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Abstract—1It is difficult to find physical properties data for systems containing ionic liquids, excess molar enthalpies,
binary interaction parameter, etc. In this study, the excess molar enthalpies were measured for water+ethanol+ionic
liquid system using a isothermal microcalorimeter at 298.15 K. The ionic liquid used was 1-butyl 3-methyl imidaz-
olium tetrafluoroborate, [BMIM] [BF,]. The isothermal microcalorimeter (IMC) is a flow-type calorimeter that mea-
sures the heat of mixing directly, using specific mixing cell. By employing NRTL, electrolyte-NRTL and UNIQUAC
models, binary interaction parameters were determined and investigated for the correlation with vapor liquid equilib-
rium (VLE). The e-NRTL model with the partial dissociation was employed to correlate the ionic liquid system. The
binary data of VLE system were used from literatures. Specifically, UNIQUAC volume and surface area parameters

were determined using Bondi radius.

Keywords: Isothermal Microcalorimeter (IMC), Ionic Liquids, NRTL, Electrolyte NRTL, UNIQUAC, Partial Dissocia-

tion, Bondi Radius

INTRODUCTION

Tonic liquids (ILs) have received great interest from various indus-
tries, including gas capture and storage, catalysts, electrolyte solu-
tions [1-7]. ILs are organic salts in the liquid state below 373.15K
and composed entirely of ions that determine the unique charac-
teristics. By varying ion compounds, ILs have certain characteris-
tics such as tunable electrochemical properties, including negligible
vapor pressure and high thermal stability. Due to these properties,
ILs are attracting much attention as green solvents. As an alterna-
tive solvent, several ionic liquids are attracting great attention in
synthesis and electrical deposition of nanomaterials [8]. Research-
ers have investigated the use of ionic liquids for the recovery sys-
tem of solutes [9,10]. Recent work has shown that ionic liquids are
used in liquid-liquid separation [3,4]. Also, they can serve as sol-
vents for biocatalysts [9]. In these processes, it is important to know
the thermodynamic data of the mixture containing ionic liquids,
to choose effective ionic liquids for separation [12].

But physical properties data of ionic liquids composed of various
combinations are still lacking. Furthermore, an improved thermo-
dynamic modeling is required for ionic liquid mixtures, because
ionic liquids have negligible vapor pressure, high viscosity; and strong
solvation property.

In this study, we used an isothermal microcalorimeter (IMC)
for direct measurement of excess enthalpies at constant tempera-
ture. Using IMC, the excess enthalpy for the following ternary sys-
tems was measured: water, ethanol and 1-butyl-3-methylimidazolium
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tetrafluoroborate ([BMIM][BE,]). Also, liquid activity coefficient
models, such as NRTL, electrolyte NRTL (e-NRTL) and UNIQUAC,
were used [13-17]. Binary interaction parameters of these models
were determined by correlating with the VLE and with infinite
activity coefficients. Partial dissociation that Simoni et al. [16] dis-
cussed was applied in e-NRTL model. As UNIQUAC parameters
related to volume and surface area were not defined well in ionic
liquid system, Bondi radius of each element was used to estimate
the parameters in this study, particularly.

EXPERIMENTAL

1. Materials

1-Methyl imidazole (purity: 99%), water (>99.8%), ethanol (99.9%),
and acetonitrile (98%) were purchased from Aldrich Chemical
Co. Deionized water was purchased from Fisher. All the chemi-
cals were used as received without further purification. The ionic
liquid, [BMIM][BF,], which was proposed by previous literature,
was applied to synthesis, respectively, at room temperature. The
mass fraction purities of these chemicals are over 99%, and their
residual chloride and water contents are below 100 ppm by gas chro-
matography (GC).
2. Experimental Apparatus

The heat of mixing of ethanol and aqueous ionic liquid such as
[BMIM][BF,] system was measured using the isothermal micro-
calorimeter (IMC). Fig. 1 and Fig. 2 show a schematic diagram of
the experimental apparatus, and the flow mixing cell and mixing
tee for measuring the heat of mixing, respectively. For this work,
we used a modified version of the experimental apparatus used in
our previous work [18]. The core of the system is the mixing cell.
The main feature of using the mixing cell apparatus is that the
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Fig. 1. Schematic diagram of experimental apparatus to measure the
excess enthalpy of mixture.
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Fig. 2. Schematic diagram of the flow mixing cell and mixing tee for
measuring the heat of mixing.

overall composition of the system is kept constant during the experi-
ment, which is important since a change of composition in the cell
causes a change of the heat flux. A detector (below 0.1 uW preci-
sion) is inserted in the container at constant temperature.

The system pressure was measured with a high-precision pres-
sure gauge (Dresser Heise model with 0.05 MPa accuracy placed
in the system. The system temperature was fixed to stay within
0.01 K by an RTD temperature probe inserted into the interior of
the container. A temperature-controlled forced-convection air bath
was used to keep the temperature of the system’s exterior constant.
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3. Experimental Procedure

The isothermal microcalorimeter (IMC) was placed at a fixed
temperature for several days. It yielded stable results when the heat
of mixing occurred. The total flow rate passing through the mix-
ing cell was kept below 0.3 ml/min. To remove the irregular pres-
sure effect of the reciprocating pump, a small chamber was inserted
in the fluid line.

To remove any entrapped air present inside the fluid line and
the mixing cell, decahydronaphthalene was used for purging for
24 hours. Once the decahydronaphthalene was purged fully, etha-
nol and aqueous ionic liquids were input into the system. All flow
rates of the pumps were calibrated for determining the exact flow
rates in this study by using a balance with an accuracy of 1 mg.
The mole fraction of the ionic liquid was calculated on the basis of
a known amount.

When two fluids were input, they were mixed by the mixing
cell. When the mixing occurred, the heat peak from exothermic
or endothermic mixing was observed, directly. The heat peak rep-
resents the mean value during 1 min. When the peak was stabi-
lized for a few minutes, we regarded this heat peak as the heat of
mixing at fixed mole fraction and temperature. The fluctuation of
the peak by flow conditions lay in approximately 1 uW. The size of
fluctuation was so small that the effect of the fluctuation on the
results was not observed.

After one set of experiments was finished at a fixed mole frac-
tion, more ethanol was put into the mixing cell, and the mole frac-
tion of the new set of the experimental system was recalculated.

THEORY

In rigorous models, NRTL, e-NRTL, UNIQUAC models are used
to depict the system containing electrolyte. The e-NRTL model
has the PDH term for considering interaction that depends on the
range. In case of a system containing ILs that are either molecular
or completely dissociated, it is partial ionization that occurs in the
mixing. Simoni et al. [15] introduced the asymmetric e-NRTL
model related to partial dissociation. In this study, a comparison
between NRTL, e-NRTL, and UNIQUAC models was used in cor-
relating with the vapor liquid equilibrium (VLE) data.

1. NRTL and UNIQUAC [11]

When all pure liquids are at constant temperature T and pres-
sure B, the total Gibbs energy is given by the molar Gibbs energy
of mixing g", which, in this case, is

Mo, E
& _Syxin(x)+E=
RT ;X,In(x,) + 2T 1)

The NRTL model introduced by Renon and Prausnitz was orig-
inally intended for non-electrolyte systems. But it has been widely
used in a variety of electrolyte systems for modeling equilibria. For
the NRTL model,

£ _$ TG @
RT 5 50,Gux

_ _gi.—g.._Agi.
where, G;=exp(— ;7;) and ;= —lﬁﬂ = E’[-‘Z
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An energy parameter, g; characterizes the interaction of species
i and j, and the parameter o= is related to the non-random-
ness factor in the mixture (=0 corresponds to complete random-
ness, or an ideal solution). To compare only binary interaction
parameters of each model, o;; was fixed at 0.3 in this study.

For the UNIQUAC model,
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RT  RT @ RT ®)
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Here, 1; and q; represent the relative volume and the surface area,
respectively, for component i. It follows that @ and (2 are volume
and surface area fractions for component i. The binary interaction
parameters Au; are estimated from experimental data. The UNI-
QUAC parameters of pure IL have been developed depending on
the systems that are chosen. However, the data for the determina-
tion of the parameters is not sufficient enough for us to want to use
it. To estimate the UNIQUAC parameter, relative van der Waals
volumes and surface areas were calculated according to the Zhao
et al. [19] method using Bondi radius.
2. Electrolyte NRTL with Partial Dissociation

Tokuda et al. [20] discussed the fractional dissociations for sev-
eral pure ILs with the observations that they occurred by an ion
type, as well as the length of the cation substituent alkyl chain.
Simoni et al. [16] suggested a model that accounts for the partial
dissociation in the e-NRTL model. In the e-NRTL partial dissocia-
tion model,

gf_czz (Y2G21121+Y3G31731 )+ ( V2601 1+ Y3Gs1 731 )
RT AV Y1+ 7:Got 3Gy N2y, +y, 4,60+ y3Gy
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where, & is a parameter related to partial dissociation of ions for
salt i component. The actual mole factions y; and y. ; indicate the
actual mole fraction that are related to the mean-ionic and observ-
able mole fractions, where, A, is the Pizer Debye Hukel parame-
ter and p is the distance of the closest ionic approach parameter
and & is the degree of dissociation. The closest approach parame-
ter was a fixed constant of 25.
3. Parameter Determinations

The following is the objective function used for model parame-

ter estimation:

* 2 Ex 2
VLE, - VLE; h; —h;
min obj=—— Z[——————-’ ] + Z( ’ EJ
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1 o* o0 \2 (8)
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In above equation, an experimental property is represented by
an asterisk, and n; denotes the number of experimental data points
of property i. p, h, and 12 for these models, NRTL, UNIQUAC,
and e-NRTL can be obtained by the following thermodynamic
fundamental relations:

h"=-RT"| —— (10

P, x

Inr, = (11)
P, T, nifx,—>0

Here, N is the total actual moles present in solution and N; is
the number of observable moles of species i, R is the gas constant,
and T is the absolute temperature. We can obtain the expression of
excess enthalpy by substituting excess Gibbs energy Egs. (6) and
(7) into Eq. (10).

3-1. NRTL Equation

X1G12*X2(a12712*1)p
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3-2. UNIQUAC Equation

E T 6hAU,, 7,6,Au,
H = + 13
m= T g e, TN o1, (13

The degree of dissociation can be calculated by following a sim-
ple equation suggested by Simoni et al. [16]:
&= 6717 Ay My (14)

2 1. 1
2N,e'd (— + —)
A€ A s, s

M Ay di and My are the viscosity, conductivity, density and
molecular weight of the pure IL at 298.15 K, respectively. In fact,
the degree of dissociation should be considered a function of the
composition in the mixture, but we considered the degree of dis-
sociation is not an adjustable parameter and assumed that it is
constant in the entire composition range. Thus, we also used the
above equation for determining the degree of dissociation in this
study:.
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Table 1. Chemical structure and CAS registry number of [BMIM] [BE,]

Cation Anion Cas No

Abbreviation Name

79917-90-1

N\, |
SO +

[BMIM][BE,]

1-Butyl-3-methylimidazolium tetrafluoroborate

RESULTS AND DISCUSSION

By changing the anion of an ionic liquid, the properties of the
mixture are changed. Tables 3 and 4 show the physical and elec-
tric properties of the pure component used in this study. UNIQUAC
segment numbers and surface area parameters depend on the size
and bondings of the molecules. Although several parameters have
been suggested, there is a large range of different values in the lit-
erature. Bondi radius was used in this study to estimate the relative
volume and surface area of the molecules as shown in Table 5-6.

Heat of mixing (excess enthalpy) data for ternary systems was
measured using an isothermal microcalorimeter. The experimen-
tal results for the systems, water+ethanol with 1-butyl 3-methlyim-
idazole tetrafluoroborate [BMIM] [BE,] at 298.15 K, are provided in

Table 2. Data types and sources for binary and ternary system used
to obtain binary interaction parameters of several models

System  Component (1)/(2)/(3) Data Ref.
Binary  [BMIM] [BF,]/ethanol VLE, H, 1* [19]
system [BMIM] [BE,]/water VLE, H., 1 [20]

Ethanol/water VLE, HE, 1° [21]
Ternary [BMIM] [BF,]/ethanol/water VLE, Hf [This work]
system

Table 3. Physical properties of BMIM BF, at 298.15 K and 1 atm [22]

C Viscosity Density Conductivity
Ionic |
onic liquid (mPas) (g/em’) (S/m)
BMIM BE, 94.26 1.2015 0.352

Table 4. Physical properties of solvents at 298.15 K and 1 atm [23]

Solvent Vapor pressure Densit;y Dielectric
(kPa) (g/em’) constant
Ethanol 7.831 0.783924 243
Water 3.157 0.998946 78.57
Table 5. Bondi radii of several atoms [17]
Component  Bondi radius/A  Component ~ Bondi radius/A
H 1.20 P 1.80
C 1.70 S 1.80
N 1.55 F 147
(@) 1.52 B 213
F 1.47 Br 1.85
Cl 1.75 I 1.98

Table 7.

Binary interaction parameters of the NRTL, e-NRTL with par-
tial dissociation and UNIQUAC models were determined from
vapor liquid equilibrium (VLE) data, excess enthalpy (H") data, and
the inifinit dilute activity coefficient. Binary data used for deter-
mining the parameters are listed in Table 2. Tables 8 and 9 show
the parameters for each model. The estimated results of the VLE
data from the H" data are shown in Fig. 3 and Fig. 4. Considering
both H’, VLE, and the inifinite dilution activity coefficients data,
the UNIQUAC model has the most accurate data with a high rel-
ative deviation in the inifinite dilute activity coefficient. In the case
of only VLE and H data correlation, the UNIQUAC model was

Table 6. UNIQUAC segment numbers and surface area parameters,
R, and Q, for several functional groups [23]

Main group Subgroup R, Q:
Methylimidazolium  Methylimidazolium 29700  2.107
Imidazolium 2.2486  1.626
CH, CH, 09011  0.848
CH, 0.6744  0.540
CH 0.4469  0.228
C 0.2195  0.000
Cl 09364  0.740
BF, 22066 1967

Table 7. Excess enthalpies for [BMIM] [BF,](1)/ethanol(2)/water(3)

ternary system
Mole fraction ~ Mole fraction ~ Mole fraction HEF
(x) (%) (x3) (J/mol)
X,/%,=3.989, H*=755.1 J/mol
0.510 0.362 0.128 1110.2
0.374 0.532 0.094 1279.7
0.296 0.630 0.074 1168.8
0.208 0.740 0.052 868.5
0.144 0.820 0.036 524.7
0.120 0.850 0.030 362.7
0.102 0.872 0.026 237.0
x,/%,=0.798, Hf=2128.5 J/mol
0.251 0.435 0.314 2273.7
0.213 0.519 0.268 2004.5
0.186 0.581 0.233 1750.1
0.175 0.607 0.219 1635.9
0.156 0.649 0.195 1434.2
0.134 0.698 0.168 1189.6
0.109 0.755 0.136 892.1
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Table 8. Binary interaction parameters of NRTL, UNIQUAC, and e-NRTL model for [BMIM] [BF,](1)/ethanol(2) system at 298.15K
a P & Binary interaction parameter RMS (%) for VLE Data
Agp Agy,
NRTL 0.3 - - 2223.6 2949.7 25.7 VLE, H?
487.4 2427.2 116 VLE, H', r*
Auy, Au,,
UNIQUAC - - - 1557.6 700.7 154 VLE, H
1288.4 8514 115 VLE, H,
e-NRTL Ag, Ag,,
with partial 0.3 25 0.37 2011.1 4431.6 244 VLE, H?
dissociation 2025.0 24194 24.5 VLE, H:, r*
Table 9. Binary interaction parameters of NRTL, UNIQUAC, and e-NRTL model for [BMIM] [BF,](1)/water(3) system at 298.15K
o p & Binary interaction parameter RMS (%) for VLE Data
Agys Agy
NRTL 0.3 - - 21579 2276.7 324 VLE, Hf
466.1 1490.9 16.7 VLE, H,
Auy; Auy,
UNIQUAC - - - 21806 500.7 9.3 VLE, H
1723.0 599.4 9.9 VLE, H',
e-NRTL Agys Agys
with partial 0.3 25 0.37 1950.3 1982.3 314 VLE, H*
dissociation 1953.5 1982.2 314 VLE, H, r*
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Fig. 3. Px correlation results using several models with binary para-
meters obtained from the H® data for ILs+ethanol binary sys-
tem at 0.1013 MPa and 298.15 K (Il experiment results, solid
line: NRTL, dashed line: e-NRTL, dotted line: UNIQUAC).

in good agreement with the experimental data.

With changes in the number of variables (VLE, H”, r*), the value
of NRTL parameters varied dramatically; whereas the parameters of
e-NRTL with partial dissocition were less affected, relatively. In spite
of the relatively small deviation in correlation VLE with excess en-
thalpy; the results from UNIQUAC model considering infinite dilute
activity coefficient had a significant number of inconsistencies.

CONCLUSIONS

An isothermal microcalorimeter (IMC) was used to measure

Mole fraction of ethanol(2) in ILs/Water(x,;/x;=0.798) mixture

Fig. 4. Excess enthalpies of ternary system for ILs+ethanol+water
ternary system at 0.1013 MPa and 298.15 K (Hl: experiment
results, solid line: UNIQUAC, dashed line: e-NRTL, dotted
line: NRTLO).

excess enthalpies of ternary system for 1-butyl 3-methylimidaz-
olium tetrafluoroborate+water+ethanol at 298.15K. The experi-
mental results were correlated with vapor liquid equilibrium data
by NTRL, e-NRTL with partial dissociation, and UNIQUAC mod-
els. The binary parameters of the models were determined by VLE,
H, and r” data. The degree of dissociation for describing the par-
tial dissociation of the ionic liquid was determined from the elec-
tro-physical properties of the pure ionic liquid.

The relative van der Waals volume and surface area of UNIQUAC
model for ionic liquid were determined using Bondi radius. The
parameters of UNIQUAC model consisted of cation and anion

Korean J. Chem. Eng.(Vol. 34, No. 7)
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molecular groups. The proposed methods can be useful for pre-
dicting the undefined parameters of ionic liquids involving UNI-
QUAC with the advantages of being quick and facile.

A comparison between the experimental data and the correlated
values showed that the UNIQUAC model is better fitted in the
correlation of the VLE and HE data for ILs+ethanol binary sys-
tem at 0.1013 MPa and 298.15 K compared to other models. The
e-NRTL with partial dissociation was affected less than the origi-
nal NRTL model when the number of data type was limited. Al-
though e-NRTL had a little improvement in correlation with VLE
and H, a large deviation still remained in the calculation of excess
enthalpies rather than vapor liquid equilibrium.
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