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Abstract

Mixtures of ionic liquids with organic solvents exhibit a most interesting research area in thermodynamics. The increasing uti-
lization of ionic liquids in chemical processes and separation processes requires reliable and systematic data of thermodynamic and
thermophysical properties such as activity coeflicients, VLE and LLE data, heats of mixing as well as gas solubility data, densities
and transport properties like viscosity, electric conductivity and mutual diffusion coefficients. This review presents an survey of the
most recent data material including current developments and aspects of research activities needed in the future.
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1. Introduction

The term “ionic liquid” (IL) is used for a modern
class of substances belonging to molten salts which con-
sist of large organic cations like quaternary ammonium,
imidazolium or pyridinium ions combined with anions
of smaller size and more symmetrical shape such as
Cl,Br, 1, AlCl,, BF,, PF,, ROSO;, NTf, (bis (trif-
luoromethylsulfonyl)imide), triflate (trifluoromethane-
sulfonate) and others. Many of the possible
combinations of these ions exist as liquids at room tem-
perature and below and some of them have turned out
to be stable at temperatures up to 500 K.

During the last years the interest in ionic liquids has
increased dramatically for several reasons.
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e The most striking property of ILs is their non detect-
able vapour pressure. This suggests the utilization of
ILs as ideal solvents replacing conventional solvents
in frame of a “green chemistry”.

e Due to their highly polar character caused by cou-
lomb forces acting between the ions in the liquid state
ILs open new ways for chemical reactions in homoge-
neous as well as biphasic catalysis including
biocatalysis.

e Some of the ILs show selective solubilities for partic-
ular components in fluid mixtures. These ILs are
most interesting candidates for separation processes
where they could serve as extraction media.

e Other fields of possible applications are the utilisation
of ILs as lubricants, thermofluids, plastizisers and
electrically conductive liquids in electrochemistry.

While the majority of research work has been fo-
cussed on organic synthesis of ILs and on the study of
chemical reactions in ILs systematic investigations of
thermodynamic and thermophysical properties of ILs
and in particular of mixtures containing ILs are still
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TABLE 1
Selection of modern inonic liquids

Compound

Structure

Abbreviation

4-n-Butyl-pyridiniumtetrafluoroborate

1-n-Butyl-3-methylimidazolium tetrafluoroborate

1-n-Butyl-3-methylimidazolium hexafluorophosphate

1-n-Butyl-3-methylimidazolium chloride

1-n-Butyl-3-methylimidazolium bromide

1-n-Butyl-3-methylimidazolium dicyanamide

1-n-Butyl-3-methylimidazolium trifluoromethanesulfonate

1-n-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

1-n-Ethyl-3-methylimidazolium- bis(trifluoromethylsulfonyl)imide

2,3-Dimethyl-1-ethylimidazolium bis(trifluoromethylsulfonyl)imide
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TABLE 1 (continued)

Compound

2,3-Dimethyl-1-propylimidazolium bis(trifluoromethylsulfonyl)imide

1-n-Butyl-2,3-dimethylimidazolium hexafluorophosphate

1-n-Butyl-2,3-dimethylimidazolium tetrafluoroborate

1-n-Octyl-3-methyl-imidazolium bis-(trifluoromethylsulfonyl)imide
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rare. On the other side data of these properties are of
considerable importance for selecting appropriate ILs
and their mixtures in different applications of chemical
engineering as mentioned above.

Several articles on ILs describing general chemical as-
pects of their application have already been published in
the literature [1-9] in particular [3] contains also valu-
able information on physico-chemical properties of
ILs. This review summarizes the most recent develop-
ments of thermodynamic and thermophysical studies
of IL + non-aqueous solvent mixtures including an
overview on the data material available today. The pre-
sentation is restricted to systems which seem to have the
most promising chance to be used successfully in the dif-
ferent fields of chemistry and chemical engineering.

The literature covering studies on the molecular
structure of ILs, molecular simulation results, ab initio
calculations of ion pairs is not discussed in this review.

Chemical structure and names of modern ILs are
listed in table 1.

2. Activity coefficients in ionic liquid mixtures

Thermodynamic activity coefficients are a measure
for the deviation of ideal behavior in liquid mixtures.
If the pure liquid is the reference state activities a; and
corresponding activity coefficients y; of component i in
a liquid mixture are defined by

a; = XiY;s (1)

where x; is the mole fraction of component i in the mix-
ture. The dependence of y; on temperature is given by

Olny,\ &
R- <61/T>p _Hiv (2)

where HY is the partial molar excess enthalpy which is
the difference of the partial molar enthalpy H; in the
solution and H?, the molar enthalpy of the pure liquid
component i. Often the state of infinitely diluted solu-
tion of i in the liquid system is of interest, connected
with Henry’s constant Kj;:

Ku :113(1)%: ®io P Vi (3)
pi—0
2 is the activity coefficient of 7 in the infinitely diluted
solution, p; is its partial pressure, ;0 and p,y are the
fugacity coefficients in the gaseous phase and saturation
pressure in the pure liquid state of component i, respec-
tively. The distribution coefficient Kap; of a solute i is
defined as the limiting ratio of mole fraction x,; and
xp,; of i distributed between the two liquid phases A
and B:
Kap; = lim i Toil Vai (4)
xp,x3—0 XB; ’ ’
If phase A is the substance i or j itself in the gaseous
state with partial pressures p; or p; in the limit p;,p; — 0,
the ideal gaseous state exists in this phase and
7ia = Vja = L. Then the ratio of equation (4) for i and
J becomes
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TABLE 2
References of y;* of different classes of solvents in ionic liquids
Solvents ILs C,OH-C(OH Alkenes, Chloromethanes Acetone Acetonitrile MTBE TAME Aromatics Cyclohexane n-Alkanes
alkynes benzene Toluene
[MBPy][BF,] [12] [12] [12] [12] (12] [12] [10] [10] (10]
[MMIMI][NTF;] [23,18] [23,18] 18]
[EMIM][NT®,] [14,12] [17] [12] [12,18)  [12] [12] [12] [23,14] [23,12] [12,18]
[E,MIM][NTf] [18] [12,18]
[EMIM][C,Hs0S05] [18] [23,18] [23,18] 18]
[BMIM][NT®,] [21] [18,21] [24] [24] [18] [18] [18,24]
[OMIMI[C]] [14] [13] [13]
[N-EPyr][NTf,] [19] [19] [19] [19] [19] [19] [19] [19] [19]
[MMIM][(CH;),PO4] 91 [19] [19] (19]
[HPyr][CH;0C-H,S04]  [19]° [19] [19] [19]
[OMIM][BF,] [24] [24] [24] [24]
[HMIM][NTE;] 129] 28] 28] 28] 28]
[BMIM][Oc-O-SO5] [29] [29] [29] [29] [29]
“ Contains also THF.
® With Butanon and Pentanon.
Kag,i 12
L= §% = 9> [y 5
Konr =S5 =9 /1] 5) )
. ; 10 +
where 77 and y° are the values of y for i and j, respec-
tively, in infinite dilution of i and j in the liquid phase B, «
e.g., the ionic liquid. S in equation (5) is called the § 871 A
selectivity. >
Activity coefficients y>° of organic solutes in ILs have g 6 X
been reported in the literature during the last years. In S A
most cases a special technique based on the gaschro- % 4t &
matographic determination of the solute retention time < . ®
in packed or capillary columns filled with the IL as sta- P o
tionary phase has been used [10-16,24-30]. An alterna- A
tive method is the “dilutor technique” [8,9] or the 0
procedure to determine y° by extrapolating VLE data 5 6 7 8 9 10 11

to infinite dilution [20]. A method for correlating and
predicting values of y* in ILs and their temperature
dependence using the experimental material available
until 2004 has been published recently [31].

Table 2 summarizes the systems where experimental
data of > in ILs are available. The list contains refer-
ences published until early 2005. Figures 1-3 show some
typical results which are representative for the general
behavior of y* in ILs classified into strong polar sol-
vents (example: alcohols), polarizable non-polar sol-
vents (example: aromatics), and inert and weakly
polarizable solvents (example: saturated hydrocarbons).

Not unexpected 7> values are small for small polar
solvents indicating a considerable or complete solubility
in ILs, y° values increase for non-polar and polarizable
solvents such as benzene associated with a distinctly
worse solubility in ILs compared to polar compounds.
High values of 7> and very small solubilities are found
for saturated hydrocarbons which are almost insoluble
in ILs. Within each of these classes y?° increases with
the chainlength of the alkylrest of the solvent reflecting
the increasing non-polar character.

The most interesting effect concerning applications in
separation processes is the remarkable difference in y%°

number of C-atoms of alcohols

FIGURE 1. Limiting activity coefficients 7 of methanol (1) to
hexanol (6) at 313K in A, [4-nBPyr][BF4]; O, [EMIM]NTf,]; X,
[EMMIM][NT,].
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FIGURE 2. Limiting activity coefficients y?° of benzene (6), toluene
(7), ethylbenzene (8), iso-propylbenzene (9), z-butylbenzene (10) at
313K in A, [4-nBPyr][BF,]; O, [EMIM]INTf]; X, [EMMIM][NTH,].
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FIGURE 3. Limiting activity coefficients y>° of n-hexane (6) to n-
decane (10) at 313K in A, [4-nBPyr][BF,]; O, [EMIM]NTL,]; X,
[EMMIM][NT,].

values between aromatic and aliphatic compounds. The
low solubility of saturated hydrocarbons compared to
aromatics suggests the idea to use ILs as extraction sol-
vents for separating mixtures of aromatic and aliphatic
components. Applications for patents exist already in
the literature [32].

A suitable measure for the separation potential of an
IL is the selectivity S, defined by equation (5). Some re-
sults for the key system hexane + benzene are presented
in table 3 for a series of ILs in comparison with three
conventional extraction fluids. The data show, that
some of the ILs even exceed the selectivity of the best
conventional extraction liquid sulfolane. With respect
to the non detectable vapour pressure of the ILs this re-
sult indicates the possible superiority of ILs serving as
effective extraction fluids for separating aromatic/ali-
phatic mixtures.

The majority of systems listed in table 2 has been
studied at different temperatures in the range of 298 K
to 353 K and equation (2) has been used to derive partial

TABLE 3
Selectivities S;7 at infinite dilution of various solvents for the hexane/
benzene separation (S;; = 77°/y7“ at 298.15 K)

Solvent S

Sulfolane 30.5
Dimethylsulfoxide 22.7
N-Methyl-2-pyrrolidinone 12.5
[HMIM][PF4] 21.6
[HMIM][BF,] 23.1
[OMIM][C]] 8.7
[EMIM][EtOSOs] 41.4
[EMIM][(CF3SO,),N] 24.4
[BMIM][(CF3S0,),N] 16.7
[BMIM][MDEGSO,] 39.7
[BMIM][OcOSOs] 5.1

¢ From [29].

TABLE 4

Limiting partial molar excess enthalpies H™ of organic solutes
obtained calorimetrically and by gas-liquid chromatography (GC) at
298 K in [EMIM][NT]

Solute HE> /T mol ™!

Calorimetric From y* (GC)
Methanol 5639 + 50 7787
t-Butanol 7039 * 50 7240
1-Hexanol 10076 + 600 10812
Chloroform —3255+20 —1722
Toluene —1018 £ 10 —684

molar excess enthalpies H-™ from the temperature
dependence of y>°. However, comparison with directly
measured values of HF™ using precision calorimetry
[33] reveals, that the agreement is not always completely
satisfying as shown in table 4. This indicates limitations
of the indirect method which arise mainly from the small
slope of Iny® vs. 1/T plots. Therefore experimental er-
rors of the gaschromatographic or dilutor method
should not be underestimated.

First systematic attempts for describing and predict-
ing y° of solutes in ILs on a molecular basis have been
performed using the COSMO-RS model [34]. 38 sol-
utes + IL systems have been investigated by comparing
predicted values of y>° with experimental data taken
from [10-12]. The results look promising, in some cases,
however, distinct deviations from experimental results
have also been observed. A certain problem using COS-
MO-RS in ionic systems is the fact, that this theory does
not describe the Debye—Hiickel limiting law.

Data of activity coefficients covering the whole range
of liquid composition of IL + organic mixtures have
been reported in the literature more recently obtained
from VLE data using a static measuring technique.
VLE data of the ILs [EMIM][NTf,], [BMIM][NTf,],
[EMIM][C,Hs0S05] and [PyrH][C;HsOC,H,0S053]
mixed with cyclohexane, cyclohexene, benzene and tolu-
ene show strong positive deviations of vapor pressures
from the ideal behavior and (liquid + liquid) immiscibil-
ity gaps have been found in all cases in the temperature
range 303 to 353 K [23]. In contrast to these data mix-
tures of [BMIM][NTTf,] + alcohols (methanol, ethanol,
propanol) are completely miscible and the evaluation
of experimental VLE data even show values of y; below
unity for the methanol system at lower mole fractions of
methanol [20]. VLE of mixtures containing low volatile
solvents and ILs are difficult to study due to the low va-
por pressures of these mixtures. VLE data have been ob-
tained using the transpiration technique which has
proved to give reliable results in such cases where the va-
por pressure of the mixture does not exceed (200 to
300) Pa. [EMIM][NTf,] mixed with higher aldehydes,
ketones, ethers and diols have been studied using this
method [21,22]. All these low volatile polar solvents
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are completely miscible with [BMIM][NTTf,] at tempera-
tures above 298 K.

VLE of [BMIM][Br] and [BMIM][BF,] + trifluoro-
ethanol (TFE) binary mixtures have also been studied
[25]. Strong negative deviations from ideality have been
observed with activity coefficients yrpg < 1.

The first ternary systems for which VLE have been
measured are the mixtures [EMIM] [NTf,] + acetone +
2-propanol, and [EMIM][NTTS,] + 2-propanol + water
as well as [BMIM][NTf,] + acetone + 2-propanol, and
[BMIM][NTTf;] + 2-propanol + water [26].

3. (Liquid + liquid) and (solid + liquid) equilibria

The literature reporting on LLE containing ILs has
increased recently and some of these data allow to con-
struct a certain pattern how parameters of the chemical
structure of ILs can possibly be correlated with proper-
ties of the solvent such as molecular size and polarity.
Beside of the study of LLE of [BMIM]PF],
[BMIM][BF,] [35-38] and [EMIM][PF¢] [36] mixed with
water, non-aqueous systems investigated contain in
most cases alcohols. Binary systems studied are:
[EMIM][NTTf,] + propan-1-o0l, +butan-1-ol, +pentan-1-
ol [39], [RMIM][PF¢] + butan-1-ol with R = butyl,
pentyl, hexyl, heptyl and octyl [40], [BMIM][NTf,] +
2-methylpropanol [41], [HMIM][BF,] + propan-1-ol,
+butan-1-o0l, +butan-2-ol, +pentan-1-ol, +pentan-2-ol,
+hexan-1-ol [42,43],|EMIM][NTf;] + propan-1-ol, +bu-
tan-1-ol, +pentan-1-ol and [BMIM][NTT,] + cyclohexa-
nol [44], [EMIM][PFq]+ different alcohols [45],
[OMIM][BF,] + butan-1-ol, +pentan-1-ol [46].

A certain systematics of the LLE behavior of
IL + alcohol mixtures has already been discussed in ref
[48] where also new data of LLE are reported for the
systems [BMIM][BF,] + propanol, +butanol, +hexanol
including isomeric alcohols, [BMIM][NTf,] + butan-
1-ol, +hexan-1-ol, [HMIM][BF,4] + octan-1-ol and
[BMIM][triflate] + dodecan-1-ol. An analysis including
the most recent results is illustrated in figure 4.

All mixtures with alcohols show an upper critical
solution temperature (UCST), which depends in system-
atic way on (i) the chainlength of the alkylgroup of the
imidazolium cation (ii) the chainlength of the alcohol
and (iii) the kind of anion. In figure 4 the UCST is plot-
ted vs. the chainlength of the alcohols for different types
of ILs. The critical composition w, (mass fraction) is not
a suitable measure for the characterization since the crit-
ical region of the LLE coexistence curve is usually flat
and correct values of w, are difficult to determine pre-
cisely enough. figure 4 reveals: (i) decreasing values of
the UCST with the chainlength of IL at given alcohol
and kind of anion, (ii) increasing values of UCST with
the carbon number of alcohols and fixed anion in the

120
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40 O [EMIM][NTf2]
O [BMIM]INTf2]
A [HMIM][BF4]
20 X [BMIM][PF6]
0 1 1 1 1
0 2 4 6 8 10

alcohol carbon-number

FIGURE 4. Upper critical solution temperatures (UCST) in (liqui-
d + liquid) equilibria of alcohol + IL mixtures vs. the carbon number
of linear alcohols.

IL at fixed alkylchain decreasing UCST in the order of
anion [PFg] > [BF,4] > [NTf,] at fixed type of imidazo-
lium cation.

The presentation in figure 4 allows to make tentative
predictions of UCST-values for systems which have not
been studied experimentally. For example, the UCST is
ca. 80 °C for [EMIM][NTTf,] + hexanol, the UCST is ca.
43 °C for [BMIM][NTT(;] + pentanol.

In a comprehensive study binary LLE data of the
ILs [1-hexyl-oxymethyl-MIM][BF,] and [1-hexyl-oxym-
ethyl-MIM][NTf,] each mixed with aliphatic hydrocar-
bons (Cs to Cg), aromatics (benzene, toluene,
ethylbenzene, xylenes) have been published just re-
cently [47]. These results indicate, that mixing gaps
are broader and higher than those observed with alco-
hols and in most cases the UCST cannot be deter-
mined directly. For example, the experimentally
determined UCST of  the mixture [Cs
H{;OCH,MIM][NTf,] + benzene is 352 K while the
system [C¢H3OCH,MIM][BF,] + benzene has an
UCST of approximately 644 K estimated from fitting
the NRTL equation to LLE data at lower tempera-
tures. UCST points of alkanes are still higher. Typical
for IL + hydrocarbon mixtures is the assymmetric
shape of the mixing gap. At ambient conditions the
solubility of the IL in the hydrocarbon phase i close
to zero (wj = 0) while the phase rich in IL contains
considerable amounts of hydrocarbons. The situation
resembles that of IL + CO, systems (see next section).
Solubilities are higher for aromatics than for saturated
hydrocarbons. Similar results have been obtained from
VLE data of imidazolium based ILs + hydrocarbons
where mixing gaps could be determined quantitatively
detected by the pressure independence of the total li-
quid composition inside the gap [20-23].
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Ternary LLE systems consisting of volatile solvents
and an ionic liquid have been studied the first time for
the system [EMIM][I5] + toluene + heptane  and
[BMIM][I5] + toluene + heptane [49] focussing on the
use of ionic liquids for extracting aromatic hydrocar-
bons from mixtures of aromatic and aliphatic hydrocar-
bons. High separation factors in the range 50 to 100
according to equation (4) have been observed reflecting
the preferred solubility of toluene in the IL phase. LLE
of the ternary systems 1-hexene + ethanol + [HMIM]-
[PF¢] or [HMIM][BF,4] have also been studied indicating
that these ILs are suitable solvents for the (liquid +
liquid) extraction of ethanol from olefines [50]. The
problem of separating ethanol from ethers in ether syn-
thesis reactions has been treated by using ILs as extrac-
tion fluid and it has been found that [BMIM][CF;0S0;]
is a suitable agent for that purpose as the ternary LLE
data of this IL with ethanol + f-amylethylether (TAME)
indicate [51].

Experimental data on (solid + liquid) equilibria
(SLE) of mixtures containing ILs also exist in the litera-
ture and have been studied in a systematic way with [C,
MIM][CI] [52]. Solubilities of this IL in alcohols (C, to
Ci,) decrease with the increase of molecular weight
starting from hexanol. For the lower alcohols the depen-
dence on the carbon number is not significant. Eutectic
points have been observed for mixtures with 7-butanol,
I-decanol and 1-dodecanol and the data have been cor-
related with the Wilson, UNIQUAC-ASM and NRTL1
equations [53].

4. Gas solubilities in ionic liquids

So far most attention has been paid to the solubility
of CO; in ILs. First systematic investigations have been
carried out with CO, + [BMIM][PF¢][54],
+[OMIM][PF¢], +[OMIM][BF4] and +[BMIM]-
[NOs][55]. The phase behavior of these binary systems
is quite unusual. Large amounts of CO, are soluble in
these ILs at moderate pressures. The mole fraction of
CO; in the mixture xco, reaches 0.7 at 100 bar, above
this pressure, however, the solubility can be enhanced
only insignificantly by applying substantially higher
pressures. Most striking is the fact, that the compressed
gaseous phase contains no detectable traces of dissolved
IL in CO,. As a consequence the two phase region is ex-
tended on the CO, rich side of the phase diagram to high
pressures without indication of a mixture critical point.
This behavior seems to be the rule with IL + CO, mix-
tures and has been confirmed by a series of detailed
studies of the systems [EMIM]PF¢]+ CO, [56],
[HMIM][BF4] + CO, [57], [EMIM]BF4] + CO, [58]
and [HMIM][BF,] + CO, [59] at pressures up to
900 bar. As an example figure 5 shows results taken
from [58]. The solubility curve resembles an adsorption

0.8

0.6

04 ©

mole fraction CO,

0.2

0.0

0 20 40 60 80
pressure / MPa

FIGURE 5. Solubility of CO, in [HMIM][BF,] at T=330K as
function of pressure experiments from [58], — equation (6) with
a=0.7497 MPa and b = 5.044 MPa.

process of CO, molecules at some kind of “inner sur-
face” of the IL rather than a solution process as ex-
pected for normal systems where the solubility of the
gas is smaller at lower pressure and increases with higher
pressures leading to an opposite curvature as observed
for CO, + IL systems. It is demonstrated in figure 5, that
the solubility curve of CO, in ILs can indeed be fitted
well by a simple Langmuir adsorption isotherm

a-p
Xco, = b —|—p . (6)

Other experimental isotherms available in the litera-
ture [54-59] can be described by equation (6) with com-
parable quality [60]. An alternative approach using an
irregular ionic lattice model for CO, solubilities in ILs
has recently been suggested [61] and is based on similar
assumptions as discussed here. The interpretation agrees
with molecular simulation results [62], where it has been
suggested, that the CO, molecule is preferably attached
to the anion (PF4, BF, and especially NTf,) localized
possibly in the free volume space between the large cat-
ions. This is also in agreement with the remarkable fact,
that the volume of the absorbing IL-phase increases
only moderately with respect to the pure IL even though
the mixture contains more than double as much CO,
than IL molecules [54,55]. Experiments using an inter-
esting, completely different technique has lead to similar
results [63]. Light absorption of solvatochromic dyes at-
tached preferentially to the IL molecules decreases when
the pressure and the mole fraction of CO, in the IL
phase increases due to the dilution of the dye in the
expanding system. The spectroscopic results indicate
clearly that in case of [BMIM][PF¢] + CO, the volume
expands only by 30% to 40% at 250 bar while the mole
fraction of CO, exceeds 0.7.

Several authors also report that the viscosity of the
ILs studied decreases dramatically with increasing mole
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fraction of CO, and increasing pressure [64,65]. The
CO, molecules seem to act as a kind of lubricant be-
tween the ions of the IL. This effect and the fact that
no IL is dissolved in the compressed CO, phase is of
large importance for technical application in separation
processes. Already in an early state of thermodynamic
investigations on ILs it has been suggested to use ILs
as non-volatile solvents for extracting and recovering
substances of environmental, pharmaceutical or other
significant importance using supercritical CO, [54,65].
Solubility of other gases including CO, in ILs have also
been measured at different temperatures in the pressure
range up to 13 bar or close to ambient pressures and it
turned out that C,H,4, C,Hg, CHy, Ar in [BMIM][PFg]
are distinctly less soluble than CO, [66]. Similar results
obtained in [BMIM][PF¢] at pressures up to 97 bar have
been reported [67]. Henry’s constants of CO, and O, in
[BMIM][BF,4] have determined at atmospheric pressure
[68].

In order to test a modified regular solution theory for
describing gas solubilities values of Henry’s constants of
CO, and C,H, have also been determined at 303 K in
[EMIM][NTf,],  [EMIM][CF;SOs],  [EMIM][dca],
[BMIM][PFg] [69,70].

The considerable difference in the solubilities of gases
in ILs suggest to use ILs as supported liquid membranes
in gas separation or pervaporation processes [71]. The
physico-chemical basis of treating such processes in
frame of simple or more extended versions of the solu-
tion diffusion model is described, e.g., in [72].

5. Densities, transport properties and critical phenomena

There exists a considerable amount of density data of
pure ILs in the literature. Densities of [BMIM][PF],
[OMIM][PF¢], [OMIM][BF,4] and [NBuPy|[BF,] have
been obtained in the pressure range 1 bar to 2070 bar
at temperatures between 298 K and 343 K from which
thermal expansivities and isothermal compressibilities
have been derived [73]. Densities of 13 further ILs have
been measured at ambient pressure in the temperature
range 293 K to 360 K [74]. Compared to this consider-
able information on PVT-properties of pure ILs the sit-
uation for mixtures containing ILs is less satisfying.
Beside of some systematic work done on IL + CO, mix-
tures mentioned already above [54,55], there exist very
few reliable data of liquid densities or excess volumes
VE in the literature. Data of densities and V* of
[BMIM][BF4] + H,O at 313 K and 353 K are reported
in [75]. V¥ is positive over the whole range of composi-
tion. [4-Methyl-N-butyl-pyridinium][BF,] + methanol
has also been studied [76] and negative V*-values have
been obtained, e.g., 1Eis —0.8 cm’/mol at a weight frac-
tion of 0.4 of methanol at 323 K. Densities with positive

excess volumes for the binary system [EMIM][BF,] +
H,O are reported, e.g., VE=+0.21 at Xm0 = 0.5 and
298 K [77] and interestingly V'* increases with tempera-
ture for this system. [OMIM][BF,4] + butan-1-ol shows a
S-shaped VE curve, VP is positive at Xpuranol < 0.5 and
negative at Xpuganor > 0.5 [46]. [OMIM][BF,] + 1-penta-
nol behaves similarly but the region V'* <0 is restricted
t0 0.85 < Xpentanol < 1 [46]. Apparent molar volumens of
the IL [EMIM][CH; CH,-O-SOj3] in aqueous solution
have been measured from which partial molar volumens
Vi are derived [78]. Decreasing values of V. with
increasing concentration in water, e.g., from
Vie=1929cm?-mol™' at 0.2224mol-kg™' to
ViL=189.3cm? - mol™' at 3.044 mol - kg ! and 298 K,
indicate also positive excess volume for this IL + H,O
system.

It is difficult to draw general conclusions from the
scarce results of excess volumens of IL + solvent mix-
tures available in the literature. It seems that aqueous
solutions of ILs have positive excess volumens while
mixtures with ILs with polar organic compounds show
a tendency to exhibit negative V'F values. Whether there
is any regular pattern of this kind of behavior in IL mix-
tures requires more and systematic measurements of
densities of IL + solvent mixtures.

Transport properties play an important role in chem-
ical reaction processes and separation problems. This
concerns in the first place the viscosity coefficient and
the mutual diffusion coefficient in mixtures. While there
exist quite extensive data material for the viscosity of
pure ILs [79] it is surprising, that viscosity measurements
in IL + solvent mixtures are rarely available in the liter-
ature and data of mutual diffusion coefficients seem to
exist only for the system [BMIM][PFg4] + methanol until
now [80]. First reliable data of viscosities of IL + solvent
mixtures have not been published before 1996. The mix-
ture [EMIM][AICl,] + benzene was studied showing the
typical steep decrease of viscosity with increasing con-
centration of the solvent [81]. Other authors [75] re-
ported results of the viscosity of [BMIM][BF,4] + H,O
where a remarkable decrease of # from ca. 150 mPa s
in the pure IL to ca. 18 mPa s in a mixture containing
10 weight percent H,O was observed. Similar results
have been obtained for the system [4-methyl-butyl-
pyridinium][BF,4] + methanol where the observed values
for u are ca. 100 mPa s for the pure IL and ca. 10 mPa s
at ca. 10 weight percent of methanol in the mixture [76].
At higher concentrations of H,O or methanol the
change in viscosity is much less dramatic. Viscosities
of the binary mixtures of [Allyl MIM][CI] with water
and ethanol have recently been published [82].

Further binary systems where viscosity data are avail-
able are: [BMIM][BF,] with acetonitrile, dichlorometh-
ane, 2-butanone, N,N-dimethylformamide [83]. Also
viscosity data of the ternary system [BMIM][PFq]+
H,O + acetone are available [84]. No principal new



A. Heintz | J. Chem. Thermodynamics 37 (2005) 525-535 533

aspects of the behavior of viscosities in IL + organic
solvent mixtures have been discovered in these studies.

Most interesting for applications in electrochemistry
are data of electrical conductivities of IL + solvent mix-
tures. For pure Alkylimidazolium salts electric conduc-
tivities have been measured as function of temperature
[84-88], also some data on mixtures can be found in
the literature [82-84,87]. The first study on mixtures of
[NBuy][PF¢] in acetone, acetonitrile, dichloromethane
was published in 2001 [89]. The typical result of these
investigation is an increase of the electrical conductivity
with the concentration of the solvent due to the strongly
decreasing viscosity [87]. Only at lower concentrations
of the IL the electrical conductivity passes a maximum
reaching finally low values due to the lower concentra-
tion of the charge carrying ions.

Heat conductivity and heat capacity measurements
exist only for pure ILs so far and have been performed
with respect to possible applications of ILs as heat trans-
fer fluids [90,91].

A review on thermodynamics of ionic liquid mixtures
should include the interesting phenomena occuring close
to the (liquid + liquid) critical point of ionic solutions.
The Ising like behavior observed usually at critical
points of non electrolyte mixtures seems to overlap in
case of ionic systems with a mean field behavior con-
cerning critical exponents close to the critical point
[92,93]. This unusual phenomenon can best be studied
under convenient conditions with IL + solvent mixtures
exhibiting an UCST point close to room temperature
and ambient pressure and has recently stimulated exper-
imental as well as theoretical work on criticality of ionic
liquids in mixtures [94,95].

6. Conclusions

The increasing interest in ionic liquids has lead to
more research activities concerning thermodynamic
and thermophysical properties of mixtures containing
ionic liquids during the last few years. While data on
activity coefficients, VLE and LLE date are now avail-
able for a number of binary and a few ternary systems,
the situation is still not satisfying with respect of a sys-
tematic knowledge of these properties and further re-
search work has to fill the remaining gaps. More
results of gas solubilities at ambient and elevated pres-
sures are also desirable due to the promising possibilities
of supercritical extraction processes using ionic liquids.
Two task groups sponsored by the IUPAC have now
been established to improve the situation working on a
data collection project and initiating experimental work
on key systems of IL + solvent mixtures.

In spite of their practical importance there is a con-
siderable lack of data on transport properties in
IL + solvent mixtures such as viscosity, heat and electri-

cal conductivity, and diffusion coefficients. Data of other
properties like surface and interphase tension are com-
pletely missing and deserve much more attention in fu-
ture research projects.
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