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ABSTRACT: The nonrandomness factor (@) is a parameter
related to the polarity (and consequent randomness of spatial
orientation) of the molecules and is generally fixed between 0.20
and 0.47 since no technique has been developed so far for its
accurate estimation. However, the consideration of a constant
nonrandomness factor for mixtures is known to harden azeotrope
description and to cause convergence issues in both the g, randomness
Nonrandom Two-Liquid (NRTL) and Universal Quasi-chemical ok
(UNIQUAC) models, which have been widely applied in the 2
correlation of phase equilibria. In this work, a novel geometric
methodology, named Porto’s approach, was applied in the
calculation of the nonrandomness factors for 50 pure components
(mainly alkanes, alcohols, and ketones) at 298.15 K and 0.1 MPa. This methodology relied on computational chemistry (Density
Functional Theory, DFT) to minimize the energy of molecules in a cavity within a solvent composed of molecules of their own
(applying the Polarizable Continuum Model, PCM), and thereafter define the most stable chemical configuration in the pure liquid
state. Then, the nonrandomness factor of each component was determined based on its molecular dipole moment, which was
calculated after a population analysis of the optimized partial electrical charges with the Natural Bond Orbital (NBO) function. This
innovative approach was applied in the correlation of liquid—liquid equilibria (LLE) data for 1S ternary systems comprising only
neutral molecules with NRTL and UNIQUAC. The classical methods (@ = 0.2 or 0.3 for NRTL and « = 0.2 for UNIQUAC) were
compared against the usage of a component-specific nonrandomness factor, and similar standard deviations were obtained. Hence,
this work is considered a strong advance in the application of these excess free Gibbs energy models to phase equilibria estimation
and opens the door to more accurate thermodynamic modeling of nonideal mixtures (such as the ones containing electrolytes) by
providing enhanced physical meaning to the nonrandomness factors.

How to determine component-specific
non-randomness factors?

1. INTRODUCTION where M is the number of components in the mixture, x; and x;

Different excess Gibbs free energy thermodynamic models have are the mole fractions of species i and j, and G;; is calculated using

been developed over the years comprising specific parameters in (¢ —g)
. . . . 8 ~ &
their entropic terms to describe the spatial randomness of the G, = exp _ai_.—’ J
chemical species and their mixtures. The most well-known ! 7 RT
example is the Nonrandom Two-Liquid (NRTL) model, which A
was proposed by H. Renon and J.M. Prausnitz' in 1968 and takes = exo| —a.- 8
into account the nonrandomness of the interactions between P RT
particles of similar and different types.”’ It is widely used to
describe liqUid—;i_qll(l)id equilibria (LLE)*™° and vapor—liquid = exp(—a; 1) )
equilibria (VLE) and requires three parameters for a binary
system: two binary interaction parameters (BIPs) and the where g; and g; are the interaction energy parameters, which
nonrandomness factor (). refer to the i—j and j—;j interactions, respectively, and a; is the

NRTL considers excess internal energy (UE) equal to excess
Gibbs free energy (G®), bypassing proper thermodynamic Special Issue: In Honor of Maria Eugenia Macedo
integration, so G"is given by eq 1>
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Table 1. Collected Liquid—Liquid Equilibria Data, at T = 298.15 K and P = 0.1 MPa, for Ternary Systems Containing Neutral

Molecules Only

system no. species 1 species 2 species 3
1 butan-1-ol ethanol water
2 benzene ethanol water
3 dibutyl ether propan-1-ol water
4 dibutyl ether methanol water
S glycerol benzene propan-1-ol
6 glycerol benzene ethanol
7 glycerol benzene methanol
8 methyl tert-butyl ether hexan-1-ol water
9 methyl tert-butyl ether ethanol water
10 n-heptane toluene sulfolane
11 n-nonane o-xylene butane-1,4-diol
12 n-nonane o-xylene glycerol
13 water ethanol n-amyl acetate
14 water methanol n-amyl acetate
15 water methanol toluene

no. points range of x, in phase I range of x, in phase II ref
36 0.1202—0.4853 0.0000—0.0609 33
26 0.4502—0.9877 0.0471-0.4126 34
16 0.0467—-0.9311 0.0102—-0.0973 35
22 0.4862—-0.9694 0.0329-0.6829 35
24 0.0000—-0.1350 0.0086—0.0518 36
24 0.0000—0.0671 0.0086—0.1310 36
22 0.0000—0.0079 0.0086—0.1370 36
22 0.0000—0.9098 0.0000—0.0026 37
12 0.1982—-0.9259 0.0000—0.1331 37
20 0.2390—-0.9080 0.0340—0.4380 38
16 0.0000—0.0080 0.1110—0.9890 39
14 0.0000—0.0020 0.0920-0.9920 39
16 0.7687-1.0000 0.0000—0.3454 40
16 0.5869—1.0000 0.0000—0.3825 40
22 0.0047-0.0162 0.0140—0.6424 41

nonrandomness factor, ie., an adjustable parameter related to
the randomness of the spatial orientation of the interacting
particles.

The nonrandomness factor (aij) is commonly determined
based on, for example, liquid—liquid equilibria (LLE) data'" or
simply arbitrated between O (completely random spatial
orientation of the particles) and 1 (completely defined/
dependent spatial orientation), with most common applications
being from 0.20 to 0.47."%"* Nevertheless, no proper method-
ology has been developed to calculate the nonrandomness
factor, and inadequate values of this parameter have been found
to cause convergence issues’ and to hamper accurate description
of extrema (such as azeotropes).®

Other more indirect application of parameters related to the
randomness of mixtures is the Universal Quasi-chemical
(UNIQUAC) model, which was developed by D.S. Abrams
and J.M. Prausnitz in 1975."* It is a local composition model
based on the two-fluid theory and is capable of representing
vapor—liquid equilibria (VLE)"*~"® and liquid—liquid equilibria
(LLE)*>""~*! of mixtures.'*** UNIQUAC was deduced from a
statistical mechanics basis, extending Guggenheim’s %uasi—
chemical theory,"*** and building on the work of Wilson.”*

According to UNIQUAC, the excess Gibbs free energy (G) is
the sum of combinatorial (GE) and residual (GE) contributions,
as can be seen in eq 3. The combinatorial contribution (eq 4)
accounts for both size and shape effects, while the residual
contribution (eq S) accounts for interactions among mole-

cules."*
E,UNIQUAC _ ~E E
G = G; + Gy 3)
E Nspecies species
GC X ¢1 Z N i
— = x; In| — ——Zqixiln—
RT i=1 X i=1 i (4)
E Mpecies Mpecies
L m o
RT - qixi n JTJ’
i=1 j=1 (5)
where x; is the mole fraction of component i, fiqe is the

number of species in solution, Z is the lattice coordination
number, ¢ and 6 are the average volume fraction and average
local area fraction of component i, respectively, r; and g; are the
UNIQUAC volume and area parameters, respectively, and 7; are
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the UNIQUAC binary interaction parameters relative to the pair
i.

The UNIQUAC parameters 7; can be calculated from the
interaction energies between species i and j, noted as Uy,

following eq 6.

¢ = e @IUY)/ R _ ~(2/2)[AU/RT))

=

(6)

Concerning the lattice coordination number (Z), which appears
in both combinatorial and residual terms, it is defined as 10 for
liquids, which was considered an intermediate value between 8
and 12 (the boundaries for Z in the liquid state). '
Theoretically, the lattice coordination number is related to the
nonrandomness factor by eq 7,” so nonrandomness factors
should reside in the range 0.17 < o < 0.33.% Nevertheless, the Z/
2 term in eq 6 is considered a too extreme correction to
nonrandomness, and accurate methodologies to calculate this
parameter still have to be developed, so this term is often
ignored.”"”’

(7)

Generally, the parameters of thermodynamic models have a
well-defined physical meaning, for which they can be related to
macroscopic properties of the system or to microscopic
properties of the chemical components using different
approaches. Density Functional Theory (DFT) is a computa-
tional quantum mechanical modeling methodology used in
various fields of physics, chemistry, and materials science, which
descends from the methods of Thomas—Fermi and Hartree—
Fock—Slater.”® Furthermore, DFT is an ab initio simulation
method, ie., it can predict material properties for new systems
without any experimental input, so its primary application is to
investigate the electronic (or nuclear) structure of many-body
systems, such as atoms and molecules. DFT structure
optimization is used to determine the most stable configuration
of a molecule by minimizing its energy, which involves an
iterative adjustment of the positions of the atoms considering
the electron density probability function as a variable, in contrast
with wave function methods, which are unfeasible for large
systems.25’26

Since its development in the second half of the 20th century,
DEFT has been employed, for example, in the description of ionic
liquids27_29 and in the optimization of materials in catalysis,

https://doi.org/10.1021/acs.jced.3c00532
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Figure 1. Novel methodology for the calculation of nonrandomness factors (a).

photochemistry, and surface chemistry.”’~>> However, even
though DFT requires relatively low computational effort and has
accurate predictive power,” its application has been limited by
the approximations used in hybrid functionals and by the long-
time needed for calculations in the liquid state.”®

In this work, a novel geometric methodology based on
computational chemistry, named Porto’s approach, was
proposed and applied in the calculation of the nonrandomness
factors for 50 pure chemical species in the liquid state. Then, the
traditional methods (@ = 0.2 or 0.3 for NRTL and a = 0.2 for
UNIQUAC) were compared against the usage of a component-
specific nonrandomness factor in the correlation of liquid—
liquid equilibria (LLE) data for 15 ternary systems comprising
solely neutral molecules.

2. MATERIALS AND METHODS

2.1. Collected LLE Data. Table 1 shows the liquid—liquid
equilibrium (LLE) data of the studied ternary systems, which
were limited to neutral species to allow a clearer comparison of
the different correlation approaches. The full data sets can be
found in Table S1,>>~*" in the Supporting Information.

2.2. Porto’s Approach for Calculating the Nonrandom-
ness Factor. The nonrandomness factor (a) of each chemical
species was estimated using a novel approach based on
computational chemistry. First, the geometry of each molecule
was optimized by using Density Functional Theory (DFT).
Then, the Cartesian coordinates of each atom, as well as the
respective electrical charges, were obtained from the optimized
geometry, which allowed the determination of the dipole
moment of each molecule and the respective nonrandomness
factor. The overall methodology is summarized in Figure 1 and
the studied chemical species can be observed in Table 2.

To perform the chemical structure optimizations, computa-
tions were performed at DFT level of theory using the Gaussian
G09 R-D.01 software.*” In this work, a combination of the DFT
hybrid functional B3LYP**** with the basis set 6-311++G** was
used. The molecules were considered to be in a cavity within a
liquid solvent composed of molecules of their own, and solvation
was described according to the Polarizable Continuum Model
(PCM).**~*® This model is used to simulate the solute cavity via
a set of overlapping spheres and requires the knowledge of
dielectric constants, refractive indices, densities, and molar
masses for each chemical species, which can be seen in Table
§2,%71% in the Supporting Information. In addition, after the
geometry optimization, a population analysis of the electrons
was performed using the Natural Bond Orbital (NBO)
function'®" to determine orbital electronic densities and the
consequent electrical charge distribution. Afterward, the overall
dipole moment (or electronic asymmetry) of each molecule was
calculated using eq 8.

A= Z [(5q, — 5q)-d,] "

3575

Table 2. Chemical Species and Models Used in DFT
Calculations with the B3LYP**** + PCM**~*° Model

species chemical formula CAS No.
acetonitrile C,H;N 75-05-08
aniline C¢H,N 62-53-3
benzaldehyde C,H,O 100-52-7
benzene CeHq 71-43-2
butan-1-ol CH,,0 71-36-3
butan-2-one C,H;O 78-93-3
butane-1,4-diol C1oH204 25103-87-1
butylamine CH; N 109-73-9
cumene CoHy, 98-82-8
cyclohexane CeH,, 110-82-7
cyclohexanone Ce¢H,,0 108-94-1
decan-1-ol C,oH,,0 112-30-1
dibutyl ether CgH, 0 142-96-1
dimethoxyethane C,H,,0, 110-71-4
dodecan-1-ol C,H,s0 112-53-8
ethanol C,H,OH 64-17-5
ethyl lactate CsH,,05 687-47-8
glycerol C;H;30; 56-81-5
heptan-1-ol C,H,,0 111-70-6
heptan-2-one C,H,,0 110-43-0
hexan-1-ol C¢H,,0 111-27-3
hexan-2-one C¢H,,O 591-78-6
m-cresol C,H;O 108-39-4
m-xylene CgHyp 108-38-3
methanol CH,0O 67-56-1
methyl tert-butyl ether CH,,0 1634-04-4
n-amyl acetate C,H,,0, 628-63-7
n-decane CioHa, 124-18-5
n-formylmorpholine CsHgNO, 4394-85-8
n-heptane C,Hy4 142-82-§
n-hexane CeHyy 110-54-3
n-nonane CyH,, 111-84-2
n-octane CgH g 111-65-9
n-pentane CHy, 109-66-0
nonan-1-ol CyH,,O 143-08-8
o-xylene CgHyg 95-47-6
octan-1-ol CgH, 0 111-87-5
p-xylene CgHyo 106-42-3
pentan-1-ol CH,,0 71-41-0
pentan-2-one CsH,,0 107-87-9
propan-1-ol C;H,O 71-23-8
propan-2-ol C;H,O 67-63-0
propan-2-one C;HqO 67-64-1
propylamine C;HyN 107-10-8
pyridine CHsN 110-86-1
quinoline CoH,N 91-22-5
sulfolane C,H;30,S 126-33-0
toluene C,Hg 108-88-3
undecan-1-ol C;H,,0 112-42-5
water H,0 7732-18-5

https://doi.org/10.1021/acs.jced.3c00532
J. Chem. Eng. Data 2024, 69, 3573-3583


https://pubs.acs.org/doi/suppl/10.1021/acs.jced.3c00532/suppl_file/je3c00532_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jced.3c00532/suppl_file/je3c00532_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jced.3c00532/suppl_file/je3c00532_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jced.3c00532/suppl_file/je3c00532_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jced.3c00532/suppl_file/je3c00532_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jced.3c00532?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.3c00532?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.3c00532?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.3c00532?fig=fig1&ref=pdf
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.3c00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical & Engineering Data

pubs.acs.org/jced

where A is the electronic asymmetry (in C-m), 6g;and 4q; are the
partial charges of the bonded atoms ij (in C) obtained from DFT
calculations, and d,} is the distance vector between the two atoms
(in m) along the 3 axes (xy,2).

Therefore, the asymmetry (A) can be written as a function of
the three unitary vectors of each Cartesian axis, as shown in eq 9.

-

A—a1+a]+ak 9)

The nonrandomness factor of each molecule was estimated
using eq 10, which yields a normalized ratio of the determined
electronic asymmetry components in the three axes (a,, a,, and
a,) by the maximum obtainable asymmetry in each dlrectlon

la,| + la,| + la,|

a = —
3 ax,max ay,max az,max (10)

where 4.,y @,map and 4, denote the components of A,
along the x, y, and z axes, respectively, which was determined
using eq 11.
N Myonds R
Apw = ), 16g, — 5q-\d,|
i (11)

where Kmax is the maximum obtainable electronic asymmetry,
which would happen in the hypothetical case of all chemical
bonds contributing to increase the dipole moment (named as
reference state), as Figure 2 shows.

I +e& + 5\
DIPOLE MOMENT

] + 2 + 72

DIPOLE MOMENT IN
REFERENCE STATE

MOLECULE

Figure 2. Example of determination of the dipole moment for the
reference state (i.e, maximum electronic asymmetry).

The nonrandomness factor of mixtures (a,, ) can then be
calculated following the mixing rule given by the weighted mean
of eq 12.

Agpecies

Pnix = Z aX;

i=1 (12)

where @; and x; are the nonrandomness factor and the mole
fraction of species i, respectively.

2.3. LLE Data Correlation Using NRTL and UNIQUAC.
The NRTL model was applied using fixed values of the
nonrandomness factors (¢ = 0.2 and 0.3), as it is commonly
performed in literature, and using component-specific values,
which were determined following the approach explained in
section 2.2. This latter methodology was designated as pNRTL
(Porto’s approach on NRTL) to ease discussion.

Concerning the UNIQUAC model, the volume () and area
(9) parameters were calculated using eqs 13 and 14,
respectively.

— VW
1517 x 10°° (13)
— Ay
T 25%10° (14)

where V,, is the van der Waals surface volume (in m>/mol) and
A, is the van der Waals surface area (in m*/mol). These two
parameters were calculated following the Bondi’s method,'**
and values can be found in Table $3,'” in the Supporting
Information, together with the respective UNIQUAC r and g
parameters, for all studied chemical species.

Moreover, all the lattice coordination numbers (Z) in the
UNIQUAC equations were converted to nonrandomness
factors following the relation of eq 7, so the model was applied
considering a = 0.2 (Z = 10), which is the standard procedure,
and considering the determined component-specific non-
randomness factors. Hence, eqs 4 to 6 had to be rewritten
into eqs 15 to 17, respectively. In eq 15, seeing that the lattice
coordination number (now converted to «) is no longer equal
for all interacting species, the nonrandomness factor was moved
to inside the summation. Similarly to NRTL and pNRTL, this
new form of UNIQUAC was named pUNIQUAC (Porto’s
approach to UNIQUAC) to ease discussion.

GCE species ¢ Mpecies 1 6
— = x In] — || — —qx; In|
o= |- B 2anrl 2]

- =1 % (15)
G E species Mepecies
= = Z 9% In Z
RT i=1 =1 1)
T = ¢~/ @(U;=Uy) /RT -

where @; stands for the nonrandomness factor of species i and a;
for the mean nonrandomness factor between species i and j,
which was calculated according to eq 18, i.e., a particular case of
eq 10 for binary interactions.

a; = (a; + aj)/2 (18)

All models were applied in the correlation of LLE data keeping in
mind the general phase equilibrium condition, i.e., the isoactivity
criterion (IC) between the liquid phases, which is translated by
eq 19. For that purpose, an algorithm was developed to optimize
the binary interaction parameters (Ti]-) by minimizing the
standard deviations from the collected LLE data, using eq 20,
and with the constraint of fulfilling the IC. In this process, an
interior-point convergence method was used with 1 x 10°
maximum iterations and 1 X 10® maximum function evaluations.
Then, the algorithm determined equilibrium phase composition
using the optimized binary interaction parameters, preserving
the fulfilment of the isoactivity criterion, and calculated the final
standard deviations from the collected LLE data using eq 20.
The overall procedure for the correlation of LLE data is
summarized in Figure 3.

Z points Z specla corr,I )I xi]c'orr,HKjH)

IC = =0
Mpoints Mspecies ( 19)
Z points Z spec)es x0T _ xi}it 2
o, =
npoints‘nspecies (20)
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from collected g
LLE data

UNIQUAC

optimization
UNIQUAC

Figure 3. Overall procedure for the correlation of liquid—liquid equilibrium (LLE) data.

where i is the number of equilibria points in the system
under study, A, is the number of chemical species present,
" and xl,]'t are, respectively, the correlated and literature-based
mole fraction of species i in the data point j, and y;; is the activity
coeflicient of species i in the data point j. I and II refer to the two

liquid phases in equilibrium.

3. RESULTS AND DISCUSSION

3.1. Calculating the Nonrandomness Factors. Follow-
ing Porto’s approach, the nonrandomness factors (a) were
determined for the species comprised in the ternary systems
shown in Table 1 and for some others, totalizing 50 chemical
components, as Table 3 shows. In the calculations, density and

Table 3. Determined Nonrandomness Factors (a) for Pure
Components at 298.15 K and 0.1 MPa

species a species a
acetonitrile 0.0448 methyl tert-butyl ether  0.0415
aniline 0.3254 n-amyl acetate 0.0193
benzaldehyde 0.3479 n-decane 6.10 X 107°
benzene 0.1546 n-formylmorpholine 0.1140
butan-1-ol 0.1874 n-heptane 3.18 X 107
butan-2-one 0.0389 n-hexane 642 % 107°
butane-1,4-diol 0.2426 n-nonane 262 %1073
butylamine 0.1045 n-octane 120 x 107
cumene 0.0132 n-pentane 4.05 X 1073
cyclohexane 9.84 X 1077 nonan-1-ol 0.1411
cyclohexanone 0.0535 o-xylene 9.11 X 1073
decan-1-ol 0.0620 octan-1-ol 0.1544
dibutyl ether 0.0530 p-xylene 2.97 x 107°
dimethoxyethane ~ 0.1320 pentan-1-ol 0.1631
dodecan-1-ol 0.0585 pentan-2-one 0.0327
ethanol 0.2345 propan-1-ol 0.1970
ethyl lactate 0.1194 propan-2-ol 0.1119
glycerol 0.4630 propan-2-one 0.0326
heptan-1-ol 0.1482 propylamine 0.1246
heptan-2-one 0.0270 pyridine 0.1544
hexan-1-ol 0.1663 quinoline 0.1576
hexan-2-one 0.0292 sulfolane 514 x 1073
m-cresol 0.0811 toluene 0.0112
m-xylene 8.11 X 107  undecan-1-ol 0.1362
methanol 0.3242 water 0.3333

dielectric constant were considered at 298.15 K and 0.1 MPa, so
the obtained parameters refer to the pure liquid state at these
conditions.

As Table 3 shows, the largest nonrandomness factors were
obtained for particularly polar molecules (such as glycerol and
benzaldehyde), while the smallest were verified for very
nonpolar molecules (such as p-xylene and n-decane), which
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exhibit a higher randomness of spatial orientation due to the lack
of well-defined electrical dipoles. Regarding water, a non-
randomness factor of 0.3333 was obtained, i.e, the optimal
spatial conformation of water in the studied conditions (298.15
Kand 0.1 MPa) could not cancel out 33.33% of what would have
been the molecular dipole moment in its reference state. This
result goes in line with the known polarity of water and is in
surprising agreement with the very common application of a =
0.3 for aqueous mixtures (in which water is the most abundant
component).

For linear 1-alcohols, i.e., CH;(CH,),.,;OH withn=—1-10, a
general decrease of the nonrandomness factor (@) was observed
with decreasing dielectric constant and with growing length of
the alkane chain, as Figure 4 illustrates. This is probably due to
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Figure 4. Influence of the number of carbon atoms (#C) and dielectric
constant (¢) on the nonrandomness factor (a) at 298.15 Kand 0.1 MPa
for linear 1-alcohols, i.e,, CH;(CH,),,;OH with n = —1-10.

the rising nonpolar nature of the alkane chains, which gradually
cancel out the dipole moment caused by the presence of the
characteristic hydroxyl group (—OH) of alcohols. Moreover, no
significant differences were observed between molecules with
odd and even numbers of carbons, thus hinting similar and
rather predictable behavior, except for decan-1-ol and docecan-
1-ol, which presented very low nonrandomness factors. The
appearance of low nonrandomness factors for these two species
was already expected due to their low dipole moments
(illustrated by the low dielectric constants in Figure 4 and
Table S2) which are caused by the complete neutralization of
the dipole moment of the —OH bond. Therefore, linear
alcohols with long alkyl chains become practically nonpolar,
increasing spatial randomness and decreasing the nonrandom-
ness factors.
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Similarly to what was observed for 1-alcohols, for linear
alkanes (CH,;(CH,),CH; with n = 3—8) and 2-ketones
(CH;CO(CH,),CH; with n = 0—4), a general decrease of the
nonrandomness factors was noticed with increasing length of the
alkane chain and decreasing dielectric constant, as Figure §
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Figure 5. Influence of the number of carbon atoms (#C) and dielectric
constant (&) on the nonrandomness factor (@) at 298.15 K and 0.1 MPa
for linear alkanes (CH,;(CH,),CH; with n = 3—8) and 2-ketones
(CH,CO(CH,),CH, with 1 = 0—4).

shows. The dielectric constant of a substance is related to its
ability to accumulate electrical energy, which is favored by the
presence of clear electric dipoles. Therefore, it is possible to
conclude that more significant molecular dipoles cause a more
defined spatial orientation of the molecules (ie., larger
nonrandomness factors), which eases the storage of electrical
energy (i.e., larger dielectric constants).

When comparing some similar aromatics, the same trend was
observed regarding the effect of the dielectric constants, so larger
nonrandomness factors were linked to higher dielectric
constants, as can be seen in Figure 6. Notoriously, benzene
did not attain the lowest nonrandomness factor (i.c., the most
random spatial distribution) despite its well-known equal charge
distribution among the carbon atoms. Substituting aromatic
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Figure 6. Determined nonrandomness factors () at 298.15 K and 0.1
MPa for some similar aromatic species, with respective chemical
structures and dielectric constants at 298.15 K (in parentheses).

hydrogens by alkyl groups allowed for a larger area for the
electronic cloud, probably decreasing the existent dipole
moments, as can be observed for p-xylene, which had both the
lowest dielectric constant and the lowest nonrandomness factor.

Although the proposed methodology showed very logical
trends for the nonrandomness factor (a) with the dielectric
constants and alkyl chain lengths, very low values of this
parameter were obtained for nonpolar molecules such as p-
xylene and n-alkanes, implying immensely large values of the
lattice coordination number (Z). As is well-known, the lattice
coordination number corresponds to the number of nearest
neighbor molecules surrounding a certain particle, for which
high magnitude values do not have any physical meaning.
Nevertheless, it must be noted that the physical relationship
between Z and « is only valid for small, close to spherical and up
to moderately random molecules. The spatial arrangement of
molecules with large atom chains cannot be determined simply
by assessing polarity due to steric effects, and very random
molecules do not get distributed following any intelligible
pattern, so Z does not convey any relevant information in these
cases.

From the observed so far, it is clear that determining a
nonrandomness factor specific to each chemical species is
feasible and that the dielectric constant seems to be a crucial
factor. However, it is still necessary to evaluate the sensitivity of
NRTL and UNIQUAC to this parameter in the correlation of
the ternary liquid—liquid equilibria data.

3.2. LLE Correlation Using the Determined Non-
randomness Factors. To compare the methodology proposed
in this work with the more classical approaches to the NRTL and
UNIQUAC models, the liquid—liquid equilibria (LLE) data of
the 15 ternary systems shown in Table 1 were correlated, and the
obtained deviations, calculated by eq 20, were compared.

The standard deviations obtained for NRTL with a = 0.2 and
a = 0.3, and with calculated nonrandomness factors (pNRTL),
are shown in Figure 7. The obtained interaction energy
parameters (Ag;) and standard deviations (o,) can be seen in
Table S4, in the Supporting Information. As expected, the
obtained standard deviations were very similar for all the

0.035
| [ NRTL with0.=02 [ NRTL witha=03 [ pNRTL |

0.030

0.025

0.020

Standard deviation (o)

0.010

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
System number

Figure 7. Standard deviations for NRTL with @ = 0.2 and a = 0.3 and
with calculated nonrandomness factors (pNRTL) obtained in the
correlation of ternary liquid—liquid equilibria (LLE) data from
literature.
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alternatives, revealing the known lack of sensitivity of NRTL
toward the value of the nonrandomness factor.

Figure 8 illustrates the obtained standard deviations for
UNIQUAC with @ = 0.2 (Z = 10) and with calculated

0.020

UNIQUAC witha.=02
@28 pUNIQUAC

0.016 A
0.012 A

X

0.008 -
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4x10°

3x10° 4

Standard deviation (o)
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Figure 8. Standard deviations for UNIQUAC with a = 0.2 (Z = 10) and
with calculated nonrandomness factors (Z = 2/a) in the correlation of
ternary liquid—liquid equilibria (LLE) data from literature.

nonrandomness factors (Z = 2/a) in the correlation of LLE data
from literature. The interaction energy parameters (AU;) and
standard deviations (6,) can be seen in Table SS in the
Supporting Information.

For most systems, UNIQUAC and pUNIQUAC achieved
similar values of standard deviations, for which the inclusion of a
component-specific nonrandomness factor did not significantly
improve phase equilibria correlation. Nevertheless, pUNI-
QUAC always obtained equal or lower standard deviations
than classical UNIQUAC, particularly to what concerned very
polar (systems 6 and 7) and nonpolar (system 10) ternaries.

Furthermore, it was noticed that the correlation approaches
based on UNIQUAC outperformed the ones of NRTL,
suggesting that the former is more appropriate to the precise
description of this type of systems. However, even though no
problems related to very nonpolar molecules were noticed in the
correlation of the LLE data, it must be referred that the
pUNIQUAC model could present some difficulties when
modeling species with almost null nonrandomness factors (),
which could cause extreme values in its combinatorial term given
the form of eq 15. On the contrary, pNRTL only considers
nonrandomness factors of binary interactions (aij) , which make
this model less prone to low values of this parameter. In fact,
while @ can present very low (close to 0) or high values (close to
1), a; is unlikely to do so given the necessity of immiscibility for
the existence of liquid—liquid equilibria (i.e., if all species present
analogous spatial randomness, then they are probably
completely miscible). Nevertheless, an alternative version of
eq 15 could be used for the description of very nonpolar
mixtures, considering the mean nonrandomness factor of
mixture (eq 12), which is given by eq 21. Yet, this equation is
considered to have a weaker theoretical foundation since the
combinatorial term should account for each species separately.

Mspecies

0.
Z qx; In(;’i]

i=1

Mspecies

A

i=1

G

RT (21)
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From the original theories, it is clear that the binary
interaction parameters (BIPs) of the UNIQUAC and NRTL
models would translate the energy of the binary interactions
between each pair of species. However, even when limiting the
number of parameters and their reasonable dominium, BIPs
cannot be regarded as trustworthy description of the energetic
interactions due to the nonunique feasible combinations of
parameters with similar value of excess Gibbs free energy. In
other words, the mathematical expressions of the excess Gibbs
free energy are not injective functions, and, for that reason, BIPs
should be seen as mathematical parameters with significant
dependence on the optimization algorithm and should not be
given any specific physical meaning.

The inclusion of the nonrandomness factor (@) in NRTL and
of the lattice coordination number (Z) in UNIQUAC is
essential to reduce the number of feasible combinations of BIPs
with equal value of excess Gibbs free energy, but the effect of this
term has been limited by the consideration of an equal value for
all chemical species. Hence, even though similar standard
deviations were obtained for the classical and modified versions
of UNIQUAC and NRTL, pUNIQUAC and pNRTL could
strengthen the physical fundament of the nonrandomness
factors and promote more injective excess Gibbs free energy
functions, making them important assets in moving these
models further away from simple mathematical correlations and
closer to predictive models. Moreover, the parameters calculated
following the proposed methodology are expected to convey a
better characterization of mixtures by allowing prediction of
nonideality and better description of azeotropes, and infer
solubilities.

4. CONCLUSIONS

The application of thermodynamic models such as nonrandom
two-liquid (NRTL) and Universal Quasi Chemical (UNI-
QUAC) in the description of phase equilibria is often hindered
by the inclusion of fixed values for parameters which could have
been calculated based on their well-defined physical meaning,
making the prediction of equilibrium composition in the
absence of copious experimental data very problematic.

The nonrandomness factor («) is a parameter which appears
in both the NRTL and UNIQUAC models. It is related to the
randomness of the spatial orientation of the chemical species
and, consequently, to the randomness of the surrounding local
composition. Theoretically, it goes from 0 (completely random
spatial orientation of the particles) to 1 (completely defined/
dependent spatial orientation), but most applications fix this
parameter between 0.20 and 0.47 due to the lack of reliable
methodologies for its estimation.

In this work, an innovative methodology used computational
chemistry to determine the nonrandomness factors of S0
chemical species at 298.15 K, 0.1 MPa and liquid state. As
expected, larger values of these parameters were obtained for
more polar molecules such as glycerol (a = 0.4630) and water («
= 0.3333), while more nonpolar molecules such as such as p-
xylene and n-decane presented practically null values. Polar
molecules are known for their well-defined electrical dipoles,
which cause a preferential spatial orientation when in solution,
increasing the values of the nonrandomness factors.

Finally, the validity of the determined parameters was tested
by correlating liquid—liquid equilibria (LLE) of 1S ternary
systems, and it was concluded that the proposed methodology
would provide more specific nonrandomness factors, which are
expected to ease the interpretation of phase equilibria by better
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describing azeotropes, hinting nonideality, and allowing to infer
solubility.
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