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The group contribution equation of state (GC-EOS) was applied to predict the phase behavior of binary
systems of ionic liquids of the homologous families 1-alkyl-3-methylimidazolium hexafluorophosphate and
tetrafluoroborate with C® Pure group parameters for the new ionic liquid functional groups [-mimg][PF

and [-mim][BF] and interaction parameters between these groups and the paraffgn QB and CQ

groups were estimated. The GC-EOS extended with the new parameters was applied to predict high-pressure
phase equilibria in binary mixtures of the ionic liquids [emim]fRHbmim][PFs], [hmim][PFe], [bmim]-

[BF4], [hmim][BF4], and [omim][BF] with CO,. The agreement between experimental and predicted bubble
point data for the ionic liquids was excellent for pressures up to 20 MPa, and even for pressures up to about
100 MPa, the agreement was good. The results show the capability of the GC-EOS to describe phase equilibria

of systems consisting of ionic liquids.

Introduction

CO;, is essential for evaluating the viability of the separation

Over the past decade, room-temperature ionic liquids or process. Considering the large variety of ionic liquids that may

simply ionic liquids (ILs) have attracted a great deal of attention

as possible replacements for conventional solvents in a number?
of synthetic processes. ILs are molten organic salts with a

melting point below 100C. ILs have a couple of features that

make them attractive as solvents, including their negligible vapor

pressure, their good solubility characteristics, their wide liquid

temperature range, and the fact that their physical and chemical
properties can be changed through appropriate modifications
of the cation, the anion, or the alkyl chains attached to the cation.

be formed, methods to predict the phase behavior of ionic liquids
re needed. Up to now, methods to predict the phase behavior
of ionic liquids are mostly based on molecular dynamic
simulationd?~15 and excess Gibbs models such as NETLS

and UNIQUAC! In literature, little is mentioned about
predicting the phase behavior of systems of ionic liquids using
n equation of state approach. Kim et'@lused a group
contribution nonrandom lattice-fluid equation of state to predict
solubilities of CQ in the ionic liquids [hmim][Pk], [emim]-

Numerous chemical reactions have been performed successfulyiBFal: [MIMI[BF.], [emim][Tf>N], and [hmim][TEN] at pres-

in ILs, including hydrogenation's? hydroformylations;* Friedel-
Crafts alkylatior5® Diels—Alder reactions;® and dimeriza-
tions®10However, separation of the products from the reaction

medium sometimes exhibits some problems. A promising
separation technique for ionic liquids is the extraction of solutes

from ionic liquids with supercritical C®(scCQ). Blanchard
and Brennecké showed that numerous types of organic

compounds, polar and nonpolar, aromatic and aliphatic, volatile

and nonvolatile, with a variety of functional groups could all
be extracted from the ionic liquid [bmim][RFwith scCG. By
employing CQ for product recovery, it is possible not only to
quantitatively extract the organic solute from the ionic liquid,
but also to eliminate the problem of cross-contamination; CO
can easily be removed from the ionic liquid by simple
depressurization, whereas ionic liquids are not soluble i, CO
and therefore, no contamination of the products with ionic liquid
can take place. In the case of extraction with sgd@owledge

of the phase behavior of binary systems of ionic liquids and
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sures up to 1 MPa. For the ionic liquid [omim][k}Fpredictions
were made for pressures up to 10 MPa. The agreements between
experimental and calculated solubilities were generally good.
However, no information was available for higher pressures (
MPa). Shariati and Petéfsused a PengRobinson equation

of state to model the high-pressure phase behavior of the system
fluoroform and [emim][PE]. They showed that the Peng
Robinson equation of state is capable of describing the
experimental bubble points of this system and to qualitatively
predict the solubility of the ionic liquids in supercritical
fluoroform. Recently, Kroon et &k presented a modified PC-
SAFT equation to model binary systems of £é&nd certain
ionic liquids. In the present study, it is examined if the group
contribution equation of state (GC-EOS) is capable of predicting
the phase behavior of binary systems of ionic liquids of the
homologous families 1-alkyl-3-methylimidazolium hexafluoro-
phosphate and tetrafluoroborate with £0

GC-EOS Model

In this work, the GC-EOS equation is used to model binary
systems of ionic liquids and GOThe GC-EOS was developed
in the 1980s by Skjold-Jargengéfito calculate vaperliquid
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equilibria of nonideal mixtures up to pressures of 30 MPa. The @@
basis of the GC-EOS is the generalized van der Waals function @
combined with the local composition principle. In terms of the

residual Helmholtz energy:

(AYRT)1y, = (AYRT) 4o+ (AYRT),,

[-mim][PFg] [-mim][BF,]

Figure 1. Decomposition of the ionic liquids [bmim][RF(left) and

The free volume term is described by the Mansoori and [bmim][BF4] (right) into separate functional groups.

Leland expression for hard spheres:

(AR/RT)T,V,n = 3L A (Y — 1) + where

WA =Y=InY)+ninY (2) T =0.5(Tf +T))

with T is an arbitrary but fixed reference temperature for graup

NC
A=Y nd‘andY = (1 — 7iy/6V) _ d
7 In this work, the capability of the GC-EOS to represent the
phase behavior of mixtures of ionic liquids of the homologous
n being the total number of moled|C being the number of  families 1-alkyl-3-methylimidazolium hexafluorophosphate and
componentsy being the total volume, and being the hard  tetrafluoroborate with C@is studied. Pure group and binary
sphere diameter per mole. interaction parameters for the new functional groups [-mim]-
The hard-sphere diametdris assumed to be temperature- [PR] and [-mim][BF;] are estimated on the basis of experi-
dependent and is described by the following generalized mental information for the ionic liquids [hmim][RF and
expression: [hmim][BF4]. The GC-EOS extended with the new parameters
is then used to predict the phase behavior of binary systems of
d = 1.065658l(1 — 0.12 exp(-2T//3T)) ) the ionic liquids [emim][PE], [bmim][PFe], [bmim][BF.], and
[omim][BF4] and CQ.
lonic Liquid Functional Groups. The ionic liquids of the
homologous families 1-alkyl-3-methylimidazolium hexafluoro-
phosphate and tetrafluoroborate were decomposed into separate
functional groups as shown in Figure 1. As an example, [bmim]-
[PFg] is decomposed into one GHyroup, three Chlgroups,
and a functional group consisting of the methylimidazolium
wer B NG cation and hexafluorophoshate anion, further referred to as the
—(22) Z n; Z viq; Z Qk(gqufkj/RTV)/Z Oy (4) [-mim][PF¢] group.
== k= = lonic liquids of the homologous family 1-alkyl-3-methylimi-
dazolium tetrafluoroborate were decomposed in a similar way,
namely, into a CH group, various Ckligroups (depending on
the length of the alkyl chain), and a group consisting of the
0, = (/d) niqu = Z n, Z U}qj methylimidazolium cation and the tetrafluoroborate anion
i= i= [-mim][BF4].
Parametrization of the Free Volume Term. The free
Ty = expoyAg@RTY)  and  Agy =g, — g volume term of the residual Helmholtz energy contains only
one characteristic parameter, that is, the critical hard sphere
In eq 4,zis the number of nearest neighbors to any segment giameter ¢.). Values ford, are normally calculated from critical
(set equal to 10)y; is the number of groupin moleculei; g properties or by fitting the equation to a vapor pressure data
is the number of surface segments assigned to graiygs the point (generally the normal boiling point). Since the main
surface fraction of grouf; § is the total number of surface  characteristic of ionic liquids is their negligible vapor pressure,
segmentsg; is the attractive energy parameter for interactions this type of information is not available for ionic liquids.
between segment$ and i; and o is the corresponding  Espinosa et &%25 have developed a correlation between the
nonrandomness parameter. critical diameteid; and the normalized van der Waals molecular
The interactions between unlike segments are defined by: volume ¢) of high molecular weight compounds-élkanes,
n-alkenes, saturated and unsaturated triacylglycerides, and
9 = Ki v/9i9; (5) alkylesters). This correlation was applied to calculate the critical
diameter of ionic liquids from the estimated van der Waals
where kj is a binary interaction parameter. The following yolumes.

temperature dependences are assumed for the attractive energy Following a group-contribution approach, the normalized van

Thermodynamic Modeling

whered, is the value of the hard-sphere diameter at the critical
temperaturel, for the pure component.

The attractive part aAR is a group contribution version of a
density dependent NRTL type expression:

(AYRT),, =

where

parameter and the binary interaction parameter: der Waals volume of a compound can be calculated as the sum
. ) . of the constituent group volume parametBs
gi = Gil1 + gi(T/T — 1) + gi/ In(T/T)] (6)
= (i)
and I’| kZl Yk Rk

k” = Kf[l + ki'j In(T/T;;)] (1) Wherevﬂ) is the number of groupk in moleculei.
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TABLE 4. New GC-EOS Parameters
pure group parameters

) )
@ @ group T (K q g g g’

[mim][PF] 600  4.891 954500 -0.5931 0.0
[-mim][BFJ] 600  4.098 1013000 —1.5857 0.0

®

X=BF, or PFg4

Figure 2. Units contained in the [-mim][PF and [-mim][PR]
functional groups.

binary interaction parameters
| j ki’j‘

Ki oj Qi

TABLE 1: Group Volume (Ry) and Surface Area Q)

volurr [mim[PFe] CH, 087L 00 -3826 -0.857
Parameters Used in This Work [mimlPF]  CH, 0871 00 -3826 —0857
group or unit R« Q« source [-mim][PFg] CO; 0.885 0.0 —5.656 0.833
[mim[BFJ CH; 0791 00 -1002 —1.001
chs 09011 0848 ggggg [mm][BF] CH» 0791 00 -1002 —1.001

2 : : [mim[BF] CO, 0601 00 0471  11.068

[-mim][PFe] 4.179 4.098 Calculated fromb,c,d.e

[-mim][BF4] 6.5494 5.983 Calculated fromb,c,e,f )

CH=CH? 1.1167 0.867 Bond? group parameters for the functional groups£,E8H,, and CQ
CH3—NP 1.1865 0.940 Bond? were taken from Skjold-Jgrgens&®3 Binary parameters for
CH=N® 0.7329 0324  Bond? interactions between GQand the paraffin groups were taken
EZ ééggg é:ggg gl,f,i}? databaffk from Espinosa et & In this work, pure group parameters were
BF 1.7474 1.507 DIPPR databaffk determined for the functional groups [-mim][RRnd [-mim]-

[BF4], and binary interaction parameters were obtained for

TABLE 2: Values for d; and T, Used in This Work interactions between these groups and the functional groups

ionic liquid r d. (cm/mol) Te (K) CHs, (C;H%é.zatﬂd ChQ- F?”QV\?“Q{ Sk10|d't3?_;9e?stﬁn'? o_rig]inal
, procedureé?? the characteristic temperatufi@ of the [-mim]-

emim][P 8.125 6.177 1150 -

%bmim%%PlEz]] 0.474 6.581 1100 [PFe] and [-m_lm][BF4] groups was set equal to_ 600 K.

[hmim][PFg] 10.823 6.953 1050 The attractive energy paramete )X for the [-mim][PF] and

[omim][BF,] 8.103 6.585 1150 [-mim][BF4] groups and the binary interaction parametdgs (

%gm:m%g?{ 1(?)@?)% ?-ggg iégg anday;) between [-mim][PE] and [-mim][BF~] and the paraffin

4 .

(CH; and CH) functional groups were calculated by fitting

TABLE 3: Parameters in the Attractive Term of the
GC-EOS

pure group constants TG

infinite dilution activity coefficients of alkanes in the ionic
liquids [hmim][PF]2° and [hmim][BF],%° respectively. In order

to find the optimal set of parameters for a given set of input
data, the following objective function was minimized.

pure group energy parameters gl gi, gy
group—group interaction parameters K, K, o, 0

Similarly, the number of surface segments assigned to
moleculei can be calculated from the corresponding values of
the functional groups:

a= g VE)QK

The group parameteiR and Qx represent the van der Waals
volume and surface area, normalized by a standard segmen
volume of 15.17x 107% m3/mol and segment area of 26
1° m%mol, as in the UNIFAC mode¥®

The volumeRy and areax parameters of [-mim][Pg and
[-mim][BF,4] functional groups were calculated from the con-
stituents units shown in Figure 2. Table 1 contains the values
of R« and Qx of units and functional groups, calculated from
the van der Waals volumes and surface areas given by Bondi Since ionic liquids have a negligible vapor pressure (jg.~
or reported in the DIPPR data bank.

The calculated normalized van der Waals volume and critical

diameter of the ionic liquids studied in this work are reported and if there was no significant improvement in reproducing

in Table 2. . Lo i
In order to calculate the temperature-dependent hard Sphereexperlmgntal data, the following fitting strategy was adopted:
(a) A linear temperature dependence was assumed for the

diameter from eq 3, a value of the critical temperature is : . y

required. Rebelo et &P, estimated critical temperatures for auractive energy parametgy (i.e.,gf = 0). _ _

various ionic liquids based on experimental surface tension and (0) The same values were given to the binary interaction

density data. The values of the critical temperatures for the ionic Parameters of both paraffin groups €ind CH, since they

liquids used in this work are also reported in Table 2. are members of the same family of functional groups.
Parametrization of the Attractive Term. Table 3 shows (c) The kj binary interaction parameter is temperature-

the parameters required to calculate the attractive term of theindependent (i.ekj = 0)

GC-EOS. Pure group and binary interaction parameters for many The new pure group and interaction parameters estimated in

gases and solvent groups have been reported in literature. Pur¢his work are given in Table 4.

N—data

F= Z [()/?alkane,cal@’?alkane,expt_ 10)2]
=

The binary interaction parametels @nd o) between CQ@
and the [-mim][Pk] and [-mim]BF,] groups were obtained by
fitting bubble point data of C@in the ionic liquid [hmim][PF]33
and [hmim][BF],%¢ respectively. The most suitable set of
arameters for a given set of input data were those that satisfied
he isofugacity criteria, according to the following objective
function:

N—data

p— W ex| W yex| 2
F= Z [(% copexd?iCo, "M co, exPico,” = = 1)1

0) the objective functioifr, was solved for carbon dioxide only.
In order to keep the number of parameters as low as possible,
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Figure 3. Comparison between GC-EOS calculations and experimental bubble point data for binary systems of the ionic liquids [gmim][PF
[bmim][PFg], and [hmim][PF] with CO; at 313 K.
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Figure 4. Comparison of experimental bubble point dataith predicted values for binary systems of [bmim]§PEnd CQ.

Results and Discussion and [omim][BF] at 313 K. For the ionic liquid [bmim][BE,

h ith . | deviations between experimental and calculated values are
The GC-EOS extended with new parameters reported in Tablepigher at low CQ concentrations and decrease with increasing

4, found by fitt_ing experimental data forth_e ionic liquids [hmim_]- pressure. The correlations for [hmim][BFand the predictions
Lﬁze]sig(rjnghglgc]a[?vﬁ’ t\/r:/ZSiounsig(Iji tiig;etzf;itrzeghassng(:lawor for [omim][BF,] are very good over the whole pressure range.
y 4 [ P, [ ] Characteristic of the phase behavior of systems of ionic

[PFe], [omim][BF,4], and [omim][BF]. In Figure 3, results are L . .
shown for the ionic liquids [emim][P§, [bmim][PFe], and  duids and CQ is that, at low concentrations of GOthe
[hmim][PF] at 313 K. In Figure 4, GC-EOS predictions are equilibrium pressure of the system is very low. When the,CO

compared with the experimental data of Kamps &t &br the concentration is increased isothermally, the equilibrium pressure
ionic liquid [bmim][PRJ. The GC-EOS model is able to increases steeply. The GC-EQOS is capable of describing this

accurately describe the phase behavior of the binary systemCharacteristic phase behavior of ionic liquids.

[emim][PFs] + CO; up to pressures of about 100 MPa. For the ~ Comparisons between experimental data and GC-EOS pre-
binary system [bmim][P§ + CO,, predictions are excellent dictions are summarized in Table 5. From this table, it becomes
for pressures up to 10 MPa and for temperatures varying clear that the agreement between experimental and predicted
between 293.15 and 393.15 K (see Figure 4). At higher data is very good even up to pressures of about 100 MPa.
pressures, deviations between predicted and experimental values The GC-EOS can also be used to predict the composition of
become larger (see Figure 3). Also, for the ionic liquid [hmim]- the dew points at a certain temperature and pressure. In literature,
[PF], the deviations between experimental and correlated valueslittle is reported about the solubility of ionic liquids in a GO

are larger at higher pressures. For both, [bmimd[RRd [hmim]- rich phase. However, it is expected that the solubility of ionic
[PFe], the GC-EOS predicts that the solubility of @& elevated  liquids in CQ; is extremely low as a result of their negligible
pressures is higher than is measured experimentally. vapor pressure and the fact that nonpolar.@ot capable of

In Figure 5, GC-EOS predictions are compared with experi- solvating ions. Blanchard et &l.performed extraction experi-
mental data for the ionic liquids [bmim][BF [hmim][BF4], ments with CQ in the ionic liquid [bmim][PFk]. They found
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Figure 5. Comparison between GC-EOS calculations and experimental bubble point data for binary systems of the ionic liquids [aInim][BF

[hmim][BF4], and [omim][BF] with CO, at 313 K.

TABLE 5: Comparison of Experimental Data with
Calculated Results Obtained with the GC-EOS Model

no.of AAD
ionic liquid Trange [K] Prange [K] data points [%] ref
[emim][PF] 308.14 366.03 1.4997.10 74 1.76 [32]
[bmim][PFg] 293.15-393.15 0.1059.685 43 2.26 [31]
[bmim][PF] 293.29-363.54 0.59-73.50 99 1.72 [34]
[hmim][PFs] 298.31-363.58 0.64-94.60 98 2.83 [33]
[hmim][PF] 298.15 0.296-0.927 14 1.75 [19]
[bmim][BF,] 278.47-367.92 0.58767.62 104 3.67 [35]
[hmim][BF, 293.18-368.16 0.54-86.60 104 0.94 [36]
[omim][BF4] 308.20-363.29 0.5785.80 100 1.37

TABLE 6: Comparison of Experimental Solubilities of
[bmim][PF ¢]38 in CO, with GC-EOS Predictions

T[°C]  P[MPa]  Ypmmiprei€Xptl [-]  Ymimyers) calcd [-]
40 12 1.8x 1077 5.88x 10°°
40 15 3.2x 1077 1.22x 104
55 15 1.4x 1077 5.32x 10°°

that at 40°C and 13.8 MPa there was no detectable [bmim]-
[PFg] in the extract, indicating that the solubility in G less
that 10> mole fraction. Wu et at® measured the solubility of

[bmim][PFg] in scCQ, at various temperatures and pressures.
In Table 6, these experimental solubilities are compared with

the GC-EOS predictions.

According to Table 6, the GC-EOS predicts that the solubility 34

of [bomim][PFe] in CO- is higher than that which is measured

between these and functional groups4-8H,, and CQ. The
GC-EOS extended with these parameters is capable of predicting
the phase behavior of binary systems of the ionic liquids [emim]-
[PFs], [bmim][PFs], [hmim][PFg], [omim][BF4], [hmim][BF],

and [omim][BF] with CO,. The agreement between predicted
and experimental values is very good for pressures up to 20
MPa, and even for pressures up to 100 MPa, good results were
obtained. The results show the capability of the GC-EOS model
to describe the phase behavior of binary systems of ionic liquids
and CQ and its potential for modeling supercritical processes
involving ionic liquids.

References and Notes

(1) Dyson, P. J.; Ellis, D. J.; Parker, D. V.; Welton,Ghem. Commun.
1999 25-26.
(2) Suarez, P. A. Z.; Dullius, J. E. Unorg. Chim. Acta.1997, 255,
207—2009.
(3) Brasse, C. C.; Englert, U.; Salzer, A.; Waffenschmidt, H.; Wass-
erscheid, POrganometallics200Q 19, 3818-3823.
(4) Dupont, J.; Silva, S. M.; de Souza, R. €atal. Lett.2001, 77,
131-133.
(5) Song, C. E.; Sinn, W. HChem. Commur200Q 1695-1696.
(6) Boon, J. A.; Levisky, J. AJ. Organomet. Chenl986 51, 480—
483.
(7) Howarth, J.; Hanlon, KTetrahedron Lett1997 38, 3097—3100.
(8) Fischer, T.; Sethi, ATetrahedron Lett1999 40, 793-796.
(9) Chauvin, Y.; Einloft, S.; Olivier, HInd. Eng. Chem. Re4.995
1149-1155.
(10) Simon, L. C.; Dupont, J.; de Souza, R.Appl. Catal. A1998

experimentally. This can be attributed to the fact that the present175 215-220.

GC-EOS extended with the new parameters does not take into
account that ionic liquids consist of separate ions and that CO

(11) Blanchard, L. A.; Brennecke, J. rd. Eng. Chem. Re2001, 41,
287-292.

(12) Morrow, T. I.; Maginn, E. JJ. Phys. Chem. B002 106, 12807

is less capable of solvating ions. Instead, the GC-EOS regardsi12813.

ionic liquids as low volatile compounds, and the solubility of

ionic liquids in carbon dioxide shows a similar dependence on

pressure and temperature.

Conclusions

(13) Hanke, C. G.; Johansson, A.; Harper, J. B.; Lynden-Bell, R. M.
Chem. Phys. LetR003 374 85-90.

(14) Hanke, C. G.; Lynden-Bell, R. Ml. Phys. Chem. R003 107,
10873-10878.

(15) Cadena, C.; Anthony, J. L.; Shah, J. K.; Morrow, T. I.; Brennecke,
J. F.; Maginn, E. JJ. Am. Chem. So2004 126, 5300-5308.

(16) Kato, R.; Krummen, M.; Gmehling, Bluid Phase Equilib2004

The GC-EOS equation was used to model the phase behavion24, 47-54.

of mixtures of ionic liquids of the homologous families 1-alkyl-

(17) Selvan, M. S.; McKinley, M. D.; Dubois, R. H.; Atwood, J. L.

3-methylimidazolium hexafluorophosphate and tetrafluoroborate €hem. Eng. Data200Q 45, 841-845.

with CO,. For this purpose, two new functional groups were
defined, consisting of the methylimidazolium cation and the

(18) Belvee, L. S.; Brennecke, J. F.; Stadtherr, M.IAd. Eng. Chem.
Res.2004 43, 815-825.
(19) Kim, Y. S.; Choi, W. Y.; Jang, J. H.; Yoo, K.-P.; Lee, C.Buid

hexafluorophosphate or tetrafluoroborate anion, referred to asPhase Equilib2005 228-229, 439-445.

the functional groups [-mim][PF and [-mim][BF,], respec-

tively. The parameter table for the GC-EOS has been extended, .

to include pure group parameters for the [-mimjRind [-mim]-
[BF4] ionic liquid groups and binary parameters for interactions

(20) Shariati, A.; Peters, C. J. Supercrit. Fluid2003 25, 107-117.
(21) Kroon, M. C.; Karakatsani, E. K.; Economou, I. G.; Witkamp, G.
Peters, C. JI. Phys. Chem. B006 110, 9262-9269.

(22) Skjold-Jgrgensen, Fluid Phase Equilib1984 16, 317—351.

(23) Skjold-Jagrgensen, $hd. Eng. Chem. Re498§ 27, 110-123.



14270 J. Phys. Chem. B, Vol. 111, No. 51, 2007

(24) Espinosa, S.; Fornari, T.; Bottini, S. B.; Brignole, E.JASupercrit.
Fluids 2002 23, 91-102.

(25) Espinosa, S.; Diaz, S.; Brignole, E. Ilad. Eng. Chem. Re2002
41, 1516-1527.

(26) Rebelo, L. P. N.; Canongia Lopes, J. N.; Espeaadc M. S. S.;
Filipe, E.J. Phys. Chem. B005 109, 6040-6043.

(27) Espinosa, S.; Foco, G. M.; Befare, A.; Fornari, TFluid Phase
Equilib. 200Q 172 129-143.

(28) Bondi, A.Physical Properties of Molecular Crystals, Liquids and
Gases;Wiley: New York, 1968.

(29) Letcher, T. M.; Soko, B.; Ramjugernath, D.; Deenadayalu, N.;

Nevines, A.; Naicker, P. KJ. Chem. Eng. Dat2003 48, 708-711.

(30) Letcher, T. M.; Soko, B.; Reddy, P.; Deenadayalu,JNChem.
Eng. Data2003 48, 1587-1590.

(31) Kamps, A. P.; Tuma, D.; Xia, J.; Maurer, G.Chem. Eng. Data
2003 48, 746-749.

(32) Shariati, A.; Peters, C. J. Supercrit. Fluids2004 29, 43—48.

Breure et al.

(33) Shariati, A.; Peters, C. J. Supercrit. Fluid2004 30, 139-144.

(34) Shariati, A.; Peters, C. AIChE J.2005 51, 1532-1540.

(35) Kroon, M. C.; Shariati, A.; Constantini, M.; van Spronsen, J.;
Witkamp, G. J.; Sheldon, R. A.; Peters, CJJChem. Eng. Data005 50,
173-176.

(36) Constantini, M.; Toussaint, V. A.; Shariati, A.; Peters, Q. Chem.
Eng. Data2005 50, 52—55.

(37) Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, J. F.
Nature 1999 399 28-29.

(38) Wu, W.; Zhang, J.; Han, B.; Chen, J.; Liu, Z.; Jiang, T.; He, J.; Li,
W. Chem. Commur2003 1412-1413.

(39) Fredenslund, A.; Jones, R. L.; Prausnitz, JAWChE J.1975 21,
1086-1099.

(40) Daubert, T. E.; Danner, R. FPhysical and Thermodynamic
Properties of Pure Chemicals: Data Compilatioraylor & Francis: New
York, 1996.



