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ABSTRACT

Mass transfer through fluid interfaces is an important phenomenon in industrial applications as well as in naturally occurring processes.
In this work, we investigate the mass transfer across vapor-liquid interfaces in binary mixtures using molecular dynamics simulations. We
investigate the influence of interfacial properties on mass transfer by studying three binary azeotropic mixtures known to have different
interfacial behaviors. Emphasis is placed on the effect of the intermolecular interactions by choosing mixtures with the same pure components
but different cross-interactions such that different azeotropic behaviors are obtained. The molar flux is created by utilizing a non-stationary
molecular dynamics simulation approach, where particles of one component are inserted into the vapor phase over a short period of time
before the system’s response to this insertion is monitored. From a direct comparison of the density profiles and the flux profiles in close
proximity to the interface, we analyze the particles’ tendency to accumulate in the interfacial region throughout the different stages of the
simulation. We find that for mixtures with strong attractive cross-interactions, the inserted particles are efficiently transported into the liquid
phase. For systems with weak attractive cross-interactions, the inserted particles show a tendency to accumulate in the interfacial region,
and the flux through the system is lower. The results from this work indicate that the accumulation of particles at the interface can act as a
hindrance to mass transfer, which has practical relevance in technical processes.

© 2023 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/10.1063/5.0165421

I. INTRODUCTION wetting thin film at the interface that can be interpreted as a
precursor for a second liquid phase.'”’!

The properties of fluid interfaces play important roles in var- The features of mixtures’ interfaces can also affect the mass
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ious processes such as nucleation,"” wetting,”" and evaporation
and condensation.” The presence of vapor-liquid and liquid-liquid
interfaces can also affect the operating conditions of industrial appli-
cations such as natural gas production,”” enhanced oil recovery,'”
and carbon dioxide sequestration.'"'” Acquiring good knowledge
on a system’s interfacial properties and how they affect a process
is therefore of considerable interest.”” '® Macroscopically, interfaces
are usually treated as two-dimensional objects, while in reality, their
thickness spans over a few nanometers. Within the interfacial region,
interesting changes in the system’s thermodynamic and structural
behavior can occur. In two-phase fluid mixtures, a higher specific
configuration of the surface excess of one component can lead to
a non-monotonic density profile across the interface." "’ This fea-
ture is referred to as enrichment and can prompt the formation of a

transfer in the system. Multiple studies have suggested that enrich-
ment can influence mass transfer.”'**"** To investigate this rela-
tion, we recently developed a non-stationary, non-equilibrium
molecular dynamics (NEMD) simulation method.”® The method is
utilized in this work to systematically study mass transfer across fluid
interfaces of different mixtures at different thermodynamic condi-
tions. The investigated simulation box contains a vapor phase in
contact with a liquid phase that is crossing the periodic boundary
(cf. Fig. 1). The non-stationary molar flux is introduced by appro-
priately prescribing the chemical potential in a control volume (CV)
in the middle of the vapor phase. This leads to an insertion of par-
ticles over a short period of time, i.e., in a pulse-like manner. The
method has previously been applied to two binary mixtures of par-
ticles interacting through the Lennard-Jones truncated and shifted
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FIG. 1. lllustration of the simulation method. During the insertion interval, the
orange particles are inserted into the control volume marked by the orange shaded
area. Following the insertion interval, the orange particles spread through the
vapor phase, cross the vapor-liquid interface, and enter the liquid phase.

(LJTS) potential, where the first mixture is known to exhibit a strong
enrichment of the low-boiling component while the second mixture
shows no enrichment.”'****"*’ Even though both mixtures have
similar transport coefficients in the bulk phases, the observed mass
transfers differ significantly. This indicates that there is a connec-
tion between the enrichment and the mass transfer. However, the
vapor-liquid interfaces of mixtures are not only characterized by
the enrichment but also by the thickness of the interface, the sur-
face tension, and the relative adsorption.”””*" All the interfacial
properties are related, and this relation is mixture-dependent. Iso-
lating the influence of only one interfacial property on mass transfer
can therefore be challenging. In this work, we aim to further eluci-
date the connection between the various interfacial properties and
the mass transfer by applying the NEMD method from Ref. 28 to
binary azeotropic LJTS mixtures. The phase equilibrium and equi-
librium interfacial properties of these mixtures are available from
the comprehensive study performed by Staubach and Stephan.*

The behavior of an azeotropic mixture depends strongly on the
cross-interactions of its constituents.”’ When the attractive cross-
interactions are stronger than the interactions between the pure
components, the mixture usually has a high-boiling azeotrope. In
contrast, when the attractive cross-interactions are weaker than the
interactions between the pure components, the mixture typically has
a low-boiling azeotrope. For very weak attractive cross-interactions,
a hetero-azeotrope can occur, which is a liquid-liquid de-mixing in
conjunction with an azeotrope. We investigate one mixture from
each category. The mixtures all consist of the same two pure com-
ponents but differ in their cross-interactions. This allows us to
isolate the effect of the cross-interactions and analyze how they influ-
ence the mass transfer in the system. Another interesting aspect
of azeotropic mixtures is their phase diagrams, where the relative
volatility of the components can be changed by varying the mixture’s
mole fraction. This represents a special feature for the enrichment
in azeotropic mixtures since the enriching component changes at
the azeotropic point, i.e., in each azeotropic branch, the respective
low-boiling component exhibits enrichment.””” Additionally, the
relative adsorption, the interfacial thickness, and the surface tension
show distinct behaviors in azeotropic mixtures.”

In previous work,”® the non-stationary method was only
applied to systems that consisted only of the high-boiling compo-
nent prior to the insertion of the low-boiling component. In this
work, we have extended the simulation technique by investigat-
ing systems that were binary mixtures before insertion. This more
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closely resembles the operating conditions of industrial processes,
which rarely start from pure systems. Starting from a binary mixture
also allows us to study the system under a wider range of condi-
tions and investigate whether the mass transfer of one component
is significantly hindered by the enrichment of another component.

Il. METHODS

In the following sections, we present the simulation setup and
the sampling techniques utilized to investigate the mass transfer in
the azeotropic systems. Since the simulation method is presented in
detail in Ref. 28, we only present a brief outline of the method here
(cf. Sec. IT A). The three studied binary LJTS mixtures are introduced
in Sec. I1 B.

A. Simulation method

The molecular dynamics (MD) simulations were performed
with the simulation package Is1.”” The investigated setup consists of
a vapor phase in contact with a liquid phase that crosses the periodic
boundary of the simulation box, as illustrated in Fig. 1. Conse-
quently, there are two vapor-liquid interfaces present in the system.
The z-coordinate is defined such that it is orthogonal to the planar
vapor-liquid interfaces. The simulation run can be divided into five
intervals. The first interval is referred to as the initial equilibration
interval (IniEq), in which the system evolves from its initial configu-
ration into the first vapor-liquid equilibrium state. The properties of
this first vapor-liquid equilibrium state are sampled during the sec-
ond interval, which is called EqI. The third interval is the insertion
interval (In), in which particles of one component type are inserted
in the middle of the vapor phase; cf. Fig. 1. The particle insertion
is controlled by a Monte Carlo algorithm that adjusts the number
of particles in a CV based on a prescribed chemical potential, y; -,
where i refers to the particle type. After the insertion interval follows
the relaxation interval (Relax), in which the system’s response to the
particle insertion is monitored and evaluated. The Relax interval is
of prime interest here. The final interval is used to sample the second
vapor-liquid equilibrium state (Eg2). In the following, the abbre-
viations given in brackets are used when referring to the different
intervals.

During the simulations, several observables are sampled as a
function of time 7 and the z-coordinate. The z-positions are dis-
cretized into 1200 bins. The sampled observables are the pressure
tensor p, the density of the individual components p;, the molar com-
position x;, and the rate of change of the density with respect to time
0Op;/07. The values of dp,/07 are determined by numerical differ-
entiation of the local density with respect to time. The molar flux
of component i j; is computed from the molar balance. The molar
balance of bin 7 at time step 7 can be written as

Ipi __ji(mn+1) - ji(z,n)
or (mn) = Azpin ’ M

where j,(7,n+ 1) and j,(7,n) are the fluxes through the left and
right bin boundaries, respectively, while Az, is the bin size. In this
work, j; represents the net molar flux. In order to solve Eq. (1) for
the entire system, the symmetry boundary condition is applied, i.e.,
the net flux in the middle of the liquid slab is zero. The technique
utilized to determine the symmetry plane is described below.
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FIG. 2. Schematic of the positions of the measurement volumes (MVs) relative
to the location of the interface. The positions z1g, zsp, and zgy are defined by
Egs. (2)-(4). MVygp and MVj, are located at a distance Azq = 7 o from the
positions z1y and zgg, respectively. The width of each MV is Azyy = 1 0.

Due to the adsorption of the inserted component, the location
of the vapor-liquid interfaces fluctuates during the simulation.
For the two interfacial regions, we define three different positions:
z10 = 2(p,y)» 250 = 2(psy)> and zeo = z(py, ), corresponding to the
location for which the local total density equals Pio> Pso> and Poo>
respectively (cf. Fig. 2). The densities p,,, p5,, and p,, are defined by

po=p"+0.1(p" - p"), ©)
pso=p" +0.5(p" —p"), (3)
poo =p" +0.9(p" - p"), 4)

where p” is the total density in the bulk vapor phase and p’ is the
total density in the bulk liquid phase. The symmetry plane is defined
as the midpoint between zs of the right interface and zso of the left
interface. In the evaluation of the results, we focus on the right inter-
face, such that a positive flux is directed toward the interface and a
negative flux is directed away from the interface.

The behavior of the system in the vicinity of the vapor-liquid
interface is of particular interest. We, therefore, sample the system’s
properties in measurement volumes (MVs) close to the interface.
The MVs on the vapor and liquid side are referred to as MVy,p and
MViq, respectively, and their positions are defined with respect to
the interface position as illustrated in Fig. 2.

For non-stationary systems investigated by MD simulations, a
common strategy for reducing the signal-to-noise ratio is to perform
simulations of replicas of the system starting from different initial
configurations.”" ™ In this work, we carried out 100 replicas for all
simulations. The replicas differ only in their initial velocity distribu-
tions. The presented results were obtained by averaging over the left
and right interfaces and over the 100 individual replicas. The errors
were computed from the standard deviation of the replicas. Details
on the settings applied for the different simulations are presented in
the supplementary material.

ARTICLE pubs.aip.org/aipl/jcp

B. Azeotropic binary Lennard-Jones mixtures

The three studied Lennard-Jones (L]) systems are named mix-
tures A, B, and C. The interactions were modeled using the LJTS
potential with a cut-off radius of r. = 2.50. In the following, all
properties are presented in reduced L] units with respect to the
L] potential parameters of component 1 and the Boltzmann con-
stant, kg.”” For all the mixtures investigated in this work, the size
parameter o; and the mass m; were equal and set to unity for both
components. The energy parameter of component 1 was also set to
unity, while we applied &/e1 = 0.9 for component 2. These values
remained unchanged for the three investigated mixtures. The cross-
interactions were modeled by the modified Lorentz-Berthelot’*"
combination rules:

o] + 03
2

, ®)

o1 =

12 = 512\/6182, (6)

where &, is the binary interaction parameter. Since the values of
€1 and & are the same for all investigated mixtures, the mixtures
only differ in &;,. We chose three different values of &,,, result-
ing in three azeotropic mixtures. All mixtures were investigated at
four temperatures: T = 0.660 ekg', T = 0.715 ekz', T = 0.770 ek3 ",
and T = 0.825 ekz'. Mixture A, with £, = 0.8, is a hetero-azeotrope
for the three lowest temperatures, while it is a low-boiling azeotrope
for the highest temperature. Mixture B, with &, = 0.9, is a low-
boiling azeotrope, and mixture C, with &;, = 1.2, is a high-boiling
azeotrope.

Since the bulk and interfacial properties of these mixtures have
previously been systematically studied by our group,’’ the results
from the NEMD simulations can be put in the context with the cor-
responding equilibrium properties. The hetero-azeotrope and the
low-boiling azeotrope show enrichment of the low-boiling com-
ponent, while the high-boiling azeotrope shows no enrichment.
Moreover, the enrichment decreases with increasing temperature
and increasing mole fraction of the low-boiling component. The
surface tension also decreases with increasing temperature. At a
given temperature and composition, the surface tension increases
with increasing cross-interactions. For all three mixtures, the relative
adsorption Ffl ) is zero under three conditions: at infinite dilution
of component i, at extremum in the surface tension isotherm, or
at the mixtures’ critical point. In addition, common to all three
mixtures is that the interfacial thickness increases with increasing
temperature.

The thermophysical properties of various LJTS mixtures have
been found to be accurately represented by the PeTS equation of
state (EoS).'”!19203040%2 Deviations between the MD simulation
results and the EoS predictions were only observed in the direct
vicinity of the critical points. In particular, for mixture A, this sys-
tematic deviation was found to increase with temperature.”’ Figure 3
shows the mixtures’ pressure-composition phase diagrams predicted
by the PeTS EoS. For all mixtures at all temperatures, we investi-
gated how systems consisting only of component 1 responded to the
insertion of component 2 (filled circles in Fig. 3). In addition, we
investigated two different initial compositions of mixture A at tem-
perature T = 0.715 ek ': one on the right side of the azeotropic point
where component 2 is the low-boiling component (filled squares in
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FIG. 3. Pressure-composition phase diagram of the studied mixtures at the four
studied temperatures calculated with the PeTS EoS: (top) mixture A, (middle)
mixture B, and (bottom) mixture C. The predicted starting configurations for the
different simulations are illustrated by markers: circles represent pure component
1, squares represent composition «, and triangles represent composition j3.

Fig. 3, referred to as composition «), and one on the left side of
the azeotropic point where component 1 is the low-boiling com-
ponent (filled triangles in Fig. 3, referred to as composition f).
Starting from these compositions, we performed two different sim-
ulations: one where component 2 was inserted (referred to as a;
and f,) and one where component 1 was inserted (referred to as
ay and §)).

In total, the influence of four different variables on the results
was investigated: the cross-interactions, the temperature, the com-
position, and the identity of the inserted component, which resulted
in 16 different simulations. For convenience, we refer to the individ-
ual simulations as X}X , where X refers to the mixture name (A, B,
or C), T to the temperature, i to the identity of the inserted compo-
nent, and x to the composition of the initial state (& or ). For the
simulations starting from pure component 1, we use y = p.

ARTICLE pubs.aip.org/aipl/jcp

I1l. RESULTS AND DISCUSSION

In the following, we present the heterogeneous systems’
response to the introduced flux and analyze the connection between
interfacial properties and mass transfer. Sections III A and III B
contain the results for the systems starting from pure states, while
Sec. III C contains the results for the systems starting from mix-
ture states. We utilize two different approaches for characterizing
the interfacial properties and the fluxes. The first approach involves
an investigation of the time evolution of the properties sampled in
MVy,p and MViq. The temperature dependence of this time evolu-
tion for mixture A is presented in Sec. III A. The second approach
is a direct comparison of the density profiles to the flux profiles in
close proximity to the interface. The results of this approach are pre-
sented in Sec. I11 B for the three different mixtures at T = 0.715 ek .
For the systems starting from mixture states, we present the results
of the second approach in Sec. III C. All remaining combinations
of mixtures, temperatures, and initial states are presented in the
supplementary material.

A. Influence of temperature on mass transfer

The results for mixture A at the four investigated tempera-
tures (Agfg«), Agfgls, Agfgm, and Aéfgzs) are presented in Fig. 4. The
time evolution of the density, flux, and pressure sampled in the
MVs is depicted. Figures 4(a) and 4(b) show that p}’ increases with
increasing temperature, while p5 decreases with increasing temper-
atures. This is a consequence of the temperature dependence of
the solubility of component 2 in component 1. The insertion of
particles imposes a flux in the vapor phase directed toward the inter-
face. Figures 4(c) and 4(d) show the flux measured at the positions
z =210 —70and z = zgg + 7 0. At all temperatures, a prominent peak
is observed on the vapor side shortly after the insertion of particles.
The peak stems from the arrival of the vast majority of the inserted
particles. The differences in the flux for the different temperatures
are mainly limited to this peak; the height of the peak increases with
decreasing temperature, which can be attributed to the increased sol-
ubility of component 2 at lower temperatures. On the liquid side,
no significant temperature dependence of the flux is observed due
to the low signal-to-noise ratio. Figures 4(e) and 4(f) show that the
pressure is the same in MVy,, and MVjq—both at the beginning
and end of the process. The pressure reaches its equilibrium value
quicker than the density, which indicates that mechanical equilib-
rium is established quickly. The large fluctuations of the liquid phase
pressure are a well-known phenomenon, attributed to the sensitivity
of the measurement of this property.”>**** For all presented prop-
erties, the change in temperature leads to quantitative changes, but
the qualitative behavior of the properties remains unchanged. Simi-
lar observations were made for mixtures B and C. For details, see the
supplementary material.

B. Influence of mixture behavior on mass transfer

The density and flux profiles for the three mixtures at tem-
perature T = 0.715 ek’ (Aéfgls, Bgfgls and nggw) are presented in
Fig. 5. In the following, we compare how the p,- and j,-profiles
evolve with time for the different mixtures. Since the In interval
starts at 7 = 1,000 o(1m/¢)"?, all profiles measured before this time
represent the equilibrium state of pure component 1 (EqI). The
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FIG. 4. Results from the simulations starting from the pure component 1 for mixture A at the four studied temperatures. Results obtained in MVy,, are shown on the left side,
while those obtained in MV}, are shown on the right side. Top: density of component 2, middle: flux of component 2, and bottom: pressure. The different intervals of the

simulation are indicated on the time axis.

Relax interval starts at 7 = 1,100 o(m/e)"?. At the beginning of the
Relax interval, the concentration of component 2 in the interfa-
cial region is low because the inserted particles have not reached
this region yet. Hence, the properties of the interface are mainly
governed by the behavior of component 1. As a consequence, the
profiles of p, and j, at the beginning of the Relax interval are sim-
ilar for the different mixtures. The p,-profiles show a small peak
close to the interfacial position, and the corresponding flux profiles
(indicated by arrows in Fig. 5) show that the insertion of particles
imposes a flux in the vapor phase directed toward the interface.

Since the friction in the vapor phase is low, the particles reach the
interface with a high directed velocity. At the point of the inter-
face, the flux profiles decay quickly due to the higher density of the
liquid phase.

As the system evolves through the Relax interval, important dif-
ferences between the mixtures become apparent. Common for all
mixtures is that the absolute height of the density peak increases,
with ongoing simulation time before it decays toward the equilib-
rium profile of the mixture (Eq2). This indicates that more particles
arrive at the interface than are further transported into the liquid
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for mixture B, and (e) and (f) for mixture C. The interface is located at z — zsy = 0. The simulation time is indicated by color, and the profiles are displayed at intervals of
8t = 100 0(m/e)"2. The temperature is T = 0.715 ekg". The inset shows the phase diagram predicted from the PeTS EoS.

phase. However, there are significant differences: with increasing
&,,, the height of the temporary density peak increases and the
position of the peak is shifted further into the liquid phase. This
indicates that for higher values of &,,, the particles of component
2 are transported more efficiently into the liquid phase. This is
also reflected by the flux profiles [Figs. 5(b), 5(d), and 5(f)], which
show that higher values of &, result in an increased ability to
maintain a higher flux in both the vapor and the liquid phases. At

7=1,2000(m/e)"?, we observe that going from mixture A to mix-
ture B to mixture C, the flux increases each time approximately
by a factor of two. The correlation between the flux and &, is
supported by the fact that the relative adsorption of component 2
at the interface decreases with increasing &,,."° Accordingly, with
increasing &,,, the particles have an increased tendency toward
preferential residency in the liquid phase than in the interfacial

region.
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In the final equilibrium state of the mixtures (Eq2), displayed
by the yellow lines in Fig. 5, the p,-profiles show enrichment for

A(Z)rgls and Bérgls, while there is no enrichment for nggIS' This behav-
ior is in accordance with the equilibrium properties reported in Ref.
30. The difference in the density profiles of the Eq2 state suggests
that the buildup of the temporary density peaks at the beginning of
the Relax interval is caused by different processes. These differences
were analyzed in detail in a previous paper from our group.”® While
the density peaks observed at the beginning of the Relax interval
for AJ® . and B? . can be attributed to the tendency of the low-
boiling component to accumulate in the interfacial region; this is not
the case for Cgf;w. For the latter system type, the temporary density
peak is rather interpreted as a type of jamming; since the transport
of the inserted particles in the liquid phase is diffusion-controlled
and slower than the transport in the vapor phase, we get an accu-
mulation of the particles in the interfacial region. This accumulation
disappears over time as the particles move further into the liquid
phase.

Since the temporary density peaks for mixtures A and B are
higher than those of the Eq2 state, the buildup of the temporary den-
sity peak is probably caused by a combination of enrichment and
jamming. For ngl;ls, which has zero enrichment in the Eq2 state,
the temporary density peak is purely caused by the jamming effect.
In the work by Schaefer et al.,”® it was suggested that the tempo-
rary density peak in mixtures without enrichment can be caused by
a higher solubility due to increased pressure. This argument does
not hold for mixture C in this work since the bubble line has a
negative slope for the compositional range investigated here (cf.
Fig. 3). In Ref. 28, a temporarily negative flux in the vapor phase
was reported, i.e., a net repelling of component 2 particles from the
interface. This was not observed for any of the mixtures and states
investigated here.

C. Inserting particles into a mixture

In this section, we present the results of the simulations where
particles are inserted into a system where both components of mix-
ture A are already present. This corresponds to the simulations
AP, A(Z)f/;ls, AyS ., and A(l)f/;ls. For composition «, component 2 is
the low-boiling component, while for composition 8, component 1 is
the low-boiling component. To clearly illustrate how the systems are
evolving over time, Fig. 6 shows the properties sampled in the MV's
in a pressure-composition diagram along with the PeTS EoS predic-
tion of the dew and the bubble line. To reduce the signal-to-noise
ratio of the pressure, moving average smoothing was applied to the

data. Figure 6(a) shows the results of inserting component 2 (AZ%

and Aéjfl 5) while Fig. 6(b) shows the results of inserting component 1

(AySs and A(l)fgl 5)- Similarly to the results presented in Sec. I1I A, the
pressure sampled in the MVs increases directly after the insertion
of particles before it quickly reaches the equilibrium value. For all
investigated systems, the PeTS EoS prediction for the liquid phase
pressure slightly deviates from the simulation results. This has been
reported before for highly non-ideal systems with positive deviations
from Raoult’s law. """

The density and flux profiles obtained from the insertion of
component 2 are shown in Fig. 7, while the profiles obtained from
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FIG. 6. Phase diagram for mixture Aat T = 0.715 skg1 predicted by the PeTS EoS
(gray lines). Triangles and circles indicate properties sampled in MVyap and MVj,
respectively: (a) insertion of component 2 and (b) insertion of component 1. The
bright green and red markers indicate the time averages of the states sampled
during the intervals in Eq7 and Eq2, respectively. The error bars represent two
standard deviations.

the insertion of component 1 are shown in Fig. 8. Simulations
Agﬁ‘ls and A(l)fgls [Figs. 7(a) and 8(c)] both represent insertion of the
low-boiling component and can, therefore, be directly compared to
simulation Aéjgls [Fig. 5(a)]. Common for these three simulations
is that the absolute height of the density peak first increases as the
simulation time increases before it decays toward the equilibrium
profile of the Eq2 state. This indicates that the jamming of the parti-
cles at the interface occurs irrespective of the composition of the Eq1
state. Simulations A%, ; and Aéfgls [Figs. 7(c) and 8(a)] represent the
insertion of the high-boiling component, which leads to a decrease
in the density peak of the low-boiling component. This is in accor-
dance with the behavior of the enrichment at equilibrium states for
these systems.*’
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FIG. 7. Density and flux profiles in the region close to the interface after insertion of component 2, as a function of the z-coordinate, (a) and (b) for composition «, (c) and(d)
for composition 8. The interface is located at z — zsy = 0. Each line displays a profile at a given time step. The profiles are displayed at intervals of 67 = 100 o(m/)"2. The

temperature is T = 0.715 skg1. The inset shows the phase diagram predicted from the PeTS EoS with the indicated starting configuration.

The fluxes at the beginning of the Relax interval are influ-
enced by the vapor phase density in the EqI state, which is
higher for  than for a. This explains why the flux profile
directly after insertion (7 = 1,300 o(m/e)"?) is larger for the sys-
tems starting from composition « than for those starting from
composition f3.

The most interesting fluxes to compare are those correspond-
ing to the same starting compositions but with different identities of
the inserted particles, i.e., comparing simulation Ay, to AZ%, and
A(I)fls to A(Z)fl7315' When the low-boiling component 2 is inserted into
composition « [Fig. 7(b)], the flux profiles decay quickly over time,
similar to the observations made for simulation Agfsls- In contrast,
when the high-boiling component 1 is inserted into composition
a [Fig. 8(b)], the flux remains non-zero for more than half of the

Relax interval. Similarly, for the simulations starting from composi-
tion S, the flux decays more quickly with time after insertion of the
low-boiling component 1 [Fig. 8(d)] than after insertion of the high-
boiling component 2 [Fig. 7(d)]. This indicates that the mass transfer
of one component is not significantly hindered by the enrichment of
another component.

One unique feature is observed for simulation AZ%s [cf.
Fig. 7(b)] where the flux profile displays a double hump at time
7= 1,400 6(m/e)"">. We interpret the hump on the vapor side as
an effect of the buildup of the peak of the density profile, while the
hump on the liquid side is due to the rush of the particles into the
liquid phase. For simulation A(l)fgls [cf. Fig. 8(d)], no double hump is
observed during the buildup of the enrichment, which probably can
be attributed to the low enrichment for this state.
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IV. CONCLUSIONS

We have investigated the connection between interfacial prop-
erties and mass transfer for three binary azeotropic mixtures of
LJTS particles. The mixtures all have the same pure components
but different cross-interactions, which leads to important differences
in their interfacial properties. The systems were investigated using
the non-stationary NEMD simulation procedure presented in pre-
vious work by our group,”® where particles of one component are
inserted into a vapor-liquid equilibrium system. In all studied sim-
ulations, the number of inserted particles was approximately the
same. Yet, important differences in the time evolution of the den-
sity and flux profiles are observed. These differences are attributed
to differences in interfacial properties such as enrichment, surface
tension, and relative adsorption. We also investigated how the con-
nection between the interfacial properties and mass transfer depends
on temperature, composition, and the volatility of the inserted com-
ponent. The results provide new insights into the physical processes
of vapor-liquid mass transfer in azeotropic systems. In particular,
they indicate that the enrichment of one component affects the mass
transfer of that component through the system, while it does not

significantly affect the mass transfer of other components in the
system.

The results from this work complement and confirm the find-
ings obtained earlier by our group from both stationary and non-
stationary NEMD simulations of mass transfer.”””* The simulation
method developed in Ref. 28 provides detailed information on the
mass transfer phenomena at vapor-liquid interfaces. Despite the
simplicity of the mixtures investigated here, a wealth of effects and
phenomena were observed. Yet, it is challenging to attribute the
different phenomena to specific interfacial properties as they are
intertwined in a complex way. Hence, many open questions in the
field of mass transfer across fluid interfaces remain to be resolved.
The simulation method developed in Ref. 28 and applied in this work
provides a promising tool for such studies.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional information
about the simulation settings, the definition of interfacial proper-
ties, the results for the temperature dependence of mixtures B and C,
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the composition dependence of the properties in the MVs for mix-
ture A, as well as the profiles of flux and density at temperatures
T = 0.660 eki', T = 0.770 ekg', and T = 0.825 eky' for all mixtures.
In addition, the properties in the MVs for the simulations starting
from the pure systems are shown in relation to their respective phase
diagrams for all mixtures.
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