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Abstract

The experimental measurements of the speed of sound and density of aqueous solutions of imidazolium based ionic liquids (IL) in the
concentration range of 0.05 mol Æ kg�1 to 0.5 mol Æ kg�1 at T = 298.15 K are reported. The data are used to obtain the isentropic com-
pressibility (bS) of solutions. The apparent molar volume (/V) and compressibility ð/KS

Þ of ILs are evaluated at different concentrations.
The data of limiting partial molar volume and compressibility of IL and their concentration variation are examined to evaluate the effect
due to IL–water and IL–IL interactions. The results have been discussed in terms of hydrophobic hydration, hydrophobic interactions,
and water structural changes in aqueous medium.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid growth in the ionic liquid (IL) literature
shows that they attract much attention of both industry
and academia as negligible vapor pressure alternatives to
traditional organic solvents, the ability to solubilize an
enormous variety of compounds, a wide liquid range, and
the possibility to tailor their chemical structure at will to
better match a given target are particularly noteworthy.
While applications of ILs in a diverse range of fields, such
as electrochemistry, separation processes, synthesis, and
catalysis, have begun to be explored, still much research
is needed towards the understanding of molecular interac-
tions of ILs with water. The most widely studied ILs are
comprised of bulky, asymmetric N-containing organic cat-
ions (e.g., imidazole, pyrrole, pyridine, etc.) in combination
with any wide variety of anions, ranging from simple inor-
ganic ions (e.g., halides) to more complex organic species
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(e.g., triflate). The nature of the anion is considered to be
primarily responsible for many of the physical properties
of ionic liquids, such as their miscibility with conventional
solvents and hygroscopicity [1]. Simple changes in the cat-
ion and anion combinations or the nature of the moieties
attached to each ion allow the physical properties of ionic
liquids such as hydrophobicity, viscosity, and density to be
designed for specific applications [2].

While ILs cannot contribute to air pollution due to their
negligible vapour pressures, they may hold a significant sol-
ubility in water and go into aqueous streams what leads to
an environmental problem, besides the costs due to the
ionic liquid loss and the additional separation and purifica-
tion steps required. Furthermore, once in the environment,
the IL ecotoxicity depends directly on their lipophilicity [3–
6]. The knowledge of the ILs solubilities in water can thus
be an accurate way to predict the IL toxicity in the overall
ecosystem.

The knowledge of thermophysical properties of binary
mixtures of water and hydrophilic ILs is required for the
development of practical applications and design of processes
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FIGURE 1. Comparison of experimental and the literature density data
of aqueous binary solutions of alkali halides; NaCl: Exp., h; Fortier et al.

[30], n; KBr: Exp., n; Fortier et al. [30], m.
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using (water + IL) systems. To date, a number of papers
have studied the thermophysical properties of these binary
systems: some of them report values for dilute aqueous
solutions of ILs [7–11] or, in the other extreme, the effect
of water content in ‘‘pure’’ ILs or binary mixtures with
low fractions of water [12–18] whereas only few works
present measurements covering the whole composition
range [19–29].

In this work, the experimental measurements of the
speed of sound and density of aqueous solutions of imi-
dazolium chloride ([Im][Cl]), 1-methyl imidazolium chlo-
ride ([Mim][Cl]), and 1-butyl-3-methyl imidazolium
chloride ([Bmim][Cl]) in the concentration range of
0.05 mol Æ kg�1 to 0.5 mol Æ kg�1 at 298.15 K are reported.
The data are used to obtain the isentropic compressibility
(bS) of solutions. The apparent molar volume (/V) and
compressibility ð/KS

Þ of IL are evaluated at different con-
centrations. The data of limiting partial molar volume
and compressibility of IL and their concentration variation
are examined to study the effect due to IL–water and IL–IL
interactions.

2. Experimental

[Im][Cl] and [Mim][Cl] were acquired from Solchemer
with a purity greater than 98% and [Bmim][Cl] of purity
>99% was obtained from Merck. The concentrations of
the ILs solutions in water were prepared on a molality
basis. The water used for the solutions was freshly pre-
pared, doubly quartz distilled. The uncertainty in composi-
tion was found to be of the order of ±1 Æ 10�4 mol Æ kg�1.
The water content in the ILs was determined using a micro-
processor based automatic Karl–Fischer Titrator, TKF-55,
Chemito from the M/s Toshniwal company. Pyridine free
Aquanil-5 Karl–Fischer reagent of Thomas Baker was used
for analysis. The reagent was standardized with a solution
of water in methanol. The instrument is able to detect the
water content on the order of ±2 ppm in organic solvents.
The water content found for [Im][Cl], [Mim][Cl] and
[Bmim][Cl] were of 3.06%, 1.24%, and 0.94% by mass,
respectively. This water content in the ILs was taken into
account during the preparation of the aqueous solutions
of ILs.

The densities of aqueous solutions of [Im][Cl], [Mim][Cl],
and [Bmim][Cl] were measured at T = 298.15 K using a
high precision Anton PAAR (DMA 60/602) digital density
meter. The temperature constancy of the vibrating tube was
better than ±0.02 K as it is maintained constant by circulat-
ing water through a Julabo cryostat having a temperature
stability of ±0.01 K. After applying humidity and labora-
tory pressure corrections the accuracy in the density values
is found to be of the order of ±5 Æ 10�3 kg Æ m�3. The reli-
ability of the density data obtained is ascertained by making
measurements of aqueous binary solutions of alkali halides
and comparing the data with the literature [30] (figure 1).
Similarly, the calculated apparent molar volume (/V) of
NaCl or KCl in aqueous solutions at T = 298.15 K, plotted
in the form of /V � 1:868
ffiffiffi
c
p

against the concentration of
salt (c) in mol Æ L�1, when extrapolated to infinite dilution
yield limiting apparent molar volumes which are in excellent
agreement with the literature data [31]. The concentration
of IL in molality units are converted to molarity scale as
and when required using density data.

The speed of sound measurements were carried out for
aqueous solutions of [Im][Cl], [Mim][Cl], and [Bmim][Cl]
at T = 298.15 ± 0.02 K at a fixed frequency of 2 MHz (M/
s Mittle Enterprises). Good quality thermostating (temper-
ature inside the cell ±0.05 K) to maintain constant temper-
ature was achieved by circulating water by means of a
Julabo thermostat having an accuracy of ±0.02 K around
the cell. The reliability of the measurements were checked
by obtaining sound velocity data for water at T =
298.15 K (1497.6 m Æ s�1) which agree well with the reported
literature data [32]. The standard deviation in speed of
sound measurement values are found to be of the order of
±0.3 m Æ s�1 obtained after repeated measurements.

3. Results

The speed of sound and density data of aqueous solu-
tions of [Im][Cl], [Mim][Cl], and [Bmim][Cl] in the concen-
tration range of 0.05 mol Æ kg�1 to 0.5 mol Æ kg�1 at
T = 298.15 K are reported in table 1. The variations of
the speed of sound parameter (Du = usolution � usolvent) as
a function of the molality of ILs in water are shown in fig-
ure 2. Isentropic compressibility (bs) of solvents and solu-
tions were obtained using the Laplace equation bs = 1/
(u2q). The variations of bs values with the molality of water
are shown in figure 3. The uncertainty in bs(dbs) values was
obtained using method of propagation of errors and stan-
dard deviations obtained for the experimental parameters
including concentration and density of pure solvent; the
corresponding equation obtained as



TABLE 1
Density, speed of sound, compressibility, apparent, and partial molal properties of aqueous solutions of ionic liquids at T = 298.15 K

m/
(mol Æ kg�1)

q/
(kg Æ m�3)

u/
(m Æ s�1)

10�3 Æ /V/
(mm3 Æ mol�1)

10�3 � V 2=ðmm3 �mol�1Þ 10�3 � V 1=ðmm3 �mol�1Þ 1011 Æ bS/
Pa�1

/KS
=ðmm3 �MPa�1 �mol�1Þ

[Im][Cl] + Water

0.00000 997.05 1497.6 104.40a – 18.068 44.72 �13.8a

0.04296 998.24 1500.1 104.70 104.69 18.068 44.52 �13.0 ± 4.2
0.10274 999.89 1503.8 104.52 104.35 18.068 44.23 �14.3 ± 1.7
0.15300 1001.26 1507.0 104.38 104.05 18.069 43.98 �14.9 ± 1.2
0.19764 1002.47 1509.7 104.26 103.77 18.070 43.77 �14.5 ± 0.9
0.24165 1003.72 1512.4 104.13 103.48 18.071 43.56 �14.9 ± 0.7
0.29145 1004.65 1515.8 104.03 103.20 18.072 43.32 �14.3 ± 0.6
0.33998 1006.45 1517.9 103.84 102.83 18.074 43.12 �14.1 ± 0.5
0.38926 1007.62 1521.2 103.72 102.53 18.076 42.89 �14.3 ± 0.4
0.44952 1008.96 1525.2 103.59 102.16 18.080 42.61 �14.2 ± 0.4
0.50034 1010.31 1527.9 103.45 101.82 18.083 42.40 �13.8 ± 0.3

[Mim][Cl] + Water

0.00000 997.05 1497.6 118.46a – 18.068 44.72 �14.9a

0.05234 998.29 1501.6 118.74 118.72 18.068 44.43 �14.1 ± 3.4
0.09548 999.30 1504.7 118.62 118.48 18.068 44.20 �12.7 ± 1.9
0.14703 1000.49 1508.5 118.48 118.17 18.069 43.92 �12.6 ± 1.2
0.19981 1001.69 1512.5 118.34 117.85 18.070 43.64 �12.7 ± 0.9
0.24717 1002.77 1516.0 118.21 117.56 18.071 43.39 �12.6 ± 0.7
0.30106 1003.97 1519.9 118.07 117.23 18.073 43.12 �12.3 ± 0.6
0.35550 1005.18 1523.9 117.93 116.88 18.075 42.84 �12.3 ± 0.5
0.39940 1006.13 1526.3 117.81 116.61 18.077 42.66 �11.0 ± 0.4
0.45507 1007.35 1530.5 117.67 116.25 18.080 42.38 �11.2 ± 0.4
0.51388 1008.62 1534.6 117.52 115.88 18.083 42.10 �11.1 ± 0.3

[Bmim][Cl] + Water

0.00000 997.05 1497.6 174.76a – 18.068 44.72 �15.7a

0.05281 997.72 1504.8 175.06 175.05 18.068 44.26 �15.4 ± 3.4
0.09783 998.29 1510.5 174.96 174.85 18.068 43.91 �12.2 ± 1.8
0.14328 998.85 1516.7 174.86 174.63 18.069 43.52 �13.2 ± 1.2
0.19981 999.56 1524.4 174.73 174.33 18.069 43.05 �13.9 ± 0.9
0.24711 1000.15 1530.2 174.63 174.08 18.070 42.70 �12.7 ± 0.7
0.28987 1000.69 1535.5 174.54 173.85 18.072 42.39 �12.1 ± 0.6
0.31733 1001.04 1539.1 174.48 173.70 18.072 42.17 �12.3 ± 0.5
0.40515 1002.14 1549.9 174.29 173.22 18.076 41.54 �11.5 ± 0.4
0.42202 1002.35 1551.9 174.25 173.13 18.076 41.42 �11.4 ± 0.4
0.49947 1003.31 1562.2 174.08 172.70 18.080 40.84 �11.9 ± 0.3

a Extrapolated values to infinite dilution.
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FIGURE 2. The variation of sound velocity parameter (Du) as a function
of molality of ionic liquids (m) at T = 298.15 K. [Im][Cl], ¤; [Mim][Cl], n;
[Bmim][Cl], m.
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dbS ¼ bS

2du
u

� �2

þ dq
q

� �2
" #1

2

ð1Þ

and were found to be of the order of ±1.3 Æ 10�13 Pa�1.
The apparent molar volume (/V) and apparent molar

isentropic compressibility (/KS
) of aqueous solutions of

ILs as a function of molality of IL were calculated using
equations (2) and (3):

/V ¼
M2

q

� �
þ q0 � qð Þ

mqq0

� �
ð2Þ

/KS
¼ M2bs

q

� �
þ

bsq0 � b0
s q

� �
mqq0

" #
ð3Þ

where M2 is the molar mass of IL in kg Æ mol�1, m is the
molality in mol Æ kg�1 while b0

S, q0, and bS, q represents
the isentropic compressibility and density values for water
and solution, respectively. The errors in /V and /KS

values



-25

-20

-15

-10

-5

-25

-20

-15

-10

-5

φ K
s /m

m
3 .

M
P

a-1
. m

o
l-1

-25

-20

-15

-10

-5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(c /mol L-1)1/2⋅

FIGURE 5. The dependence of apparent molar isentropic compressibility
(/KS

) as a function of square root concentration of ionic liquids (
ffiffiffi
c
p

) at
T = 298.15 K. [Im][Cl], ¤; [Mim][Cl], n; [Bmim][Cl], m.

40.0

41.0

42.0

43.0

44.0

45.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6

10
1

1
. 

 s 
/ P

a-1
β

m / mol⋅kg-1
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were estimated using the same method used for estimation
of the uncertainty in bS. The data of /V and /KS

along with
their uncertainties are shown in table 1. The uncertainties
in the derived apparent quantities are estimated to be of
the order of ±0.23 Æ 103 mm3 Æ mol�1 for /V and
±4 mm3 Æ MPa�1 Æ mol�1 for /KS

at the lowest concentra-
tion studied.

The /V and /KS
data of aqueous solutions of studied ILs

as a function of IL molarity at T = 298.15 K are shown in
figures 4 and 5, respectively. The /V and /KS

can also be
expressed as

/V ¼ /0
V þ SV

ffiffiffi
c
p
þ BVc ð4Þ

/KS
¼ /0

KS
þ SK

ffiffiffi
c
p

ð5Þ
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FIGURE 4. The dependence of apparent molar volume (/V) as a function
of concentration of ionic liquids (c) at T = 298.15 K. [Im][Cl], ¤;
[Mim][Cl], n; [Bmim][Cl], m.
where SV is the Debye–Huckel limiting slope (SV =
1.868 Æ 106 (mol Æ mm�3)�3/2 for aqueous solutions of 1:1
electrolytes at 298.15 K) and SK is the experimental limit-
ing slope whereas BV is the deviation parameter. The
smooth extrapolations of the /V and /KS

data to infinitely
dilute solutions enabled us to obtain limiting apparent
molar volume (/�V) and compressibility (/�KS

) of ILs as
shown in figures 4 and 5. Experimental slopes of /KS

(SK values) for aqueous solutions of [Im][Cl], [Mim][Cl],
and [Bmim][Cl] are found to be (�0.8 ± 2.3) Æ 103,
(5.3 ± 2.2) Æ 103, and (6.2 ± 2.4) Æ 103 in mm9/2 Æ
MPa�1 Æ mol�3/2, respectively. BV values for aqueous solu-
tions of [Im][Cl], [Mim][Cl], and [Bmim][Cl] are found to
be (�4.7 ± 0.5) Æ 103, (�4.6 ± 0.4) Æ 103, and (�4.1 ±
0.5) Æ 103 in mm6 Æ mol�2, respectively. The data of /V

were further used to calculate the partial molar volumes
of solute (V 2) and solvent (V 1) using the standards equa-
tions [33] and that are reported in table 1. The depen-
dence of partial molar volume of solute (V 2) as a
function of molality of IL is shown in figure 6. The partial
molar volume of solute (Y) displays a very good linear
relationship with the molality of IL (X) as equations
(6)–(8), respectively, for aqueous solutions of [Im][Cl],
[Mim][Cl], and [Bmim][Cl] at 95% level of confidence:

Y ¼ð�6:3258�0:0524ÞX þð105:00�0:02Þ ðR2¼ 0:9995Þ
ð6Þ

Y ¼ð�6:1729�0:0356ÞX þð119:07�0:01Þ ðR2¼ 0:9997Þ
ð7Þ

Y ¼ð�5:3107�0:0500ÞX þð175:37�0:02Þ ðR2¼ 0:9993Þ
ð8Þ
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4. Discussion

It is observed from figure 2 that speed of sound increases
as the imidazolium ring is substituted at the N centers by
methylene groups and a butyl chain. This is also reflected
in decrease of adiabatic compressibility as the salt concen-
tration increases, the decrease is much more pronounced
for the [Bmim][Cl]. Such behaviour has also been noted
in case of aqueous solutions of amines [34].

The interest for the volumetric behaviour of aqueous
solutions as a useful tool for elucidating local changes of sol-
vent structure brought about by neutral or charged solute
molecules has been illustrated previously [35–37]. Cabani
et al. [38] have studied the volumetric properties of chloride
salts of cyclic amines at 298.15 K and noted that apparent
molar volume as a function of salt concentration exhibit
negative deviation from the Debye–Huckel limiting law,
the deviations increasing with the hydrocarbon portion of
the molecule. Small negative deviations from limiting law
are observed in figure 4 where /V � SV

ffiffiffi
c
p

is plotted against
the IL concentration. The negative BV values imply a sol-
vent induced solute co-sphere over-lap effect, i.e., the
increase of solute–solute interactions along with water
structure making effect. We do not include here the effect
of interaction of anions, since all the studied molecules have
a common anion.

Examining the limiting partial molar volumes of the
salts (V 0

2), as reported in table 1, it is found that the incre-
ment in volume due to addition of –CH2 group is of the
order of 14.00 Æ 103 mm3 Æ mol�1 in the case of first two
salts while addition of four more –CH2 groups causes a
proportional increase. The additivity of partial molar vol-
umes is coherent with that observed for molar volumes
[39–42]. Since /0

V values give information about solute–
solvent interactions, the observed effect is in good agree-
ment with the concept of volume increase in neutral or
hydrophobic salt ion/molecules [43].
The calculations of V 2 and V 1, i.e., partial molar vol-
umes of the salt molecules and water respectively, also
exhibit a behavior analogous to that observed for /V. It
is observed that these cations exhibit a water structuring
effect similar to that of neutral solutes like alcohols, ethers
(hydrophobic) and tetra-alkyl ammonium salts in water
i.e., V 1 increases in with IL concentration in dilute concen-
tration region [44–46]. It is well known that the V 1

increases in dilute concentration region marginally from a
value of 18.068 Æ 103 mm Æ mol�1 (molar volume of pure
water) if the solute causes a strengthening of water struc-
ture around it due to hydrophobic hydration. At higher
concentrations of the solute, the breakdown of H-bonding
amongst the water cluster around the solute or cation
(structure breaking effect) leads to decrease in the value
of V 1 from that of pure water. The contribution of Cl�

ion to volume is known (17.83 Æ 103 mm3 Æ mol�1 [47]).
The estimation of partial molar volume of the ions [Im]+,
[Mim]+, and [Bmim]+ are (86.57 ± 0.64) Æ 103 mm3 Æ mol�1,
(100.63 ± 0.69) Æ 103 mm3 Æ mol�1 and (156.93 ± 1.10) Æ
103 mm3 Æ mol�1, respectively.

The isentropic compressibility /KS
is related to the sec-

ond pressure differential of the partial molar free energy
of the solute and has proved to be very sensitive to changes
in solvation, H-bond and water structural changes in the
aqueous medium. The limiting apparent molar compress-
ibilities (/�KS

) are generally negative for electrolytes in aque-
ous solutions [48]. The magnitude depends upon the
charges of cations (electrostriction). The negative values
are attributed to hydration of cations (water loosing com-
pressibility due to coloumbic attraction). The hydration
number for the ions has been calculated by using Passyn-
ski’s equation [49].

A distinction has also been made between compressibility
changes due to electrostriction (high charge density) and
similar changes which arise for large R4N+ ions [50] but
for completely different reasons associated with hydropho-
bic structure promotion. Seen in this light, the limiting
apparent molar compressibility (table 1) for the studied ILs
are all negative but they are of much smaller magnitude than
those for 1:1 electrolytes but similar to R4N+X solutes. Thus
the /�KS

values indicate that the imidazolium cations are sol-
vated by hydrophobic hydration in water and the charge
density of the hydrated sheath is small. Similarly, the small
positive /�KS

values for pyridinium salts have been reported
by Conway and Laliberté [51] in aqueous solutions at
298.15 K. Assuming the ionic compressibility of Cl�

ions = �0.17 mm3 Æ MPa�1 Æ mol�1 [52], one can obtain
the individual ionic compressibilities of the cations as
(�13.6 ± 6.5) mm3 Æ MPa�1 Æ mol�1, (�14.8 ± 5.9) mm3 Æ
MPa�1 Æ mol�1 and (�15.6 ± 6.2) mm3 Æ MPa�1 Æ mol�1 for
[Im]+, [Mim]+, and [Bmim]+, respectively. Thus the com-
pressional properties of these ions are almost similar. These
values indicate that the hydrophobically hydrated imidazoli-
um cations are not compressible to a significant extent. The
water structure around the N+ centered cation is less com-
pressible (/KS

value of water is +8 mm3 Æ MPa�1 Æ mol�1)
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due to less electrostriction and increased H-bonding
amongst the water molecules in the water clusters around
cation (structure making effect) resulting in very small nega-
tive /�KS

values. The large negative /�KS
values are observed in

case of usual metal halides where the electrostriction is large
and the hydration sheath around the cation is less compress-
ible if the charge density is high [53]. It has also been
questioned about the compressibility of the ions itself. How-
ever, it can be resolved if the compressibility of the salts are
known in pure liquid state or in CCl4 solutions [54].

The Debye–Huckel theory requires /KS
to be linear in m1/2

(or c1/2), so that equation (5) has a limiting slope S0
K. The lim-

iting slope S0
K is not known precisely as its calculation

requires the dielectric constant data at different pressures.
We observed from figure 5 that /KS

increases linearly with
square root of concentration; giving small positive values
of SK parameter. We do not compare these with the literature
values of SK for variety of electrolytes, since our data are of
limited accuracy and the concentration range is also above
Debye–Huckel limiting region. However, the small positive
values of SK do indicate that the water structure around
these imidazolium cations is affected by the pressure effect
giving support to the hypothesis of soft and hydrophobic
structures around the cations.

5. Conclusions

The variations of the speed of sound parameter
(Du = usolution � usolvent) as a function of the molality of
studied ILs in water increases with the insertion of methy-
lene groups or butyl chain at the N centers of ILs; and the
reverse is observed in case of isentropic compressibility.
For the studied systems, the solvent induced solute co-
sphere over-lap effect (i.e., increase of solute–solute interac-
tion along with water structure making effect) is observed
and the extent of the effect is more important in case of
[Bmim][Cl]. Studied imidazolium cations are solvated by
hydrophobic hydration in water and charge density of
the hydrated sheath is small and they are not compressible
to significant extent. The water structure around the imi-
dazolium cation is less compressible due to less electrostric-
tion and increased H-bonding amongst the water molecules
in the water clusters around cation (structure making
effect) resulting in the small negative /�KS

values.
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