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1. Introduction

The interest on ionic liquids (ILs) began in the present century, because these compounds have
many physico-chemical interesting properties to be one of the most promising new materials
family for the development of the novel Green Chemical industry, where generated pollution
would be negligible (Rogers & Seddon, 2002; Rogers et al., 2002). To develop the novel green
processes in the chemical industry using ILs it is necessary to know and to understand the
physical properties of the fluids to be used, both pure ILs as mixed with other solvents (Rogers
& Seddon, 2005; Danek, 2006). This last is particularly important to develop one of the most
promising uses of the ILs, as electrolytes for lithium batteries, dye-sensitized solar cells (DSSC)
and electrochemical processes (as deposition or metal recovery) (Ohno, 2005; Brennecke et al.,
2007). Electrolytes are materials with free ions, which can move transporting electrical charge.
They can be solid, liquid or even gaseous, but the most interesting for the chemical industries
are liquid or gel. The use of a pure liquid as electrolyte is not very common, because the
optimum efficiency in the charge transport process is given by a mixture of different
substances, as it is well known for molten salt electrolytes (Danek, 2006). Furthermor, pure ILs
have the problem of being very viscous at room temperature, and hence its electrical
conductivity is relatively low. If we heat the IL those problems are minimized, because
viscosity reduces and electrical conductivity increases, both exponentially. Usually pure ILs
have a boiling temperature high enough to allow warming, although decomposition
temperature is usually much lower (not higher than 400 K) (Rogers & Seddon, 2002). A much
cheaper alternative to decrease viscosity and to increase electrical conductivity of the ionic
liquid is to make a solution using a solvent. Thus, while viscosity decreases exponentially with
the solvent molar fraction, electrical conductivity increases more than 10 times for a given IL +
solvent concentration (Seddon et al., 2000). This last behaviour have been observed in aqueous
solutions of metal salts, as aluminium halogen ones (Vila et al., 2005) and indicates that the
increase of mobility of the IL ions is higher than the decrease of ion concentration when
solvent is added, up to an optimum content.

In spite of its interest, the measurement of the physical properties of IL mixtures begins in
the present decade, and before 2005 the amount of papers published about it was scarce
(Marsh et al., 2004). From that year the publication rhythm increased a lot, as can be
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observed in the references included in this chapter, which majority were published in the
last five years. Furthermore its evident applied interest, from the theoretical point of view
the study of the physical properties of IL mixtures has contributed to the development of the
first theoretical models to explain the ionic structure of the IL ions and the electrical
transport mechanisms (Malhan et al., 2007; Varela et al., 2009, Woodward & Harris, 2010).
The most promising one is the Bahe-Varela theory, which supposes a pseudo-lattice in the
IL formed by the anions and cations, which do not allow the free movement of the ions, but
they will hop from one pseudo-lattice position to another free contiguous if they have enough
energy (Bahe, 1972; Varela et al., 1997). The presence of some solvent molecules will not break
the ionic structure, because the solvent molecules will place in the free space among ions.
When the solvent quantity is increased their molecules cannot accommodate and destroy the
pseudo-lattice, resulting in a structural phase transition (Varela et al., 2009). See the chapter
entitled Pseudolattice theory of ionic liquids by L.M. Varela et al., in this same book

In this work we perform a review of the many experimental measurements published in
literature about IL + solvent mixtures for different physical magnitudes. Among all measured
systems published in the literature (more than 200) we have chosen those reporting data for
mixtures of any IL with water or ethanol as solvents. These are those solvents we work in our
own laboratory and also they are the most used by researchers, mainly because they are the
most promising for applications. The range of physical properties analysed includes density
(which gives information about volumetric properties), refractive index (which gives
information about ionic interactions), viscosity (the most common transport property studied),
electrical conductivity (the key magnitude for electrolyte applications) and surface tension (to
know the surface interactions and its composition). We will include in the study all data
published using as mean reference the IL thermo webpage, updated in May of 2010, where all
experimental physicochemical data is saved for the pure compounds and for binary and
ternary mixtures (http://ilthermo.boulder.nist. gov/ILThermo/mainmenu.uix.).

This work is organized in chapters, each of them dedicated to the different physical
magnitudes revised here. The data published for the different IL families at 298.15 K will be
plotted in graphs and commented the IL and/or solvent influence in the magnitude value. If
there are published different measured values for the same mixture and magnitude we will
discuss them. Also, a study about the temperature influence in each magnitude for a single
mixture will be also given. Finally we will relate the measured values for density and
refractive index, in one hand, and for viscosity and electrical conductivity in the other.

2. Chemical compounds

The mixtures of IL + water or + ethanol presented include majority of commercial ILs miscible
with water or ethanol in a broad range of concentrations. There are some ILs miscible in both
solvents, other do not mix with one of them, and many of them are not miscible with any of
the two solvents (obviously this last will not be considered in this work). In any case, the IL
mixtures measured up to now are a small part of all the millions of ILs that can be synthesized.
The ILs cation presented include: 1-alkyl-3-methyl imidazolium, with the alkyl chain being
methyl (dAMIM), ethyl (EMIM), butyl (BMIM), octyl (OMIM); also the similar cation 1-alkyl-2,3-
dimethyl imidazolium, with the alkyl chain being propyl (PdMIM) or butyl (BAMIM). Some
pyridinium based cations are reported, the 1-alkyl-pyridinium with the alkyl chain being ethyl
(EPy) or butyl (BPy); and the 1-butyl-4-methyl pyridinium (BMPy). Ammonium and
phosfonium based ILs are not miscible in water or ethanol (Galan et al., 2003; Huddleston et
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al., 2001). The anions reported here include halogens as chlorine (Cl), bromine (Br) and
perchlorate (pCl); alkyl sulphates, as methyl sulphate (MS) and ethyl sulphate (ES). Also we
report data for ILs with anion dicyanamide (dCy), tricyanamide (tCy) and tricyanomethane
(tCyM); trifluoromethanesulfanate (OTf), bis(trifluoromethylsulfonyl)imide (NTf2), nitrate
(NO3), hexafluoro phosphate (PFs), and the most popular, the tetrafluoro borate (BFa).
Obviously, not all possible combinations of anions and cations have been reported, but here
we present mixtures of more than 25 different ILs with water and/or ethanol. All details about
compounds and experimental techniques are in the corresponding reference.

3. Density

Density, p, is defined as the mass per unit volume at constant temperature and pressure, so
the unit for density is kg/m3. Density for ILs decreases with temperature in their liquid
range and increases with pressure, both linearly (Gardas et al., 2007; Rilo et al., 2010c). The
reciprocal value of density is the specific volume, which is usually refered as the molar
volume, V,, calculated from density and the molar mass value, M,

v, =M (1)

When studying binary mixtures, the ideal behaviour is defined using the molar volume

instead density, and so the excess molar volume, V,ﬁ , 1s defined as:

id
VrE = Vm - Vrln = Vm - (xlvml + xZVmZ) (2)

where x; and V,,; are the molar fraction and the molar volume of the pure compound i,
respectively. In the case of IL mixtures with water and ethanol the excess molar volume is
very small (lower than a 1% of the V,, value in all range of concentrations), and so mixtures
are quasy ideal (Rilo et al., 2009).

3.1 Discussion of results

In the following four figures we will plot density data of all mixtures IL + water at 298.15 K
reported in literature versus the molar fraction of the corresponding IL, x;r. If more than one
author have published the same system, we include only one of them (except discrepancies
between both sets of data were important). The source of each set of data is included in the
corresponding figure. Thus, in Figure 1 we plot density vs. IL molar fraction for aqueous
mixtures of five imidazolium (Rilo et al., 2009; Malhan et al., 2007; Ge et al., 2009) and the
only two pyridinium based ILs (Ortega et al., 2008; Mokhatarani et al., 2009b), all of them
with BF; as common anion. Other authors also measured some of those systems, but results
are very similar (Zhou et al., 2006; Zhang et al., 2006; Wu et al., 2009). The behaviour is very
similar for all of the systems with BF; anion, and the absolute value decreases with the
cation size. In Figure 2 we plot BMIM, HMIM and OMIM-CI aqueous systems (Gomez et al.,
2006a; Yang et al., 2010), being the BMIM-CI only partially miscible (for x;. < 0.5). These
systmes have been also measured by other authors with very similar results (Gaillon et al.,
2004; Zafarani et al., 2005; Gardas et al., 2008; Dong et al., 2009; Calvar et al., 2007). As
observed density increases from the pure IL value when water is added for HMIM-CI and
OMIM-CI, and them it decreases for more water content. This is a curious fact that we have
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not found in any other aqueous system with IL. In Figure 3 we plot data for ILs with alkyl
sulfate anion (Rodriguez et al., 2006; Garcia-Miaja et al., 2009; Domanska et al., 2006). Again
the lowest size of the cation and anion means higher p values, but curves are essencyally the
same than for the aqueous systems presented in Figure 1. Other published results for these
same systems exist in literature (Calvar et al., 2007; Vicent et al., 2006; Yang et al., 2005).
Finally, in Figure 4 we include data for ILs with anions containing cyanamide (Cy) (Stoppa
et al.,, 2009; Carbalho et al., 2010) and trifluoromethanesulfanate (OTf) (Rodriguez et al.,
2006; Garcia-Miaja et al., 2009). Density of the ILs with OTf anion has a very high density
value taking into account its size, whyle the ILs with Cy anion present a very small p value.
The ILs with hexafluoro phosphate as anion is not miscible in water except for very diluted
mixtures, and so data are not plotted (Ali et al., 2007; Fu et al., 2006; Jacquemin et al., 2006).
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Fig. 1. Density vs. IL molar fraction for seven aqueous systems with BF4 as anion.
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Fig. 3. Density vs. IL molar fraction for three aqueous systems with alkyl sulfate anion.
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Fig. 4. Density vs. IL molar fraction for four aqueous systems with organic anion.

In Figures 5 to 9 we present the density data for the published IL + ethanol systems also at
298.15 K. Thus in Figure 5 we present systems with ILs containing the BF; anion, four alkyl
imidazoliums (Rilo et al., 2009) and one pyridinium (Ortega et al., 2008). Curves are similar
that those with water, but the density value decreasing is more progressive than
corresponding systems with water. In Figure 6 we plot data for three alkyl imidazoliums
with PFs as anion (Pereiro et al., 2007) with a same behaviour with xj; than those of Figure 5.
In Figure 7 we present data for three alkyl imidazolium (Arce et al., 2006b; Pereiro et al.,
2007; Garcia-Miaja et al., 2008) and one pyridinum (Gonzalez et al., 2009) alkyl sulfates.
Again the decrease of density is similar in shape than in the systems presented before. In
Figure 8 we plot four alkyl imidazolium with Cl (Gomez et al., 2006; Gonzalez et al., 2006;
Calvar et al., 2006) or pCl anion (Mokhtarani et al., 2008). Now the halogenated ILs decrease
continuosly with ethanol content, in contrast with the same aqueous systems plotted in
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Fig. 5. Density vs. IL molar fraction for five systems with ethanol and BF; anion.

1500

1300 O E %
T 2 ? ? il
$ 1100 2 N\

‘E_ N # Pereiro, 2007. HMIM-PF6

900 O Pereiro, 2007. BMIM-PF6

A Pereiro, 2007. OMIM-PF6

700 . .

0 0.2 0.4 0.6 0.8 1

XL

Fig. 6. Density vs. IL molar fraction for three systems with ethanol and PFs anion.
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Fig. 7. Density vs. IL molar fraction for four systems with ethanol and alkyl sulfate anion.
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Fig. 8. Density vs. IL molar fraction for four systems with ethanol and chlorate anion.
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Fig. 9. Density vs. IL molar fraction for four systems with ethanol and organic anion.
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Fig. 10. Density vs. temperature for an aqueous mixture with x;, = 0.59 (solid dots) and with
ethanol with x;p = 0.49. The curves are the best fit of a straight line.
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Figure 2. Also note that pCl anion increases considerably the density value, which seems to
be opposite to the effect of increasing cation legth, which decreases density value. Finally, in
Figure 9 we show data for six systems with alkyl imidazolium based ILs, being cations NTf,
(Gonzalez et al., 2006; Mokhtarani et al., 2009), OTf (Vercher et al., 2007; Garcia-Miaja et al.,
2009), NO; (Mokhtarani et al., 2009) and tCy (Domanska et al., 2009). For these compounds a
bigger size of the anion implies a bigger density value.

3.2 Temperature influence

The temperature dependence of a mixture about equimolar have been also taken from
literature. As observed in Figure 10 (above) density decreases linearly with temperature for
a aqueous mixture of EMIM-ES (Rodriguez et al., 2006) with x; = 0.59, and also for a
mixture of HMIM-BF, with ethanol (Garcia-Miaja et al., 2008) having x;. = 0.49. We guess
that this linear behaviour of density with temperature is a common trend for all mixtures
with water and ethanol. In fact, pure ILs also present the same linear trend with temperature
(Lu et al., 2005; Zafarani et al., 2005).

4. Refractive index

The refractive index, np, of a compound is defined as the ratio of the speed of light in a
vacuum to that in a medium. This phenomenon is described by the well known Snell’s law,
which expresses the relationship between the refractive index, the incident and the
transmitted angles of the light. In general refractive indices of compounds increase with
increasing atomic number of the constituent atoms (Roger & Seddon, 2005) and
furthermore, the refractive index of a compound is a physical property that can potentially
be used, like a melting point, to establish its identity very easyly. In the case of mixtures
with solvents, the refractive index values can be related with density of the same mixture
using some phenomenological models that work fairly well, as we will observe later.

The refractive indices of liquids are generally measured using commercially available
refractometers, which provide simple and rapid measurements. For pure ILs np decreases
with the increase of temperature smoothly, following a second order polynom, similarly to
the behaviour of density.

4.1 Discussion of results

In this section we will present refractive index measurements published up to now for ILs
with water and ethanol, thus in Figures 11 to 13 we plot data for aqueous mixtures while in
Figures 14 to 16 the IL + ethanol systems. Figure 11 present data for three systems with alkyl
sulfate anion (Gomez et al., 2006b; Gomez et al., 2008; Gonzalez et al., 2008) while in Figure
12 we include two systems with BF, as anion (Malhan & Turmine, 2008) comparing the data
for BMIM and BAMIM as cations. In Figure 13 we show np data of three systems with alkyl-
MIM-CI (Calvar et al., 2006, Gomez et al., 2006c; Gonzalez et al., 2006). A longer alkyl chain
means a lower refractive index value, just as happens for density. All data presents a
rounded decreasing of np with x;;, similar to that presented by density, and this will be the
norm for all systems.

In Figure 14 we include the only two systems formed by ethanol and a IL with BF,; anion,
being the cation OMIM (Arce et al., 2006a) and BMIM (Iglesias-Otero et al., 2008), and also
we show data for the three published systems with Cl anion and alkyl imidazolium cation
(Calvar et al., 2006, Gomez et al., 2006¢c; Gonzalez et al., 2006). The dependence of np with xr
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is similar to that presented by p for the corresponding systems with ethanol, and it is more
rounded than that presented by the aqueous systems. In Figure 15 we plot the data for IL
systems having NTf, anion (Andreatta et al., 2009; Andreatta et al., 2010), while in Figure 16
systems with alkyl imidazolium with other kind of anions as OTf (Vercher & Rodriguez,
2010), PFs and MS (Pereiro et al., 2007). The behaviour is very similar for all systems.

4.2 Temperature influence
There are very scarce published data about dependence of np with temperature for mixtures

with water and ethanol. We have not found any measurement for any aqueous system, and
in Figure 17 we plot the data for a equimolar mixture of OMIM-BF, + ethanol (Mokhtarani
et al., 2008). The curve is the best fit of a straigh line.
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Fig. 11. Refractive index vs. IL molar fraction for three aqueous systems with alkyl sulfate anion.
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Fig. 12. Refractive index vs. IL molar fraction for two aqueous systems with tetrafluoro
borate anion.
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Fig. 13. Refractive index vs. IL molar fraction for three aqueous systems with halogen anion.
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Fig. 14. Refractive index vs. IL molar fraction for systems with ethanol, three with halogen
anion and two with tetrafluoro borate anion.
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Fig. 15. Refractive index vs. IL molar fraction for two systems with ethanol and
bis(trifluoromethylsulfonyl)imide anion.
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Fig. 16. Refractive index vs. IL molar fraction for three systems with ethanol and different
anions.

4.3 Relationship with density

The refractive index np of any mixture can be correlated with the corresponding density of
the same system using different expressions, as it happens with mixtures of non electrolyte
organic compounds (Rilo et al., 2003). Among the different empirical expressions to do that,
which gives the best results is that given by Newton, which reads
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o =[ 14y (13 1) oo 1) o

where np; is the refractive index of the pure compound. The parameter ¢; represents the
volume fraction of component ith in the mixture, and can be defined as

XM, P

%= x1 My +x,M, 71 ’

4)
where x;, M; and p; are, respectively, the mole fraction, the molecular mass and the density
of compound i, and p is the density of the corresponding mixture. Let observe that there is
not any fitting parameter, and np for each mixture only depends on its density. In Figure 18
the continuous line represents Newton’s model given in equation (3) applied to data of
BMIM-BF, + water, being the fit obtained very good. This is the first time that some of the
data plotted in Figure 18, and the relationship between p and np in any IL system, is
published. There exist in the literature many more empirical equations to estimate the
refractive index of a binary mixture from their corresponding density (Rilo et al., 2003) but
results are not so good as with Newton’s model, at least for the systems investigated.
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Fig. 17. Refractive index vs. temperature for a mixture with ethanol x;; = 0.51. The curve is
the best fit of a straight line.
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Fig. 18. Refractive index vs. IL molar fraction for the BMIM-BF; + ethanol system. The curve
is the prediction from Newton’s model.
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5. Viscosity

Viscosity, 7, characterizes the inner friction of liquids. Its value is necessary for all process
where liquid flow exists, so its knowledge in chemical engineering is of great interest. The
viscosity of ILs ranges from 0.1 to 20 Pa's, which results too high for many applications
(Rogers et al., 2002). The mixture with a solvent such water or ethanol decreases its value
exponentially for all ILs studied and for both solvents, but there are differences among the
systems studied. Also, temperature reduces exponentially its value following in ILs a Vogel-
Tamman-Fulcher (VTF) behaviour (Seddon et al., 2002).

()= A-exp | ©

where T, is roughly the glass transition temperature, at which the relaxation time of the melt
equals infinity, i.e., the pseudo-lattice structure characteristic of the liquid and under-cooled
liquid gets frozen in a crystal structure similar to the ordinary inorganic salts. The parameter
B in Equation (5) is related with the activation energy needed by a particle in the
pseudolattice to jump to the neighbour free site. In the case of ILs, where the organic cation
size is usually much bigger than the inorganic anion size, it could be expected that the
viscosity value would be given by the motion of the bigger, thus the more sluggish ion. In
fact, as we will observe, it does not work like that exactly.

The experimental techniques to measure viscosity are falling ball, capillary tube or the two
cylinder Stabinger method. We think this last is the ideal to measure IL mixtures, where the
viscosity value changes some orders of magnitude with the concentration of solvent,
because there is not necessary vary the measurement cell with the viscosity value, as it
happens in the two first techniques.

5.1 Discussion of results

In Figures 19 to 23 we present viscosity for all mixtures of IL + water published, while in
figures 24 to 27 all systems IL + ethanol. As observed, all ILs analyzed for both solvents
decrease exponentially with the molar fraction of the IL, but that behaviour is not complete
because for mixtures rich in the solvent the exponential behaviour disappears (linear
relationship in the semi-logarithm representation shown), and the fall of 7 to the value of
the pure solvent is increased. The excess viscosity (An = 7 - ni4) is negative for all mixtures if
we define the ideal viscosity as usual

Nig = XgMs + XML (6)

where the suffix S means solvent. If we define 7, as,

Mg =05 ™ (7)

the excess is positive and it represents only a maximum about a 20% of the measured 7.

We have found 17 different systems of any IL with water. In Figure 19 we present 7 data for
BMIM-Cl and EMIM-Br (Liu et al., 2008), which concentration as molarity, m(mol/L). As
observed the viscosity is bigger for the smallest ion (Cl), probably due to the fact that its
electrical charge surface density is higher and so electrostatic interactions with the cation are
also higher. In Fig. 20 we plot three systems with common Cl anion and cation of the same
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alkyl-MIM family with the alkyl chain increasing (Gomez et al., 2006c). Except for OMIM-CI at
high solvent concentration (which could be wrong data), it seems that the three systems
present a similar viscosity value. In Figure 21 we present six different systems with common
BF; anion and different cations: three alkyl-MIM (Rilo et al., 2010a), two alkyl-dMIM
(Malhan& Turmine, 2008; Ge et al., 2009) and one alkyl pyridinium (Mokhtarani et al., 2009b).
As expected the viscosity value increases with the size of the cation, being much higher for the
dimethyl cation IL mixtures. We plot in Fig. 22 the only three aqueous mixtures of IL with a
alkyl-sulphate anion (Gomez et al., 2006b; Gonzalez et al., 2008). As expected the length of the
cation alkyl chain marks the value of viscosity. Finally, in Figure 23 we include the last three
aqueous systems found, here all anions are organic ones (Rodriguez et al., 2006; Carbalho et
al., 2010). In spite of the very different anions, viscosity is very similar for all of systems.
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Fig. 19. Viscosity vs. molarity for two aqueous systems with halogen anion.
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Fig. 20. Viscosity vs. IL molar fraction for three aqueous systems with halogen anion.
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Fig. 21. Viscosity vs. IL molar fraction for six aqueous systems with tetrafluoroborate anion.
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Fig. 22. Viscosity vs. IL molar fraction for three aqueous systems with alkyl sulfate anion.
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Fig. 23. Viscosity vs. IL molar fraction for three aqueous systems with organic anion.
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Fig. 24. Viscosity vs. IL molar fraction for two systems with ethanol and chlorate anion.

In figures 24 to 27 we plot the 14 systems IL + ethanol at 298.15 published. Thus, in Figure 24
(above) we plot the two published mixtures with a halogen anion (Mokhtarani et al., 2008;
Gonzalez et al., 2006). In Figure 25 the systems with alkyl-MIM-BF,; (Rilo et al., 2010b;
Mokhtarani et al., 2008), where the dotted lines represent the ideal behaviour given in Eq. (7).
In figure 26 we show the 7 data for systems with alkyl sulphate as anion (Gonzalez et al., 2009;
Gomez et al., 2008). Finally in 27 we plot the published 7 data in systems with IL + ethanol
with an organic anion (Andreatta et al., 2009, Domanska & Laskowska, 2009) or nitrate one
(Mokhtarani et al., 2009a). All systems present an exponential dependence of 7 with xy; for rich
mixtures, being the curves very similar to the aqueous systems, except that the linearity
between logn and xi is lost for lower IL content, i.e. the exponential behaviour extends a
smaller range of concentrations. Other experimental data for some of the systems presented
have been also published, with similar results (Andreatta et al., 2009; Andreatta et al., 2010).
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5.2 Temperature influence

The temperature dependence of viscosity for mixtures with water or ethanol also follows an
exponential dependence, as observed for two selected equimolar IL mixtures with water (Ge
et al., 2008) and ethanol (Rilo et al., 2010b), plotted in Figure 28. We have chosen

two mixtures with the same cation and very different anions among those scarce data
published.
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Fig. 25. Viscosity vs. IL molar fraction for four systems with ethanol and tetrafluoro borate
anion. Lines represent the ideal behavior from Eq. (7).
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Fig. 26. Viscosity vs. IL molar fraction for two systems with ethanol and alkyl sulfate as
anion.
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Fig. 27. Viscosity vs. IL molar fraction for four systems with ethanol and organic or nitrate
anions.
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an exponential curve.

6. Electrical conductivity

Electrical conductivity, x, of IL mixtures is of considerable interest both from practical as
well as theoretical points of view. By means of conductivity data, conclusions on the
structure and transport theories of ILs may be tested. Furthermore, the current and energy
efficiencies of electrolytic processes are closely related to the electrical conductivity of the
electrolyte. It has been observed that the electrical conductivity of the ILs increases more
than 10 times when mixed with water, and about 5 times if mixed with ethanol. Electrical
conductivity of pure ILs increases exponentially with temperature following a VTIF type
equation, as that given in Equation (5) (Vila et al., 2006b; Vila et al., 2007). The obtained
value of the activation energy for x does not agree with that taken from viscosity data
because both have a different physical origin. Also T, obtained with both magnitudes does
not exactly match.

6.1 Discussion of results

We have found in literature only nine systems IL + water measured, and only four systems
with ethanol as solvent. As in previous curves, all the data presented was measured at 298.15
K. In Figure 29 we plot the x data published for mixtures of ILs with a halogen anion (Liu et
al., 2008) with the concentration given in molarity (mol/L) as it was in the original paper. As
observed the electrical conductivity decreases with the size of the cation but increases with the
size of the anion (with a common cation). This last behaviour was found before in
concentrated solutions of halogenated aluminium salts (Vila et al., 2005), and it is explained
taking into account the fact that the electrostatic interactions are lower for bigger anions, and
so its mobility is increased. In contrast, the increase of the alkyl chain length of the cation will
decrease its mobility (now electrical charge is not located in the alkyl chain). In Figure 30 we
include data for the only three aqueous miscible systems of the family alkyl-MIM-BF; (Vila et
al., 2006; Rilo et al., 2010a; Stoppa et al., 2009). As in the previous case, the increase of the alkyl
chain length decreases the electrical conductivity value. Data of the two sources agree fairly
well among them for BMIM and HMIM, but for EMIM-BF, there are some differences in the
published « values, probably due to the presence of different impurity grades in both EMIM
samples. In figure 31 we plot the three remain aqueous systems found in literature (Vila et al.,
2006; Lin et al.,, 2009; Stoppa et al., 2009). Again the value of the electrical conductivity
increases with the anion size. The values for the two system with EMIM-ES published do not
agree between the two references, probably due again to the sample impurities.
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The data published about electrical conductivity of systems with ethanol is really scarce, and
we have only found a very recent paper from us reporting « for three alkyl-MIM-BEF,
systems (Rilo et al., 2010b), which data are shown in Figure 32. If we compare with data for
the same ILs but with water, shown in Figure 30, we observe that with ethanol the
maximum value of xis roughly half of that with water, it appears at higher molar fraction of
the IL, and also the peak is more rounded. Let us note that while HMIM-BF, is only partially
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Fig. 29. Electrical conductivity vs. molarity for three aqueous systems with halogen anions.
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Fig. 30. Electrical conductivity vs. IL molar fraction for three aqueous systems with
tetrafluoro borate anions.
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Fig. 31. Electrical conductivity vs. IL molar fraction for three aqueous systems with different
anions.
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Fig. 32. Electrical conductivity vs. IL molar fraction for four systems with ethanol and
tetrafluoro borate anion.

miscible with water and all the other members with shorter alkyl chain are completely
miscible, for ethanol it happens opposite. EMIM is partially miscible and all the other
members with longer alkyl chain are totally miscible with ethanol.

6.2 Temperature influence

As it is expected, electrical conductivity of the mixtures increases with temperature, because
mobility of ions also increases. In contrast with viscosity, that increase is not exponential,
but it follows a second order polynomial relationship, at least for the temperature range
measured. This behaviour can be observed in Figure 33 where we plot two mixtures with xj
= 0.6 for two different IL systems (Lin et al., 2009).

7
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o b ey ..,
280 300 320 340 360
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Fig. 33. Electrical conductivity vs. temperature for two mixtures with x;. = 0.60. The lines are
the best fit of a second order polynomium curve.

6.3 Relationship with viscosity. Walden’s rule.
As it happens for molten salts (Danek, 2006) the original Walden's rule that relates viscosity

with the specific conductivity (A = &/m, where m is molarity in mol/L) does not work for IL
mixtures. That rule affirm that

An=K ®)

where K is constant. This relationship does not happen for the IL + solvent, as published
recently (Rilo et al., 2010a; Rilo et al., 2010b) and shown in Figure 34 for systems with
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ethanol. Thus, in systems with an IL we must use the so called fractional Walden's rule,

where viscosity is elevated to a given power y (which value is between 0 and 1). So the
modified Walden’s rule will be

Anr=K )

which is most adequate when sizes of cation an anion are very different, and so the ionic
motion is not coupled (Gaune-Escard & Seddon, 2010).
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Fig. 34. Application of Walden’s rule to four systems with ethanol and alkyl-MIM-BF,.

7. Surface tension

This is one of the most important technological parameters in ionic liquid chemistry, as the
majority of reactions take place at the interface of electrolytes. The surface tension, o, is
related with the inter-ionic forces that take place in the surface of a liquid. Its unity is N/m,
being the ¢ value the same than the surface energy or energy of the unit area, which unities
are J/m?2. The surface tension of pure ILs decreases linearly with temperature (Lin et al.,
2009). When mixing two components the surface tension value depend on the surface
composition, not in the bulk composition as all other magnitudes presented here do, so it
will give information about the surfactant character of each IL with the different solvents.
As we will observe, o is the analyzed magnitude that changes more with the nature of the
solvent. The best experimental technique to measure the surface tension is the falling drop
volume, because others as suspended ring or plate techniques have a much bigger
uncertainty.

7.1 Discussion of results

We have only found five papers presenting experimental measurements of the surface
tension of aqueous mixtures of ILs, four of them for systems with alkyl-MIM (Yang et al.,
2007; Liu et al., 2006; Liu et al., 2008; Rilo et al., 2009), one for EMIM-ES (Torrecilla et al.,
2008) and another one for halogenated alkyl-MIM (Liu et al., 2008). One of the references
cited is the only found that includes data for mixtures with ethanol (Rilo et al., 2009). Thus,
in Figure 35 we show data for aqueous mixtures of alkyl-MIM-BF,;, where we observe a
sharp drop of ¢ from pure water value for very small IL concentrations. From that sharp
drop surface tension is nearly constant equal to that of the pure IL, independently of the
solvent concentration. The other authors that measure the same samples do not study the
range of very diluted samples, and so they do not report the sharp drop, being the data in
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the concentration range they present very similar to ours. In Figure 36 we plot the EMIM-Br,
BMIM-Br and EMIM-CI aqueous systems with the concentration expressed in molarity,
m(mol/L) (Liu et al., 2008). For these systems it is not observed the sharp drop. Another
interesting fact is that the halogen anion has more influence in the ¢ value than the alkyl
chain length and in an opposite form, bigger anion means higher ¢ value, but longer alkyl
chain means lower ¢ value. We do not plot data for EMIM-ES because it is very noisy and
do not covers the very diluted region, where the sharp drop of ¢ takes place.

As mentioned, only one very recent paper publish data for surface tension in any system IL
+ ethanol. In Figure 37 we plot those data for four systems with alkyl-MIM-BF; (with EMIM-
BF, being only partially miscible with ethanol). We observe a complete different behavior
than the corresponding aqueous systems shown in Figure 35. Now o varies linearly with x;r
for the four systems, being the ¢ value of the equimolar mixture the same for the four
systems, decreasing linearly with xy to the pure ethanol value, following the three miscible
ILs the same straight line.

7.2 Temperature influence

If data of surface tension is scarce, data about the temperature dependence of surface
tension is even scarcer. In fact we have only found one paper where ¢ vs. T appears (Yang et
al., 2007). Those data are plotted in Figure 38 for the aqueous system with EMIM-BF,, which
roughly follows a quadratic polynomial equation with temperature (line in the figure).
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Fig. 35. Surface tension vs. IL molar fraction for three aqueous systems with 1-alkyl-3-
methyl-imidazolium tetrafluoro borate.
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Fig. 36. Surface tension vs. IL molar fraction for three aqueous systems with 1-alkyl-3-
methyl-imidazolium halogenated.

www.intechopen.com



130 lonic Liquids: Theory, Properties, New Approaches

0.06
@ Rilo, 2009. EMIM-BF4 O Rilo, 2009. BMIM-BF4
ARilo, 2009. HMIM-BF4 O Rilo, 2009. OMIM-BF4 L 3
0.05 | .
T . T
> 0.04 o
< ? O A A
© A
o ©O
0.03 @ O
an ®
$ & &U
0.02 L L
0 0.2 0.4 0.6 0.8 1
Xi

Fig. 37. Surface tension vs. IL molar fraction for four systems with ethanol and 1-alkyl-3-
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8. Conclusion

We present in this work all published data on density, refractive index, viscosity, electrical
conductivity and surface tension for all systems IL + water and + ethanol covering a broad
range of concentrations. For density, refractive index and viscosity the data for mixtures
with water or ethanol are very similar, and also their behaviour with concentration is not
really dependent of the IL mixed with any solvent (except for its value). Density and
refractive index can be deduced one from another using Newton’s model, which
demonstrates the close relationship between both magnitudes. For electrical conductivity
and surface tension, the solvent nature determines the data behaviour obtained. Thus, the
electrical conductivity value of the pure IL for aqueous systems increases up to 10 times,
while that increase is halved for ethanol systems. In the case of surface tension the
behaviour is completely different depending on the solvent and IL studied. For alkyl-
methyl-imidazolium tetrafluoroborate the IL acts like a surfactant in water, and the surface
tension value decreases sharply from that of water to that of the pure IL for small
concentrations of this last, effect that does not appear for halogenated imidazolium ILs. If
we change the water for ethanol, that surfactant like effect disappear, and the surface
tension value of the only four ILs measured decreases linearly with the ethanol content
down to a common value at about equimolar mixture, and then all data has the same value,
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decreasing linearly again down to the pure ethanol value. As observed, the behaviour of
water and ethanol in the surface of IL is completely different.
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