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Abstract: The density data for the binary mixtures of an ionic liquid (IL), 1-ethyl-3-methylimidazolium diethylphosphate 
[EMIM][DEP], and water (methanol or ethanol) were measured at 1 atm as a function of composition in the temperature 
range of (293.15 to 333.15) K using a vibrating-tube densimeter. The excess molar volumes (VE) and other 
thermodynamic properties were derived from the density data. All VE values are negative for the binary mixtures in the 
whole composition range, and reach to the maximum at the mole fraction of IL of ca. 0.3. The VE values decrease with 
increasing temperature for the aqueous solution of ILs, but increase with the increasing temperature for the IL solutions 
of methanol or ethanol. The excess molar volumes were correlated successfully by an empirical equation with the 
maximum average absolute relative deviation within 0.02%. 
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1. INTRODUCTION 

Ionic liquids (ILs), as a liquid electrolyte at ambient 
temperatures, have been attracting the attention of a 
growing number of scientists and engineers, because 
of their unique properties, such as negligible volatility 
and good conductivity. ILs may be used as alternative 
solvents for many separation and reaction processes, 
for instance, as extractants for extractive distillation and 
extraction process in chemical industry [1, 2], or as 
solvents for chemical reactions [3]. To design task-
specific ILs and the industrial process for the IL-
containing systems, it is necessary to know the 
physical and thermodynamic properties of ILs and their 
solutions at varying conditions. Density is a 
fundamental property, which reflects the intermolecular 
interactions and the solution non-ideality from one 
aspect. As a continuation of our study on the 
thermodynamic properties of ILs [4-6], we measured 
the density of three binary mixtures containing water 
(methanol or ethanol) and [EMIM][DEP] at 1 atm in the 
temperature range of (293.15 to 333.15) K. The excess 
molar volumes (VE) are calculated from the density 
data, and correlated as a function of temperature and 
composition by an empirical equation. The solution 
behavior of the IL-containing mixtures was discussed in 
terms of the V

E variation with temperature and 
composition of the mixtures. By now, no literature data 
have been available for the densities and excess molar 
volumes of the mixtures studied herein. 
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2. EXPERIMENTAL 

2.1. Materials 

The chemicals used for synthesizing [EMIM][DEP] 
are 1-methylimidazole ( 99.5 wt.%, Zhejiang Kaile 
Reagents Company, China), triethylphosphate ( 99.5 
wt.%, Tianjin Guangfu Reagents Company, China) and 
aether ( 99.5 wt.%, Beijing Yili Reagents Company, 
China), which were used as received. Methanol and 
ethanol were supplied by Beijing Chemical Plant with 
nominal purity above 99.7 wt.%, dried by the activated 
molecular sieves of type 4 Å (Union Carbide), and 
stored in tightly sealed glass bottle. [EMIM][DEP] was 
synthesized and purified in the laboratory according to 
the method described elsewhere [7], and its purity is 
above 99 wt.% as determined by the NMR analysis. 
Water content in the ILs is below 0.032% as 
determined by the Karl Fisher titrator (type CBS-1A). 

2.2. Apparatus and Procedure 

The densities of pure ILs and their binary mixtures 
with water (methanol or ethanol) at different 
temperatures were measured using the digital vibrating 
tube densimeter (DMA 4500M, Anton Paar Co. Ltd., 
Austria). The binary mixtures with different mole 
fractions of ILs were prepared by weighting with an 
electronic balance (type AR 2130, Ohaus Co. Ltd., 
USA) with a weighing precision of ± 0.001 g. The 
nominal uncertainty of the experimental density is ± 
1 10-5 g cm-3. The temperature of the densimeter 
measuring cell is better than 0.002 K and the precision 
of measurement is ± 0.01 K with a built-in thermostat. 
The accuracy of the density data is verified by 
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comparing the experimental data of water with the 
reference values [8] from 293.15 to 333.15 with the 
average relative deviation within 0.02%. 

3. RESULTS AND DISCUSSION 

3.1. Density and Derived Properties of [EMIM][DEP] 

The densities of pure ILs [EMIM][DEP] at 1 atm 
were measured in the temperature range of (293.15 to 
333.15) K, and listed in Table 1. It is found that the 
density of ILs is generally higher than that of molecular 
solvents due to the strong electrostatic interaction 
among ions of the ILs [9], and the density of the pure 
components follows the order ethanol methanol 
<water< [EMIM][DEP] in the same other conditions.  

Density of IL [EMIM][DEP] was used to derive other 
thermodynamic properties such as the thermal 
expansion coefficient, molar volume, standard entropy 
and lattice energy. Thermal expansion coefficient ( ) of 
a liquid is defined as follows: 

=
1

V

V

T P

=
ln

T p

         (1) 

where V and  is the molar volume and density of the 
IL, respectively. The variation trend of ln  versus T for 
[EMIM][DEP] is presented in Figure 1. As shown in the 
figure, the values of ln  decrease slightly in a linear 

way with the increasing temperature. The  value of 
[EMIM][DEP] is obtained from the slope of the linear 
regression of ln  against T as 5.9 10-4 K-1. The 
thermal expansion coefficient of [EMIM][DEP] is quite 
low, indicating IL is less compressible. 

Molecular volume of the ILs, Vm, can be estimated 
from the density data by Eqn (2): 

Vm = M NA( )            (2) 

where M is the molar mass, NA is the Avogadro 
constant,  is the density. The Vm value of 
[EMIM][DEP] at 298.15 K is calculated to be 0.3821.  

The standard entropy, S
o, is calculated in terms of 

the molecular volume and a good linear relationship 
proposed by Glasser [10]. The linear correlation 
constants in Eq. (3) are appropriate for the ILs with 
large organic cations. 

S0 298( ) / J mol 1 K 1( ) = 1246.5 Vm nm3( ) + 29.5        (3) 

The S
o values calculated by Eq. (3) for the IL 

[EMIM][DEP] is 505.8 J mol-1 K-1. 

Density data is also useful for the estimation of 
lattice energy (UPOT) of ILs. According to the Glasser’s 
theory, the lattice energy depends only on the chemical 
formula, ionic charges and molecular volume of the 
materials involved, and neither relies on any other 
structural information. For the present case of ionic 
liquids of MX type with charge ratio 1:1, the Columbic 
interaction is the principal contribution to the lattice 
energy, and the UPOT values can be estimated by Eq. 
(4).  

UPOT / (kJ mol
1) = 1981.2 M( )

1 3
+103.8         (4) 

The lattice energies of [EMIM][DEP] is 427.2  
kJ mol-1, which is obviously much lower than that of the 
fused inorganic salts, for example, the lattice energy of 
fused CsI which has the least crystal energy among all 
the alkali halides is about 602.5 kJ mol-1 [11]. The low 
lattice energy may be the underlying reason for forming 
ILs at room temperature [12]. 

Table 1: Density /(g cm
-3

) of Pure ILs [EMIM][DEP] and Water at 1 atm and Varying Temperatures 

T/K 293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 

IL 1.15221 1.14886 1.14550 1.14213 1.13876 1.13540 1.13204 1.12869 1.12534 

water 0.99820 0.99705 0.99565 0.99404 0.99224 0.99023 0.98805 0.98570 0.98306 

 

Figure 1: Plot of ln( /g cm-3) against T/K for IL [EMIM][DEP]. 
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3.2. Density of the Binary Mixtures 

The density data for the IL-containing binary 
mixtures at the mole fraction of IL, xIL, being about 0.2, 
0.4, 0.6, and 0.8, were measured at the same pressure 
and temperature as that for the pure components, and 
listed in Table 2. The variation trend of density with 
temperature and IL-content for a binary mixture is 
presented in Figure 2. As shown in the figure, the 
densities of a mixture are always between that of the 
constituting pure components, i.e., IL > mixture > solvent, 

and decrease slightly in a linear way with the 
increasing temperature and increase rapidly with the 
IL-content. 

3.3. Excess Molar Volume of the Binary Mixtures 

The excess molar volume, V
E, is an important 

thermodynamic property to represent the non-ideality of 
a solution, which is defined as the difference of the 
molar volume between the real mixture (Vm) and the 
ideal solution (Vm,id) at the same temperature, pressure 
and composition i.e.  

V E
=Vm Vm,id            (5) 

Vm  and Vm,id  values are calculated as follows:  

Vm =
xILM IL + xSMS

mix

          (6) 

Vm,id =
xILM IL

IL

+
xSMS

S

          (7) 

where MS and MIL are the mole masses of solvent and 
IL, respectively. xS and xIL represent the mole fractions 
of solvent and IL, respectively. s, IL and mix refer to 
the densities of solvent, IL and the mixture, 
respectively.  

Based on the density data, as listed in Tables 1 and 
2, the excess molar volume of the binary mixtures at 

Table 2: Density Data Measured for the Binary Mixtures at 1 atm and Different Temperatures and Mole Fractions of ILs 

Density /(g cm
-3

) at the following temperatures, T/K 
xIL 

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 

[EMIM][DEP] + water 

0.200 1.14272 1.13912 1.13545 1.13176 1.12804 1.12428 1.12051 1.11672 1.11287 

0.399 1.15274 1.14928 1.14580 1.14231 1.13881 1.13529 1.13176 1.12822 1.12466 

0.602 1.15389 1.15052 1.14713 1.14372 1.14031 1.13689 1.13347 1.13004 1.12661 

0.799 1.15319 1.14985 1.14648 1.14310 1.13972 1.13634 1.13296 1.12959 1.12622 

[EMIM][DEP] + methanol 

0.199 1.01922 1.01542 1.01161 1.00779 1.00398 1.00016 0.99634 0.99252 0.9887 

0.400 1.08843 1.08485 1.08126 1.07767 1.07408 1.07051 1.06694 1.06336 1.05974 

0.601 1.12065 1.11716 1.11368 1.11021 1.10675 1.10329 1.09984 1.09639 1.09294 

0.800 1.13996 1.13659 1.13317 1.12976 1.12635 1.12295 1.11956 1.11618 1.11280 

[EMIM][DEP] + ethanol 

0.201 0.97907 0.97530 0.97153 0.96776 0.96398 0.96020 0.95641 0.95262 0.94881 

0.398 1.05862 1.05506 1.05147 1.04788 1.04430 1.04072 1.03714 1.03355 1.02995 

0.600 1.10354 1.10005 1.09658 1.09312 1.08966 1.08620 1.08274 1.07929 1.07584 

0.799 1.13217 1.12879 1.12537 1.12196 1.11856 1.11517 1.11178 1.10839 1.10501 
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Figure 2: The experimental (symbols) and correlative (lines) 
density of [EMIM][DEP] + methanol binary mixtures at 
different temperatures and mole fractions of IL: ( ), 0; ( ), 
0.199; ( ), 0.400; ( ), 0.601; ( ), 0.800; ( ), 1. 
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different conditions were calculated using Eqs. 5 to 7. 
The results show that the excess volumes are negative 
for all the systems studied at any temperature and 
concentration, indicating a negative deviation from the 
ideal solution behavior. Besides, the excess volume is 
relatively low being in the range of (0.9 to 1.9) cm3 mol-
1 for all the binary mixtures, and reaches the maximum 
at the mole fraction of IL of ca. 0.3. For the 
convenience of illustration, plots of excess molar 
volume against the mole fraction of IL at different 
temperatures for the binary mixtures of [EMIM][DEP] 
with methanol and water are presented in Figures 3 
and 4, respectively. As shown in Figure 3, the excess 
molar volume of the ([EMIM][DEP] + methanol) mixture 
increases with increasing temperature at fixed other 
conditions. This trend holds for ([EMIM][DEP] + 
ethanol) mixture as well and in good agreement with 
those reported elsewhere for other ILs mixtures with 
different alcohols [13, 14]. 
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Figure 3: The experimental and correlative excess molar 
volume for the binary mixture ([EMIM][DEP] + methanol) at 
different mole fractions of IL and temperatures: ( ), 293.15 
K; ( ), 303.15 K; ( ), 313.15 K; ( ), 323.15 K; ( ), 333.15 
K; (—), calculated values from Eq. (8). 

In contrast to the binary mixtures of IL plus alcohols, 
the excess volumes of the (IL + water) mixtures 
decrease as the temperature increasing, as shown in 
Figure 4, implying that the non-ideality of the mixture is 
higher at lower temperature and decreases as the 
temperature increasing. This variation trend may be 
attributed to the strong dielectric property of water and 
its decreasing dielectric behavior as temperature 
increasing, for example, the dielectric constant of water 
decreases from 80.1 at 293K to 63.8 at 333K [8]. The 
high dielectric property of water makes the ionic liquid 
partially dissociated into ions, leading to a high 

asymmetrical interaction between neutral water 
molecules and charged particles of the IL component, 
and accordingly a high non-ideality of the mixture and 
the excess volumes. This means that the aqueous 
solution of ILs usually shows a larger deviation from the 
ideal solution behavior than an alcoholic solution of ILs, 
which is justified by the fact that the values of VE for the 
(IL + water) mixtures are always larger than those for 
the (IL + alcohol) mixtures at the same temperature 
and concentration. Besides, as the temperature 
increases the ILs component is apt to present as 
neutral molecules rather than as ionic species due to 
the decreasing dielectric constant of water, leading to a 
lower non-ideality and excess volume.  
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Figure 4: The experimental and correlative excess molar 
volume for the binary mixture ([EMIM][DEP] + water) at 
different mole fractions of IL and temperatures: ( ), 293.15 
K; ( ), 303.15 K; ( ), 313.15 K; ( ), 323.15 K; ( ), 333.15 
K; (—), calculated values from Eq. (8). 

For a specific ionic liquid, the solvent property has 
an important influence on the nonideality and excess 
molar volume of the IL-containing binary solutions. 
Figure 5 presents the excess molar volumes against 
the mole fraction of IL for the binary mixtures of 
[EMIM][DEP] with water, methanol and ethanol at 
298.15K. It is seen that among the three binary 
mixtures, the aqueous solution shows the highest 
excess molar volume and the ethanol solution shows 
the lowest one at the same temperature and mole 
fraction of IL. This trend is in agreement with the 
dielectric constant [8] order at 298.15K, viz. water 
(78.3) > methanol (32.7) > ethanol (24.5). As a result, 
the aqueous solution of IL is more like an electrolyte 
solution, while the alcoholic solution of IL is more like a 
non-electrolytic organic mixture. In effect, the excess 
volume is a reflection of the compromising effects 
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among molecular sizes and various interactions for a 
specific mixture, and is dependent on the temperature 
and composition. The negative excess volume may be 
associated with the strong ion-dipole and dipole-dipole 
interactions between IL and the solvent molecules, as 
well as the interstitial effect in molecular packing due to 
the differences in size and shape of the component 
molecules, by which the volume of the liquid mixture is 
apt to be contracted. 
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Figure 5: Excess molar volume for the binary mixtures of 
[EMIM][DEP] with different solvents at 298.15K: ( ), 
[EMIM][DEP] + water; ( ), [EMIM][DEP] + methanol; ( ), 
[EMIM][DEP] + ethanol. 

3.4. Correlation of the Density Data 

In view of the complex variation of the excess molar 
volume with temperature and IL-content for a binary 
mixture, the VE values are fitted to equation (8) by the 
least-square method. 

V E
= xIL 1 xIL( ) Ai

i=0

j

1 2xIL( )
i
1+ BT +CT 2( )        (8) 

Where xIL is the mole fraction of IL, T is the 
temperature in K. It was found that the best fit was 
obtained when five adjustable parameters were used in 
Eq. 8. The resulting parameters A0, A1, A2, B, C, and the 
correlation deviations in average absolute relative 
deviation, i.e. AARD(VE), or mean absolute percent 
deviation (MAPD) as noted by McHugh et al. [15,16], 
for each binary system are listed in Table 3. The 
experimental density data were accurately correlated 
by Eqs (5) through (8) with the maximum correlative 
deviation of AARD ( ) within 0.02%, which is close to 
the experimental uncertainty of the densimeter used 
here. The goodness of Eqs (5) through (8) for 
representing density and excess molar volume of the 
IL-containing binary mixtures can be clearly seen from 
Figures 2 through 4, as well as the very low AARD 
values as listed in Table 3 and Figure 6.  

4. CONCLUSIONS 

The density data for the binary mixtures of 
[EMIM][DEP] and a solvent of water(methanol or 
ethanol), were measured at 1 atm in the temperature 
range of (293.15 to 333.15) K using the densimeter. 
The excess volumes are negative in the whole 
temperature and concentration range studied, 
indicating a negative deviation from the ideality, and 
the variation of excess volume with temperature shows 
two opposite trends for the (IL + water) mixtures and 
the (IL + alcohol) mixtures. Moreover, the excess 
volume as well as the density data can be correlated 
accurately by a five-parameter empirical polynomial 
equation. 

Table 3: The Regressed Parameters of Eq. (8) and the Deviation in AARD for the Binary Systems 

Correlation results IL + solvents binary systems 

[EMIM][DEP]IL IL + water IL + methanol IL + ethanol 

A0 0.00187 0.00031 0.00042 

A1 0.00123 0.00030 0.00042 

A2 0.00085 0.00027 0.00034 

B 26.63691 4.15221 20.16439 

C 0.05662 0.14370 0.14385 

AARD(VE) 1.5385% 0.3359% 0.7035% 

AARD( ) 0.0167% 0.0031% 0.0037% 

AARD =
1

n
V E cal( ) V E exp( ) 1.0

i=1

n
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Figure 6: Relative deviations of density correlation in the 
whole concentration range and temperature range of 
(298.15~ 333.15K) for the binary mixtures. ( ), [EMIM][DEP] 
+ water (C=0); ( ), [EMIM][DEP] + ethanol (C=0.05); ( ), 
[EMIM][DEP] + methanol (C=0.1). 
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