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Abstract

A new approach for modeling liquid-liquid equiliom in electrolyte/mixed-solvent
systems is presented, with particular focus onesystinvolving a dilute aqueous solution of an
ionic liquid (IL). This new approach involves asyanmetric framework in which different
phases have different degrees of electrolyte digson, and are thus represented by different
Gibbs free energy models. As a first case, weidenshe situation in which the electrolyte is
either completely dissociated or completely paifedlecular), with its state depending on the
dielectric constant of the mixed solvent and on ¢bacentration of the salt in the phase in
question. The theory underlying this asymmetrianfework is developed, and a rigorous
approach for phase stability analysis is presente. explained how to formulate and solve the
parameter estimation problem for determining mqgolameters from binary data, and this
process is demonstrated using examples. An imneedi@al is to use this approach to predict
liquid-liquid equilibrium for ternary IL/solvent/war systems, using parameters obtained from
binary and pure component data only.

Keywords: Liquid-liquid equilibrium; lonic liquids; Electrole models; Phase stability;
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1. Introduction

lonic liquids (ILs) are essentially nonvolatile rtrmal operating conditions. Thus, ILs
have been widely discussed in the literature asiples‘green” replacements for volatile organic
compounds (VOCs) used as solvents and in othercapiphs, with a number of research groups
focusing on the replacement of volatile extractmd separation solvents with ILs. For
example, ILs have been shown in some cases to thgobents for the selective extraction of
alcohols from fermentation broths and for the resgwof amino acids from aqueous metifa.
The preliminary analysis and design of such sejmaraprocesses require experimental
multicomponent liquid-liquid equilibrium (LLE) dataor models capable of predicting the
multicomponent LLE behavior. Since experimentaELabservations of all multicomponent IL
systems of interest are infeasible, due in patthéossheer number of ILs one can potentially tailor
and synthesiz&,it is important that progress be made on predictivodels for LLE in such
systems.

The macroscopic modeling of LLE in multicomponeniktures involving ILs has, to
date, been done mostly through the correlation aftioomponent (ternary) LLE data with
conventional excess Gibbs free energy models ssitRT L™ Previously, we have studitd
the capability of such models, specifically NRTLUNIQUAC and electrolyte-NRTL (eNRTLY
to predict ternary LLE from parameters fit only hmary LLE data. This showed that, when
used in a symmetric framework (same model use@poesent all phases), these models could
predict some Type 1 and Type 2 ternary LLE systesmasonably well from parameters fit to
binary data, but that there remained much poteritialimprovement. Other more purely
predictive approaches have also been investigatedyistems containing ILs. For example,
COSMO-RS has been applied to predictions of binddy upper critical solution temperature
(UCST) behavior and of a ternary LLE system, thoagh with satisfactory results*®* More
recently, COSMO-RS has been modified for LLE (COSMO), yielding better ternary
predictions involving ILs, but still with much roofor improvement® Another more purely
predictive approach is the NRTL-SAC (NRTL Segmertivity Coefficient) modef* While
this also shows promise for ternary LLE system®lving ILs, there are still cases in which its
predictions are not qualitatively corréét. A very different approach is to not use

thermodynamic models at all, but to use input/outpadels such as neural networks. Such an



approach has been uétb correlate data for ternary LLE with ILs, andpedict (interpolate)
tie lines not used in the training set.

ILs, like all electrolytes, ionize (dissociate)uarying degrees depending on the solution
or phase in which they are dissolved. The degfadissociation depends on the ability of the
phase’s components (mixed solvent) to screen #wrebtatic forces of the ioA%. This implies
that the molecular state of the electrolyte depemusts concentration and on the dielectric
constant of the mixed solvent. Thus, we introdeee a new framework for modeling LLE in
which different phases are treated differently witlgard to degree of dissociation. Since this
may result in different models being used for difg phases, this is an asymmetric framework.
Although there is evidence that ILs in solution lagh concentration may aggregate into

§>2% and most likely only ionize partialfi/;?° as a first approximation we assume here

cluster
that the IL is either completely dissociated or ptetely paired (molecular), with the state of the
IL depending on the dielectric constant of the rdigelvent and on the concentration of IL in the
phase in question. The assumption of completedison is appropriate primarily in the case
of an aqueous phase that is dilute in IL, as ha lsiggested in other studf@s! Systems
containing dilute aqueous phases arise in sevppdications of interest”

In this first part of a two-part contribution, tresymmetric modeling framework is
introduced, with different Gibbs free energy modelsed to represent different phases in
modeling LLE in electrolyte (IL)/mixed-solvent sgsts. Since a particular phase is assumed to
be either completely dissociated or not dissociaedll, there are two types of phases, each
represented by a different model. While such amasetric approach has not been widely used,
if at all, in modeling LLE, it is a common approachmodeling vapor-liquid equilibrium (VLE),
when, for example, the liquid phase is modeledgiaim excess Gibbs free energy model and the
vapor phase is modeled by the ideal gas law or @heation of state. The approach described
here appears to be the first instance of an asynmfeamework for modeling LLE in mixed-
salt/mixed-solvent systems. In Part | of this wavke concentrate first on the development of the
underlying theory, including the form of the eqaativity conditions for phase equilibrium and
an approach for rigorous phase stability analysihis context. We then show how to formulate
and solve the parameter estimation problem forraeténg model parameters from binary data,
and demonstrate this process using examples. rinlPae then proceed to study the extent to

which this approach is able pyedictternary LLE, using parameters obtained from birgmg



pure component data only. This will be done by imgkcomparisons to experimental data

representing various types of ternary LLE behavior.

2. Model Formulation

Consider the general case of a mixture of multalés (ILs) and multiple solvents, all of
which are liquids as pure components at the systemperaturd and pressur®. We formulate
here a new asymmetric framework for modeling LLEsuth systems. The basic idea in this
framework is that there are different degrees bicdissociation in each phase, and that this can
be accounted for by using different Gibbs free gpenodels in different phases. As discussed
above, we will assume here, as a first approximatilbat there are two types of phases: 1. A
type in which the electrolytes are completely dissted, generally a dilute aqueous phase or one
in which the mixed solvent has a high average digteconstant; 2. A type in which the
electrolytes are completely associated as ion gaicdecular), generally a liquid salt-rich phase
or one in which the mixed solvent has a low averdigéectric constant. In this section, we
develop Gibbs free energy expressions for eacheasfet two types of phases. For this purpose,
the references states chosen are: 1. For sadpewies, pure liquid at the systdmandP; 2.

For the electrolyte species, puissociatediquid at the systent andP. To distinguish Gibbs
free energy expressions (and the correspondingichépotentials and activity coefficients) of a
phase in which electrolytes are completely disgediga “dissociated phase”), we will use a

tilde; thus g will indicate the molar Gibbs free energy of astisiated phase argithe molar

Gibbs free energy of a phase in which all companeme molecular species (a “molecular

phase”).
2.1 Dissociated Phase

In a dissociated phase, the salt species are ctatyptissociated. Assume a mixture of
n, il , moles of solvent species andil , moles of electrolyte species, wheréndicates
the set of all solvent component indices andrepresents the set of all electrolyte (salt)
component indices. Since there is complete diasioai of electrolytes, we have, ; =n,;n
moles of cations and. ; =/ ;1 moles of anions for each salt , where .; and .; are the

stoichiometric coefficients on the ions of &l the dissociation reaction



Salt ® n,; (Cation '+ n.; (Aniop J* , il 1)

Here z,; and z; are the ionic valencies. The total number of mols then

N= . (n;+n;))+ ., n. The actual mole fractions of the species are indicated by
y,=n/N, il , vy, =n;/N, il , and y;=n;/N, il . Thus,
+ (Yeity;)+ 5y =1 Note that, for a ternary system containing alsiriL, this

means it is treated as involving four componentdvent, cosolvent, cation and anion. The
observablemole fractions are indicated by =n / N, il { , }, whereN, = L
Conventionally, excess Gibbs free energy models dtactrolytes have used an
unsymmetric reference state consisting of pureidiggolvent components and infinitely-dilute
salt components. However, if a salt is an IL,sitliquid in its pure state, making it more
appropriate to use a symmetric reference statehichnall components are pure liquids. This
explains the choice of reference states given abdwa this case, and for any ionic valencies,

the total molar Gibbs free energy (relative to the actual number of molN}is givert® by the

Gibbs free energy of mixing function

g=g" =g +d =RT "2 L rT yin y+ § ()
it ni,i nJ_r,i ]

Here, g is the ideal molar Gibbs free energy of mixirgf; is the excess molar Gibbs free

energy relative to the symmetric reference statsl R is the gas constant, and + indicates a

mean-ionicquantity. For sali, and any generic quantity;, associated with the salt, the
corresponding mean-ionic quantitys given byz,; =(z7yz") )", with ;= .+ _;. The

actual mole fractions are related to the mean-ianit observable mole fractions by

;Y. -
P = : : 1 I 1
Vo = 3)
Y .
P = : : ’ I 1
V= @
_ Vii % A
Ve = L T (5)



and

i = VX + X ' (6)

Note that in the case of an IL(1)/solvent(2)/coveolt(3) system, with the IL a 1:1 electrolyt& (

=2 andn.1=1), eq 2 reduces to

E
% - 2y¢,1 In(zyi,l) Y, In Y. * ysln y3+%|-' (7)

For the excess molar Gibbs free enenfy in egs 2 and 7, any suitable electrolyte modetébas

on complete dissociation may be considered. Wkusé the electrolyte-NRTL (eNRTL) model
of Chen and Sontf as recently renormalized for the symmetric refeeestate by Simoni et
al.**** The renormalized model is given in Appendix A.

From electrical conductivity data of inorganic atelytes in alcohols, it has been
suggested that significant ionic dissociation exisinly in solvents with large dielectric
constants? Furthermore, we would expect significant dissteimonly in relatively dilute salt

S31

solutions:™ Thus, a phase is considered dissociated if tted tdservable salt mole fraction

o X% s less than some specified cut-off valxe and if the average mixed-solvent dielectric
constante is greater than some specified cut-off vakle For this purpose, we approximate the
average mixed-solvent dielectric constant’by

M,y
il MY ¢

it

g (8)

whereM; is the molecular weight of solvent componentf either of these two criteria are not
met, then the phase is treated as molecular. R®rdielectric constant cut-off, we have
arbitrarily chosen a value of roughly one-half tdeslectric constant of water at room

temperature, i.e.e, = 40, and, for the salt mole fraction cut-off, wavh arbitrarily choserx_ =

0.10.



2.2 Molecular Phase

In a molecular phase, the salt species are conhplassociated as ion pairs, and so can
be treated as molecular species. Now the actubbbserved mole fractions are the same for all

species, and will be denoted Ry il { , }. For this case, the total molar Gibbs free engrgy
is given by the usual Gibbs free energy of mixingdtion

X g =RT xIn .x+ G+ . xg (9)

QZQMZde"’QE*' i X
i i{ ) 7

where g; is the molar Gibbs free energy of pure liqgaskociatedsalti relative to its standard

(dissociatedi state. To determing; , we use the Coulombic potential energy betweerole of

ion pairs of generic valence. Then we assumetti@pairs of ions are brought from infinite
separation (dissociation) to contact with a cetderenter distance of; for a salti. This

obviously requires the coarse assumption that #tierts and anions are spheres of equal size.
With these assumptiongj; is given by®
9 o) Z+’i Z"i‘ é
RT 8pgekTs'

wherekg is the Boltzmann constarg,is the elementary charge, is the dielectric constant of

, (10)

pure liquid sali, andg is the permittivity of free space. For the excesdar Gibbs free energy

gt in eq 9, any appropriate molecular model may besicered. We will use the NRTL

model®® details of which are stated in Appendix A.

3. Phase Equilibrium Conditions

In this section, we discuss the equipotential i@hesthips for the asymmetric framework.
These are necessary (but not sufficient) conditfonphase equilibrium at constahtandP, and
are also used in the parameter estimation procetkseribed below.

In a molecular phase, the chemical potential (plmiolar Gibbs free energy) is given by

m = m+RTIn( gx), where m =0 for solvent speciesl and m =g for electrolyte

speciesil . In both cases, the activity coefficiegf is obtained from the moleculag®



model used (NRTL). In a dissociated phasg=0 for all species. Thus, for solvent species

il , the chemical potential is given by =RTIn( g y), and, for electrolyte specidgd

the definition of chemical potential, with from eq 2, gives

T(Ng
m= u =RTaIn(n g y,), (12)
fin
TP
where g , il , and the mean ionic activity coefficient,;, il , are obtained from the

electrolyteg® model used (eNRTL).

For a biphasic situation with one molecular phasoted bya, and one dissociated

phase, denoted Hy, the resulting equipotential conditions for phageilibrium are

- Z+,i Z ,i‘ é ’I‘
—’ I k)
8ok, Te, 65 (12)

mIn(n,gye) =In( g %) +
In(g”y®) =In(¢" %), il

For ILs that are 1:1 electrolytes, this becomesafmixed-IL, mixed-solvent system,

e -

2In(2g0y) = (@ K )t ——— i1,
o g 80k, T, 6 5 (13)

In@™y®) =In(¢ %), il

4. Stability Analysis

For LLE at constanT andP, the total Gibbs free energy must be at a globalimuim
with respect to the number of phases present aed #mounts and composition. The
equipotential relationships are a necessary butsafficient condition for this minimum. To
verify that a global minimum in the total Gibbsdrenergy has been found, global phase stability
analysis is needed. For this purpose, we useatigent plane analysis originally formulated by
Baker et af’ and Michelself for the case of a symmetric thermodynamic framé&weith no
dissociation, and extend it to the case of an asgtmenframework with dissociation, as
described above. The basic idea in tangent plaab/sis is to consider a test or “feed” phase
and then to determine whether the Gibbs free enefglye system can be lowered by allowing

this phase to split. For our asymmetric framewde{ails of the analysis depend on whether the



test phase is molecular or dissociated, and onhghé¢he new phase that appears in the split is

molecular or dissociated. We will begin by considg the case of a molecular test phase.

4.1 Molecular Test Phase

Consider a test phase described by the componedet mmber vectong = (ng;, i 1
) and corresponding mole fraction vector= (z, i 1 ), with z = ng / Np and

N, = TR Assuming that . 7z 3® x and/ore(z) £ e, then this is a molecular phase.

The total Gibbs free energy of the test phasg,s G(n,) . Now assume that there is a split of

the test phase into: 1. rAolecularincipient phase containing an infinitesimal numbemoles
with an arbitrary composition (mole fraction) vack consistent with a molecular phase. This
phase has a component mole number vectoand total Gibbs free energg( x). 2. A
molecular residual phase now containbg— moles and mole number vectog — Xx. This
phase has a total Gibbs free ene@fgo, — X), which can be obtained from the first-order Taylo

expansion

1G
G(n, - ax)= G(ny)+ — (adxF Qn) d X (14)
gy Tnoyg i)
where o = i(2) is the chemical potential of speciesvaluated at the feed phase composition.

The change in total Gibbs free energy due to tlaselsplit is then

DG =[G(dx) +G(n, - dX)]- Gn,)= Qak)- d  xnt2)
i}
(15)

= @0m-d o x s d o xCm @)

For the test phase to be at a stable equilibri@ammust be at a global minimum, s& must not

be negative. Thus, a necessary condition for pbiadglity is that

D(x,z)=._{ }x(m(X)- m2)* 0 (16)

for all incipient phase mole fraction vectorsatisfying the logical constraint

( .o% 3 &)U (e(x)£ &)="true’ (17)



and with the chemical potentialsdetermined as described in Section 3. The fnshtin eq 16

is the molar Gibbs free energy function

B = xoatx) (18)

g(x)
N Ny i)

Also noting that the chemical potential can be tent in terms of mole fractions by
/7;7(x):g(x)+(ﬂg/ﬂ>g)T’P’lei oy }>§(ﬂ o1 qg)T’P’lek, the second term in eq 16 can be

expressed as
xm@=00+ 39/ (x- 2= g,(x 3, (19)
i) v T,

a (hyper)plane tangent to the molar Gibbs freegnemctiong(x) at the test (feed) composition
z. Thus,D(x,z)=9(X)- 0.,(X% 2, and we have the familiar tangent plane critefmmphase
stability, stating that a phase of composition @niohction)z is stable if a plane tangent to the
molar Gibbs free energy surfagé) atx = z never crosses (goes abogéj). That is, for phase
stability, the tangent plane distance functidfx, z), as given in this case by eq 16, must have a
global minimum of zero with respect xpsubject to the logical constraint given by eq 17.

Now consider the case in which the incipient phaskssociategdnot molecular as in the
discussion above. Assume that the incipient diased phase contains an infinitesimal
observablenumber of moles, with an arbitrary composition (observable mobefion) vectox

consistent with a dissociated phase. This phaseah@omponent mole number vectar and

total Gibbs free energ®(dx) = d TR m(x). Proceeding as above, it can be seen that, in

this case, a necessary condition for phase stalslit

D= - X(m09- 7 O (20)

for all incipient phase mole fraction vectorsatisfying the logical constraint

( L% < xc)U(e(x) >e) ='true’ (21)
and with the chemical potentiaig and ; determined as described in Section 3. The frshtin
eq 20 is related to the molar Gibbs free energgtfan g(x) of the dissociated phase by

G(n) _ N, 1 N,,
— _Yobs nm(x) —_ “obs X mx)’ 22
N N Nobsﬁ{ } N i{ ( )

9(x) =



where the ratio of observable to actual moles endlssociated phasé,,s/ N is given by (see

Appendix B)

Nobs - l
N 1+ x@-1) (23)
i
Thus, the first term in eq 20 is
0.00=  xm)=1+ x(7-1) gx) (24)

i) i
an adjustedmolar Gibbs free energy function for the dissodaphase that accounts for the
difference between actual and observable mole® s€khond term in eq 20 is again given by the
tangent plane specified by eq 19. Thi¥x,z)=9,(X)- 9,,(X 2. So now the tangent plane
criterion is that a molecular phase of compositas stable, with respect to a dissociated phase,
if a plane tangent to the molecular-phase molab&itee energy surfaggx) at x = z never
crosses (goes above),(x), the adjusted dissociated-phase molar Gibbs fneegg surface,
subject to the logical constraint &rgiven by eq 21.

The results of the foregoing analysis are depigeaphically in Figs. 1 and 2 for a
hypothetical binary IL(1)/solvent(2) system. Duethe assumption that only solvent species
contribute to the dielectric continuum, the logicainstraint (eq 21) for a dissociated phase
requires thaty < x, =0.1 ande, > @ =40. Assuming the latter solvent property to be tthe,
composition constraint leads to the partition o tomposition space into two domains, one
dissociated ¥ <0.1) and one molecularx 2 0.1). These are depicted in Figs. 1 and 2 by the
white (dissociated) and shaded (molecular) aréaghe molecular domain, only the molecular
Gibbs free energy curvey)(is relevant, and the curve for the dissociatedes{g,) can be
ignored. This is indicated by using a bolder cufeeg in this domain. Conversely, in the
dissociated domain, only the curve for the disdediastate @,) is relevant, and the molecular
curve @) can be ignored, as indicated by a boldercurve in this domain.

Fig. 1 shows the case of a feed composition inmbkecular domain af; = 0.75. In the
molecular domain, the tangent plane distabces the directed distance frogw, to g and is

always nonnegative. In the dissociated domirs the directed distance froga,to g, and is

also always nonnegative. Thus, sifizes always nonnegative, the test phase is stabig. 2

10



shows the case of a feed composition in the maeabdmain ofzz = 0.5. Now,D is always

nonnegative in the molecular domain (note thatgheurve is not relevant in this domain), but

is negative in the dissociated domain (note thagtburve is not relevant in this domain). Thus,

sinceD can be negative for an incipient dissociated phasetest phase is not stable. For phase
stability, the tangent line must lie on or belove tlelevant curves for all compositions in each
domain. This is true for the casezpft= 0.75 in Fig. 1, but not for the casezpf 0.5 in Fig. 2.

4.2 Dissociated Test Phase

Now consider the case of a dissociated test plkecomponent mole number vectoy
and corresponding observable mole fraction veztothis will be the case when . z <X
and e(z) > e . The total Gibbs free energy of the test phaskeas G, = G(n,) . Assume a split

of the test phase into: 1. A molecular incipiphise containing an infinitesimal observable
number of moles with an arbitrary composition (observable molecfian) vectorx consistent
with a molecular phase. This phase has an obderecamponent mole number vector and

total Gibbs free energ®(dx). 2. A dissociated residual phase now with malmber vector
Np — X. This phase has a total Gibbs free ene@fy, - dx). Proceeding as in the previous
section, withG(n, - @x) obtained from a first-order Taylor expansion, a@etiermination of the

DG of the phase split, it is easily shown that a seagy condition for phase stability is that

D(x,z)=._{ }x(m(X)- m2)* 0 (25)

for all incipient phase mole fraction vectorssatisfying the logical constraint given by eq. 17.

The first term in eq 25 is the molar Gibbs freerggdunctiong(x) for the molecular phase (see
eq 18). Also noting thét ”?(X):ga(X)J’(ﬂga/ﬂX)T,p,xm TR x(1a/1 ¥)T,P,xpk’ the

second term in eq 25 can be expressed as

XDz 0+

(X-2)= QulX% 32, 26
! i) X, ' (20)

a (hyper)plane tangent to the adjusted molar Giftbe energy functiong,(x) for the
dissociated test phase at observable compositidrus, D(x,z) = g(X) - g, ..(X 2), indicating

that a dissociated phase of observable composti®stable, with respect to a molecular phase,

11



if a plane tangent to the adjusted dissociatedghasar Gibbs free energy surfagg(x) atx =
z never crosses (goes above) the molecular-phades @Gée energy surfaggx), subject to the
logical constraint ox given by eq 17.

This analysis can be repeated for a dissociat@gient phase, showing that for this case,
a necessary condition for phase stability is that

D(x,z):_‘{ }&(ﬂﬂ(x)- 7{2)* 0 (27)

for all incipient phase mole fraction vectorssatisfying the logical constraint given by eq 21.
From egs 24 and 26, this is equivalent¢x,z) =g,(X)- d, (X 2. So, for this case, the
tangent plane criterion is that a dissociated pluisgbservable compositionis stable, with
respect to a dissociated phase, if a plane tartgethte adjusted dissociated-phase molar Gibbs
free energy surface,(x) atx = z never crosses (goes abovg)(x), subject to the logical
constraint orx given by eq 21.

Consider again the same hypothetical binary IL{Y&Nt(2) system featured in Figs. 1
and 2, now considering test phases in the dissstidbmain. Fig. 3 shows the case of a feed
composition (observable mole fractian)= 0.04. Here the tangent ling, ., lies on or below
the relevant Gibbs free energy curves for all cositpms in each domain. Thus, this test phase
is stable. Fig. 4 shows the case of a feed cortippgpbservable mole fractioz) = 0.06. Now

0.0 lies above the relevant curvg) (n the molecular domain, indicating that thist elsase is

not stable with respect to formation of a molecylaase. Finally, Fig. 5 represents the case of a
stable, biphasic system at equilibrium, with ondauolar phasea phase) of compositiorx,

and one dissociated phasephase) of composition, . Note that the equilibrium compositions

correspond to the points of tangency and that, and g,,, coincide.

4.3 Summary

We have extended the tangent plane analysis olfigiftamulated by Baker et &f. and
Michelseri® for the case of a symmetric thermodynamic framé&waith no dissociation to the
new case of an asymmetric framework with dissommati For a molecular test (feed) phase of
composition (observable mole fraction) phase stability must be determined relative tthbo
molecular and dissociated phases. Thus, the gbgdiahization problem that must be solved is

12



X(m(x)- 7t2)= 9% gu(x2 ( , ¥ X (eOF eF 'true’

minD(x,z)= A

" })ﬂ(”ﬂ(x)' 47(2)): ga(x)- gtan(X, Z)! ( it X< )%):J (6’( X)> ec): 'true (28)

subjectto 1 x= 0.
i}

If the global minimum value dD is zero, then the test phase is stable. If thbajlminimum
value ofD is negative, then the test phase is not stabimila®ly, for a dissociated test (feed)
phase of composition (observable mole fractprghase stability must be determined relative to
both molecular and dissociated phases. Thus, ldtgalgoptimization problem that must be
solved is

x(m(x)- #2)= 99 duw(x2 ( , ¥ P (e(F eF 'true’

minD(x,z)= ' !

i }X(”?(X)' 47(2)): ga(X)- ga,tan(xl Z)' ( it X< XC)J (6’( X)> ec): "true (29)

subjectto 1 x= 0.
i)

Again, if the global minimum value @ is zero, then the test phase is stable, and igkbieal

minimum value oD is negative, then the test phase is not stable.

5. Binary Parameter Estimation

In this section, we show how to formulate and sdhe parameter estimation problem for
determining model parameters from binary LLE dawaut(al solubility). We assume that the

Gibbs free energy modelgy (molecular phase) ang (dissociated phase) each contain two
energetic binary interaction parametegs and g; (see Appendix A) for each pair of
componentsiT { , } and ji { , }, and that these are the only fully adjustable rhode

parameters. Furthermore, we make the key assumibizd these parameters are the sangeais

in g. This follows from the assumption of Chen et‘based on local electroneutrality and the
symmetry of interaction energies, that short-ranggon-solvent and anion-solvent interaction
energies are the same. We extend this assumpmionake these cation-solvent and anion-

solvent interaction energies the same as the shioge interaction energy for the corresponding

13



molecular salt and solvent. With this assumpta,can maintain in the asymmetric framework
the use of two fully adjustable parameters perryina

For symmetric thermodynamic frameworks of LLE witholecular phases, it is well
knowr?®%* that values of the binary parameters can be detedndirectly from mutual
solubility data at a given temperature. This is@lasing the equal activity conditions for LLE,
which provide two equations that, given the experntal LLE phase compositions, can be
solved simultaneously for the two binary parametdues needed, thereby providing an exact fit
to the experimental results. Recently, Simoni et @xtended this approach to the case of
electrolyte models in a symmetric LLE frameworktwitissociated phases. Here we show that
this approach can be further extended to the asyriomeodeling framework described here.

For a binary salt (1)/solvent (2) system, and assgra 1:1 electrolyte, the equal activity
conditions are (from eq 13)

2

2In(2y®)) = In(g X0 )+ &
@Y= In( A )+ 0
In(g”y5") =In(£ %),

where a denotes a molecular phase amddenotes a dissociated phase. Here the activity

coefficients depend on the phase compositions andhe values of the binary interaction

parametersy, and g,,. Thus, if experimental values of?, X, y®), and y{ are substituted

into eq 30, the result is a system of two nonlinequations that can be solved for the two

unknowns, ¢, and g,,. A difficulty with this process, whether invohgnsymmetric or

asymmetric frameworks, is that the number of sohdi(each a pair of parameter values) to this
nonlinear equation system is unknown. There mayre solution, no solution or, for some
models, multiple solutions. In the context of migdesed in symmetric frameworks, Simoni et
al*® have shown that this difficulty can be resolvedusing an interval-Newton technigffe’®
which provides a mathematically and computationgtiprous approach, guaranteeing that all
solutions to the equation system are found, or ghgpwith certainty that there are none. We
will use the same interval-Newton approach herdHercase of the asymmetric framework. The
initial search interval used for each parametér 15 10°, 1 10°] J/mol.

Once parameter solution(s) are found, they musttdsted for their suitability in

subsequent phase equilibrium calculations. Theckitgria are™
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1. Parameters must correspond to a stable solafitimee equal activity condition. We use
the methods introduced in Section 4 to test ealthtiso for phase stability.
2. Parameters should not have excessive negatigeitude, say a value not belev20,000
J/mol. Note that since this cut-off value is adny, we use a search interval that will allow
finding parameter solutions below this value.
3. Parameters should not result in Gibbs free gnemgves that exhibit multiple miscibility
gaps.
If more than one parameter set satisfies the alwoieria, the solution with the smallest
parameter magnitudes is used.
In addition to the binary interaction paramet¢in® models used fay and g contain a
number of other parameters that we do not treatukys adjustable. These are the NRTL

nonrandomness parameters=a; , the Pitzer-Debye-Huckel closest approach paramefgee

ji
eq A5), and the ion diameter parametr (see eq 10). Some standard values for these
parameters are used in the binary parameter egimmatamples presented below. In Part Il of
this contribution, we will describe a systematicthoel for setting these parameters in modeling

ternary LLE.

6. Examples

In this section, we present two examples demamnsirathe estimation of binary
parameters in the asymmetric framework for modelibg. Examples demonstrating the use of
the asymmetric framework in predicting ternary Llviith comparison to experimental data and
results obtained from other models, will be presdnt detail in Part 1l of this contribution.

Each of the parameter estimation examples coresideere is a system consisting of a
strongly hydrophobic IL (component 1) and watermnponent 2) for which LLE data (mutual

solubility) is available al = 297 K. In all cases, the solvent-rich (aquegiigse (denoted k)
meets the criteriay < x, =0.1ande, > g =40) for a phase in which complete salt dissociation

is assumed, and the salt-rich (IL) phase (denote@)bis assumed to be molecular. Fixed

parameter values used for all of the example problarea,, =a,, =0.2 (NRTL and eNRTL)
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andr = 14.9 (eNRTL). For watéf, & = 78.4 and calculation of the Debye-Hiickel par@met
(eq A9) givesAs = 0.55. Other problem-specific parameters arergbelow.

6.1 [hmim][Tf,N] and Water

The binary system 1-hexyl-3-methylimidazolium higiitoromethylsulfonyl)imide
([hmim][Tf2N]) (component 1) and water (component 2 a 297 K exhibits a miscibility gap

of® x® =0.788¢ and x™ =9.445 10°. Here we will use the asymmetric framework

described above, with NRTL representing the mobacul-rich phase §) and eNRTL the
aqueous, dissociated-IL pha&d.( For this system, we assume= 1 10 ® m and usey = 11.4.
The latter value (dielectric constant of the IL)swabtained by extrapolating the IL dielectric
constant data of Daguenet et‘%hs a function of alkyl chain length. To determthe binary
interaction parameters, the experimental phase ositigns were substituted into eq 30, which

was then solved for the binary interaction paramsetg, and g,,, using an interval-Newton

method to obtain all parameter solutions. The ltesabtained are presented in Table 1. This
shows that there are four possible parameter solsitibut that only one of them corresponds to
stable phase equilibrium.

When parameter solution 1 is used, the resultindehourves are those shown in Fig. 6
(showing the entire composition range) and Figeriarging the range Ox; 0.001). Note the
bitangent linegan, With points of tangency corresponding to the expental equilibrium phase
compositions. Since this line lies below the molac Gibbs free energy curvg in the

molecular domairx 2 0.1, and below the adjusted electrolyte Gibbs freegneurve g, in the
electrolyte domainx, <0.1, this represents stable phase equilibrium. In Fig, goes above
the molecular curveg; however, this is in the electrolyte domain, whére molecular curve is

not relevant. In practice, phase stability woudddetermined by choosing eithgf) =0.788¢

or X*) =9.445 10° as the test phase compositiar),(and then solving the global optimization

problem of eq 28 or eq 29 (depending on whethetdbephase chosen is the molecular one or
the dissociated one). In either case, it is cleatD will be nonnegative for all compositions,
and will have a global minimum value of zero, destoating phase stability.

For the purpose of comparison, we have also pldtiedGibbs free energy curves and
bitangent line for parameter solution 4, which does correspond to a stable system. This is
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shown in Fig. 8 (entire composition range) and Bigenlargement of the range 0.995; 1).

Again the bitangent line has points of tangency tdoarespond to the experimental equilibrium
phase compositions. However, as emphasized in9im this case the molecular Gibbs free
energy curve drops below the bitangent line inrtt@ecular domain. Thus, the tangent plane
distance function becomes negative, demonstratived this parameter solution does not

correspond to stable phase equilibrium.
6.2 [bmpy][Tf,N] and Water

The binary system 1-butyl-3-methylpyridinium big{troromethylsulfonyl)imide
([bmpy][Tf2N]) (component 1) and water (component 2) at 29%a$ a miscibility gap &t

x? =0.813¢€ and x* =0.002%. Again we will use NRTL to represent the molecularich

phase 4) and eNRTL to represent the aqueous, dissociatgahrhse If). For this system, we
assumes; =5 10 ° m and usea = 11.9 (Weingartnéf). Solving eq 30 with an interval-Newton
method for the binary parameter values yields the &olutions given in Table 2. Of these,
solutions 1, 2 and 3 do not represent stable pbasgibrium, but solution 4 does. The model
curves corresponding to solution 4 are illustrateéig. 10, which also shows that this yields a
stable biphasic equilibrium, since we observe thatdirected distance from the tangent line to

the relevant curve is never negative.

7. Concluding Remarks

We have described here a new asymmetric frameworknfodeling liquid-liquid
equilibrium in electrolyte/mixed-solvent systemb this approach, different phases may have
different degrees of electrolyte dissociation andstare characterized by different Gibbs free
energy models. As an initial example of how thiEnfework can be used, we have developed
the case in which the electrolytes are either cetefy dissociated or completely paired
(molecular), depending on the dielectric constahttiee mixed solvent and on the total
concentration of the electrolytes. However, th&rfework can also be used in cases involving
partial dissociation, and we are currently deveigpand evaluating asymmetric frameworks of
this type.

For the assumptions made here of either completgodiation or no dissociation, the

applications of interest are systems involving gnemus phase that is dilute in IL. Exampfes

17



of such systems include the extraction of biofusisl biofeedstocks from fermentation broths
and the recovery of amino acids from aqueous medm.Part Il of this contribution, we

demonstrate and evaluate the use of the asymmuatideling framework described here to
predict LLE for ternary IL/solvent/water systems, usinggmaeters obtained from binary and

pure component data only.
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Appendix A

In this Appendix, we present details of the exd@#sbs free energy models used fpr
in eq 2 (dissociated phase) agd in eq 9 (molecular phase). FgF we will use the NRTL

modef® and forg® we will use the electrolyte-NRTL (eNRTL) modél.
For the NRTL model,

G __1fjiGji X

RT- % " (A1)
i=1
Gy %
k=1
G =exp(-a;t; ) (A2)
and

fy = . F;ngj - F?T' (A3)

Hereg; is an energy parameter characterizing the interadf species andj, and the parameter
a;j = a; is related to the nonrandomness in the mixtdiee binary interaction parameters=
Dg; are estimated from binary experimental data, asrdeed in Section 5.

The eNRTL modéf is an excess Gibbs free energy model for multigéetrolytes in
mixed solvents, and is based on the assumptiorowiptete dissociation. It consists of two

terms, a Pitzer extended Debye-Hiickel express'@EbH, for the long-range electrostatic

ﬁlS

contribution® and an NRTL-type local composition contributiogLEC, for the short-range

interactions, so thag® = gPEDH + QLEC. Since the reference state used here is symn{ptire

liquids of all components at system temperature @edsure), we need to use a symmetrically-
referenced form of this model.
From Chen and Sori, the symmetrically-referenced expression for thealo

composition (LC) contribution is
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HereG and¢ refer to local binary parameters related ®y exp(- at ) wherea is the NRTL
nonrandomness parameter. These binary parametedssaussed further below. The index sets
{+} and {-} refer to the cation and anion indices, respetyiveThat is{# {( +)| il } and
{-}={(- )| T } . Also note that, in eq A4 = 1 fori 1

To obtain the symmetrically-referenced expressmmtiie PDH contribution, Simoni et

al****renormalized Pitzer's expressf8io be relative to the symmetric reference stasylting

g __ [1000 A
PDH _ : Y In 1+ /.\/7)
100

in

+A oW +'|'ﬂ(1+f\/7)+6+0. (A5)
+A 1(|\)/IOO Y —In(1+r\/7)+G° :
it
wherely is the ionic strength
1 -
=5 ([Zyatziy) i (A6)
with
e =m0 (A7)
and
Z - 2(l 3/2 -
g =BV 2007 (A8)

a 1+ r\/T e
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A is the Debye-Hiickel parameférwhich depends on temperature and on the density and

dielectric constant of the mixed solvent and isgiby

1 Nd & °
A = |20 , (A9)
3\ 1000 e kT

where Na is Avogadro’s numberd is the density of the mixed solvent in kd/ne is the

elementary charge, is the permittivity of free space, is the dielectric constant (relative
permittivity) of the mixed solvenk is Boltzmann’s constant, aridis the absolute temperature.
The closest approach parameteis a constant, whose value is discussed in SeétioMixing

rules for the mixed solvent molecular weidht densityd, and dielectric constamtare®

(A10)
M = iowmo,
il yi¢
i¢
(Al11)
L
d il yi¢ q
i¢
and
(A12)
e= _ My e .
il M., ¢

it
Here, eq A10 is exact and eqs A1l and Al12 are appetians.

For the case of primary interest here, namely ternary)Mdglvent(2)/cosolvent(3)
systems, application of eq A4 for the LC contributi@merates the following binary interaction
parameters:teo, taz, l32, L3, tasz 123, focae [3ca0 [2aca [3aca With the indices ¢ = (+,1) and a =
(-,1). Using the electroneutrality condition, togethdth the symmetry of the underlying
interaction energies, it can be shdWif that fc» = ta2 = t12, facac= traca= l21, tea= fa3= t13, and
[3c,ac= [3aca= f31. Note also thalec ac= facac= fcaca= faaca= f11 = 0 andfy; = £33 = 0. Thus we
have the usual six binary interaction parametershi@itérnary system, two for each of the three
observable binary subsystems. The binary intenagiarameters; = Dg; = RT#;; are estimated

from binary data, as discussed in Section 5.
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Appendix B

In this Appendix, we develop the relationship (eq B8tween the number of actual
molesN and number of observable molds,sin a generic dissociated phase. For this case, in a

mixed-salt/mixed-solvent system,
Nobs = . n + n (Bl)
and

N= (n;+n,)+ n= (o, +2)p+ p= pn+ n (B2)
Subtracting eq B1 from eq B2 yields |
N- N,.= 'T (n- 1)n. (B3)
Dividing by Nops noting thatx =n /N,,. and rearranging, results in

obs —

N 1
N 1+ x@-1) (B4)

which is eq 23.
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Table I NRTL/eNRTL parameter solutions for [hmim]pN]/water at 297 K.

Solution 12 (J/mol) 21 (J/mol) Stable?
1 155.58 17420 Yes
2 9630.8 123160 No
3 18441 122730 No
4 55640 17239 No
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Table 2 NRTL/eNRTL parameter solutions for [ompy]pN]/ water at 297 K.

Solution 12 (J/mol) 21 (J/mol) Stable?
1 44028 9576.5 No
2 20954 86692 No
3 9025.6 87935 No
4 824.23 9578.1 Yes
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List of Figures

Figure 1: Phase stability analysis for a test (feed) phase afpositionz; = 0.75 in a

hypothetical binary salt(1)/solvent(2) system. Th# phase is stable.

Figure 2: Phase stability analysis for a test (feed) phase of csitipo zz = 0.5 in a
hypothetical binary salt(1)/solvent(2) system. Th& phase is not stable.

Figure 3: Phase stability analysis for a test (feed) phase of oseitipn (observable mole

fraction)z; = 0.04 in a hypothetical binary salt(1)/solvent(2}tegs This test phase is stable.

Figure 4. Phase stability analysis for a test (feed) phase of oseitipn (observable mole
fraction) zz = 0.06 in a hypothetical binary salt(1)/solvent(2)tegs This test phase is not

stable.

Figure 5: Stable, biphasic LLE, with one molecular phaaephase) of compositiorxf) and

one dissociated phade ghase) of compositioul( )

Figure 6: Model curves with parameter solution 1 for [hmim}Nf/water at 297 K over the

entire composition range. See also Fig. 7.

Figure 7: Model curves with parameter solution 1 for [nmim}lNj/water at 297 K over 0 ¥,
< 0.001.

Figure 8: Model curves for parameter solution 4 for [hmim}Nf/water at 297 K. The tangent
line also has a point of tangency with the (eNRTL) curve atx® =9.445 10°. See also Fig.
9.

Figure 9: Model curves for parameter solution 4 for [hmim}Nf/water at 297 K over 0.995

X 1.
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Figure 10: Model curves with parameter solution 4 for [ompypPNFwater at 297 K. The

tangent line also has a point of tangency withghd¢eNRTL) curve at® =0.002%.
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Figure 1. Phase stability analysis for a test (feed) pldsmmpositionz; = 0.75 in a hypothetical binary salt(1)/solvent$®stem.

This test phase is stable.
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Figure 2: Phase stability analysis for a test (feed) phaseoofpositionz; = 0.5 in a hypothetical binary salt(1)/solventé¥stem.
This test phase is not stable.
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Figure 3: Phase stability analysis for a test (feed) phasmofposition (observable mole fractian)= 0.04 in a hypothetical binary
salt(1)/solvent(2) system. This test phase id&tab
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Figure 4: Phase stability analysis for a test (feed) phasmofposition (observable mole fractian)= 0.06 in a hypothetical binary

salt(1)/solvent(2) system. This test phase isstatile.
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Figure 5: Stable, biphasic LLE, with one molecular phaaepbase) of compositiorx{) and one dissociated phade ghase) of

compositionxf )
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Figure 6: Model curves with parameter solution 1 for [hminfljN]/water at 297 K over the entire composition ran§ee also Fig.
7.
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Figure 7: Model curves with parameter solution 1 for [nminfjNl}/water at 297 K over 0 x; 0.001.
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Figure 8: Model curves for parameter solution 4 for [hmim}Nj/water at 297 K. The tangent line also has apoi tangency with

the g, (eNRTL) curve aleb) =9.445 10°. See also Fig. 9.
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Figure 9: Model curves for parameter solution 4 for [hmimPNf/water at 297 K over 0.995x; 1.
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Figure 10: Model curves with parameter solution 4 for [ompy}N]/water at 297 K. The tangent line also has afpoi tangency
with the g, (eNRTL) curve ax® =0.002%.
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