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Present Status of the Modified UNIFAC Model for the Prediction of Phase Equilibria and

Excess Enthalpiesfor Systemswith lonic Liquids

Torben Hector, Jiirgen Gmehling’

Carl von Ossietzky Universtiat Oldenburg, Technische Chemie, D-26111 Oldenburg, Federal
Republic of Germany

Abstract

The modified UNIFAC (Dortmund) parameter matrix for ionic liquids has been extended. Two
new main groups for the anions alkylsulfate [RSO4] and hexafluorophosphate [PFs] were
introduced. Additionally new interaction parameters for pyrrolidinium [RMPYR]™ and
pyridinium [RPY]" cations as well as 1for trifluoromethanesulfonate [OTF] and tetrafluoroborate
[BF4] anions have been fitted to the available experimental data. In addition existing parameters
have been revised. This article will give an overview about the current status of the modified
UNIFAC (Dortmund) parameter matrix for ionic liquids. Typical results are presented for various
systems. For the further development vapor-liquid equilibria and excess enthalpies were

measured.

Keywords: Ionic liquids; Vapor-liquid equilibria; Excess enthalpies; Activity coefficients at

infinte dilution; Modified UNIFAC (Dortmund)

1. Introduction
Because of their interesting thermophysical properties, like negligible vapor pressure, high
solubility of organic and inorganic compounds, thermal stability, etc., there exist a wide range of

possible applications for ionic liquids. In addition ionic liquids are often discussed as solvents for

" Corresponding author. Tel.: +49-441-201520; fax: +49-441-798-3330; URL: http//www.uni-oldenburg.de/tchemie.
E-mail address: gmehling@tech.chem.uni-oldenburg.de (J. Gmehling)

Page 1 of 48



green chemistry, due to their low flammability and non-toxicity. Therefore ionic liquids have
gained increasing attention over the last years. Some practical applications for ionic liquids are
the replacement of conventional solvents e.g. in separation processes, such as extraction,
extractive distillation, absorption, etc.. Since there is a wide range of possible anions, cations and
substituents, ionic liquids can be applied for a given separation problem. Therefore ionic liquids
are often denoted as designer solvents. To select the best suited ionic liquid, this means to choose
the most appropriate combination of ions and substituents, a reliable knowledge about the phase
equilibrium behavior is required. As already shown in a previous paper [1] the modified UNIFAC
(Dortmund) group contribution model [2] allows a reliable prediction of the phase equilibrium

behavior for systems containing ionic liquids.

The application of modified UNIFAC (Dortmund) was extended to ionic liquids by Kato and
Gmehling [3] and Nebig and Gmehling [4]. But in these references mainly results for
imidazolium cations [RMIM]" and bis(trifluoromethylsulfonyl)imide [BTI]" anions were shown.
Recently an extension to piperidinium cations was presented by Paduszynski and Domanska [5].
In this present work new sets of interaction parameters for [RPY]", [RMPYR]", [OTF], [BF4],
[RSO4] and [PF¢] are introduced to the modified UNIFAC (Dortmund) parameter matrix. At the
same time existing parameters were revised. Typical prediction results for various systems are

given.

2. Experimental Section

Excess enthalpies for the system water - [EMIM][EtSO4] at 363.15 K and vapor-liquid
equilibria for the systems benzene - [BMIM][PF¢], l-butanol - [HPY]'[BTI], methanol -
[OMPYR]'[BTI] , ethanol - [OMPYR]'[BTI]" and 1-propanol - [OMPYR]'[BTI] have been

measured.

2.1. Materials and Purities

The investigated ionic liquids [EMIM][EtSO4]" and [BMIM]'[PFs]” were obtained from
IOLITEC, [HPY]'[BTI] and [OMPYR]'[BTI]" from Merck. The chemicals used were further
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purified before use as described in [1]. Table 1 gives an overview about all used components,

their suppliers and purities.

2.2 Excess Enthalpies

Excess enthalpies for the system water (1) — [EMIM][EtSO4] (2) at 363.15 K were
measured with an isothermal flow calorimeter from Hart Scientific (model 7501) as described in
[1] and [6]. To verify that no reaction takes place during the measurements the resulting mixture
was checked for ethanol by gas-chromatography, as a product of a possible reaction between
water and [EMIM][EtSO4]. But no ethanol was detected. In Table 2 the experimental h*-data

are listed.

2.3 Vapor-Liquid Equilibria

Binary vapor-liquid equilibria were measured under isothermal conditions with a computer-
driven static apparatus, as described in [7]. The degassed components were injected to the
equilibrium cell stepwise via a piston pump. To reach equilibrium the mixture was stirred. A
pressure sensor (Druck type PDCR 4010 max. Pressure 350 kPa) was used to measure the
pressure inside the cell. After pressure constancy was observed the composition of the mixture
was changed by injecting a well-known volume of one of the components. The experimental data
for the system benzene (1) — [BMIM]'[PF¢] at 343.15 K are given in Table 3. Table 4 lists the
experimental data points for the system 1-butanol (1) — [HPY]'[BTI] (2) at 353.15 K. The
experimental data for the systems methanol - [OMPYR][BTI] , ethanol - [OMPYR]'[BTI] 1-
propanol - [OMPYR]'[BTI] at 353.15 K can be found in Table 5.

3. Modified UNIFAC
Figure 1 shows the anions and cations for which now modified UNIFAC (Dortmund)
parameters are available. The required group interaction parameters were fitted simultaneously to

activity coefficients at infinite dilution (y*), binary vapor-liquid equilibria (VLE) and excess
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enthalpies (h") using the Simplex-Nelder-Mead method [8]. The experimental data were either
taken from own measurements or the Dortmund Data Bank [9]. In total 2758 VLE data points,
742 h® data points and 2604 y* data points were used for fitting the group interaction parameters

for systems with ionic liquids.

A revision of existing parameters was necessary, because before the [RMIM] and [BTI]
parameters were fitted simultaneously to experimental data [4]. The fitted group interaction
parameters complicated the fitting process for the parameters of the new main groups, leading to
poor results. By fitting the parameters of the groups independently, the quality of the prediction
results for the new interaction parameters could be greatly improved. Furthermore the number of
required group interaction parameters could be reduced to the a and b parameters, whereby the
quality of the prediction results was not affected in the limited temperature range covered by the
experimental data. The present status of the modified UNIFAC (Dortmund) parameter matrix for
ionic liquids is shown in Figure 2. The group interaction parameters are listed in Table 6. The
additionally required values for the van der Waals volumes Ry and surface areas Qy are given in

Table 7.

4. Resultsand Discussion

Prediction results for vapor liquid-equilibria, excess enthalpies and activity coefficients at
infinite dilution are presented below together with the experimental data. Figure 3 shows
experimental VLE data of systems consisting of n-hexane and ionic liquids of the type
[RMIM]'[BTI] at 353.15 K [10], [11] together with prediction results using modified UNIFAC
(Dortmund) parameters from this work as well as from [4]. Both parameter sets describe the
experimental data with a similar accuracy. Experimental excess enthalpies for systems of acetone
respectively 2-butanone with [BMIM][BTI] at 353.15 K [11] together with the predicted results
using modified UNIFAC (Dortmund) using the old and the new parameters are shown in
Figure 4. The system shows exothermal behavior. Both predictions are in qualitative agreement
with the experimental data. In Figure 5 activity coefficients at infinite dilution of benzene and
toluene in [HMIM][BTI] [3], [12], [13], [14] and the prediction using both matrices are shown.
As can be seen the experimental data from the different references are scattering. While the
parameters from [4] describe the experimental activity coefficients of benzene from [13] better,

the parameters from this work are in better agreement with experimental data from [3] and [12].
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The activity coefficients of toluene are described with similar quality with both sets of

parameters.

As an example for the prediction results using the new interaction parameters, Figure 6 shows
experimental and predicted excess enthalpies for the systems of benzene respectively m-xylene
with [BMIM][OTF] [15]. Both systems are well described by modified UNIFAC (Dortmund),
even though again the predicted minimum value of the exothermic excess enthalpies is a little
stronger negative than the experimental one. In Figure 7 the vapor-liquid equilibrium of the
system cyclohexane and [HMIM]'[OTF] [15] together with the prediction result of modified
UNIFAC (Dortmund) is shown. The model gives a very precise prediction for this system with
only small deviations from the experimental data. The activity coefficients at infinite dilution for
a few alcohols in [BMIM][OTF] [15], [16], [17] are shown in Figure 8 together with the
predicted results using modified UNIFAC (Dortmund). The experimental data points from the

different data sources are scattering, but the prediction seems to be ok.

For the tetrafluoroborate anion in [4] only interaction parameters with alkanes were available. In
this paper the parameters for tetrafluoroborate with additional main groups were fitted. In Figure
9 the experimental vapor-liquid equilibria of 1-butene respectively 1-hexene with [BMIM]'[BF,]
at 363.15 K [15] are shown together with the prediction results. Both systems are well predicted
using modified UNIFAC (Dortmund). A comparison of the experimental excess enthalpies for
the systems ethanol with [BMIM][BF4] respectively [HMIM]'[BF,] at 303.15 K [18], [19] and
the predicted results using modified UNIFAC (Dortmund) is shown in Figure 10. For both
systems the predicted results are in good agreement with experimental data. In Figure 11 the
activity coefficients of various alcohols in [MBPY][BF4]" [20], [21] are shown together with
predicted results. Also for these systems satisfying results are obtained using modified UNIFAC
(Dortmund).

In our previous paper [1] the application of modified UNIFAC (Dortmund) for a few systems
containing alcohols and ionic liquids with sulfate-based anions was presented. Further results for
systems with sulfate-based anions are shown in Figure 12, where the predicted vapor-liquid
equilibria of benzene respectively toluene with [EMIM][EtSO,] [22] are shown together with
the experimental data. Both systems are very well described by modified UNIFAC. The excess
enthalpies for the system of water and [EMIM][EtSO4] at 303.15 K [23] and 363.15 K are
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shown in Figure 13. As can be seen from Figure 13 the prediction using modified UNIFAC
(Dortmund) is in qualitative agreement with the experimental values. The mean relative deviation
of the predicted result from the experimental data for both temperatures is approx. 13.4 %. The
activity coefficients of different aromatics in [EMIM]'[EtSO,4]" [22], [24], [25] are shown in
Figure 14 together with prediction using modified UNIFAC (Dortmund). As can be seen the

prediction is in good agreement with the experimental data.

As new main group for modified UNIFAC (Dortmund) the [PF¢] anion was introduced. In Figure
15 the predicted vapor-liquid equilibria for the system of benzene- [BMIM][PF¢] at 343.15 K
are compared with the experimental data. As can be seen there is good agreement between the
experimental data and the prediction using modified UNIFAC (Dortmund) with only small
deviations close to the miscibility gap. Figure 16 shows the experimental excess enthalpies for
the systems of ethanol respectively 2-propanol with [BMIM][PF4] at 288.15 K [26] together
with the predicted results. As can be seen also here a good agreement between the experimental

data and prediction results for both systems is obtained.

Also for the pyridinium cation group interaction parameters for a few new group pairs have been
fitted. In Figure 17 the excess enthalpies for the systems methanol respectively 1-propanol with
[MBPY]'[BF4] at 298.15 K [27] are shown together with prediction results using modified
UNIFAC (Dortmund). The model describes both systems with only small deviations. The vapor-
liquid equilibrium for the system 1-butanol - [HPY][BTI] at 353.15 K and the predicted results
are shown in Figure 18. The prediction is in good agreement with the experimental data. In
Figure 19 the vapor-liquid equilibria for the systems of benzene respectively toluene with
[EPY]'[BTI] at 353.15 K [15] are shown together with the prediction using modified UNIFAC
(Dortmund). The prediction for the system containing benzene is in good agreement with the
experimental values, while the predicted system pressures for the system containing toluene are
lower than the experimental data. The vapor-liquid equilibrium for the system cyclohexane with
[EPY]'[BTI] at 353.15 K [15] together with the prediction result are presented in Figure 20. For
this system only small deviations between experimental data and predicted values are observed.
In Figure 21 the activity coefficients at infinite dilution of a few alkanes in [MBPY]'[BTI] [28]
and their prediction are shown. The prediction is in the range of the experimental data, but shows
a slightly different temperature dependence of the activity coefficients. Unfortunately no excess

enthalpies are available to decide about the correct temperature dependence.

Page 6 of 48



As for the pyridinium cation also new interaction parameters were fitted for the pyrrolidinium
cation. In Figure 22 vapor-liquid equilibria for methanol, ethanol and 1-propanol with the ionic
liquid [OMPYR]'[BTI] at 353.15 K are shown together with the predicted results. For all three
systems the prediction results are in good agreement with the experimental data. The excess
enthalpies for the system of cyclohexane and [BMPYR]'[BTI]" at 303.15 K [15] and the
predicted values are shown at Figure 23. The prediction agrees with the experimental data at high
concentrations for the ionic liquid and the cycloalkane. The predicted minimum value deviates
from the experimental one and shows a stronger negative value. In Figure 24 the activity
coefficients at infinite dilution of various alcohols in [BMPYR]'[OTF] [14], [29] are shown
together with prediction using modified UNIFAC (Dortmund). As can be seen the experimental
data are well described using modified UNIFAC (Dortmund).

5. Conclusion

The main focus of this work was the extension and revision of the modified UNIFAC
(Dortmund) parameter matrix for ionic liquids. Two new main groups [RSO4]" and [PF¢]” were
introduced. Also new interaction parameters for the already existing main groups [RPYT],
[RMPYR]", [OTF] and [BF,] have been fitted to experimental data to close the “gaps” in the
parameter matrix. In addition the group interaction parameters for [RMIM]" and [BTI] and the
have been revised. In total today group interaction parameters for 81 group combinations are

available for ionic liquids.

The quality of the predictions has been demonstrated for vapor-liquid equilibria, excess
enthalpies and activity coefficients at infinite dilution for various systems. For a few systems
experimental data were measured, e.g. excess enthalpies for the system water - [EMIM][EtSO4]
at 363.15 K and vapor-liquid equilibria for the systems of benzene - [BMIM]'[PF4]", 1-butanol -
[HPY]'[BTI] and different alcohols with [OMPYR][BTI].

As was demonstrated modified UNIFAC (Dortmund) provides reliable results for various
systems and therewith extends the applicability of software packages for process development

with ionic liquids.
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Because of the still limited experimental data base of binary systems with ionic liquids, there is a
demand for new experimental data. This would allow the extension of the present parameter

matrix by adding new main groups (ions) and the revision of poor group interaction parameters.
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Figure Captions

Figure 1

Cations and anions used in modified UNIFAC.

Figure 2

Current status of the modified UNIFAC parameter matrix for ionic liquids.

Figure 3

Experimental and predicted vapor-liquid equilibria for n-hexane (1) — [EMIM]'[BTI] (2) (#),
[HMIM]'[BTI] (2) (A), [OMIM]'[BTI] (2) (m) at 353.15 K, Experimental Data [EMIM] [BTI]
[10], [HMIM]'[BTI], [OMIM]'[BTI]" [11], modified UNIFAC (this work) (—), modified
UNIFAC [4] (- -).

Figure 4

Experimental and predicted excess enthalpies for acetone (1) () and 2-butanone (1) (&) —
[BMIM]'[BTI] (2) at 353.15 K. Experimental Data [11], modified UNIFAC (this work) acetone
(—), 2-butanone (=); modified UNIFAC [4] acetone (- -), 2-butanone (= =

Figure 5

Experimental and predicted activity coefficients of benzene (®, O, €) and toluene (A,4,&) in
[HMIM]'[BTI], Experimental Data (®,4) [3], (O,4) [12], (€) [13], (&) [14] modified UNIFAC
(this work) (—), modified UNIFAC [4] (- -).

Figure 6

Experimental and predicted excess enthalpies for benzene (1) at 363.15 K (®) and m-xylene (1)
at 353.15 K (A) — [BMIM]'[OTF] (2). Experimental data [15], modified UNIFAC (—).

Figure 7

Experimental and predicted vapor-liquid equilibria for cyclohexane (1) - [HMIM]'[OTE] (2) at
363.15 K. Experimental data (#) [15], modified UNIFAC (—).
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Figure 8

Experimental and predicted activity coefficients of methanol (€, <, @), ethanol (&, A, A), 1-
propanol (3, ©,@) and 1-butanol (CJ, m) in [BMIM] [OTF], Experimental Data (€, &, £3) [15],
(©, &, 0,0)[16], (¢, A, @ m) [17], modified UNIFAC (—).

Figure 9

Experimental and predicted vapor-liquid equilibria for 1-butene (1) (®) and 1-hexene (1) (&) —
[BMIM]'[BF4] (2) at 363.15 K. Experimental data [15], modified UNIFAC (—).

Figure 10

Experimental and predicted excess enthalpies for ethanol (1) — [BMIM][BF4]" (2) (A) and
[HMIM]'[BF4] (2) (®) at 303.15 K. Experimental data ethanol - [BMIM]'[BF,] [18], ethanol -
[BMIM]'[BF4] [19], modified UNIFAC (—).

Figure 11

Experimental and predicted activity coefficients of methanol (®, <), ethanol (A, »), 1-propanol
(®) and 1-butanol (m) in [MBPY]'[BF,]. Experimental Data (®, A, @, m) [20], (O, A) [21],
modified UNIFAC (—).

Figure 12

Experimental and predicted vapor-liquid equilibria for benzene (1) (®) and toluene (1) (A) —
[EMIM][EtSO,4] (2) at 353.15 K. Experimental data [22], modified UNIFAC (—).

Figure 13

Experimental and predicted excess enthalpies for water (1) - [EMIM][EtSO4] (2) at 303.15 K
(A) and 363.15 K (). Experimental data 303.15 K [23], modified UNIFAC (—).

Figure 14

Experimental and predicted activity coefficients of benzene (®, O, €), toluene (A, A, &), p-
xylene (@) and mesitylene (W) in [EMIM][EtSO,]". Experimental Data (¢, A, @, m) [22], (O, A)
[24], (€, &) [25], modified UNIFAC (—).
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Figure 15

t

o

Experimental and predicted vapor-liquid equilibria for benzene (1) — [BMIM]'[PFs] (2)
343.15 K. Experimental data (#), modified UNIFAC (—).

Figure 16

Experimental and predicted excess enthalpies for ethanol (1) (A) and 2-propanol (1) (®) —
[BMIM][PFe] (2) at 288.15 K. Experimental data [26], modified UNIFAC (—).

Figure 17

Experimental and predicted excess enthalpies for methanol (1) (®) and 1-propanol (1) (A) -
[MBPY]'[BF4] (2) at 298.15 K. Experimental data [27], modified UNIFAC (—).

Figure 18

Experimental and predicted vapor-liquid equilibria for 1-butanol (1) — [HPY]'[BTI] (2)
353.15 K. Experimental data (#), modified UNIFAC (—).

t

o

Figure 19

Experimental and predicted vapor-liquid equilibria for benzene (1) (A) and toluene (1) (®) —
[EPY]'[BTI] (2) at 363.15 K. Experimental data [15], modified UNIFAC (—).

Figure 20

Experimental and predicted vapor-liquid equilibria for cyclohexane (1) — [EPY]'[BTI] (2) at

353.15 K. Experimental data (#) [15], modified UNIFAC (—).

o

Figure 21

Experimental and predicted activity coefficients of heptane (#), octane (A), nonane (@) and
decane (m) in [MBPY]'[BTI]". Experimental Data [28], modified UNIFAC (—).

Figure 22
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Experimental and predicted vapor-liquid equilibria for methanol (1) (M), ethanol (1) (A) and
1-propanol (1) () — [OMPYR]'[BTI] (2) at 353.15 K. modified UNIFAC (—).

Figure 23

Experimental and predicted excess enthalpies for 2-butanone (1) — [BMPYR]'[BTI] (2) at
303.15 K. Experimental data () [15], modified UNIFAC (—).

Figure 24

Experimental and predicted activity coefficients of methanol (#), ethanol (A, ), 1-propanol (@)
and 1-butanol (m) in [BMPYR]'[OTF]". Experimental Data () [14] (®, A, @, m) [29], modified
UNIFAC (—).
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Table 1. Supplier and purity of the chemicals used.

Component Supplier Purity (% Mass)
benzene Roth 99.9
methanol VWR 99.5
ethanol VWR 99.9
1-propanol VWR 99.9
2-propanol VWR 99.8
[EMIM]'[EtSO,] IOLITEC 99
[EMIM] [MeSO,] IOLITEC 99
[EMIM] [HSO,] IOLITEC 99
[BMIM]'[PF¢] IOLITEC 99
[HPY]'[BTI] Merck 99
[OMPYR]'[BTI] Merck 99
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Table 2. Excess enthalpies for water (1)-[EMIM]'[EtSO,] (2) at 363.15 K

Xi HE[J-mol ] X HE [J-mol™]
0.0568 -142.9 0.5544 -800.0
0.1109 -270.4 0.6095 -814.4
0.1648 372.4 0.6653 -814.2
0.2223 -463.7 0.7208 -798.7
0.2771 -549.6 0.7767 -758.1
0.3324 -618.7 0.8326 -671.0
0.3868 -684.4 0.8883 -531.0
0.4430 -735.5 0.9441 2923
0.4986 -774.2

Standard uncertainties are u(x) = +/- 0.0005, u(T) = +/- 0.01 K
and u(H®) = +/- 0.5 J/mol
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Table 3. Vapor-liquid equilibria for benzene (1) — [BMIM][PF¢] at 343.15 K.

X P [kPa] X P [kPa]
0.00619 0.8374 0.79357 73.23
0.01788 2.401 0.83768 73.24
0.03048 4.041 0.87598 73.24
0.05246 6.848 0.90808 73.26
0.07816 10.08 0.93425 73.28
0.11265 14.41 0.95438 73.31
0.15735 20.06 0.96866 73.34
0.21363 26.89 0.97881 73.37
0.28263 35.14 0.98570 73.39
0.35931 44.04 0.99038 73.41
0.43797 52.81 0.99393 73.43
0.51513 60.88 0.99639 73.44
0.58742 67.73 0.99841 73.46
0.65235 72.69 1.00000 73.47
0.71098 73.18

Standard uncertainties are u(x) = +/- 0.0005, u(T) =+/- 0.01 K

and u(P) = +/- 0.005 kPa
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Table 4. Vapor-liquid equilibria for 1-butanol (1) — [HPY]'[BTI] at 353.15 K.

X P [kPa] X, P [kPa]
0.01503 0.4838 0.85053 20.68
0.03606 1.162 0.88349 20.96
0.05372 1.734 0.91133 21.16
0.08515 2.743 0.93424 21.33
0.12293 3.934 0.95266 21.44
0.17025 5.393 0.96674 21.54
0.22970 7.229 0.97679 21.60
0.30093 9.347 0.98407 21.66
0.38301 11.69 0.98919 21.71
0.46749 13.89 0.99279 21.74
0.54829 15.79 0.99568 21.77
0.62244 17.30 0.99745 21.79
0.68770 18.46 0.99906 21.81
0.74317 19.29 1.00000 21.82
0.81275 20.22

Standard uncertainties are u(x) = +/- 0.0005, u(T) =+/- 0.01 K

and u(P) = +/- 0.005 kPa
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Table 5. Vapor-liquid equilibria for different alcohols and [OMPYR]'[BTI] at 353.15 K.

X

P [kPa]

X

P [kPa]

X

P [kPa]

methanol (1)-
[OMPYR]'[BTI] (2)

ethanol (1)-

[OMPYR]'[BTI] (2)

1-propanol (1)-
[OMPYR][BTI] (2)

0.02745
0.07554
0.12136
0.18245
0.24879
0.32601
0.41039
0.49778
0.58379
0.66123
0.72745
0.78243
0.82685
0.86204
0.89059
0.91829
0.93678
0.95213
0.96456
0.97439
0.98771
0.99162
0.99434
0.99626
0.99756
0.99856
0.99918
0.99969
1.00000

4.687
13.17
21.53
32.89
45.23
59.76
76.00
92.68
108.9
1233
135.3
144.9
152.4
157.9
162.5
166.5
169.2
171.5
173.3
174.9
177.1
177.8
178.3
178.6
178.9
179.1
179.2
179.4
179.4

0.03062
0.05736
0.08646
0.15021
0.21579
0.29044
0.36637
0.44946
0.53704
0.61932
0.69064
0.75080
0.80018
0.83976
0.85677
0.87229
0.88687
0.91181
0.93282
0.95003
0.96378
0.97458
0.98262
0.98819
0.99210
0.99472
0.99648
0.99780
0.99870
0.99944
1.00000

3.586
6.660
10.11
17.85
25.90
35.11
44.66
54.82
65.25
74.49
82.02
87.90
92.40
95.71
97.23
98.36
99.52
101.3
102.7
103.9
104.8
105.6
106.1
106.6
106.9
107.1
107.3
107.4
107.5
107.6
107.6

0.01373
0.04012
0.06659
0.10901
0.15714
0.21695
0.28965
0.37209
0.46203
0.54850
0.62706
0.69560
0.75336
0.80065
0.82443
0.84009
0.86024
0.89034
0.91598
0.93721
0.95431
0.96781
0.97792
0.98496
0.98991
0.99323
0.99546
0.99713
0.99831
0.99927
1.00000

0.8016
2.331
3.907
6.462
9.437
13.25
17.86
23.01
28.44
33.38
37.51
40.75
43.19
44.97
45.95
46.30
47.06
47.91
48.56
49.06
49.45
49.75
49.99
50.15
50.29
50.39
50.48
50.54
50.60
50.65
50.69

Standard uncertainties are u(x) = +/- 0.0005, u(T) = +/- 0.01 K

and u(P) = +/- 0.005 kPa
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Table 6. Group interaction parameters for modified UNIFAC (Dortmund).

Main groups

Group interaction parameters

an; (K) bz e (K
1 2

az; (K) by e (K
CH, Imidazolium ;(7);2 8;?;;3; -
cH, Pyrdimiom S5 Sl 00081757
CH pymolidinium G540 DasSt 0005587
cn I 596,53 Sasis 0009873
CH, OTF 24340 osse ]
cn B, 19456 Tams 0o0i0iss
CH, 50, 11313 093175 ]
c PF, 35043 26290033020
c-Cmidwolum ety GEGT :
Cc=C Pyridinium }2358? -12 g 50 3121 -
Cc=C Pyrrolidinium :??57132 _227513228 -
cc BTl B39 suon :
cc otF 72491 G0 0o0ser
c-c BF. 18962 C60)  0psus
o s, 040 S8 ‘
c-c PF, 820 05t -oorsoon
ACH Imidazolium _2272734% _8 2178 g 13 (()) .
ACH Pyridinium ;g ; Z; -_03' '506971113 i}
ACH Pyrrolidinium _21 63 2?591 (i 58872341 _%%%3297429552
ACH BTI %5235 _-(;‘..333515;7 888§§%§
ACH OTF -11659.;) 516 o3 135858711 -%%20002113024
AcH B, Sried B :
ACH S04 é%g) :}:;2(5)3 )
AcH PF, o963 3N 000w
ACCH, Imidazolium 2221(1) :‘11;8‘3‘(9) _%%%?74719%
ACCH, Pyridinium gggf g j;géig -
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ACCH, Pyrrolidinium f 13 05 1349 _11._21693892 (-)00(()) i‘égg 11
ACCH, BTI Trer 13846 i
acc, ot 99807 aiasro :
ACCH, BF, 12595 o1 ]
ACCH, SO, 1218113 _’2; _?'.‘(‘)202;311 i
ACCH, PFq 233;} 222565351 -%%22319722%
OH Imidazolium ??ﬁg; _21 (;58941 3;5 )

OH Pyridinium i éﬁg _5:;3}73;7277 .

OH Pyrrolidinium -13 (;15; 3756 -122128172 .

OH BTI .17%22%39 b 81776788 ]
oH OTF PN 3o -

ot BE, 23439 Gows 001471
on s, 5.8 Jelss 00005180
on PF, 17514 Wi 014
CH;0H Imidazolium -17 50; 7223 -21 12 76 ;é -88333325
CH;0H Pyridinium gig;g -8 3907 19 9120 )
CH;OH Pyrrolidinium '1112 jg '95 _32'.9912%% -
cron Bl 21279 a7 :
CH;OH OTF 1575‘;1618 1417 : 4702 -
CH;0H BF, _968751_2425 125482% :gigggggé
CH;OH 504 L4215 03414 :
H,O Imidazolium ?2?%} -_()j :509029502 0%0(;‘ 159186104
H,0 Pyridinium -2176 51 252 -5139273;)16 B

H,0 BTI %;2:2 Zﬁiﬂ?ﬁ? i
10 ot 38501 2000 :
0 B, 99119 016195 00067385
10 so, 710 Doo0ss 00008070
CH,CO Imidazolium ég; 43“7‘ :451%3(1) 00.6001467019681
CH,CO Pyridinium 3330191555 -_01.51112224 )
CH,CO Pyrrolidinium _91953202 04%65350765 .
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CHyCO BII 670,00 S02 0o0ises
CHCO orr o duaass :
CH,CO BF, e 32500 ]
CHyCO s, 3064 01s1o6 000826
cycl-CH, Imidazolium '38683_'383 ‘:%278271 )
cycl-CH, Pyridinium '11(())3798.'5 336551151 -
cycl-CH, Pyrrolidinium :3(3); 2’17 4112461(1) -
cycl-CH, BTI oy 58500 000158563
cycl-CH, OTF .116751%263 _3'62; 18: )
cycl-CH, BF, 2338 515?56 :i:gggg 069001736718346
cycl-CH, SOy igzgs _1, 3;471(2); -(())(())32690655(‘)1
cycl-CH,0 Imidazolium :gg:gg _zo'ﬁ%% -
cycl-CH,O Pyridinium ?Z;gg (_)1295212 B
cycl-CH,O BTI ?5600797 (?99:7952 i
cyel-CH,0 OTF sort o7 ]
cycl-CH,O BF, 22(2)712 :(2)2‘31‘5? -()(5?003850107948
Imidazolium BTI _21 g 33 10 75 : ; ?4212533 0(;)0029(;‘;02(;1
Imidazolium OTF _153931‘:)(31 (-)246522(;)15 :gggggggi
Imidazolium BF, e ¢ DR 00000265
1094.9 -4.1098 0.0000263
Imidazolium SO, :; 239(3); :}gg?i )
dagofium PF, 4542.1 0.85207 -0.051820
-4116.3 -1.7140 -0.0073933
Pyridinium BTI oy RV -
Pyridinium BF, e P 0.000054
-1680.0 4.4084 -0.0092342
Pyrrolidinium BTI figﬁ :431:33‘5% 8:8;2(2)4912
Pyrrolidinium OTF -1181 23 48 g (_)473291 g B
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Table 7. Modified UNIFAC (Dortmund) relativ van der Waals volumes Ry and surface areas Qy for the used groups.

Main Group Subgroup Rk Qx
CH,[30] CH; 0.6325 1.0608
CH, 0.6325 0.7081
CH 0.6325 0.3554
C 0.6325 0.0000
C=C[30] CH,=CH 1.2832 1.6016
CH=CH 1.2832 1.2489
CH,=C 1.2832 1.2489
CH=C 1.2832 0.8962
C=C 1.2832 0.4582
ACH[30] ACH 0.3763 0.4321
AC 0.3763 0.2113
ACCH,[30] ACCH; 0.9100 0.9490
ACCH, 0.9100 0.7962
ACCH 0.9100 0.3769
OH[30] OH (P) 1.2302 0.8927
OH (S) 1.0630 0.8663
OH (T) 0.6895 0.8345
CH;0H [30] CH;0H 0.8585 0.9938
H,0[30] H,O 1.7334 2.4561
CH,CO[30] CH;CO 1.7048 1.6700
CH,CO 1.7048 1.5542
cycl-CH, [30] Cycl-CH, 0.7136 0.8635
Cycl-CH 0.3479 0.1071
Cycl-C 0.3470 0.0000
cycl-CH,0 [30] THF 1.7023 1.8784
Cycl-CH,0 1.4046 1.4000
Trioxane 1.0413 1.0116
Imidazolium C;H3N, 1.8430 1.6997
C;HyN, 1.3662 0.6797
Pyridinium CsHsN 2.1094 2.5106
CsHyN 2.4873 2.4457
Pyrrolidinium C,HgN 2.7867 2.7723
BTI BTI 5.6210 5.9463
OTF OTF 3.3710 2.0001
BF, BF, 3.9628 0.6214
SO, SO, 0.9903 3.5249
HSO, 1.5654 3.8076
PFs PFs 3.8183 3.6018
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Current status of the modified UNIFAC parameter matrix for ionic liquids.
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Highlights

New experimental vapor-liquid equilibria for systems with ionic liquids were measured

New excess enthalpies for systems with ionic liquids were measured

The extended and revised modified UNIFAC parameters for ionic liquids are presented

Typical results for VLE, Excess enthalpies and activity coefficients for various system with ionic
liquids are shown
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