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ABSTRACT
Interfacial properties of binary azeotropic mixtures of Lennard-Jones truncated and shifted fluids were studied by molecular dynamics (MD)
simulation and density gradient theory (DGT) in combination with an equation of state. Three binary mixtures were investigated, which
differ in the energetic cross interaction parameter that yields different types of azeotropic behavior. This study covers a wide temperature and
composition range. Mixture A exhibits a heteroazeotrope at low temperatures, which changes to a low-boiling azeotrope at high temperatures,
mixture B exhibits a low-boiling azeotrope, and mixture C exhibits a high-boiling azeotrope. The phase behavior and fluid interfacial prop-
erties as well as their relation were studied. Vapor–liquid, liquid–liquid, and vapor–liquid–liquid equilibria and interfaces were considered.
Density profiles, the surface tension, the interfacial thickness, as well as the relative adsorption and enrichment of the components at the
interface were studied. The results obtained from the two independent methods (MD and DGT) are overall in good agreement. The results
provide insights into the relation of the phase behavior, particularly the azeotropic behavior, of simple fluid mixtures and the corresponding
interfacial properties. Strong enrichment was found for the mixture with a heteroazeotrope in the vicinity of the three-phase equilibrium,
which is related to a wetting transition.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0100728

I. INTRODUCTION

Phase equilibria and interfacial properties of fluids play an
important role in many industrial processes and nature. This
includes environmental science, process engineering, and energy
technology. While data from laboratory experiments are readily
available for phase equilibria for a large number of pure substances
and mixtures, experimental data for interfacial properties are scarce.
Since the thickness of both vapor–liquid and liquid–liquid inter-
faces lies on the nanoscale, it is practically impossible to study
density and pressure profiles across fluid interfaces in laboratory
experiments. Such nanoscopic properties can, however, be deter-
mined by computational methods based on molecular thermo-
dynamics, e.g., molecular simulation and density gradient theory
(DGT).

Interesting phenomena can be observed at fluid interfaces
of mixtures: individual component density profiles can exhibit a

maximum in the interfacial region between the two bulk phases.
This phenomenon is frequently observed for vapor–liquid inter-
faces.1 This maximum can reach values several times higher than
the corresponding bulk phase values. This phenomenon is called
enrichment.1 In particular, the enrichment at fluid interfaces is sus-
pected to inhibit the mass transfer through interfaces.2–6 It was
found that wide-boiling phase behavior favors the enrichment, e.g.,
binary mixtures with a supercritical component. Ideal mixtures,
on the contrary, usually show no enrichment. An enrichment is
usually only observed for the low-boiling component.1 Mixtures
with azeotropic phase behavior are interesting regarding the enrich-
ment behavior since components may change their roles of being
high-boiling and low-boiling components at the azeotropic point.
The enrichment was found to be strongly temperature depen-
dent: it decreases with increasing temperature.1,7 In addition, a
direct relation between the enrichment and the wetting behav-
ior at vapor–liquid–liquid equilibria has been elucidated.6–8 Fluid
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interfacial properties of azeotropic and heteroazeotropic systems
have been studied only a few times using methods from molecular
thermodynamics.6,9–13 In particular, no comprehensive evaluation
of the enrichment behavior in azeotropic systems is yet available.

Azeotropes are points in the phase diagram, where the compo-
sition of vapor and liquid phases in equilibrium is equal. Azeotropic
behavior is practically highly relevant and of prime importance for
distillation processes. Azeotropes usually form when two compo-
nents have similar vapor pressure curves and the cross interactions
differ from the pure component interactions. Attractive cross inter-
actions between two components of a binary mixture result in
a high-boiling azeotrope, i.e., the azeotrope has a higher boiling
temperature than either of the pure components; in contrast,
weak attractive cross interactions between two components result
in a low-boiling azeotrope, i.e., the azeotrope has a lower boiling
temperature than either of the pure components. Low-boiling
azeotropic behavior occurs far more often than high-boiling
azeotropic behavior.14,15 For very weak attractive cross interactions,
liquid–liquid demixing may occur in conjunction with an azeotrope
leading to a heteroazeotrope (which is always low-boiling). Under
heteroazeotropic conditions, a three-phase vapor–liquid–liquid
equilibrium (VLLE) occurs. For both high-boiling and low-boiling
azeotropic behavior, the locus of azeotropic points constitutes the
so-called azeotropic line—usually considered in the pTx space.
The thermodynamic properties—especially the composition—of the
interphase at azeotropic conditions have not yet been systematically
studied. For a binary mixture, the azeotropic line separates two
vapor–liquid equilibrium composition regions: one region spanning
from the first pure component to the azeotropic line and the sec-
ond region spanning from the azeotropic line to the second pure
component. Moreover, azeotropic mixtures are known for a long
time to exhibit an interesting behavior of the surface tension:16

the surface tension isotherms of low-boiling/high-boiling azeotropic
binary mixtures usually exhibit a minimum/maximum, respectively,
as a function of the composition, which is directly linked to the
composition of the interphase via the Gibbs adsorption equation.
This surface tension extremum phenomenon is usually referred to as
“aneotropy.”6,17 Yet, the nanoscopic structure of this phenomenon is
not yet fully understood.

The azeotropic point of a mixture is at times referred to as a
“pseudo-pure component”13,15,18 due to the fact that, in addition
to the phase equilibrium conditions (equal pressure, temperature,
and chemical potential), also the composition of the two phases is
equal. Hence, a high-boiling azeotropic point can be considered as a
high-boiling pseudo-pure component in the two phase equilibrium
regions and a low-boiling azeotropic point as a low-boiling pseudo-
pure component. No systematic investigation has yet been carried
out on the nanoscopic interfacial properties at state points on the
azeotropic line.

Yet, interfacial properties of azeotropic mixtures have been
studied by computational methods in the literature at times:6,9–11,13

Fouad and Vega9 used DGT to study mixtures of refriger-
ants exhibiting low-boiling azeotropic behavior focusing on the
aneotropy. Telo da Gama and Evans6 studied the phase equi-
libria and interfacial properties upon the transition from homo-
geneous azeotropic behavior to heteroazeotropic behavior of
a Lennard-Jones mixture using DGT. Schäfer et al.10 studied
vapor–liquid interfacial properties and the phase equilibria of binary

dimethylformamide + n-alkane mixtures, which exhibit low-boiling
azeotropic behavior at moderate and high temperatures and
heteroazeotropic behavior at low temperatures. Schäfer et al.10

found that, depending on the location in the phase diagram,
either dimethylformamide or the alkane component may exhibit
an enrichment at the interface. González-Barramuño et al.13

recently studied various azeotropic mixtures using both molecular
dynamics (MD) simulations and DGT and found an aneotropic
behavior with a surface tension minimum for all considered mix-
tures. Moreover, they have discussed the applicability of a “pseudo-
pure component” concept for describing azeotropic conditions.13

We have recently carried out a systematic study on the vapor–liquid
interfacial properties of binary Lennard-Jones mixtures using both
MD simulations and DGT.11 The studied systems included one
system with a low-boiling azeotrope and one system with a high-
boiling azeotrope. Yet, the systems were only studied at a single
temperature. Under these conditions, a significant enrichment of
the low-boiling component was found for the mixture with a
low-boiling azeotrope.

In this work, we have carried out MD simulations and DGT
calculations in combination with an equation of state (EOS) to study
planar vapor–liquid, liquid–liquid, and vapor–liquid–liquid inter-
faces of three azeotropic systems of simple fluid mixtures. This
study was carried out using the Lennard-Jones truncated and shifted
(LJTS) potential with a cutoff radius of 2.5 σ. This model system
has been systematically studied in recent years regarding phase
equilibrium properties,19,20 interfacial properties,7,11 and transport
properties21 for both the pure LJTS substance and LJTS mixtures.
Here, we have studied three binary LJTS systems: one system with a
heteroazeotrope and two systems with a homogeneous azeotrope.
The three systems were studied in the entire temperature range
where fluid phase equilibria exist. The focus of this work lies on
the relation of azeotropic phase behavior and the fluid interfacial
properties of the binary mixtures.

II. MODELING AND SIMULATION
A. Binary mixtures of Lennard-Jones truncated
and shifted fluids

The Lennard-Jones truncated and shifted (LJTS) potential is
highly efficient as it provides a good compromise of required
computational effort and physical modeling depth. Moreover, the
LJTS potential gives a realistic description of simple real fluids22

and is frequently used in conceptual studies.23–26 The LJTS potential
uLJTS is defined as

uLJTS(r) =
⎧⎪⎪⎨⎪⎪⎩

uLJ(r) − uLJ(rc), r ≤ rc,

0, r > rc,
(1)

and

uLJ(r) = 4ε[(σ
r
)

12
− (σ

r
)

6
], (2)

with the energy and size parameter ε and σ, respectively, the distance
between two particles r, and the cutoff radius rc = 2.5 σ. Throughout
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this work, all physical properties are reduced using the Lennard-
Jones potential parameters ε and σ, the molecular mass M of the
high-boiling component, and the Boltzmann constant kB.27

In this work, we have studied three different binary LJTS
mixtures labeled A, B, and C. The binary mixtures consist of
two components: component 1 is the high-boiling component and
component 2 is the low-boiling component. All three mixtures
consist of the same pure component 1 and the same pure compo-
nent 2. Component 1 is chosen as the reference component, i.e., all
parameters are normalized using its size parameter σ1 and energy
parameter ε1.27 Component 2 has a reduced energy parameter of
ε2 = 0.9 ε1. The size parameter of the two components is equal
σ1 = σ2. For the calculation of the binary cross interaction para-
meters σ12 and ε12, the modified Lorentz–Berthelot combination
rules28,29 were used:

σ12 =
σ1 + σ2

2
, (3)

ε12 = ξ12
√

ε1ε2. (4)

In Eq. (4), ξ12 is a state-independent cross interaction parameter. By
varying ξ12, the three following binary mixtures are obtained:

● mixture A with ξ12 = 0.8,
● mixture B with ξ12 = 0.9, and
● mixture C with ξ12 = 1.2.

Each of the three mixtures was studied at six temperatures. The tem-
peratures were chosen in such a way that for each mixture all charac-
teristic phase equilibria were considered in the study. In a first step,
the phase behavior of the three mixtures was computed using the
PeTS (perturbed truncated and shifted) EOS, which is known to give
an excellent description of binary LJTS mixtures.11,30 This was done
in a wide temperature and pressure range. The following temper-
atures were chosen for studying the interfacial properties: all three
systems were studied at T = 0.77 εk−1

B , 0.88 εk−1
B , and 0.99 εk−1

B .
Depending on the system, three additional temperatures were con-
sidered: T = 0.715 εk−1

B , 0.825 εk−1
B , and 0.935 εk−1

B for mixtures A
and B and T = 0.66 εk−1

B , 1.06 εk−1
B , and 1.12 εk−1

B for mixture C. The
lowest temperature was chosen slightly above the triple point (TP)
temperature of component 1 (TTP

1 = 0.65 εk−1
B

31). The highest con-
sidered temperature was chosen such that all types vapor–liquid
phase equilibria were covered.

Mixture A exhibits a heteroazeotropic phase behavior, mix-
ture B exhibits a low-boiling azeotropic behavior, and mixture
C exhibits a high-boiling behavior. These three types of phase
behavior are of very high practical relevance, which are common in
industrial applications:14 examples for heteroazeotropic behavior are
acetonitrile + n-butane and water + 1-pentanol, examples for low-
boiling azeotropic behavior are water + ethanol and methanol + ace-
tone, and examples for low-boiling azeotropic behavior are ethane
+ CO2 and water + formic acid.

B. Molecular simulations
The MD simulations were carried out with the code ls1

mardyn32 in the NVT ensemble with N = 16 000 particles. The
simulation box contained a liquid slab in the middle surrounded

by two vapor slabs on each side. Periodic boundary conditions
were applied in all directions of the box. Thereby, two rectangu-
lar and planar interfaces between the two phases were obtained,
perpendicular to the z-axis of the box. From each simulation,
the following quantities were sampled: the densities ρ′′ and ρ′,
the composition vectors x′′ and x′ of the vapor phase and
liquid phase indicated by ′′ and ′, respectively, the pressure in the
bulk phases, and the interfacial properties surface tension γ, rela-
tive adsorption Γ, enrichment E, and interfacial thickness L10

90 (the
definitions of the interfacial properties are given below). For all
sampled quantities, the statistical uncertainty was estimated to be
twice the standard deviation of the sampled block average values.
Details on the MD simulations are given in the supplementary
material.

C. PeTS EOS and density gradient theory
1. PeTS EOS

For the modeling of binary mixtures of the LJTS fluid, the
PeTS EOS19 was used. The parameters of the PeTS EOS were
optimized for describing phase equilibrium and interfacial proper-
ties of the pure LJTS fluid. Hence, it gives an accurate description of
such properties.19,33 The PeTS EOS has been extended to mixtures11

using the van der Waals one-fluid theory.34,35 Despite the fact that
the PeTS EOS was not parameterized for describing mixtures and
corresponding results are accordingly predictions, the PeTS EOS
gives an excellent description of both phase equilibrium and inter-
facial properties of mixtures as well.7,11,20,36 In particular, the PeTS
EOS exhibits a single van der Waals loop in the metastable/unstable
region,19 which makes it applicable in DGT for the modeling of
interfacial properties. As expected, systematic deviations of molec-
ular simulation results and results of the PeTS EOS have been
reported in the vicinity of the critical point (CP),7,11 which is due
to the classical scaling behavior of the EOS.37–39 The non-classical
convergence in the vicinity of critical points could, in general, be
incorporated into the EOS by a crossover term.40,41 This would, how-
ever, result in additional numerical challenges40 and is out of the
scope of this work. The PeTS EOS is formulated in terms of the
Helmholtz energy based on the perturbation theory of Barker and
Henderson.42,43 The mathematical structure of the PeTS EOS follows
the structure of the monomer term of the PC-SAFT (perturbed-
chain statistical associating fluid theory) EOS proposed by Gross
and Sadowski,44 which has been recently analyzed in detail.45 The
Helmholtz energy of the PeTS EOS is split into an ideal gas con-
tribution aid, a hard sphere contribution ahs modeling the repulsive
interactions, and a perturbation contribution apert modeling disper-
sive interactions. The Helmholtz energy per particle of the PeTS EOS
is, therefore, written as

a = aid + ahs + apert, (5)

which is a function of the temperature T, the total density of the
mixture ρ, and the mole fraction vector of all components x.

2. Density gradient theory
Density gradient theory in combination with an EOS is a

frequently applied method for modeling interfacial properties of
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fluids.46–48 It is based on the pioneering work of van der Waals49

and was modernized by Cahn and Hilliard.50 In the following, only
a brief introduction of the DGT framework is given. For a detailed
description of the DGT, the reader is referred to the paper of Miqueu
et al.51 Details on the applied computational methods are given in
the supplementary material.

The DGT describes the Helmholtz energy of a heterogeneous
domain, where two bulk phases are in contact at an interface.
The Helmholtz energy is modeled by a second-order Taylor series
approximation with respect to the component densities ρi for the
components i = 1, 2. The Helmholtz energy density â = a/V for the
interface is then calculated as

â[ρ] = â0(ρ) +
2

∑
i=1

2

∑
j=1

1
2

κij∇ρi∇ρj, (6)

where â0 is the Helmholtz energy density of the phases in equilib-
rium,∇ρi and∇ρj are the local gradients of the component densities,
κij denote the influence parameters, and ρ is the vector of num-
ber densities of the components. The pure component influence
parameters are denoted by κii and the cross interaction influence
parameter by κij.

The influence parameter of reference component 1 κ1 was
adopted from the work of Heier et al.19 as κ1 = 2.7334 εσ5. The influ-
ence parameter of component 2 κ2 was calculated as κ2 = κ1

ε2
ε1

. The
cross interaction influence parameter κ12 was calculated using the
geometric mixing rule

κ12 =
√

κ1κ2. (7)

Applying geometric mixing for the modeling of the cross interac-
tion influence parameter is well-established in the literature and was
shown to lead to excellent agreement with computer experimental
results for the interfacial properties.7,9,46,52–54 Yet, there is no physical
justification for Eq. (7).

D. Definition of interfacial properties
Density profiles and pressure profiles were obtained from both

MD simulations and DGT as a function of the coordinate z, which
is orthogonal to the planar interface. From these profiles, different
interfacial properties were computed, namely, the surface tension,
the relative adsorption, the interfacial enrichment, and the interfa-
cial thickness. For DGT, the surface tension γ was computed from
the density profiles as55

γ = ∫
2

∑
i=1

2

∑
j=1

1
2

κij∇ρi∇ρj dz. (8)

The integration was carried out numerically. For MD, the surface
tension was computed via the mechanical route56,57

γ = 1
2∫

+∞

−∞
(pN − pT)dz, (9)

where pN indicates the normal pressure, i.e., the z-component
of the pressure tensor and pT indicates the tangential pressure
components. The tangential pressure was determined by averaging
over the pressure components parallel to the interfacial area S. The
interfacial area of each planar interface is given by the cross section
of the simulation volume normal to the z-axis.

The relative adsorption of component i at the interface with
respect to component j was calculated from the density profiles
according to Telo da Gama and Evans6 as

Γ( j)
i = −(ρ′i − ρ′′i )∫

+∞

−∞

⎡⎢⎢⎢⎣
ρj(z) − ρ′j

ρ′j − ρ′′j
− ρi(z) − ρ′i

ρ′i − ρ′′i

⎤⎥⎥⎥⎦
dz, (10)

with i, j = 1, 2 and i ≠ j,
where ρ′i , ρ′′i and ρ′j , ρ′′j are the bulk densities of the liquid phase ′

and vapor phase ′′. The integration was carried out numerically. In
general, a positive value of the relative adsorption Γ( j)

i of component
i with respect to component j can be the result of an enrichment of
component i or a relative shift of the two component density profiles
i and j.11,20

The enrichment Ei is a second quantity for characterizing the
interfacial excess of component i.1 The enrichment Ei is defined as58

Ei =
max(ρi(z))
max(ρ′i , ρ′′i )

with i = 1, 2. (11)

The numerator indicates the maximum of the density profile ρi(z).
The denominator indicates the maximum of the two bulk phase
densities ρ′i , ρ′′i . For the MD simulation results, the density profiles
exhibit some random noise, which leads to indistinguishable results
for values of Ei < 1.1, as discussed in previous studies.7,20 This prob-
lem could, in general, be circumvented by adapting the definition
of the enrichment.11 We chose to keep the simple expression for
the enrichment given by Eq. (11) in favor of reducing the (mostly
negligible) artifacts for very small enrichment. The enrichment
Ei can also be computed from the empirical enrichment model
proposed by Stephan and Hasse1 based on phase equilibrium data
solely. This model was also applied in this work in conjunction with
the PeTS EOS.

Moreover, the thickness of the fluid interfaces was studied.
Here, we have applied the definition for the effective interfacial
thickness L90

10 according to Lekner and Henderson.59 It is defined as
the distance in the z-direction between the points z(ρ10) and z(ρ90)
of the density profile. Between these points, the total number density
changes from ρ10 = ρ′′ + 0.1(ρ′ − ρ′′) to ρ90 = ρ′′ + 0.9(ρ′ − ρ′′) and
the interfacial thickness can be calculated as

L90
10 = z(ρ90) − z(ρ10). (12)

III. RESULTS AND DISCUSSION
The numeric values obtained from MD and DGT + EOS for

the phase equilibria and the interfacial properties for the three
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systems are reported in the supplementary material. In this section,
first, the phase equilibria are discussed, and then the properties of the
interfaces and their relation to the underlying phase equilibria are
discussed. For the interfacial properties, first, results for the differ-
ent two-phase regions (VLE and LLE) of the azeotropic mixtures are
discussed; then, results along two characteristic lines are discussed:
the azeotropic line and the VLLE line.

A. Phase equilibria
The pressure–composition phase diagrams for the three mix-

tures at all studied temperatures are shown in Figs. 1(a)–1(c)
[Figs. 1(a)–1(c) are presented in the supplementary material with all
error bars shown]. The pressure–temperature projections with the

characteristic lines (pure component vapor–pressure curves, critical
line, azeotropic line, and VLLE line) are shown in Figs. 1(d)–1(f).
From top to bottom, the mixtures are arranged as mixture A,
mixture B, and mixture C. Results from MD and the EOS are
shown in the phase diagrams; only EOS results are shown in the
pressure–temperature projection diagrams. Mixture A (top) and
mixture B (middle) were studied at the same six temperatures.
Mixture C (bottom) was also studied at six temperatures but dif-
ferently chosen. Three of the temperatures considered for mixture C
are identical to the studied temperatures for mixture A and mixture
B (T = 0.77 εk−1

B , 0.88 εk−1
B , and 0.99 εk−1

B ). Mixture A and mixture
B correspond to a type II-A system according to the classifica-
tion of van Konynenburg and Scott,60 while the phase behavior of
mixture C is type I-A. For both type I-A and type II-A systems,

FIG. 1. Phase equilibria of the three studied binary LJTS mixtures. From top to bottom: mixture A, mixture B, and mixture C. Left: isothermal pressure–composition phase
diagrams for different temperatures (color-coded). In addition, the azeotropic line (green dashed line), critical azeotropic endpoint (CAEP) (○), and heteroazeotropic
endpoint (HAEP) (◻) are shown. Filled symbols are MD results and lines are PeTS EOS11,19 results. Right: corresponding pressure–temperature projection diagrams
obtained from the EOS: critical lines (blue solid lines), azeotropic line (green dashed line), VLLE line (red dotted line), and the pure component vapor–pressure curves
(black solid lines). Open symbols represent critical points (⋆), critical endpoint (CEP) (+), critical azeotropic endpoint (CAEP) (○), heteroazeotropic endpoint (HAEP)
(◻), and three-phase equilibrium (VLLE) (▽) obtained from the EOS. The studied temperatures for each mixture are indicated by the vertical dashed lines and arrows.
Figures 1(a)–1(c) that include error bars are presented in the supplementary material.
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the pure component critical points are connected by an uninter-
rupted critical line [cf. Figs. 1(d)–1(f)]. Type II-A systems exhibit an
additional liquid–liquid critical line that ends in a critical endpoint
(CEP). Numeric values of characteristic points, i.e., the critical point
(CP), triple point (TP), critical endpoint (CEP), critical azeotropic
endpoint (CAEP), and heteroazeotropic endpoint (HAEP), of the
three mixtures are summarized in Table I.

The phase equilibrium results obtained from the independent
predictions of MD and the EOS are overall in excellent agree-
ment for all mixtures and studied temperatures [cf. Figs. 1(a)–1(c)].
Only in the direct vicinity of critical points, systematic deviations
are observed. Such deviations are found at the two highest studied
temperatures of mixture A [cf. Fig. 1(a)].

Mixture A exhibits two different types of azeotropic behavior
depending on the temperature [cf. Fig. 1(d)]: a homogeneous
low-boiling azeotrope is formed at temperatures above the temper-
ature of the heteroazeotropic endpoint (HAEP) up to the temper-
ature of the critical azeotropic endpoint (CAEP) (cf. Table I). The
low-boiling azeotrope of mixture A turns into a heterogeneous
azeotrope below the temperature of the HAEP. This transition
is a consequence of the existing three-phase equilibrium (VLLE)
at low temperatures. For mixture A, at temperatures T < TCEP

A , a
three-phase VL1L2 equilibrium occurs [dotted red line in Fig. 1(d)].
Moreover, in the temperature range T < TCEP

A , three two-phase
regions are attached to the three-phase equilibrium: an L1L2 equi-
librium region (not shown in Fig. 1 for clarity), a VL1 equilibrium
region, and a VL2 equilibrium region. The phase L1 indicates com-
ponent 1-rich phase, whereas L2 indicates component 2-rich phase.
For mixture A, at T = TCEP

A , the L1L2 equilibrium region detaches
with increasing temperature from the VLE regions, which goes in
hand with the breakup of the heteroazeotrope. More isothermal

phase diagrams in the vicinity of THAEP
A and TCEP

A are depicted in
the supplementary material. The L1L2 equilibrium region detaches
upon the formation of a liquid–liquid critical point at TCEP

A . Hence,
the liquid–liquid critical line starts at TCEP

A [cf. Fig. 1(f)]. In the tem-
perature range T > TCEP

A , one L1L2 equilibrium region exists, which
ends in a lower critical point, and two vapor–liquid equilibrium
regions VL1 and VL2 exist, which are connected at the azeotropic
line.

Mixture B has a similar phase behavior as mixture A, but
the CEP (predicted from the EOS) is well below the triple point
temperature of the pure component 1 (cf. Table I). Thus, no
VLLE is observed in the studied temperature region. Therefore, the
azeotropic line of mixture B exists in a wide temperature range
[cf. Fig. 1(e)]. At the critical azeotropic endpoint (CAEP), the two
vapor–liquid equilibrium regions VL1 and VL2 connected by the
azeotropic line break apart such that the vapor–liquid equilibrium
regions are separated. This breaking up goes in hand with the
occurrence of two critical points—one for each vapor–liquid
equilibrium region. Therefore, the CAEP is a bi-critical point. All but
one of the studied isothermal phase equilibria of mixture B exhibit a
low-boiling azeotrope [cf. Fig. 1(b)]. The highest temperature shown
in Fig. 1(b) T = 0.99 εk−1

B is above the temperature of the CAEP,
i.e., no azeotropic point exists and the low-boiling component is
supercritical.

Mixture C exhibits a high-boiling azeotrope in the entire
studied temperature range [cf. Fig. 1(f)]. The two vapor–liquid
equilibrium regions VL1 and VL2 are connected at the azeotropic
line. The azeotropic line ends at a CAEP, where the two critical
points of the two vapor–liquid equilibrium regions VL1 and VL2
merge into one bi-critical point. For the isothermal phase equilib-
rium at T = 1.06 εk−1

B , the low-boiling component 2 is supercritical,

TABLE I. Temperature T , pressure p, and mole fraction x2 of characteristic points of the pure components and the studied
mixtures. The pure component critical point (CP) and the triple point (TP) are listed; results from both MD31,70 and the PeTS
EOS.19 For the mixtures, the critical azeotropic endpoint (CAEP), the heteroazeotropic endpoint (HAEP), and the critical
endpoint of the LLE (CEP) are given. For the mixtures, only results computed from the PeTS EOS are given. For the mixtures,
the composition of the vapor phase V, the liquid phase L1, and the liquid phase L2 are given—if applicable.

T/εk−1
B p/εσ−3 xV

2 /mol mol−1 xL1
2 /mol mol−1 xL2

2 /mol mol−1

Pure substances

CP (EOS) 1.089 0.102 0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
CP (MD)70 1.0779 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
TP (MD)31 0.65 0.002 71 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

Mixture A

CAEP (EOS) 0.916 0.084 6 0.626 0.626 ⋅ ⋅ ⋅
HAEP (EOS) 0.776 0.030 3 0.627 0.264 0.627
CEP (EOS) 0.792 0.034 5 0.618 0.422 0.422

Mixture B

CAEP (EOS) 0.965 0.090 0 0.744 0.744 ⋅ ⋅ ⋅

Mixture C

CAEP (EOS) 1.152 0.108 7 0.378 0.378 ⋅ ⋅ ⋅
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whereas the high-boiling component 1 is subcritical [cf. Fig. 1(c)]. At
T = 1.12 εk−1

B , both pure components are supercritical and each of
the vapor–liquid equilibrium regions exhibits a critical point. This
is due to the fact that the mixture exhibits higher mean dispersive
interactions than the pure components, which yields a stable
vapor–liquid equilibrium at temperatures higher than the two pure
component critical temperatures.

Figure 2 shows the partition coefficients (K5%
i = x′′i / x′i) of the

two components i = 1, 2 at a mole fraction of x′i = 0.05 mol mol−1

for the three studied mixtures as a function of the temperature. The
partition coefficient at x′i = 0.05 mol mol−1 is used here to character-
ize the boiling behavior, which is known to be related to the enrich-
ment behavior.1 The partition coefficient is, therefore, used as the
main descriptor in the empirical enrichment model of Ref. 1, which
is also used for comparison below. Hence, it is interesting to compare
the partition coefficient results predicted by the theory and those
from computer experiments. Since the molecular simulations were
not carried out at exactly x′i = 0.05 mol mol−1, the MD results shown
in Fig. 1 were interpolated between the two data points closest to
that. Overall, the independent predictions from MD and the EOS for
the partition coefficient are in very good agreement. The partition
coefficient of component 2 is calculated at the liquid phase com-
position of x′2 = 0.05 mol mol−1, i.e., K5%

2 = x′′2 / 0.05 mol mol−1, and
the partition coefficient of component 1 at a liquid phase composi-
tion of x′1 = 0.05 mol mol−1, i.e., K5%

1 = x′′1 / 0.05 mol mol−1. Hence,
each of the two partition coefficients characterizes the boiling
behavior in one of the vapor–liquid phase equilibrium regions
(VL1 and VL2) that are connected either by a heteroazeotropic
point or an azeotropic point or are separated by two critical
points (cf. Fig. 1). The partition coefficient K5%

2 characterizes the
vapor–liquid equilibrium region connected to the pure compo-
nent 1, i.e., the VL1 region, and K5%

1 the vapor-liquid equilibrium
region connected to the pure component 2, i.e., the VL2 region.
The partition coefficient K5%

2 is in practically all cases larger than
the partition coefficient K5%

1 , which is simply due to the fact that

FIG. 2. Partition coefficient of component 1 (dashed lines and open squares)
and component 2 (solid lines and filled squares) as a function of the
temperature. Partition coefficients are given at liquid phase composition
x′1 = 0.05 mol mol−1

(K5%
1 ) and x′1 = 0.95 mol mol−1

(K5%
2 ). Results for mixture

A (blue), mixture B (black), and mixture C (red). Results from the PeTS EOS11,19

(lines) and MD data (symbols).

component 2 is the overall low-boiling component and, there-
fore, has a stronger tendency to accumulate in the vapor phase.
Moreover, this indicates that the VL1 region connected to the
high-boiling pure component 1 exhibits a wider boiling behavior
than the VL2 region connected to the low-boiling pure compo-
nent 2. For mixture A and mixture B, the two partition coeffi-
cients are in the entire temperature range larger than unity. Hence,
in each of the two vapor–liquid equilibrium regions VL1 and
VL2, the respective pure component effectively acts as the high-
boiling component (until the azeotropic line). For mixture C on the
other hand, both partition coefficients are K5%

1 < 1 and K5%
2 < 1 in

the entire temperature range, which indicates that the particles have
a preferential residency in the liquid phase of the other component.
Hence, for mixture C, the pure components effectively act as the
low-boiling component in the respective vapor–liquid equilibrium
region (until the azeotropic point). Moreover, the comparison of the
results for the three mixtures shows that, for a given temperature,
the two considered partition coefficients decrease with increasing
ξ12, which is as expected: the attraction of particles of the two com-
ponents increases with increasing ξ12, which decreases the tendency
that the two components partition into the two phases. Both par-
tition coefficients K5%

1 and K5%
2 are found to strongly depend on

the temperature (cf. Fig. 2). For mixture A and mixture B, K5%
2 and

K5%
1 decrease with increasing temperature. On the contrary, for mix-

ture C, K5%
2 and K5%

1 increase with increasing temperature. At high
temperatures, the two partition coefficients for all three mixtures
approach unity, which is due to the fact that attractive interactions
become less dominant and the tendency of the two components
to partition into two phases vanishes upon approaching a critical
state.

B. Interfacial properties
Figure 3 shows the density profiles of the VL1 and VL2 inter-

face of all three studied mixtures at three temperatures obtained
from DGT (the results for all other temperatures are presented in
the supplementary material). The left column shows the results for
mixture A, the middle column for mixture B, and the right col-
umn for mixture C. The corresponding plots for the MD results
are presented in the supplementary material. In addition, density
profiles of the L1L2 interface for mixture A for T = 0.715 εk−1

B and
T = 0.77 εk−1

B are reported in the supplementary material. It has
been shown in earlier works of our group that the independent pre-
dictions from MD and DGT + PeTS EOS for the density profiles
are in good agreement.4,11,33 This is also supported by the good
agreement of the interfacial properties derived from the den-
sity profiles obtained from the two methods and discussed in
Sec. III B 1–III B 3.

Each plot shown in Fig. 3 corresponds to the results for one
temperature for a given mixture. For each temperature and mixture,
density profiles at 15 state points are shown. The density profiles
of both the high-boiling and low-boiling components are shown as
a function of the z-axis normal to the planar interface. The origin
of the z-axis (z = 0) was prescribed in all cases to the position
ρ = ρ′′ + 0.5(ρ′ − ρ′′). The vapor–liquid interfaces at the azeotropic
point (if existent at a given temperature) were explicitly computed by
DGT, and the corresponding results are highlighted in Fig. 3, which
also indicates the transition from the VL1 equilibrium to the VL2
equilibrium region.
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FIG. 3. Density profiles for the three studied mixtures obtained from DGT. Top to bottom corresponds to increasing temperature, as specified in each plot (the DGT
density profiles for all other studied temperatures are presented in the supplementary material). Left: mixture A; middle: mixture B; right: mixture C. Dashed lines: high-
boiling component 1; solid lines: low-boiling component 2. The color-code of the density profiles indicates the liquid phase concentration x′2. Red colored density profiles
correspond to the azeotropic point density profiles at a given temperature. Gray dots indicate the z-coordinate, where the density of component 1 reaches 97% of the
corresponding liquid bulk value. Invariant intersection points of multiple density profiles are indicated by red squares.

The density profiles of the three mixtures show important
differences. For both, mixture A and mixture B, density profiles
exhibit a distinct maximum between the two bulk phases. For
mixture A and mixture B, the low-boiling component exhibits
significant enrichment. Yet, only for mixture A, a faint enrichment
of the high-boiling component is observed for some conditions
(see also the supplementary material). With increasing temper-
ature, this density maximum becomes less prominent before it
vanishes. The density profiles for mixture C exhibit no maximum,
i.e., all density profiles show a monotonic transition between the
bulk phases at all studied conditions. Moreover, for mixture C, the
interfaces of the mixture are narrower than the interfaces of the
two pure components 1 and 2 at a given temperature. In contrast,
the vapor–liquid interfaces of mixture A and mixture B are broadest
in the vicinity of the azeotropic composition at a given temper-
ature. This can be seen from the gray dots marking the position
z1,97 at which the density profiles of component 1 reach 97% of
the bulk liquid density (results for the 10–90 interfacial thickness
computed from the density profiles are presented and discussed in
the supplementary material.). The density profiles of mixture A for
the two lowest studied temperatures are strongly influenced by the
occurrence of the VLLE (cf. Fig. 3 and the supplementary material).
For component 1’s density profiles of the VL2 interface, a small

density maximum builds up in the vicinity of the VLLE. For
the density profiles of the VL1 interface in the vicinity of the
VLLE, the density maximum increases strongly and the inter-
face is very broad. This is directly related to a wetting transition
in the vicinity of the VLLE:8,11,61 the liquid phase L2 nucleates
at the VL1 interface under the influence of the gradients
before the actual three-phase VLLE (cf. Table I) is established.
This wetting transition is predicted in a very narrow pressure range
of approximately 0.0159εσ−3 < p < 0.0168εσ−3. The corresponding
composition range is between approximately 0.105 mol mol−1 < x′2
< 0.129 mol mol−1.

For all studied mixtures, invariant intersection points are
observed at several sets of isothermal density profiles (cf. Fig. 3).
In these invariant intersection points, density profiles ρi(z) of
component i approximately intersect at a given temperature. The
occurrence of invariant intersection points in sets of fluid density
profiles has already been reported before by Bongiorno and Davis62

and Stephan et al.7,11,33,63 Stephan and Hasse7 discussed the relation
between invariant intersection points in the density profiles and the
corresponding phase diagram for two binary LJTS mixtures. A com-
prehensive discussion of the invariant intersection points observed
in the density profiles of mixtures A, B, and C is given in the
supplementary material.
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1. Surface tension
Figure 4 shows the results for the surface tension obtained

from MD and DGT. The results from the two independent meth-
ods agree in practically all cases within the MD error bars. Only in
the direct vicinity of the VLLE three-phase equilibrium, important
deviations for the surface tension obtained from the two methods
are observed. The corresponding DGT density profiles (cf. Fig. 3,
top, left) exhibit extreme density gradients, which are due to the
predicted wetting transition. The density (square) gradient theory,
however, is only valid within the limit of low gradients.64 Hence,
the DGT VL1 and VL2 interface results in the vicinity of the VLLE
should be interpreted with caution.

The low-boiling pure component 2 has a lower surface tension
than the high-boiling component 1 at a given temperature. Since the
three mixtures consist of the same pure components 1 and 2, the
pure component limit values of a given surface tension isotherm are
the same for all three mixtures (cf. Fig. 4). As expected, the surface
tension goes to zero at critical points of the mixture.

The surface tension isotherms exhibit a minimum for mix-
ture A and mixture B [cf. Figs. 4(a) and 4(b)], whereas the surface
tension isotherms for mixture C exhibit a maximum [cf. Fig. 4(c)].
The minimum/maximum of the surface tension isotherms of the
three mixtures is observed for all studied temperatures—also for
those where one or both pure components are supercritical. The

FIG. 4. Surface tension γ as a function of the liquid phase concentration x′2 for all
studied temperatures and mixtures. Top to bottom are: mixture A, mixture B, and
mixture C. Filled symbols represent data from MD simulations and lines predictions
from DGT. Furthermore, the three-phase equilibrium (▽) and the critical points
(⋆) obtained from the EOS are indicated.

occurrence of a maximum in a surface tension isotherm is usually
called positive aneotrope, whereas a minimum is usually called
negative aneotrope.17 The presence of a positive aneotrope comes
along with a high-boiling azeotrope (mixture C). The presence of
a negative aneotrope, on the other hand, comes along with a low-
boiling azeotrope (mixture A and mixture B). Here, we use the
conformal solution theory of Stephan and Hasse20 to explain this
behavior, which states that the mean liquid phase interactions dom-
inate the vapor–liquid interfacial properties.20 For the three studied
mixtures, the liquid phase configurational internal energy can be
described as a function of the cross interaction parameter ξ12, the
ratio of the dispersion energy ε1/ε2, and the liquid phase compo-
sition only.20 For simple fluid mixtures, it was shown by Stephan
and Hasse20 that the interfacial tension increases with increasing liq-
uid phase mean configurational internal energy. Here, the studied
mixtures A, B, and C only differ in the cross interaction para-
meter ξ12. Therefore, the configurational internal energy is only a
function of ξ12 at constant liquid phase composition x′. Starting
with ξ12 = 0.8 (mixture A), the surface tension at a given temper-
ature and liquid phase composition increases with increasing ξ12
(ξ12 = 0.9 for mixture B and ξ12 = 1.2 for mixture C) (cf. Fig. 4).
The fact that surface tension isotherms pass a maximum or mini-
mum can be explained by the interfacial conformal solution theory
in a way that the cross interaction ξ12 parameter is most influential
on the configurational internal energy for approximately equimolar
compositions. Therefore, the difference in the value of the surface
tension at a given temperature between mixture A, mixture B, and
mixture C is the largest for approximately equimolar composition.
In addition, for the compositions in the vicinity of the pure com-
ponents, the surface tension difference between the mixtures has to
vanish.

The occurrence of a VLLE for mixture A has an important
influence on the surface tension isotherms [cf. Figs. 1(d) and 4(a)].
The negative aneotrope vanishes due to the miscibility gap. There-
fore, the surface tension isotherm is split into two parts: the surface
tension calculated for the VL1 interface and for the VL2 interface,
respectively. For both branches, the lowest surface tension is found
at the heteroazeotropic condition, i.e., at the VLLE. Yet, it should
be noted that the VL1 and VL2 surface tension values at a given
temperature at VLLE conditions [down triangles in Fig. 4(a)]
are not equal. The interfacial properties along the VLLE line are
discussed in more detail below. The surface tension at T = 0.715 εk−1

B
predicted by DGT increases strongly for the VL1 interface in the
direct vicinity of the VLLE, which is probably related to the extreme
density gradients under these conditions.

2. Relative adsorption
Figure 5 shows the results for the relative adsorption of com-

ponent 2 with respect to component 1 (Fig. 5 is presented in the
supplementary material with all error bars shown). Results obtained
from MD and DGT are shown. In addition, the results for the
relative adsorption of component 1 with respect to component
2 are reported in the supplementary material. Overall, the agree-
ment between the results from MD and DGT is good and in most
cases within the MD error bars (see the supplementary material).
Significant deviations between the results from the two methods are
observed in the direct vicinity of the VLLE for mixture A.
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FIG. 5. Relative adsorption Γ(1)
2 as a function of the liquid phase concentration x′2

for all studied temperatures and mixtures. Top to bottom are: mixture A, mixture B,
and mixture C. Filled symbols represent data from MD simulations and lines pre-
dictions from DGT. Furthermore, the three-phase equilibrium (▽) and the critical
points (⋆) obtained from the EOS are indicated. Error bars are omitted for clarity.
Figure 5 that includes error bars is presented in the supplementary material.

For all three studied mixtures, the relative adsorption Γ( j)
i of

component i with respect to component j is zero for three types of
conditions: infinite dilution of component i, an extremum in the
surface tension isotherm (aneotrope), or a mixture critical point.
Therefore, the adsorption isotherms of component 2 with respect
to component 1 Γ(1)2 must exhibit an extremum between any two
of these points [cf. Figs. 5(a)–5(c)]. This is also the case for the
adsorption isotherms of component 1 with respect to component
2 Γ(2)1 (cf. Fig. S7 in the supplementary material). For mixture B, the
adsorption isotherms of Γ(1)2 and Γ(2)1 yield a maximum in the VL1
and VL2 regions, respectively [cf. Fig. 5(b) and the supplementary
material]. This is also the case for the adsorption isotherms for
mixture A—excluding the temperatures, where a VLLE occurs
(T = 0.715 εk−1

B , 0.77 εk−1
B ) [cf. Fig. 5(a) and the supplementary

material]. On the contrary, the adsorption isotherms Γ(1)2 and Γ(2)1 of
mixture C exhibit a minimum in the VL1 and VL2 regions, respec-
tively [cf. Fig. 5(b) and the supplementary material]. In general,
for the same mixture and temperature, the relative adsorption of
component 1 Γ(2)1 exhibits an opposite behavior to Γ(1)2 (cf. Fig. S7
in the supplementary material), which is as expected.

The relative adsorption Γ(1)2 for mixture A and mixture B on
the one hand and mixture C on the other hand shows important

differences. These differences can also be seen in the corresponding
density profiles (cf. Fig. 3). The differences are discussed here using
the results for T = 0.88 εk−1

B , as an example, where both components
are subcritical. At T = 0.88 εk−1

B , all three studied mixtures have VL1
and VL2 equilibrium regions that are connected at an azeotropic
point [cf. Figs. 1(a)–1(c)]. Starting at infinite dilution of compo-
nent 2, for mixture A and mixture B, a distinct enrichment peak in
the interphase contributes to the relative adsorption Γ(1)2 in the VL1
region (cf. Fig. 3). The enrichment peak in the density profiles van-
ishes upon approaching the azeotropic condition with increasing x′2
(cf. Fig. 3). With further increasing x′2 and entering the VL2 equi-
librium region, the relative adsorption Γ(1)2 becomes negative, which
is due to a relative shift of the two component density profiles.11,20

For mixture C on the other hand, no enrichment peak is observed.
Hence, both the positive and negative relative adsorptions for
mixture C are solely a result of a relative shift of the two component
density profiles [cf. Figs. 3 and 5].

Overall, the results for the relative adsorption of component
1 with respect to component 2 Γ(2)1 have a complementary behavior
to Γ(1)2 . This is as expected since Γ(2)1 and Γ(1)2 are directly related
by definition.16 Yet, the results for Γ(2)1 in combination with the
underlying interfacial structure (cf. Fig. 3) yield some interesting
findings: for mixture A, the positive relative adsorption of compo-
nent 1 Γ(2)1 is based to some extent on an enrichment at the interface
(cf. Fig. 3). For mixture B and mixture C, no enrichment of compo-
nent 1 is observed in the entire composition and temperature range.
Thus, the positive relative adsorption Γ(2)1 observed for mixture B
and mixture C (see the supplementary material) is solely a result
of a relative shift of the two component density profiles. The neg-
ative adsorption, i.e., desorption, of component 1 at the interface
on the other hand is for mixture A and mixture B to some extent
as a result of an enrichment of component 2 displacing component
1 particles, whereas the negative adsorption observed for mixture
C is solely a result of a relative shift of the component density
profiles. All this shows that the interfacial structure is not uniquely
characterized by the classical relative adsorption but should rather
be discussed in the context and complementary to the enrichment
behavior.

The adsorption isotherms for mixture A at T = 0.715 εk−1
B and

0.77 εk−1
B are broken up, which is due to the heteroazeotrope [cf.

Figs. 1(a) and 5(a)]. At the VL1 interface, component 2 adsorbs
and, vice versa, component 2 desorbs at the VL2 interface. The
large positive relative adsorption Γ(1)2 > 0 of component 2 at the VL1
interface obtained for mixture A is a result of the strong enrich-
ment of component 2 at the interface. In the direct vicinity of the
three-phase equilibrium, the second liquid phase L2 is built up in
the VL1 interface before reaching the VLLE. This can also be seen
at mixture A’s density profiles shown in Fig. 3 for the temperature
T = 0.715 εk−1

B .

3. Enrichment
Figure 6 shows the results for the enrichment E2 of com-

ponent 2 obtained from MD and DGT for all three mixtures.
The results for the enrichment E1 of component 1 for mixture C
are shown in Fig. 7. The corresponding E1 results for mixture A
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FIG. 6. Enrichment E2 as a function of the liquid phase concentration x′2 for all
studied temperatures and mixtures. Top to bottom are: mixture A, mixture B, and
mixture C. Filled symbols represent data from MD simulations and lines predictions
from DGT. In addition, the three-phase equilibrium (▽) and the critical points (⋆)
obtained from the EOS are indicated. The DGT results shown in (c) coincide with
the abscissa.

and mixture B are presented in the supplementary material. The
difference between the results obtained from MD and DGT is rather
large in comparison to the surface tension and relative adsorption
results discussed above. This is in line with results from previous
studies.7,11,33,58 These deviations between MD and DGT results for
the enrichment can be attributed to two reasons: first, fluctuations
present in profiles obtained from MD but not present in the

FIG. 7. Enrichment of component 1 E1 as a function of the liquid phase concentra-
tion x′2 for mixture A. Filled symbols represent data from MD simulations and lines
predictions from DGT. In addition, the three-phase equilibrium (▽) and the critical
points (⋆) obtained from the EOS are indicated.

DGT profiles. By definition of the enrichment [cf. Eq. (11)], such
fluctuations lead to an enrichment of component 2 larger than unity,
which can be observed for most enrichment isotherms for mixture C
[cf. Fig. 6(c)]. Second, deviations of the underlying thermodynamic
models, i.e., the PeTS EOS and the LJTS force field, are prob-
ably the reason for a slight systematic overestimation of the
DGT + EOS results observed for mixture A and mixture B for some
isotherms.

For all studied temperatures of mixture B and all temper-
atures without a VLLE (i.e., T/εk−1

B = 0.825, 0.88, 0.935, 0.99) of
mixture A, the enrichment of component 2 exhibits a monotonic
decay with increasing x′2 [cf. Figs. 6(a) and 6(b)]. This is the com-
monly reported behavior of the enrichment.11,58,63 Moreover, for
all studied cases, the enrichment of component 2 increases with
decreasing temperatures, which is also in line with findings from the
literature.1,7,63

An enrichment at a fluid interface is usually only observed
for the low-boiling component 1.1 This is not the case for mix-
ture A as shown in Fig. 7. For the four lowest temperatures (i.e.,
T/εk−1

B = 0.715, 0.77, 0.825, 0.88), an enrichment of component 1 is
predicted for both MD and DGT (cf. Fig. 7). For all temperatures,
the enrichment E1 is the highest at infinite dilution of compo-
nent 1 and monotonically decreases with increasing mole fraction
of component 1. This is in line with the established understand-
ing of the enrichment of low-boiling components.1 The enrichment
of component 1 decreases with increasing temperature, which is
also in accordance with the behavior of E2. No significant enrich-
ment E1 is observed for mixture B and mixture C (cf. Fig. S9 in the
supplementary material).

For mixture A, the results obtained from MD and DGT show
an enrichment of component 2 for the VL1 interface. For the VL2
interface, an enrichment of component 1 is observed (cf. Figs. 6 and
7). This change of the enriching component at the interface with
varying composition can also be seen in the density profiles [cf. Fig. 3
(top, left)]. Overall, a picture evolves suggesting that, for mixture A,
in each of the two vapor–liquid equilibrium regions VL1 and VL2,
respectively, the component enriches at the interface that effectively
acts as the low-boiling component in that phase equilibrium region,
which is mediated by the azeotropic point. Hence, the azeotropic
point acts as a pseudo (high-boiling)-pure component.

Moreover, this interesting enrichment behavior contributes to
the understanding of the relative adsorption behavior observed for
mixture A [cf. Fig. 5(a)]: for the VL1 equilibrium region, component
2 enriches at the interfaces, which leads to strong positive relative
adsorption of component 2. Vice versa, for the VL2 equilibrium
region, component 1 enriches at the interface, which contributes to
the negative relative adsorption of component 2.

In addition to the MD and DGT results, we applied the
empirical enrichment model of Stephan and Hasse.1 The empirical
enrichment model was developed as E2 = E2(K5%

2 , x′2, Δρ2), where
Δρ2 is the density difference between the bulk phases. The model
parameters were optimized to MD enrichment data of low-boiling
components E2 for various binary LJTS mixtures.1 Yet, we adopted
the model straightforwardly for predicting E1 by using the model as
E1 = E1(K5%

1 , x′1, Δρ1). The empirical model was applied for predict-
ing E2 and E1 of all three mixtures in the entire composition and
temperature range. The results are presented in the supplementary
material in comparison to the MD data. Overall, the empirical model
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is in excellent agreement with the MD reference data. It is also
astonishing that the enrichment E1 is predicted very well by the
empirical model.

C. Interfacial properties along azeotropic line
Figure 8 shows the density profiles ρi with component i = 1, 2

(left) and corresponding mole fraction profiles x2 (right) obtained
from DGT at state points along the azeotropic line. Results for all
three mixtures are shown. Figure 9 shows the interfacial properties
(surface tension, relative adsorption of component 2, and interfacial
thickness) derived from these profiles. At azeotropic points, the
composition in the liquid phase is by definition equal to that in
the vapor phase. Hence, the two components have no preferen-
tial residency in either of the two phases and the mixture along
the azeotropic line can be considered as a pseudo-pure component.
Yet, the total and partial density values of the two bulk phases at a
given state point differ in general (cf. Fig. 8, left). With increasing
temperature, the azeotropic line for the three mixtures (cf. Fig. 1)
exhibits a monotonously increasing pressure. The azeotropic line
ends for all three studied mixtures at high temperatures at a CAEP.
More specifically, the azeotropic line has a similar shape as the pure
component vapor pressure curves—for all three mixtures (cf. Fig. 1).

At the critical azeotropic endpoint, in addition to the equality of
the composition of the two phases, also the densities of the two
bulk phases become equal—as expected at a critical point. Hence,
on an azeotropic line, the composition of the two bulk phases is
equal throughout, and the densities of the two phases become equal
upon approaching the CAEP. Therefore, an azeotropic line has
several similarities to the pure component vapor pressure curves.
The azeotropic composition does practically not vary with varying
temperatures for all studied mixtures [cf. Figs. 1(a)–1(c)]. This can
also be seen in the composition profiles shown in Fig. 8 (right):
the mole fraction of component 2 of the vapor and liquid bulk
phases slightly decreases with increasing temperature for mixture
A and mixture B but slightly increases for mixture C. Interestingly,
the azeotropic condition does not hold in the interphase, i.e., the
composition profiles (cf. Fig. 8, right) are not constant in the inter-
facial region. Only upon approaching the CAEP, the composition
of the interphase becomes equal to the composition of the two bulk
phases.

No enrichment of component 2 and component 1 is observed
on state points along the azeotropic line (cf. Fig. 8, left), i.e., E2 = 1
and E1 = 1. The surface tension γ, the relative adsorption of com-
ponent 2 Γ(1)2 , and the interfacial thickness L90

10 at state points along

FIG. 8. Density profiles (left) and mole fraction profiles (right) obtained from DGT at state points along the azeotropic line (cf. green dashed line in Fig. 1). Results for mixture
A (top), mixture B (middle), and mixture C (bottom). Dashed lines: high-boiling component 1; solid lines: low-boiling component 2. The color is coded by the temperature
and the same for each row. The gray dots indicate the z-coordinate, where the density of component 1 reaches 97% of the corresponding liquid bulk value.
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FIG. 9. Interfacial properties at state points along the azeotropic line (cf. green
dashed line in Fig. 1) as a function of temperature. Results for mixture A (blue
line), mixture B (black line), and mixture C (red line), obtained from DGT. (a) Sur-
face tension γ, (b) relative adsorption Γ(1)

2 , and (c) interfacial thickness L90
10. Open

symbols represent the CAEP (○) and the HAEP (◻).

the azeotropic line (cf. Fig. 9) provide further insights: the surface
tension decreases monotonously for all three mixtures [cf. Fig. 9(a)].
This is as expected: the mixture behaves like a pseudo-pure compo-
nent along the azeotropic line. Accordingly, the surface tension of
that pseudo-component behaves like that of a pure component—it
monotonously decreases and becomes zero at the critical azeotropic
endpoint and the interfacial thickness exhibits a pole. This is
further supported by the fact that the surface tension results along
the azeotropic line for each mixture can be well described by the
surface tension scaling law of a pure component,65,66

γ = γ0(1 − T
TCAEP )

1.26
. (13)

The adjustable parameter γ0 was obtained from a fit to the DGT
surface tension results for each of the three mixtures. The obtained
parameters are provided in the supplementary material. The mean
deviation of the DGT surface tension results along the azeotropic
line and the surface tension correlation Eq. (13) is for all three
mixtures below 0.3%. All of this support the picture that a fluid
mixture along an azeotropic line can be considered as a pseudo-pure
component.13,15,18

Here, we use the interfacial conformal solution theory20 for
discussing the azeotropic line interfacial property results of the three
mixtures: the azeotropic pseudo-pure component has an increasing
configurational internal energy with increasing ξ12,20 which tightens
the interface, i.e., L10

90 decreases from mixture A to mixture B to
mixture C at a given temperature [cf. Fig. 9(c)]. This picture is also
in line with the behavior of the CAEP of the azeotropic pseudo-pure

component [cf. Figs. 1(d)–1(f)], i.e., its temperature increases with
increasing ξ12, and a vapor–liquid equilibrium of the pseudo-pure
component is stable at higher temperatures with increasing ξ12.
Moreover, the surface tension increases with increasing mean
configurational internal energy by increasing ξ12 at a given tem-
perature [cf. Fig. 9(a)], which is in line with predictions from the
interfacial conformal solution theory.20

Figure 9(b) shows the relative adsorption of component 2 at the
interface along the azeotropic line for the three studied mixtures.
The relative adsorption of component 2 is zero for all mixtures at
the corresponding CAEP. With decreasing temperature, the relative
adsorption along the azeotropic line decreases first, before increasing
to small positive values for all mixtures. The corresponding den-
sity profiles (cf. Fig. 8, left) reveal that the two component density
profiles are only slightly shifted with respect to each other. More-
over, the azeotropic line density profiles yield no enrichment of
either of the two components at the interface. These two facts (no
relative shift of density profiles + no enrichment) result in the fact
that the magnitude of the relative adsorption at the interface along
the azeotropic line is very small: the absolute value of the relative
adsorption along the azeotropic line is about an order of magnitude
smaller than the relative adsorption observed in some fluid regions
aside the azeotropic line (cf. Fig. 5). Yet, the relative adsorption along
the azeotropic line is not zero [cf. Fig. 9(b)]. Hence, for the studied
mixtures, the aneotropic line (where Γ( j)

i = 0) and the azeotropic
line do not coincide. This is in line with observations from Refs. 9
and 13. The composition profiles further support this observation
(cf. Fig. 8, right). For temperatures in the vicinity of the CAEP
for a given mixture, the composition profiles are almost horizon-
tal, which corresponds to very low relative adsorption [cf. Fig. 9(b)].
The composition profiles (cf. Fig. 8, right) reveal that, for all three
mixtures, the low-boiling component 2 is slightly depleted at the
vapor side of the interface and slightly aggregated at the liquid side
of the interface.

D. Interfacial properties along VLLE line
Figure 10 shows the density profiles at state points along the

VLLE line for mixture A obtained from DGT. Figure 11 shows
the corresponding interfacial properties derived from these density
profiles. Moreover, detailed isothermal phase diagrams in the vicin-
ity of the VLLE line are given in the supplementary material. The
VLLE interfaces were computed in the entire temperature range
where VLLE exists [cf. Fig. 1(d)]. Moreover, the VLLE interface was
computed at two characteristic VLLE points: the heteroazeotropic
end point (HAEP) and the critical end point (CEP) [cf. Table I and
Fig. 1(d)].

Along the VLLE line, the three phases L1, L2, and V coexist.
Yet, only the phases L1 and L2 and the phases V and L2 are in direct
contact for mixture A (cf. Fig. 10). The phases V and L1 are only
indirectly connected with the phase L2 between them as a mediator.
The surface tension γ, the enrichment of component 1 E1, and the
enrichment of component 2 E2 are reported in Fig. 11 for the three
fluid interfaces, i.e., VL1, VL2, and L1L2 (for the interface between
VL1, the phase L2 is considered a part of the interphase). The rel-
ative adsorption of component 2 Γ(1)2 and the interfacial thickness
L10

90 are only reported for the interfaces between the phases VL2 and
L1L2. For both properties Γ(1)2 and L10

90, no unambiguous values can
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FIG. 10. Density profiles at state points along the VLLE line for mixture A. Results
from DGT. Dashed lines: high-boiling component 1; solid lines: low-boiling compo-
nent 2. All interfaces exhibit an intermediate plateau at the second liquid L2 phase,
which corresponds to a macroscopic film of L2 between the L1 and V phases.

be obtained for the interface between VL1 since the thickness, and
thereby, also the relative adsorption depends on the film thickness
of the equilibrium phase L2 that exists between the phase L1 and V
(cf. Fig. 10).

The three surface tension values for the interface between VL1,
VL2, and L1L2 at a given VLLE state point are, in general, related
by67,68

γVL1 ≤ γVL2 + γL1L2 , (14)

where the equality indicates total wetting (layer of phase L2
between phase L1 and phase V) and the inequality indicates partial
wetting (droplet of phase L2 between phase L1 and phase V).67–69

For mixture A studied in this work, the left-hand-side and right-
hand-side of the relation (14) are equal in the entire temperature
range. Hence, DGT predicts total wetting along the entire VLLE line
for mixture A—as also found from the density profiles depicted in
Fig. 10.

The interfacial properties along the VLLE line (cf. Fig. 11) can
be divided into two distinct temperature regimes: first, the regime of
T < THAEP and, second, the regime THAEP < T < TCEP. The second
temperature regime is significantly shorter. Moreover, in the sec-
ond temperature regime, the VLLE line and the azeotropic line
coincide in the pressure–temperature projection for the studied
mixture A [cf. Fig. 1(d)]. In the second temperature regime, the
VL1 equilibrium region (spanning from the first pure component
to the azeotropic line) is attached to the miscibility gap, whereas the
VL2 equilibrium region terminates in the azeotropic point (see the
supplementary material for details). In the first temperature regime,
on the other hand, both VL1 and VL2 regions terminate in the
VLLE.

At a given temperature at T < THAEP, the VLLE and the
azeotrope are effectively merged and a heteroazeotrope exists.

FIG. 11. Interfacial properties along the VLLE line for mixture A (cf. red dotted line
in Fig. 1) as a function of temperature. Results for the interface between the phases
VL1 (dark red line), VL2 (orange line), and L1L2 (blue line). Results obtained from
DGT. (a) Surface tension γ, (b) relative adsorption Γ(1)

2 , (c) enrichment of compo-
nent 1 E1, (d) enrichment of component 2 E2, and (e) interfacial thickness L10

90. The
temperatures of the HAEP and the CEP (cf. Table I) are indicated by the vertical
dotted lines and arrows.

At the HAEP, the composition of the azeotrope is equal to the
concentration of the phase L2 and the phase V (cf. Fig. S5 in the
supplementary material). Moreover, the partition coefficient K2 of
the L1L2 and the VL1 regions is equal at the HAEP. In the temper-
ature regime THAEP < T < TCEP, the VLLE is mainly connected to
the VL1 equilibrium region; the VL2 equilibrium region is only con-
nected to the VLLE at the azeotropic point (see the supplementary
material for details). Upon approaching the CEP, the L1L2 equilib-
rium region at the VLLE becomes narrow, i.e., the L1 and L2 phases
become more alike, until they collapse in the critical end point
and the L1L2 region detaches from the VL1 region and the VLLE
vanishes.

The interfacial structure of the density profiles along the VLLE
line shows several interesting features (cf. Fig. 11): at low temper-
atures, a small enrichment of component 1 is observed at the VL2
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interface. With increasing temperature, this enrichment decreases
to unity at the HAEP [cf. Fig. 11(c)]. For the VL1 interface (which
comprises a layer of the equilibrium phase L2, cf. Fig. 10), a signifi-
cant enrichment of component 2 is observed. The numbers for E1 at
the VL2 interface are significantly smaller than the numbers for E2 at
the VL1 interface at state points along the VLLE line [cf. Fig. 11(c)].
All this is fully in line with the findings for the enrichment behavior
in the VL1 and VL2 regions (see above).

The interfacial VLLE structure provides further interesting
insights: at low temperatures, a small depletion of component 1 at
the L1L2 interface is predicted by DGT (cf. Fig. 10). Simultaneously,
an enrichment of component 2 is predicted at the L1L2 interface.
Furthermore, at high temperatures in the vicinity of the CEP, a small
enrichment of component 2 is observed at the VL2 interface, which
becomes equal to E2 at the VL1 interface [cf. Fig. 11(d)] as the two
liquid phases fuse at TCEP.

The two characteristic points HAEP and CEP have important
consequences for the VLLE interfacial properties. Upon approach-
ing the CEP, the L1L2 interface becomes infinitely broad [cf. Figs. 10
and 11(e)]—as expected at a critical point. Accordingly, the L1L2 sur-
face tension becomes zero at the CEP [cf. Fig. 11(a)]. In addition, the
relative adsorption of the L1L2 interface becomes zero at the CEP [cf.
Fig. 11(b)]. The enrichments E1 and E2 of the L1L2 interface decay
to unity at THAEP [cf. Figs. 11(c) and 11(d)].

At the HAEP, the VL2 surface tension is equal to the sur-
face tension value on the azeotropic line at the same temperature
(cf. Fig. 9) since the VL2 equilibrium at the VLLE at T = THAEP is
also a part of the azeotropic line (see the supplementary material
for details). For the same reason, the other interfacial properties of
the VL2 interface smoothly transition from the VLLE states to the
azeotropic states in the temperature regime THAEP < T < TCEP. Since
the L1L2 region vanishes upon approaching TCEP and the two liquid
phases L1 and L2 fuse to a single liquid phase, also the VL1 surface
tension converges to the VL2 azeotropic surface tension value [cf.
Fig. 11(a)].

The L1L2 interface at VLLE conditions exhibits relatively
low relative adsorption Γ(1)2 as well as relatively low enrichment
E2. This is in line with a moderate enrichment obtained in the
L1L2 region asides the VLLE (see the supplementary material).
The interfacial thickness of the L1L2 interface, however, shows an
interesting behavior: first, it is approximately constant in a wide
temperature range. Then, with increasing temperature, the L1L2
interfacial thickness drastically decreases and exhibits a minimum at
THAEP.

IV. CONCLUSIONS
In this work, interfacial properties and phase equilibria of

binary Lennard-Jones mixtures exhibiting different azeotropic phase
behavior were investigated using both MD and DGT + EOS. For
this purpose, three different mixtures were studied—each in a wide
temperature range such that all relevant types of phase equilibria
were covered by the study. The low-boiling component 2 and the
high-boiling component 1 were the same for all mixtures. The binary
interaction parameter was chosen such that mixture A and mixture
B were of type II-A and mixture C of type I-A.

The complementary and well-validated approach7,11,20,33 using
both MD and DGT, as well as a suitable EOS for simple fluid

mixtures based on the Lennard-Jones truncated and shifted poten-
tial, enables the assessment of the relation of interfacial properties
and characteristic phase equilibrium lines and points.

This work contributes to the understanding of the relation
of fluid interfacial properties and the underlying phase equilibria
of azeotropic mixtures. Different types of fluid phase equilibria
and interfaces were studied: vapor–liquid, liquid–liquid, and
vapor–liquid–liquid. The focus was on the vapor–liquid interfaces.
Moreover, the relation of different interfacial properties and phase
equilibrium properties was discussed in detail.

Overall, excellent agreement of the independent predictions
from MD and DGT + EOS was obtained—for both the phase equi-
librium and the interfacial properties. This is in line with previous
studies of our group, which were based on the same approach.4,7,11,63

Only for the enrichment, the interfacial thickness, and the phase
equilibria in the vicinity of critical points obtained from the two
methods, some systematic deviations are found, which have also
been characterized before.7,11

Complex interfacial structures are obtained and elucidated
for the three simple binary mixtures, e.g., a wetting transition,
enrichment of both the high-boiling and low-boiling components,
the composition and density profiles at azeotropic states, and the
aneotropic behavior. Despite the fact that the three mixtures solely
differ in the binary interaction parameter used in the Berthelot com-
bination rule, the three mixtures exhibit completely different phase
equilibria and interfacial properties. Most importantly, the three
synthetic mixtures enable a systematic investigation of the interfa-
cial excess at fluid interfaces in simple fluid mixtures: no enrichment
is observed for high-boiling azeotropic mixtures (strong cross affin-
ity of the two components); significant enrichment is observed
for both component 2 and component 1 at low concentrations of
the respective component for a heteroazeotropic mixture with very
wide-boiling phase behavior (low cross affinity of the two compo-
nents). The results from this work show that, in such a case, an
enrichment of component 1 and component 2 can occur in the
phase equilibrium branch where the respective component effec-
tively acts as the low-boiling component mediated by an azeotropic
point. For a low-boiling azeotropic mixture, an enrichment is only
observed for the low-boiling component. All this is inherently cov-
ered by the very simple empirical enrichment model1 based on
the partition coefficient. Therefore, the empirical enrichment model
developed for the prediction of the enrichment of a low-boiling
component at a vapor–liquid interface can be straightforwardly
applied to model the enrichment of both components in low-boiling
azeotropic and high-boiling azeotropic mixtures as studied in this
work.

As recently described for a type III phase behavior LJTS
mixture,7 also the heteroazeotropic type II-A phase behavior stud-
ied in this work shows a wetting transition: the second liquid phase
L2 starts forming under the influence of the gradients at the VL1
interface before the VLLE is actually established. This goes in hand
with a strong adsorption of component 2 and a strongly increas-
ing interfacial thickness upon approaching the VLLE. Yet, it should
be noted that the DGT predictions for the vapor–liquid density
profiles in the vicinity of the VLLE yield extreme gradients, which is
inherently problematic for the (square) gradient approximation. For
future work, it would be interesting to study this wetting transition
in more detail through molecular simulation computer experiments.
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Interestingly, the concentration profiles across the interface
for azeotropic states show a non-monotonic behavior in all stud-
ied cases. Hence, the azeotropic condition x′2 = x′′2 does not hold
in the interphase, and a small relative adsorption is obtained for
vapor–liquid interfaces at azeotropic state points.

It was furthermore shown that the conformal solution theory20

can be favorably used to explain interfacial properties of simple fluid
mixtures, e.g., the fact that interfacial properties along the azeotropic
line can be considered as a pseudo-pure component.

SUPPLEMENTARY MATERIAL

See the supplementary material for the numeric values for
the MD and DGT data, which are reported there as an electronic
spreadsheet. Furthermore, density profiles obtained from the MD
simulations, the density profiles obtained from DGT for the LLE
for mixture A, isothermal phase diagrams at state points along the
VLLE line of mixture A, as well as the results for the enrichment of
the high-boiling component 1 for mixture B and mixture C, and the
relative adsorption of low-boiling component 1 at the interface with
respect to component 2 are shown. In addition, the invariant inter-
section points in the density profiles are discussed. Moreover, the
results of the empirical enrichment model for E1 and E2 of Stephan
and Hasse1 are shown in comparison to the MD data.
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