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Abstract

Characterization of liquid-liquid equilibrium (LLE) in system containing ionic liquids
(ILs) is important in evaluating ILs as candidates for replacing traditional extraction and
separation solvents. Though an increasing amount of experimental LLE data is becoming
available, comprehensive coverage of ternary liquid-phase behavior via experimental observation
is impossible. Therefore, it is important to model the LLE of mixtures containing ILs.
Experimental binary and ternary LLE data involving ILs can be correlated using standard excess
Gibbs energy models. However, the predictive capability of these models in this context has not
been widely studied. In this paper, we study the effectiveness with which excess Gibbs energy
models can be used to predict ternary LLE solely from binary measurements. This is a stringent
test of the suitability of various models for describing LLE in systems containing ILs. Three
different excess Gibbs free energy models are evaluated: the NRTL, UNIQUAC and electrolyte-
NRTL (eNRTL) models. In the case of eNRTL, a new formulation of the model is used, based
on a symmetric reference state. To our knowledge, this is the first time that an electrolyte excess
Gibbs energy model has been formulated for and applied to the modeling of multicomponent
LLE for mixtures involving ILs. Ternary systems (IL, solvent, cosolvent) exhibiting
experimental phase diagrams of various types have been chosen from the literature for
comparison with the predictions. Comparisons of experimental and predicted octanol-water

partition coefficients are also used to evaluate the models studied.
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1. Introduction

An expanding field of research involves a class of tunable solvents known as room
temperature ionic liquids (ILs). ILs are generally defined as organic salts with melting
temperatures below 100 °C. Typically, they are composed of bulky, asymmetric cations, often
imidazolium- or pyridinium-based, with a wide variety of possible anions, resulting in a
distribution of charge that reduces their solidification temperatures and allows many alkyl chain
and functional group substitutions. Further, by choosing cations and anions for specific
properties, ILs may be tailored to fit process specifications.

Scientific and industrial communities are increasingly more concerned with ‘“‘green
processes,” prompting the search for more benign solvents. As ILs exhibit no measurable vapor
pressure under most normal operating conditions, they are an attractive alternative to the
conventional volatile organic solvents from an emissions standpoint. On the other hand, some
ILs are toxic and have considerable mutual solubility in water, prompting concern regarding
aqueous releases,” and interest in octanol-water partition coefficients for ILs.>* This represents
a particular type of ternary liquid-liquid equilibrium (LLE) problem.

ILs are being investigated for a wide variety of reaction, separation and extraction
processes involving liquid-liquid phase behavior. For instance, certain ILs have been shown to
selectively extract alcohols from fermentation broths and recover amino acids from aqueous
media.™® Since the number of possible systems involving ILs is enormous, comprehensive
coverage of ternary liquid-phase behavior via experimental observation is impossible.
Therefore, it is important to model the LLE of mixtures containing ILs.

The modeling of LLE in general has been widely studied; however, the macroscopic
modeling of LLE in mixtures involving ILs is still in its infancy. Experimental binary and
ternary LLE data involving ILs can be correlated using standard excess Gibbs energy models.
However, the predictive capability of these models in this context has not been widely studied.
In this paper, we study the effectiveness with which excess Gibbs energy models can be used to
predict ternary LLE solely from binary measurements. This is a stringent test of the suitability
of various models for describing LLE in systems containing ILs.

Three different excess Gibbs free energy models are evaluated: the NRTL, UNIQUAC
and electrolyte-NRTL (eNRTL) models. In the case of eNRTL, a new formulation of the model

is used, based on a symmetric reference state. Ternary systems (IL, solvent, cosolvent)



exhibiting experimental phase diagrams of various types’ have been chosen from the literature
for comparison with the predictions. Comparisons of experimental and predicted octanol-water
partition coefficients are also used to evaluate the models used.

In the next section, we provide a brief survey of experimental measurements of LLE in
ternary systems containing ILs, and discuss the correlation of this data using conventional excess
Gibbs energy models. This is followed by a discussion of the models studied in this work,
including the presentation of a new formulation for the electrolyte NRTL model. Next, in
Section 3, the computational methods used in this study are described and several examples are
presented in which experimental ternary LLE results, either phase diagrams or octanol-water

partition coefficients, are compared to model predictions made solely from binary data.

2. Background

2.1 Multicomponent LLE Data Correlations

Three-component LLE data has been presented for IL/water/alcohol,®*
IL/aromatic/aliphatic,]1']7 IL/ether/alcohol,]8 and IL/ether/water'’ systems. Most LLE data for
systems involving ILs are accompanied by correlations based on excess Gibbs energy models.
In most cases the NRTL model is used, though the use of UNIQUAC has also been explored.20
Data are commonly correlated, as in the above cases, by minimizing an objective function based
on the squared differences between calculated and experimental compositions, and in all cases,
the six binary parameters needed are fit to the ternary data, usually resulting in a very good

representation of the data.?"*

However, the binary interaction parameters determined in this
way are not unique and cannot be used for prediction of other systems. Models based on binary
interaction parameters are most useful when the parameters are determined from binary data and
when they can be used to predict the phase behavior of a wide range of multicomponent systems
containing those binaries.”> We are aware of only one study24 in which binary parameters were
used to predict multicomponent LLE involving ILs. Unfortunately, full experimental ternary
diagrams were not available for the two systems modeled in that study, so the quality of the
predictions from the NRTL equation could not be adequately assessed.

Excess Gibbs energy models for electrolytes have not been used to date for correlation of

LLE data in systems containing ILs. Usually these models have been applied to much different



situations, primarily to relatively dilute electrolyte solutions that would solidify at higher
concentrations under normal operating conditions. Thus, conventional electrolyte models have
unsymmetric reference states, with the activity coefficient of the solvent and cosolvents taken to
be one when they are pure, but with the activity coefficient of the salt taken to be one at infinite
dilution. One popular model is the electrolyte-NRTL model (eNRTL) and its extensions, which
have been used to correlate LLE data for a variety of dilute salt/mixed solvent systems.”>*® Here
we reformulate the eNRTL model to have symmetric reference states, so that it can be applied to
systems containing ILs across the entire composition range. To our knowledge, this is the first
time that an electrolyte excess Gibbs energy model has been formulated for and applied to the

modeling of multicomponent LLE for mixtures involving ILs.

2.2 Excess Gibbs Energy Models

The three excess Gibbs energy models considered here for modeling LLE in systems
containing ILs are the NRTL,27 UNIQUAC,28 and eNRTL? models. The first two are standard
molecular models that are described briefly below, along with a discussion of how we have
modified the UNIQUAC relative area parameter to permit liquid phase splitting in the systems of
interest. The formulation of the symmetrically-referenced eNRTL model is then developed in
more detail. Since the computation of phase stability and equilibrium (at constant 7" and P)
requires an expression for the Gibbs energy of the system as a function of composition, we focus

on these expressions.

2.2.1 Molecular Models (NRTL and UNIQUACQC)

The NRTL and UNIQUAC models were not originally intended for systems involving
electrolytes. Nevertheless, they have been widely used in modeling both LLE and VLE in a
variety of electrolyte systems. For example, as discussed above, they have proven to adequately
correlate multicomponent LLE data for systems containing ILs. Therefore, we wish to see how
these models predict multicomponent LLE data from model parameters estimated from binary
data. In these two models, the ILs present are assumed to be completely associated. In other
words, each cation is completely paired with an anion, and that pair is considered a single

molecular species in the solution. If the reference states are taken to be pure liquids of all



species at system 7 and P, then the total Gibbs energy (per mole of mixture) is given by the

molar Gibbs energy of mixing g"', which in this case is

M n

E
£ =Ny +E-, (1)
RT

RT 5
where x; is the observable mole fraction of component i, g" is the molar excess Gibbs energy, R
is the gas constant, and »n is the number of species present.

The NRTL model®’ generally predicts large heats of mixing, characteristic of electrolyte

solutions. For the NRTL model,
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Here g;; 1s an energy parameter characterizing the interaction of species i and j, and the parameter
a; = aj is related to the nonrandomness in the mixture (a; = 0 corresponds to complete
randomness, or ideal solution). Though a; can be treated as an adjustable parameter, we will
consider it here to be fixed, so that all of the models compared will have two adjustable
parameters per binary. The binary interaction parameters Ag;; (or the equivalent 7;;) are estimated
from experimental data. When binary LLE data (mutual solubilities) are used for the parameter
estimation, which is the case for most of the IL/solvent and IL/cosolvent binaries encountered in
this study, then the binary parameters can be determined exactly by using the equal activity
equations.” If a model does not permit liquid phase splitting, then there will be no parameter
solutions to this equation system. Following Sgrenson and Arlt,” we use a;j = a; = 0.2 as a base
case for immiscible binaries. The values used for a;; will be discussed in more detail in Section
3.1.1.
For the UNIQUAC model,”®



E

8 =gcomb +gres (5)
RT RT RT’
gcomb — 4 (pi c gz
—= =) x;In—+5) g,x;In—, 6
R &N AN ©

@:—n Y. N T
o ;q,x, ln[;@rﬂ} (7)

® = 1iXi ,
Zn:rjxj ®
j=1

g = g Xi
iqjxj ®
j=1

and
_ ~Auy
T —exp( RT j . (10)

Here, r; and g; represent a relative volume and surface area, respectively, for component i. It
follows that @; and 6; are volume and surface area fractions, respectively, for component i. The
binary interaction parameters Au;; (or the equivalent 7;) are estimated from experimental data.
We have found that when UNIQUAC is applied to binary systems involving an IL, it often does
not permit liquid phase splitting. To allow the application of UNIQUAC to LLE for systems
containing ILs, we thus follow the approach of Abreu et al.*® and redefine the reference species
used for determining the relative surface areas g;. Conventionally, this reference is the van der
Waals —CH,— group, but we have allowed the normalization of g; to be relative to -CH,—, water

or ethanol.

2.2.2 Electrolyte Model (eNRTL)

We consider now a model that accounts for the fact that ILs are actually electrolytes that
can ionize (dissociate) in solution. There have been very few experimental measurements of the
actual degree of dissociation in ILs. Tokuda et al.’'** have reported fractional dissociations
ranging from 0.54 to 0.76 for a number of pure ILs, and found that the fraction dissociated is a

function of anion and cation type, as well as cation substituent alkyl-chain length. For example,



1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim][Tf,N]) has a reported™
fractional dissociation of 0.61. Unfortunately, there is a lack of experimental fractional
dissociation data for ILs in solution; however, since pure IL is a limit in the entire composition
range considered in this work, the fractional dissociation of a typical pure IL is still an important
consideration. As a first step in applying electrolyte excess Gibbs energy models to systems
involving ILs, we will assume here that there is complete dissociation of the IL.

Consider the general case of a mixture of multiple salts and multiple solvents, all of
which are liquids at the system 7 and P. Complete dissociation of all electrolytes is assumed, as

represented by
Salt; - v, ;(Cation;)™ +v_;(Anion,)"™, i0ZE, (11)
where z,; and z-; are the ionic valencies, and Z represents the set of all electrolyte (salt)

component indices. The set of all solvent component indices is denoted S. We assume a mixture

of n;, i0S, moles of solvent species and n;, i 0, moles of electrolyte species. Since there is

complete dissociation of electrolytes, the latter corresponds to n,; =V, ;n;moles of cations and
n_; =V_;n; moles of anions for each salti 1’E . The total number of moles in the mixture is then
N :Zm (n,; +n_;) +Zm g1 - The actual mole fractions of the species, as they exist in a

solution of completely dissociated electrolytes, are indicated by y; = n/N, iS, y.; = ny /N,

i0F, and y-; = n—;/N, i0E . Thus, Zim(yti +y_,) +Zm ¢Y; =1. Note that for a ternary

system containing an IL, this means it is treated as involving four components, solvent,

cosolvent, cation and anion. The observable mole fractions are indicated by x; = n;/No,

iO{Z,S}, where N =Zl_D{£S}ni )

Conventionally, excess Gibbs energy models for electrolytes use an unsymmetric
reference state consisting of pure liquid solvent components and infinitely dilute salt
components. However, if a salt is an IL, it is liquid in its pure state, making it more appropriate
to use a symmetric reference state in which all components are pure liquids. Thus, we present
here a new formulation for electrolyte excess Gibbs energy models, in which a symmetric
reference state is used. Specifically, the reference state for electrolyte components is pure

dissociated liquid and for solvent components is pure liquid, all at system 7" and P. For this case,



and for any ionic valencies, the total molar Gibbs energy (relative to N) is given by (see
Appendix A)
M
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Here, + indicates a mean ionic quantity. For salt i, and some associated quantity ¢, the

. .. .. 34 . . _ Vi 7V_i\l/ .
corresponding mean ionic quantity™ is given by ¢, ; =({,7{ ) Vi with v; = vy; + v—;. The

actual mole fractions are related to the mean ionic and observable mole fractions by
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Note that in the case of an IL(1)/solvent(2)/co-solvent(3) system, with the IL a 1:1 electrolyte (v,
=2and V.; =1), eq 12 reduces to
gM 3 E

g
o = 20 In(2y,,)+y,Iny, +y,Iny, o (17)

The eNRTL model is an excess Gibbs energy model (for g" in eq 17) that assumes the salts are
completely dissociated. Chen et al.” originally formulated this model for inorganic electrolytes

in water using the unsymmetric electrolyte reference state convention (denoted by ~ ). The model

consists of a Pitzer extended Debye-Hiickel expression, gESH , for the long range electrostatic
contribution® and an NRTL-type local composition contribution, gfé , for the short range

interactions.” Then, g% = gion + &1c. More recently, Chen and Song® have generalized this

model to represent multiple electrolytes in mixed solvents, and that is the form of the model



considered here. Note that Chen and Song also include a Born term since the infinite-dilution
solution is chosen as their reference state for the electrolyte.”® However, as discussed above, for
the applications of interest here, we prefer to formulate the model relative to the symmetric

reference state. As a result the Born term vanishes, and we use

gE:gEDH-i-gIl::C' (18)

From Chen and Song,*® a symmetrically-referenced expression for the LC contribution is

Z 7 9,G; T Z 491Gy ;i T ji
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Here G and 1 refer to local binary parameters related by G =exp(—at) where a is the NRTL

nonrandomness factor. These binary parameters are discussed further below. The index sets {+}

and {-} refer to the cation and anion indices, respectively. That is {+} ={(+,i)|i OF} and
{-} ={(=)|i OFE}. Alsonote that,ineq 19, z;=1fori 00 S.
To obtain a symmetrically-referenced expression for the PDH contribution, we

renormalize gppy relative to the symmetric reference state using

E E*
8pDH — 8PDH

RT RT _Z,'Df(y+,i lnyj-(,)l +y—,i In Vi?,), (20)

where the superscript zero indicates evaluation at the pure dissociated liquid salt. The result of

this renormalization (see Appendix B) is
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where I, is the ionic strength
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Ay is the Debye-Hiickel parameter,” which depends on temperature and on the density and

dielectric constant of the mixed solvent and is given by

N s " 03)
¢ 3\ 1000 | &k )

where N, is Avogadro’s number, d is the density of the solvent in kg/m’, e is the elementary

charge, &y is the permittivity of free space, ¢ is the dielectric constant (relative permittivity) of
the solvent, k is Boltzmann’s constant, and 7 is the absolute temperature. The closest approach

parameter p1is a constant, whose value will be discussed further in Section 3.6. Mixing rules for

the solvent molecular weight M, density d, and dielectric constant gare’
(26)
M = ,
%5: Z Vi
i'0S
(27)
LR
d ias Z yi dl
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and
(28)
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M
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Here eq 26 is exact and eqs 27 and 28 are approximations.
For the case of primary interest here, namely ternary IL(1)/solvent(2)/cosolvent(3)
systems, application of eq 19 for the LC contribution generates the following binary interaction

parameters: T2, 32, 13, 23, Dcacs Beacs Dacas DBaca, With the indices ¢ = (+,1) and a = (—,1).



Using the electroneutrality condition, together with the symmetry of the underlying interaction

e 29,36
energies, it can be shown

that Tocac = Daca = D1 and Beae = Baca = B1. Note also that Tjcac =
Taca = 011 = 0 and 7, = i3 = 0. Thus we have the usual six interaction parameters for the
ternary system, two for each of the three observable binary subsystems. These parameters will
be estimated based on data from the binary subsystems only. For all the binaries with a
miscibility gap, we will use a nonrandomness parameter of a; = 0.2 as a base case, as in the

NRTL model. In terms of these binary parameters the LC contribution in the eNRTL model

reduces to
ch - [yZGZITZI +9,6G3175, J + Lzinlzrlz +y3G32T32j
RT Y. ¥ 3,6, + G5 2y,.G, +y, +y,Gy, 29)
Ty, (2y+Gl3T13 + 3,637y j
2y,G,+Gyuy,
Assuming the IL to be a 1:1 electrolyte (V,; = V-; = 1) with z,; = 1 and z-; = -1, the PDH

contribution in the eNRTL model becomes

gl 40 [10 1+py,
B - 22 Ay, In (30)
RT ~ p\M 1+p/2 |

This appears to be the first time that a symmetrically-referenced version of the eNRTL model

has been formulated and used.

3. Resultsand Discussion

Our goal is to study the effectiveness with which the excess Gibbs energy models
described above can be used to predict ternary LLE solely from binary measurements. Thus,
there are two main computational problems involved: 1. Parameter estimation from binary LLE
or VLE data and 2. Computation of ternary LLE. The methods used for each of these problems
are discussed in Section 3.1.

Ternary phase diagrams for six example IL/solvent/cosolvent systems were studied.
There are two Type 1 systems (Section 3.2), two Type 2 (Section 3.3), one Type 2a (Section
3.4), and one Type 3b (Section 3.5). A summary of the examples considered, including the
Figure numbers in which results for each are presented, is provided in Table 1. The prediction of

octanol-water partition coefficients is also considered for six different ILs (Section 3.6). Note

10



that most IL ternary systems of interest for liquid-liquid separations and extractions are Types 1

and 2.

3.1 Computational M ethods

3.1.1 Parameter Estimation

Parameter estimation must be done for two different types of binary subsystems: 1.
Binaries with a miscibility gap and 2. Binaries that are miscible liquids at all compositions. In
the first case, where two liquid phases are present at equilibrium over some composition range,
parameter estimation from binary LLE data is preferred. To do this, we use the method
described recently by Simoni et al.’’ In this method, the parameter estimation is done by solving
the equal activity equations for the parameters using an interval-Newton technique,3 839 which
provides a mathematically and computationally rigorous approach for determining the needed
binary parameters. For the case of binaries that are completely miscible liquids, we follow
Anderson and Prausnitz* and prefer to obtain parameter estimates from high-quality VLE data at
the system temperature. In general, the VLE pressure will be significantly lower than the system
pressure for the ternary LLE system of interest, however LLE is typically only a weak function
of pressure.

Depending on the type of data that is available, and on other factors discussed below, the
procedures used to obtain binary model parameters for the completely miscible binary
subsystems may vary somewhat. The parameters are obtained using the following approaches,
in priority order. If a suitable set of parameters is not obtained following the first approach, then
the next approach is used, and so on, until a suitable set of parameters is found. Our definition of
what is not “suitable” is described below.

1. Use published binary model parameters for VLE data at the system temperature. If

possible, use parameters from the DECHEMA VLE Data Series.*' Otherwise use
parameters from other publications (as cited in Tables 2-4).

2. Use experimental VLE data at the system temperature and solve the binary

equifugacity equations for the parameters using an interval-Newton technique.

This is analogous to what is done for the binaries that exhibit a miscibility gap.’’

11



3. Use experimental VLE data at the system temperature and obtain the parameters by
globally minimizing a least squares objective function of the form X; (PP — P¢%)?
using an interval-Newton technique.

4. If the binary has a miscibility gap at a temperature relatively close to the system
temperature (where the binary is completely miscible), use LLE data from the
miscibility gap to obtain parameters,’’ and then extrapolate with respect to
temperature to obtain parameter values at the system temperature.

The method used to obtain the parameters for each of the completely miscible binaries is
indicated in Tables 2-4.

For any of these approaches for obtaining the miscible binary parameters, it is possible
that the set of parameters found will be unsuitable. In this case, the next approach is tried. A set
of parameter values is considered unsuitable in the following cases:

1. If Ag; for NRTL and eNRTL or Au; for UNIQUAC is a negative number of large
magnitude. This is known*” to result in a highly distorted and unrealistic Gibbs
energy vs. composition surface, whose slope changes sharply near one or both of
the pure components. We require that Ag; for NRTL and eNRTL or Au; for
UNIQUAC be greater than —30,000 J/mol.

2. If the resulting Gibbs energy vs. composition surface is nonconvex. This situation is
clearly not suitable since we are going to use the parameters to model a
completely miscible binary, and nonconvexity implies existence of a miscibility
gap.

The resulting binary parameter estimates for all of the binary subsystems occurring in the ternary
phase diagram examples are presented in Tables 2, 3 and 4 for the NRTL, UNIQUAC and
eNRTL models, respectively. Similarly, Tables 5, 6 and 7 give the binary parameter estimates
used in the octanol-water partition coefficient examples. In addition to the binary parameters
Ag;; for NRTL and eNRTL and Au;; for UNIQUAC, there are some other model parameters that
must be set. These are the nonrandomness factor ;; in NRTL and eNRTL, the closest approach
parameter p in eNRTL, and the pure component size and shape parameters in UNIQUAC.

For binary subsystems that exhibit a miscibility gap, we begin by setting a;; = 0.2.
However, with this value of a;; there are some cases in which no suitable values of the binary

parameters can be found. If this occurs, then we change a;; to 0.05 and increase it in increments

12



of 0.05 until a suitable parameter solution is found. If no solution is found after trying a;; = 0.4,
then we conclude that this binary subproblem has no suitable parameter solution. For completely
miscible binary subsystems, if published binary parameters are used then the corresponding
published «;; values are used. Otherwise, we begin by setting a;; = 0.3. Again, if no suitable
parameter solutions are found with this value of «;, then it is varied from 0.05 to 0.40 in
increments of 0.05 until a suitable parameter solution, if any, can be found. It should be
emphasized that in varying o;; in this way, we are not attempting to use it as a tuning parameter,
but varying it only to obtain a suitable solution to the parameter estimation problem. Unless
otherwise noted in the Tables, a;; = 0.2 for binaries exhibiting LLE, and a;; = 0.3 for completely
miscible binaries.

In principle the closest approach parameter p in the eNRTL model depends on the
properties of the electrolyte and on how the short-range forces are modeled. However, for
simplicity in practice, it is generally taken to be a constant applicable to a wide variety of salts.
In the development of the eNRTL model,*’ a value of p = 14.9 was used, as originally suggested
by Pitzer,” and was found to be satisfactory for a large number of aqueous inorganic
electrolytes. However, since ILs such as [bmpy][Tf,N] involve bulky organic cations, a larger
value of the closest approach parameter may be appropriate for this group of salts. Simoni et
al.”” found that when using a value of 14.9 there were some cases in which no suitable parameter
solution existed for LLE, and thus they suggested using p = 25. For the examples considered
here, we will use p = 14.9 for the ternary phase diagram examples and p = 25 for the octanol-
water partition coefficient examples. Subsequent work may determine whether some other value
of this parameter is more appropriate for modeling systems containing ILs. The eNRTL model
also requires solvent physical property data (molecular weight, density and dielectric constant) to
characterize the dielectric continuum; the values used are provided in Table 8.

UNIQUAC requires for each pure component i, a “size” (relative volume) parameter r;
and “shape” (relative area) parameter g;. Table 9 shows the r; and g; values for all of the pure
components used in the ternary LLE diagram predictions. For the IL species, these parameters

4931 who computed them using the Bondi method, except

were taken from Kato and Gmehling,
for [emim][BF,], for which the parameters were taken from Banerjee et al.*® For the solvent and
co-solvent species, these parameters were taken from standard sources.”>>* Table 9 also lists the

reference species used for the relative area g; in each system. Traditionally, the reference species
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used has been the van der Waals —CH,— group.”® However, as explained by Abreu et al.,*® this
choice may make it impossible to find a suitable binary parameter solution for modeling LLE
with UNIQUAC, especially when there are components of greatly different sizes and shapes. To
alleviate this problem, Abreu et al.*® chose water as an alternative reference species that allowed
parameter solutions to be found. Following suit, we allow either water or ethanol as the
alternative reference species. The smallest reference species that resulted in solutions to the
binary parameter estimation problem was used; that is, -CH,— was tried first, then water if

necessary, and finally ethanol if necessary.

3.1.2 Ternary LLE Computation

In computing the ternary LLE, it is important to guarantee that the calculated phase splits
correspond to stable phases. To do this, we use the approach described by Tessier et al.” This

method is based on tangent plane analysis™” 6.57

and requires the rigorous global minimization of
the tangent plane distance, which is done using an interval-Newton approach, which can find the
global minimum in the tangent plane distance with complete certainty. For additional details on
the formulation and solution of the phase stability problem in the context of LLE, see Tessier et
al.”> The approach used here differs only in that a somewhat more efficient interval-Newton

algorithm™® is used.

3.2 Examplesland 2. Typel Systems

Example 1 is the system 1-ethyl-3-methylimidazolium tetrafluoroborate
([emim][BF,])/tetrahydrofuran (THF)/water]9 at ambient pressure and 337 K, and Example 2 is
the system 1-ethyl-3-methylimidazolium ethylsulfate ([emim][EtSO4])/ethanol (EtOH)/ethyl fert-
butyl ether (ETBE)'® at 298 K. Both are Type 1 systems exhibiting only one binary miscibility
gap. In the first example, the IL/THF binary has a miscibility gap,'® while the binaries
THF/water”*' and IL/water'” are completely miscible. In the second example, only the IL/ETBE
binary exhibits a miscibility gap.18 As noted by Anderson and Prausnitz,” the quality of the
binary VLE data used to obtain model parameters for the two completely miscible binary
subsystems will greatly influence the quality of model predictions for Type 1 systems, though

correct qualitative results (one distinct phase envelope) are likely to be obtained. For the two
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examples considered here, the ternary LLE phase diagrams, computed using parameters obtained

. 7,18,19,59
from binary measurements,

are shown in Figures 1 and 2, along with experimental data.
For these two examples, all three of the models tested provide results that are
qualitatively consistent with the experimental data. However, NRTL tends to significantly
underestimate the size of the two-phase envelope. UNIQUAC does better in this regard; the
entropic contribution that accounts for mixing components of greatly different size and shape
predicts a greater degree of demixing. We see that the eNRTL model most accurately predicts
the location of the binodal curve in Example 1 and is similar in accuracy to the UNIQUAC
prediction in Example 2. In light of the fact that the phase envelopes, in both examples, reside in
the vicinity of the lower dielectric solvent-rich side of the diagrams (THF- and ETBE-rich
dielectric continuum side), we attribute this increased accuracy to the electrostatic contribution
of the eNRTL model, as the electrostatic interactions become more prominent where the average
dielectric constant is small. UNIQUAC most closely captures the correct slope of the tie lines.
eNRTL more accurately predicts the plait point in Figure 1, while UNIQUAC does a better job
in Figure 2. Based on these examples, we cannot recommend use of NRTL for Type 1 systems,

but either UNIQUAC or eNRTL may provide useful results.

3.3 Examples3and 4: Type?2 Systems

Example 3 is the system 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([emim][szN])/benzene/hexane11 and Example 4 is the system 1-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([dmim][Tf,N])/benzene/hexane,'* both at 298 K and ambient
pressure. These systems have two binary subsystems that have miscibility gaps, namely
IL/benzene and IL/hexane, with the third (benzene/hexane) being completely miscible. Thus, the
ternary LLE will be either Type 2 (a single two-phase envelope) or Type 2a (two distinct two-

11,12

phase envelopes). Experimentally these have both been shown to be Type 2. For these two

examples, the ternary LLE phase diagrams predicted from the binary data,”'"'?

11,12
1.,

together with
experimental data from Arce et a

results from the NRTL and UNIQUAC models. For these systems, eNRTL was not used since

are given in Figures 3 and 4. These show computed
suitable parameter solutions were not found for the IL/benzene binary subsystems for p = 14.9 or

p = 25. This is perhaps not surprising, considering the small dielectric constant of benzene.

Similarly, eNRTL would likely paint a less realistic picture for systems of ILs with aliphatic and
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aromatic hydrocarbons, due to the small dielectric constant of the mixed-solvent. Since mixed
solvents with small dielectric constants would promote ion-pairing (or grouping), it is assumed
that eNRTL is less appropriate for these types of systems. By using much larger values of p, it is
possible to obtain stable eNRTL parameter solutions for the IL/benzene binaries. However, a
detailed study of the effect of p in modeling LLE, and determination of a generally appropriate
value for systems involving ILs, is outside the scope of this contribution.

As seen in Figures 3 and 4, both NRTL and UNIQUAC correctly predict Type 2, and not
Type 2a, behavior. However, UNIQUAC is significantly better in predicting the slope of the tie
lines. Note that in Figure 3 ([emim][Tf,N]) the slope of the UNIQUAC tie lines are in excellent
agreement with experiment, and the location of the UNIQUAC solutrope (where the tie line
slope changes sign) is approximately the same as that observed experimentally. Both NRTL and
UNIQUAC provide a fairly accurate binodal curve in Figure 3, but due to the better prediction of
tie lines UNIQUAC is clearly the better model. For [dmim][Tf,N] in Figure 4, we see that the
UNIQUALC tie line slopes and solutrope are much more accurate than those predicted by NRTL,
although there is some discrepancy with experimental values. Here, UNIQUAC also provides a
much better prediction of the binodal curve than NRTL. As with the Type 1 examples, we
attribute the improved accuracy of UNIQUAC compared to NRTL to the UNIQUAC entropic
contribution, which is important due to the substantially different physical dimensions of the

molecules encountered in the first four examples.

3.4 Example5: Type2a Systems

Example 5 is the system 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim] [PF(,])/E'[OH/water8 at ambient pressure and at three different temperatures, 290, 298 and
313 K. As in the previous two examples, this system has two binary subsystems that have
miscibility gaps, namely IL/water®®" and IL/EtOH,® with the third (water/EtOH) being
completely miscible.*** However, in this case, the experimental ternary LLE behavior is Type
2a, not Type 2. Type 2a systems have two distinct two-phase envelopes, with miscibility at
intermediate compositions. Systems of this type are generally difficult to model predictively, but
are also less important in the realm of liquid-liquid separations. Figure 5 shows the predictions
from binary data®**0%! from the NRTL and eNRTL models, along with the experimental

ternary data, for the 298 K case. We were not able to apply UNIQUAC for this system since
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suitable binary parameter solutions could not be found (at any of the three temperatures) for all
of the binary subsystems, even using the largest reference species (ethanol) for the UNIQUAC
shape parameters. In Figure 5 (as well as subsequent Figures 6 and 7), there are small
discrepancies between the experimental and calculated binary miscibility gaps. This is due
solely to inconsistency between the experimental binary data used to perform the predictions and
the experimental ternary data used for comparison.

As seen in Figure 5, NRTL and eNRTL both incorrectly predict Type 2, not Type 2a,
behavior at 298 K, and thus are qualitatively incorrect. However, eNRTL does show a
narrowing of the phase envelope at intermediate compositions, suggesting a tendency to predict
greater miscibility in that region. This necking of the phase envelope occurs closer to the EtOH-
rich side of the diagram (the region with a lower average dielectric constant). This suggests that
the electrostatic contribution of the eNRTL equation promotes predictions of greater miscibility.
Indeed, at 313 K, eNRTL does predict Type 2a behavior, as seen in Figure 6, which shows
predictions from eNRTL and experimental data® at all three temperatures. Figure 7 shows the
same for the NRTL model. NRTL predicts Type 2 ternary behavior for all three temperatures,
with the narrowing of the predicted phase envelope a result solely of the experimental binary
miscibility gaps decreasing as a function of increasing temperature. On the other hand, eNRTL
shows a narrowing and eventual split of the single two-phase region, in an upper critical solution
temperature (UCST) somewhere between 298 and 313 K. The experimental data suggests that
there may be an UCST at a temperature somewhat less than 290 K. From this example, it
appears that the eNRTL model may yield better predictions for systems with multiple binary

immiscibility gaps and miscible intermediate regions.

3.5 Example 6. Type3b System

Example 6 is the system 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([bmim][Tf,N])/n-butanol (BuOH)/water at 288 K and ambient pressure.9 In this system, all
three binary subsystems have a miscibility gap. There are multiple types of possible ternary
behavior for the case of three binary miscibility gaps.” Experimentally, this system is Type 3b,
having three distinct two-phase envelopes, with miscibility at intermediate compositions. Using

7,9,62

the binary data, predictions of the ternary phase behavior were made using NRTL,
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UNIQUAC and eNRTL, as shown in Figures 8, 9 and 10, respectively, along with the
experimental ternary data.

As can be seen from Figures 8-10, none of the models correctly predicts Type 3b
behavior. NRTL predicts Type 3 behavior, characterized by a three-phase region bounded by
three two-phase envelopes that extend to the three sides of the diagram. UNIQUAC also predicts
Type 3 behavior, though with a much smaller three-phase region. eNRTL comes closest to the
experimental observations, predicting Type 3a behavior, with no three-phase region and two
two-phase regions. Although not qualitatively correct in terms of the LLE type, the eNRTL
model does predict larger regions of complete miscibility, particularly in the lower dielectric
(BuOH-rich) region of the diagram, as it did in the previous examples. Again, the tendency for
the eNRTL model to predict greater miscibility at intermediate compositions and better overall

accuracy can be attributed to the electrostatic term.

3.6 Octanol-Water Partition Coefficients (Kow)

An octanol-water partition coefficient (K,y) indicates the partitioning of an infinitely
dilute solute between equilibrated n-octanol-rich and water-rich phases at room temperature. It
is commonly used in correlations of bioaccumulation in the environment. A K, represents one
tie-line, corresponding to an extremely low solute concentration, on a ternary solute/n-
octanol/water phase diagram. Therefore, phase equilibrium calculations for IL/n-octanol/water
ternary systems can provide K, approximations. A number of experimental K,, measurements
are now available for ILs,” with which we can perform comparisons. The binary interaction

49-51 . . .
%51 and solvent mixture dielectric and

parameters, UNIQUAC size and shape parameters,
physical parameters corresponding to these systems can be found in Tables 5-8.  After
computing a tie line at very dilute IL concentration at ambient temperature, the octanol-water

partition coefficient can be calculated from’

e R
KOW T water water
Crer T 55,500

, (31)

where C;" is the concentration of IL in the octanol-rich phase, C;™" is the concentration of IL

oct

in the aqueous phase, x;" is the mole fraction of IL in the octanol-rich phase, and x;** is the

mole fraction of IL in the aqueous phase. Using parameters obtained from binary data,”01%4

NRTL, UNIQUAC and eNRTL were used to predict the K,y for several imidazolium-based ILs
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containing the [Tf,N] and [BF;] anions. The results are shown in Table 10, along with
experimental values. Predictions could not be made with UNIQUAC for [hmim][BF,] and
[omim][BF,] since for these ILs no suitable UNIQUAC binary parameter solutions existed for
the IL/water binaries. The experimental values® for the [Tf,N] -based ILs span a range since the
Kow values were sensitive to IL concentration even when very dilute concentrations were used.
As seen in Table 10, the eNRTL model provides quite good predictions, with UNIQUAC
not as good, and NRTL the worst, showing too high a sensitivity to the alkyl chain length on the
cation, however the latter two models still provided close to order-of-magnitude estimates, which
are sufficient for many purposes. For [hmim][BF4] and [omim][BF,] there are no experimental
values with which to compare the model predictions. However, the experimental Ky, value® for
[bmim][BF4] is 0.0030 + 0.0002, which suggests that the model predictions are quite reasonable.
Predictions for the [bmim][BF,] system were not made due to insufficient binary subsystem data.
It should be noted that, for the eNRTL model, a closest approach parameter value of p =
25 was used for all K,,, predictions. Use of the original value of p = 14.9 did not result in any
parameter solutions for some of the binary parameter estimation problems. The original value of
p = 14.9 was estimated by regressing data for small inorganic electrolytes, which probably have
smaller distances of “closest approach”.*?> Thus, it is reasonable to speculate that larger
organic electrolytes should have a larger value of p. The larger value of p = 25 was chosen
arbitrarily by Simoni et al.” As noted in Sections 3.1.1 and 3.3, it is possible that even larger
values should be used. Subsequent work may determine if some other value of the closest
approach parameter in the eNRTL model is more appropriate for modeling systems containing

ILs.

4. Concluding Remarks

In this work we have evaluated the capability of the NRTL, UNIQUAC and eNRTL
models to predict, using binary (and pure) component data only, the ternary LLE of systems
containing ILs. We have formulated a new symmetrically-referenced version of the eNRTL
model that is suitable for these systems, in which the electrolyte is liquid in the pure state. For
the prediction of ternary phase diagrams, none of the models tested was completely satisfactory,
especially for the case in which all three binary subsystems have a miscibility gap. However, for

other cases, both UNIQUAC and eNRTL provided potentially useful results. A difficulty is that
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it was not possible in all cases to obtain binary model parameters from the experimental binary
data, despite allowing some flexibility in the choices of the NRTL nonrandomness factor, the
eNRTL closest approach parameter, and the UNIQUAC shape parameter reference species. For
the prediction of octanol-water partition coefficients, the eNRTL model was especially effective,
and the other models still provided close to order-of-magnitude estimates, which are sufficient
for many purposes. The prediction of ternary LLE from binary data only is known to be
difficult, even for systems not containing ILs, and so, in some sense, the predictions obtained
were surprisingly good. However, it is clear that none of the models tested fully captures the
underlying physical situation, which includes partial dissociation to different extents in different
phases. Thus, there remains much potential for improvement in macroscopic models for phase

equilibrium involving ILs.
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Appendix A

In this Appendix, we explain the development of eq 12, which gives the Gibbs energy for
a mixture of electrolyte (salt) species and solvent species. See Section 2.2.2 for the notation and
nomenclature used here.

The total Gibbs energy (assuming complete dissociation of salts) can be expressed in

terms of chemical potentials as

G= Z(n+,iﬂ+,,- +”_,,-#_,,-) +D§(n,-u,-) (A1)

i0Or

G=Y| n, |, +RT |y, 2 | +n_, | 42, +RT | y, 55t
0| ’ C Va ’ ’ Y
+> I n, ,uio+RTln(yl.y—gJ :
i0S Vi

where the superscript zero indicates a reference state quantity.

or

(A2)

For the solvent species, we define the reference state to be the pure liquid at system 7" and

P. Thatis, /4 =0 at y/ =1, i0S. For the anions and cations, we define the reference state to
be pure dissociated liquid salt at system 7 and P. Thatis, 4, =42, =0 at x) =1, i0F , which
(using eqs 13, 14 and 15) corresponds to y}, =V, /v,, y°, =v_./v,, iOE.

Expressed relative to this reference state, the total molar Gibbs energy (relative to N) of

the system is then

M
8 _ Vi Y_i
RT _M|:)’+,i ln(viy+,i » ]-I-y—,i ln[vz‘y—,i » J:l +Z[yi ln(}{yi)]' (A3)

+,i - s
Using eqs 13 and 14 for y,; and y_; in terms of y, ;, along with the definitions of y,; and v, ,,

this can be expressed as

gM — Vi Vi
— Vui lnyi,iyi,i+1nv_ +Z[yiln(yiyi)]' (A4)

RT i0F Vi,i +i s

The excess Gibbs energy contributions in eq A4 are
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which appears as eq 12 in the text.
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Appendix B

In this Appendix, we explain the development of eq 21, which provides a symmetrically-
referenced expression for the Pitzer extended Debye-Hiickel (PDH) contribution to the eNRTL
model. See Section 2.2.2 for the notation and nomenclature used here.

To obtain a symmetrically-referenced expression for the PDH contribution, we
renormalize gpy, relative to the symmetric reference state using eq 20 in the text (renumbered

as eq B1 here)

%

E
8ppH — &pPDH %0 0
- - . In . +y . Iny , (Bl)

RT  RT Zzﬂf(y+,z Vi ty_;Iny.;)

where the superscript zero indicates evaluation at the pure salt limit. From Chen and Song,36 we

have the unsymmetrically-referenced expression

E*
8pon — (1000 4A¢,1 y

=- In{1+p./1 B2
RT VM p n( P ”) (52)

and the corresponding unsymmetrically-referenced activity coefficient for ion j in salt i
. 1000 . | 227,
Iny;; = Y Ai ,0] In(1+p12)+ 7, |. (B3)

N Lyt
— ity y
Ji 1+pI" : (B4)

where

In determining eq. B3, Chen and Song36 used a simplification in which the composition
dependence of the molecular weight, density and dielectric constant of the mixed solvent was not
accounted for in obtaining the partial derivatives defining the activity coefficient. Evaluating eq

B3 at the pure salt limit gives

1000 | 2z5,
= A«J[ s ln(lm/ﬁ)”i,}, (BS)

I°=1limI (B6)

l
x; -1 Y

In yj(z =In yj,

where

0 .
and /'j)l. is /_,',»

1

evaluated at 1, =1 . Substitution of eq B5 into eq B1 then gives
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which is eq 21 in the text.
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Tablel: System type, components, and temperature for ternary diagrams.

Example | Figure Ternary System Temperature
No. No. Type (D/(2)/(3) (K)
1 1 1 [emim][BF,/THF/Water"’ 337
2 2 1 [emim][EtSO,]/Ethanol/ETBE'® 298
3 3 2 [emim] [szN]/Benzene/Hexane11 298
4 4 2 [dmim] [szN]/Benzene/Hexane12 298
5 56,7 2a [bmim][PFs]/EtOH/Water® 290, 298, 313
6 89,10 3b [bmim][Tf,N]/BuOH/Water’ 288




Table2: NRTL binary interaction parameters (J/mol) for ternary diagrams described in Table 1.

Example | Figure Temp

No. No. (K) Agip Ago Agi3 Ags Agos Ags 023

1 1 337 -1947.1 18748 11103  -5987.0° -509.97° 7663.7° 0.3
2 2 298 4799.9° -863.13° 4708.8 16153  -1244.3° 7667.6° 0.3°

3 3 298 72421 28721 45692 19602  2421.0° -488.64" 0.3002°
4 4 298 -14287 31378 -1866.7 23590  2421.0° -488.64" 0.3002°
5 5,6 298 -4309.1 16476 -685.01 16672  332.21° 3350.6" 0.2957"
5 6 290 -3887.8 16879  -541.50 16125  -2588.7° 6908.2°  0.1448"
5 6 313 -5068.0 15739 -1849.6 18500  -2493.4° 7102.4° 0.1448"
6 8 288 -3930.4 14143 -44323 19778  -2555.4 12217 02

a = DECHEMA VLE parameters*'

b = Kurihara et al. VLE parameters*

¢ = Solve equifugacity conditions for VLE with a;; = 0.3

d = Globally minimize £(P** — P*'*)* with VLE data with o;;= 0.3

e = Extrapolate binary LLE data to miscibility at system temperature with o5 = 0.3



Table3: UNIQUAC binary interaction parameters (J/mol) for ternary diagrams described in Table 1.

Example | Figure Temp

No. No. (K) Auiy Al Auis Aus, At Auz,

1 1 337 -682.85 4646.7  13554°  -9787.6° 1826.4° 1978.7°
2 2 298 3010.5°  -7433.3° 27448 21215  522.24°  4467.43°
3 3 298 -1820.6  4969.6 29552  4969.6  -66.016" 564.67"
4 4 298 21049 3789.7  -72040 24552  -66.016" 564.67*
6 9 288 67.986 14319  5811.7 1368.1 19594 23334

a = DECHEMA VLE parameters”'

b = Solve equifugacity conditions for VLE

¢ = Globally minimize Z(P*® — P*')> with VLE data

d = Extrapolate binary LLE data to miscibility at system temperature



Table4: eNRTL binary interaction parameters (J/mol) for ternary diagrams with p= 14.9 described in Table 1.

Example | Figure = Temp

No. No. (K) Agin Agoi Agi3 Ags Agas Ags a23

1 1 337 -856481 -239471 -1697.2° -693.82Y -509.97° 7663.7° 0.3°

2 2 298 26001¢  73882°  -812741 -46459+ -1244.3° 7667.6° 0.3°
5 5,7 298 72191 16431 -3992.3 17535 332.21°  3350.6°  0.2957°
5 7 290 -6981.1 17322 -3790.2 16938  -2588.7° 6908.2° 0.1448"
5 7 313 7795.1 16644 -4951.0 19633 -2493.4° 7102.4° 0.1448"
6 10 288 -40.923 174741 -3636.3 20083  -2555.4 12217 0.2

a = DECHEMA VLE parameters”'

b = Kurihara et al. VLE parameters*

¢ = Solve equifugacity conditions for VLE with a;; = 0.3

d = Globally minimize (P*® — P')* with VLE data with o;;= 0.3

e = Extrapolate binary LLE data to miscibility at system temperature with a;; = 0.3
T = Solve equifugacity conditions for LLE with 0j;=0.4 and p = 14.9



Table 5: NRTL binary interaction parameters (J/mol) for the system
IL(1)/octanol(2)/water(3) used for calculating Kqy’s

Tonic Liquid Agi2 Agoy Agi3 Ag3i Ago3 Ag3

bmim][Tf,N] -136.15 26989 -441.82 19778 861.86 22421
hmim][Tf,N] -1414.2 12741 702.08 21820 861.86 22421
omim][Tf,N] -3433.0 13511 1023.9 22269 861.86 22421
hmmim][Tf,N] | -0.86950 19441 1378.3 22158 861.86 22421
[hmim][BF,] 586.85 17663 -5992.7 18455 861.86 22421
[omim][BF,] -3426.5 16253 -5007.9 21075 861.86 22421

[
[
[
[

Table 6: UNIQUAC binary interaction parameters (J/mol) for the system
IL(1)/octanol(2)/water(3) used for calculating Kqy’s With goctanol = 4.16, Gwater = 1.0, Foctanol = 6.62
and ryaer = 0 .92, and water as the reference species.

Ionic Liquid Auqo Autr; Augs Ausy Aurs Auzo qL 7L

bmim][Tf,N] | -1874.6  6148.7 6016.5 14163 3950.2 38763 7.29 11.2
hmim][Tf,N] |-568.49 22328 69514 1582.8 3950.2 38763 830 12.5
omim][Tf,N] | -685.18  1875.2 7641.1 1477.2 3950.2 38763 931 13.8
hmmim][Tf,N] | -960.84 34947 7707.2 15244 3950.2 38763 874 133

[
[
[
[

Table7: eNRTL binary interaction parameters (J/mol) for the system IL(1)/octanol(2)/water(3)
used for calculating K,y ’s with p=25.

Ionic Liquid Agi» Agr Agi3 Ag3i Agr3 Ags

[bmim][Tf,N] | -5507.9 13835 -3374.4 20401 861.86 22421
[hmim][Tf,N] | -2339.7 4270.0 -2365.1 21723 861.86 22421
[omim][Tf,N] | -7208.9 13888 -2072.7 21986 861.86 22421
[hmmim][T{,N] | -6609.9 16312 -1774.2 21730 861.86 22421
[hmim][BF4] -5030.4 8910.5 -6959.2 20473 861.86 22421
[omim][BF,] -7135.1 13929 -6466.1 22669 861.86 22421




Table8: eNRTL solvent properties.

Temp
Solvent (K) M d(g/cm3) € Reference
tetrahydrofuran 337 |[72.11 0.84 6.40  Critchfield**
ethanol 200 |46.07 0.78 244  Smyth & Stoops™
ethanol 208 | 46.07 0.78 232  Smyth & Stoops™
ethanol 313 | 46.07 0.76 21.0  Smyth & Stoops™
benzene 208 |78.10 0.87 2.3 Robinson & Stokes™
n-butanol 288 | 74.12  0.81 17.8  Smyth & Stoops™
ethyl rert-butyl ether | 298 102.17 0.74 189  Arceetal’
hexane 298 | 86.17 0.60 1.89  Morgan et al.*
water® 288 | 18.02 1.00 81.9  Robinson & Stokes™
water 208 | 18.02 1.00 78.3  Robinson & Stokes™
water 200 |18.02 1.00 80.8  Robinson & Stokes™
water 313 | 18.02  0.99 73.2  Robinson & Stokes™
water 337 | 18.02 0.98 65.3  Robinson & Stokes™
n-octanol 208 | 13023 0.82 10.03 Smyth & Stoops”’

a = See also Fernandez et al. for data on the dielectric constant of water.*®

Table 9: UNIQUAC size and shape parameters for ternary diagrams.

Example | Figure Temp UNIQUAC

No. No (K) q reference qi r1 Q> ) q3 r3

1 1 337 Water 380 838 194 294 1.00 0.92
2 2 298 Ethanol 366 794 1.00 211 212 474
3 3 298 —CH,- 878 9.89 240 319 386 4.50
4 4 298 —CH>— 145 151 240 3.19 3.86 4.50
6 7,89 288 Water 729 112 2,62 392 1.00 092




Table 10: Calculated* versus experimental K., using eq 31 for the system
IL(1)/octanol(2)/water(3).

Tonic Liquid NRTL UNIQUAC eNRTL | Exp’
[bmim][TENTT, £ | 0.029 0.23 0.28 0.11-0.62
[hmim][TEN]T 11.9 11.8 3.90 1.42-1.66
[omim][THN]T 45.0 55.5 5.88 6.3-11.1
[hmmim][T£,N]+,% | 0.83 1.62 1.24 1.35-1.79
[bmim][BF,] - - - 0.00300.0002
[hmim][BF,]f 0.011 - 0.099 -

[omim][BF,] 0.74 - 0.47 -

*Mole fraction of ionic liquid in overall system: z; = 0.0001, z, = 0.4999, z3 = 0.5000
+ IL/water binary data from Chapeaux et al.®
% IL/octanol binary data from Simoni,** available upon request
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Figure 1: Type 1 system [emim][BF,]/Tetrahydrofuran/Water at 337 K. Experimental data
from Jork et al.'” All models predict Type 1 behavior.
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Figure2: Type 1 system [emim][EtSO4]/Ethyl fert-butyl ether/Ethanol at 298 K. Experimental
data is from Arce et al.'"® All models predict Type 1 behavior.
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Figure 3: Type 2 system [emim][Tf,N]/Benzene/Hexane at 298 K. Experimental data is from
Arce et al.'' NRTL and UNIQUAC predict qualitatively correct Type 2 behavior. UNIQUAC is
very accurate as well.
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Figure 4: Type 2 system [dmim][Tf,N]/Benzene/Hexane at 298 K. Experimental data is from
Arce et al.'"> NRTL and UNIQUAC predict qualitatively correct Type 2 behavior. UNIQUAC is
very accurate as well.
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Figure 5: Type 2a system [bmim][PFg]/Ethanol/Water at 298 K. Experimental data from
Najdanovic-Visak et al.® NRTL and eNRTL predict qualitatively incorrect Type 2 behavior.
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Figure 6: Type 2a system as [bmim][PFs]/Ethanol/Water at 290, 298 and 313 K. Experimental
data from Najdanovic-Visak et al.® eNRTL predicts an UCST between 298 and 313 K, beyond
which the correct Type 2a behavior is predicted.
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Figure7: Type 2a system as [bmim][PFs]/Ethanol/Water at 290, 298 and 313 K. Experimental
data from Najdanovic-Visak et al.® NRTL predicts a Type 2 system at all temperatures.



Butanol

00 .,
O-L7i\ 0.9
032 :8 0.8
' o\ 0.7
0.4 06
3-phases 0.5 0.5
06 4 04
07/ 0
0.8 2 0.2
Ly o
1075 \

S N X
Water 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 IL

©-- Experimental binodal
= NRTL binodal

Figure 8: Type 3b system as [bmim][Tf,N]/n-Butanol/Water at 288 K. Experimental data from
Najdanovic-Visak et al.” NRTL predicts qualitatively incorrect Type 3 behavior.
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Figure9: Type 3b system as [bmim][Tf,N]/n-Butanol/Water at 288 K. Experimental data from
Najdanovic-Visak et al.” UNIQUAC predicts qualitatively incorrect Type 3 behavior.
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Figure 10: Type 3b system as [bmim][Tf,N]/n-Butanol/Water at 288 K. Experimental data
from Najdanovic-Visak et al.” eNRTL predicts qualitatively incorrect Type 3a behavior.





