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Abstract The densities of five BMIMBF4 (1-butyl-3-methylimidazolium tetrafluo-
roborate)+ethanol binary mixtures with compositions of (0.0701, 0.3147, 0.5384,
0.7452, and 0.9152) mole fraction BMIMBF4 and of pure BMIMBF4 have been mea-
sured with a vibrating-tube densimeter. Measurements were performed at temperatures
from 298 K to 398 K and at pressures up to 40 MPa. The total uncertainty of density,
temperature, pressure, and concentration measurements were estimated to be less than
0.1 kg ·m−3, 15 mK, 5 kPa, and 10−4, respectively. The uncertainties reported in this
article are expanded uncertainties at the 95% confidence level with a coverage factor
of k = 2. The measured densities were used to study derived volumetric properties
such as excess, apparent, and partial molar volumes. It is shown that the values of
excess molar volume for BMIMBF4 + ethanol mixtures are negative at all measured
temperatures and pressures over the whole concentration range. The effect of water
content on the measured values of density is discussed. The volumetric (excess, appar-
ent, and partial molar volumes) and structural (direct and total correlation integrals,
cluster size) properties of dilute BMIMBF4 + ethanol mixtures were studied in terms
of the Krichevskii parameter. The measured densities were used to develop a Tait-type
equation of state.
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1 Introduction

Thermodynamic properties of mixtures containing ionic liquids (ILs) and alcohols are
of technological and theoretical interest. Volumetric properties (density and excess,
apparent, and partial molar volumes) of IL-containing mixtures (ILs+organic sub-
stances and water) are some of the most important thermodynamic properties. They
provide very useful information on the structural and intermolecular interactions
between the solvent and solute molecules (or ions) with different sizes, shapes, and
chemical nature. Previous studies [1–3] have shown the addition of alcohols into ILs
play a dramatic role in their phase behavior. As is well known (see, for example,
[4,5]), even small additions of a low molar mass solvent can dramatically increase
or decrease the thermodynamic and transport properties relative to the properties of
the pure ILs. Although ILs have been widely studied in the literature, information
on the thermodynamic properties of pure ILs and their mixtures with organic sol-
vents is very scarce. Moreover, large inconsistencies among the available reported
data of pure BMIMBF4 are found in the literature. An analysis of the reported val-
ues of the density for pure BMIMBF4 reveals that all the available density data at
atmospheric pressure and at temperatures from 298 K to 398 K show a scatter of
±1.1%.

Previously the pure-component (BMIMBF4) densities were studied by many
authors [6–27]. A majority of the reported density data for BMIMBF4 were mea-
sured at atmospheric pressure and at temperatures up to 392 K. Only a few density
data sets reported by [6,9,14,16,22] were found in the literature at high pressures (up
to 60 MPa) and at temperatures up to 393 K. Various techniques (vibrating-tube den-
simeter, pycnometer, piezometers, gravimetric analysis) were employed to measure
the density of pure BMIMBF4. The uncertainties of the reported data at atmospheric
pressure are within 0.1–0.3 kg ·m−3 (or 0.011–0.034%). A literature survey revealed
that there are no density data for BMIMBF4 + ethanol mixtures. The densities for
other binary IL (BMIMBF4)-containing mixtures (water+BMIMBF4 and organic sol-
vent+BMIMBF4, ILs+BMIMBF4, and methanol+BMIMBF4) have been reported
by several authors [11,15,22,23,27].

The main objective of this work is to provide new accurate experimental density
data for binary BMIMBF4 + ethanol mixtures at temperatures from 298 K to 398 K
and at pressures up to 40 MPa over the whole composition range using a vibrating-
tube technique. The present results considerably expand the available thermodynamic
database for BMIMBF4 + ethanol mixtures and pure BMIMBF4.

2 Experimental

The (P, ρ, T, x) properties of BMIMBF4 + ethanol mixtures were studied using a
modified high-pressure, high-temperature Anton-Paar vibrating-tube densimeter
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Fig. 1 Vibration-tube densimeter. 1: vessel for the sample; 2; pressure indicator; 3: temperature and fre-
quency control system; 4: vacuum indicator; 5: hand pump; 6: heater; 7: visual window; 8: vibration-tube;
9: water cooling; 10: computer; 11: pressure sensor; 12: thermos for cooling; 13–16: valves; 17, 18: high
pressure valves; 19: vacuum pump

(VTD, Model DMA HTP). A schematic diagram of the experimental VTD appa-
ratus is shown in Fig. 1. The core of the apparatus is the VTD. The length of the
tube is about 15 cm, the U radius is about 1 cm, the outer diameter is about 6 mm, and
the inner diameter is about 2 mm. The volume of the liquid in the tube was 2 cm3.
The tube was made from Hastelloy C-276. The vibrating tube is fixed to the thermo-
stated block of the cell located inside two thermostated jackets. The temperature was
maintained constant to 10 mK. The period of oscillation measurement and the tem-
perature control is implemented within the DMA-HDT control system (3), which
consists of the measurement cell and a modified DMA 5000 control unit, connected
to PC. For the present VTD, the period of vibration is within 2550 µs to 2670 µs. The
period of oscillation is measured with an uncertainty of 1 ns. Pressure was created by
a hand pump (5) (759.1100-HMEL, SITEC) and measured by a pressure sensor (2)
from WIKA Manometer AG, Switzerland. The temperature was measured using the
(ITS-90) Pt100 thermometer with an uncertainty of 15 mK. For evacuating the whole
apparatus, a vacuum pump (19) (Model ILMVAC GmbH, Germany) is employed.

For this method the density can be written explicitly as

ρ = A − Bτ 2, (1)

where parameters A and B are both functions of temperature and pressure. The accu-
racy of the method is limited by the calibration procedure. Usually the temperature
and pressure dependences of A and B are determined using the calibration procedures
with a minimum of two reference fluids such as water, methanol, benzene, nitrogen,
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and toluene whose PVT properties are well known and should be performed very care-
fully. In this work internationally accepted (IAPWS standards) reference density data
for water [28] and IUPAC reference data for methanol [29] were used for calculation
of the calibration constants A and B as a function of T and P . The parameter B is
approximately a linear function of temperature (slope, (dlnB/dT ) is about 10−4 to
10−3 K−1).

The uncertainty in the pressure measurements is 5 kPa. The uncertainty in the deter-
mination of the calibration constant B is within 0.05 and 0.5% depending on the tem-
perature and pressure. The uncertainty in the concentration of the mole fraction was
less than 10−4. A detailed uncertainty analysis of the method (all the measured quan-
tities, corrections, and error propagation) showed (see also Abdulagatov et al. [30])
that the uncertainty in density measurements is 0.05 kg ·m−3 at low pressures (near
atmospheric pressure) and 0.15 kg ·m−3 at high pressures (the combined expanded
uncertainty, coverage factor is k = 2). This leads to maximum relative uncertainties
of 0.02% for the performed measurements at high temperatures and high pressures
and 0.01% at low temperatures and low pressures. The reproducibility of the density
measurements is within ±0.01 kg ·m−3 at low pressures and ±0.05 kg ·m−3 at high
pressures. The uncertainty in the density of the calibration fluids is 0.001%. To verify
the experimental apparatus and calibration procedure, the densities of pure ethanol,
benzene, and toluene were measured over the same experimental range for the selected
T and P and compared in detail with reported data. We reproduced reference data for
ethanol, benzene, and ethanol within an uncertainty of about 0.005–0.015%.

Ionic liquids (stated purity>98 mass%) were supplied from Solvent Innovation,
Germany. Ethanol was supplied from Merck (Germany) with a purity of 99.99 mass%
and used without further purification. Twice-distilled water and pure methanol (>99.9
mass%) from Merck, Germany, were used for the calibration of the period of oscil-
lation. The water content in the IL (BMIMBF4) before dehydration was 621 ppm. To
reduce the water content and volatile compounds to negligible values, the sample was
thoroughly dried before use under a reduced pressure of about 0.05 Pa with heating
at T = 373.15 K for 48 h. We kept the sample as dry as possible (no contact with
air). After this procedure, the water content in the BMIMBF4 was determined with a
coulometric “Aquapal” Karl Fischer. The final water content in our ILs sample was
quite low (62±10 ppm).

3 Results and Discussion

Measurements of the density of BMIMBF4 + ethanol as a function of temperature,
pressure, and concentration were performed at five concentrations of (0.07014,
0.31466, 0.53840, 0.74519, 0.91517) mole fraction of BMIMBF4, along with mea-
surements on pure BMIMBF4, for temperatures between 298.15 K and 398.15 K. The
pressure ranged from 0.1 MPa to 40 MPa. The experimental results are presented in
Table 1. This table also includes apparent molar volumes, derived as discussed below.
Some selected experimental results are shown in Figs. 2–4 as projections in the ρ–T ,
ρ–x , and P–ρ planes together with pure-component data. As these figures demonstrate,
ρ–T and P–ρ curves are almost linear (very small curvature), just as observed for
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Fig. 2 Experimental densities ρ of BMIMBF4 +ethanol mixtures as a function of temperature T along
the various compositions and at a selected pressure of 10 MPa together with pure-component data (x = 0.0
for pure ethanol from Dillon and Penoncello [41] EOS)

pure-component behavior. The concentration dependence (Fig. 3) of the densities
shows a considerably positive deviation from ideal behavior (up to 130–140 kg ·m−3).

Figure 5a, b shows the results of the density measurements for pure BMIMBF4
together with the values reported by other researchers. We made detailed comparisons
of our density results for pure BMIMBF4 with literature data at atmospheric and high
pressures. As a result of temperature, pressure, and concentration differences between
the reported data, we sometimes used an interpolating procedure (analytical method)
to compare the present density data with values reported by other authors. The uncer-
tainty of the interpolating procedure is negligibly small since the experimental ρ–T
and P–ρ curves are almost linear and can be reproduced analytically with high accu-
racy. As one can see from Fig. 5a (A), all the available density data sets reported by
various authors at atmospheric pressure for BMIMBF4 fall in a range within ±1.1%
in comparison with the present results. This figure does not include the data by Suarez
et al. [17] which deviate from all the other reported data by 2%. A majority of the
reported data show systematic deviations with the other data.

Two possible reasons for the large discrepancies among the various data sources
are as follows: purity of the IL samples (basically water content, see below) and
incorrect calibration of the instrument. A comparison of the present density data for
BMIMBF4 with reported data are presented in Table 2, together with the method of
measurements and water content in the samples as claimed by the authors. Our data
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Fig. 3 Experimental densities ρ of BMIMBF4 +ethanol mixtures as a function of composition x along
two selected isotherms of 298.15 K and 398.15 K and a selected isobar of 10 MPa. The dashed curves guide
the eye. The solid lines are an ideal mixture
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Fig. 4 Experimental densities ρ of BMIMBF4 +ethanol mixtures as a function of pressure P along the
selected isotherms and at a selected constant concentration of 0.5384 mole fraction of BMIMBF4
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Fig. 5 (a, b) Comparison of the present results for the density of pure BMIMBF4 with the data reported
by other authors in the literature for four selected isobars. A: •, this work; ◦, [6]; �, [11]; �, [14]; �,
[16]; ×, [7]; �, [15]; �, [12]; �, [11]; ∇, [20]; ♦, [4]; �, [22]; +, [23]; ∗, [27]; ⊗, [3]; (− − −−),
[13]; (· · · · · · · · · ), [25]; (− − −−), Eq. (4). B–D: •, this work; ©, [6]; �, [16]; �, [14]. (c) Percentage

deviations δρ = 100

(
ρexp − ρcal

ρexp

)
of the present experimental densities for pure BMIMBF4 from the

values calculated with the EOS (Eq. 2): •, 298.15 K; ©, 323.15 K; �, 348.15 K; �, 373.15 K; ×, 398.15 K
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Table 2 Average absolute (AAD) and maximum (MaxDev) deviations between the present and reported
data for BMIMBF a

4

Reference AAD (%) MaxDev (%) Water content Method of density
(ppm) measurements

Yang et al. [8] 0.18 0.29 n.a. PC
Gardas et al. [16] 0.76 0.82 485 VTD
Zhou et al. [15] 0.62 0.85 200 PC
de Azevedo et al. [14] 0.44 0.50 75±10 VTD
Van Valkenburg et al. [38] 0.90 1.08 9600 DE40
Fredlake et al. [12] 0.46 0.69 1900 PC
Tomida et al. [6] 0.29 0.33 336±100 GP
Tokuda et al. [13] 0.67 0.83 40 DGM
Kim et al. [20] 0.84 1.13 n.a. PC
Wang et al. [11] 0.01 0.01 1600 VTD
Seddon et al. [21] 0.38 0.60 307 CDB
Zafarani-Moattar and Shekaari [23] 0.77 0.80 n.a. VTD
Rebelo et al. [22] 0.07 0.12 75 ± 10 VTD
Sanmamed et al. [25] 0.70 0.75 1768 VTD
Lopes et al. [27] 0.45 0.53 70 VTD
Jacquemin et al. [3] 0.88 1.00 70 VTD
This work 0.00 0.00 62 VTD
a n.a.: no water content is reported; VTD: Vibrating-tube densimeter; PC: Pycnometer; GP: Glass
piezometer; DGM: Density gravity meter; DE40: Densimeter (DE40); CDB: calibrated 10 cm3 density
bottles

are basically higher than all of the reported data by about 0.45%. As Fig. 5a (B-D),
5b shows, at high pressures (up to 35 MPa), the deviations between the present and
the reported data are within 0.45–0.80%. The present results deviate by 0.76% with
the data reported by Gardas et al. [16], while the data by de Azevedo et al. [14] and
Tomida et al. [6] agree within 0.46 and 0.33%, respectively. This is acceptable because
the effect of a small amount of water (see next section) in ILs dramatically changes
the density of the IL (BMIMBF4) sample. In general, the agreement between differ-
ent data sets is satisfactory. This acceptable agreement between the present and the
reported data demonstrates the reliability and high accuracy of the measurements for
BMIMBF4 + ethanol mixtures.

3.1 Equation of State

The present measured mixture densities were accurately represented by a simple Tait-
type equation of state which was applied previously for pure fluids [16,31–35]:

ρ − ρ0

ρ0
= c log

(
B + P

B + P0

)
, (2)

where parameter c is a function of concentration and almost independent of temper-
ature or a weak function of temperature, B(T ) is a function of temperature only, and
ρ0 is the density of the mixture at a reference pressure P0(P0 = 0.1 MPa),
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ρ0(T, x, P = 0.1) = xρ1 (T, x = 1, P = 0.1)+ (1 − x) ρ2 (T, x = 0, P = 0.1)

+ x (1 − x)
[
A1 + (1 − 2x) A2 + (1 − 2x)2 A3 + (1 − 2x)4 A4

]
,

(3)

where A1 = 473.5212, A2 = 255.3281, A3 = 239.7849, and A4 = 197.9015, and
ρ1(T, x = 1, P = 0.1) and ρ2(T, x = 0, P = 0.1) is the density of the pure-compo-
nent BMIMBF4 and ethanol, respectively, at atmospheric pressure:

ρ1(T, x = 1, P = 0.1) = 1483.896 − 1.06968T + 5.1949 × 10−4T 2 and (4)

ρ2(T, x = 0, P = 0.1) = 884.060 + 0.16894T − 1.16761 × 10−3T 2. (5)

In the present work we applied Eq. 2 to the BMIMBF4 + ethanol mixture. Various
versions of Eq. 2 were examined:

1. c = c1 + c2x and B = b0 + b1T + b2T 2, where ci and bi are adjustable parameters,
2. c = xc1 + (1 − x)c2 + (1 − 2x)c12 and B = b0 + b1T + b2T 2, where c12 and

bi are adjustable parameters, and c1 and c2 are the values of the c coefficient in
Eq. 2 for the pure components;

3. c = xc1 + (1 − x)c2 + (1 − 2x)c12 and B = x B1 + (1 − x)B2 + (1 − 2x)B12,
where only c12 and B12 are adjustable parameters, and (c1, c2) and (B1, B2) are
the values of c and B coefficients in Eq. 2 for the pure components, respectively.

The average absolute deviations of the various versions of Eq. 2 are: AAD =
0.246%, AAD = 0.250%, and AAD = 0.329%, respectively. The deviations for the
pure-component data for ethanol and BMIMBF4 are: AAD = 0.15% and AAD =
0.016%, respectively. The derived values of the coefficients ci and bi for Version
1 of Eq. 2 for BMIMBF4 + ethanol mixture are given in Table 3. In total, Eq. 2
contains a minimum of five adjustable coefficients for the mixture. This equation
is valid in the temperature range from 298 K to 398 K, at pressures up to 40 MPa,
and at concentrations from 0 mole to 1 mole fraction. Equation 2 represents the pres-
ent densities for BMIMBF4 + ethanol mixtures with an AAD of 0.246% over the
whole concentration range. Figures 5c and 6 show deviation plots (percentage rela-
tive deviations) between the present measured densities and those calculated with Eq.
2 for the pure IL (BMIMBF4) and BMIMBF4 + ethanol mixtures. Equation 2 was
used to calculate some of the derived thermodynamic and structural properties of the
BMIMBF4 + ethanol system, such as partial molar volumes (see below).

Table 3 Parameters bi and
ci of Eq. 2

i bi ci

Ethanol+BMIMBF4
0 1007.6281 –
1 −0.424866 0.3841572
2 −0.003875 −0.2650716

123



Int J Thermophys (2008) 29:505–533 519

0
P, MPa

-0.75

-0.25

0.25

0.75

10
0(

ρex
p. -ρ

ca
l )/ρ

ex
p.

 BMIMBF4 + Ethanol

403530252015105

Fig. 6 Percentage deviations δρ = 100

(
ρexp − ρcal

ρexp

)
of the present experimental densities for the

BMIMBF4 +ethanol mixtures from the values calculated with the EOS (Eq. 2): x = 0.0701, •, 298.15 K;
©, 323.15 K; �, 348.15 K; �, 373.15 K; �, 398.15 K; x = 0.3147, ♦, 398.15 K; �, 373.15 K; ∇, 348.15 K;
�, 323.15 K; �, 298.15 K; x = 0.5384, +, 298.15 K; �, 323.15 K; �, 348.15 K; �, 373.15 K; ×, 398.15 K;

x = 0.7452, , 298.15 K; , 323.15 K; ⊗, 348.15 K; , 373.15 K; , 398.15 K; x = 0.9152, , 298.15;

, 323.15 K; ¤, 348.15 K; , 373.15 K; , 398.15 K

3.2 Effect of Water Content on the Density of ILs (BMIMBF4)

IL samples usually contain impurities such as Cl− and water, which significantly
change their thermophysical properties [4,25,36]. This is one of the reasons for large
(within ±1.1%) scatter (see Fig. 5a, b) for the reported density data for BMIMBF4. The
effect of impurities (especially water content) in the IL sample on their measured prop-
erties has been widely discussed in the literature (see, for example, [3,10,25,36,37]).
It is very difficult to keep water out of ILs. Molecular dynamic simulations and spec-
troscopic studies [39] indicate strong interactions between water molecules and the
anions of the ILs are present. Dominguez-Vidal et al. [39] found stretching of the
H-bonds between water and the BF−

4 anions. Therefore, it is very hard to completely
remove the water from the ILs by using conventional techniques.

In order to estimate the effect of water content on the density of BMIMBF4, we
can expand the density of the impure (dilute impure) sample as a series of powers of
the concentration x (near x = 0, absolute pure sample), taking only the first terms of
the expansion,

ρ(x, T0, P0) = ρ(x = 0, T0, P0) +
(

∂ρ

∂x

)
T0 P0,x=0

x +
(

∂2ρ

∂x2

)
T0 P0,x=0

x2 + · · · ,

(6)

where ρ(x = 0, T0, P0) is the density of the “ideal” sample (absolute pure sample)
at a given T0 and P0; ρ(x, T0, P0) is the density of the real sample (impure, water
content sample) at a given T0 and P0; and x is the impurity concentration (water con-
tent). As one can see from Eq. 6, as a first approximation, the values of the density
of the real sample depend on the derivative (∂ρ/∂x)T0 P0,x=0, i.e., the initial slope of
the concentration dependences of the density ρ of dilute (x → 0) BMIMBF4 +water
mixtures at a fixed T0 and P0. The sign of (∂ρ/∂x)T0 P0,x=0 depends on the nature
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of the impurity. For water, (∂ρ/∂x)T0 P0,x=0 is negative; therefore, small amounts
of water in BMIMBF4 decrease the density of the IL sample. The derived values
[15,22] of the derivative (∂ρ/∂x)T0 P0,x=0 at T0 = 298.15 and 323.15 K and at P0 =
0.1 MPa are −1827.7 kg ·m−3 and −1336.0 kg · m−3, respectively. These values of
(∂ρ/∂x)T0 P0,x=0 were used to quantitatively estimate the effect of small impurities
(water content) on the measured densities of BMIMBF4. For example, the values of
the density of BMIMBF4 due to a dilute impurity effect (x = 0.001 mole fraction
of water or about 79 ppm) calculated with Eq. 6 at temperatures of 298.15 K and
323.15 K decrease by 1.83 kg ·m−3 (or 0.21%) and 1.34 kg ·m−3 (or 0.16%), respec-
tively. Therefore, small amounts of water (x = 0.001 mole fraction) can cause an
uncertainty in the density of approximately 0.2%.

Usually (see Table 2), a typical sample of BMIMBF4 used by various authors
contains 75–1,900 ppm (or 0.001–0.023 mole fraction) of water. Therefore, the effect
of water content on the density of BMIMBF4 reported by these authors is within
8 kg ·m−3 to 11 kg ·m−3 or 0.7–0.9%. Approximately the same level of deviations
was found between the present density data and the data reported by other authors
[16,20,23,25,38]. As Table 2 shows, the density measured by Gardas et al. [16] is
lower than the present results by 0.76%, while the values of density reported by Zhou
et al. [15] deviate by 0.62%. The water content in the sample used by Zhou et al.
[15] is about 200 ppm. According to Eq. 6, the effect of water content on the mea-
sured densities is about 0.38–0.51% which is close to 0.62%. The data by Azevedo
et al. [14] differ from the present density data by 0.44%, and the water content is
about 75 ppm. This amount of water content in the BMIMBF4 sample corresponds to
a density change of 0.25%; therefore, the agreement between our data and the val-
ues reported by Azevedo et al. [14] is within 0.19%. The same amount (0.001 mole
fraction) of water and dichloromethane causes different changes in the density. Dichlo-
romethane (0.001 mole fraction, (∂ρ/∂x)T0 P0,x=0 = 44.19 kg ·m−3 at 298.15 K and
0.1 MPa) increases the density of BMIMBF4 by about 0.044 kg ·m−3 (about 0.004%),
while the same amount of water content in BMIMBF4 at the same T and P decreases
the density by 1.83 kg ·m−3 (0.21%).

The derivative (∂ρ/∂x)T0 P0,x=0, which determines the magnitude of the effect of
impurity on the density in the infinite dilution limit (for small impurities, x → 0), can
be expressed as

lim
X→0

(
∂ρ

∂x

)
PT

= (ρKT ) lim
X→0

(
∂P

∂x

)
VT

= ρKT

(
∂P

∂x

)∞

TV
(7)

where
(

∂P
∂x

)∞
TV is the initial slope (x → 0) of the P–x curve, the isotherm-isochore

Krichevskii function [40]; and ρ and KT are the density and compressibility of the
pure solvent (in our case, an IL). Thus, using Eq. 7, Eq. 6 can be rewritten in a simple
form as

�ρ = KT

(
∂P

∂x

)∞

TV
x, (8)
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where�ρ = [ρ (x, T0, P0) − ρ (x = 0, T0, P0)]/ρ (x = 0, T0, P0) is the relative devi-
ation of the measured density of an impure sample from an ideally pure sample or the
magnitude of the effect of the impurity on the measured values of the density. As one
can see, the values of �ρ are defined only by the isothermal compressibility KT of
the pure sample and the sign and magnitude of the Krichevskii function

(
∂P
∂x

)∞
TV . As

will be shown below (see Sect. 3.5),

KT

(
∂P

∂x

)∞

TV
= V

0
2 /V − 1 or

(
∂ρ

∂x

)
PT

= ρ2
(

V
0
2 − V

)
. (9)

Thus, the impurity effect on the density is defined as

�ρ = ρ
(

V
0
2 − V

)
x or �ρ =

(
V

0
2 /V − 1

)
x . (10)

Therefore, the impurity effect on the density depends on the Krichevskii function

(∂P/∂x)∞TV or on the ratio of the partial molar volume at infinite dilution V
0
2 and the

molar volume V of the pure solvent,
(

V
0
2 /V

)
.

3.3 Excess Molar Volume

The excess molar volumes for the BMIMBF4 + ethanol mixtures were calculated
using the present molar volume data for the mixtures and pure-component values cal-
culated from Dillon and Penoncello [41] for pure ethanol and the present data for pure
BMIMBF4 (see Table 1) with the following relation:

V E
m (P, T, x) = Vm(P, T, x) − xVm(P, T, 1) − (1 − x)Vm(P, T, 0), (11)

where x is the mole fraction of BMIMBF4, Vm(P, T, x) is the experimentally deter-
mined molar volume of the mixture of concentration x at temperature T and pressure
P , and V1 = Vm(P, T, 1) and V2 = Vm(P, T, 0) are the molar volumes of the pure
components at the same pressure P and temperature T . The derived values of V E

m
for the selected temperatures and pressures are given in Fig. 7 as a function of mole
fraction x at selected temperatures and at a pressure of 10 MPa. One can note that
the values of V E

m for the BMIMBF4 + ethanol mixtures are negative for all measured
temperatures and pressures over the whole composition range. The negative values
of the excess molar volumes V E

m , contributing to a contraction in volume, are dom-
inant. Therefore, BMIMBF4 + ethanol mixtures are members of a class often called
“attractive” mixtures.

As one can see, the curves of excess molar volumes of BMIMBF4 + ethanol mix-
tures are noticeably skewed toward a low mole fraction of BMIMBF4. The excess
molar volume minimum is found at a concentration of about 0.3 mole fraction of
BMIMBF4. The same trend was also found (Wang et al. [11]) in V E

m for ionic liquid
mixtures containing organic solutes (alcohols). This can be attributed partly to the
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Fig. 7 Excess molar volumes V E
m of BMIMBF4 +ethanol mixtures as a function of concentration x for a

selected isobar of 10 MPa and at selected temperatures

differences in the size of the ions (BF−
4 , [BMIM]+) and ethanol molecules. There-

fore, the chemical interactions (non-physical nature of the intermolecular interactions)
between ethanol molecules and IL ions in this mixture are playing a very important
role in determining the volumetric properties (excess molar properties). The addition
of ethanol to BMIMBF4 may result in very significant changes in the topology of etha-
nol or BMIMBF4 since the negative excess molar volume represents a packing effect.
As one can see from Fig. 7, the difference between the mixture molar volume Vmix and
the ideal mixture molar volume Vid = xV1 + (1 − x) V2 is large (maximum value of
about −2.5 cm3·mol−1 at 298.15 K and 10 MPa). The maximum relative uncertainty,
δV E

m , in the derived values of V E
m can be approximately estimated from the following

relation (Abdulagatov and Azizov [42,43]):

δV E
m

∼= δVmixVmix/(Vmix − Vid) + δV1V1/(Vmix − Vid) + δV2V2/(Vmix − Vid),

(12)

where δVmix, δV1, and δV2 are the relative uncertainties in the mixture and pure-com-
ponent molar volume determinations, respectively. The uncertainty in the V E

m calcu-
lation from Eq. 12 is within 1.7–2.7% depending on the temperature, pressure, and
concentration. At concentrations close to the pure components, the uncertainty in V E

m
increases to 5–15% and more.
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Fig. 8 Comparison of excess molar volumes V E
m of BMIMBF4-containing binary mixtures as a func-

tion of concentration x at atmospheric pressure and at selected isotherm of 298.15 K together with the
present results for ethanol+BMIMBF4. •, this work (BMIMBF4+ ethanol); ©, (BMIMBF4+ acetonitrile)
[11]; �, (BMIMBF4+ dichlormethane) [11]; �, (BMIMBF4+ 2-butanone) [11]; �, (BMIMBF4+ N,N-
dimethylformamide) [11]; ×, (BMIMBF4+ methanol) [23]; �, (BMIMBF4+ H2O) [22]; ♦, (BMIMBF4+
NTf2) [27]

Figure 8 shows the concentration dependence of the excess molar volumes of a series
of BMIMBF4-containing binary mixtures with the same first component (BMIMBF4)

and various second components (organic solvents, other ILs, alcohol, and water) at
a selected temperature of 298.15 K and at a pressure of 0.1 MPa. This figure demon-
strates the effect of the nature of the second component on the values and concentration
dependence behavior of the excess molar volumes of BMIMBF4-containing mixtures.
As one can see from Fig. 8, the introduction of alcohols and other organic solvents
in the IL (BMIMBF4) structure results in considerable decreases in the excess molar
volumes to more negative values. The location of the maximum of V E

m is almost always
the same. The introduction of water molecules and other IL ions [NTf2] (see Fig. 8) in
the IL (BMIMBF4) structure increases the excess molar volumes to positive values at
the same thermodynamic (P, T, x) conditions. As Fig. 8 shows, among these binary
mixtures, BMIMBF4 + ethanol shows intermediate values of excess molar volumes,
while 2-butanone+BMIMBF4 shows lower values. The excess molar volumes for
BMIMBF4 +methanol mixtures are larger than those for BMIMBF4 + ethanol.

3.4 Apparent Molar Volume

The values of the apparent molar volume φV are very useful tools for understanding the
interactions occurring in mixtures. Studies of the apparent molar volumes of mixtures
are used to examine ion-solvent, ion-ion, and solvent–solvent (structural) interactions,
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i.e., to provide useful information on the nature of the interactions between dissolved
ions (BF−

4 ) and molecules of a solvent. In this work the apparent molar volumes φV

were calculated from measured mixture densities ρmix and pure ethanol densities ρ0
(Dillon and Penoncello [41]) by the usual relationship,

φV = (ρ0 − ρmix)

mρmixρ0
+ M

ρmix
, (13)

where M is the molar mass of the ILs (BMIMBF4) and m is the mixture molality
(mol ·kg−1). We examine the behavior of the apparent molar volumes of BMIMBF4 +
ethanol as a function of concentration, temperature, and pressure. The derived values
of φV are given in Table 1 and shown in Fig. 9 as a function of temperature at a selected
pressure of 10 MPa as an example of the present results. The uncertainty of the derived
values of was assessed by analyzing Eq. 13 (Abdulagatov and Azizov, [44]). The max-
imum relative uncertainty in the apparent molar volume determination is about 2%
at low concentrations (below 2m) and 0.7% at high concentrations (above 2m). As
Table 1 shows, the apparent molar volume φV rises rapidly at low concentrations
(below 10 mol ·kg−1), while at higher concentrations, φV is almost constant (weakly
changes with m). Figure 9 shows that the apparent molar volume φV increases with
temperature at concentrations above 0.3147 mole fraction and at constant pressures,
while at low concentrations (dilute mixture) below 0.3147 mole fraction, φV decreases
slightly up to a temperature of 373 K and then decreases considerably at higher tem-
peratures. Probably at high temperatures (above 398 K), φV becomes negative as for
most mixtures.

The derived apparent molar volumes φV for BMIMBF4 + ethanol have been used
to calculate the values of the apparent molar volume φ0

V at infinite dilution at vari-
ous temperatures and pressures. In the limit of infinite dilution, the apparent molar
volume of the solute φV (P, T, m → 0) becomes equal to the partial molar volume

lim
m→0

φV = φ0
V = V

0
2). Of more fundamental interest (for example, to study ion-

solvent interactions), are the partial molar volumes of the ILs at infinite dilution V
0
2

(where ion–ion interactions vanish). The standard procedure for calculating φ0
V or V

0
2

is to extrapolate to infinite dilution (m → 0), based on the extended Redlich–Mayer
relation (Redlich and Mayer [45] and Roux et al. [46]):

φV = φ0
V + AV

√
m + bV m, (14)

where AV = kw3/2 is the theoretical Debye-Hückel limiting slope for volumes, w =
0.5

∑
i νi Z2

i , k depends on the temperature and the physical properties [46] (dielectric
constant D and compressibility β) of the solvent (pure ethanol—Dillon and Penoncello
[41] and Hiejima and Yao [47]), νi is the number of ions of species i formed from
one molecule of dissociating ILs, Zi is the charge on species i ; m is the molality,
and b and d are empirical coefficients. As a rule, this relationship is applied at fixed

pressure P and temperature T . The infinite-dilution values of φV (V
0
2 ) are obtained

by extrapolating Eq. 14 to zero concentration (m → 0, to infinite dilution). The

derived results of the partial molar volumes V
0
2 for the various temperatures and three
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Fig. 9 Apparent molar volumes φV for BMIMBF4 as a function of temperature T for a selected isobar of
10 MPa and various concentrations

selected pressures (0.1, 10, and 35 MPa) are given in Table 4 together with the values
of parameters AV and bV in Eq. 14. As one can see from Fig. 10, at low pressures
(below 35 MPa), φ0

V slightly changes almost linearly with temperature up to 373 K
and then sharply decreases at high temperatures. At high pressures (above 35 MPa),
φ0

V is almost independent of temperature.

3.5 Partial Molar Volume and Structural Properties of Dilute Mixtures
of BMIMBF4 +Ethanol

The partial molar volume at infinite dilution V
0
2 is a very fundamental property of

the mixture [48–50]. For example, it can be expressed as a simple integral by using
the direct correlation function (DCF) [51,52] (see Eqs. 16 and 17 below). The partial
molar volumes V i , i = 1, 2, are obtained from the slope of the tangent (∂Vm/∂x)PT

[47–50] as

V 1 = Vm − x

(
∂Vm

∂x

)
P,T

, V 2 = Vm + (1 − x)

(
∂Vm

∂x

)
P,T

. (15)

Figure 11 shows the concentration dependence of the partial molar volumes V i cal-
culated with Eq. 15 using the present molar volume data and Eq. 2. At infinite dilution,

V
0
2 can be calculated using concentration derivatives of pressure

(
∂P
∂x

)∞
TV (Krichevskii

function) [47–52] and pure solvent properties (density and isothermal compressibility).
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Table 4 Parameters of Eq. 14 as a function of temperature

T (K) φ0
V (cm3 · mol−1) AV (mol−1 · kg)1/2 bV ( mol−1 · kg)

P = 0.1 MPa
298.15 176.8239 2.1884 −0.1026
323.15 175.3807 3.1198 −0.1455
348.15 173.3794 4.2046 −0.1961
373.15 170.7004 5.4066 −0.2515
398.15 162.2379 8.0612 −0.3783
P = 10 MPa
298.15 176.6627 2.0711 −0.0971
323.15 175.9200 2.8385 −0.1322
348.15 175.1652 3.6030 −0.1673
373.15 174.0237 4.4595 −0.2073
398.15 167.6418 6.6366 −0.3120
P = 35 MPa
298.15 176.9000 1.9424 −0.0912
323.15 176.5690 2.3143 −0.1083
348.15 176.9380 2.7963 −0.1309
373.15 177.0000 3.0481 −0.1421
398.15 176.3080 4.1182 −0.1939
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Fig. 10 Apparent molar volumes at infinite dilution φ0
V for BMIMBF4 as a function of temperature T for

three selected isobars of 0.1, 10, and 35 MPa
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Fig. 11 Partial molar volumes V i (i = 1, 2) for BMIMBF4 as a function of concentration for three selected
isotherms and at atmospheric pressure

Figure 12 demonstrates the calculated values of the Krichevskii parameter for
BMIMBF4 + ethanol as a function of the pure ethanol density (left) and tempera-
ture (right) for selected isotherms and isochores using Eq. 2. As this figure shows, the
Krichevskii function shows very small changes with temperature, while the density
dependence is considerable.

It is well known that the thermodynamic behavior of dilute mixtures depends on
microscopic phenomena involving local density perturbations induced by the presence
of the solute molecules. The thermodynamic behavior of dilute mixtures is extremely
important for the understanding of solute and solvent molecular interactions and the
microscopic structure of solutions. In general, the thermodynamic behavior of infi-
nitely dilute mixtures can be completely characterized by the Krichevskii function
which is equal to the derivative (∂P/∂x)T0V0,x=0 calculated at fixed temperature and

volume as x → 0 [53]. The Krichevskii function J = (
∂P
∂x

)∞
VT has a simple physi-

cal meaning and a straightforward connection to total correlation function integrals
(TCFI) [47–50,54–56]:

(
∂P

∂x

)∞

TV
= ρRT

ρH11 − ρH12

1 + ρH11
, (16)

where H11 and H12 are the total correlation function integrals (TCFI) defined as
Hi j = ∫

hi j (r)dr; hi j (r) = gi j (r) − 1 is the total correlation function for i– j pair
interactions; gi j (r) is the radial distribution function; and H11 = (KT RT ) − ρ−1

is the TCFI for i–i pair (pure solvent molecules) interactions. In terms of the direct
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Fig. 12 Density (left) and temperature (right) dependences of the Krichevskii function for two selected
temperatures of 298.15 and 398.15 K and along three isochors

correlation function (DCF) ci j (r) between molecules of type i and j [51,52,57–60],
the Krichevskii function J is defined as

J = RTρ2(C11 − C12), (17)

where C11 and C12 are the direct correlation function integrals (DCFI) defined as
Ci j = ∫

ci j (r)dr; ci j (r) is the direct correlation function for i– j pair interactions;
and (1 − ρ1C11) = (ρ1 KT RT )−1 is the DCFI for i–i (pure solvent molecules)
pair interactions. The DCFIs are related to the TCFI by the integrated Ornstein–Zer-
nike equation [57]. The differences between direct (C11–C12) and total (H11 − H12)

correlation functions of solute–solvent (BMIMBF4 and ethanol) and solvent–solvent
(ethanol–ethanol) molecules as a function of the pure solvent (ethanol) density cal-
culated with Eqs. 16 and 17 using the Krichevskii function are presented in Fig. 13.
The comparison between C11 and C12 and H11 and H12 for a selected isotherm of
398.15 K at 0.1 MPa is shown in Fig. 14.

As one can see, the Krichevskii function is related to the DCF (17) and takes into
account the effects of the intermolecular interactions between neutral molecules of
solvent and solute (ILs) ions that determine the thermodynamic properties of dilute
mixtures. Now it is very clear that the effect of dilute impurities on the measured
thermodynamic properties (density, for example, see Sect. 3.2) strongly depend on the
nature of intermolecular interactions between the pure solvent and impure molecules.
The values of the Krichevskii function, ( ∂P

∂x )∞TV , also associated with the behavior of
the microstructure of the dilute mixture (see below, Eq. 20), measures the finite micro-
scopic rearrangement of the solvent structure around the infinitely dilute solute relative
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Fig. 13 Direct and total correlation integrals differences for 1–1 and 1–2 pair interactions between ethanol–
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Fig. 14 Direct (Ci j ) and total (Hi j ) correlation integrals for 1–1 and 1–2 pair interactions between ethanol–
ethanol and ethanol–IL ion as a function of density for a selected isotherm of 398.15 K
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to the solvent structure ideal solution. It can be expressed by the DCFI Ci j for i j pair
interactions by Eq. 17. The DCFI C12 depends only on solute–solvent interactions and
is related to J by [40]

−C12 = 1

RTρ2

[
J + 1

KT

]
− 1

ρ
or − C12 = V

0
2

KT RTρ
− V . (18)

The Krichevskii function J and C12 are strong functions of the density of the pure
solvent ρ and weakly dependent on the temperature T . The TCFI H12 can also be
calculated as

−H12 = −KT J − 1 + KT RTρ or −H12 = V
0
2 /V . (19)

The Krichevskii function also defines the structural properties of infinite dilute
mixtures, namely, the excess number of solvent (ethanol) molecules N∞

exc (structural
parameter) around the infinitely dilute solute (BMIMBF4) relative to that number
around any other solvent (ethanol) molecule as [51,52]

N∞
exc = −KT

(
∂P

∂x

)∞

TV
. (20)

Figure 15 shows the density dependence of the excess number of solvent (ethanol)
molecules, N∞

exc, around the infinitely dilute solute (BMIMBF4) along the various
isotherms calculated from Eq. 20 using the isothermal compressibility of pure ethanol
(Dillon and Penoncello [41]) and derived values of the Krichevskii function. As one
can see from Fig. 15, the excess number of solvent (ethanol) molecules N∞

exc around the
IL ions in the infinite dilution limit is positive (the Krichevskii parameter is negative).
This means that when exchanging a solvent (ethanol) molecule by one solute (IL) ion
at constant volume and temperature, the local density of ethanol molecules around ILs
ions is increasing compared with the ideal mixture or bulk density of pure ethanol (see

Fig. 16). Thus, BMIMBF4 + ethanol is an “attractive” mixture,
(

∂P
∂x

)∞
TV < 0 [50,52].

It is obvious that the values of the Krichevskii function
(

∂P
∂x

)∞
TV , associated also with

the behavior of the microstructure of the dilute mixture.

4 Conclusions

The densities of five binary BMIMBF4 + ethanol mixtures with compositions of
(0.0701, 0.3147, 0.5384, 0.7452, and 0.9152) mole fraction BMIMBF4 and of pure
BMIMBF4 have been measured with a vibrating-tube densimeter. Measurements were
performed at temperatures from 298 K to 398 K and at pressures up to 40 MPa. The
volumetric properties (excess, apparent, and partial molar volumes) were calculated as
a function of temperature, pressure, and concentration using the measured densities.
The values of the excess molar volume for BMIMBF4 + ethanol mixtures are negative
at all measured temperatures, pressures, and concentrations. The excess molar volume
minimum is found at a concentration of about 0.3 mole fraction of BMIMBF4. The
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Fig. 15 Number of ethanol molecules (cluster size Nexc) around an IL ion in excess of that found around
an ethanol molecule, as a function of density along three isotherms

Fig. 16 Schematic representation of the local microstructure of the dilute BMIMBF4 +ethanol mixture.
Nexc = Nmix−Nide, where Nmix is the number of ethanol molecules around IL ion in a real mixture and Nide
is the number of ethanol molecules around IL ion in an ideal mixture. A: infinite dilute BMIMBF4 +ethanol
mixture; B: pure ethanol; C: ideal BMIMBF4 +ethanol mixture

Krichevskii function is calculated using the measured (P, ρ, T x). It was found that
the Krichevskii function for BMIMBF4 + ethanol mixtures is negative; therefore, this
mixture belongs to the “attractive” systems. The effect of water content on the mea-
sured values of density was studied using the concept of the Krichevskii function. The
measured P, ρ, T, x data were used to develop a Tait–type equation of state (EOS) for
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the mixture and pure components. It was shown that the parameter c in the Tait EOS
is a linear function of concentration, while parameter B is a function of temperature
only or almost independent of concentration (very weak function of concentration).
The values of the total and direct correlation integrals and cluster size (structural prop-
erties) for dilute BMIMBF4 + ethanol mixtures were calculated using the Krichevskii
function.
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