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Abstract  -  Aqueous systems composed of ionic liquid make up a new alternative for use in processes 
involving the separation of biomolecules. The objective of this experiment was to obtain the thermo-physical 
properties of density, refractive index, electrical conductivity, molar volume, thermal expansion coefficient 
and apparent specific volume of the ionic liquid 1-ethyl-3-methylimidazolium chloride. The thermo-physical 
properties of aqueous solutions of this ionic liquid were measured as a function of the mass fraction w = (0.05, 
0.125, 0.2, 0.275 and 0.35), temperature T = (293.15, 303.15, 313.15 and 323.15) K and pH = (7.5, 8.0 and 
8.5). Models representing the combined effects between variables were fit since they are required for industrial 
applications where the physical parameters must be accurately calculated. Models representing the combined 
effects of the variables temperature, mass fraction and pH values of ionic liquid were adjusted and presented 
good fit.
Keywords: Thermodynamic properties; Binary mixtures; Ionic liquid; Models.

INTRODUCTION

Ionic liquids (ILs) are organic salts which have 
a low melting point. They have unique physical-
chemical properties, with negligible vapor pressure, 
non-flammable, non-explosive, electrochemically and 
thermally stable, and can be easily recycled. These 
salts present extremely low vapor pressures, and this 
feature has attracted attention given their potential as 
solvents to replace volatile organic solvents for a large 
variety of chemical reactions, separation processes 
and other applications. Such compounds have many 
favorable properties which make them attractive for 
many applications (Ficke et al. 2010; França et al. 
2009; Muhammad et al. 2012).

Due to these characteristics, the ILs have been 
extensively studied in two-phase aqueous systems 

(ATPS). These systems consist of two aqueous phases 
rich in two structurally different compounds which 
are immiscible, where they separate into two phases 
above certain concentration values. The ATPS may be 
formed from polymer, surfactant and salt, which may 
be strategically combined to achieve high selectivity 
and efficiency for the extraction and purification of 
biomolecules (Vicente et al., 2014). However, most 
polymers used to form the phases have high viscosity 
and form turbid solutions, interfering in determination 
of the analytes. In recent years it has been demonstrated 
that ionic liquids are a viable alternative for ATPS 
composed of common polymers since they present 
unique advantages, such as low viscosity, formation of 
emulsion, absence of volatile organic solvents, rapid 
phase separation and high extraction efficiency (Yan 
et al., 2014).
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The ATPS formed by ionic liquid have been 
successfully applied to separate, concentrate, isolate 
and purify biocompounds. Several studies with ILs 
have been published in recent years, including their 
application in complete removal of dyes, recovery of 
antibiotics, ethanol and butanol from fermentation 
broth, acetone, removal of organic contaminants 
from aqueous waste streams and protein partitioning 
(Ferreira et al., 2014; Huddleston et al., 1998; 
Fadeev and Meagher, 2001; Du et al., 2007; Dreyer 
et al., 2009). For these reasons, predicting the basic 
thermophysical properties of the phase forming 
systems at various concentrations and temperatures is 
also an indispensable requirement for the design and 
scale up of a wide range of separation process. 

Given the above, the present study sought to evaluate 
the thermophysical properties of density, thermal 
expansion coefficient, molar volume, specific volume, 
refractive index and electrical conductivity of binary 
mixtures of water + 1-ethyl-3-methylimidazolium 
chloride in various conditions of pH, temperature and 
mass fraction.

EXPERIMENTAL SECTION

Materials
The 1-ethyl-3-methylimidazolium chloride 

(CAS: 65039-09-0) was purchased from Sigma 
Aldrich. Potassium hydroxide (CAS: 1310-58-3) and 
hydrochloric acid (CAS: 7647-01-0) were purchased 
from Vetec Fine Chemicals (Brazil) and Synth, 
respectively. All reagents were of analytical grade 
and used without further purification. The entire 
experiment was conducted at the Process Engineering 
Laboratory of the State University of Southwest Bahia 
(UESB), Itapetinga campus – Bahia, Brazil.

Methods
Preparation of solutions

Aqueous solutions of 1-ethyl-3-methylimidazolium 
chloride ([C2mim]Cl) were prepared using an 
analytical balance M254A (Bel Engineering) with an 
accuracy of ± 0.0001 g. Stock solutions of 1-ethyl-3-
methylimidazolium chloride (w = 0.50) were prepared 
for each pH value (7.5, 8.0 and 8.5) by addition of 
hydrochloric acid or potassium hydroxide when 
required. These pH values were chosen because 
they are commonly used in ATPS for separation of 
biomolecules (Sampaio et al., 2017). Appropriate 
quantities of the stock solution were diluted in tubes and 
shaken manually to obtain the desired mass fraction w 
= (0.05, 0.125, 0.2, 0.275 and 0.35). The analyses were 
performed at temperatures of T = (293.15, 303.15, 
313.15 and 323.15) K, in all prepared solutions. 
Distilled water was used in all the experiments. 

Density
The densities of the solutions were determined 

using a Bench Digital densimeter DMA 5000M 
(Anton Paar) with accuracy of ±5 x 10-6 g·cm-3 and 
repeatability of ±1 x 10-6 g·cm-3 in the operating 
range of 0 to 3 g·cm-3. The temperature range of the 
equipment is 273.15 K to 363.15 K with an accuracy 
of ±0.01 K and repeatability of ±0.001 K.

Refractive Index
For the refractive index, the digital refractometer 

Q767BD (Quimis) was used with accuracy of 
±0.0002 and wavelength of 589 nanometers, as is 
conventionally done.  This device was connected to 
a thermostatic bath (Tecnal, Te-184), allowing for 
temperature control with an accuracy of 0.1 K. The 
equipment was calibrated with distilled water at the 
studied temperature, and the sample was then placed 
in the prism of the refractometer for direct reading. 

Electrical conductivity
Electrical conductivity was determined using a 

bench digital conductivity meter Q795m (Quimis) with 
a precision of 0.5 %. The equipment was calibrated 
with a standard 0.01 M KCl solution. The temperature 
of the samples was controlled in a thermostatic bath 
(Tecnal, Te-184), allowing for temperature control to 
within 0.1 K.

Molar Volume
The molar volume (Vm) is the volume occupied by 

one mole of a substance at a fixed temperature and 
pressure. The Vm of the binary mixtures of water + 
1-ethyl-3-methylimidazolium chloride was calculated 
using the following equation:

V M
m = ρ

where: M is the molecular mass in g·mol-1, ρ is the 
density in g·cm-3 and Vm is the molar volume cm3·mol-1.

Thermal Expansion Coefficient
The density calculated for the binary mixtures of 

water + 1-ethyl-3-methylimidazolium chloride was 
used to calculate the thermal expansion coefficient 
(αp), using the following equation:

α
ρ

ρ
p

pT
= −

∂
∂








1

where: ρ is the density obtained in g·cm-3.

Apparent specific volume
The apparent specific volume (v2Ø) was calculated 

from the density data using equation 3:

(1)

(2)
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where: ρ (g·cm-3) and ρ0 (g·cm-3) are the densities of 
the ionic solution and pure water, respectively.

Statistical analysis
All statistical analyses were performed using SAEG 

v.9.1 (Ribeiro Júnior, 2001). The experiment was 
conducted in a completely randomized design (CRD) 
with two replications and in triplicate. The experimental 
data obtained was fitted to polynomial models, where 
the correlation coefficient was calculated for the 
treatment means. Correlation coefficients between the 
predicted and real values were calculated for all models. 
The standard deviation for each property was also 
calculated. All analyses were performed considering 
a 5% significance level. The expanded uncertainties 
in density, refractive index, electrical conductivity, 
molar volume, apparent specific volume and thermal 
expansion coefficient were calculated as combined 
uncertainties multiplied by 2. The coverage factor of 2 
yields a 95% confidence interval. 

RESULTS AND DISCUSSION

Density, refractive index and electrical conductivity 
of the binary mixtures

The density, refractive index and electrical 
conductivity of ionic liquid solutions were measured 

at different temperatures T = (293.15, 303.15, 313.15 
and 323.15) K, pH values (7.5, 8.0 and 8.5) and mass 
fraction w = (0.05, 0.12, 0.2, 0.275 and 0.35). Table 
1 shows the mean and standard deviation of these 
properties in all conditions studied.

Figures 1, 2 and 3 shows the mean of these properties 
in all conditions studied. The density, refractive index 
and electrical conductivity of the binary mixtures 
of water + 1-ethyl-3-methylimidazolium chloride 
increased with increasing mass fraction of the ionic 
liquid and decreased with the increase in temperature 
at each pH condition studied. Muray et al. (2013) 
observed similar behavior, studying thermo-physical 
properties of ionic liquid imidazolium base. Similar 
behavior for density was found by Rafie et al. (2016) 
studying the volumetric properties of ionic liquids in 
sucrose aqueous solution at different temperatures and 
ambient pressure. 

The decrease in density with increasing 
temperature can be due to the increased mobility of 
liquid molecules from the increase in thermal energy, 
making the interactions within the system weaker 
and causing the volume expansion and reducing the 
density (Siongco et al., 2013). Figure 4 shows the 
comparison of measured densities for the (1-ethyl-3-
methylimidazolium chloride + water) binary system in 
this work at different pH values and the literature at T= 
303.15 K. This discrepancy in slopes may come from 
differences in values of pH and also small differences 
in the densities due to pressure. 

Similar behavior can be observed for the index 
of refraction for all mass fractions of 1-ethyl-3-

v
w2
0

0

1 1∅ = +
−







ρ

ρ ρ
ρ

Continues on the next page

Table 1. Density (ρ), refractive index (nD) and conductivity (κ) of the binary mixtures of water + 1-ethyl-3-
methylimidazolium chloride at the different mass fraction (0.05, 0.12, 0.2, 0.275 and 0.35), temperatures T = 
(293.15, 303.15, 313.15 and 323.15) K and pH (7.5, 8.0 and 8.5)a.

(3)
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Continued from Table 1

aFor densities the standard uncertainty for temperature is u(T) = 0.001 K, for refractive index and electrical conductivity the standard uncertainty for temperature is u(T) = 0.11 K. For 
densities, refractive index and electrical conductivity the standard uncertainty for mass fraction is u(w) = 0.0001. Expanded uncertainties are: for density: Uc(ρ) = 0.0004 g·cm-3, for 
refractive index: Uc (nD) = 0.0011 and electrical conductivity: Uc(κ) = 1.72 mS·cm-1 (0.95 level of confidence).

Figure 1. Density ρ of binary mixtures of water + chloride, 1-ethyl-3-methyl imidazolium as a function of the mass 
fraction at different temperatures, T/K: ●, 293.15; ○, 303.15; ▼, 313.15; ∆, 323,15 at each value pH: (A) 7.5, (B) 
8.0 and (C) 8.5.
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Figure 2. Refractive index nD of binary mixtures of water + chloride, 1-ethyl-3-methyl imidazolium as a function 
of the mass fraction at different temperatures, T/K: ●, 293.15; ○, 303.15; ▼, 313.15; ∆, 323,15 at each value pH: 
(A) 7.5, (B) 8.0 and (C) 8.5.

Figure 3. Electrical conductivity κ of binary mixtures of water + chloride, 1-ethyl-3-methyl imidazolium as a 
function of the mass fraction at different temperatures, T/K: ●, 293.15; ○, 303.15; ▼, 313.15; ∆, 323.15 at each 
value pH: (A) 7.5, (B) 8.0 and (C) 8.5.binary mixtures of water + chloride, 1-ethyl-3-methyl imidazolium.

Figure 4. Comparison of measured densities for (water 
+ 1-ethyl-3-methyl imidazolium chloride) binary 
system with the literature at T=303.15 K: ● (Rafie et 
al. (2015); Rafie et al. (2016)); this work ○, pH 7.5; ▼, 
pH 8.0; ∆, pH 8.5.

methylimidazolium chloride, temperature and pH 
values. Regarding the temperature, at constant mass 
fraction of 1-ethyl-3-methylimidazolium chloride, 
an increase in temperature causes an expansion of 
the liquid volume, reducing the concentration and 
decreasing in the refractive index of the aqueous 
solutions. It was also noted that the refractive index 
increased with increasing mass fraction of 1-ethyl-3-
methylimidazolium chloride. Similar behavior was 

observed by Tang et al. (2014), who observed that the 
index of refraction increased with the mass fraction of 
the ionic liquid.

It can be seen that the electrical conductivity 
increased with increasing mass fraction of 1-ethyl-3-
methylimidazolium chloride due to the increase in the 
amount of ions present in the aqueous solution (Xu et 
al., 2015).

From the experimental data, polynomial models 
were adjusted to the thermophysical properties as 
a function of temperature, mass fraction and pH of 
the ionic liquid by fitting the experimental data to 
the general model (Eq. 4), and thereby obtaining the 
combined effect of these properties with regards to 
the three variables. Non-significant parameters were 
eliminated based on the Student’s t-test and p-value 
less than 0.05.

ψ β β β β β
β β β β β
β β

= + + + +
+ + + + +
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where: ψ is the thermodynamic property and β1, β2, β3, 
β4, β5, β6, β7, β8, β9, β10, β11, β12, β13 and β14 are constants 
determined from the experimental data.

Table 2 shows the coefficients obtained from 
the polynomial regression (Eq. 4) for density (ρ), 

(4)
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refractive index (nD) and electrical conductivity (κ). 
The fit between experimental and predicted data by the 
model was satisfactory, with R² values and correlation 
coefficients greater than 0.94. 

Table 2 points to an inverse relationship for the 
temperature behavior for the density and refractive 
index. This indicates that the increase in temperature 
causes a decrease in these thermodynamic properties 
in question. The decrease of these properties with 
temperature is due to the increased mobility of the 
molecules of binary mixtures, causing a volume 
expansion and the decrease of intermolecular 
interactions (Siongco et al. 2013). 

Moreover, binary mixtures had positive coefficients 
for the mass fraction of 1-ethyl-3-methylimidazolium 
chloride, confirming that the presence of the ionic 
liquid contributed to increasing the density and 
refractive index. 

It can also be seen in Table 2 that the electrical 
conductivity was more affected by the mass fraction 
of 1-ethyl-3-methylimidazolium chloride than by 
temperature, confirming that the increase in the mass 
fraction of 1-ethyl-3-methylimidazolium chloride 
increases the electrical conductivity.

Figures 5, 6 and 7 show the data predicted by the 
model with regards to density, refractive index and 
electrical conductivity as a function of temperature and 
mass fraction obtained from Eq. 4 when the pH values 
were fixed. It was observed that for all thermodynamic 
properties the term related to temperature was negative, 
indicating that the three previously mentioned properties 
were negatively affected by the increase in this variable. 
In contrast, the parameter related to mass fraction was 
positive, indicating that there is an increase in these 
properties with the increase of this variable.

Table 2. Fixed parameters for the models (Eq. 4) 
for density (ρ), refractive index (nD) and electrical 
conductivity (κ) for binary mixtures of water + 1-ethyl-
3-methylimidazolium chloride.

ns: not significant. The parameters  β8, β9, β10 and β14 are not in the table 
because they were not significant for any property.  

Figure 5. Density ρ of binary mixtures of water + 1-ethyl-3-methyl imidazolium chloride predicted by the model at 
different values of pH (A) 7.5 (B) 8.0 and (C) 8.5.

Figure 6. Refractive index nD of binary mixtures 
of water + 1-ethyl-3-methyl imidazolium chloride 
predicted by the model.

Apparent specific volume, molar volume and 
thermal expansion coefficient of the binary mixtures

From the experimental data obtained for density 
and from equations 1 to 3, the properties of molar 
volume, thermal expansion coefficient and apparent 
specific volume were calculated for the binary 
mixtures of water + 1-ethyl-3-methylimidazolium 
chloride at different temperatures T = (293.15, 303.15, 
313.15 and 323.15) K, pH values (7.5, 8.0 and 8.5) and 
mass fraction w = (0.05, 0.12, 0.2, 0.275 and 0.35). 
The results are shown in Table 3.
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Figure 7. Electrical conductivity κ binary mixtures of water + 1-ethyl-3-methyl imidazolium chloride predicted by 
the model at different values of pH (A) 7.5 (B) 8.0 and (C) 8.5.

Continues on the next page

Table 3. Apparent specific volume (v2Ø), molar volume (Vm) and thermal expansion coefficient (αp) of the binary 
mixtures of water + 1-ethyl-3-methylimidazolium chloride at different mass fractions (0.05, 0.12, 0.2, 0.275 and 
0.35), temperatures T = (293.15, 303.15, 313.15 and 323.15) K and pH (7.5, 8.0 and 8.5).
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The molar volume, thermal expansion coefficient 
and apparent specific volume of the binary mixtures 
of water + 1-ethyl-3-methylimidazolium chloride 
decreased with an increase in mass fraction and 
increased with an increase in temperature. 

Similar behavior for the apparent molar volume 
was found by Rafie et al. (2015) studying the ionic 
liquid, 1-ethyl-3-methyl imidazolium chloride in 
aqueous lithium nitrate, lithium bromide, and lithium 
chloride solutions at temperatures 298.15 to 318.15 K.  

Using the same procedures as above, polynomial 
models were fit to the properties of molar volume, thermal 
expansion coefficient and apparent specific volume of the 
binary mixtures as a function of temperature, mass fraction 
and pH of the ionic liquids, by fitting the experimental 
data to the general model (Eq. (4)). Table 4 shows the 
coefficients obtained from the polynomial regression (Eq. 
4) for the properties of apparent specific volume (v2Ø), 
molar volume (Vm) and thermal expansion coefficient (αp).

Continued from Table 3

aFor apparent specific volume, molar volume and thermal expansion coefficient the standard uncertainty for temperature is u(T) = 0.001 K and for mass fraction  is u(w) = 0.0001. 
Expanded uncertainties are for apparent specific volume: Uc(v2Ø) = 0.002 g·cm-3,  for molar volume: Uc(Vm) = 0.6508 cm3·mol-1 and for thermal expansion coefficient: Uc(αp) 0.0020 
= K-1 (0.95 level of confidence).

Table 4. Fixed parameters of the models (eq. 4) for 
apparent specific volume (v2Ø ), molar volume (Vm) 
and thermal expansion coefficient (αp) for the binary 
mixtures of water + 1-ethyl-3-methylimidazolium 
chloride.

ns: not significant. The parameters  β5, β6, β7, β8, β9, β10, β13 and β14  are not 
in the table because they were not significant for any property.  

Figure 8. Specific volume v2Ø of binary mixtures of water + 1-ethyl-3-methyl imidazolium chloride predicted by the 
model at different values of  pH (A) 7.5 (B) 8.0 and (C) 8.5.

Figures 8, 9 and 10 show the data predicted by the 
model with respect to specific volume, molar volume 
and thermal expansion coefficient as a function of 
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Figure 9. Molar volume Vm of binary mixtures of water 
+ 1-ethyl-3-methyl imidazolium chloride predicted by 
the model.

Figure 10. Coefficient of thermal expansion αp 
of binary mixtures of water + 1-ethyl-3-methyl 
imidazolium chloride predicted by the model.

the temperature and mass fraction obtained from eq. 
4, in which the pH was fixed for each value. It can 
be observed in the figures that the values of these 3 
properties decreased as the mass fraction increased 
and increased with increases in temperature.

CONCLUSION

It was possible to obtain experimental data for 
the properties density (ρ), electrical conductivity (κ) 
and refractive index (nD), under various conditions of 
temperature, mass fraction and pH of aqueous solutions 
of the ionic liquid. From the experimental data for the 
density it was possible calculate the apparent specific 
volume (v2Ø), the coefficient of thermal expansion 
(αp) and molar volume (Vm). Polynomial models 
for the properties presented satisfactory fits to the 

experimental data. The results were satisfactory and 
can be used for the design and scale up of separation 
process under such experimental conditions. 

NOMENCLATURE

W  mass fraction
T  temperature, K
ILs  ionic liquids
ATPS  two-phase aqueous systems
([C2mim]Cl)   1-ethyl-3-methylimidazolium 
  chloride
Ρ	 	 density, g∙cm-3

Vm  molar volume, cm³∙mol-1

ap   thermal expansion coefficient, K-1

v2Ø    apparent specific volume, cm³∙g-1

nD  refractive index
Κ  electrical conductivity, mS∙cm-1

CRD  completely randomized design
y   thermophysical property
b     adjusted parameter
R2  correlation coefficient
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