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ABSTRACT: The mass accommodation coefficient (MAC), a parameter that quantifies
the possibility of a phase change to occur at a liquid—vapor interface, can strongly affect the
evaporation and condensation rates at a liquid surface. Due to the various challenges in
experimental determination of the MAC, molecular dynamics (MD) simulations have been
widely used to study the MAC on liquid surfaces with no impurities or contaminations.
However, experimental studies show that airborne hydrocarbons from various sources can
adsorb on liquid surfaces and alter the liquid surface properties. In this work, therefore, we R ¥
study the effects of organic surface contamination, which is immiscible with water, on the 2 (cleanwi;:,)ate;surface)

MAC of water by equilibrium and nonequilibrium MD simulations. The equilibrium MD 5250'6 . ¢
simulation results show that the MAC decreases almost linearly with increasing surface ~** %
0.2 o

coverage of the organic contaminants. With the MAC determined from EMD simulations, e el
the nonequilibrium MD simulation results show that the Schrage equation, which has been % 8 . 20
proven to be accurate in predicting the evaporation/condensation rates on clean liquid

surfaces, is also accurate in predicting the condensation rate at contaminated water surfaces.

The key assumption about the molecular velocity distribution in the Schrage analysis is still valid for condensing vapor molecules
near contaminated water surfaces. We also find that under nonequilibrium conditions the adsorption of the water vapor molecules
on the organic surface results in an adsorption vapor flux near the contaminated water surface. When the water surface is almost fully
covered by the model organic contaminants, the adsorption flux dominates over the water condensation flux and leads to a false
prediction of the MAC from the Schrage equation.

1. INTRODUCTION liquid surface. Accurate measurement of the MAC by
experiment is currently very challenging.'” As a result, the

Water evaporation and condensation play an important role in
validity of the HK and Schrage relationships in the prediction

many environmental processes such as moisture transfer

through clothing,”? soil water evaporation and global of evaporation and condensation rates has never been truly
warming,”" and engineering applications such as evaporative verified by experiment. One way to mitigate the experimental
cooling of electronic devices,” water desalination,® and medical challenges in the MAC measurement is to use molecular
therapy.” A fundamental understanding of the transport dynamics (MD) simulations. A big advantage of MD modeling
phenomena at an evaporating/condensing liquid surface is that it can track the trajectories of each vapor molecule near
requires treatment from the kinetic theory of gases the liquid—vapor interface. Hence, it can easily count the
(KTG).* "' Two relationships that have been widely used in number of incident vapor molecules that are accommodated to
the past decades to model evaporation and condensation the liquid phase or reflected by the liquid surface. MD
processes are the Hertz—Knudsen (HK) relationships®~'* and simulations have been successfully used to determine the MAC
the Schrage relationships.'"”'* Both relationships were derived of a variety of fluids including monatomic fluids,"*~"
based on the KTG and provide an expression that correlates polymers,”*~** and water.”* ™"

the evaporation/condensation flux with the temperature and Although the MAC of water has been extensively studied by

density of fluid near a liquid—vapor interface and the mass
accommodation coefficient (MAC).

When a vapor molecule strikes its own liquid phase, two
things can happen: (i) the vapor molecule is accommodated to -
the liquid phase; (ii) the vapor molecule is reflected by the Rec?we‘l: October 19, 2023 Bl
liquid surface, and no phase change occurs. The MAC is Revised:  December 6, 2023 JMASF
defined as the fraction of vapor molecules that strike a liquid— Accepted: D ecember 11, 2023 & “&“
vapor interface and are accommodated in the liquid phase. Published: January 4, 2024 :“LQJL
Hence, the MAC quantifies the possibility of a phase change to o
occur for each collision between a vapor molecule and the

MD simulations, all of the previous MD studies in the
literature focused on the MAC at clean water surfaces.
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Figure 1. (a) x—y view and (b) y—z view of a snapshot of the EMD model system containing 2100 eicosane molecules and 95,700 water molecules

after equilibration at a temperature of 400 K.

However, recent experimental studies show that airborne
hydrocarbons, which are mainly generated by production,
transport, and incomplete combustion of oil,*" can be easily
adsorbed by various types of solid and liquid surfaces.”**° It
was shown that, within 24 h of exposure to the air, the
accumulation of hydrocarbon contaminants to a surface can
significantly alter surface properties such as wettability and
critical heat flux of solid surfaces®*™** and surface tension of
water.”*® Hence, it is reasonable to expect that the
hydrocarbon contamination on water surfaces will also affect
the MAC and the evaporation and condensation rates of water.
It was reported in numerous experimental studies that the
MAC values measured in experiments with stagnant water
surfaces are significantly lower than those with renewing water
surfaces.””* The general explanation of the discrepancies in
the measured MAC values is that the accumulation of
contaminants on stagnant water surfaces impedes the
evaporation/condensation processes, leading to a much smaller
MAC. However, this explanation has not been verified by
experiment because it is difficult to know when contaminations
are present, what type of contaminants are on water surfaces,
and the surface coverage of contaminants in the experimental
system.13

In this work, we carry out MD simulations to study the
effects of organic surface contaminants on the MAC of water.
The recent experimental study shows that the typical airborne
hydrocarbon contamination from laboratory atmospheres
consists of n-alkanes with molecular weight ranging predom-
inantly from Cj5 to C,."" In our MD model, therefore, we
choose n-eicosane (C,oH,,), a representative hydrocarbon
contamination in laboratory atmospheres, as the organic
contaminant on the model water surfaces and investigate
how the water MAC and condensation rate depend on the
surface coverage of the model organic contaminant.

2. THEORY

In this work, we use both equilibrium MD (EMD) and
nonequilibrium (NEMD) simulations to determine the MAC
of water on contaminated water surfaces. In the EMD model,
such as that shown in Figure 1, we directly count the number
of vapor molecules incident on the contaminated water surface
(Nipe) and the number of incident vapor molecules that are
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accommodated to the liquid water (N,.) and determine the

MAC (ay,) directly from its definition

CC

Nacc/lvinc ( 1 )

To investigate if the MACs determined from EMD
simulations are consistent with those determined under
nonequilibrium conditions, i.e., when net evaporation or
condensation of water occurs, we also carry out NEMD
simulations (see, e.g, Figure 2) of quasi-steady-state
evaporation and condensation at the model water surface
and determine ay from the Schrage equation,"' ™"’

J = a5 (VT = T T) o

The Schrage equation predicts the evaporation/condensa-
tion flux J across a liquid—vapor interface at a temperature of
Ty, when the temperature and density of vapor near the liquid
surface are T, and p,, respectively. In the Schrage equation, R is
the universal gas constant, M is the molar mass of vapor
molecules, and p,(Ty) is the saturated vapor density at Ty. If J
is greater than 0, then net evaporation occurs. If ] is less than 0,
then net condensation occurs. The key assumption made in
the derivation of the Schrage equation is that the velocity
distribution (VD) of vapor molecules near an evaporating/
confilensing liquid—vapor surface follows the shifted Maxwell
VD

f(V ) = L e_M(Vx_Vv,o)Z/ZRTv
’ 27RT, o

where v, is the molecular velocity component along the
evaporation direction and v, is the macroscopic velocity of
vapor near the liquid—vapor interface. When net evaporation
occurs, vy, is greater than 0. When net condensation occurs,
vy is less than 0. In the Schrage equation, i.e, eq 2, the effects
of macroscopic vapor motion are taken into account by the
function I'(vg), which is given by

I =

I(vg) = e_vkz — v V@ [1 — erf(vy)] (4)

where v is the ratio of the macroscopic speed of vapor, v, to
the most probable thermal speed of vapor molecules

https://doi.org/10.1021/acs.jpcb.3c06939
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Figure 2. (a) A snapshot of the model system during NEMD
simulation with T}, = 430 K, T} = 395 K, and 54% surface coverage of
organic contaminant on the condensing liquid surface. The yellow,
red, white, blue, and green dots in the snapshot represent Au, O, and
H atoms and CH; and CH, pseudoatoms, respectively (same in other
figures). Steady-state (b) temperature and (c) density profiles in the
model system. The inset in (c) shows the density profile in the gas
region. The horizontal dashed lines in (b) and (c) indicate the
average temperature and density in the gas region, respectively. The
vertical dash-dot lines indicate the location of the liquid water
surfaces.

%0

"’ AR M (s)

As shown in Figure 2, the NEMD simulation will allow us to
determine the fluid temperature (T and T,) and density
(pg(Ty) and p,) in the Schrage equation as well as the molar
flux (J) and macroscopic velocity (v,,) of vapor near the
liquid—vapor interface with high fidelity. Using these NEMD
simulation results in the Schrage equation, therefore, we can
find the MAC (ay) at evaporating and condensing water
surfaces. The Schrage equation was also used in the recent
experimental work to estimate the MAC on water surfaces
during a steady-state evaporation process.”” Our recent MD
studies show that the Schrage equation is accurate in the
prediction of evaporation and condensing rates at clean liquid
surfaces.'”~'7?**"%% Gince the VD of evaporating/condensing
vapor molecules is an important indicator of the validity of the
Schrage equation, we will also use MD simulations to directly
measure the VD of condensing vapor molecules near a

contaminated water surface to investigate if the key assumption
of the shifted Maxwell VD, i.e., eq 3, in the Schrage analysis is
still valid for water vapor near a condensing water surface with
organic contamination.

3. MOLECULAR DYNAMICS SIMULATIONS

3.1. The MD Model System. We used both EMD and
NEMD simulations to determine the MAC at a contaminated
water surface. In the EMD model, we place a liquid slab
consisting of 95,700 H,O molecules in the middle of a
simulation box, which has a length of 30 nm in the x direction
and 20 nm in the y and z directions as shown in Figure 1. On
each of the two liquid water surfaces, we initially place a liquid
n-eicosane (C,0H,,) semicylinder. As shown in Table 1, the
total number of eicosane molecules in the EMD model varies
from 0 to 4564 to gradually increase the surface coverage of
the organic contaminant on the model water surface. The
simulation box size is fixed during the EMD simulation, and
periodic boundary conditions (PBCs) are applied in all three
directions. We carry out EMD simulations at a constant
temperature of 400 K because at lower temperatures the
number of water vapor molecules in the model system will be
too small, leading to poor statistics of the EMD simulation
results for the MAC.

In the NEMD model, the model water and eicosane fluid
system is confined by two solid Au plates, as shown in Figure 2.
Each Au plate is formed by a three-layered FCC (100) plane of
solid Au with a cross-sectional area of 20 nm by 20 nm. The
separation between the two inner solid Au surfaces is 200 nm.
On each of the two inner surfaces, we place a thin liquid water
film. The initial thickness of the film on each of the two solid
surfaces is approximately 4.5 nm such that the liquid layers are
thick enough to avoid effects of disjoining Jpressure on the
equilibrium properties of the model water.” As shown in
Figure 2(a), the left water surface in the NEMD model is a
clean surface, while the right water surface contains organic
contaminants with a surface coverage the same as that in each
case of the EMD simulations shown in Table 1. In NEMD
simulations, PBCs are applied in the y and z directions, and
atoms in the outermost Au layers are fixed. The fluid in the
region from x = 10 to 190 nm is always in a gaseous state in
NEMD simulations. Therefore, we define this region as the gas
region of the NEMD model system.

In NEMD simulations, the left and right Au plates are
maintained at a temperature of 430 and 395 K, respectively, by
velocity rescaling at each time step. This leads to evaporation
of liquid water on the left clean water surface and condensation
of water vapor on the right contaminated water surface as
shown in Figure 2(a). We set the heat source and heat sink

Table 1. MD Simulation Results of Surface Coverage of Organic Contaminants, Contact Angle of Organic Contaminants on
the Model Water Surface, the MAC on Contaminated Water Surfaces, and the Interfacial Thermal Conductance Determined
from eq 10 as a Function of the Number of C,;H,, Molecules in the EMD Model

MAC
Case no. No. of C,H,, molecules Surface coverage (%) Contact angle (deg) EMD NEMD G, (MW/m*K)
1 0 0 0.88 + 0.01 0.90 + 0.01 254 + 1.8
2 760 253 £ 1.1 77 + 6 0.66 + 0.02 0.69 + 0.02 17.7 £ 1.1
3 1278 42.0 £ 0.8 77 £ 5§ 0.53 + 0.01 0.56 + 0.01 154 + 0.9
4 2100 54.3 + 0.6 82 +2 0.43 + 0.01 0.43 + 0.01 10.2 +£ 0.5
S 2984 65.8 + 0.9 80 +3 0.32 + 0.01 0.33 + 0.02 73+ 03
6 4564 98.2 + 0.1 0.01 + 0.01 0.07 + 0.01 3.6 +03
587 https://doi.org/10.1021/acs.jpcb.3c06939
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temperatures to 430 and 395 K so that the temperature at the
contaminated water surface during quasi-steady-state evapo-
ration and condensation is always close to 400 K, ie., the
temperature used in the EMD simulation. In this case, we can
compare the MAC determined from EMD and NEMD
simulations at the same temperature and with the same
surface coverage of the organic contaminants.

3.2. The Molecular Interaction Potential Model. In
both EMD and NEMD simulations, we use a rigid extended
simple point charge (SPC/E) model”' to describe the
intermolecular potential of water molecules. The Coulombic
interactions in the SPC/E potential are treated by the Wolf
summation*” with a damping factor of 0.15 A™! and a cutoff
distance of 9.0 A. The Wolf summation technique has been
shown to produce reasonable saturated densities for SPC/E
water.*> We have successfully used the SPC/E model along
with the Wolf summation technique for MD simulations of
steady-state eva7poration and condensation of water in our
previous work.”

To model the intra- and intermolecular interactions of
eicosane molecules, we use the united atom (UA) model
proposed by Nath et al.** The UA model treats the
hydrocarbon groups as pseudoatoms, i.e., single interaction
sites. For bonded interactions within an eicosane molecule, the
two-body bond stretching, the three-body bond bending, and
the four-body torsion are modeled by the Khare et al
potential,**® the van der Ploeg and Berendsen potential,*’
and the Jorgensen potential,” respectively. The nonbonded
interactions between any two pseudoatoms that belong to the
same molecule but are separated by more than three bonds are
modeled by the Lennard-Jones (LJ) potential with parameters
proposed by Smit et al.*” The Smit et al. L] potential is also
used to model the interactions between pseudoatoms
belonging to different molecules. The Lorentz—Berthelot
(LB) mixing rule’® is employed to determine the LJ
parameters for interactions between CH; and CH, pseudoa-
toms. The cutoff distance for all L] interactions between
pseudoatoms is 13.8 A.***” We have successfully used the UA
potential model for MD simulations of steady-state evapo-
ration and condensation of n-dodecane in our previous work.”*

For Au—Au interactions, we use the embedded-atom-
method (EAM) potential.>’ The nonbonded interactions
between Au and eicosane molecules and between Au and
H,0 molecules are also described by the L] potential with
parameters taken from the universal force field (UFF)** and
calculated by the LB mixing rule. The cutoff distance for the L]
interactions between Au and eicosane molecules and between
Au and H,0 molecules is 13.8 and 9 A, respectively. The L]
potential is also used for interactions between water and
eicosane molecules. The L] potential parameters determine the
eicosane—water interfacial tension (o,,,) as well as the contact
angle (6.) and spreading coefficient (S) of eicosane on the
model water surface. The relationship between the contact
angle and the surface tension is given by’

2

2 2
cos ) = (0,” — 6" — a,’)/200,,

(6)

where o,, and o, denote the surface tension of water and
eicosane, respectively. The spreading coefficient is defined as>

()

The spreading coefficient determines the eicosane—water
wetting behavior, and thus the surface coverage of a given
volume of eicosane on the water surface. It was shown in the

S=g¢, - (q+a,)
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recent MD study”® that, for water modeled by the SPC/E
model and alkanes modeled by the UA model, using the L]
potential parameters &;; = 0.65 kJ/mol and o5 = 3.6 A for
interactions between the O atom in water and the
pseudoatoms in n-alkanes results in spreading coefficients
agreeing well with experimental values. Therefore, we adopt
these LJ potential parameters with a cutoff distance of 13.8 A
in our MD model with the hope of achieving more realistic
predictions of wetting of water by eicosane.

3.3. Simulation Details. In MD simulations, a velocity
Verlet algorithm is used to integrate the equations of
translational motions.”> A leapfrog algorithm for quaternions
developed by Omelyan® is used for integration of the
equations of rotational motions of water molecules. A time
step size of 1 fs is used in all MD simulations.

In EMD simulations, the model system is first equilibrated at
a temperature of 400 K for 2 ns using the Berendsen
thermostat.”” After 2 ns of equilibration, the geometry of
eicosane on the water surface and the vapor density become
stable. The thermostat is then applied for another 2 ns, and the
model system is evenly divided into 120 bins in the x direction
with a bin size of 0.25 nm to determine the distribution of fluid
properties and the MAC from the EMD simulation as shown
in Figure 3. In the 2 ns production run, we output the positions
of each atom in the model system every 100 ps which results in
20 snapshots of the model fluids. Each x—y projection of the
snapshot is used to measure the contact angle (6.) of eicosane

20 nm

Prao (mol/L)

-200

P (atm)

-400

(©)

70 15 20 30
X (nm)

Figure 3. (a) A snapshot of the model system containing a 7.5 nm
water layer in contact with a 7.5 nm eicosane layer in thermal
equilibrium at a temperature of 400 K. (b) The density profile and (c)
the distribution of normal pressure (Py) and tangential pressure (Pr)
in the model system.
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on the model water surface as shown in Figure 1(a). Each y—z
projection of the snapshot is used to determine the surface
coverage (sc) of eicosane on the water surface as shown in
Figure 1(b). The sc is calculated using the ratio of green
(represents CH, pseudoatoms) and blue (represents CH,
pseudoatoms) pixels to all pixels in the snapshot. The
uncertainties in 6. and sc in each simulation case are
determined by analyses of the 20 snapshots. The details of
how each snapshot is processed to determine . and sc are
described in the Supporting Information.

In NEMD simulations, each heat source-sink simulation run
is first carried out for S ns to allow the system to reach quasi-
steady-state evaporation and condensation, which means the
evaporation and condensation flux becomes essentially time-
independent after S ns. Subsequently, the NEMD simulation is
carried out for an additional 2 ns for data collection and
averaging. We consider the simulated process as a quasi-steady-
state evaporation and condensation process because the two
liquid—vapor interfaces move at a speed below 0.2 m/s and
during the 2 ns data collection period the interfaces only
displace by less than 4 A for all simulation cases shown in
Table 1. To calculate the steady-state profiles of fluid
properties as shown in Figure 2, we evenly divide the fluid
region less than 10 nm from each of the two solid surfaces into
ten bins. The 1 nm bin width in this region allows us to find
the location and temperature of the liquid surface with
precision. In the 180 nm-long gas region, we evenly divided the
region into 18 bins. The 10 nm bin width allows us to obtain
good statistics of vapor properties that will be used in the
Schrage equation to determine the MAC. The contribution
from the vapor macroscopic velocity is subtracted in the
calculation of temperature in each bin. To further improve the
accuracy of the simulation results, four independent runs are
performed in each case of NEMD simulations. The
uncertainties in the NEMD simulation results are determined
by analyses of these independent runs.

4. RESULTS

4.1. Saturated Density and Wetting Behavior of
Model Fluids. To determine the saturated density and
wetting behavior of the model fluids, we first carry out an EMD
simulation in a simulation box containing a 7.5 nm-thick liquid
water layer in contact with a 7.5 nm-thick liquid eicosane layer,
as shown in Figure 3(a). After 2 ns of equilibration at a
temperature of 400 K, the liquid water and eicosane are in
equilibrium with their saturated vapor in the simulation box.
From the density profile shown in Figure 3(b), we find that the
saturated liquid water and liquid eicosane density are 49.9 +
0.1 and 2.52 + 0.03 mol/L, respectively, which are in
reasonable agreement with the experimental data of 52.0
mol/L (water’®) and 2.54 mol/L (eicosane™). The saturated
water vapor density is 0.058 & 0.002 mol/L which is the same
as that found in our previous work on a pure water system.”’
The saturated eicosane vapor density at 400 K is found slightly
below 107* mol/L. Such a low density is consistent with the
low saturated eicosane vapor pressure (~10> Pa) found in
experiment at 400 K.>

To obtain the prediction of the eicosane—water wetting
behavior, we use the EMD simulation to calculate the surface
tension of the model fluids. It is shown in Figure 3(c) that the
normal pressure (Py) is almost the same as the tangential
pressure (Pp) in the bulk liquid phase and bulk vapor phase of
the model system but higher than Py in the interface regions
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due to the surface tension. Using Py and Pp from the EMD
simulation, we calculate the surface tension from its
mechanical definition,®”®!

o= /x2 [Py(x) — Pr(x)] dx ®

Based on the pressure tensor profile in Figure 3(c), the integral
in eq 8 from x; = 0 to x, = 12 nm, from x; = 12 to x, = 19 nm,
and from x, = 19 to x, = 30 nm predicts 6,, = 0.031 N/m
(water), 6., = 0.024 N/m (water—eicosane), and 6, = 0.016
N/m (eicosane), respectively. Substituting the calculated
surface tensions into eqs 6 and 7, we obtain the spreading
coefficient S = —0.009 N/m and contact angle 6. ~ 80°. The
negative spreading coeflicient indicates partial wetting of the
model water by eicosane. To corroborate the theoretical
prediction of 6, ~ 80°, we directly measure the 6, of eicosane
on the model water surface obtained from EMD simulations.
In the representative case (i.e., Case #4 in Table 1) shown in
Figure 1, the measured 6, is 82 + 2° when the sc of eicosane
on the model water surface is 54.3 + 0.6%. We further vary the
eicosane sc from 25% to 66% in the EMD model. As shown in
Table 1, the measured 6. in all simulation cases is consistent
with the theoretical prediction from eq 6. We also found that
the saturated water vapor density (pg) is not affected by
eicosane surface contamination in all simulation cases. Hence,
we will use p, obtained at the clean water surface”” for the
subsequent NEMD determination of MAC in Section 4.3.
When the number of eicosane molecules in the EMD model
increases to 4564 (Case #6 in Table 1), we observe the liquid
water is almost fully covered by a 3.5 nm-thick eicosane layer
due to the PBCs applied in the simulation. In this case, it takes
12 ns for the vapor phase to eventually reach saturated density.

4.2. EMD Determination of MAC. In EMD simulations,
we determined the MAC from its definition, ie., eq 1. To
count the number of water vapor molecules that strike the
liquid—vapor interface, we set an imaginary plane 4 nm from
the liquid—vapor interface, as shown in Figure 3(a). Four nm is
only 1/10 of the mean free path of the saturated water vapor
molecules at a temperature of 400 K.*” Hence, the collision
between the incident vapor molecule and other vapor
molecules near the liquid—vapor interface is very rare
compared with the collision with the interface. The position
of the liquid—vapor interface is defined at the plane where the
water density is equal to half the saturated liquid water density
as shown in Figure 3. We define water vapor molecules that
cross the imaginary plane and move toward the interface as
incident molecules. Once an incident vapor molecule crosses
the liquid—vapor interface, we count it as an incident molecule
that is accommodated in the liquid phase. The two-plane
method has been widely used in MD simulations to determine
the MAC.">™'7?**>*” By counting the fraction of incident
vapor molecules that are accommodated to the liquid phase in
the EMD simulation, we find the MAC on a clean water
surface at a temperature of 400 K is 0.88 + 0.01. This value is
consistent with the previous MD studies* ™" on the MAC of
SPC/E water, which all show the MAC on a clean water
surface is around 0.9 at T = 400 K. Furthermore, Figure 4
shows the calculated MAC on a clean water surface (ay)
decreases with increasing temperature, which is also consistent
with that found in the previous MD studies.”*~>’ We also find
that precise definition of the liquid—vapor interface position is
not that consequential to the calculation of the MAC. As long
as the liquid—vapor interface is defined at a position between
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Figure 4. MAC on the clean water surface as a function of
temperature obtained from EMD simulations. The solid line is the
2nd order polynomial fit to the MD data.

the plane where the water density is 10% of the liquid density
and the plane where the water density is 90% of the liquid
density, the deviation of the calculated MAC is less than 2%.
To be consistent in this work, we used the half liquid density
criterion to define the liquid—vapor interface in all simulation
cases.

When the water surface is partially covered by the organic
contaminants, the incident water vapor molecules can be
directly reflected by or be adsorbed and then desorbed by the
organic surface contaminants. Accordingly, a smaller fraction of
incident molecules will be accommodated to the liquid water
phase. For the representative case with a contaminant sc of
54% shown in Figure 1, the EMD simulation shows ay; = 0.43
+ 0.01. To have a better understanding of this result, we evenly
divide the contaminated liquid surface into 20 bins in the y
direction as shown in Figure S and determine the local MAC in
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(clean water surface)
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Figure S. (a) A snapshot of the water surface with 54% surface
coverage of the organic contaminant. (b) The MAC in different
regions of the contaminated surface obtained from the EMD
simulation. The horizontal dashed line indicates the MAC on the
clean water surface.

each bin from the EMD simulation. It is shown in Figure 5(b)
that ay; on the portion of the surface that has almost no
contaminant is the same as that on the clean surface (ayo) and
ay; is close to zero in the region that is fully covered by the
organic contaminants. In the two edge regions of the
contaminants, the water surface is partially covered by the
organic contaminants, as shown in Figure 1(b), and the surface
coverage of the contaminants changes gradually from 100% to
0%. Moreover, the position of the organic contaminants has
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random fluctuations on the water surface at thermal
equilibrium. Hence, it is reasonable to see in Figure S(b)
that oy in the two edge regions of the contaminants gradually
varies from near zero to a,. Based on the above observation,
we assume Oy = (o in the surface region that is not covered
by the organic contaminants and ay; = 0 in the surface region
that is covered by the organic contaminants. Accordingly, oy
on a contaminated water surface has a linear dependence on
the contaminant sc,

ay = aM,O(l — sc)

)

To corroborate the prediction of @y from eq 9, we gradually
change the sc of contaminants from 0 to 98% and determine
ay for each case. Since we placed a liquid eicosane
semicylinder on the water surface at the beginning of the
simulation, the x—y projection of the eicosane contaminants on
the water surface after equilibration exhibits a stripe shape for
cases with 42%, 54%, and 66% sc as shown in the insets of
Figure 6(a). In the case of 25% sc, the stripe width is too thin
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Surfa%% coveragg (%)

Figure 6. (a) The ratio of the MAC on a contaminated water surface
to the MAC on a clean water surface as a function of surface coverage
of organic contaminants. The theoretical prediction is from eq 9. The
uncertainty of the MAC obtained from MD simulations in (a) is less
than the symbol size. The insets in (a) are the top view of snapshots
of contaminated surfaces with different surface coverage. (b) The
liquid—vapor interfacial thermal resistance (Gy,) at the condensing
liquid surface as a function of surface coverage. The theoretical
prediction of Gy, is from eq 11.

and it breaks up and shrinks into a circular shape. Figure 6(a)
shows that a); determined from the EMD simulation agrees
with the eq 9 prediction very well. In the next section, we will
further investigate if the NEMD simulation predicts the same
oy value as the EMD simulation.

4.3. NEMD Determination of MAC. In NEMD
simulations, we determine the temperatures (T, T,) and
densities (pg(Ty), py) of water near the liquid—vapor interface,
the molar flux (J), and the macroscopic velocity (v,,) of water
vapor during the quasi-steady-state evaporation and con-
densation process, and we plug them into the Schrage equation
(eq 2) to calculate ay. Figure 2 shows the NEMD simulation
results for the representative simulation case with a 54%
surface coverage of organic contaminants on the model water
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surface. As shown in Figure 2(b), the temperatures at the
evaporating liquid—vapor interface and condensing liquid—
vapor interface are Tp; = 427.1 K and Ty, = 3985 K,
respectively. Accordingly, we obtain p,(Ty,;) = 0.130 mol/L
and py(Ty,) = 0.057 mol/L from the p, vs T data found in our
previous work.” It is shown in Figures 2(b) and 2(c) that the
temperature (T, = 420 K) and density (p, = 0.108 mol/L) of
water vapor are essentially constant in the gas region,
indicating that the heat and mass transfer in the vapor phase
is dominated by convection, rather than diffusive processes. In
addition, we obtain the molar flux of water vapor as ] = 0.52 +
0.01 mol/cm?s from the NEMD simulation and the vapor
macroscopic velocity as v,, = 48 m/s from the relation | =
PyVxo- Substituting these NEMD simulation results into the
Schrage equation, we obtain a); = 0.80 + 0.02 on the left clean
water surface and @y = 0.43 = 0.01 on the right contaminated
water surface, which are in excellent agreement with the EMD
simulation results ay;o(Ty,;) = 0.80 (obtained from Figure 4)
and ay; = 0.43 + 0.01 (obtained in Section 4.2).

The NEMD simulation results imply that the Schrage
equation is still accurate in the prediction of the condensation
rate on a contaminated water surface. To provide a better
understanding of this result, we evenly divide the NEMD
model system into 20 bins in the y direction and calculate the
molar flux distribution at x = 15 nm (i.e., near the evaporating
clean water surface) and at x = 185 nm (i.e, near the
condensing contaminated water surface) as shown in Figures
7(a) and 7(b). Near the clean water surface, we observe that
the local molar flux is essentially all in the x direction and has a
uniform distribution as expected. When the organic contam-
inants are present on the water surface, Figure 7(b) shows the
molar flux distribution near the contaminated surface is

~0.5 mol/gm?s ] 20
— 15}
— | §
= Z10¢
: -
— 5f
—— | (b)
1520 80
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Figure 7. Y-direction distribution of the molar flux of water vapor at
(a) x = 15 nm (i.e, near the evaporating surface) and at (b) x = 185
nm (i, near the condensing surface) in the model system shown in
Figure 2. The top arrow in (a) represents the molar flux scale of 0.5
mol/cm?s. (c) The velocity distribution of water vapor molecules at x
= 15 nm (first bin in the gas region) and x = 185 nm (last bin in the
gas region), respectively, determined from the NEMD simulation and
the theoretical prediction from the shifted Maxwell velocity
distribution.

591

perturbed and the water vapor flows preferably to surface
regions that are not covered by organic contaminants.
However, such a small perturbation of the molar flux is not
consequential to the velocity distribution (VD) of water vapor
molecules near the condensing water surface. As shown in
Figure 7(c), the VDs measured near the clean water surface
and contaminated water surface in the NEMD model both
closely follow (coefficient of determination R* > 0.9996) the
shifted Maxwell velocity distribution (SMVD) predicted by eq
3. This means that the key assumption of the molecular VD in
the derivation of the Schrage equation is still valid near a
contaminated water surface. Hence, it is reasonable to see that
the NEMD prediction of the MAC, which is based on the
Schrage equation, is consistent with the EMD prediction for
the contaminated water surface.

It is shown in Table 1 and Figure 6(a) that the NEMD
predictions of a; agree with the EMD predictions very well in
all cases except for Case #6 where the EMD simulation
predicts that oy on the water surface that is almost fully
covered by the organic contaminants is only ~0.01, but the
NEMD simulation predicts a much higher ay (~0.07). We
believe the reason for the discrepancy between EMD and
NEMD predictions of @ is that we used the molar flux in the
vapor phase as the condensation flux, J, at the contaminated
water surface. When a vapor molecule is incident on a
contaminated surface, however, it can be adsorbed by the
organic surface in addition to being accommodated by liquid
water. The EMD simulation only considers accommodation of
vapor molecules by liquid water. Once the water surface is fully
covered by an organic layer, incident water vapor molecules
must be first adsorbed by the organic layer and then diffuse
through the nanoscopic organic layer before they are
accommodated by the liquid water. The EMD prediction of
ay = 0.01 + 0.01 indicates that the possibility of water
condensation through this channel is very low. When the water
surface is covered by a 3.5 nm-thick organic layer as shown in
Figure 8, we find from the NEMD simulation that there is
almost no change in the amount of liquid water behind the
organic layer during the 2 ns quasi-steady-state condensation
process. If we use the rate of liquid water volume change to
determine the condensation flux J in the NEMD simulation, we
obtain ] & 0 and accordingly ay; & 0, which is consistent with
the EMD prediction. Since water condensation is suppressed
by the organic layer, an evident temperature gradient in the gas
region is observed in Figure 8(b), indicating that heat
conduction starts to play a role in energy transport through
the gas region.

As shown in Figures 2(a) and 8(a), there are only a few
eicosane molecules in the vapor phase due to the very low
(below 10™* mol/L) saturated vapor density of eicosane. When
an eicosane vapor molecule is occasionally emitted from the
contaminated water surface, it travels to the left and collides
with water vapor molecules along the way. The collisions
between the individual eicosane molecule and water vapor
molecules cause a perturbation in the velocity and temperature
of water vapor near the eicosane molecule, which increases the
uncertainty in the local vapor temperature. The relatively large
temperature uncertainties in the center-right portion of Figure
8 indicate that, during the 2 ns data collection period of the
NEMD simulation, the number of emitted eicosane molecules
in this region, the time when these eicosane molecules were
emitted, and the distance these eicosane molecules travel vary
significantly among different independent runs.
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Figure 8. (a) A snapshot of the model system during NEMD
simulation with T}, = 430 K, T} = 395 K, and 98% surface coverage of
organic contaminant on the condensing liquid surface. Steady-state
(b) temperature, and (c) density profiles in the model system. The
inset in (c) shows the density profile in the gas region. The dashed
lines in (b) and (c) show the linear fit to the temperature and density
distribution in the gas region, respectively. The vertical dash-dot lines
indicate the location of the liquid water surfaces.

4.4. The Adsorption of Water Molecules on the
Organic Surface. While the full coverage of the water surface
by organic contaminants suppresses water condensation, it
creates more organic surface area to adsorb water vapor
molecules. Under the nonequilibrium conditions shown in
Figure 8, a molar flux J = 0.12 + 0.02 mol/cm*ss is obtained in
the vapor phase during quasi-steady-state condensation/
adsorption. To verify that the vapor flow is mainly caused by
adsorption of water vapor molecules on the organic surface, we
monitor the time variation of water density in three
neighboring bins near the interface between the organic layer
and water vapor. The total width of three bins is 3 nm, and the
rightmost bin is located at the position where the eicosane
density is nearly half of the liquid eicosane density. It is shown
in Figure 9 that the average water density in the three bins near
the organic surface increases almost linearly with time at a
speed of 0.34 mol/(L-ns). Accordingly, water adsorption flux
at the eicosane surface is ~0.10 mol/cm?-s, which is close to J

P, (mol/L)

Slope:
0.34 mol/(L-ns)

05 15 2.0

Figure 9. Density of water in the liquid—gas interface of the organic
surface in Figure 8 during the 2 ns quasi-steady-state condensation/
adsorption process. The straight line is the linear fit to the water
density vs time data obtained from the NEMD simulation. The left
and right insets are the snapshots near the organic surface at the
beginning and end of the 2 ns condensation/adsorption process.

592

= 0.12 + 0.02 mol/cm>s obtained in the vapor phase. Since
the vapor molar flux in this case is dominated by the
adsorption flux, using the vapor molar flux as the condensation
flux, ], in the Schrage equation overestimates ay, ie., the
fraction of incident vapor molecules that are accommodated by
the liquid water.

The insets of Figure 9 show that water molecules and small
water clusters are adsorbed on the organic surface and a liquid
waterlike overlayer has not formed yet. This confirms that it is
a nonequilibrium water adsorption process rather than a
condensation process. The water adsorption process is strongly
affected by water—eicosane interactions and the organic
surface roughness, while the water condensation process is,
in contrast, dominated by water—water interactions.®>®*
Therefore, the Schrage equation, which is accurate in the
prediction of water condensation rate, cannot be simply
applied to predict the nonequilibrium water adsorption rate on
the organic surface.’® For other simulation cases in this work,
the water surface is only partially covered by the organic
contaminants, and the water condensation flux dominates over
the adsorption flux. In these cases, it is valid to use the vapor
molar flux in the Schrage equation to predict a;, and the EMD
and NEMD simulations predict consistent o, values.

Figure 6(a) and Table 1 show that ay determined from
NEMD is slightly higher than that determined from EMD for
most of the simulation cases. There are two reasons leading to
the small discrepancies between the NEMD and EMD
predictions of ay,. First, the Schrage equation, ie., eq 2,
assumes an isotropic temperature of vapor near an
evaporating/condensing surface. However, our recent studies
show the temperature anisotropy of vapor near an evaporat-
ing/condensing surface, and it is more accurate to use the
vapor temperature normal to the liquid—vapor interface in the
Schra§e equation to predict the evaporation/condensation
rate.*®° Second, when the water surface is partially covered by
the organic contaminants, there is a small contribution from
the adsorption flux to the total vapor molar flux near the
condensing surface. Accordingly, the vapor molar flux obtained
directly from the NEMD simulation slightly overestimates the
condensing flux, which leads to a slightly overpredicted oy,
value from the NEMD method.

4.5. Effects of Surface Contamination on Interfacial
Thermal Conductance. The MD simulation results show
that the Schrage equation is still valid in the prediction of the
condensation rate on a water surface partially covered by
organic contaminants. In this section, we use the Schrage
equation for a further study of interfacial thermal conductance
at the contaminated water surface. The liquid—vapor interfacial
thermal conductance is defined as

Gy = q/AT (10)
where q is the heat flux across the liquid—vapor interface and
AT is the temperature jump across the interface. In NEMD
simulations, q across the condensing liquid—vapor interface
can be directly determined from the heat flux removed from
the cold Au plate during the quasi-steady state, and AT
between liquid and vapor at the interface can be obtained from
the liquid and gas phase temperature profiles such as those
shown in Figures 2(b) and 8(b). Hence, we can readily predict
Gy, from NEMD simulation results and use this direct NEMD
prediction to verify the theoretical prediction of G, from the
Schrage equation. It is shown in our previous work'® that
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assuming AT/Ty < 1, p, = [)g(Tv) , and water vapor is an ideal
gas, the Schrage equation gives

R
2aMT,,

200,(Ty)
- ay(T)

RT, 2
(11)

where Ty, = (Ty + T,)/2 at the interface and hy, is the latent
heat of vaporization of the model water. Since the
condensation on the contaminated water surface in our MD
model occurs at ~400 K, we use hfg(T =400 K) = 41 kJ/mol
obtained from our previous work”” in eq 11 to predict Gy,. In
addition, for each simulation case we use a,, determined from
the EMD simulation in eq 11 to predict Gy, and find the
theoretical prediction based on the Schrage equation has a
reasonable agreement with the NEMD prediction as shown in
Figure 6(b). Equation 11 predicts that G,, decreases with
decreasing a. For the representative case with a contaminant
sc of 54% on the condensing surface shown in Figure 2, oy =
0.80 on the clean evaporating water surface is much higher
than ay; = 0.43 on the contaminated condensing surface. As a
result, the G}, on the left clean water surface is much greater
than that on the right contaminated water surface. A greater Gy,
leads to a smaller temperature jump AT across the liquid—
vapor interface for a given heat flux. Hence, it is reasonable to
see in Figure 2 that AT across the clean liquid—vapor interface
is significantly smaller than that across the contaminated
liquid—vapor interface.

In the case of the water surface fully covered by the organic
layer, we show in Section 4.4 that the water adsorption process
dominates over the water condensation process, and the
Schrage equation becomes invalid. Accordingly, eq 11, which is
derived from the Schrage equation, also becomes invalid for
the prediction of G,. Only when the water layer adsorbed on
the organic surface is thick enough to be considered as a bulk
liquid such as that shown in Figure 3, the ay; value will return
to ay (i.e., the MAC on a clean water surface), and eq 2 and
eq 11 will be valid again for the prediction of condensation rate
and interfacial thermal conductance.

le = hfg(TL) 2

(T,
pgm)( o) 1]

5. CONCLUSIONS

Both EMD and NEMD simulations are carried out to study the
effects of organic surface contamination, which is immiscible
with water, on the MAC of water. The MD simulation results
show that the MAC on a contaminated water surface decreases
almost linearly with an increase in surface coverage of the
organic contaminants. On a contaminated water surface, both
water condensation on the water surface and water adsorption
on the organic surface can occur. The NEMD simulation
results indicate that the Schrage equation is still accurate in the
prediction of the MAC at a contaminated water surface if the
water condensation rate dominates over the water adsorption
rate. In this case, the theoretical equation (i.e, eq 11) derived
from the Schrage equation gives a good prediction of the
interfacial thermal conductance at the contaminated water
surface. When the water surface is almost fully covered by a
nanoscopic organic layer, the water adsorption process
dominates over the water condensation process. In this case,
the Schrage equation cannot be used to predict the water
adsorption rate unless the thin water film adsorbed on the
organic surface becomes thick enough to be considered as bulk
liquid water.
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All of the analysis in this work is based on MD simulation
results in a model fluid mixture of water and eicosane at a
temperature around 400 K. While we expect that the results are
general, it is imperative in the future to also investigate if the
conclusions drawn in this work can be applied to systems with
other fluid combinations and at different temperatures.
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