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ABSTRACT: Ionic liquids are becoming increasingly important as
environmentally friendly solvents for extraction and reactions. To
describe the equilibrium phenomenon of monomolecular solute +
ionic liquid, a two-binary-interaction-parameter (TBIP) model is
proposed based on excess Gibbs free energy derived from excess
internal energy, which circumvents the difficulty of directly
formulating excessive entropy. Different from conventional binary
solutions, monomolecular solute + ionic liquid is a peculiar ternary
solution, which theoretically needs six binary-interaction parame-
ters. However, due to strong repulsive electrostatic forces between
like-ions, the like-ions pairs are negligible in comparison with
dislike-ion and molecule—ion pairs. When local electroneutrality is
assumed, the necessary binary interaction parameters finally are
reduced to only two. Tested against experimental data, our TBIP
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model shows a better precision for most solutions than a non-random two-liquid (NRTL) model. When correlated with only half
points, the TBIP model has a better extrapolation performance, while the NRTL model fails to work for R1234ze(E)/
[EMIM][BF,], ethanol/[MMIM][(CH;),PO,], and water/[EMIM][T,N].

1. INTRODUCTION

Chemical process design and other industrial processes require
phase equilibrium investigations. Broadly, practical methods are
divided into equation-of-state methods and activity coefficient
approaches.’ Equation-of-state approaches predict volumetric
and pressure data. Among equation-of-state methods, Soave—
Redlich—Kwong (SRK) and Peng—Robinson (P—R) equations
are the most significant, because they work well for both
nonpolar and slight polar molecules.” Combining with mixing
rules, equation-of-state models can derive phase equilibrium
properties based on thermodynamic universal relations. Activity
coefficient models are used to construct an excess Gibbs free
energy function of compositional fractions. The universal quasi-
chemical (UNIQUAC) equation is the most widely used model,
especially for organic solutions. Based on UNIQUAC, a
functional-group activity coefficient method was invented to
predict equilibrium properties of new solutions without
experiment data.”™ For electrolyte solutions, the Debye—
Hiickel theory is the best-known milestone on the way toward
calculating activity coefficients, which focuses on electrostatic
effects and extremely simplifies the calculation.®™® However, it
was invented for solutions where the electrolyte concentration is
small (mole fraction approaches zero).

As chemical engineering advances, ionic liquids (a new kind of
solvent) are becoming increasingly important due to their
tenability and chemical and thermal stabilities.”~** An ionic
liquid is a kind of room-temperature molten salt, composed of
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cations and anions, with negligible vapor pressure. It is widely
regarded as an environmentally friendly solvent for extraction
and CO, capture.”” "> However, there is a lack of specific
thermodynamic models for ionic liquid solutions. Both P—R and
SRK equations of state need an acentric factor, which is related
to the boiling pressure.”*' However, since the ionic liquid has
almost zero vapor pressure, it probably breaks down before it
boils and at conditions much lower than the critical point
parameters needed for the P—R and SRK equations of state.
UNIQUAC models need extra structural parameters (van der
Waals volume and area of the molecule relative to those of a
standard segment).”” Even for a ternary mixture, binary
parameters are sufficient for UNIQUAC models. However, for
ionic liquid solutions, six binary parameters are necessary due to
the existence of three kinds of molecules (and ions). Even
though Chen et al. altered the non-random two-liquid (NRTL)
model to include strong electrostatic forces between ions and
made it an electrolyte NRTL model (essentially a special non-
random three-liquid model), the sizes of molecules and ions
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were still neglected.7’8 To cover long-range electrostatic forces,
they combined the altered NRTL equation and Debye—Hiickel
theory. On the other hand, the combination repeatedly
considered strong electrostatic interaction between ions.”
The NRTL model was the first to consider local compositional
heterogeneity. Due to its convenience, it is still widely adopted in
chemical engineering including electrolyte solutions even
though it ignores electrolytes’ peculiar properties and molecules’
sizes, highlighting that simplicity is a high priority in modeling.

To overcome the drawbacks of the aforementioned models,
we propose a specific model for monomolecular solute + ionic
liquid mixtures, which is self-consistent and fully covers the
entropy effects. After simplification, we reduce the number of
binary parameters to two. To evaluate the performance, the new
model was experimentally tested against 19 different solutions
and compared with to the NRTL model.

2. DERIVATION OF NEW MODEL

It is known that thermal properties at equilibrium can be derived
from Gibbs energy based on the universal relations. The
expression for excess Gibbs energy is given as

¢ =h-T"~a"=u" - Ts" (1)

u® —Tzi i
or\ T (2)

First, we should note that the excess Gibbs energy g" is
composed of two terms: (1) excess enthalpy h® (or energy part)
caused by the new interaction between solvent and solute
molecules; (2) excess entropy s* caused by the new distribution
of molecules and ions. The superscript E stands for “excessive”
property values. For liquids, volume variation can be neglected,
so g" can be replaced by a Helmholtz free energy a®, which is
related to the internal energy u". Despite these simplifications, it
is still too complicated to directly formulate s*. Fortunately, s®
can be circumvented by an appropriate method. Here, we are
building a model for liquid—liquid solutions, but it also works for
gas—liquid solutions if one is interested in obtaining the fugacity
for the gas components.”* Due to the incompressibility of liquids
and at moderate temperatures T,” "’ the effect of excess
volume v* on g¥ is negligible. As a result, g* can be replaced by an
excess Helmholtz free energy a®. Followingly, we begin focusing
on formulating a®. From eq 2, a® can be derived as

1 ou®
af =k - Tf—LdT
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Noticeably, u*/T goes to zero when T — co. In that case, eq 3
can be simplified to

E _ T g 1
a—TLud(T) @

As of eq 4, we have not made any assumptions and it is
theoretically correct. Meanwhile, eq 4 is an isovolumetric
integral, which means there are no phase transitions or strong
variations in u*. Now, we need to find an expression with enough
accuracy for the excess internal energy u*. In the derivation of
the NRTL model, u is adopted to cover local heterogeneity, as
shown in eq S.

& exp(—¢,/ksT)

. XxZN,
uF =
% + x, exp(—e/kyT)

T2

&, exp(—&,/ksT)
%, + x; exp(—&,/kgT)

(s)
& =& — &y (6)

where €}, €5, and €, (&,,) are the interactional energies
between species 1 and species 1, species 2 and species 2, and
species 1 and species 2, respectively, as shown in Figure 1. N, is
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A: Molecule 1 at center B: Molecule 2 at center

Figure 1. Schematic for the different interactions between molecules.

the Avogadro constant, and z is the coordination number (the
number of adjacent molecules around the central molecule).
Exemplarily, in Figure 1, z = 6. Essentially, z is correlated with
the system dimension. For example, z = 2 in a one-dimensional
Ising model. In a cubic lattice model, a molecule is immediately
around by six molecules, hence z = 6.

We should notice that €|, is asymptotic to a linear equation y;;
= a;, T + b;; when the temperature T is approaching infinity.
Similarly, there exist asymptotes for &,,, £}, and &,,. Because
molecules 1 and 2 both are spheres, it follows that a;, = a;, = a,,
= a,,. Consequently, €, and €,/T can be expressed like

& 2 3 4
? = al,lﬁ + al,Z/j + al,3ﬂ + a1,4ﬂ v

1
where f§ = ?when T > o©

(7)

g =ap + amﬂ + amﬂz + a1,4ﬁ3... when T — oo
(8)
Similar to eqs 7 and 8, the same expressions for €, and &,/T
can be obtained. Substituting eq S into 4, a° can be expressed as
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To accomplish the impossible integral in eq 9, Gug§enheim
postulated £, and €, are independent of temperature T.” In real
applications, f is typically very small (<0.01) as the temperature
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T is usually above 200 K. So, when eqs 7 and 8 are substituted

into eq 9, eq 9 will be equivalent to
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As < 0.01, the terms equal to or higher than f#* are negligible.
Finally, ¥ can be expressed as

E E
g%(l

—%{x1 In[x; + x, exp(—&,/kgT)] + x,
In[x, + x; exp(—&,/kT)1} (11)

With eq 11, g¥ is obtained and covers the excess entropy effect.
Although a similar expression of g& has been published by
Maurer and Prausnitz,” eq 10 is a more reasonable derivation to
support the g" expression and loosens the too restrictive

conditions.
¢" is associated with activity coefficients y like

¢ = RT(x, In ¥, + %, Iny,) (12)

where R is the universal gas constant and x is a molar fraction.
Subscripts 1 and 2 denote species #1 and #2, respectively.
Misleading expressions of the activity coeflicient, such as eqs 13
and 14 should be avoided. They cannot work for partially
miscible solutions because they are monotonic functions with

respect to solubility x.

7 = Inlx, + x, exp(—e,/KT)] 2 (13)

7, = In[x, + x; exp(—e,/kT)]/? (14)

According to the definition of thermodynamic potential,

activity coefficients should instead be expressed as

Iny = —g{ln[xl + x, exp(—&,/kpT)]

1 — exp(—&/kgT)
X+ x, eXp(_Sl/kBT)

%2 1 — exp(—&,/ksT)
® %, + x, exp(—&,/k;T)

+ xx,

(15)

Iny = —g{ln[x2 + x; exp(—¢&,/kgT)]

1 — exp(—&,/ksT)
Xy + % eXP(_Sz/kBT)

— 2 1 — exp(—¢/kgT) }

+ X%,

: x, + x, exp(—&/kyT) (16)

Judging from eqs 15 and 16, the new model can work for
partially miscible solutions, similar to the NRTL equation. To
compare their characteristics, here, we studied Gibbs free energy
variation Ag at different coordination numbers z when the
interaction energy difference is set at €,/kgT = &,/kgT = 1. The
results of two models are shown in Figures 2 and 3. The
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-0.10

0.0 0.2 0.4 0.6 0.8 1.0
x,/(mol/mol)

Figure 2. Gibbs free energy variation with respect to solubility for the
new model.

AGRT

0.0 0.2 0.4 0.6 0.8 1.0
x,/(mol/mol)

Figure 3. Gibbs free energy variation with respect to solubility for the
NRTL model.
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comparison shows the new model has a lower Gibbs free energy
than the NRTL model, because the NRTL model neglects
entropy change. Additionally, the difference of Gibbs free energy
between the two models increases with increasing z. Due to the
models’ symmetrical nature, phase separation occurs at the
points, where %(%) = 0, which is intersected by the red
dashed lines in Figures 2 and 3. From Figure 2, we see that phase
separation begins at z = 3 for the new model, and z = 5 for the
NRTL model. As we know, the one-dimensional Ising model
does not have phase separation (z = 2). The two-dimensional
Ising model (z = 4) includes phase separation, consistent with
our two-binary-interaction-parameter (TBIP) model.

To investigate the new model further, we plot the relationship
between z and &,/kgT (&,/kgT) at the respective equilibrium
points in Figures 4 and 5. At a given z, for both models,
increasing €,/kgT leads to equilibrium at smaller x;. Namely,
increasing temperature leads to the equilibrium solubility x;
approaching 0.5.

10

=g1/kgT

gio/kgT:

x,/(mol/mol)

Figure 4. Parameter z of the new TBIP model at phase equilibrium.
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Figure S. Parameter z of the NRTL model at phase equilibrium.

The difference of the two models stems from the relation
between z and ¢&,/kyT. For the new model, at a given x, z
decreases with reducing €,/kzT and levels off around z = 2. A
larger z means more interactional pairs with surrounding
molecules, which amplifies the effect of (¢;; — &1,) and (&,, —
€,1). In the NRTL model, the variation of z becomes more
complex with respect to &,/kgT. With increasing €,/ksT, z
decreases first and then steeply goes up. To show it clearly, the
comparison between the TBIP and NRTL models is given in
Figure 6. To explain this unique phenomenon, we should focus

1000
NRTL x1=0.1 new model x1=0.1
— — - NRTL x1=0.2 — — —new model x1=0.2 Z‘;
————— NRTL x1=0.3 -+ =+ =new model x1=0.3 ;’[

NRTL x1=04 ~  -=----- new model x1=0.4

z for equilibrium

0.01 0.1

o

giolkpT=gy/kyT

Figure 6. Comparison of z at phase equilibrium.

on the effect of £, on Gibbs free energy Ag= Ah — TAs. When ¢,
=0, &, has no effect on As. With increasing &}, the enthalpy Ah
increases too, but As decreases and approaches zero, because
large €, and &, reduce the probability of molecules #1
encountering molecules #2. Thus Ag will increase a little more
than Ah. However, in the NRTL model, the effect of decreasing
As is neglected. Thus Ag will still increase, but less than
supposed. When &, and &, are large, Ag is significantly
underestimated in the NRTL model. To accomplish phase
separation, the NRTL model therefore needs a bigger
coordination z to amplify the effect of &, and &,.

3. ADJUSTMENT FOR SIZE DIFFERENCE

Generally, different molecules have different degrees of freedom,
and €,/T and &,/T are not approaching zero at infinite
temperature. So, the integral cannot be generally simplified as
we did from eq 10 to 11. To satisfy eqs 7 and 8, we premise that a
molecule’s degree of freedom increases proportionally with its
size (bigger molecules composed of more atoms have a higher
degree of freedom). To evaluate molecular sizes, a volume
element is introduced as shown in literature.”® Thus, €,, and &,,
in Figure 1 can be replaced with g, and g, in Figure 7. Similarly,
g1 and g, are approaching zero when T is approaching infinity.
So, the integral can be simplified similar to eq 10 to 11. The
excess Gibbs free energy and activity coeflicients can then be

states as shown in eqs 18—20.
& =&~ &u & =8n  &n (17)
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where ¢ is the volume fraction of the different compositions, and
v and A are the molar volume of the solution and a constant
coefficient, respectively. Comparing with (11), ¢° in eq 18
depends on the solution volume and the volumes of the pure
substances. With large molecules, the variation of gE is

substantial.

4. ADJUSTMENT FOR IONIC LIQUIDS

As is well known, ionic liquids contain at least two kinds of ions
(cation and anion). When a molecular gas is dissolved in an ionic
liquid, there will be three kinds of molecules (or ions) in the
solution, which resembles a ternary mixture. Actually, ionic
liquid solutions have their own peculiar characteristics different
from conventional ternary mixtures. Due to strong repulsive
forces between like-ions, the pairs of cation—cation and anion—

. 16,823
anion are negligible,”™

which means there exist only g, g5,
& g1» g and g3 (1: molecule, 2: anion, 3: cation).

Additionally, local electroneutrality leads to”*

&1 T & (21)

(81, = 83,)/ (815 = &) = /13 (22)

According to our previous work, excess internal energy u® can
be expressed by eq 23.>> Consequently, we can get the excess
Gibbs free energy in eq 24 and activity coefficient in eqs 25 and

26 when only considering the energy effect.
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where A denotes the ratio of molecular volume to the volume of
the volume element, namely, a constant parameter for the new
model.

5. CONFIGURATIONAL ENTROPY

In addition to the energy effect, molecular structure also
influences entropy and thus Gibbs free energy. In this field, the
Huggins—Flory method has inspired many researchers.”” The
Huggins—Flory method was proposed for chain polymer
solutions, which covered not only molecular sizes but also
polymer deformations. For example, solvophilic polymers will
spread in solutions while solvophobic polymer will twist into a
ball. However, this method is not applicable to molecules
containing rings.”>*’ Unlike polymer chains, organic vapors and
ionic liquids are relatively short and are not so flexible as polymer
chains. Ionic liquids are also different from conventional liquids,
composed of at least two kinds of ions and having strong
interactions between ions. These special characteristics should
be considered for entropy change. According to the Flory—
Huggins theory, the allocation number for the first molecule is

n =Nz(z — 1)7* (27)

where N, is the total liquid lattice number, z is still the
coordination number, and r is the segment number for a
molecule. In Flory—Huggins’ theory, each segment occupies one
of the lattices. To some extent, the segment plays the same role
as the volume element in Figure 7. For the ith molecule, the
allocation number is
n, =[N, — (i - l)r]zw
B
N—(i-Dr|"
(Z — 1)’7
N, (28)

If the molecule is not a long chain and has no flexibility, the
allocation number for ith molecule can be simplified to

w0y + 3,(n, + vy) + eXp(_&z‘&z) x + x,(vy + 13)

11496

kg T (26)

n=N, —(i—1r (29)

Obviously, eq 28 neglects the azimuthal difference of the ith
molecule. In dense liquids, all ions and molecules are not
spherical and their orientation is strongly determined by
surrounding species. Since orientational distribution has been
covered by considering a spatial distribution, orientational
distribution should not be repeatedly considered in eq 28.
Finally, we have the entropy change for an athermal solution.

Qsolu
As=kln—— =k

IQZ
1 (N, /! 1 [(N, = N) / ]! L
N -~ -N; 3!
In 1 (N, /= N)!r, 2[(N,_N1’1_Nz’2)/rz]!rs } = —x.R
L IO+ Non) /]! Nt N -
n N2 (Nyry / 1y)! B R
3+
In ¢1 — X, R1n ¢2
n (30)

Expression 29 does not consider strong repulsive and
dragging forces between ions. When considering the ions’
strong interactions, the allocation numbers will decrease
significantly, but it still gives the same result, because the
terms for ions in the numerator and denominator would be
reduced. Using eq 30, the configurational entropy variation is
obtained. If neglecting molecular size (or ions) effects, eq 30 can
be expressed as

As = —x,RInx; — xR Inx, (31)

The expression in eq 31 is the same as for an ideal binary
mixture, which explains why ionic liquid solutions can be
regarded as standard solutions and NRTL models can be widely
adopted for ionic liquid solutions despite them being ternary
mixtures.

Combining the interaction effect and configuration variation,
excess Gibbs free energy and activity coeflicients are expressed,
respectively, by
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where (g,

- 811) and (812

— g3,) are only two parameters for

binary interactions. The new model is thus named as the two
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Table 1. Parameters and Deviations of the TBIP Model for 19 Solutions”

solution A o
R152a/[P(14)666][TMPP]*** 0.014 1.38 x 10°
R245fa/[P(14)666][ TPMM]>*** 43.591 —1.18 x 10°
R227ea/[P(14)666][TPMM]**** —1.366 —4.96 X 10*
R1234ze(E)/[Emim][BF,]***’ 1475 3.52x 10
R1234ze(E)/[Hmim][BE,]***’ 0.462 1.89 x 10°
R1234ze(E)/[Omim][BF,]*** 0.709 1.01 x 10°
R134a/[P(14)666][TMPP]*>** 0.657 —9.27 X 10%
R134a/[P(14)666][TMPP]**>* 0.311 234 x 10°
R134a/[P(14)666][ TMPP]*>** 0.062 121 x 10°
R32/[dmpim][TMeM]*’ 0.803 8.32 x 107
R32/[emim][BEI]*** 0.723 6.78 X 10*
R32/[emim][BMel]***! 0.990 6.56 X 10?
R32/[pmpy][BMel]**** 0.995 1.23 x 10°
SO,/[hmim][Tf,N]** —0.792 —2.57 x 10
water/choline glycolate%’46 —1.144 —2.53 x 10?
water/choline lactate*>*” —0.547 2.07 X 10°
ethanol/[MMIM][(CH,),PO,]*"** —2.252 —7.84 X 10*
acetone/[MMIM][(CH,),P0,]*"** 46.765 8.05 x 10
water/[emim][tf,n]***° —2.597 —1.62 x 10°

“AAD (average absolute deviation) = Y lx., — Kexpl/ 1.

o) T3 T, 1000 X AAD“
—2.91 x 107 —6.63 X 10° 2.25 x 10° 2.6
1.54 x 10° 8.27 247 x 10° 1.9
1.38 X 10° —2.26 X 10° 5.73 x 107! 2.7
8.95 x 10* 5.11 X 10? —1.49 x 10° 0.9
—2.86 X 10° 2.97 X 107 —7.85 x 10* 1.4
—1.21 x 10° 247 X 10° —6.54 x 10* 1.5
5.08 x 10° —1.60 x 10° —7.88 X 10° 5.5
430 x 10* 2.11 x 10° 1.24 3.5
1.74 x 10° —1.55 x 10° —5.08 X 10° 2.7
-1.32x 10° 2.11 X 10° 3.09 x 10* 22
—8.06 x 10* —8.76 X 10 1.44 x 10* 3.3
-9.09 x 10* —1.39 X 10* 1.42 x 10* 1.9
—2.40 X 10° —6.45 X 10? 1.41 x 10° 3.0
6.83 x 10* 7.96 X 10? —2.65 X 10° 11.5
1.84 x 10° —1.60 x 10* —3.82 % 10 13.7
-7.33 X 10° -9.32 x 10* 5.28 5.9
1.41 X 10* 1.39 6.78 x 10* 6.5
4.17 —2.96 x 10* —1.66 42
2.80 x 10° 226 X 10° —7.32 X 107 3.9

binary-interaction-parameter (TBIP) model. For convenience,
the TBIP model uses five parameters (a, 7,, 75, 73, and 7,) to fit
with the experimental data, similar to the NRTL model

—An
=a
2 (39)
&~ & =a+n/T (36)
g12 - g32 = TS + T4/T (37)

6. PERFORMANCE OF THE NEW MODEL

Since the TBIP model is non-symmetrical, it is inconvenient to
analyze its performance at a specific y* by assuming several
parameters. To test its performance, we used the TBIP model to
correlate it with experimental data and evaluate its precision and
robustness. When the solution reaches equilibrium, the
following equation is met.”"**

yp® = xyp’ (38)

(B, — Vil)(P - Pls)

O, = exp RT

1

(39)

where x; and y, are the mole fraction of ith species in the solution
and in the gas phase, respectively. B; and v; are the second viral
factor and the molar volume and partial volume of ith species,
respectively, and p® and y; are saturation pressure and activity
coefficient of ith species, respectively. Here, we tested the TBIP
model with 19 different types of typical molecular solute/ionic
liquid solutions, as shown in Table 1. In the correlation, thermal
properties of the solutes were calculated with the software
REFPROP 9.1.** Some of these solutions are partially miscible,
some totally miscible. Some have big molecules, while some
have big cations or anions. To evaluate the performance, the
deviations were compared to that of the NRTL model in Table
S1.

When fitted with all the data, we obtain the results, as shown
in Figure 8. We can see that when fitted to the entire data set,

09 F

R
08 f f

X o/ (mol/mol)

ANRTL model
O TBIP model
0.0 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Xexp/ (mol/mol)

Figure 8. TBIP and NRTL model comparison when fitting with all data
(x (molecular solute) + (1 — x) (ionic liquid)).

both TBIP and NRTL models work well. According to Table S1,
the worst prediction of the TBIP model occurs for ethanol/
[MMIM][(CHj;),PO,] (AAD (average absolute deviation, see
Table 1) = 0.0137 mol/mol, MAD (maximum absolute
deviation, see Table 1) = 0.0394 mol/mol) and water/choline
lactate (AAD = 0.0115 mol/mol and MAD = 0.0357 mol/mol).
The big deviations may be caused by the unreliability of those
experimental data. It should be noted that all experimental data
have a specific uncertainty. In Table 2, some uncertainties and
measurement conditions are compared. Unfortunately, the
solubility uncertainty of ethanol/[MMIM][(CH,),PO,] was
not stated in the paper. It can also be doubted that such a highly
precise thermometer (uncertainty = 0.001 K) matches with a
low-quality pressure sensor (reproducibility = 0.005% of the
maximum pressure 350 kPa). Although the solubility
uncertainty of water/choline lactate and water/choline glycolate
was given by the authors, it was calculated only based on the
microbalance uncertainty but neglected the impurities of the
ionic liquids. Generally, ionic liquids have impurities far beyond
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Table 2. Uncertainties (17, u, and u,) and Experimental Conditions of Solubility Measurement

ur/K u,/Pa u,/(mol/mol) T/K p/kPa x/(mol/mol)
water/choline lactate 0.05 160 0.0001“ 293.15—-323.15 0.22—12.34 0.197—-1
water/choline glycolate 0.0S 160 0.0001¢ 293.15-323.15 0.12—12.34 0.327-1
ethanol/ [MMIM][(CH,),PO,] 0.001° 17.5° 353.15 0.66—182.61 0.107—1
water/[EMIM][T£,N] 0.018 1 0.0004 292.75-323.35 1.82-9.56 0.115-0.311

“Calculated only based on microbalance uncertainty but neglecting impurities, so unreliable. “Unbelievable for a Pt-100 sensor, may be a typo
mistake by the author. “Reproducibility other than true uncertainty, maybe u, ~ 175 Pa.

0.0001 mol/mol due to their hygroscopicity. For low vapor
pressure solutes, pressure uncertainty poses a non-trivial impact
on activity coefficient calculations. From eq 38, the relative
uncertainty of the activity coeflicient induced by pressure
uncertainty can be expressed as

A _ Ap

h p (40)

Obviously, at low pressure, the relative uncertainty of the
activity coeflicient is susceptible. In actual experiments, due to
low saturation pressure of ethanol and water, ethanol/
[MMIM][(CH,),PO,] and water/choline lactate pressures
are prone to larger uncertainties. In the apparatus measuring
water/choline lactate, the uncertainty of the pressure transducer
was 800 Pa as given by the provider or 160 Pa, as stated by the
author.”” Consequently, among the solubility points of water/
choline lactate, the biggest pressure uncertainty is 72.7%, and
half thereof over 6.58%. Solubility of water/[emim][Tf,N] was
determined with a reliable apparatus. Our TBIP model works
better than the NRTL model for this water/[emim][Tf,N]
mixture.

To compare the robustness, we also fitted the models with
only the lower half solubility points to obtain the parameters and
then used these parameters to predict all solubilities. The results
are shown in Figure 9. The TBIP model still works well, while
the NRTL model fails for R1234ze(E)/[EMIM][BF,]. Nine out
of 19 types of solutions have an AAD below 0.00S for the TBIP
model, compared to five out of 19 solutions for the NRTL
model. Figure 10 shows the results when fitted only with the
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Figure 9. Comparison between experimental data and calculated results
when fitting with the lower half points [x (molecular solute) + (1 — x)
(ionic liquid)].
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Figure 10. Comparison between experimental data and calculated
results when fitting with the upper half solubilities [x (molecular solute)
+ (1 — «) (ionic liquid)].

upper half. Comparing with Figure 9, it is found the TBIP model
performance improved compared to fitting with the lower half.
Only six of 19 solutions have an AAD over 0.00S for the TBIP
model. We attribute this improvement primarily to the smaller
relative uncertainties of the upper half points. In contrast, the
NRTL model performance gets worse, failing for ethanol/
[HMIM][(CH;),PO,] and water/[EMIM][T£,N]. The lowest
nine points of ethanol/[HMIM][(CH,),PO,] have deviations
larger than 0.06 mol/mol. Besides, a point x; = 0.999 mol/mol
unexpectedly converge to zero, which implies that the NRTL
potentially make some erroneous predictions even for
conditions that are nominally covered in the correlation. In
addition, a quarter of all points of water/[EMIM][Tf,N]
wrongly converge to zero in the NRTL model, while the average
absolute deviation for water/[EMIM][Tf,N] by the TBIP
model is only 0.0039 mol/mol.

7. CONCLUSIONS

A TBIP model was built to cover the thermal effect on excess
entropy. Since excess entropy of the solution cannot be explicitly
formulated, the excess Gibbs free energy was indirectly
calculated from excess internal energy, without losing the excess
entropy effect. To adapt with the solutions of monomolecular
solute/ionic liquid, the TBIP model considers strong repulsive
forces between like-ions together with local electroneutrality
assumption to reduce the number of necessary binary—
interaction parameters. Additionally, volume elements are
introduced to evaluate molecular and ion sizes. As a result,
even though monomolecular solute/ionic liquid mixtures are
ternary solutions, the necessary number of the parameters for
binary energy terms is reduced to only two in comparison with
six for the UNIQAC model.
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When tested against 19 different solutions, the TBIP model
has a better performance than the NRTL model, except for
water/choline lactate, water/choline glycolate, and ethanol/
[MMIM][(CH,),PO,]. We attribute these cases to a low
reliability of the available experimental data. When fitted only
with the lower half of solubility points, ten of the 19 tested
solutions have an AAD over 0.005 for our TBIP model,
compared to 14 out of 19 for the NRTL model. Meanwhile, the
NRTL model also fails to give accurate predictions for
R1234ze(E)/[EMIM][BF,]. When fitted only with the upper
half, the NRTL model fails for both ethanol/[MMIM]-
[(CH;),PO,] and water/[emim][Tf,N], while the TBIP
model works much better. Only six of 19 solutions have an
AAD over 0.005 for the TBIP model. Therefore, the TBIP
model has a good precision and a better robustness in
extrapolation and is a valuable and easy-to-use asset for the
determination of key thermo-physical property data for
solutions containing ionic liquids.
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