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The speed of sound in the protic ionic liquids (PILs) N-methyl-2-hydroxyethylammonium butyrate
(m2HEAB) and N-methyl-2-hydroxyethylammonium pentanoate (m2HEAP) was measured at atmo-
spheric pressure, and over the range of temperatures T = (293.15 to 343.15) K. The speed of sound and
density of aqueous mixtures of the ionic liquid were also determined throughout the entire concentration
range, within the (298.15 to 333.15) K temperature range and at atmospheric pressure. The excess molar
volume, excess isentropic compressibility, excess speed of sound, apparent molar volume and apparent
molar isentropic compressibility were calculated from the experimental density and speed of sound val-
ues. Furthermore, all the properties were correlated with selected analytical functions. The apparent
molar volume of aqueous PILs was analysed by Pitzer–Simonson theory. The speed of sound of the
PILs was predicted with the Wu et al. model and the molar compressibility of the same PILs and their
aqueous mixtures were calculated from Wadás model. The results demonstrate that the molar compress-
ibility calculated from Wadás model is almost a linear function of mole fraction and can be considered as
temperature independent for a fixed mole fraction over the whole composition range. The results were
analysed and discussed from the structural changes point of view in aqueous medium.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their very low vapour pressures, the contribution of ILs
for air pollution is negligible. However, ILs may have a significant
solubility in water. Therefore, they may contaminate water
streams, leading to environmental problems. Due to their structure
and ionic interactions, ionic liquids and their mixtures with molec-
ular species exhibit unique properties. Strong ion-ion interactions
present in ionic liquids lead to highly organised three-
dimensional supramolecular polymer networks of cations and
anions joined by hydrogen bonds and/or Coulomb interactions,
where the force of ion–ion interaction depends on the ionic liquid
structure, and can greatly affect the ability of the anions or cations
to interact with dissolved species [1].

Some ILs are considerably hydrophilic and their aqueous solu-
tions have become the subject of a considerable amount of work
exploring aqueous solutions of ILs as great potential for a wide
range of applications in different areas, such as extraction pro-
cesses [2], aqueous biphasic systems [3], and organic and inorganic
synthetic reactions [4]. Nonetheless, the success of designing and/
or developing a process based on these systems relies on the
knowledge and accurate characterisation of their thermophysical
properties.

PILs were produced by a stoichiometric acidnbase Brønsted
reaction and their main difference, compared to aprotic ILs (AILs),
is the presence of at least a proton, which is/are able to promote
extensive hydrogen bonding [5]. These liquids present some char-
acteristics, such as a slightly lower conductivity and stability,
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which may reduce, at first, their interest for a number of applica-
tions. However, their low cost, simple synthesis and purification
methods, low toxicity and high biodegradation character, among
other aspects of appealing characteristics, overcome those limita-
tions for many different purposes. The ionic liquids from substi-
tuted hydroxyethylammonium cations and organic acid anions
can be obtained by simple synthesis [6,7], and have important
applications [8]. Moreover, it was verified that some ILs of that
family present a negligible toxicity [9].

Among several thermodynamic properties, the volumetric and
acoustical properties are very important for the design of an indus-
trial process as for theoretical studies. For instance, the knowledge
of the excess molar volume, isentropic compressibility, and appar-
ent molar properties is essential to develop reliable predictive
models [10,11], as well as to understand the nature of solute–sol-
vent and solute–solute interactions.

Studies covering aqueous solutions of ILs properties are, typi-
cally, divided into three approaches: the description of the dilute
region of the aqueous solutions of ILs, the investigation of the
water content effect on the pure ILs properties, and the character-
isation over the entire composition range. In our previous paper
[12], detailed literature information is provided for each approach.

The density and speed of sound measurements for hydroxy-
ethylammonium (HEA) cation based ILs with organic acid
anions and mixed with solvents are scarce. Iglesias et al. [7]
reported densities and speed of sound for mixtures of 2-
hydroxyethylammonium formate with short hydroxylic solvents
(water, methanol and ethanol) while Álvarez et al. [13] for
mixtures of 2-hydroxyethylammonium acetate with the same
solvents. The density of hydroxyethylammonium cation-based ILs
with organic acid anions has been reported by Kurnia et al. [14–
16], for mixtures composed of 2-hydroxyethylammonium formate,
acetate, propionate, and lactate with methanol [14] and bis(2-
hydroxyethyl)methylammonium formate and acetate with alcohols
[15,16], and by Taib and Murugesan [17] for aqueous mixtures of
bis(2-hydroxyethyl)ammonium acetate.

As a continuation of the previous research by the authors [12],
this work aims to measure the speed of sound in pure m2HEAB
and m2HEAP at temperatures ranging from (293.15 to 343.15) K
and the speed of sound and density of their aqueous solutions
over the entire concentrations range for temperatures from
(298.15 to 333.15) K, at atmospheric pressure. The results were
used to obtain important derived properties, such as the IL appar-
ent molar volume (V/) and compressibility (k/), excess molar vol-
ume (Vm

E ) and isentropic compressibility (kS). All these properties
were successfully represented by analytical functions over the
entire concentration and temperature ranges of the measure-
ments. The apparent molar volume of the aqueous solutions of
ILs was represented by the Pitzer–Simonson equations [18]. This
equation has been used to describe the volumetric behaviour of
aqueous ionic liquids in all the IL concentration range, thus over-
coming the limitations of models based on Debye-Hückel theory
applicable to very dilute solutions of salts. The evaluated
TABLE 1
Purities of the synthesis materials and ionic liquids.

Chemical Supplier (CAS N)

2-Methylaminoethanola Sigma-Aldrich (109-83-1)
Butanoic acida Sigma-Aldrich (107-92-6)
Pentanoic acida Sigma-Aldrich (109-52-4)
m2HEABb

m2HEAPb

a These materials were used as received, as the water content could be removed after t
b The ILs were fully distiled under high vacuum (10�4 Pa) and the distillate purity chec
Metrohm 831 Karl Fisher coulometer.
apparent molar properties were used to study the effect of the
IL–water and IL–IL interactions.
2. Experimental

Water (mili-Q) was used for preparation of the aqueous
solutions. The N-methyl-2-hydroxyethylammonium butyrate and
N-methyl-2-hydroxyethylammonium pentanoate were prepared
from stoichiometric quantities of the 2-methylaminoethanol with
butanoic and pentanoic acids using the methodology described in
detail by Talavera-Prieto et al. [8]. The IL water content was deter-
mined with a Metrohm 831 Karl Fisher coulometer indicating a
water mass fraction lower than 3�10�4. The mixtures (IL + water)
were prepared by mass using a Mettler AT 200 balance with an
uncertainty of ±10�5 g. The uncertainty in the mole fraction was
estimated as being of ±10�4. Table 1 summarises relevant informa-
tion on compounds purities, water content and suppliers.

The densities were measured using an Anton Paar DMA 60 dig-
ital vibrating tube densimeter, with a DMA 512P measuring cell.
The measuring setup and the vibrating tube densimeter calibration
were described in detail in our work [19]. The expected uncertainty
for the density, due to viscosity of the ionic liquid and its aqueous
solutions (damping effects on the vibrating tube), was determined
to be, within the temperature range adopted, 0.3 kg�m�3 maximum
[19]. The uncertainties in temperature, T, and pressure, p, were
determined to be u(T) = ±0.02 K and u(p) = ±0.03 MPa, respectively.
The combined standard uncertainty of the density measurements,
q, estimated taking into account the influence of uncertainties
associated with the calibration equation [19], temperature, pres-
sure, period of oscillations (six-digit frequency counter), viscosity,
and calibrating fluids density data, was u(q) = ±0.86 kg�m�3.

A stainless steel cell was designed for the speed of sound mea-
surement. Two 5 MHz ultrasonic transducers (one acting as a
transmitter and the other as a receiver) were mounted in cavities
drilled on its plane surfaces. The ultrasound wave propagation
time corresponding to the path between the transmitter and recei-
ver was collected and displayed by an oscilloscope, and then trans-
ferred to a computer for processing. The time of flight in the
mixture, 4s, was obtained subtracting the time that the acoustical
wave takes to travel between the emitter and receiver from the
propagation time in the cell steel walls. The cell was calibrated
by measuring 4s in water, toluene, and 1,2-butanediol at atmo-
spheric pressure. The measuring setup and the cell calibration
were described with detail in a previous publication [20] where
the speed of sound combined standard uncertainty was deter-
mined to be u(u) = ±1.2 m�s�1.

The density and speed of sound measurements of the binary
mixtures were made with the DMA 512P and the acoustical cells
open to the atmosphere. The measurement of the atmospheric
pressure was made using a calibrated pressure transducer (AFRISO
Euro-Index, DMU03). Taking the observed values covering Febru-
ary and March the mean value was p = (102.24 ± 0.39) kPa.
Mass fraction purity Water content

0.99 <0.005
>0.995 <0.005
>0.995 <0.005
>0.99 3�10�4

>0.99 3�10�4

he synthesis.
ked by 1H NMR and 13C NMR [21]. The final water content was determined with a
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3. Results and discussion

3.1. Properties of pure substances

The experimental values for the density and speed of sound of
m2HEAB and m2HEAP at atmospheric pressure and temperatures
range, T = (293.15 to 343.15) K, together with the molar volume,
Vm, and the isentropic compressibility, kS, are presented in table 2.

The isentropic compressibility can be defined using the
equation:

kS ¼ � 1
Vm

@Vm

@p

� �
S

¼ 1
q

@q
@p

� �
S

¼ @ lnq
@p

� �
S

; ð1Þ

where S is the entropy. The isentropic compressibility is determined
from the sound velocity using the Laplace–Newtońs equation:

kS ¼ 1
qu2 : ð2Þ

The densities of m2HEAB and m2HEAP were taken from a pre-
vious work [8]. For these substances the density and the molar vol-
ume behave as expected, i.e., the density decreases and the molar
volume increases as temperature increases. Concerning the speed
of sound, it decreases with the temperature increase leading thus,
to the isentropic compressibility increase. In table 2, the isobaric
molar heat capacity Cp,m, determined using the empirical equations
reported in our previous publication [8], is also reported.

The thermal expansivity, ap, of pure substances, required to cal-
culate the excess properties of the m2HEAB and m2HEAP aqueous
mixtures, can be determined using the equation:

ap ¼ 1
Vm

@Vm

@T

� �
p
¼ � 1

q
@q
@T

� �
p
¼ � @ lnq

@T

� �
p
: ð3Þ

The polynomial functions

lnðq=kg �m�3Þ¼7:1276—5:9229 �10�4ðT=KÞ�9:65401 �10�8ðT=KÞ2
ð4Þ
TABLE 2
Density, q, molar volume Vm, speed of sound u, isentropic compressibility kS, isobaric
temperatures between (293.15 and 343.15) K and p = 0.102 MPa.a

T/K q/(kg�m�3)b Vm/(cm3�mol�1) u/(m�s�1)

m2HEA
293.15 1038.7c 157.140 1576.8
298.15 1035.3 157.651 1562.9
303.15 1031.9c 158.165 1548.0
308.15 1028.6 158.681 1529.7
313.15 1025.2c 159.199 1511.9
318.15 1021.9 159.720 1499.4
323.15 1018.5c 160.243 1481.3
328.15 1015.2 160.769 1467.2
333.15 1011.9c 161.297 1451.2
338.15 1008.6 161.828 1436.7
343.15 1005.3c 162.362 1419.4

m2HEA
293.15 1012.6c 175.031 1537.0
298.15 1009.3 175.603 1516.3
303.15 1006.0c 176.177 1503.7
308.15 1002.8 176.751 1486.5
313.15 999.6c 177.327 1471.0
318.15 996.3 177.903 1457.0
323.15 993.1c 178.481 1440.0
328.15 989.9 179.041 1424.6
333.15 986.7c 179.639 1412.8
338.15 983.5 180.219 1397.1
343.15 980.3c 180.801 1381.9

a Standard uncertainties u are: u(T) = ±0.02 K, u(p) < ±0.03 MPa, u(q) = ±0.86 kg�m�3, u(u
b Experimental data by Talavera-Prieto et al. [8].
c Extrapolated values from equations (4) and (5) for m2HEAB and m2HEAP, respectivel
d From Cp,m/(J�K�1�mol�1) = 211.74 + 0.5037 (T/K) and Cp,m/(J�K�1�mol�1) = 292.46 + 0.360
and

lnðq=kg �m�3Þ¼7:1205—7:1229 �10�4ðT=KÞ�9:9988 �10�8ðT=KÞ2;
ð5Þ

were found adequate to correlate the density variation with tem-
perature, at atmospheric pressure, of the m2HEAB and m2HEAP
ILs, with standard deviations less than 10�5 kg�m�3. From equations
(4) and (5) combined with equation (3), the thermal expansivity of
the ionic liquid was calculated for the temperature values given in
table 2. The thermal expansivity values agree within 2.8% with the
ones derived from density measurements reported by Alvarez et al.
[21].

3.2. Volumetric properties of liquid mixtures

The densities of pure m2HEAB and m2HEAP, at atmospheric
pressure, were taken from a previous publication [8] where density
was determined for the (298.15 to 358.15) K temperature range
and (0.1 to 25) MPa pressure range. The density of the aqueous
mixtures of the studied ILs were determined for temperatures
ranging from (298.15 to 333.15) K covering all the mole fraction
range and are presented in table 3.

The experimental density of the ILs mixtures were correlated
using the rational function,

lnq ¼ x1 lnq1 þ x2 lnq2 þ x1x2

Pm
i¼0ðCi0 þ Ci1TÞ ð2x1 � 1Þi

1þPn
j¼1ðDj0 þ Dj1TÞð2x1 � 1Þ j

;

ð6Þ
where Cik (k = 0, 1) and Djk (k = 0, 1) are adjustable coefficients
obtained by fitting equation (6) to the variations of Dlnq/x1x2 (=
(lnq � x1lnq1 � x2lnq2)/x1x2) using simultaneously the investi-
gated temperatures and compositions. Those variations evidence
the characteristic hyperbolic shape with a steep increase near
x1 = 0 (see figure S1). This behaviour supports the use of the rational
functions to represent effectively the anomalous dependences of
molar heat capacity Cp,m, and thermal expansivity ap of m2HEAB and m2HEAP at

1010js/(Pa�1) Cp,m/(J�K�1�mol�1)d 104 ap/(K�1)

B
3.872 359.40 6.489
3.954 361.92 6.499
4.044 364.44 6.508
4.155 366.96 6.518
4.267 369.47 6.528
4.353 371.99 6.537
4.474 374.51 6.547
4.576 377.03 6.556
4.693 379.55 6.566
4.803 382.07 6.576
4.937 384.58 6.585

P
4.180 398.20 6.537
4.309 400.00 6.527
4.396 401.81 6.517
4.513 403.61 6.507
4.624 405.41 6.497
4.728 407.22 6.487
4.856 409.02 6.477
4.977 410.82 6.467
5.078 412.63 6.457
5.209 414.43 6.447
5.342 416.23 6.437

) = ±1.2 m�s�1.

y.
7 (T/K) for m2HEAB and 2mHEAP, respectively [8].



TABLE 3
Experimental density, q and speed of sound u, as a function of the composition, expressed as mole fraction of ionic liquid, x1, and molality, mIL, for the aqueous solutions of ionic
liquids m2HEAB and m2HEAP at temperatures between (298.15 and 333.15) K and p = 0.102 MPa.a

x1 mIL/(mol�kg�1) q/(kg�m�3) u/(m�s�1) q/(kg�m�3) u/(m�s�1) q/(kg�m�3) u/(m�s�1) q/(kg�m�3) u/(m�s�1)

m2HEAB
T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

0.0000 0.00 997.1c 1496.7c 995.7c 1509.2c 994.0c 1519.8c 992.2c 1528.9c

0.0199 1.13 1016.9 1645.6 1013.1 1646.1 1009.2 1646.7 1005.3 1647.3
0.0497 2.90 1035.0 1762.6 1032.4 1755.1 1029.8 1747.6 1027.2 1740.0
0.1005 6.20 1040.8 1773.4 1037.9 1763.6 1035.0 1753.8 1032.0 1744.0
0.1960 13.5 1050.5 1739.5 1047.4 1725.4 1044.4 1711.3 1041.3 1697.2
0.3008 23.9 1052.5 1732.0 1049.4 1717.0 1046.3 1701.9 1043.2 1686.8
0.4005 37.1 1049.1 1693.9 1046.0 1678.1 1042.8 1662.3 1039.6 1646.5
0.5090 57.5 1046.8 1674.1 1043.6 1658.3 1040.4 1642.4 1037.2 1626.6
0.5968 82.2 1045.0 1659.6 1041.7 1643.9 1038.5 1628.1 1035.3 1612.4
0.8069 232.0 1041.3 1630.4 1038.0 1614.5 1034.7 1598.6 1031.4 1582.7
1.0000 1035.3b 1562.9 1031.9b 1548.0 1028.6b 1529.7 1025.2b 1511.9

T = 318.15 K T = 323.15 K T = 328.15 K T = 333.15 K
0.0000 0.00 990.2c 1536.4c 988.0c 1542.6c 985.7c 1547.4c 983.2c 1551.0c

0.0199 1.13 1001.5 1647.8 997.6 1648.4 993.7 1648.9 989.9 1649.5
0.0497 2.90 1024.6 1732.5 1022.0 1725.0 1019.4 1717.5 1016.8 1709.9
0.1005 6.20 1029.1 1734.2 1026.2 1724.5 1023.2 1714.7 1020.3 1704.9
0.1960 13.5 1038.3 1683.1 1035.2 1669.0 1032.2 1654.9 1029.1 1640.8
0.3008 23.9 1040.1 1671.7 1036.9 1656.6 1033.8 1641.6 1030.7 1626.5
0.4005 37.1 1036.4 1630.6 1033.3 1614.8 1030.1 1599.0 1026.9 1583.1
0.5090 57.5 1034.0 1610.7 1030.9 1594.8 1027.7 1579.0 1024.5 1563.1
0.5968 82.2 1032.1 1596.6 1028.9 1580.8 1025.6 1565.1 1022.4 1549.3
0.8069 232.0 1028.1 1566.8 1024.9 1550.9 1021.6 1535.0 1018.3 1519.1
1.0000 1021.9b 1499.4 1018.5b 1481.3 1015.2b 1467.2 1011.9b 1451.2

m2HEAP
T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

0.0000 0.00 997.1c 1496.7c 995.7c 1509.2c 994.0c 1519.8c 992.2c 1528.9c

0.0199 1.13 1013.0 1645.3 1009.6 1644.5 1006.1 1643.7 1002.7 1642.9
0.0500 2.92 1026.0 1705.8 1022.7 1698.6 1019.3 1691.5 1015.9 1684.3
0.0988 6.09 1027.5 1670.2 1024.2 1659.8 1020.9 1649.5 1017.7 1639.1
0.2023 14.1 1029.9 1644.9 1026.8 1631.5 1023.7 1618.1 1020.7 1604.8
0.3000 23.8 1028.5 1633.5 1025.4 1618.8 1022.3 1604.2 1019.2 1589.6
0.4053 37.8 1025.2 1609.2 1022.1 1594.7 1018.9 1580.2 1015.8 1565.7
0.5003 55.6 1021.0 1583.7 1017.8 1568.6 1014.6 1553.5 1011.5 1538.4
0.5993 83.0 1019.1 1571.3 1015.9 1556.3 1012.7 1541.4 1009.5 1526.5
0.8061 230.8 1013.3 1541.8 1010.1 1526.5 1006.9 1511.2 1003.6 1495.9
1.0000 1009.3b 1516.3 1006.0b 1503.7 1002.8b 1486.5 999.6b 1471.0

T = 318.15 K T = 323.15 K T = 328.15 K T = 333.15 K
0.0000 0.00 990.2c 1536.4c 988.0c 1542.6c 985.7c 1547.4c 983.2c 1551.0c

0.0199 1.13 999.3 1642.2 995.8 1641.4 992.4 1640.6 988.9 1639.8
0.0500 2.92 1012.6 1677.2 1009.2 1670.0 1005.9 1662.8 1002.5 1655.7
0.0988 6.09 1014.4 1628.8 1011.1 1618.5 1007.8 1608.1 1004.5 1597.8
0.2023 14.1 1017.6 1591.4 1014.6 1578.0 1011.5 1564.6 1008.5 1551.2
0.3000 23.8 1016.1 1575.0 1012.9 1560.4 1009.8 1545.7 1006.7 1531.1
0.4053 37.8 1012.7 1551.2 1009.5 1536.7 1006.4 1522.2 1003.2 1507.7
0.5003 55.6 1008.3 1523.3 1005.1 1508.2 1002.0 1493.1 998.8 1478.1
0.5993 83.0 1006.3 1511.5 1003.1 1496.6 999.9 1481.7 996.7 1466.7
0.8061 230.8 1000.4 1480.6 997.2 1465.3 993.9 1450.0 990.7 1434.6
1.0000 996.3b 1457.0 993.1b 1440.0 989.9b 1424.6 986.7b 1412.8

a Standard uncertainties u are: u(T) = ±0.02 K, u(p) = ±0.39 kPa (for aqueous mixtures of ILs), u(p) < ±0.03 MPa (for pure ionic liquids), u(xIL) = ±10�4, u(m) = ±0.002 mol�kg�1, u
(q) = ±2 kg�m�3 (max), u(u) = ±7 m�s�1 (max).
b Experimental values by Talavera-Prieto et al. [8].
c From NIST: http://webbook.nist.gov/chemistry/fluid/ (accessed July 2014).
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the thermodynamic properties with the composition [22]. The
parameters Cik and Djk of equation (6) are presented in table 4.
The description of the density using these equations, with only 10
and 12 coefficients, is good for the whole temperature and compo-
sition ranges, with standard deviations close to the experimental
standard uncertainty of the measurements. The percentage relative
deviations between the calculated density values, obtained by
equation (6), and the experimental ones are lower than 0.2%, as
depicted in figure 1, meaning less than ±2 kg�m�3. However, some
density scatter is observed for fixed composition at some tempera-
tures. The scatter at low ionic liquid content (x1 < 0.1) must be due
to the strong change in density with composition: in this range,
errors of ±0.001 in the mole fraction could give uncertainties about
±2 kg�m�3. Beyond this range, the errors in the composition will be
certainly of minor influence in density uncertainty (possibly less
than ±1 kg�m�3). It is possible that real uncertainty in the mole frac-
tion could be sometimes greater than the given standard uncer-
tainty (±10�4) and thus the uncertainty in density could reach at
the worst situation a maximum of ±2 kg�m�3. We made the analysis
of (qeq.(6) � qexp) deviations for (m2HEAB + H2O) mixtures and we
have found that 63% of the measurements show deviations within
one standard deviation (±1 kg�m�3) as almost expected statistically
for random errors occurring in the measurements. Therefore the
maximum uncertainty for the measurement of density of the aque-
ous IL mixtures will be at worst situation ±2 kg�m�3.

For the binary systems, the excess molar volumes, Vm
E , were cal-

culated using the experimental mixture and the pure compounds
densities, as described by equation (7):

http://webbook.nist.gov/chemistry/fluid/


TABLE 4
Fitting parameters Cik, Cjk, average absolute deviation AAD%, and standard deviation r, for density and speed of sound of binary aqueous systems by equations (6) and (18)
respectively.

Mixture m2HEAB(1) + H2O(2) m2HEAP(1) + H2O(2)

Parameter ln q/(kg�m�3) u/(m�s�1) ln q/(kg�m�3) u/(m�s�1)

C00 0.23360 3565.65 �5.5220�10�2 3036.70
C01 �3.6717�10�4 �9.95364 5.4262�10�4 �9.10821
C10 0.23764 2053.99 1000.63 2650.35
C11 �3.67711�10�4 �5.60217 �5.22389 �8.2298
C20 4.1823�10�3 �891.275 �503.888 �533.01
C21 �5.9104�10�5 3.97366 1.91384 1.48736
C30 0 0 �1874.58 0
C31 0 0 7.05064 0
D10 1.79096 3.43479 27891.3 3.38372
D11 6.7754�10�4 �6.9964�10�3 �117.194 �5.0522�10�3

D20 0.80111 2.30968 27595.3 2.47402
D21 5.8872�10�4 �6.4942�10�3 �116.102 �5.3745�10�3

AAD% 0.08 0.31 0.05 0.16
rq (or ru) 0.95 7.3 0.69 3.3
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FIGURE 1. Relative deviations between the calculated density, (qcalc) with corre-
lation equation (6) and the experimental values (qexp) for the aqueous mixtures of
ILs as function of IL mole fraction x1 and temperature: D, {m2HEAB(1) + H2O(2)}; ,
{m2HEAP(1) + H2O(2)}.
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VE
m ¼ M

q
� x1M1

q1
� x2M2

q2
; ð7Þ

where q is the density of the mixture and M = (x1M1 + x2M2) is the
corresponding molar mass.

Using the experimental density and the mole fraction uncer-
tainties, the uncertainty in Vm

E , u(Vm
E ), is estimated, using the errors

propagation method, to be ±0.10 cm3�mol�1 at the upper limit of
ionic liquid concentrations and ±0.03 cm3�mol�1 at the lower limit.

The binary Vm
E experimental values were fitted by means of

Redlich–Kister polynomials:

VE
m=ðcm3 �mol�1Þ ¼ x1x2

X2
i¼0

ðAi;0 þ Ai;1TÞð2x1 � 1Þi; ð8Þ

where Aij (j = 0, 1) are adjustable coefficients given in table 5
together with the standard deviation rðVE

mÞ. The experimental val-
ues of the excess molar volumes for the binary systems are plotted
in figure 2. The Vm

E values take negative values at all temperatures
and over the entire composition range. Furthermore, its tempera-
ture dependency is very small, while for fixed compositions and
ionic liquid mole fractions ranging between 0.2 and 0.6 are signifi-
cantly negative (less than �1 cm3�mol�1).

It is observed that the Vm
E curves are asymmetric with a mini-

mum at mole fractions of ionic liquid between 0.3 and 0.4. A sim-
ilar behaviour was found for the {m2HEAPr(1) + H2O(2)} system
studied by the authors [12]. The significant magnitude and nega-
tive sign of the Vm

E values reflect the type of interactions taking
place between the species, which are the result of different effects,
namely the breakdown of the self-associated water molecules
(positive contribution to volume), the packing effect, and the
ion–dipole interaction of water molecules with ionic liquid (nega-
tive contributions to the volume). The minimum of the Vm

E at IL
mole fractions ranging from 0.3 to 0.4 corresponds to the highest
packing between water and ionic liquid. The molar volumes of
the pure ILs are higher than 150 cm3�mol�1 in all the temperature
range, being much greater than the molar volume of water
(18.02 cm3�mol�1). These large differences between molar volumes
have as a consequence that the small water molecules will occupy
the available space or free volume of the ionic liquid upon mixing.
From the molecular dynamics (MD) studies by Bernardes et al. [23],
an approximate picture of the structure of N-methyl-2-
hydroxyethylammonium (ILs + water) mixtures within the compo-
sition range where the Vm

E minimum occurs can be made. The
introduction of water into the polar network will be responsible
by increase in the cation–cation and anion–anion distance due to
the ability of water to interact with (and partially destroy) the
polar network. In the evaluated composition range, the authors
identified intermeshed types of chain-like networks with different
degrees of aggregation: (i) the IL polar network, that is stretched
but still continuous at lower water content becoming more
fragmented as water increase; (ii) at moderate water mole
fractions there will be a water network composed by chains of
water molecules, with very little branching; and (iii) a water–anion
network possibly formed by alternating anions and water mole-
cules, could exist at intermediate/high water mole fractions of
0.7 to 0.8. Anyway, ionic liquid pairs can form at very dilute IL
aqueous mixtures. Applying X-ray scattering techniques to
(2-hydroxyethylammonium + water) solutions, Alvarez et al.
report the formation of pairs from ionic liquid at IL mole fraction
near 0.08 [13].

The apparent molar volumes, V/, of the PILs in the aqueous mix-
tures were calculated using equation (9):

V/ ¼ M1

q
þ ðq2 � qÞ

mq2q
; ð9Þ

where m (mol�kg�1) is the molality of IL in water. From the error in
mole fraction the maximum uncertainty in molality, u(m), is esti-
mated to be ±0.002 mol�kg�1. The uncertainty in V/, u(V/), was
obtained from the errors propagation method and is on the order
of ±0.57 cm3�mol�1 for the low ionic liquid content region, decreas-
ing to ±0.11 cm3�mol�1 for higher IL concentrations. The calculated
apparent molar volumes are given in table S1 as supplementary



TABLE 5
Fitting parameters of equation (8) used for analytical representation of Vm

E , and of equation (20) used for kSE, and uE with 95% of confidence limits for the {m2HEAB(1) + H2O(2)}
and {m2HEAP(1) + H2O(2)} systems.

A0k A1k A2k B1k B2k

Vm
E /(cm3�mol�1)
m2HEAB

k = 0 �3.06061 4.50264 �6.03123 r(Vm
E ) = 0.068

k = 1 �7.2674�10�3 �9.1059�10�3 6.9325�10�3

m2HEAP
k = 0 �3.42737 5.18485 �14.1482 r(Vm

E ) = 0.060
k = 1 �5.3816�10�3 �7.8097�10�3 3.9243�10�2

1010/kS
E(Pa�1)

m2HEAB
k = 0 �6.75267 �20.1372 1.25162 6.8384 5.4219 r(kSE) = 0.038
k = 1 1.0954�10�2 5.8129�10�2 �1.0006�10�2 �1.8066�10�2 �1.6556�10�2

m2HEAP
k = 0 �7.00032 �1.28769 �1.85397 1.03282 0 r(kSE) = 0.039
k = 1 1.4212�10�2 4.2158�10�3 5.6650�10�3 �1.9205�10�4 0

uE/(m�s�1)
m2HEAB

k = 0 2192.912 249.9751 407.5004 0.98182 0 r(uE) = 8.8
k = 1 �5.13791 �0.31384 6.9122�10�2 �1.8217�10�4 0

m2HEAP
k = 0 1829.375 187.2036 163.0799 0.94655 0 r(uE) = 8.5
k = 1 �4.61251 �0.66194 �0.27260 9.1520�10�5 0
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FIGURE 2. Excess molar volumes, Vm
E , as a function of ammonium IL mole fraction, x1 at temperatures of 298.15 K (D), 308.15 K (s), 318.15 K (}), 328.15 K (+), for {m2HEAB

(1) + H2O(2)} (a), and {m2HEAP(1) + H2O(2)} (b). Solid and dashed curves were calculated from equation (8) at T = (298.15 and 328.15) K, respectively.
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information and plotted in figure 3 as function of the IL molality and
temperature.

The apparent molar volume increases rapidly at low concentra-
tions (up to m � 25 kg�mol�1) and then it is almost constant.

The apparent molar volumes as function of IL molality and tem-
perature, for the whole concentration and temperature ranges,
were described by the following equation:

V/ ¼ V0
/ðTÞ þ

AVðTÞðmÞ1=2 þ BVðTÞm
1þ CVðTÞm ; ð10Þ

where V0
/ðTÞ, AV(T), BV(T), and CV(T) are functions of temperature:

V0
/ ¼ v0 þ v1T þ v2T

2, AVðTÞ ¼ a0 þ a1T , BVðTÞ ¼ b0 þ b1T þ b2T
2,

CVðTÞ ¼ c0 þ c1T . The quadratic terms in temperature are needed
in order for the equation to be able to describe the small curvature
on the temperature observed for low IL concentrations (see figure
4).

For the dilute solution of IL ðm ! 0Þ equation (10) gives the
empirical Redlich–Rosenfeld–Meyer equation [24]:

V/ ¼ V0
/ þ AV ðmÞ1=2 þ BV m; ð11Þ

derived from the Debye-Hückel limiting law. In equations (10) and
(11) V0

/ is the apparent molar volume at infinite dilution (equal to
the partial molar volume at infinite dilution). The parameters vi,
ai, bi and ci of equation (10) are reported in table 6. The correlation
of apparent molar volume with equation (10) is excellent as
depicted in figure 3 where equation (10) is plotted as solid lines.
The standard deviations of fittings are small of 0.25 cm3�mol�1

and 0.24 cm3�mol�1 respectively for the aqueous mixtures of
m2HEAB and m2HEAP.
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3.2.1. Pitzer–Simonson equation
The thermodynamics of electrolyte solutions have been suc-

cessfully developed using a semi-empirical model based upon a
virial series in molality and an extended Debye–Huckel term
[25,26]. However the model fails at very high concentrations of
salt, as the molality becomes infinite for the pure salt. An alter-
native mole-fraction-based model has been developed by Pitzer
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FIGURE 4. Apparent molar volume versus molality and temperature for aqueous solut
and Simonson [18] for electrolytes of symmetrical charge type.
In that model, the excess Gibbs energy, GE, is given by the sum
of a term for short-range interactions (Margules type) and a
Debye–Huckel term [27]. Given a symmetrical charged ionic liq-
uid MX as the solute, dissociated in M and X ions, the mole frac-
tion of the solvent can be expressed as xs ¼ nS=ðnS þ 2nMXÞ and
the mole fraction of the solute is xM ¼ xX ¼ nMX=ðnS þ 2nMXÞ
where n is the number of moles of the species. The ionic mole
fraction is defined as xI ¼ ðnM þ nXÞ=ðnS þ nM þ nXÞ and therefore
xI ¼ xM þ xX ¼ 1� xS. For a MX symmetrical charged ionic liquid,
the ionic mole fraction is [28] xI ¼ 2m=ð2mþmSÞ where ms

(ms = 1/Ms) is the molality of solvent with molar mass Ms

(ms = 55.5084 mol�kg�1 for water). From the excess Gibbs energy
the equations for apparent molar volume can be derived. One
equation is [27]:

V/ ¼ V0
/ � 2RTxI WV

s;MX � xsU
V
s;MX

h i
þ AV

x

b

 !
lnð1þ bI1=2x Þ; ð12Þ

where V0
/ is the partial molar volume of the ionic liquid at infinite

dilution (taken also as V0
/), Ix is the ionic strength for MX on a mole

fraction basis calculated as [27]:

Ix ¼ ð1=2Þ
X

xiz2i ¼ xM ¼ xX ¼ ð1� xsÞ=2; ð13Þ
where zi is the charge of the ith ion. The parameter
b = 2150(qs/eT)1/2 is related to a hard-core collision diameter [29]
(qs is the density of solvent and e the dielectric constant). The
parameters WV

s;MX and UV
s;MX in equation (12) characterising the

short-range part of GE, are both functions of temperature and pres-
sure, and specific to each solute. The Debye–Huckel parameters are:

AV
x ¼ m1=2

s AV
; AV ¼ �4RT

@A/
@P

� �
T

; ð14Þ

where the AV values are the Debye–Hückel limiting slope men-
tioned before, reflecting the volumetric and dielectric properties
of solvent and were tabulated at different temperatures by Archer
and Wang [30]. Equation (12) can be also written as:

Y ¼ V/ � AV
x

b

 !
lnð1þ bI1=2x Þ

¼ �V0
/ þ 2RTxI UV

s;MX �WV
s;MX

h i
� 2RTx2I U

V
s;MX: ð15Þ
050100150

ol.kg-1 )
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ions of m2HEAB. The coloured surface represents the fitted equation (10) to data.



TABLE 6
Fitting parameters, and standard deviation r, for apparent molar volume and apparent molar isentropic compressibility of binary IL aqueous systems by equations (10) and (24)
respectively.

Mixture m2HEAB(1) + H2O(2) m2HEAP(1) + H2O(2)

Parameter V//(cm3�mol�1) k//(m3�mol�1�Pa�1) V//(kg�m�3) k//(m3�mol�1�Pa�1)

v0 or k0 91.1941 �402.241 94.8636 �553.165
v1 or k1 0.18671 2.38501 0.22855 3.26581
v2 or k2 �1.1201�10�4 �3.5350�10�3 �9.8796�10�5 �4.8081�10�3

a0 15.8086 188.341 23.9278 79.9132
a1 �9.7880�10�3 �1.17784 �3.5272�10�2 �0.46819
a2 1.8369�10�3 6.2696�10�4

b0 �9.27719 69.1187 �13.999 556.216
b1 5.7379�10�3 �0.37443 2.0635�10�2 �3.31499
b2 1.0168�10�8 5.1364�10�4 1.0973�10�9 5.0124�10�3

c0 �0.34446 �5.6116 �0.34229 7.7164
c1 �5.3013�10�8 0.039783 �7.1439�10�9 �4.5456�10�2

c2 �6.7081�10�5 7.6178�10�5

r 0.25 0.17 0.24 0.18

TABLE 7
Pitzer–Simonson parameters UV

s;MX, W
V
s;MX and V0

/ of equation (12), for the ammonium ILs in water, and limiting apparent molar volume, V0
/ of equation (10) at several

temperatures.

T/K V0
//(cm

3�mol�1) V0
//(cm

3�mol�1) 103UV
s;MX/(MPa�1) 103WV

s;MX/(MPa�1) r/(cm3�mol�1)

m2HEAB(1) + H2O(2)
298.15 136.903 142.741 2.7573 �2.2309 1.0
303.15 137.500 143.494 2.5661 �2.1335 1.0
308.15 138.091 144.158 2.4154 �2.0521 1.0
313.15 138.677 144.747 2.2990 �1.9841 1.0
318.15 139.257 145.255 2.2170 �1.9298 1.0
323.15 139.831 145.693 2.1635 �1.8866 1.0
328.15 140.400 146.063 2.1360 �1.8537 1.0
333.15 140.963 146.370 2.1319 �1.8300 1.0

m2HEAP(1) + H2O(2)
298.15 154.223 160.616 2.7048 �2.3142 0.9
303.15 155.069 161.849 2.2898 �2.1560 0.8
308.15 155.910 163.000 1.9198 �2.0150 0.7
313.15 156.746 164.081 1.5880 �1.8888 0.7
318.15 157.577 165.087 1.2946 �1.7773 0.6
323.15 158.403 166.028 1.0332 �1.6781 0.6
328.15 159.224 166.908 8.0125 �1.5902 0.5
333.15 160.040 167.730 5.9607 �1.5125 0.5
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The properties needed for calculation of values of AV
x and b val-

ues are given as supporting information (see table S2). Values of

partial molar volumes V0
/ and the parameters WV

s;MX and UV
s;MX are

given in table 7 for the essayed temperatures. In the same table,

the limiting partial molar volumes V0
/ derived from equation (15)

are compared with V0
/ obtained from equation (10). The limiting

apparent molar volume values obtained from the rational function
equation (10) are lower by about (6 to 8) cm3�mol�1 than the
partial molar volumes resulting from the Pitzer–Simonson equa-
tion. The temperature dependence of the limiting apparent molar
volume values given by equation (10) is: V0

//(cm
3�mol�1)

= 91.1941 + 0.186705 (T/K) � 1.1201�10�4 (T/K)2 for m2HEAB
and V0

//(cm
3�mol�1) = 94.8636 + 0.22855 (T/K)� 9.87959�10�5 (T/K)2

for m2HEAP. The partial molar volumes calculated from the
Pitzer–Simonson equation were fitted to a quadratic polynomial

in temperature: V0
//(cm

3�mol�1) = �36.5538 + 1.04718 (T/K) �
1.4952�10�3 (T/K)2 and V0

//(cm
3�mol�1) = �35.347 + 1.06406

(T/K) � 1.3643�10�3 (T/K)2 for m2HEAB and m2HEAP, respectively.
Therefore, the limiting apparent molar volume expansibility,
a0
p ¼ ð@V0

/=@TÞp or a0
p ¼ ð@ �V0

/=@TÞp is positive and decreases very

slowly with temperature. It can be seen that a0
p resulting from
equation (10) remains constant at about 0.12 cm3�mol�1�K�1

and 0.17 cm3�mol�1�K�1 for the two ILs over the range of
temperatures studied. Following Zafarani-Moattar et al. [31],
positive expansibility is a characteristic property of aqueous
solutions with hydrophobic hydration and this behaviour means
electrostriction of electrolytes in aqueous solutions. On heating,
some water molecules can be released from the hydration layers
[32] which increase the solution volume. High positive values of
a0
p have been observed for aqueous solutions of imidazolium-

based ILs [31] whereas negative values are observed for alcoholic
mixtures of ILs [32]. According to Hepler [33], the sign of
ð@a0

p=@TÞp ¼ ð@2 �V0
/=@T

2Þ
p
provides a qualitative criterion for the

characterisation of the long-range structure-making or -breaking
ability of a solute in solution. A positive sign or close to zero value
of ð@2 �V0

/=@T
2Þ

p
indicates a structure maker solute, otherwise is a

structure breaker. The expressions mentioned before show that
ð@2 �V0

/=@T
2Þ

p
values are negative, indicating that the ammonium

ILs studied act as structure breaker in water which in turn form
chains around the IL molecules. This behaviour agrees with MD
results [23] indicating that for water mole fractions in the range
(0.8 to 0.9) the average number of neighbours of a given water
molecule is lowered from (�5) found in bulk water aggregates
[34] to 2 or 3.
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3.3. Acoustical properties

The speed of sound for pure m2HEAB and m2HEAP at atmo-
spheric pressure was measured over the temperature range T =
(293.15 to 343.15) K and the results are presented in table 2 and
plotted in figure 5. The results for m2HEAPr, reported in this
authoŕs previous study [12], are also plotted for comparison. In this
figure, those values are compared with results reported by Álvarez
et al. [21]. The measured values presented by them are always sig-
nificantly higher than the ones reported in this study. Deviations
are from (3 to 4)% at T = (293.15 and 338.15) K, respectively, for
m2HEAPr and m2HEAB (about 60 m�s�1) and 2% (about 30 m�s�1)
for m2HEAP. These significant differences can be accounted due
to water contamination and possibly the different measurement
techniques used. The ILs samples measured by Álvarez et al.
were dried for 48 h at ambient temperature under a medium
vacuum (of 20 kPa) with stirring before each use but the water
content in the ILs was not measured because the room humidity
was not completely controlled. The contamination with water
of the ammoniums used by Álvarez et al. could be a major
problem in the measurements because as table 3 shows, small
water quantities increase speed of sound of N-methyl-2-
hydroxyethylammoniums. Taking for example our data for
T/K
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FIGURE 5. (a) Speed of sound, u, of m2HEAPr, m2HEAB and m2HEAP as a function
of temperature. Experimental values: D, m2HEAPr [12]; , m2HEAB; , m2HEAP;
solid lines, correlation with equation (16); dashed lines, Álvarez et al. [21]; dash-dot
lines, prediction with Wu et al. method [38]. (b) Relative deviations of experimental
values from data measured by Álvarez et al. [21]: D, m2HEAPr [12]; , m2HEAB
(this work); , m2HEAP (this work); relative deviations of experimental values
from equation (16): ▲, m2HEAPr [12]; , m2HEAB; , m2HEAP; Solid lines refer to
the relative deviations of experimental values from predictive Wu et al. method:
black, m2HEAPr [12]; red, m2HEAB; blue, m2HEAP. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
m2HEAB for the aqueous mixture with xIL = 0.8 and the pure IL,
assuming that our results are more feasible and that linear beha-
viour between speed of sound and mole fraction holds within this
range, it can be concluded that the sample studied by Alvarez et al.
could contain up to 0.02 mass fraction of water. Probably m2HEAP
was the less water contaminated IL.

Values of the speed of sound of this work have also been corre-
lated with temperature using the equation proposed by Rao [35]:

u ¼ u0ð1� T=TcÞm; ð16Þ
where u0 is the speed of sound at absolute zero, Tc is the critical
temperature, m and u0 are fitting parameters. Rao proposed
m = 0.9 and it is interesting to note that the equation (16) is similar
to that proposed later by Guggenheim [36] to represent the surface
tension variation with temperature. The critical temperature for
ionic liquids was obtained by the group contribution method pro-
posed by Valderrama et al. [37] and already used in [12]. For
m2HEAB and m2HEAP, Tc = (760.26 and 782.49) K, were obtained
respectively [38]. The fitting equation (16), by least squares, to
the speed of sound given in table 2 gives u0 = (2484.1 ± 10.5) m�s�1,
m = (0.9322 ± 0.0078) with standard deviation ru = 1.4 m�s�1 for
m2HEAB and u0 = (2421.9 ± 14.6) m�s�1, m = (0.9736 ± 0.0078) and
ru = 1.9 m�s�1 for m2HEAP. Equation (16) is represented in
figure 5.

Recently, Wu et al. [38] proposed a corresponding states group
contribution method for estimating the speed of sound of ILs based
on speed of sound data of 96 pure ILs (containing 51 cations and 23
anions) reported between 2005 and 2013. The proposed equation
was:

u ¼
X3
i¼0

ai
Xk
j¼1

njDu0j

 !i

ð1� T=TcÞ0:65359; ð17Þ

where nj is the number of groups of type j, k is the total number of
different groups in the ionic fragment, and ai and Du0j are parame-
ters and group contribution parameters for group j, respectively. An
average absolute deviation (AAD) of 2.34% has been obtained for a
total of 96 ionic liquids covering imidazolium, pyridinium, pyrroli-
dinium, phosphonium, and ammonium cations combined with a
large variety of anions. In figure 5, the speed of sound values pre-
dicted using equation (17) are compared with those reported in this
work and those determined by Álvarez et al. [21]. It can be con-
cluded that the predicted values from the Wu et al. equation are
always higher than our values by figures as large as 7% for m2HEAB
and m2HEAP at temperatures close to 340 K. Also, the data pre-
sented by Álvarez et al. [21] are lower than those estimated with
theWumethod, although the agreement is better. Wu et al. referred
that the method cannot provide satisfactory results for protic ILs
due to the presence of proton-donor and proton-acceptor sites.

The experimental speed of sound was correlated using the
rational function of the form:

u ¼ x1 u1 þ x2 u2 þ x1x2

Pm
i¼0ðCi0 þ Ci1TÞð2x1 � 1Þi

1þPn
j¼1ðDj0 þ Dj1TÞð2x1 � 1Þ j

: ð18Þ

The adjustable coefficients Cik (k = 0, 1) and Djk (k = 0, 1) were
obtained by fitting equation (18) to the variations
Du=x1x2 Du=x1x2 ¼ u� x1u1 � x2u2ð Þ= x1x2ð Þ½ � using simultaneously
the temperature and composition over the whole ranges and are
presented in table 4 for the aqueous mixtures of m2HEAB and
m2HEAP. The aforementioned variations show characteristic
hyperbolic shapes with a step increase observed near x1 = 0, as
shown in figure 6. From table 4 it can be concluded that the corre-
lation of speed of sound with equation (18) is reasonable for the
whole temperature and composition ranges as revealed by stan-
dard deviations (7.3 and 3.3) m�s�1 with corresponding average
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absolute deviations (0.31 and 0.16)%. Standard deviations in speed
of sound ranging from (1.5 to 8.5) m�s�1 were reported by Alvarez
et al. [13], who used polynomial expressions with 21 coefficients
for 2-hydroxyethylammonium acetate (+water, methanol, or etha-
nol) systems. The relative deviations of the calculated speed of
sound values by equation (18) from the experimental ones are pre-
sented in figure 7. They are usually lower than 0.5% but important
data scatter is observed, presenting the relative deviation large
variations even for fixed composition at various temperatures
(for example for (m2HEAB(1) + H2O(2)) at x1 = 0.1960 the devia-
tions range between (0.3 to 0.7)%). Most likely factors as heteroge-
neous mixing and temperature can influence the speed of sound
measurement for the mixtures and the resulting uncertainty will
be higher than the combined uncertainty obtained from cell cali-
bration (±1.2 m�s�1). Considering that equation (18) represents a
standard behaviour to which corresponds the minimum error,
the expected uncertainty will be of the order of the standard devi-
ation. For each of the aqueous m2HEAB and m2HEAP systems, it is
found that only a very small number of mixtures show absolute
deviations in the speed of sound with values higher than the
x1
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FIGURE 7. Relative deviations between the calculated speed of sound values (ucalc)
with correlation equation (18) and experimental values (uexp), for the aqueous
mixtures of ILs as function of x1 and temperature: D, {m2HEAB(1) + H2O(2)}; ,
{m2HEAP(1) + H2O(2)}.
respective standard deviation. This reasoning allows setting a max-
imum uncertainty of speed of sound of the order of ±7 m�s�1 for the
measurements in the aqueous ILs systems.

Speed of sound measurements of aqueous electrolyte solutions
provides information about ion–ion and ion–solvent interactions
[39]. Based on the measured speed of sound and density values,
reported in table 3, the isentropic compressibility of the mixture,
kS, was calculated from the Laplace–Newtońs equation
kS ¼ ð1=qu2Þ. The uncertainty in kS, u(kS), was calculated from
the errors propagation method using the standard deviations
obtained for the experimental density and speed of sound. A max-
imum uncertainty of the order ±6.0 10�13 Pa�1 was found. The

excess isentropic compressibility kES ¼ kS � kidS , was calculated
using the rigorous thermodynamic ideal-mixing rule for isentropic

compressibility, kidS , found by Benson and Kiyohara [40] and dis-
cussed by Douhéret et al. [41]:

kidS ¼
X2
i¼1

/ikS;i þ T
X2
i¼1

/iVm;ia2
p;i

Cp;m;i
� V id

mðaid
p Þ

2

Cid
p;m;i

" #
; ð19Þ

where /i ð¼ xiVm;i=V
id
mÞ is the volume fraction of the component i in

the mixture, whereas ap;i and Cp;m;i are the thermal expansivity and
molar heat capacity, respectively, of pure component i. The

V id
m (¼P2

i xiVm;i), aid
p (¼P2

i /iap;i) and Cid
p;m (¼P2

i xiCp;i) are the molar
volume, thermal expansivity and molar isobaric heat capacity,
respectively, of the ideal mixture. All the above properties values

as well as the kS, k
id
S , and kES are provided in table S1, in supplemen-

tary information. The kES values were correlated with the IL mole
fraction by the rational function:
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kES ¼ x1x2

Pm
i¼0ðAi0 þ Ai1TÞð2x1 � 1Þi

1þPn
j¼1ðBj0 þ Bj1TÞð2x1 � 1Þ j

: ð20Þ

The correlation coefficients Aik and Bjk (k = 0, 1) are given in
table 5 with the corresponding standard deviations rðkSÞ. In figure

8 the experimental and the calculated values of kES from equation
(20) are displayed for the binary systems (m2HEAB + H2O) and
(m2HEAP + H2O) as a function of the IL mole fraction and temper-
ature. The corresponding surface plot for (m2HEAB + H2O) is given
in figure S2 as supplementary material. The excess isentropic com-
pressibility is always negative for the whole range of temperatures
and compositions and becomes less negative when the tempera-

ture increases. The kES curves are remarkably asymmetric, with
sharp minima at low values of IL mole fraction (x1 � 0.1). The high
negative values of the (IL + H2O) mixtures are due to the closer
proximity between water molecules and IL ions, and the strong
interaction between them, leading to a compressibility decreasing.
This fact is in agreement with the MD results [23] as discussed
before in the volumetric part of this work.

Douhéret et al. [41] stated that the speed of sound in an ideal-
mixture uid may be obtained with equation (21):

uid ¼ qidkidS
� ��1=2

¼ V id
m

kidS M

 !1=2

; ð21Þ

allowing the excess speed uE (=u – uid) calculation. The values of uid

and uE are given in table S1. The uE values were correlated by
rational functions (analytically similar to equation (20)), and the
coefficients and standard deviation r(uE) are given in table 5. The
experimental and correlated values of uE with equation (20) are
represented in figure 9 for the systems (m2HEAB + H2O) and
x1
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FIGURE 9. Excess speed of sound, uE as a function of mole fraction, x1 at several
temperatures. D, 298.15 K; s, 308.15 K; }, 318.15 K; +, 328.15 K, for {m2HEAB(1)
+ H2O(2)} (black) and for {m2HEAP(1) + H2O(2)} (red). Solid curves were calculated
from equation (20) for uE. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
(m2HEAP + H2O). The surfaces uE–x1–T are plotted in figures S3
and S4 for m2HEAB and m2HEAP.

Similar to that observed in the previous work, for (m2HEAPr
+ H2O) [12], the uE is always positive over the whole range of tem-
perature and compositions, but it decreases with the temperature
increase. The fitted curves are very asymmetric, presenting a max-
imum at the low IL mole fraction (x1 � 0.1) similar to what can be

observed for kES . The excess speed of sound and the excess isen-
tropic compressibility are closely related. It can be shown [12] that

uE ¼ 1

q1=2ðkES þ kidS Þ
1=2 �

1

q1=2
id ðkidS Þ

1=2 : ð22Þ

Furthermore, subtraction of term 1=q1=2
id kidS
� �1=2

from

1=q1=2 kES þ kidS
� �1=2

will withdraw influence of kidS and then evi-

dencing more the analytical influence of kES in uE. The almost sym-
metrical shape observed in figures 8 and 9 can be explained in this
way.

The apparent IL molar isentropic compressibility values, k/, of
the ionic liquid aqueous mixtures were computed using equation
(23):

k/ ¼ kSM1

q
þ ðkSq2 � kS;2qÞ

mq2q
; ð23Þ

where kS,2 and kS are the water and the binary mixture (IL + water)
isentropic compressibility, respectively. The uncertainties in k/, u
(k/), are of the order of ±5.4 � 10�16 m3�mol�1�Pa�1 and
±1.0 � 10�16 m3�mol�1�Pa�1 at low and high concentrations of ionic
liquid, respectively. The calculated apparent molar compressibility
from equation (23) are given in table S1 and plotted in figure 10
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as function of the IL molality and temperature. The apparent molar
compressibility increases rapidly up to molality of m � 25 kg�mol�1

and it becomes almost constant afterwards that is also a behaviour
verified for the apparent molar volume.

The apparent molar isentropic compressibility is also well
described by rational functions:

k/ ¼ k0/ðTÞ þ
AkðTÞðmÞ1=2 þ BkðTÞm

1þ CkðTÞm ; ð24Þ

where k0/ ¼ k0 þ k1T þ k2T
2, AkðTÞ ¼ a0 þ a1T þ a2T

2, BkðTÞ ¼ b0 þ
b1T þ b2T

2, CkðTÞ ¼ c0 þ c1T þ c2T
2. From least squares, the parame-

ters (corresponding to 1014k/) ki, ai, bi and ci are listed in table 6. For
dilute IL solutions when ðm ! 0Þ, equation (24) leads to equation
proposed by Dey et al. [42]:

k/ ¼ k0/ þ AkðmÞ1=2 þ Bkm; ð25Þ

where Ak is the Debye–Hückel limiting slope for apparent molar
isentropic compressibility, and the slope Bk is an empirical constant
obtained by fitting of equation (25) to apparent molar isentropic
compressibility data.

The k/ values calculated from equation (24) are represented in
figure 10 and the surfaces k/–m–T are illustrated in figures S5 and
S6. For values of molality up to 25 kg�mol�1, k/ increases exponen-
tially (k/ values around 6 m3�mol�1�Pa�1) followed by an almost
constant regime afterwards. The k/–m–T behaviour is similar to
that observed in the system (m2HEAPr + H2O) [12].

As the limiting apparent molar volumes, the limiting molar

apparent compressibility, k0/, (k/ðxIL ! 0Þ), gives the extent of

ion–solvent interactions. The k0/ values are appreciably negative
for the ILs studied here, especially at lower temperatures, indicat-
ing that these ILs lead to an electrostriction effect, which means an
appreciable decrease in the mixture compressibility. The main
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(For interpretation of the references to colour in this figure legend, the reader is referre
factors contributing to the k0/ values are the ions intrinsic com-
pressibility (usually a positive contribution), and the penetration
of the solvent molecules in the free volume of the ionic solute (neg-

ative contribution). Therefore the significant negative k0/ will be
due to the predominance of water penetration compared with
the compressibility of the ionic species. Zhao et al. [43] referred
that ILs dilute solutions can form oligomeric aggregates between
cations and anions with free volume depending on the solution
concentration. This situation will cause penetration of small water
molecules in the intra-ionic free space. Furthermore, Álvarez et al.
[13] studied the aggregation, dynamic behaviour and hydrogen-
bond network of aqueous mixtures of 2HEAA by thermo-
acoustical, X-ray, and nuclear magnetic resonance techniques.
They concluded that a water structure around the (�NH3

+) species
exists at different water mole fractions reflecting the transient for-
mation of a complex with a long life between 2HEAA and one or
more water molecules.

In the work by the authors [12], the molar compressibility val-
ues or Wadás constant [44] of pure m2HEAPr and its aqueous mix-
tures were calculated as:

km ¼ M
q
k�1=7
S : ð26Þ

The results for molar compressibility of pure m2HEAB, 2HEAP
and water as well for the ILs aqueous mixtures are presented in
table S1 as supplementary information. The uncertainties in the
calculation of km, u(km), can be estimated as ±(3.0 � 10�7 and
7.0 � 10�7) m3�mol�1�Pa1/7 at low and high concentrations of ionic
liquid, respectively. In figure 11, the molar compressibility is plot-
ted versus temperature for fixed compositions. It is observed that
km is an almost a constant function of temperature as seen before
[12] for pure m2HEAPr, pure water and (m2HEAPr + H2O)
mixtures. Observing figure 11(a) and (b) and from table 8 it can
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and mole fraction of IL at approximate mole fractions ( ), x1 = 0; (s), x1 = 0.02; (h),
+) x1 = 0.8, (▲), x1 = 1.000 for: (a) {m2HEAPr(1) + H2O(2)} (black) and {m2HEAB(1)
r isomole fraction the range of temperature is (298.15 to 333.15) K at 5 K intervals.
d to the web version of this article.)



TABLE 8
Mean molar compressibility hkmi, standard deviation, rkm, and average relative
deviation, AAD, from the mean molar compressibility versus mole fraction for the
aqueous mixtures of N-methyl-2hydroxyethylammonium ILs.

x1 104�hkmi/(m3�mol�1�Pa1/7) 104�rkm/(m3�mol�1�Pa1/7) AAD%

m2HEAPra

0.0000 3.9582 0.0287 0.631
0.0200 4.5676 0.035 0.660
0.0501 5.4158 0.019 0.306
0.1001 6.8250 0.010 0.128
0.1010 6.8505 0.010 0.131
0.2006 9.5765 9.7�10�4 0.009
0.3010 12.3536 4.3�10�3 0.030
0.3978 14.9763 5.0�10�4 0.003
0.4976 17.6984 3.5�10�3 0.017
0.5972 20.4607 6.6�10�3 0.028
0.8006 26.0244 0.015 0.049
1.0000 31.3776 0.021 0.060

m2HEAB
0.0000 3.9583 0.0287 0.631
0.0199 4.6417 0.0362 0.680
0.0497 5.5797 0.0119 0.186
0.1005 7.1861 0.0136 0.166
0.1960 10.0810 3.0296�10�3 0.026
0.3008 13.3371 4.9255�10�4 0.003
0.4005 16.4001 5.3283�10�3 0.028
0.5090 19.7619 7.0314�10�3 0.031
0.5968 22.4827 7.0999�10�3 0.027
0.8069 28.9745 0.0106 0.032
1.0000 34.7232 0.0204 0.052

m2HEAP
0.0000 3.9583 0.0287 0.631
0.0199 4.7093 0.0303 0.561
0.0500 5.7473 0.0214 0.325
0.0988 7.3954 0.0164 0.194
0.2023 10.9078 4.4266�10�3 0.035
0.3000 14.2643 8.9186�10�4 0.005
0.4053 17.8734 7.0094�10�4 0.003
0.5003 21.1183 6.3546�10�3 0.026
0.5993 24.5136 4.8462�10�3 0.017
0.8061 31.6022 0.0131 0.036
1.0000 38.2222 0.0177 0.039

a From [12].
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FIGURE 12. Mean compressibility (temperature averaged) versus mole fraction of
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be concluded that the inclusion of a (-CH2-) group in the
anionic hydrocarbon chain gives an increase of a maximum of
3 � 0�4 m3�mol�1�Pa1/7 (near 10%) in km, for the mixtures with
xIL > 0.5. In the previous work [12], the calculations showed that
km was a so weak function on temperature that in the representa-
tion km = k1 + k2T + k3T

2, the temperature dependent terms contri-
bution was less than 2% except for water and the IL dilute
solutions (x1 6 0.1). The same was verified for m2HEAB and
m2HEAP and their aqueous mixtures. For this reason, km was aver-
aged on temperature for each mole fraction and the mean values

hkmi = ð1=NpÞ
PNp

i ðkmÞi (Np = 8) were calculated as before [12].
These results are presented in table 8 as well as the standard devi-
ation from the mean value of molar compressibility, rkm, and the
average absolute deviation from the mean, AAD defined respec-
tively, by equations (27) and (28):

rkm ¼
XNp

i¼1

ðkm � hkmiÞ2i =Np

" #1=2
; ð27Þ
AAD% ¼ ð100=NpÞ
XNp

i¼1

ðkm � hkmiÞ=hkmij ji: ð28Þ

In table 8, the values given for (m2HEAPr + H2O) mixtures [12]
are included for comparison. The standard deviation rkm is usually
lower than 1 � 10�6 m3�mol�1�Pa1/7 or it reaches this order of mag-
nitude and the AAD% is lower than 0.05%, except for water and the
IL dilute solutions. For the aqueous mixtures of m2HEAB and
m2HEAP, hkmi is a function nearly linear on mole fraction of IL as
shown in figure 12 where the ‘‘ideal” behaviour given by hkmi⁄ =
x1hkmi1 + x2hkmi2, connecting the pure liquid mean molar
compressibility (hkmi1 and hkmi2), was plotted.

Knowing the molar compressibility of the pure compounds, the
speed of sound of their mixtures can be predicted, at any temper-
ature and composition, using the equation (26). As the values of km
are available for the aqueous mixtures of hydroxyethylammoni-
ums we may ask if the prediction of the speed of sound is possible
from equation (26) at any temperature and composition in the
studied ranges and using the simple assumption km = hkmi⁄. From
equation (26) with this assumption:

u ¼ ðhkmi�=MÞ7=2 � q3: ð29Þ
The experimental and predicted values of u are represented

in the parity plot of figure 13. With the exception of pure water
and very dilute IL solutions (x1 = 0.02), the deviations between
the calculated and experimental u values of the m2HEAB and
m2HEAP aqueous solutions are lower than 1%. The higher devi-
ations for pure water and dilute aqueous solutions of IL at
some temperatures are consequence of significant differences
between km and the averaged value hkmi⁄. The m2HEAPr aque-
ous mixtures give estimates of speed of sound also inside the
±1% limits for the concentrated solutions. However, the major
part of values show deviations in the range (2 to 5)%. The
authors believe that equation (29) could play an important role
for future development of speed of sound correlation and pre-
diction methods in pure ILs and their mixtures with water
and other solvents.
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4. Conclusions

The speed of sound of pure PILs measured in this study at atmo-
spheric pressure compared with the existent values in the litera-
ture are (3 to 4)% lower for m2HEAB and 2% lower for m2HEAP.
The Wu et al. equation predicted speed of sound values with devi-
ations between (4 and 7)%.

The excess molar volume, excess isentropic compressibility,
molar compressibility, apparent molar volume and apparent molar
isentropic compressibility for the binary mixtures (PIL + water)
were calculated from the measured density and speed of sound
at temperatures within the (298.15 to 333.15) K temperature range
and over the whole composition range.

The analytical representation of (PIL + water) mixtures density
can be obtained with good accuracy with rational functions on
temperature and IL mole fraction. For all the studied systems, Vm

E

and kES show appreciable negative values. The binary Vm
E values

were correlated successfully by using Redlich–Kister polynomials

with only 3 coefficients. For correlation of the binary kES and uE

the use of rational functions were preferred. The kES curves versus
mole fraction show a remarkable asymmetry, with their minima
toward to the rich compositions in water. This behaviour indicates
the presence of ion–dipole interactions and packing between water
and ionic liquid.

The high positive values of the limiting apparent molar volumes
or the high partial molar volumes of IL at infinite dilution derived
from the Pitzer–Simonson theory indicate appreciable ion–water
interactions when the IL is added to water with possible hydrogen
bonding between water and methyl-hydroxyethyl ammonium
cation. This behaviour is reinforced by the negative values of the
apparent molar isentropic compressibility at lower temperatures
indicating that in aqueous mixtures there will be important pene-
tration of water in the ionic structure. This behaviour is supported
by MD studies indicating that for dilute solutions of IL the average
number of neighbours of a given water molecule decreases appre-
ciably and that the IL polar network becomes more fragmented
being possible the existence of a water–anion network formed by
alternating anions and water molecules.

For the (IL + water) mixtures, the molar compressibility calcu-
lated from Wadás model is almost a linear function of mole frac-
tion and can be considered as temperature independent for a
fixed mole fraction in the whole composition range. This behaviour
allows reasonable prediction of speed of sound in (IL + water) mix-
tures for a wide temperature and composition range and within
±1% deviation. The necessary values to for predict the of speed of
sound are the from the ionic liquid and water molar compressibil-
ity. More research must be done in this issue to develop consistent
prediction models.
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