 57 (2012) 2640-2646.

[14] M. Anouti, A. Vigeant, J. Jacquemin, C. Brigouleix, D. Lemordant, Volumetric properties,
viscosity and refractive index of the protic ionic liquid, pyrrolidiniumoctanoate, in molecular
solvents,J. Chem. Thermodynamics. 42 (2010) 834-845.

[15] M. Deetlefs, K.R. Seddon, M. Shara, Predicting physical properties of ionic liquids, Phys. Chem.
Chem. Phys. 8 (2006) 642-649.

[16] P. Brocos, A. Pineiro, R. Bravo, A. Amigo, Refractive indices, molar volumes and molar
refractions of binary liquid mixtures: Concepts and correlations, Phys. Chem. Chem. Phys. 5 (2003)
550-557.

[17] H. Every, A.G. Bishop, M. Forsyth, D.R. MacFarlane, lon Diffusion in Molten Salt Mixtures
Electrochim. Acta . 45 (2000) 1279-1284.

[18] M.T.Z.-Moattar, R.M.-Cegincara, Viscosity, density, speed of sound, and refractive index of
binary mixtures of organic solvent + ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate
at 298.15 K, J. Chem. Eng. Data. 52 (2007)2359-2364.

[19] A.F.M. Barton, Handbook of Solubility Parameters, CRC Press, 1983.

[20] H.A. Zarei, M.Z. Lavasani, H. Iloukhani, Densities and volumetric properties of binary and
ternary liquid mixtures of water (1) + acetonitrile (2) + dimethyl sulfoxide (3) at temperatures from
(293.15 to 333.15) K and at ambient pressure (81.5 kPa), J. Chem. Eng. Data. 53 (2008) 578-585.



