Modeling Liquid-Liquid Equilibrium of lonic Liquid Systems

with NRTL, Electrolyte-NRTL, and UNIQUAC

LukeD. Simoni, Youdong Lin, Joan F. Brenneckeand Mark A. Stadtherr*

Department of Chemical and Biomolecular Engineering
University of Notre Dame, Notre Dame, IN 46556, USA

July 2007
(revised, September 2007)

*Author to whom all correspondence should be addressed. Phone (574) 631-9318; Fax (574)
631-8366; Email: markst@nd.edu



Abstract

Characterization of liquid-liquid equilibrium (LLE) in system contag ionic liquids
(ILs) is important in evaluating ILs as candidates for repladiaglitional extraction and
separation solvents. Though an increasing amount of experimentaldateEis becoming
available, comprehensive coverage of ternary liquid-phase behavior via expatiobservation
is impossible. Therefore, it is important to model the LLE aktunmes containing ILs.
Experimental binary and ternary LLE data involving ILs camcdreelatedusing standard excess
Gibbs energy models. However, the predictive capability of timegkels in this context has not
been widely studied. In this paper, we study the effectivenelsmhiicth excess Gibbs energy
models can be used poedictternary LLE solely from binary measurements. This isiagant
test of the suitability of various models for describing LLE istegns containing ILs. Three
different excess Gibbs free energy models are evaluatedliRfie, UNIQUAC and electrolyte-
NRTL (eNRTL) models. In the case of eNRTL, a new formulatiothefmodel is used, based
on a symmetric reference state. To our knowledge, this fegshéme that an electrolyte excess
Gibbs energy model has been formulated for and applied to the modelmgltafomponent
LLE for mixtures involving ILs. Ternary systems (IL, solverdpsolvent) exhibiting
experimental phase diagrams of various types have been chosenthieolliterature for
comparison with the predictions. Comparisons of experimental and prkdictanol-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 solverark as room
temperature ionic liquids (ILs). ILs are generally definedoaganic salts with melting
temperatures below 10@. Typically, they are composed of bulky, asymmetric cationsnoft
imidazolium- or pyridinium-based, with a wide variety of possibleomasy resulting in a
distribution of charge that reduces their solidification tempersitanel allows many alkyl chain
and functional group substitutions. Further, by choosing cations amesafor specific
properties, ILs may be tailored to fit process specifications.

Scientific and industrial communities are increasingly more eomd with “green
processes,” prompting the search for more benign solvents. AsHiilsit no measurable vapor
pressure under most normal operating conditions, they are antiatratternative to the
conventional volatile organic solvents from an emissions standpoint.heDother hand, some
ILs are toxic and have considerable mutual solubility in watemnpting concern regarding
aqueous releasé$,and interest in octanol-water partition coefficients for ¥tsThis represents
a particular type of ternary liquid-liquid equilibrium (LLE) problem.

ILs are being investigated for a wide variety of reaction, sdijpar and extraction
processes involving liquid-liquid phase behavior. For instance, ceksihave been shown to
selectively extract alcohols from fermentation broths and recameno acids from aqueous
media®® Since the number of possible systems involving ILs is enormousprebensive
coverage of ternary liquid-phase behavior via experimental observatiormpossible.
Therefore, it is important to model the LLE of mixtures containing ILs.

The modeling of LLE in general has been widely studied; howeverjricroscopic
modeling of LLE in mixtures involving ILs is still in its infancy Experimental binary and
ternary LLE data involving ILs can beorrelatedusing standard excess Gibbs energy models.
However, the predictive capability of these models in this contexnbibeen widely studied.
In this paper, we study the effectiveness with which excésiss@&@nergy models can be used to
predictternary LLE solely from binary measurements. This igiag&nt test of the suitability
of various models for describing LLE in systems containing ILs.

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

is used, based on a symmetric reference state. Ternarymsy¢le, solvent, cosolvent)



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

In the next section, we provide a brief survey of experimental ureragnts of LLE in
ternary systems containing ILs, and discuss the correlationsodldte using conventional excess
Gibbs energy models. This is followed by a discussion of the smatetlied in this work,
including the presentation of a new formulation for the electrdNfRIL model. Next, in
Section 3, the computational methods used in this study are desznithestveral examples are
presented in which experimental ternary LLE results, eithereptagyrams or octanol-water
partition coefficients, are compared to model predictions made solely frony Diar

2. Background

2.1 Multicomponent LLE Data Correlations

Three-component LLE data has been presented for IL/water/aftthol,
IL/aromatic/aliphatic¢*"*’ IL/ether/alcohol® and IL/ether/watéf systems. Most LLE data for
systems involving ILs are accompanied by correlations based esse@ibbs energy models.
In most cases the NRTL model is used, though the use of UNIQSGiIso been exploréd.
Data are commonly correlated, as in the above cases, by mimgnaiziobjective function based
on the squared differences between calculated and experimenfabsiboms, and in all cases,
the six binary parameters needed are fit to the ternary wstially 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 systemsls ldasied on binary
interaction parameters are most useful when the parametelstarmined from binary data and
when they can be used to predict the phase behavior of a wide rangéicdmpbnent systems
containing those binariés. We are aware of only one std8jn which binary parameters were
used to predict multicomponent LLE involving ILs. Unfortunately, full expental ternary
diagrams were not available for the two systems modeled irstihwdy, so the quality of the
predictions from the NRTL equation could not be adequately assessed.

Excess Gibbs energy models for electrolytes have not beenaudatetfor correlation of

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



situations, primarily to relatively dilute electrolyte solutiotisat would solidify at higher
concentrations under normal operating conditions. Thus, conventional electragels have
unsymmetric reference states, with the activity coefiitced the solvent and cosolvents taken to
be one when they are pure, but with the activity coefficienh@fsalt taken to be one at infinite
dilution. One popular model is the electrolyte-NRTL model (eNRArg its extensions, which
have been used to correlate LLE data for a variety of diafterxed solvent systenfa?® Here
we reformulate the eNRTL model to have symmetric referstates, so that it can be applied to
systems containing ILs across the entire composition range. Tknowtedge, this is the first
time that an electrolyte excess Gibbs energy model has beeuldted 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 rgodeknin systems

containing ILs are the NRTE, UNIQUAC,?® and eNRTE® models. The first two are standard
molecular models that are described briefly below, along withseuslsion of how we have
modified the UNIQUAC relative area parameter to permit liqahidse splitting in the systems of
interest. The formulation of the symmetrically-reference@®R €N model is then developed in
more detail. Since the computation of phase stability and equilibf@airoonstantT and P)
requires an expression for the Gibbs energy of the systermuastah of composition, we focus

on these expressions.

2.2.1 Molecular Models (NRTL and UNIQUAC)
The NRTL and UNIQUAC models were not originally intended fastems involving

electrolytes. Nevertheless, they have been widely used in mgdadith LLE and VLE in a
variety of electrolyte systems. For example, as discussed,aheyehave proven to adequately
correlate multicomponent LLE data for systems containing ILs.refowe, we wish to see how
these models predict multicomponent LLE data from model parameténsated from binary
data. In these two models, the ILs present are assumed to be tetyrgdsociated. In other
words, each cation is completely paired with an anion, and that paonsdered a single
molecular species in the solution. If the reference stategaken to be pure liquids of all



species at systerfi and P, then the total Gibbs energy (per mole of mixture) is giverthie
molar Gibbs energy of mixing", which in this case is

I_=y xinx e+, &)

wherex; is theobservablemole fraction of componenmt g is the molar excess Gibbs energy,
is the gas constant, ands the number of species present.
The NRTL modél’ generally predicts large heats of mixing, characteristtielectrolyte

solutions. For the NRTL model,
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Hereg; is an energy parameter characterizing the interaction of spesidg and the parameter
ay = o is related to the nonrandomness in the mixturg X O corresponds to complete
randomness, or ideal solution). Thoughcan be treated as an adjustable parameter, we will
consider it here to be fixed, so that all of the models compartdhaxe two adjustable
parameters per binary. The binary interaction param&tgréor the equivalent;) are estimated
from experimental data. When binary LLE data (mutual solubjliaes used for the parameter
estimation, which is the case for most of the IL/solvent and#olvent binaries encountered in
this study, then the binary parameters can be determinedyeksctising the equal activity
equations. If a model does not permit liquid phase splitting, then therebeilho parameter
solutions to this equation system. Following Sgrenson and Wdtusea; = a; = 0.2 as a base
case for immiscible binaries. The values useddfowill be discussed in more detail in Section
3.1.1.

For the UNIQUAC modef®
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Here,r; andq represent a relative volume and surface areagcésply, for component. It
follows that®; andé, are volume and surface area fractions, respegfif@ component. The
binary interaction parametefs); (or the equivalent;) are estimated from experimental data.
We have found that when UNIQUAC is applied to bynsystems involving an IL, it often does
not permit liquid phase splitting. To allow thepéipation of UNIQUAC to LLE for systems
containing ILs, we thus follow the approach of Abet al*® and redefine the reference species
used for determining the relative surface agasConventionally, this reference is the van der
Waals—CH_— group, but we have allowed the normalizatiorgyab be relative te-CH,—, water

or ethanol.

2.2.2 Electrolyte Model (eNRTL)

We consider now a model that accounts for thetfaadtILs are actually electrolytes that

can ionize (dissociate) in solution. There havenbeery few experimental measurements of the
actual degree of dissociation in ILs. Tokuda et'd have reported fractional dissociations
ranging from 0.54 to 0.76 for a number of pure l&sd found that the fraction dissociated is a

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



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

Consider the general case of a mixture of multgdds and multiple solvents, all of
which are liquids at the systefmandP. Complete dissociation of all electrolytes isumsed, as

represented by

Salt - v,; (Cation J +v_; (Aniop ' , i0E (11)
where z.; and z-; are the ionic valencies, anfl represents the set of all electrolyte (salt)
component indices. The set of all solvent compbiretices is denoted. We assume a mixture

of nj, i0S, moles of solvent species and i 0F , moles of electrolyte species. Since there is

complete dissociation of electrolytes, the latt@mresponds tan,; =v,;n moles of cations and
n_; =v_;n moles of anions for each salt’Z . The total number of moles in the mixture is then
N :Zm(n+’i + n_’i)+zms n. Theactual mole fractions of the species, as they exist in a

solution of completely dissociated electrolyte® ardicated byy; = ni/N, i0S, y+;i = nsi/N,
i0Z, andy-; =n_/N, iDE. Thus, ) (y.;+y;)+>. .y =1 Note that for a ternary

system containing an IL, this means it is treatsdiravolving four components, solvent,

cosolvent, cation and anion. Tlodservablemole fractions are indicated by = ni/No,

iO{Z, &} , where N, :Zm{fs} n.

Conventionally, excess Gibbs energy models forctelgtes use an unsymmetric
reference state consisting of pure liquid solvemmponents and infinitely dilute salt
components. However, if a salt is an IL, it isuid|in its pure state, making it more appropriate
to use a symmetric reference state in which allgmments are pure liquids. Thus, we present
here a new formulation for electrolyte excess Gikebgrgy models, in which a symmetric
reference state is used. Specifically, the refarestate for electrolyte components is pure
dissociatediquid and for solvent components is pure ligatl,at systemT andP. For this case,



and for any ionic valencies, the total molar Gilbtergy (relative tdN) is given by (see
Appendix A)

ViYsj Vi Ve
g :Z i Y, In Vy_l +Zyi|nyl+g_' (12)

Here, + indicates anean ionicquantity. For sali, and some associated quantify, the

1lv,

corresponding mean ionic quantitys given by, = ({7 ¢% )", with vi = vaj + v_i. The

actual mole fractions are related to the mean iantt observable mole fractions by

ViiYei .
y,, = Vy i0F (13)
VoiYey
y., = Vy i0F (14)
Y, = VeiX i0FE
T ViX X (1)
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and

_ X -
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Note that in the case of an IL(1)/solvent(2)/coveok(3) system, with the IL a 1:1 electrolyig (

=2 andv:; = 1), eq 12 reduces to
gM gE
RT RT

The eNRTL model is an excess Gibbs energy modegffin eq 17) that assumes the salts are

2y,,In(2y.,)+ ¥, In y,+ y,In i+ (17)

completely dissociated. Chen et%4briginally formulated this model for inorganic etelytes

in water using thensymmetri@lectrolyte reference state convention (denoted)byThe model

consists of a Pitzer extended Debye-Hiickel expassisy,,, for the long range electrostatic
contributiorf> and an NRTL-type local composition contributicgfé, for the short range

interactions?? Then,g® = o5, + df.. More recently, Chen and Séfigave generalized this

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



considered here. Note that Chen and Song alsede& Born term sindé@e infinite-dilution
solution is chosen as their reference state foekeetrolyte®® However, as discussed above, for
the applications of interest here, we prefer tonfdate the model relative to the symmetric

reference state. As a result the Born term vasisined we use

9% = Grpn + Ol - (18)
From Chen and Sor§,a symmetrically-referenced expression for the b@tdbution is
o Y 2YGE y Y AVGiT;
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HereG and r refer to local binary parameters related ®y exp(—ar) wherea is the NRTL
nonrandomness factor. These binary parametedismessed further below. The index sets {+}

and {} refer to the cation and anion indices, respetyiveThat is{# {( +)| iOZ and
{3 H(+)|10F . Also note that, in eq 18,= 1 fori O S.
To obtain a symmetrically-referenced expression tbe PDH contribution, we

renormalizegg,,, relative to the symmetric reference state using

gEDH:gEBH_Z (v, Iy 4y Iny0), (20)
RT  RT &imt2si i o 2o i

where the superscript zero indicates evaluaticdheapure dissociated liquid salt. The result of

this renormalization (see Appendix B) is
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wherely is the ionic strength
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and
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A, is the Debye-Huckel paramet@rwhich depends on temperature and on the density and

1O+ (24)

dielectric constant of the mixed solvent and isgiby

A¢=£ 2N, d (€ 3 (25)
3V 1000 { g,ekT )

whereN, is Avogadro’s number is the density of the solvent in kgine is the elementary

charge,o is the permittivity of free space,is the dielectric constant (relative permittivity)
the solventk is Boltzmann’s constant, afdis the absolute temperature. The closest approach
parametep is a constant, whose value will be discussed éurithh Section 3.6. Mixing rules for

the solvent molecular weigM, densityd, and dielectric constamtare®

(26)
Yi
M = = M, |,
%s: DV
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(27)
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and
(28)
£= M.y, £

Here eq 26 is exact and eqs 27 and 28 are approaima
For the case of primary interest here, namely tgrria(1l)/solvent(2)/cosolvent(3)
systems, application of eq 19 for the LC contribntgenerates the following binary interaction

parameters: ny, 32, i3, 23, Dcac [Bcac 2aca [Baca With the indices ¢ = (+,1) and a =,1).



Using the electroneutrality condition, togetherhmihe symmetry of the underlying interaction
energies, it can be shor® that ¢ ac= Baca= 21 AN Tac ac= Taca= T31. Note also thatic ac=
Naca= N1 = 0 andn, = 133 = 0. Thus we have the usual six interaction patams for the
ternary system, two for each of the three obseevablary subsystems. These parameters will
be estimated based on data from the binary sulmsgstnly. For all the binaries with a
miscibility gap, we will use a nonrandomness patemefa; = 0.2 as a base case, as in the
NRTL model. In terms of these binary parametees [t contribution in the eNRTL model

reduces to

gLC — y [yZGZZL 21 yBG3{31J+ y LZ X Glg 12+ y3G£ 33
RT "l v+ %G+ %G,) “(2yG+ ¥ ¥G

y, (2y+G13T13+ ¥.G,7 23}
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Assuming the IL to be a 1:1 electrolyte,( = v-1 = 1) withz,, = 1 andz-; = -1, the PDH

(29)

contribution in the eNRTL model becomes

LI 4°\FA, {1 pﬁ} (30)

1+ p/~/2

This appears to be the first time that a symmédlyicaferenced version of the eNRTL model

has been formulated and used.

3. Resultsand Discussion

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

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

octanol-water partition coefficients is also comsetl for six different ILs (Section 3.6). Note
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that most IL ternary systems of interest for ligligid 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 diffetgpes of binary subsystems: 1.
Binaries with a miscibility gap and 2. Binariesttla®e miscible liquids at all compositions. In
the first case, where two liquid phases are preseatuilibrium over some composition range,
parameter estimation from binary LLE data is prefér To do this, we use the method
described recently by Simoni et®al.In this method, the parameter estimation is dpnsolving
the equal activity equations for the parametersgusin interval-Newton techniqd&®® which
provides a mathematically and computationally mgsr approach for determining the needed
binary parameters. For the case of binaries thatcampletely miscible liquids, we follow
Anderson and Prausnffzand prefer to obtain parameter estimates from-bjiggdity VLE data at
the system temperature. In general, the VLE pressill be significantly lower than the system
pressure for the ternary LLE system of interestydneer LLE is typically only a weak function
of pressure.

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

1. Use published binary model parameters for VLEa @d the system temperature. |If
possible, use parameters from the DECHEMA VLE [Bgdes Otherwise use
parameters from other publications (as cited inldsaB-4).

2. Use experimental VLE data at the system tempexatind solve the binary
equifugacity equations for the parameters usingnérval-Newton technique.
This is analogous to what is done for the binaties exhibit a miscibility gap’

11



3. Use experimental VLE data at the system tempezaind obtain the parameters by
globally minimizing a least squares objective fimetof the formz; (P — P°9?
using an interval-Newton technique.

4. If the binary has a miscibility gap at a tengpere relatively close to the system
temperature (where the binary is completely miggibuse LLE data from the
miscibility gap to obtain parametets,and then extrapolate with respect to
temperature to obtain parameter values at thersyt&perature.

The method used to obtain the parameters for e&dheocompletely miscible binaries is
indicated in Tables 2-4.

For any of these approaches for obtaining the iblesbinary parameters, it is possible
that the set of parameters found will be unsuitalitethis case, the next approach is tried. A set
of parameter values is considered unsuitable iriall@ving cases:

1. If Ag; for NRTL and eNRTL orAu; for UNIQUAC is a negative number of large
magnitude. This is knovihto result in a highly distorted and unrealistidoks
energy vs. composition surface, whose slope chastygaply near one or both of
the pure components. We require thaf; for NRTL and eNRTL orAu; for
UNIQUAC be greater than30,000 J/mol.

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

The resulting binary parameter estimates for athefbinary subsystems occurring in the ternary
phase diagram examples are presented in Tablesad 3 for the NRTL, UNIQUAC and
eNRTL models, respectively. Similarly, Tables 5arfil 7 give the binary parameter estimates
used in the octanol-water partition coefficient mydes. In addition to the binary parameters
Agj for NRTL and eNRTL andu; for UNIQUAC, there are some other model parameiteas
must be set. These are the nonrandomness facbloNRTL and eNRTL, the closest approach
parametep in eNRTL, and the pure component size and shagensers in UNIQUAC.

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

parameters can be found. If this occurs, thenemges; to 0.05 and increase it in increments

12



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

In principle the closest approach parametein the eNRTL model depends on the
properties of the electrolyte and on how the shame forces are modeled. However, for
simplicity in practice, it is generally taken to Aeconstant applicable to a wide variety of salts.
In the development of the eNRTL modek value ofy = 14.9 was used, as originally suggested
by Pitzer® and was found to be satisfactory for a large numble aqueous inorganic
electrolytes. However, since ILs such as [bmpylfinvolve bulky organic cations, a larger
value of the closest approach parameter may beoppate for this group of salts. Simoni et
al.*" found that when using a value of 14.9 there wergescases in which no suitable parameter
solution existed for LLE, and thus they suggestsithgy = 25. For the examples considered
here, we will use = 14.9 for the ternary phase diagram examplespand®5 for the octanol-
water partition coefficient examples. Subsequenrkwnay determine whether some other value
of this parameter is more appropriate for modetiggtems containing ILs. The eNRTL model
also requires solvent physical property data (md&oveight, density and dielectric constant) to
characterize the dielectric continuum; the valussduare provided in Table 8.

UNIQUAC requires for each pure componena “size” (relative volume) parametgr
and “shape” (relative area) paramager Table 9 shows the andq; values for all of the pure
components used in the ternary LLE diagram predfisti For the IL species, these parameters
were taken from Kato and Gmehlifit?* who computed them using the Bondi method, except
for [emim][BF,], for which the parameters were taken from Bamegeal®® For the solvent and
co-solvent species, these parameters were takenstandard sourcé8§>* Table 9 also lists the

reference species used for the relative gré@aeach system. Traditionally, the reference gsec

13



used has been the van der Wa#l$— group?® However, as explained by Abreu et#lthis
choice may make it impossible to find a suitableaby parameter solution for modeling LLE
with UNIQUAC, especially when there are componeritgreatly different sizes and shapes. To
alleviate this problem, Abreu et 8lchose water as an alternative reference speceésithwed
parameter solutions to be found. Following suig allow either water or ethanol as the
alternative reference species. The smallest meerespecies that resulted in solutions to the
binary parameter estimation problem was used; i)atCH,— 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 toagantee that the calculated phase splits
correspond to stable phases. To do this, we wsaphroach described by Tessier et alhis
method is based on tangent plane analys’and requires the rigorous global minimization of
the tangent plane distance, which is done usingtarval-Newton approach, which can find the
global minimum in the tangent plane distance widmplete certainty. For additional details on
the formulation and solution of the phase stabpitgblem in the context of LLE, see Tessier et
al>® The approach used here differs only in that aesdmat more efficient interval-Newton

algorithn?® is used.

3.2 Examplesland 2: Typel Systems

Example 1 is the system 1-ethyl-3-methylimidazoliuntetrafluoroborate
(lemim][BF.])/tetrahydrofuran (THF)/watét at ambient pressure and 337 K, and Example 2 is
the system 1-ethyl-3-methylimidazolium ethylsulffemim][EtSQ])/ethanol (EtOH)/ethytert-
butyl ether (ETBEY at 298 K. Both are Type 1 systems exhibiting amg binary miscibility
gap. In the first example, the IL/THF binary hasméscibility gap!® while the binaries
THF/watef** and IL/watet® are completely miscible. In the second exampiéy the IL/ETBE
binary exhibits a miscibility gaf As noted by Anderson and Prausiftzhe quality of the
binary VLE data used to obtain model parameterstiier two completely miscible binary
subsystems will greatly influence the quality ofdebpredictions for Type 1 systems, though
correct qualitative results (one distinct phaseetope) are likely to be obtained. For the two
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examples considered here, the ternary LLE phaggaiies, computed using parameters obtained
from binary measurements®!*%are shown in Figures 1 and 2, along with expertaiefata.

For these two examples, all three of the modelsedegprovide results that are
gualitatively consistent with the experimental datédlowever, NRTL tends to significantly
underestimate the size of the two-phase enveldpRIQUAC does better in this regard; the
entropic contribution that accounts for mixing campnts of greatly different size and shape
predicts a greater degree of demixing. We seethigaeNRTL model most accurately predicts
the location of the binodal curve in Example 1 amdimilar in accuracy to the UNIQUAC
prediction in Example 2. In light of the fact thhe phase envelopes, in both examples, reside in
the vicinity of the lower dielectric solvent-richde of the diagrams (THF- and ETBE-rich
dielectric continuum side), we attribute this iraged accuracy to the electrostatic contribution
of the eNRTL model, as the electrostatic interaxgtibecome more prominent where the average
dielectric constant is small. UNIQUAC most closebptures the correct slope of the tie lines.
eNRTL more accurately predicts the plait point igufe 1, while UNIQUAC does a better job
in Figure 2. Based on these examples, we cannotm@mend use of NRTL for Type 1 systems,
but either UNIQUAC or eNRTL may provide useful riésu

3.3 Examples3and 4. Type?2 Systems

Example 3 is the system 1-ethyl-3-methylimidazolibis(trifluoromethylsulfonyl)imide
([emim][Tf,N])/benzene/hexarit and Example 4 is the system 1-decyl-3-methylimitiam
bis(trifluoromethylsulfonyl)imide ([dmim][TiN])/benzene/hexan®g,both at 298 K and ambient
pressure. These systems have two binary subsydfeamishave miscibility gaps, namely
IL/benzene and IL/hexane, with the third (benzeeedme) being completely miscible. Thus, the
ternary LLE will be either Type 2 (a single two-glaenvelope) or Type 2a (two distinct two-
phase envelopes). Experimentally these have teeh bhowh *?to be Type 2. For these two
examples, the ternary LLE phase diagrams preditted the binary dat&!**together with
experimental data from Arce et &:*? are given in Figures 3 and 4. These show computed
results from the NRTL and UNIQUAC models. For thaystems, eNRTL was not used since
suitable parameter solutions were not found forltigenzene binary subsystems for 14.9 or
p = 25. This is perhaps not surprising, considetimg small dielectric constant of benzene.

Similarly, eNRTL would likely paint a less realistpicture for systems of ILs with aliphatic and
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aromatic hydrocarbons, due to the small dielecoiestant of the mixed-solvent. Since mixed
solvents with small dielectric constants would pobdenion-pairing (or grouping), it is assumed
that eNRTL is less appropriate for these typegstesns. By using much larger valuepit is
possible to obtain stable eNRTL parameter solutfonghe IL/benzene binaries. However, a
detailed study of the effect pfin modeling LLE, and determination of a generappropriate
value for systems involving ILs, is outside theeof this contribution.

As seen in Figures 3 and 4, both NRTL and UNIQUA@ectly predict Type 2, and not
Type 2a, behavior. However, UNIQUAC is signifidgritetter in predicting the slope of the tie
lines. Note that in Figure 3 ([emim][2N]) the slope of the UNIQUAC tie lines are in exeat
agreement with experiment, and the location of tMIQUAC solutrope (where the tie line
slope changes sign) is approximately the sameaa®bserved experimentally. Both NRTL and
UNIQUAC provide a fairly accurate binodal curveHigure 3, but due to the better prediction of
tie lines UNIQUAC is clearly the better model. Hdmim][Tf,N] in Figure 4, we see that the
UNIQUALC tie line slopes and solutrope are much nawreurate than those predicted by NRTL,
although there is some discrepancy with experinierataes. Here, UNIQUAC also provides a
much better prediction of the binodal curve thanThNR As with the Type 1 examples, we
attribute the improved accuracy of UNIQUAC compated\RTL to the UNIQUAC entropic
contribution, which is important due to the substdly 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-methylimidazoliurhexafluorophosphate
([bmim][PFg])/EtOH/watef at ambient pressure and at three different tenyrers 290, 298 and
313 K. As in the previous two examples, this systeas two binary subsystems that have
miscibility gaps, namely IL/wat€t®* and IL/EtOH® with the third (water/EtOH) being
completely miscibl&** However, in this case, the experimental terndr behavior is Type
2a, not Type 2. Type 2a systems have two distinotphase envelopes, with miscibility at
intermediate compositions. Systems of this tygeganerally difficult to model predictively, but
are also less important in the realm of liquid-lejgeparations. Figure 5 shows the predictions
from binary dati*"*3®%%from the NRTL and eNRTL models, along with the esxymental
ternary data, for the 298 K case. We were not @blapply UNIQUAC for this system since
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suitable binary parameter solutions could not henfo(at any of the three temperatures) for all
of the binary subsystems, even using the largéstamce species (ethanol) for the UNIQUAC
shape parameters. In Figure 5 (as well as subsedtigures 6 and 7), there are small
discrepancies between the experimental and cadcllbinary miscibility gaps. This is due
solely to inconsistency between the experimentstyi data used to perform the predictions and
the experimental ternary data used for comparison.

As seen in Figure 5, NRTL and eNRTL both incornegttedict Type 2, not Type 2a,
behavior at 298 K, and thus are qualitatively inect. However, eNRTL does show a
narrowing of the phase envelope at intermediatepomitions, suggesting a tendency to predict
greater miscibility in that region. This neckinfjtbe phase envelope occurs closer to the EtOH-
rich side of the diagram (the region with a loweerage dielectric constant). This suggests that
the electrostatic contribution of the eNRTL equatpyomotes predictions of greater miscibility.
Indeed, at 313 K, eNRTL does predict Type 2a barawds seen in Figure 6, which shows
predictions from eNRTL and experimental dasa all three temperatures. Figure 7 shows the
same for the NRTL model. NRTL predicts Type 2 géeynbehavior for all three temperatures,
with the narrowing of the predicted phase envelapesult solely of the experimental binary
miscibility gaps decreasing as a function of insneg temperature. On the other hand, eNRTL
shows a narrowing and eventual split of the sitgl@phase region, in an upper critical solution
temperature (UCST) somewhere between 298 and 31FHe experimental data suggests that
there may be an UCST at a temperature somewhatHass290 K. From this example, it
appears that the eNRTL model may yield better ptexiis for systems with multiple binary
immiscibility gaps and miscible intermediate region

3.5 Example 6. Type3b System

Example 6 is the system 1-butyl-3-methylimidazolibra(trifluoromethylsulfonyl)imide
([bmim][Tf2N])/n-butanol (BuOH)/water at 288 K and ambient presSur@ this system, all
three binary subsystems have a miscibility gap.er&@hare multiple types of possible ternary
behavior for the case of three binary miscibiligpg’ Experimentally, this system is Type 3b,
having three distinct two-phase envelopes, withcinibty at intermediate compositions. Using
the binary datd®® predictions of the ternary phase behavior were enading NRTL,
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UNIQUAC and eNRTL, as shown in Figures 8, 9 and fiéspectively, along with the
experimental ternary data.

As can be seen from Figures 8-10, none of the modeilrectly predicts Type 3b
behavior. NRTL predicts Type 3 behavior, charazéel by a three-phase region bounded by
three two-phase envelopes that extend to the Hwes of the diagram. UNIQUAC also predicts
Type 3 behavior, though with a much smaller thribasg region. eNRTL comes closest to the
experimental observations, predicting Type 3a benawith no three-phase region and two
two-phase regions. Although not qualitatively eatrin terms of the LLE type, the eNRTL
model does predict larger regions of complete roikty, particularly in the lower dielectric
(BuOH-rich) region of the diagram, as it did in §k@vious examples. Again, the tendency for
the eNRTL model to predict greater miscibility atermediate compositions and better overall

accuracy can be attributed to the electrostatio.ter

3.6 Octanol-Water Partition Coefficients (Kow)
An octanol-water partition coefficienK{,) indicates the partitioning of an infinitely
dilute solute between equilibrateebctanol-rich and water-rich phases at room tentpeza It
is commonly used in correlations of bioaccumulatiothe environment. A, represents one
tie-line, corresponding to an extremely low solwencentration, on a ternary solute/
octanol/water phase diagram. Therefore, phasdileguin calculations for ILh-octanol/water
ternary systems can provi#lg,, approximations. A number of experimerig|, measurements
are now available for IL,with which we can perform comparisons. The biniatgraction
parameters, UNIQUAC size and shape paramét&fsand solvent mixture dielectric and
physical parameters corresponding to these systmansbe found in Tables 5-8. After
computing a tie line at very dilute IL concentratiat ambient temperature, the octanol-water
partition coefficient can be calculated from
_c _ 8.37x>

Koy = ,
ow C|\|A_later 55. 5)$ I\_/vater

(31)

where C*® is the concentration of IL in the octanol-rich paaC,"*" is the concentration of IL

oct ¢ water

in the aqueous phase,” is the mole fraction of IL in the octanol-rich pleasnd ;" is the

mole fraction of IL in the aqueous phase. Usingapeters obtained from binary da;®*
NRTL, UNIQUAC and eNRTL were used to predict Kg, for several imidazolium-based ILs
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containing the [TAN] and [BR] anions. The results are shown in Table 10, alartb
experimental values. Predictions could not be maith UNIQUAC for [hmim][BF,] and
[omim][BF,4] since for these ILs no suitable UNIQUAC binaryrgraeter solutions existed for
the IL/water binaries. The experimental vafufes the [TEN] -based ILs span a range since the
Kow Values were sensitive to IL concentration evennwezy dilute concentrations were used.

As seen in Table 10, the eNRTL model provideseggdod predictions, with UNIQUAC
not as good, and NRTL the worst, showing too higiemsitivity to the alkyl chain length on the
cation, however the latter two models still provld#ose to order-of-magnitude estimates, which
are sufficient for many purposes. For [nmim]iBBnd [omim][BF] there are no experimental
values with which to compare the model predictiohwever, the experimentkl,, value for
[bmim][BF,4] is 0.0030 = 0.0002vhich suggests that the model predictions are gadsonable.
Predictions for the [bmim][Bff system were not made due to insufficient binatysystem data.

It should be noted that, for the eNRTL model, aseki approach parameter valug of
25 was used for aK,, predictions. Use of the original value ©f 14.9 did not result in any
parameter solutions for some of the binary paranmestimation problems. The original value of
p = 14.9 was estimated by regressing data for smaianic electrolytes, which probably have
smaller distances of “closest approath® Thus, it is reasonable to speculate that larger
organic electrolytes should have a larger valug.ofThe larger value gb = 25 was chosen
arbitrarily by Simoni et al’ As noted in Sections 3.1.1 and 3.3, it is possthht even larger
values should be used. Subsequent work may deterrhisome other value of the closest
approach parameter in the eNRTL model is more gpjat@ for modeling systems containing
ILs.

4. Concluding Remarks

In this work we have evaluated the capability ld NRTL, UNIQUAC and eNRTL
models to predict, using binary (and pure) compbmzta only, the ternary LLE of systems
containing ILs. We have formulated a new symmaliyereferenced version of the eNRTL
model that is suitable for these systems, in wihighelectrolyte is liquid in the pure state. For
the prediction of ternary phase diagrams, noné@itodels tested was completely satisfactory,
especially for the case in which all three binargs/stems have a miscibility gap. However, for
other cases, both UNIQUAC and eNRTL provided paadigtuseful results. A difficulty is that
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it was not possible in all cases to obtain binandel parameters from the experimental binary
data, despite allowing some flexibility in the otes of the NRTL nonrandomness factor, the
eNRTL closest approach parameter, and the UNIQUKdbs parameter reference species. For
the prediction of octanol-water partition coeffitig, the eNRTL model was especially effective,
and the other models still provided close to omfemagnitude estimates, which are sufficient
for many purposes. The prediction of ternary LU@ni binary data only is known to be
difficult, even for systems not containing ILs, asal in some sense, the predictions obtained
were surprisingly good. However, it is clear thanhe of the models tested fully captures the
underlying physical situation, which includes partlissociation to different extents in different
phases. Thus, there remains much potential forawgment in macroscopic models for phase

equilibrium involving ILs.
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Appendix A

In this Appendix, we explain the development ofl@gwhich gives the Gibbs energy for
a mixture of electrolyte (salt) species and sohsg@cies. See Section 2.2.2 for the notation and
nomenclature used here.

The total Gibbs energy (assuming complete dissoniaf salts) can be expressed in
terms of chemical potentials as

G=Y (N + 1y )+ 2 (k) (A1)

73 igs

]
ool %)

where the superscript zero indicates a refererate quantity.

or

(A2)

For the solvent species, we define the referetate o be the pure liquid at syst@nand
P. Thatis,’=0 aty’=1, i0S. For the anions and cations, we define the raterestate to
be pure dissociated liquid salt at systémndP. That is, s, = 4% =0 at x’ =1, iDE, which
(using egs 13, 14 and 15) correspondyto=v, /v, ¥, =v_ /v, iOE.

Expressed relative to this reference state, ttad toolar Gibbs energy (relative i) of

the system is then

?;; M{yﬂln(uyﬂ y|]+y In[vyl Y, H+z[yln )] (A3)

+" —,i ias
Using eqgs 13 and 14 foy,; andy_; in terms ofy, ;, along with the definitions of/,; andv,;,

this can be expressed as

% =2 L'j— Yes [In Vi Yoy +In VV—H +>[yin(xy)]. (A4)

+i iasS

The excess Gibbs energy contributions in eq A4 are

21



Thus,

%:im{%'”(:ﬁ. yrﬂﬂ*Z[ya'n(y)Pg—ET,

which appears as eq 12 in the text.

(A5)

(A6)
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Appendix B

In this Appendix, we explain the development of2dg which provides a symmetrically-
referenced expression for the Pitzer extended Detiygkel (PDH) contribution to the eNRTL
model. See Section 2.2.2 for the notation and motature used here.

To obtain a symmetrically-referenced expressiom foe PDH contribution, we

renormalizegs,,, relative to the symmetric reference state usin@@dn the text (renumbered

as eq B1 here)

*
gPDH _ gPDH

I VRN VAR SRR VADE (B1)

where the superscript zero indicates evaluatidtheapure salt limit. From Chen and Scfigve

have the unsymmetrically-referenced expression

95 __ [T10004A1,
o= /M . In(1+p\/K) (B2)

and the corresponding unsymmetrically-referencéigigccoefficient for ionj in salti

Iny; = 100 Aﬂl: a In(1+p|1’2)+/' (B3)
where
Z Il/2 2|3/2
o=y -y B4
] 1+p|1/2 ( )

In determining eq. B3, Chen and Sthagsed a simplification in which the composition
dependence of the molecular weight, density aneéatiéc constant of the mixed solvent was not
accounted for in obtaining the partial derivatidedining the activity coefficient. Evaluating eq

B3 at the pure salt limit gives

\ , 1000
|nyjf;=|nyij=1— [ (1+pJ|7)+r } (B5)
where
= ij‘l' y (B6)

—10
=

and /'ﬁi is /;; evaluated at, =1;. Substitution of eq B5 into eq B1 then gives
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gt [10004A,
RT -\ M pyln(1+p\/|y)
000 22, |
A %z{y ; in(1+p\1°)+ 7 } (B7)

i0oF
27, |
z, In (1+ ,0\/?)"'/_—0; },

0

A 205y,

i0F

which is eq 21 in the text.
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Tablel: System type, components, and temperature forriechagrams.

Example| Figure Ternary System Temperature
No. No. Type (D/(2)/(3) (K)
1 1 1 [emim][BR)/ THF/Water® 337
2 2 1 [emim][EtSQI/Ethanol/ETBE® 298
3 3 2 [emim][TEN]/Benzene/Hexarté 298
4 4 2 [dmim][TEN]/Benzene/Hexarté 298
5 56,7 2a [bmim][PFs)/EtOH/Watef 290, 298, 313
6 8,9,10 3b [bmim][Tf,N]/BUOH/Wate? 288




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

Example| Figure Temp

No. No. (K) AQ12 AQ21 AQi3 Ags1 AQz3 Ags> a23

1 1 337 -1947.1 18748 11103 -5987.0 -509.97 7663.7 0.F
2 2 298 4799. -863.13 4708.8 16153 -1244.3 7667.6 0.5
3 3 298 72421 28721  4569.2 19602 2421.6 -488.64 0.3002
4 4 298 -14287 31378 -1866.7 23590 2421.3 -488.64 0.3002
5 5, 298 -4309.1 16476 -685.01 16672 332.2F 3350.6 0.295F
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 71024 0.1448
6 8 288 -3930.4 14143 -443.23 19778 -2555.4 12217 0.2

a = DECHEMA VLE parametefs

b = Kurihara et al. VLE parametéts
¢ = Solve equifugacity conditions for VLE with = 0.3
d = Globally minimizeZ(P™* — P“9? with VLE data witho; = 0.3
e = Extrapolate binary LLE data to miscibility gsgem temperature witl; = 0.3




Table 3: UNIQUAC binary interaction parameters (J/mol) femary diagrams described in Table 1.

Example | Figure Temp

No. No. (K) AU AUp1 AUz AUz1 AUz AUz

1 1 337  -682.85 4646.7 13554 -9787.6 18264 1978.7
2 2 298  3010.83 -7433.3 27448 21215 52224 4467.43
3 3 298  -1820.6 4969.6 2955.2 4969.6 -66.016 564.67
4 4 298  -2104.9 3789.7 -720.40 2455.2 -66.016 564.67
6 9 288  67.986 1431.9 5811.7 1368.1 1959.4 2333.4

a = DECHEMA VLE parametets

b = Solve equifugacity conditions for VLE

¢ = Globally minimizes(P®*® — P@9)2 with VLE data

d = Extrapolate binary LLE data to miscibility asgem temperature



Table4: eNRTL binary interaction parameters (J/mol) fongey diagrams witlp = 14.9 described in Table 1.

Example| Figure Temp

No. No. (K) AQ12 AQ21 AQ13 Ags1 AGp3 Ags2 023

1 1 337 -856481 -23947t -1697.2 -693.82 -509.97 7663.7 0.%F

2 2 298 -2600f 73887 -81274t1 -46459t -1244.3 7667.6 0.3

5 5,7 298 -7219.1 16431 -3992.3 17535 332.2F 3350.6 0.295F
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 1747.41 -3636.3 20083 -2555.4 12217 0.2

a = DECHEMA VLE parametets

b = Kurihara et al. VLE parametéts

¢ = Solve equifugacity conditions for VLE with = 0.3

d = Globally minimizez(P® — P92 with VLE data witho; = 0.3

e = Extrapolate binary LLE data to miscibility gstem temperature witly = 0.3
T = Solve equifugacity conditions for LLE with) = 0.4 and = 14.9



Table 5&: NRTL binary interaction parameters (J/mol) for theystem
IL(1)/octanol(2)/water(3) used for calculatifg,'s
lonic Liquid Ad12 Ad21 AQ13 AQs1 AQp3 Ags2
[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][BF4] 586.85 17663 -5992. 7 18455 861.86 22421
[omim][BF,] -3426.5 16253 -5007.9 21075 861.86 22421
UNIQUAC binary interaction parameters (J/mol) fothe system

Table 6:

IL(1)/octanol(2)/water(3) used for calculatiKg,,/s with Joctano= 4.16,0water = 1.0, octanol = 6.62
andryaer= 0 .92, and water as the reference species.

lonic Liquid Auqo AUoq Auqz AUz Aurz AUso O Mo
[omim][Tf,N] |-1874.6 6148.7 6016.5 1416.3 3950.2 3876.3 7.291.2
[hmim][Tf,N] |-568.49 2232.8 6951.4 1582.8 3950.2 3876.3 8.302.5
[omim][Tf,N] |-685.18 1875.2 7641.1 1477.2 3950.2 3876.3 9.31 13.8
[hmmim][Tf,N] | -960.84  3494.7 7707.2 1524.4 3950.2 3876.3 8.74 3 13.

Table7: eNRTL binary interaction parameters (J/mol) fa ftystem IL(1)/octanol(2)/water(3)
used for calculatinéow's with p= 25.

lonic Liquid AQ12 AQ21 AQ13 AJs1 A3 AJs2

[bmim][Tf2N] -5507.9 13835 -3374.4 20401 861.86 22421
[hmim][Tf2N] -2339.7 4270.0 -2365.1 21723 861.86 22421
[omim][Tf2N] -7208.9 13888 -2072.7 21986 861.86 22421
[hmmim][Tf,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/cn?) e Reference
tetrahydrofuran 337 | 7211 084 6.40  Critchfféld
ethanol 290 | 46.07 0.78 24.4  Smyth & Stdops
ethanol 298 | 46.07 0.78 23.2  Smyth & Stddps
ethanol 313 | 46.07 0.76 21.0  Smyth & Stddps
benzene 298 | 78.10 0.87 2.3 Robinson & Sttkes
n-butanol 288 | 74.12 0.81 17.8  Smyth & StdBps
ethyltert-butyl ether | 298 | 102.17 0.74 1.89  Arce éfal
hexane 298 | 86.17 0.60 1.89  Morgan éfal.
watef! 288 | 18.02 1.00 81.9  Robinson & StoKes
water 298 | 18.02 1.00 78.3  Robinson & Stdkes
water 290 | 18.02 1.00 80.8  Robinson & Stdkes
water 313 | 18.02 0.99 73.2  Robinson & Stdkes
water 337 | 18.02 0.98 65.3  Robinson & Stdkes
n-octanol 298 | 130.23 0.82 10.03 Smyth & Stddps

a = See also Fernandez et al. for data on thectfieleonstant of watéf.

Table9: UNIQUAC size and shape parameters for ternaryrdrag.

Example| Figure Temp UNIQUAC

No. No (K) greference qp ry (o) r (08) rs

1 1 337 Water 3.80 838 194 294 1.00 092
2 2 298 Ethanol 3.66 794 100 211 212 4j7/4
3 3 298 —CHy,- 8.78 9.89 240 3.19 3.86 4.50
4 4 298 —CHy,- 145 151 240 319 3.86 4.5
6 7,8,9 288 Water 7.29 112 262 392 1.00 0]92




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

lonic Liquid NRTL UNIQUAC eNRTL | Exp
[bmim][TfN]t, | 0.029 0.23 0.28 0.11-0.62
[hmim][TfN]T 11.9 11.8 3.90 1.42-1.66
[omim][Tf,N]t 45.0 55.5 5.88 6.3-11.1
[hmmim][Tf,N]t,+ | 0.83 1.62 1.24 1.35-1.79
[bmim][BF] - - - 0.00300.0002
[hmim][BF,]t 0.011 - 0.099 -

[omim][BF] 0.74 - 0.47 -

*Mole fraction of ionic liquid in overall systenz, = 0.00012 = 0.4999z; = 0.5000
t IL/water binary data from Chapeaux ef%al.
t IL/octanol binary data from Simoffiavailable upon request
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from Jork et al® All models predict Type 1 behavior.
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Figure2: Type 1 system [emim][EtS{PEthyl tert-butyl ether/Ethanol at 298 K. Experimental
data is from Arce et &f All models predict Type 1 behavior.
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very accurate as well.
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very accurate as well.
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Figure 5: Type 2a system [bmim][RFEthanol/Water at 298 K. Experimental data from
Najdanovic-Visak et d. NRTL and eNRTL predict qualitatively incorrectfig’2 behavior.
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Figure 6. Type 2a system as [bmim][EFEthanol/Water at 290, 298 and 313 K. Experimenta
data from Najdanovic-Visak et &l.eNRTL predicts an UCST between 298 and 313 Kophey
which the correct Type 2a behavior is predicted.
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Figure 7. Type 2a system as [bmim][EFEEthanol/Water at 290, 298 and 313 K. Experimenta
data from Najdanovic-Visak et AINRTL predicts a Type 2 system at all temperatures
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Figure 8. Type 3b system as [bmim][dM]/n-Butanol/Water at 288 K. Experimental datanfro
Najdanovic-Visak et d. NRTL predicts qualitatively incorrect Type 3 betua.
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