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A computational method based on molecular dynamics (MD) simulation is developed to predict the interaction parameters
in local composition (LC) models such as Wilson, nonrandom two-liquid (NRTL), and universal quasichemical activity coef-
ficient (UNIQUAC) applicable in vapor-liquid equilibrium calculations so that LC models are validated. The five binary
mixtures of water-acetonitrile, water-isopropanol, methanol-chloroform, acetone-cyclohexane, and meta xylene-benzene
were simulated. The MD simulations are performed using the condensed phase optimized molecular potential for atomistic
simulation studies force field and all ranges of radial distribution function (RDF) are considered. In addition, the interac-
tion parameters are determined by optimization through experimental data and are compared with the MD results. The
interaction parameters are calculated through RDF where the effective radius is investigated by experimental data. The
present results demonstrate that interaction parameters are composition dependent which are best fitted by a third-order
polynomial relation. Based on the deviation in the activity coefficients, the results of the UNIQUAC model are more accu-
rate than Wilson and NRTL models. © 2015 American Institute of Chemical Engineers AIChE J, 62: 275-286, 2016
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Introduction

The concept of local composition (LC) can be traced back
to the quasichemical theory of Guggenheim for a lattice fluid'
that has received much attention during the past few decades.
Although the quasichemical theory is based on a lattice theory
for liquid mixtures, the LC is a semiempirical expression,
which is based on Boltzmann radial distribution, was postu-
lated first time by Wilson to obtain excess Gibbs function and
activity coefficient models.> Then Renon and Prausnitz devel-
oped the Nonrandom two-liquid (NRTL) equation which can
be applied to both vapor-liquid and liquid-liquid equilibrium
calculations.®> Abrams and Prausnitz* introduced the so called
Universal Quasichemical Activity Coefficient (UNIQUAC)
model through a partition function that was further developed
by Maurer and Prausnitz’ based on a local area fraction
expression.

In spite of widely extended application of the activity coef-
ficient models based on the LC concept, there is a matter of
controversy in regard to inconsistency in the Wilson LC
expressions. Flemer analytically remarked that interaction
parameters in LC model generally should be composition
dependent® and McDermott proved that local mole fractions
are not consistent with the bulk composition of the liquid mix-
ture.” Conversely, theoretical foundation of LC has scarcely
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been discussed. Nakanishi and Toukubo® and Nakanishi et al.’
made extensive simulations of Lennard-Jones mixtures to
check validity of LC models so that they concluded the LC
hypothesis presents some shortcomings, and if agreement
exist, it is fortuitous, however, unfortunately, it is difficult to
evaluate the accuracy of their results due to the use of the
incomplete radial distribution data.'® Moreover, they used ¢;;/2
(¢;; being the Lennard-Jones energy parameters) as the expo-
nents in configurational Helmholtz free energy that was an
incorrect choice as discussed by Lee et al.'' The results of
Nakanishi and coworkers®® showed that the product (x;;/x;;) X
(xi/x;) (xj; and x;; stand for LC, x; and x; denote bulk mole frac-
tion) does not vary with bulk composition, but Hoheisel and
Kohler presented that this LC expression for molecules of the
same size is bulk composition dependent that is in a good
agreement with the quasichemical model so that the LC
expression such as Wilson model cannot be used at all."! Lee
et al."* remarked that ¢;; of the Lennard-Jones potential or any
average of wu;;(r;;) (u; and r;; define Lennard-Jones potential
and radius between particle i and j, respectively) should not be
used as a interaction parameter in Wilson LC expression.
Using the molecular parameters, the number of molecules of
type i around the central molecule j (7)) is given as'"?

N4—5H rl:/.
n;j(rij) = IV ! JO

gij (rl:h [pk]7 T? [le]’ [Bk]})4nri2jdrl-j (1)

where g;; is the radial distribution function (RDF) for the i—j
pair, V is the system volume and N; is the total number of mol-
ecules of type 7 in the mixture, and J;; is the Kronecker delta
function. Normally N; is large enough in comparison to 6, so
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that N; — 6;; = N;. Thus, by approximation, the integral in Eq.
1 can be written as
Tij Tij
Jo Amrggis (rip)drij= JO amrge Moy
) @
=J 47rrl.2je7ﬁW"fdr, V,Je Wi

0
vzhere instead of the RDF, an average potential mean force,
W, is applied (V;; defines the volume at cutoff radii 7). Thus,
the Wilson LC expression is proposed as

X V. = _
XigXi _ Vit = p(Wi=Wi) 3)
Xijxj Vi

However, g;; and consequently W;; are composition, density,
and temperature dependent which confirms the work of
Hoheisel and Kohler in its conclusion that the expression of
(xjifx;) X (x;/x;) is composition depe:ndent.6’12

In Eq. 1, local mole number depends on the radii r; but
there is an ambiguity how to decide at which distance (r;; as
the upper limit of the integral) should be set for calculation of
n;j. In LC models, only nearest-neighbor interactions are taken
into account, however, the contributions of the second and
third peaks of g; present considerable contribution to the
energy and virial pressures of a liquid so that this long-range
correction may lead to an improved accuracy by 50%."* Thus,
taking into account only the first molecular neighborhood (first
peak of RDF) will lead to large deviation in the thermody-
namic properties obtained via statistical mechanics. In addi-
tion, r;; should be equal to r;; to keep consistency between 7;;
and nﬁ.lo

In addition to above discussions, presently engineers face
increasingly complex and nonideal pure substances, mixtures,
and operational conditions involving extremes of temperature,
pressure, concentration, ionic strength, and so forth, so that
carrying out such experiments to collect data are time consum-
ing and costly. Moreover, it is cumbersome to get reliable
experimental measurements at such conditions. As a possible
way to address these difficulties, it seems to be valuable to use
molecular simulation through statistical mechanics and related
molecular simulation methodologies such as Monte Carlo'’
and Molecular Dynamics (MD)'® that allows engineer to esti-
mate the physical and chemical macroscopic properties of
materials, inaccessible substance, and compounds at severe
operating conditions. From a chemical engineering point of
view, the main goal of statistical mechanics is to estimate the
macroscopic properties. However, methods such as histogram
reweighting'” and Gibbs ensemble Monte Carlo simulations'®
are ideally suited for phase equilibria calculations, but to the
best of our knowledge, no attempts have been performed for
computation vapor liquid equilibrium and liquid-liquid equi-
librium using MD.

The remarkable thing is that although in concept of LC
models only nearest-neighborhood interactions are taken into
account, but when experimental data are optimized to obtain
the interaction parameters, effect of all molecular shells are
seen in the interaction parameters. Thus, it may be concluded
that the interaction parameters are a function of radius. How-
ever, we are not aware exactly what all the limitations are. In
this work, we will present and discuss some preliminary
results through our computer experiments (MD) for the several
binary mixtures which present simple to complex behavior
with reliable phase equilibria data that are validated through
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Figure 1. MD simulated and experimental density
(kg/m®) at 298.15 K for the water-acetonitrile
system.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

thermodynamic consistency tests. Accordingly, these binary
mixtures are selected as water-acetonitrile (W-A), water-
isopropanol (W-Iso.), methanol-chloroform (M-CH.), acetone-
cyclohexane (A-Cyc.), and meta xylene-benzene (mX-B).
Except meta xylene-benzene binary, all of these binary sys-
tems are associated systems with a minimum temperature
azeotrope point that show a variety of polar-nonpolar systems
which are difficult cases in vapor liquid equilibrium calcula-
tions. In this work, the validity of LC models, radial and com-
position dependence of interaction parameters in Wilson,
NRTL, and UNIQUAC models are investigated. Finally, MD
results in connection with these three LC models are used to
computation of vapor-liquid equilibrium so that the results are
compared with the experimental vapor liquid equilibrium data.

MD Simulations
Methods

In this work, MD simulations are used to compute the RDF
between the different compounds with various polarities. The
simulations are performed using ab initio COMPASS (Con-
densed phase Optimized Molecular Potential for Atomistic
Simulation Studies) force field." In this force field, the total
potential energy Epot is defined as the sum of intramolecular
and intermolecular interactions and expressed as

pot (Eb+E9+E +EZ+Ecross)+(EC0u+EvdW)

= [ka(b=b.)’ +ks(b—b.)* +ks(b—b.)"]
b

+ o (0—0.)% +k3(0—0.) +ky(0—0.)"]
0

+Z ki(1—cos ¢p)+ka(1—cos2¢)+kz(1—cos3¢)]

+Zk2,( +> k(b=b.)(b

bt

'—=b)+> k(b=b.)(0-0.)
b,0
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Figure 2. RDF (g;) at the different water mole fraction: (a) water-acetonitrile, (b) acetonitrile- acetonitrile, (c) aceto-
nitrile -water, and (d) water-water, and local density function (number of molecules per cubic angstrom):
(e) water-acetonitrile, (f) acetonitrile-acetonitrile, (g) acetonitrile-water, and (h) water-water.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where Ej, = bond stretching energy, £y = valance angle bending
energy, Eq = dihedral torsion energy, E, = out-of-plane energy,
E0ss = Cross-term interaction energy, Ec,, = Coulombic inter-
action energy, and E,qw = van der Waals interaction energy. The
first five terms are used for calculation of the short-range bonded
interactions, whereas the last two terms represent the intermolec-
ular and intramolecular nonbonded interactions, respectively.
The electrostatic or Columbic interaction are due to the charged
atoms (i,j) which can be attractive or repulsive forces whereas
Lenard-Jones (LJ) potential function (LJ 9-6) defines the van der
Waals interactions such as dispersion and London forces.

DOI 10.1002/aic 271


http://wileyonlinelibrary.com

1000 : - 400 . :
-0 a) water-acetonitrile —_— 01 b) acetonitrile-acetonitrile
< <
= 800 <
s 5 300
2 £
E 600 ]
c c 200
£ 400 2
g £
o k<]
o =51
g 200 g
3 o
0 0
0 0 5 10 15 20
r (Angstrom) r (Angstrom)
400 — 1000
I ¢) acetonitrile-water d) water-water
< = 800
5 300 T
8 2
E £ 600
e po |
c 200 =
S =
2 2 400
£ 2
B 100 °
8 S 200
o
O (&}
0 e 0
0 5 10 15 20 0 5 10 15 20
r (Angstrom) r (Angstrom)

Figure 3. Coordination number n: (a) water-acetonitrile, (b) acetonitrile-acetonitrile, (c) acetonitrile-water, and (d)
water-water as a function of radius at the different water mole fraction.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

MD procedure for the water + acetonitrile mixture that first, the stable molecular configuration of water and ace-
The molecular structure of water and acetonitrile were Fomtrlle are .spec1ﬁed by minimization of energy although con-
obtained from the Cambridge Structural Database. The ab ini- jugate gradient method. The binary of water + acetonitrile

tio COPMASS force field was used for MD simulations so with different mole fraction (0.1-0.9, 0.3-0.7, 0.5-0.5,
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Figure 4. The interaction parameters in terms of radius at the different composition for the water-acetonitrile sys-
tem (a) Wilson, (b) NRTL, and (c) UNIQUAC.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 1. MD Simulation and Experimental Data Optimization Results Using Effective Radius, Interaction Parameters, and
Deviation in Activity Coefficients

Wilson (MD Results)

Water-Acetonitrile

Water-Isopropanol?’

Water Mole Fraction Effective Radius (%) 1 7;  Deviation Water Mole Fraction Effective Radius (+*) 1 7;  Deviation
0.100 3.400 0.613 0.061 0.660 0.100 19.000 0.801 0.096 0.138
0.300 3.400 0.485 0.121 0.877 0.300 20.000 0.633 0.143 0.021
0.500 3.400 0.380 0.166 1.275 0.500 20.000 0.508 0.194 0.033
0.700 3.600 0.344  0.266 1.812 0.700 23.000 0411 0.268 0.132
0.800 3.800 0.342 0.371 2.218 0.900 25.000 0.274 0.429 0.428
0.900 3.800 0.255 0.462 2.737

0.950 4.200 0.243  0.637 3.110

Wilson (Experimental Data Optimization)
0.020-0.976 - 0.566 0.057 0.627 0.090-0.976 - 2.390 0.200 0.050
NRTL* (MD Results)
Water-Acetonitrile Water-Isopropanol

Methanol Mole Fraction Effective Radius (%)  ;; 7; Deviation Acetone Mole Fraction Effective Radius () 1 Tji Deviation
0.100 9.800 0.080 1.593 3.237 0.100 9.800 0.068 1.766 0.905
0.300 8.600 0.263 1.476  2.983 0.300 11.800 0.221 1.590 0.755
0.500 8.400 0.519 1.336  2.663 0.500 11.600 0.421 1.363 0.588
0.700 7.800 0.899 1.100 2.162 0.700 12.000 0.688 1.102 0.407
0.800 7.000 1.200 0.920 1.746 0.900 11.400 1.265 0.650 0.136
0.900 6.000 1.767 0.690 1.054

0.950 6.000 2.321 0.488  0.568

NRTL (Experimental Data Optimization)
0.020-0.976 - 2.720 0.205 0.367 0.090-0.976 - 1.177 —1.158  0.044
UNIQUAC (MD Results)
Water-Acetonitrile Water-Isopropanol

Methanol Mole Fraction Effective Radius (%) 1 7;  Deviation Acetone Mole Fraction Effective Radius (*) 1 7;  Deviation
0.100 6.600 1.122 0.271 1.322 0.100 7.000 1.677 0.194  0.217
0.300 5.600 0.995 0.317  1.047 0.300 8.600 1.556 0.234  0.130
0.500 5.400 0.870 0.367  0.787 0.500 9.000 1.439 0.284  0.068
0.700 5.200 0.736 0.438  0.530 0.700 10.000 1.309 0.341  0.025
0.800 5.000 0.667 0.493 0412 0.900 10.600 1.136 0.439  0.007
0.900 4.800 0.555 0.569  0.292

0.950 5.200 0.493 0.658  0.231

UNIQUAC (Experimental Data Optimization)
0.020-0.976 - 0.562 0.636 0.214 0.090-0.976 - 1.134 0.466  0.006

*Nonrandomness factor in NRTL model were set as 0.3.

0.7-0.3, 0.8-0.2, 0.9-0.1, and 0.95-0.05) were simulated. The
MD studies showed that a number 200 molecules is sufficient
to simulate a binary mixture, however, 400 molecules are
fixed in the present MD simulations. Thus, an amorphous cell
with 400 molecules of water + acetonitrile with the different
mole fractions were generated at 298.15 K so that the dimen-
sion of the cell varies against mole fraction. The energies of
the amorphous cell were minimized by the steepest decent and
Fletcher—Reeves conjugate gradient procedure to remove
unfavorable overlaps to attain the lowest energy state. The
energy minimized cell was utilized as an initial state for the
equilibrium stage in which at this stage NVT (200 ps) to NPT
(2000 ps) ensembles are followed so that this procedure was
used to avoid entrapment of the simulated system in a metasta-
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ble state of local high energy minima. In this work, the MD
package of Material Studio V.6 is used. In both NVT and NPT
ensembles, time step and the cutoff values were set at 1 fs
(femtosecond) and 18.5 angstrom, respectively. The decay
constant of thermostat and time constant of barostat ensembles
were set at 0.1 and 1 ps (picosecond), respectively. Ewald and
atom-based summation methods used for computation of elec-
trostatic and van der Waals forces, respectively. Moreover, the
Berendsen and Anderson algorithm were used to achieve the
temperature and pressure of the system, respectively. It should
be noted that long-range correction to the energy or pressure
was not considered during the MD calculations. In this simula-
tion, the density and total energy was used as criteria to check
the stability and equilibrium of the unit cell.
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Table 2. MD Simulation and Experimental Data Optimization Results for Effective Radius, Interaction Parameters, and Devia-
tion in Activity Coefficients

Wilson (MD Results)

Methanol-Chloroform®®

Acetone-Cyclohexane?

Methanol Mole Fraction Effective Radius (¥) 1 7j; Deviation Acetone Mole Fraction Effective Radius (%) 1 7;  Deviation
0.100 43.000 0.874 0.282  2.407 0.100 4.600 0.603 0.1113  2.286
0.300 36.000 0.698 0.338  1.989 0.300 4.000 0.378 0.1706  0.876
0.500 30.000 0.614 0.407 1.720 0.500 4.000 0.304 0.2527 0.294
0.700 26.000 0.488 0.452 1376 0.700 4.000 0.226 0.3434  0.294
0.900 25.000 0.319 0.594 0.767 0.900 4.600 0.162 0.557 0.405
Wilson (Experimental Data Optimization)
0.008-0.964 - 0.131 0.894  0.169 0.016-0.963 - 0.215 0.3434  0.020
NRTL* (MD Results)
Methanol-Chloroform Acetone-Cyclohexane
Methanol Mole Fraction Effective Radius (r*) Tjj 7 Deviation Acetone Mole Fraction Effective Radius (%) t; 7;;  Deviation
0.100 64.000 0.126 1.658 0.430 0.100 9.400 0.217 1.992  0.4267
0.300 61.000 0.328 1.286 0.733 0.300 7.000 0.555 1.679  0.089
0.500 52.000 0.503 0.990 1.014 0.500 6.800 0.898 1.332  0.069
0.700 49.000 0.700 0.660 1.355 0.700 6.400 1.365 1.008  0.464
0.900 45.000 1.020 0.300 1.803 0.900 7.600 1.821 0.373 1.731
NRTL (Experimental Data Optimization)
0.008-0.964 - —0.266 2.327 0.120 0.016-0.963 - 0.771 1.4929 0.031
UNIQUAC (MD Results)
Methanol-Chloroform Acetone-Cyclohexane
Methanol Mole Fraction Effective Radius (*) 1 7;;  Deviation Acetone Mole Fraction Effective Radius (%)  ;; 7;;  Deviation
0.100 8.400 1.455 0.159 0.218 0.100 8.400 1.267 0.3389  0.030
0.300 8.000 1.258 0.233  0.640 0.300 6.600 1.146 04035 0.115
0.500 7.200 1.145 0307 1.041 0.500 6.600 1.041 0.4688 0.304
0.700 7.000 1.039 0.386 1.422 0.700 6.400 0.950 0.5471  0.605
0.900 7.000 0919 0.495 1.859 0.900 7.600 0.803 0.6445  1.064
UNIQUAC (Experimental Data Optimization)
0.008-0.964 - 1.562 0.125  0.132 0.016-0.963 - 1.126 0.358 0.037

*Nonrandomness factor in NRTL model were set as 0.3.

Radial distribution and local density functions

As presented in Figure 1, the simulated density values are in
good agreement with the experimental data given in litera-
ture.’*?! In the MD production stage, the unit cell was sub-
jected to the NVT ensemble for 2000 ps to generate data for
calculation of the RDF. The Nosé-Hoover dynamics was
applied to control the temperature because it produces true
canonical ensembles in both coordinate and momentum
spaces.”*** The center-of-mass of the molecules was deter-
mined for the water and acetonitrile so that the RDF was
defined by center to center (center-of-mass) as™

2(ry) :P72<Z > 6(ri)8(r—r) >

i

) 1% Z Z S(r—ry)= p(ri)

T A Poulk

(&)

where g(r;) gives the probability that a molecule of type i will
be found surrounding a molecule of type j at a radial distance
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rij» so that the local location of a molecule can be determined
by RDF. As noted previously, in Eq. 1, the coordination num-
ber is written in terms of g(r;;). For mixture of water (W) and
acetonitrile (A), the coordination numbers are defined as

nwa = n—WJ dnrgwa(r)dr;  nan= n—Aj dnr?gan (r)dr
Vo Vo
(6)

T

naw = anJ Anrigaw(r)dr;  nww= n*AJ 4rr’ gww (r)dr
Vv 0 4 0
(N

Figure 2 presents a plot of the RDF, g;;(r), and local density
function, p;(r), for water-acetonitrile, acetonitrile- acetonitrile,
and water-water at the different water mole fractions. At high
value of radius, RDF and local density functions approach to
unity and bulk density, respectively, as shown in Figure 2 and
supporting information. As it can be seen by this Figure, the
RDF is changing against the mole fraction and radius so that

January 2016 Vol. 62, No. 1 AIChE Journal



Table 3. MD Simulation and Experimental Data Optimization Results for Effective Radius, Interaction Parameters, and Devia-
tion in Activity Coefficients

Wilson (MD Results)

Meta Xylene Mole Fraction Effective Radius (7*) Tjj Tji Deviation
Meta Xylene-Benzene™
0.100 26.800 1.004 1.027 0.068
0.300 28.600 1.004 1.007 0.073
0.500 28.400 1.006 1.005 0.073
0.700 29.800 1.009 1.003 0.073
0.900 31.000 1.031 1.003 0.068
Wilson (Experimental Data Optimization)
0.071-0.956 - 2.390 0.200 0.050
NRTL* (MD Results)
Meta Xylene Mole Fraction Effective Radius (r*) T Tj; Deviation
Meta Xylene-Benzene
0.100 20.800 —0.006 —0.039 0.066
0.300 28.600 —0.014 —0.024 0.067
0.500 28.600 —0.021 —0.016 0.067
0.700 29.600 —0.031 —0.010 0.067
0.900 24.800 —0.043 —0.004 0.066
NRTL (Experimental Data Optimization)
0.071-0.956 - 1.177 —1.158 0.044
UNIQUAC (MD Results)
Water Mole Fraction Effective Radius (7*) Tjj Tji Deviation
Meta Xylene-Benzene
0.100 14.800 0.672 1.386 0.056
0.300 11.400 0.659 1.403 0.055
0.500 12.200 0.647 1.423 0.055
0.700 12.000 0.632 1.440 0.054
0.900 14.600 0.620 1.462 0.052
UNIQUAC (Experimental Data Optimization)
0.071-0.956 - 0.382 1.212 0.037

the high peak value of RDF or local density function represents
the amount of local mole fraction deviation from bulk mole
fraction. By increasing mole fraction of water, the contributions
of the second and third peaks decrease so that only the first
peak is dominated. The coordination number in terms of radius
and water mole fraction is presented in Figure 3. As it is
observed with increasing water mole fraction, the water mole-
cules surrounding water and acetonitrile molecules enhance.
Conversely, the LC in terms of the RDF are written as

nj _n; Iy 42y (i) dr

_ )]
i 1 [0 drieg () dry
so that Eq. 8 is approximated by Wilson as’
i _ i nzzﬁfiff§§iﬁfilffi )
xi x0T g2 0 (N s
i X Jo! 4r 78 (r7)dr
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Equation 9 is used as a LC expression with the different
forms of the interaction energies for the three known LC activ-
ity coefficients models of Wilson, NRTL, and UNIQUAC. It
has been shown that all these LC models can be more rigor-
ously derived from the two-fluid theory. If we compare Eq. 9
with Wilson, NRTL, and UNIQUAC LC models, the interac-
tion parameters can be written in terms of RDF as®>

1 q;
o InQy;  (ty) UNIQUAC (*j) Q;
ij qi

(10)

(Tii )Wilson =Qj; (Tii ) NRTL

where o is the nonrandomness in NRTL LC model and “g”
presents the volume structural parameter of a given molecule.
Thus, using Eq. 10, the interaction energy parameters of Wil-
son, NRTL, and UNIQUAC models can be calculated through
RDF which is obtained by MD simulation. To obtain the inter-
action parameters of a LC model, it is common to calculate
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these parameters through optimization of experimental data so
that all discrepancy of the model parameters is related to the
quality of the experimental data; however, using MD simula-
tion data, one incorporates the long distance interaction effects
through RDF. For this reason, the interaction parameters are
calculated beyond the nearest-neighborhood interactions so
that this issue is a matter of controversy.12 In the other words,
the LC interaction parameters are dependent on the concentra-
tion, temperature, and radius through RDF.

Results and Discussion

Following the simulation of the water-acetonitrile system at
the different water mole fraction and 298.15, the RDFs are
extracted and the interaction parameters in terms of water
mole fraction and radius for the three LC models are obtained.
It is suitable to calculate the interaction parameters with the
first and second shells of RDF, however, this does not give
good results because the limits of the integral in the numerator

Table 4. The Coefficients of the Interaction Parameters in Third-Order Polynomial Relation for Wilson, NRTL, and

UNIQUAC
7% 7"
A B C D A B C D
System Wilson
W(1)-A2) —1.089 1.923 —1.324 0.735 1.947 —2.167 0.959 —0.018
W(l)-Iso. (2) —0.864 1.457 —1.330 0.921 0.859 —0.836 0.471 0.056
M(1)-CH. (2) —1.416 2.076 —1.480 1.001 0.884 —1.064 0.650 0.224
A(1)-Cyc. (2) —1.410 2.680 —1.948 0.770 1.043 —0.998 0.606 0.058
mX(1)-B(2) 0.170 —0.179 0.078 0.999 —0.169 0.323 —0.200 1.044
System NRTL
W(1)-A2) 7.671 —8.428 3.687 —0.231 —2.222 2.011 —1.154 1.693
W(1)-Iso. (2) 2.751 —2.495 1.488 —0.062 —1.501 —1.202 —1.230 1.881
M(1)-CH. (2) 1.559 —1.877 1.576 —0.016 —1.113 1.653 —2.337 1.874
A(1)-Cyc. (2) —0.090 0.784 1.304 0.082 —2.878 3.210 —2.615 2.230
mX(1)-B(2) —0.035 0.036 —0.051 —0.001 0.087 —0.166 0.132 —0.051
System UNIQUAC
W(1)-AQ2) —0.747 0.897 —0.928 1.207 1.052 —1.164 0.605 0.219
W(1)-Iso. (2) —0.487 0.519 —0.752 1.747 0.319 —0.256 0.273 0.169
M(1)-CH. (2) —1.006 1.799 —1.551 1.592 0.314 —0.336 0.470 0.115
A(1)-Cyc. (2) —0.752 1.060 —0.956 1.354 0.192 —0.147 0.355 0.305
mX(1)-B(2) 0.026 —0.040 —0.048 0.677 0.032 —0.035 0.101 1.376
T;i*=A X ¥+ B X ¥’ +C X x'+ D, x=mole fraction of component 1 in a binary system.
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Figure 6.

The vapor liquid equilibrium diagrams of the vapor mole fraction and activity coefficient vs. liquid mole

fraction for the methanol-chloroform, water-isopropanol, water-acetonitrile systems; ¢ (experiment), ——

(optimization), —— (MD simulation).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and denominator of the Q function are different. Moreover, r;;
were set equal to r;; to keep consistency between the nj,-.l

Thus, one can conclude that there exists an effective radius
which gives the optimized results. Based on the RDF of the
water-acetonitrile system, the interaction parameters for the
three LC models are presented in Figure 4. The MD simulation

AIChE Journal January 2016 Vol. 62, No. 1

Published on behalf of the AIChE

shows that in the higher radius, the Wilson interaction parame-
ters should approach one so that this result can be inference
from Eq. 9, because at higher radius, g; and g;; approach one
so that the parameters of 7;; and 7; become one. At higher
radius for NRTL model, these parameters approach zero value
and in the case of UNIQUAC model, upper limit of 7;; and tj;

DOI 10.1002/aic 283


http://wileyonlinelibrary.com

acetone-cyclohexane (NRTL and UNIQUAC model results)

NRTL UNIQUAC

1 ™ 1 1 = 1
o [0} o @
@ 05 £ 05 @ 0.5 5 05
Q - Q =
@ (8] O (5]
= g T 3

0 -~ 0 0 . S0 i

0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1

X (acetone) X (acetone) X (acetone) X (acetone)

—_
o

Gamma (acetone)
(3
Gamma (cyclohexane)
ek

—_

10,

o
o

0.5

x (acetone)

0 0.5 1

x (acetone)

—_
(]

Gamma (acetone)
[$))
Gamma (cyclohexane)
(3]

10

o

0 0.5 1

x (acetone)

0 0.5 1

X (acetone)

meta xylene-benzene (Wilson and NRTL model results)

Wilson
1

0.5

o

y (m-xylene)
o
w -
y (Benzene)

o

0.5
X (m-xylene)

=3
o

0.5 1
x (mrxylene)

-
($)]

Gamma (m-xylene)
\5
tl

Gamma (Benzene)
=N

—_
o

"""-&Q

0.5 1
X (mexylene)

o
[&)]
o

0.5
X (m-xylene)

NRTL

1 ‘ 1
=z 0.5 2 05
£ 3
= =

0 . 0

0 0.5 1 0 0.5 1

X (m-xylene) X (m-xylene)

Gamma (m-xylene)
Gamma (Benzene)

0 0.5
X (m-xylene)

-
o

0.5 1
X (m-xylene)

Figure 7. The vapor liquid equilibrium diagrams of the vapor mole fraction and activity coefficient vs. liquid mole
fraction for the acetone-cyclohexane and meta xylene-benzene systems; ¢ (experiment), —— (optimiza-

tion), —— (MD simulation).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

approach to ¢;/q; and ¢;/q;, respectively. Thus, at each radius, a
value for an interaction parameter can be calculated so that
a lot of specific interaction parameters are obtained that can be
a drawback. To solve this shortcoming, by an inspection, an
optimum radius should be specified to reduce the deviation
between the calculated and experiment. Finally, the results of
MD simulation are compared through the following deviation
relation for the activity coefficients of the water-acetonitrile
system.

2 (= \
Deviation(r)=z </calc(1)4() /exp(z)) (11)
i=1

'yexp(i).

where the subscripts “calc” and “exp” stand for the calculated
and experiment, respectively. The experimental data for this
system26 is checked by Herington and Van Ness test which is
used as vapor liquid equilibrium consistency criteria. At the
effective radius (7*), the effective interaction parameters are
calculated at each mole fraction. The simulation results show
that the interaction parameters should be composition depend-
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ent, while in LC concept is considered independent of compo-
sition. Thus, the present results are remarkable so that the
composition dependency of the interaction parameters had
been previously discussed by Flemr and McDermott.®’ For
the three LC models, the effective radius, deviation in activity
coefficient, and the effective interaction parameters against
mole fraction are presented for the water-acetonitrile, water-
isopropanol, methanol-chloroform, acetone-cyclohexane, and
meta xylene-benzene systems as shown in Tables 1-3. Also,
the interaction parameters are calculated by optimization of
the experimental data as presented in these tables. As one can
see the interaction parameters from MD simulations are in
good agreement with those are obtained from optimization of
the experimental data. For example, in Wilson model using
MD, for water-acetonitrile system 71, and 7,; are 0.613 and
0.061, respectively, that are nearly close to the values of 0.566
and 0.057 obtained by experimental data optimization in water
mole fraction of 0.1. Moreover, using MD, the interaction
parameters of UNIQUAC model are 0.493 and 0.658 for
water-acetonitrile at water mole fraction 0.95 that these values
are 0.562 and 0.636 using the experimental data. However,
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Table 5. Average Interaction Parameters of Wilson, NRTL, and UNIQUAC and Deviation in Activity Coefficient from MD

Simulation
Wilson NRTL UNIQUAC
Mixture Ti2 Toy Deviation Ti2 To Deviation Tip Ty Deviation
W-A 0.419 0.223 0.404 0.703 1.239 1.844 0.856 0.394 0.761
W-Iso. 0.546 0.205 0.049 0.457 1.357 0.544 1.450 0.285 0.074
M-CH. 0.588 0.420 1.646 0.551 0.954 1.101 1.152 0.322 1.106
A-Cyc. 0.324 0.293 0.471 0.994 1.235 0.108 1.033 0.485 0.400
mX-B 1.010 1.203 0.184 —0.022 —0.019 0.067 0.647 1.421 0.055

Aij = exp(—(&; — 6jj)/RT)’ (Tij)NRTL = (7(gij -

there is a deviation between the values of the NRTL model
parameters using MD simulation and the experimental data for
the water-acetonitrile system as shown in Table 1. Commonly,
the binary interaction parameters are obtained using optimiza-
tion of the experimental data so that this optimization often
gives multiple solutions through the different initializations
that finally the results are close to the experimental data,®'
however, physically, only one set of the interaction parameters
values presents the correct answer that is obtained by statisti-
cal mechanics. As one can see using MD, the calculated inter-
action parameters for the Wilson and UNIQUAC LC models
are more consistent with those obtained from experimental
data. However, for NRTL model in the case of water-
isopropanol, 7,; is —1.158 from experimental data optimiza-
tion. Whereas the MD results for this parameter gives positive
values of 1.766, 1.590, 1.363, 1.102, and 0.650 in all mole
fraction. In the case of methanol-chloroform, 7, is —0.266
while MD for this parameter gives the values of 0.126, 0.328,
0.503, 0.700, and 1.020 in all mole fractions. Moreover, for
the meta xylene-benzene system, both the calculated 7,, and
751 using MD results are negative at all mole fractions, while
the value of 7, using optimization of experimental data is pos-
itive for NRTL model as shown in Table 3. Figure 5 shows the
deviation in predicted and experimental activity coefficient
against radius at the different composition for the water-
acetonitrile system using the three activity coefficient models.
In overall, the UNIQUAC results are better than NRTL model
and NRTL model is better than the Wilson model. The interac-
tion parameters for the five binary mixtures were best fitted to
a third-order polynomial relation as shown in Table 4.

Vapor liquid equilibrium calculation

For vapor liquid equilibrium calculations, we can use com-
position dependent correlations for the interaction parameters,
but for practical use, the average values of the interaction
parameters are calculated as

_ Lx((f? Tj(x)dx
/A (12)
J;,(l) dx

Thus, these average values of interaction parameters of the
Wilson, NRTL, and UNIQUAC LC models are used to calcu-
late the activity coefficient for these five systems so that their
values and deviation with experiment are presented in Table 5.
Also the phase equilibrium diagrams for these five binary mix-
tures are shown in Figures 6 and 7. In vapor liquid equilibrium
calculations, the gamma-phi approach is used so that the
fugacity of liquid phase is calculated through an activity coef-
ficient model and the vapor fugacity is computed using an
equation of sate. However, for the case studies in this work,
the vapor phase is assumed to be ideal gas and the fugacity
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coefficient is set to unity. The activity coefficients are calcu-
lated through the three activity coefficient models using the
interaction parameters obtained by MD as explained above.
The total pressure and the vapor compositions are obtained
using the bubble pressure calculation algorithm. Finally, from
the present results, one may conclude that the MD simulation
approach is a strong tool for phase equilibrium calculation in
the applied thermodynamics.

Conclusions

By means of full atomistic MD simulations, we have simu-
lated successfully the five binary mixtures (water-acetonitrile,
water-isopropanol, methanol-chloroform, acetone-cyclohexane,
and meta xylene-benzene). This study illustrates that MD simu-
lation method can be used as an effective tool to examine valid-
ity of the LC models so that the interaction parameters of the
LC models can be obtained by RDF. Although the concept of
LC considers only nearest-neighborhood molecules, but the
results showed that the second and third peaks of RDF present a
considerable contribution in the interaction parameters.

This study demonstrated that the interaction parameter
should be composition dependent that have been already
shown by Flemr® so that for all the five binary mixtures, com-
position dependent of interaction parameters were best fitted
to a third-order polynomial equation. Through the optimiza-
tion of experimental data, the multiple solutions were obtained
for the interaction parameters, however, one solution is existed
physically, which can be validated by statistical mechanics
through computer experiment using MD. The present MD
results were more consistence with Wilson and UNIQUAC
models. In NRTL model, their interaction parameters were
obtained using the experimental data optimization so that the
MD simulation were not consistence for the methanol-
chloroform, meta xylene-benzene, and water-isopropanol sys-
tems while the vapor liquid equilibrium calculation results in
both cases were in good agreement with the experiment.
Moreover, using MD, the proposed method presented potential
application in vapor liquid equilibrium calculations that were
verified for the five binary mixtures. Finally, application of
this method for computation of liquid-liquid and solid-liquid
equilibriums is promising results in the future.
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