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Ionicity

Tonic liquids (ILs) are ionic compounds which are liquid at room temperature and pressure, and can be applied in
many fields, such as industrial synthesis, catalysis, electrochemistry, and liquid-liquid separations. To enhance
the description of mixtures containing ILs and, consequently, to allow a more rigorous evaluation of the feasi-
bility of chemical processes, it is important to study properties such as the ionicity («) of ionic liquids, i.e., the
fraction of dissociated molecules. However, experimental determinations of ionicity (also known as dissociation
degree or dissociation extent) are time-consuming and require the handling of expensive equipment, so the
prediction of this property as a function of the system’s composition using thermodynamic modelling is of great
relevance. For that purpose, the UNIversal QUAsi-Chemical (UNIQUAC) model was combined with the Pitzer-
Debye-Hiickel (PDH) equation, which is often referred as PDH+UNIQUAC, and it was used to predict the jonicity
of ILs in binary mixtures based on liquid-liquid equilibria (LLE) data. The results were compared with the
available experimental data from literature and low deviations were observed, validating thereafter the devel-
oped approach. In total, the IL ionicity was predicted, as function of composition, for fourteen ionic liquid /
solvent (water or 1-butanol) binary systems. Further, a sensitivity analysis was performed to evaluate the in-
fluence of the LLE uncertainties on ionicity (@), and it was concluded that @ was not significantly affected by
small deviations, for which the methodology proposed in this work was considered robust. The prediction of IL
ionicity with composition using PDH+UNIQUAC thermodynamic modelling was considered a breakthrough,
since very accurate results were achieved without the need of undergoing complex experiments.

1. Introduction Due to their unique properties, ionic liquids can be used in many

industrial applications, such as separation processes, electrochemistry,

The society of the 21% century has been forcing a growing environ-
mental awareness in both scientific community and industry, leading to
the replacement of hazardous organic solvents by more eco-friendly
counterparts. Ionic liquids (ILs), due to their favourable chemical and
physical properties, have emerged as relevant greener alternatives [1].
Even though ILs were considered as “unbreakable” molecules for many
years [2], nowadays it is known that they can dissociate in solution, i.e.,
they are electrolytes [3]. Consequently, it is crucial to study the ionicity
(also known as dissociation degree or dissociation extent) of ILs to
thoroughly characterise the electrolyte systems and to quantify the
fraction of dissociated species in solution. In this study, the ionicity term
will be used as a synonym of dissociation degree despite its sometimes
more comprehensive meaning.

* Corresponding author.

and wastewater and gas treatments [4]. However, some of these appli-
cations require the handling of labile species, such as vitamins and
proteins, which are generally sensitive to large ionic strengths. Conse-
quently, it is important to quantify the dissociation of ionic liquids to
avoid product denaturation and to increase the process yield. Moreover,
the study of this property in binary mixtures is important to control some
intricately related chemical and physical properties, such as viscosity,
density, surface tension, volatility, solubility, and chemical reactivity
[5].

Even though some experimental determinations of IL ionicity can be
found in literature [5,6], they are generally complex and
time-consuming, so the development of alternative approaches using
thermodynamic modelling to predict this property is crucial. In
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literature, some works have already delved into this problematic, such
as the one of Lin et al. [7], which modelled the dissociation of ionic
liquids in three aqueous systems using the electrolyte-Non-Random
Two-Liquid (eNRTL) model, obtaining a very good description of the
experimental results. Moreover, Lee and Lin [8] compared 3 ionicity
values: @ = 0, « =0.35 and a =1 to describe some binary systems
containing ionic liquids using the Conductor-like Screening Model for
Segment Activity Coefficient (COSMO-SAC) model. Finally, Marques
et al. [9] studied 13 aqueous systems and qualitatively evaluated the
ionicity of ionic liquids using the Universal Quasi-Chemical (UNIQUAC)
model and UNIQUAC combined with the Pitzer-Debye-Hiickel equation
(commonly known as PDH+UNIQUACQ).

In this work, continuing a previous study of the research group [9],
the PDH+UNIQUAC model was employed to quantitatively evaluate the
ionicity of ionic liquids (ILs) in binary mixtures based on liquid-liquid
equilibria (LLE) data. This approach is expected to enhance the
description of mixtures containing ILs and to reduce the need for
experimental determinations, allowing, for example, to direct experi-
mental efforts to the most likely successful systems in the liquid-liquid
extraction of biomolecules, which are very sensitive to large ionic
strengths, sparing valuable time and resources.

2. Model presentation
2.1. PDH+UNIQUAC model

The Universal Quasi-Chemical (UNIQUAC) model was chosen since
it has proven applicability to electrolyte systems [10] (despite not being
originally developed for these systems [11]), and since the research
group has sustained experience with this model [9,12,13]. It is a local
composition and excess Gibbs energy model [11], which accounts for
short-range interactions, i.e., the ones established between neutral par-
ticles in contact [14], and can be applied to mixtures with asymmetrical
molecules, i.e., different sizes and shapes [11]. Since this model is widely
reported in literature [9,12], its equations will not be presented.

The Pitzer-Debye-Hiickel (or PDH) equation was developed in 1980
[14] and it is one of the most popular equations to describe long-range
forces [2,9,15], ie., the ones established between ions of opposite
charges. It is an improvement to the Debye-Hiickel equation since it can
be used for solutions with higher ionic strengths [16], and has suc-
cessfully been used to model systems with charged species, such as
aqueous systems containing sodium chloride (NaCl) and potassium
chloride (KCl) [16]. The symmetric electrolyte reference state conven-
tion is used in this equation [17].

In a mixture, following the symmetric convention [18], and the
Lewis-Randall rule, the activity coefficient of species i (;) can be derived
from the molar excess Gibbs energy (G®) using the standard thermody-
namic relation [19]:

onrGE
R7In(y,) = ( - ) €))
i )T Py

where R is the ideal gas constant, T is the absolute temperature, P is
pressure, y; is the activity coefficient of species i, n; and n; are the number
of moles of species i and j, and nr is the total number of moles.

The UNIQUAC model can be combined with the PDH equation,
which is often referred as PDH+UNIQUAC. In this model, the activity
coefficient of species i (y;) is calculated by deriving Eq. (1) into:

Iny; = InyNAC 4 In yPH )

where yPN'OUAC and yPPH refer to the activity coefficients from the
UNIQUAC model and from the PDH equation, respectively.

In the UNIQUAC model, the 7; parameter between the components i
and j is calculated by [11]:
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where Au; is the UNIQUAC binary interaction parameter.

In this work, a linear dependence of the Au; parameter with tem-
perature was considered [20]:

Auy = a?‘/. + bi*i~T 4

where a;; and bj; are adjustable parameters between species i and j. The
a; and bi*j parameters were adjusted in the intervals [-50,50] and
[—5,51, respectively, following previous works in this field [21-23].

The long-range term of the activity coefficients (y'°!) is calculated
by the Pitzer-Debye-Hiickel (PDH) equation in the symmetric conven-
tion [17].
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where z; is the electrical charge of the species i, p is the closest approach
parameter, App, is the Debye-Hiickel parameter, and I, is the ionic
strength, which is calculated by [24]:

1 Nions

Z x[zf 6)
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where Njqys is the number of ion species present in solution and x; is the
mole fraction of species i.
The Appx parameter is calculated by [24]:
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where N, is the Avogadro’s constant, p,, , is the molar density of the
mixed solvent, e is the electronic charge, M, is the molecular mass of
the mixed solvent, ¢y is the vacuum permittivity, kg the Boltzmann
constant, &n, is the dielectric constant of the mixed solvent and T is the
absolute temperature.

The molecular mass of the mixed solvent (My,) can be calculated by
the weighted arithmetic mean given by [17]:

My = x;LMIL +X’. Miory (8)

solv
where x;; and x,, are the salt-free mole fractions of the ionic liquid and
of the solvent, and My, and M, the respective molecular masses. Salt-
free nomenclature only considers undissociated ionic liquid and solvent
molecules. Although ionic liquids are also solvents, the nomenclature
used in this work does not refer to ionic liquids as solvents.

The molar density of the mixed solvent (p, ) is calculated based on
the molar density of the solvent (p,,,,) and of the ionic liquid (py )
[25].

R — 9

7
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where w,,, and x;; are the salt-free mole fraction of the solvent and of
the ionic liquid, respectively.

Similarly, the density of the mixed solvent (p,,) is calculated using an
analogous expression and based on the salt-free mass fraction of solvent
(w.,,,) and ionic liquid (wy ), and on their densities (p,,;, and p,
respectively):

solv

1
Pms = 77 10)

W )
sobv 4 ML

Psolv P



C. Lopes et al.

The dielectric constant of mixed solvent (&) can be calculated from
Oster’s mixing rule [26], which allows to better predict the dielectric
constant of the mixture.

e (@0
282

(81 - 1)) = ms (11)

where £; and ¢, refer to the dielectric constants of two generic solvents
and x, is the salt-free mole fraction of solvent 2.

For a given solvent, the electrical charge (z;) is zero and Eq. (5) is
reduced to:

PDH _ 2 ADH.x Ix \/Z
m 1+ pyI,

In Egs. (5) and (12), the closest approach parameter (p) appears,
which is a dimensionless parameter related to the distance between the
centres of the IL’s cation and anion. Pitzer [16] studied the closest
approach parameter in systems containing strong electrolytes (such as
NaCl and KCl) and assumed that it should be adjusted between 8 and 15,
but the value of 14.9 is more commonly used for monocharged ions [16].
However, in this work, in order to preserve the physical meaning of this
parameter, the equation proposed by Pitzer and Simonson [27] (Eq.
(13)) was adopted, following previous works [9,12,13] which obtained
good results in the qualitative evaluation of the ionicity of ionic liquids
[9] and in the prediction of the tie-lines of Aqueous Two-Phase Systems
(ATPS) [12,13].

22Ny p,, \*
p ”<Mms €0 Kp Ems T) (13)
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a is the hard-core collision diameter, i.e., it is the sum of the radii of
the IL-cation and IL-anion without solvation.

The radii of the IL-cation and IL-anion can be approximated by their
respective van der Waals radii (ry), which can be calculated from the
van der Waals volume (V,,), i.e., the impenetrable volume of an atom or
molecule [28].

Vo = i;r r 14
3 w

V,, was correlated with the relative van der Waals molecular volume

(r;) using the well-known equation [11]:

Vi = 1;15.17-10° (15)
2.2. Thermodynamic modelling

In this work, the ionic liquids were assumed to exist in their neutral
state (IL = CA) and in their dissociated species (IL-cation: C*, and IL-
anion: A™). All the studied ILs dissociate into 1-1 electrolytes, so their
ions are monocharged and a simple equilibrium reaction can describe
the dissociation process (Eq. (16)), and the ionicity («) can be calculated
by Eq. (17):

CA (aq)—»C"(aq) + A" (aq) (16)

_ Number of dissociated molecules a7)

Number of total molecules

In this work, a new algorithm was developed to apply the thermo-
dynamic modelling using PDH+UNIQUAC. First, the mole fraction of
the ionic liquid (x9 ) and of the solvent (x%, =1 — x{) were determined
without considering the dissociation reaction. Afterwards, the mole
fraction of the solvent (x,,,), neutral ionic liquid (xr), IL-cation (x¢) and
IL-anion (x4) were calculated considering the dissociation process using
Egs. (18) to (20).

x()
solv (18)

Xsolv =
1+ ax)
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The different compositions were iterated until the objective function
(O.F.) given by Eq. (21) was minimised following a quasi-Newtonian
method.

Nipecies =1 xN P.exp P,pred 2 R.exp Rpred 2

L i (X ; — X} + X —X;;

OF. — ]00<Zz] erl( J 2N.1;} ) ( J J ) > 1)
species

where N is the number of equilibrium points, Nypecies is the number of
species present in solution, xfj and xfj refer to the mole fraction of

species i for the j LLE point for the IL-poor and IL-rich phases, respec-
tively, and the superscripts exp and pred refer to the experimental and
predicted compositions.

Moreover, to ensure the validity of the obtained compositions and
parameters, the isoactivity criterium, a general phase equilibrium con-
dition between the two liquid phases, was taken into consideration. The
algorithm used to predict the ionicity of the ionic liquids is summarised
in Fig. 1.

The developed algorithm started by using the experimental LLE mole
fractions as an initial estimation and a first set of IL ionicity values (@)
equal to zero for the whole range of composition was assumed. Then, the
mole composition of neutral ionic liquid, IL-cation, IL-anion, and solvent
(xy, ¢, x, and X, respectively) were calculated using Eqgs. (18) to
(20), and the PDH+UNIQUAC model was applied. In this model,
different values of the UNIQUAC binary interaction parameters (aj; and

b;) were considered for the previously determined set of IL ionicity

values and mole fractions in order to achieve the minimum objective
function (iterative process I). Following, a set of IL ionicity values was
calculated using a quasi-Newtonian method, and the O.F. was recalcu-
lated (iterative process II). When all sets of IL ionicity values allocated
by the algorithm were tested, another set of mole fractions of IL (xJ} ) was
calculated using again the quasi-Newtonian method, and the whole
procedure described previously was repeated (iterative process III).
Afterwards, the code yielded the matrix with the lowest O.F. and the
results were plotted as function of the recalculated IL mole fraction (x?L),
which was obtained using Eq. (19).

In this work, the dielectric constants (¢) for pure compounds (ionic
liquids and solvents) were assumed to be constant for the studied range
of temperatures, since for most compounds there was no available data
in literature. Moreover, to apply the proposed thermodynamic model, it
was necessary to determine the ions’ radii, which were approximated by
the relative van der Waals molecular volume (r;). This parameter,
together with the relative van der Waals surface area parameter (g;), was
estimated by the Bondi’s group contribution method, which assumes the

»

Predict a = f(x{\)

New | | PDH+UNIQUAC J Minimise
a model 0.F.

| New aj;
and bj;

Iterative process I

Iterative process II

Iterative process III

Fig. 1. Algorithm used to determine the degree of dissociation (a) of ionic
liquids in binary mixtures.
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sphericity of the compounds [29]. Lastly, it was also considered that
only the ILs can dissociate, and that the solvents’ molecules are always
in their neutral state.

3. Collected experimental data

In this work, the ionicity of ionic liquids as function of the system’s
composition was predicted forl4 binary systems comprising 8 ionic
liquids, shown in Table 1, and 2 solvents (water and 1-butanol). The
used liquid-liquid equilibria (LLE) data is compiled in Table 2.

To predict the ionicity, experimental solubility data, density data,
dielectric constants, r; and g; parameters and molecular masses of the
ionic liquids and solvents were needed. These data were collected from
literature for all the studied systems and can be found in Tables S1-S4, in
the Supplementary Materials.

4. Results
4.1. Method validation

To validate the proposed methodology, the predicted ionicity of
ionic liquids using PDH-+UNIQUAC was compared with the experi-
mental data available in literature, which includes 3 of the studied bi-
nary systems.

Nordness and Brennecke [5] determined the ionicity (@) of ILs in
binary mixtures as function of the system’s composition based on con-
ductivity (1), density (p;) and viscosity (4) measurements. In their work,
the estimated degree of dissociation was found to agree with
Pulsed-Field Gradient-Nuclear Magnetic Resonance (PFG-NMR) mea-
surements, which is considered a very reliable experimental method to
determine the degree of dissociation [6]. Moreover, Tokuda et al. [6]
experimentally determined the ionicity for pure [C4Mim][NTf,] by
PFG-NMR Spectroscopy.

In Fig. 2-Fig. 4, the IL ionicity (a) predicted in this work as function
of the mole fraction of IL (x) was compared with the data determined
by Nordness and Brennecke [5] and by Tokuda et al. [6]. As it can be
observed in Fig. 2, the predicted IL ionicity agrees with literature for the
studied range of mole composition. However, in Fig. 3, two outliers exist
probably due to inconsistencies in the experimental determinations,
despite a good overall shape description. So, although it was not possible
to predict IL ionicity in the whole composition range, the modelling
results were considered similar to the available experimental data from
literature, validating the proposed algorithm.

4.1.1. Sensitivity analysis
As mentioned earlier, in this work, experimental solubility data were

Table 1
Studied ionic liquids, respective abbreviation used and Chemical Abstracts
Service (CAS) number.
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Table 2
Liquid-liquid equilibria (or solubility) data for the studied binary systems.
Binary No.of  x{ rangeof  x{ T/K T/K Ref.
systems points  the IL-poor range range of range of
phase of the the IL- the IL-
IL-rich poor rich
phase phase phase
[CoMim] 14 (7.66 — 0.64 — 288.15— 288.15 — [30]
[NTf,] 10.5)-10* 0.73 318.15 318.15
+
water
[CoMim] 62 0.02-0.13 0.16 — 307.14 — 307.14 — [31]
[NTf,] 0.43 321.62 321.62 .
+1-
butanol
[C4Mim] 14 (2.86 — 0.68 — 288.15— 288.15 — [30]
[NTf,] 4.70)-10* 0.77 318.15 318.15 :
+
water
[C4Mim] 54 0.02-0.11 0.16 — 286.00 — 286.00 — [32]
[NTf,] 0.37 296.68 296.68 -
+1-
butanol
[CeMim] 14 (0.89 — 0.74 — 288.15— 288.15— [30]
[NTf] 1.32).10* 0.81 318.15 318.15
+
water
[CeMim] 15 0.02-0.11 0.12— 260.11 — 269.46 —
[NTF] 0.32 269.45 26200 %%
+ 1-
butanol
[CgMim] 14 (3.17-4.55) 0.78 — 288.15— 288.15 —
[NTE,] 10° 0.83 31815 31815 150
+
water
[CoMim] 18 (2.6 —4.9) 0.51 — 368.15 — 328.15-— [34]
[PFe¢] 10-3 0.74 381.15 389.65
+1-
butanol
[C4Mim] 30 (0.9 - 6.3) 0.48 — 278.75— 278.15— [35]
[PFs] 10-3 0.81 362.15 348.15 -
+
water
[C4Mim] 28 (3.0 — 4.0) 0.68 — 278.15— 278.15— [36]
[PFg] 104 0.87 343.15 343.15
+ 1-
butanol
[CeMim] 31 (0.33 — 1.8) 0.43 — 286.45 — 278.15— [35]
[PFe] 10-3 0.81 363.05 353.15
+
water
[CeMim] 28 (0.09 — 4.1) 0.43 — 278.15— 278.15— [36]
[PFe] 10-2 0.77 343.15 343.15
+ 1-
butanol
[CgMim] 31 (0.94 — 0.58 — 285.85 — 278.15 — [35]
[PFs] 5.74).10-4 0.88 364.55 353.15 o
+
water
[CgMim] 20 (0.1 —2.8)- 0.23 — 278.15— 278.15— [36]
[PFs] 10-2 0.62 323.15 323.15 :
+1-
butanol

IUPAC name Abbreviation CAS

1-ethyl-3-methylimidazolium [CoMim] [PFg] 155371-19-0
hexafluorophosphate

1-butyl-3-methylimidazolium [C4Mim][PFg] 174501-64-5
hexafluorophosphate

1-hexyl-3-methylimidazolium [CesMim][PFg] 304680-35-1
hexafluorophosphate

1-octyl-3-methylimidazolium [CgMim][PFg] 304680-36-2
hexafluorophosphate

1-ethyl-3-methylimidazolium bis [CoMim] 174899-82-2
(trifluoromethylsulfonyl)imide [NTf,]

1-butyl-3-methylimidazolium bis [C4Mim] 174899-83-3
(trifluoromethylsulfonyl)imide [NTf,]

1-hexyl-3-methylimidazolium bis [CeMim] 382150-50-7
(trifluoromethylsulfonyl)imide [NTf,]

1-octyl-3-methylimidazolium bis [CsMim] 178631-04—4
(trifluoromethylsulfonyl)imide [NTf5]

used to predict the ionicity of ionic liquids in binary mixtures. However,
the experimental determinations always have some uncertainty associ-
ated to their procedures, so a sensitivity analysis was performed in order
to evaluate how the predicted ionicity changed with deviations in the
solubility data. Being so, the effects of three positive (+1 %, +2 % and
+5 %) and three negative (—1 %, —2 % and —5 %) oscillations in the
mole fraction of ionic liquid (x{,) on the predicted IL ionicity were
studied, as Figure 5 shows for the [C4Mim][PF¢] + water system.

As Fig. 5 illustrates, a positive variation on the IL mole fraction (x3 )
caused a higher predicted IL ionicity (a) and the opposite behaviour was
verified for a negative variation. Moreover, as expected, the larger the
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Fig. 2. Predicted IL ionicity («) in this work and experimental values from
literature [5,6] as function of the mole fraction of ionic liquid (x?L) at atmo-
spheric pressure for [C4Mim][NTf,] + 1-butanol.
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Fig. 3. Predicted IL ionicity («) in this work and experimental values from
literature [5] as function of the mole fraction of ionic liquid (x3 ) at atmospheric
pressure for [C4Mim][PFg] + water.
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0.55 1
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0.45 4
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0

XiL
Fig. 4. Predicted IL ionicity («) in this work and experimental values from
literature [6] as function of the mole fraction of ionic liquid (x3 ) at atmospheric
pressure for [C4Mim][NTf,] + water.

induced deviation, the larger the difference observed with the “theo-
retical” degree of dissociation. Given that the maximum difference
verified was of 0.09 on the predicted ionicity (with an oscillation of + 5
%), the ionicity determinations were considered robust to variations in
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Fig. 5. Sensitivity analysis of the IL ionicity (x) as function of the mole fraction
of ionic liquid (x?L) for [C4Mim][PF¢] + water.

the experimental data and the proposed methodology in this work was
considered a reliable method to predict the ionicity of ionic liquids in
binary mixtures.

4.2. Ionicity determination

After the validation, the IL ionicity was predicted for other 11 binary
systems as function of mole composition. In addition, the influence of
the IL-cation’s alkyl chain length, solvent and IL-anion was analysed.
The effect of the IL-cation’s alkyl chain length for 1-alkyl-3-methylimi-
dazolium ([C,Mim]*) cations coupled with hexafluorophosphate
([PFe] ) anion in 1-butanol was assessed and it is represented in Fig. 6.

As Fig. 6 shows, a higher alkyl chain length led to a smaller ionicity
(a) for the studied range of composition for the IL-rich and IL-poor
phases. This can be due to the stronger van der Waals forces for larger
alkyl chains, making the molecule more cohesive and the dissociation
more difficult, which agrees with experimental determinations reported
by other works [5,6]. Moreover, the same conclusions were obtained for
the other studied binary systems to what concerns the influence of the
alkyl-chain’s length, as Figs. S11-13, in the Supplementary Materials,
show.

On the other hand, the solvent and the IL-anion’s influence on the
ionicity is shown in Fig. 7. There, it can be observed that the predicted
ionicity () is higher for water than for 1-butanol for [C4Mim][PFg] and
[C4Mim][NTf;]. This is probably due to water being more polar than 1-
butanol, which is translated by a higher dielectric constant, and,
consequently, by an easier establishment of hydrogen bonds

10 @
@ [C,Mim][PF ] + butanol
A [C,Mim][PF] + butanol
v [C,Mim][PF] + butanol
0.8 ‘ @ [C,Mim][PF,] + butanol
0.6 ‘%
3 %
®
0.4 -‘
° e
0.2 e asassrl
Vy.
®e. e Wyvvvvvvvw
L 4 ®o0000
0.0 . , LA :
0.0 0.2 0.4 0.6 0.8 1.0

0
X

Fig. 6. Predicted IL ionicity (a) as function of the mole fraction of ionic liquid
(x?.), at atmospheric pressure for the [C,Mim][PF¢] + 1-butanol binary sys-
tems, wheren = 2, 4, 6, 8.
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1.0
@ [CMm]PF] +water ¢ [CMim][PF] +butanol
@ [CMm]NTf]+water ¢ [C,Mim]NTf,] + butanol
0.8
069 R
3 ®e® "  aem
0.4 -
2] > W Oe0os®
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
XO
IL

Fig. 7. Predicted IL ionicity (a) as function of the mole fraction of ionic liquid
(x?L) at atmospheric pressure for [C4Mim][PF¢] + water, [C;Mim][PF¢] + 1-
butanol, [C4Mim][NTf,] + water and [C4Mim][NTf5] + 1-butanol.

(association), which ease the solvation of the IL-ions, separating the
neutral ionic liquid into its constituents (anions and cations) and causing
a higher IL ionicity. Moreover, Fig. 7 also allows to compare the [PFg]
and [NTfy]™ anions: the predicted ionicity was larger for ionic liquids
containing the [PF¢]™ anion, which, once again, can be explained by a
higher polarity of the [PFg]™ anion, increasing IL dissociation. The
dielectric constants of the pure chemical species, which support these
statements, can be seen in Table S2, in the Supplementary Materials.
Concerning the variation of the dielectric constant of the mixed
solvent (ems) with the mole fraction of ionic liquid (x3 ), it was calculated
using the Oster’s mixing rule [26] and can be observed in Fig. 8. en; is
higher when the solvent is water, as can be noticed when comparing the
binary systems [C4Mim][PF¢] + water and [C4Mim][PFg] + 1-butanol.
Once again, since a higher dielectric constant of the mixed solvent is
connected with a higher polarity of the mixed solvent, a higher ionicity
of the ionic liquids is observed. Similarly, when comparing binary sys-
tems with different IL-anions, it was noted that the &y is higher for the
[PFg] -based ILs, causing a higher IL ionicity. Finally, in Figs. 6-7 the
predicted ionicity is higher for the IL-rich phase than for the IL-poor
phase, and this phenomenon can also be explained by the dielectric
constant of the mixed solvent, ¢y, which is larger for the IL-poor phase.
In addition, in Figs. S14-16, in the Supplementary Materials, the
influence of both solvent and IL-anion for other binary systems was
studied, and the same conclusions were achieved, which agree with the
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Fig. 8. Dielectric constant of the mixed solvent (ems) as function of the mole
fraction of ionic liquid (x{}), calculated using Oster’s [26] mixing rule, at at-
mospheric pressure, for [C4Mim][PFg¢] + water, [C4;Mim][PF¢] + 1-butanol,
[C4Mim][NTf,] + water and [C4Mim][NTf5] + 1-butanol.
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experimental results reported in literature [5,6].

In this study, the prediction of the ionicity of ionic liquids in the
whole composition range was not possible since it depends on the
available LLE data and on the existence of two liquid phases in equi-
librium, constituting a drawback of this methodology. In the future, the
suggested approach could be improved if Vapour-Liquid Equilibria
(VLE) and Solid-Liquid Equilibria (SLE) data are included with eventual
application of equations of state (EoS).

4.3. Closest approach parameter

In this work, following previous studies of the research group [9,12,
13], the closest approach parameter (p) was calculated as function of
composition using Eq. (13) to preserve its physical meaning. As previ-
ously explained, p is a dimensionless parameter related to the distance
between the centres of the IL-cation and IL-anion. As example, Fig. 9
illustrates the calculated closest approach parameter as function of the
system’s composition for [C4Mim][PF¢] + water.

As shown in Fig. 9, in the more diluted region in ionic liquid (IL-poor
phase), the closest approach parameter is higher, hinting that the mean
distance of IL-counterions is higher in this phase than in the IL-rich
phase. In the IL-poor phase, there are more solvent molecules per vol-
ume unit and, consequently, the anion and the cation are more diluted,
increasing the distance between them. A similar behaviour of this
parameter was observed for the other studied binary systems, which are
presented in Table S7, in the Supplementary Materials. However, one
must remember that the closest approach parameter («) is a dimen-
sionless parameter and that it does not allow to directly infer the dis-
tance between centres of the IL ions nor to directly predict the ionicity of
ionic liquids. This way, as can be observed by comparing Fig. 7 (ionicity)
and Fig. 9 (closest approach parameter) for [C4Mim][PF¢] + water, an
increasing closest approach parameter (p) may not imply an increasing
IL ionicity (a).

Moreover, as Fig. 9 and Table S7 in the Supplementary Materials
show, the closest approach parameter (p) generally varies between 8 and
16, which, even though mostly respecting the interval defined by Pitzer
of 8 to 15 [16], is different than the most commonly used value of 14.9
[16]. For example, for more concentrated solutions in ionic liquid
(IL-rich phases), which have lower values for the closest approach
parameter (as seen in Fig. 9), considering p as 14.9 or performing an
adjustment would overestimate the value of this parameter. Conse-
quently, the PDH’s contribution for the activity coefficients would pre-
sent different values and the UNIQUAC model would be forced to
accommodate the difference [16], which could lead to an inaccurate
description of the modelled electrolyte systems.
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Fig. 9. Calculated closest approach parameter (p) as function of the mole
fraction of ionic liquid (xJ ) at atmospheric pressure for [C;Mim][PF¢] + water.
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5. Conclusions

The main goal of this work was to quantitatively predict the ionicity
(o) of ionic liquids (ILs) in binary mixtures as function of the system’s
composition based on liquid-liquid equilibria (LLE) data. For this pur-
pose, the PDH+UNIQUAC model was chosen since it yielded reliable
results in previous works of the research group with electrolytes.

The ionicity (or dissociation degree) of ionic liquids was successfully
predicted for 14 binary systems, comprising 8 ILs and 2 solvents (water
and 1-butanol). The predicted IL ionicity agreed with the available
literature data and, therefore, the proposed methodology was validated,
constituting a relevant step to reduce the need of experimental de-
terminations in this field of thermodynamics. Moreover, even though
only LLE data were used in these predictions, vapour-liquid equilibria
(VLE) and solid-liquid equilibria (SLE) data could be added in the future
to allow predictions in the whole composition range using, for example,
a complementary equation of state.

The influence of the solvent, IL-cation and IL-anion on the ionicity of
ionic liquids was evaluated and it was verified that the binary systems
with larger dielectric constants (e.g., aqueous systems) and smaller van
der Waals forces (e.g., smaller alkyl chain lengths) favoured IL dissoci-
ation. Moreover, a sensitivity analysis was conducted, which showed
that the predictions of IL ionicity were not significantly affected by
minor changes in mole composition, for which the methodology was
considered robust to uncertainties in LLE data determination.

CRediT authorship contribution statement

Catarina Lopes: Investigation, Writing — original draft, Writing —
review & editing. Pedro Velho: Formal analysis, Validation, Investi-
gation, Writing — review & editing. Eugénia A. Macedo: Conceptuali-
zation, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Data Availability

Data will be made available on request.

Acknowledgments

This work was supported by ALiCE [LA/P/0045/2020] and LSRE-
LCM [UIDB/50020,/2020 and UIDP/50020,/2020], funded by national
funds through FCT/MCTES (PIDDAC). Catarina Lopes is grateful to the
project HealthyWaters [NORTE-01-0145-FEDER-000069], supported by
Norte Portugal Regional Operational Programme (NORTE 2020), under
the PORTUGAL 2020 Partnership Agreement, through the European
Regional Development Fund (ERDF). Pedro Velho thanks funding sup-
port from FCT [2021.06626.BD].

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.fluid.2022.113717.

References

[1] S. Beil, M. Markiewicz, C.S. Pereira, P. Stepnowski, J. Thoming, S. Stolte, Toward
the proactive design of sustainable chemicals: ionic liquids as a prime example,

[2]

[3]

[4]

(5]

(61

7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

Fluid Phase Equilibria 567 (2023) 113717

Chem. Rev. 121 (2021) 13132-13173, https://doi.org/10.1021/acs.
chemrev.0c01265.

C.-.K. Chang, S.-.T. Lin, Extended Pitzer-Debye-Hiickel model for long-range
interactions in ionic liquids, J. Chem. Eng. Data 65 (2019) 1019-1027, https://doi.
org/10.1021/acs.jced.9b00368.

0. Nordness, L.D. Simoni, M.A. Stadtherr, J.F. Brennecke, Characterization of
aqueous 1-ethyl-3-methylimidazolium ionic liquids for calculation of ion
dissociation, J. Phys. Chem. B 123 (2019) 1348-1358, https://doi.org/10.1021/
acs.jpcb.8b11892.

A. Anderko, P. Wang, M. Rafal, Electrolyte solutions: from thermodynamic and
transport property models to the simulation of industrial processes, Fluid Phase
Equilib. 194-197 (2002) 123-142, https://doi.org/10.1016/50378-3812(01)
00645-8.

O. Nordness, J.F. Brennecke, Ion dissociation in ionic liquids and ionic liquid
solutions, Chem. Rev. 120 (2020) 12873-12902, https://doi.org/10.1021/acs.
chemrev.0c00373.

H. Tokuda, S. Tsuzuki, M.A.B.H. Susan, K. Hayamizu, M. Watanabe, How ionic are
room-temperature ionic liquids? An indicator of the physicochemical properties,
J. Phys. Chem. B 110 (2006) 19593-19600, https://doi.org/10.1021/jp064159v.
Y.-J. Lin, N. Hossain, C.-.C. Chen, Modeling dissociation of ionic liquids with
electrolyte NRTL model, J. Mol. Liq. 329 (2021), 115524, https://doi.org/
10.1016/j.molliq.2021.115524.

B.-.S. Lee, S.-.T. Lin, A priori prediction of dissociation phenomena and phase
behaviors of ionic liquids, Ind. Eng. Chem. Res. 54 (2015) 9005-9012, https://doi.
org/10.1021/acs.iecr.5b01762.

H. Marques, P. Velho, E. Gémez, E.A. Macedo, Determining the dissociation extent
of ionic liquids in water using the PDH + UNIQUAC model, J. Mol. Liq. 348
(2022), 118403, https://doi.org/10.1016/j.molliq.2021.118403.

L.D. Simoni, Y. Lin, J.F. Brennecke, M.A. Stadtherr, Modeling liquid-liquid
equilibrium of ionic liquid systems with NRTL, Electrolyte-NRTL, and UNIQUAC,
Ind. Eng. Chem. Res. 47 (2008) 256-272, https://doi.org/10.1021/ie070956j.
D.S. Abrams, J.M. Prausnitz, Statistical thermodynamics of liquid mixtures: a new
expression for the excess gibbs energy of partly or completely miscible systems,
AIChE J. 21 (1975) 116-128, https://doi.org/10.1002/aic.690210115.

P. Velho, E. Gémez, E.A. Macedo, Calculating the closest approach parameter for
ethyl lactate-based ATPS, Fluid Phase Equilib. 556 (2022), 113389, https://doi.
org/10.1016/j.fluid.2022.113389.

P. Velho, P.F. Requejo, E. Gomez, E.A. Macedo, Thermodynamic study of ATPS
involving ethyl lactate and different inorganic salts, Sep. Purif. Technol. 275
(2021), 119155, https://doi.org/10.1016/j.seppur.2021.119155.

K.S. Pitzer, Electrolytes. From dilute solutions to fused salts, J. Am. Chem. Soc. 102
(1980) 2902-2906, https://doi.org/10.1021/ja00529a006.

M.A. Gilakjani, A. Paraj, M. Afsharian, Thermodynamic representation of ionic
liquids phase equilibrium with the PDH-UNIQUAC-NRF model, J. Mol. Liq. 348
(2022), 118072, https://doi.org/10.1016/j.molliq.2021.118072.

K.S. Pitzer, Activity Coefficients in Electrolyte Solutions, 2nd ed., CRC Press, 1991.
C.-.C. Chen, Y. Song, Generalized electrolyte-NRTL model for mixed-solvent
electrolyte systems, AIChE J 50 (2004) 1928-1941, https://doi.org/10.1002/
aic.10151.

H. Kuramochi, H. Noritomi, D. Hoshino, K. Nagahama, Measurements of vapor
pressures of aqueous amino acid solutions and determination of activity
coefficients of amino acids, J. Chem. Eng. Data 42 (1997) 470-474, https://doi.
org/10.1021/je960113r.

J. Smith, H.V. Ness, M. Abbott, Introduction to Chemical Engineering
Thermodynamics, 9th ed., McGraw-Hill Education, 2022.

J.A. Lazzts, J. Marin, Activity coefficient models to describe isothermal vapor-
liquid equilibrium of binary systems containing ionic liquids, J. Eng. Thermophys.
19 (2010) 170-183, https://doi.org/10.1134/s1810232810030070.

R.K. Sahoo, T. Banerjee, A. Khanna, UNIQUAC Interaction Parameters with closure
for Imidazolium based Ionic Liquid Systems using Genetic Algorithm, Can. J.
Chem. Eng. 85 (2007) 833-853, https://doi.org/10.1002/cjce.5450850605.
M.Asgarpour Khansary, A.Hallaji Sani, Using genetic algorithm (GA) and particle
swarm optimization (PSO) methods for determination of interaction parameters in
multicomponent systems of liquid-liquid equilibria, Fluid Phase Equilib. 365
(2014) 141-145, https://doi.org/10.1016/j.fluid.2014.01.016.

0.C. Filho, P. Rasmussen, Modeling of salt solubilities in mixed solvents, Braz. J.
Chem. Eng. 17 (2000) 117-131, https://doi.org/10.1590/50104-
66322000000200001.

C.G.C. Achard, J.B.G. Dussap, Representation of vapour-liquid equilibria in water-
alcohol-electrolyte mixtures with a modified UNIFAC group-contribution method,
Fluid Phase Equilib. 98 (1994) 71-89, https://doi.org/10.1016/0378-3812(94)
80109-6.

E.A. Macedo, P. Skovborg, P. Rasmussen, Calculation of phase equilibria for
solutions of strong electrolytes in solvent-water mixtures, Chem. Eng. Sci. 45
(1990) 875-882, https://doi.org/10.1016/0009-2509(90)85009-3.

G. Oster, The dielectric properties of liquid mixtures, J. Am. Chem. Soc. 68 (1946)
2036-2041, https://doi.org/10.1021/ja01214a050.

K.S. Pitzer, J.M. Simonson, Thermodynamics of multicomponent, miscible, ionic
systems: theory and equations, J. Phys. Chem. 90 (1986) 3005-3009, https://doi.
org/10.1021/j100404a042.

D.W. van Krevelen, K. te Nijenhuis, Properties of Polymers, 4th ed., Elsevier
Science, 2009.

A. Bondi, van der Waals Volumes and Radii, J. Phys. Chem. 68 (1964) 441-451,
https://doi.org/10.1021/j100785a001.

M.G. Freire, P.J. Carvalho, R.L. Gardas, .M. Marrucho, L.M.N.B.F. Santos, J.A.

P. Coutinho, Mutual solubilities of water and the [Cymim][Tf2N] hydrophobic



C. Lopes et al.

[31]

[32]

[33]

ionic liquids, J. Phys. Chem. B 112 (2008) 16041610, https://doi.org/10.1021/
ip7097203.

X. Wang, M. Wang, Z. Chen, X. Tao, W. Shen, Critical phenomena of {1-butanol +

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide} binary solution,
J. Mol. Liq. 224 (2016) 284-289, https://doi.org/10.1016/j.molliq.2016.09.099.
Z. Chen, D. Liu, Y. Bai, T. Yin, W. Shen, Liquid-liquid phase equilibria of binary
solutions of {1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide + 1-
butanol or 2-methyl-1-propanol}, J. Solution Chem. 50 (2021) 299-314, https://
doi.org/10.1007/5s10953-021-01053-y.

J. Lachwa, P. Morgado, J.M.S.S. Esperanca, H.J.R. Guedes, J.N.C. Lopes, L.P.

N. Rebelo, Fluid-phase behavior of {1-Hexyl-3-methylimidazolium Bis

[34]

[35]

[36]

Fluid Phase Equilibria 567 (2023) 113717

(trifluoromethylsulfonyl) Imide, [Cemim][NTf2], + Co-Cg n-Alcohol} mixtures:
liquid-liquid equilibrium and excess volumes, J. Chem. Eng. Data 51 (2006)
2215-2221, https://doi.org/10.1021/je060307z.

U. Domariska, A. Marciniak, Solubility of ionic liquid [emim][PFg] in alcohols,
J. Phys. Chem. B 108 (2004) 2376-2382, https://doi.org/10.1021/jp030582h.
Yi Li, L.-.S. Wang, S.-.F. Cai, Mutual solubility of alkyl imidazolium
hexafluorophosphate ionic liquids and water, J. Chem. Eng. Data 55 (2010)
5289-5293, https://doi.org/10.1021/je1003059.

A.B. Pereiro, A. Rodriguez, Experimental liquid-liquid equilibria of 1-alkyl-3-
methylimidazolium hexafluorophosphate with 1-alcohols, J. Chem. Eng. Data 52
(2007) 1408-1412, https://doi.org/10.1021/je700099w.



