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ARTICLE INFO ABSTRACT

Keywords: Efficient and sustainable techniques for separating water- alcohol mixtures are in high demand in the industry.
MOIGCUI"“_ dynamics Recent research has revealed that nanotechnology could be the optimal solution. In this study, we investigate
Nanoconfinement how the width of a nano-confining graphene slit-pore affects the filtration and purification of water-methanol
Graphene . ing Molecular D . imulati £ ined del f . s 2
Water mixtures. Using Molecular Dynamics simulations of a coarse-grained model for mixtures containing up to 25
Methanol percent methanol, we found that specific pore sizes segregate the two components, with water being preferred
Separation in the center and methanol accumulating near the hydrophobic walls. Altering the pore width also affects non-

monotonically the diffusivity of each component, with water diffusing faster than methanol. Hence, optimal pore
size, leveraging segregation and diffusion differences, can enable the successful extraction of both components.
However, the system requires external forces and work to maintain mechanical stability at specific pore widths.
Our research indicates that 12.5 A pore size maximizes physical separation, ensuring that the energy cost of a

filtering graphene membrane is minimized.

1. Introduction

Mixtures of water and methanol are widely utilized in various pro-
cesses in the chemical [1], food, and pharmaceutical industries [2], as
well as in biofuel production [3]. However, traditional methods for sep-
arating these mixtures, such as distillation, can be inefficient and expen-
sive. As a result, researchers have turned their attention to membrane
filtration technology as a potential solution for more cost-effective and
efficient separation [4].

Graphene and its derivative, e.g., graphene oxide, are gaining sig-
nificant interest due to their exceptional properties, including high flex-
ibility, stiffness, and thermal conductivity [5]. These properties make
it a promising material for filtration technology. One crucial aspect of
membrane filtration is the hydrophobicity or hydrophilicity of the mate-
rial [6]. However, applying simple processes such as chemical reduction
[71, or thermal annealing [8] can alter hydrophilic materials to become
more hydrophobic while still maintaining their excellent properties, en-
suring high-quality results.
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Significant progress has been made in the investigation of carbon-
based materials. Experiments show that it is possible to adjust their
semi-permeability to various elements and molecules [9] or functional-
ize them to improve their selectivities [10-12]. Despite their potential
applications, these materials have limitations. For example, graphene
oxide swells when exposed to water [13]. Furthermore, scalability may
only sometimes be feasible, limiting their use in industries, and some
procedures required to obtain beneficial properties can be costly and
time-consuming [14,15].

Molecular Dynamics (MD) simulations are a promising solution to
overcome these limitations. They offer valuable insight into separating
binary or multiple component mixtures, gas mixtures, and even water
purification from wastewater at the mesoscale. Several studies, such as
[16-19], for example, have shown the potential of MD simulations in
this regard.

The joint efforts of many research groups in the field of MD sim-
ulations of confined water, e.g., [20-22] to mention a few, as well as
our previous MD studies, have demonstrated that confinement at the
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Fig. 1. Simulation snapshots for a 90%-10% CSW-methanol mixture. Left: Simulation box (in yellow) with the graphene slit-pore in its center (pink). Right, from
top to bottom: side view of a mixture monolayer in the slit pore with = 6.5 A; a bilayer for =9.5 A; a three-layer for =12.5 A; a different view of the monolayer
to emphasize the subvolume V, (in yellow) in which we compute the observables. Beads are water-like CSW particles (blue), methanol methyl groups (purple), and

methanol hydroxyl groups (green). Pink lines represent the graphene lattice.

nano-level can alter the behavior of a mono-component fluid compared
to its behavior in the bulk [23-26]. Building on these results, here we
consider a binary mixture to model water-methanol, nanoconfined in
a graphene slit pore and specifically examine the effects of nano-pore
size on the acceptance capacity, density profile, diffusion coefficient,
and hydration pressure.

We adopt coarse-grain models for both water and methanol. This
approach allows us to perform simulations more efficiently, enabling
us to study larger systems and explore a broader range of parameters.
Specifically, we keep the temperature constant while varying the pore
width and the methanol concentration. Our study includes interlayer
widths ranging from values that only allow the formation of one layer
of methanol to those for which the liquid approaches the bulk behavior.

Despite its simplicity, our chosen setup has many potential appli-
cations in experimental cases. For example, our geometry is similar to
one-atom- high structures and larger graphene nanocapillaries with a
controlled gap [27]. Additionally, it resembles the interlayer space of
parallel planes interconnected through orthogonal nanochannels within
membranes made of multiple layers of graphene flakes [9]. Since the
nanochannels’ dimensions are much shorter than the planes’ sizes, the
experimental geometry can be compared to a set of connected slit pores.

Our focus is optimizing the graphene slit pore geometry to extract
the two components separately from a water-alcohol mixture. Based
on our previous research on nano-confined liquids [26] and graphene
nanosponges [28], our starting hypothesis is that the pore width affects
each component’s transport properties and adsorption within the pore.
Our results demonstrate that by combining multiple physical mecha-
nisms, such as segregation and dynamic separation, an optimal pore
width can be found that effectively separates water and methanol while
minimizing energy costs in favor of sustainability.

2. Models and method

Our study examines a liquid mixture embedding a slit pore consist-
ing of two parallel graphene walls of sizes /, ,, =49 Al ygr =51 A, and
separated by a fixed distance 6.5 A< <17 A.

The pore width’s minimum and maximum values were selected be-
cause both liquids are structured in a monolayer at 6.5 A. If the pore
width is reduced further, it will become empty [20]. On the other hand,
if the pore width becomes larger than 17 A, the density inside the pore
will start to resemble the bulk, indicating that the liquid in the pore
has lost its confined behavior. This interval also corresponds to the one

considered in ref. [26], thus allowing us to benchmark and compare our
results with previous ones.

The walls are composed of fixed carbon atoms arranged in a
graphene structure and interacting with the liquid mixture through a
12-6 Lennard Jones (LJ) potential that aligns with the CHARMM?27
force field [26]. To minimize edge effects of the walls, we calculate
the observables for the confined mixture within a reduced region of the
slit-pore, i.e., a central subvolume V, =L, L,  ,where L, =L, =30
A (Fig. 1).

We use coarse-grain models to represent the two mixture compo-
nents, water and methanol. This approach reduces the computational
time required for the calculations while reproducing consistent thermo-
dynamic results [29]. As per the works of Hus et al. (2014), Munao
et al. (2015), and Marques et al. (2020) [28,30,31], we represent the
methanol using two rigidly bonded beads - one for the apolar methyl
group (CH;) and the other for the polar hydroxyl group (OH). A 24-6
LJ potential models the interaction energy of two apolar groups while
a Continuous Shouldered Well (CSW) potential [32,33] that of two
polar moieties. The CSW model shows some of the structural, dynami-
cal, and thermodynamic anomalies typical of hydrogen-bonding liquids
[34,33,35].

To facilitate the blending of methanol with water, which forms hy-
drogen bonds with it, for consistency, we also model water via the CSW.
In this case, we treat the water molecule as a single bead. However, due
to its isotropy, the CSW cannot fully replicate the entropy behavior as-
sociated with the hydrogen-bond network [34,33,35]. For instance, in a
hydrophobic graphene pore, water experiences a free energy minimum
corresponding to a confined double layer dominated by potential en-
ergy and a secondary minimum for monolayers driven by entropy [25].
In contrast, in the CSW, both the monolayer and the bilayer minima are
dominated by entropy [26]. Nonetheless, despite these limitations, the
combined representation of water and methanol effectively captures the
primary characteristics of the mixture [29]. We will elaborate on this
further in the following discussion. In this work, the CSW potential we
used takes the expression:
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where q is the hard-core diameter of the beads; U, and U, stand for the
energy of the repulsive shoulder and attractive well, respectively; Ry
and R, represent the repulsive length and the distance to the attractive
minimum, respectively; A allows to control softness of the potential at
Ry; and (ui is the variance of the Gaussian placed at R, [32,33].

To compute the density profile along the direction z [36], perpen-
dicular to the walls, with the origin in the center of the pore, we divide

into 2000 bins of equal size dz and calculate

(No(2))

A 2
L.sL,,dz @

pa(2) =
where (-), is the temporal average at the equilibrium, and (N,(z)) is the
average number of molecules of species a within a slab with thickness
dz and size L, L, centered in z along the pore. The possible species
for « are CSW, methanol, or both.

We estimate the mean square displacement (MSD) parallel to the
walls—for each species a-as

A2 = ((x(t+1g) X))+t +1g)  y(tp)* =
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where the averages are calculated over the center of mass of each
molecule of the species «, and N,(,) is the number of molecules of
that species in the volume V; at the time #,.

From the large-time (diffusive) regime limit of the MSD, we calculate
the parallel diffusion coefficient [23]

A1)
z , o)
.

For all our simulations, we check that 7, =2 ps is enough to explore the
diffusive regime (Fig. S1). Factor 4 accounts for the two dimensions of
the planar diffusion, and ¢, is the lag time, i.e., the time the molecules
spend in the subvolume. Because we are interested in D, within the
confined subvolume V, we use for the calculation only the particles
that remain within V; along the whole simulation.

Furthermore, we compute the acceptance capacity of the pore [25],
defined as the ratio between the number of molecules of the species «
inside the subvolume V; and its area

Dy(a)

_ (No)
o(a)= A (5)
where A;=L, L, ,, and the average number density inside the subvol-
ume

_ (No)
p(a) = T . (6)

N

Finally, we compute the hydration pressure as the difference be-
tween the normal pressure P, exerted by the confined particles over
the slit-pore walls and the bulk pressure P, [23,37,38]

Pyar =P P (@]

where

= <Z<F,-,b F,-,,)>, ®

F;, and F,; , are the forces exerted by the particle i on the bottom and
the top graphene walls, respectively, and A is the area of the walls.
We perform simulations in the canonical ensemble with a fixed to-

tal number N = 25,000 of particles composing the mixture, in a total

Py
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volume V =84 x 84x 98 A° with periodic boundary conditions, at fixed
temperature 7 = 100 K controlled by the Nosé-Hoover thermostat, as
implemented in the LAMMPS software [39]. The temperature is chosen
to allow us to compare the present results with the previous data for the
pure CSW case [26]. Using the Leap-Frog integration algorithm [40],
a standard second-order and time-reversible integration method, with
timestep t=1 fs, we equilibrate the system for 1 ns (105 MD steps)
starting from an initial configuration with two intertwined hexagonal
lattices of CSW beads and methanol dimers. We gather 1000 datapoints
along the simulation to calculate observables. To accurately analyze the
short and long times of the simulation, we use an uneven distribution
of time steps to record the particle trajectories. Further details are pre-
sented in Ref. [29].

3. Results and discussion
3.1. Acceptance capacity and density inside the pore

In this section we address the results of both the acceptance capacity
and the density inside the pore. The latter is fairly straightforward in
terms of interpretation, so we discuss more carefully the former one.

The acceptance capacity is a measure of the intake tendency of a
pore for a particular molecular species [25]. An increasing acceptance
upon increasing the width of the pore means the pore can take in more
molecules of the studied species when its size is larger. On the other
hand, a steady acceptance means the number of molecules per area
of the pore is kept constant, which means that even upon increasing
the pore size by moving the walls apart up to some extent, no more
molecules will be able to enter (which is backed up by a decrease in
density). Finally, a decreasing acceptance, e.g., of CSW by increasing
methanol concentration, means that the pore can no longer take in
as many CSW molecules as before, meaning it must expel some CSW
molecules. Regarding selectivity, a larger acceptance capacity between
two molecular species means a preferential absorption by the pore of
the species with the greater value, which will translate into the selec-
tivity of that particular molecule.

3.1.1. The pure CSW case

To analyze the current findings, we first refer to the results obtained
for the pure CSW under confinement [26]. When is commensurable
with an integer number of layers (solid vertical lines in Fig. 2 for the
pure CSW case [26]), ¢ remains constant regardless of minor changes
in . These specific values of correspond to the lowest points in the
pure CSW free energy and are mechanically stable, as the associated
hydration pressure within the slit-pore vanishes [26]. This is consistent
with our current findings, which will be further discussed in section 3.4.
Although a slight decrease in near a stable point does not impact &
since N, remains constant, thanks to the softness of the CSW, it induces
a maximum in p because of the change in ¥V, and in the number of
layers.

In contrast, if corresponds to a maximum in the CSW free energy
(dashed vertical lines in Fig. 2 for the pure CSW case [26]), the hy-
dration pressure is zero only at a point of mechanical instability. As
increases around this value, the pressure quickly transitions from nega-
tive (indicating effective attraction between walls) to positive (effective
repulsion between walls) [26]. Therefore, a slight increase of near
these mechanically unstable values causes a quick rise in both ¢ and p
due to the resulting increase in N,,.

As the width of the slit-pore increases, the plateaus and extreme
points of p and ¢ become less pronounced due to the reduced structure
of the liquid inside the pore. This behavior continues until the density
p approaches a value similar to the overall density of the system.

3.1.2. The mixture case

When both liquids are in the pore, we find that the mixture’s accep-
tance capacity ¢ and density p do not change their qualitative behav-
ior compared with the pure CSW case (Fig. 2 a, d). However, within
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Fig. 2. Acceptance capacity and fluid density in the slit-pore changing width. The acceptance capacity ¢ (upper panels) and the fluid density p inside the
pore (lower panels) for the CSW-methanol mixture (panels a, d), for compositions 100%-0% (red), 90%-10% (blue), and 75%-25% (green), have non-monotonic
contributions for the CSW (panels b, e) and the methanol (c, f) components as a function of the slit-pore width . Vertical solid (dashed) lines mark approximately
local minima (maxima), within the present numerical resolution, of the pure CSW free energy [26].

our numerical precision, both quantities increase slightly upon adding
methanol.

The analysis of the behavior of each component reveals that the
water-like liquid in the mixture is displaced from the inside of the pore
compared to the pure case. The CSW acceptance capacity and density
between the walls decrease significantly for all values (Fig. 2 b, e).
Furthermore, the local maxima and minima in ¢ and p are recovered
for the same values of as in the pure CSW case, albeit with less clarity.

We observe a more intriguing pattern for the methanol in the pore.
When the pore size is less than 9.0 A, the amount of methanol inside
the pore significantly increases with . However, above this pore-size
threshold, p reaches a maximum for both methanol concentrations, and
the acceptance capacity levels off. The maximum in p and the level in
o increase for larger methanol concentration, overcoming the values of
the CSW component and inverting their overall relative concentrations.

Finally, when is increased, the value of ¢ for methanol stabilizes,
but the value for the CSW continues to rise. As a result, the alcohol
density inside the pore decreases gradually when the pore size exceeds
9.0A (Fig. 2 c, f). These results indicate that the methanol, sequestered
inside the slit pore from the bulk reservoir, has higher adsorption in-
side the structure than the CSW, as the density of methanol is larger
(at almost every plate separation) than the water-like one despite rep-
resenting a much lower percentage of the mixture (see Fig. 2 e, f).

3.2. Density profile

To better understand the behavior of ¢ and p inside the slit pore,
we calculate the density profiles of each component at different values
of and compositions (Figs. 3, S2 — S7). At low methanol percentage
(90%-10% mixture), we recover the layering observed in [26] for pure
CSW for all the pore widths. The methanol concentrates near the walls,
thereby altering the density of the CSW in the same region and within
the overall pore.

The larger methanol concentration near the wall results from its
stronger interaction with the graphene atoms than the CSW. Indeed, in
our model, the methanol dumbbells interact with the walls via twice
the points of the CSW beads. This interaction creates a preferential
attraction between methanol and the graphene sheets, similar to the
hydrophobic collapse expected between carbon walls and methyl moi-
eties.

The methanol adsorption on the walls does not have a significant
impact on the structure of the CSW in the center of the pore, where
the methanol is almost absent in all those cases (with 10 10\) where

there are at least three CSW layers (central panels in Figs. 3, S2 — S7).
This is consistent with what is observed in atomistic simulations for
water-methanol [36] and water-ethanol mixtures [41] where the apolar
CH; groups concentrate on the walls, leaving more space for water in
the central layers. Therefore, although our model does not mimic the
amphiphilic property of methanol because it lacks directional hydrogen
bonds, it gives results consistent with detailed models.

Our analysis is also confirmed at the higher methanol concentration
for the 75%-25% mixture composition. Under these conditions, the con-
centration of alcohol in the pore increases, both in the central layer and
near the walls, inducing a higher decrease in the CSW density, although
the number of CSW layers does not change (right panels in Figs. 3, S2 —
S7).

When the value of is less than 10 A, the CSW can only accommo-
date a maximum of two layers inside the pore along with the methanol
(Figs. S2 — S4). This means that the presence of methanol in the pore
significantly lowers the concentration of CSW, resulting in the highest
density p of methanol at ~ 8.5 A, as seen in Fig. 2. As further de-
creases, steric hindrance causes a reduction in the methanol ¢ within
the pore, lowering its p.

In particular, at =~ 7.5 A, the density difference between the two
components within the slit pore favors methanol the most (Fig. 2). This
corresponds to the pore size that exhibits the first maximum in the CSW
free energy [26], which means that the CSW density inside the pore is
also at its lowest in the pure case (Fig. 2). Thus, methanol can easily
replace CSW in the pore under these circumstances. However, main-
taining the pore size at this distance would require significant energy,
as indicated by the maximum free energy.

On the other hand, when the size is =125 A, the separation be-
tween the two components is significant (Fig. 3), and the pore free
energy is at a minimum (Fig. 2) [26]. Therefore, the methanol segrega-
tion can be attained at this pore size in mechanically stable conditions
with minimal energy cost.

Under these circumstances, a concentration gradient in the pore
could prompt a lamellar flow, enabling the recovery of both compo-
nents separately. Moreover, even without a concentration gradient, the
segregation effect could lead to a significant difference in the diffusion
of the mixture’s components. We will assess this prospect in the follow-
ing section.

By integrating the most external peak of the density profile of
methanol for varying we check that the amount of methanol adsorbed
onto the inside walls of the pore fluctuates around an average value that
increases with the overall methanol concentration but does not change
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Fig. 3. The density profiles in the slit pore show methanol segregation. Density profiles p(z) along the z direction orthogonal to the pore walls for large slit
pores with =125 A (upper panels), 13.0 A (central row) and 13.5 A (lower panels) and CSW-methanol mixture compositions 100%-0% (left panels), 90%-10%
(central column) and 75%-25% (right panels). The CSW water-like component (red) shows three layers. Instead, the methanol p(z) (blue) shows only two layers,
with significant depletion in the central region of the slit pore, especially for =12.5Aand =13.0 A at 90%-10% CSW-methanol composition.

with for >9 A. We interpret this behavior as a consequence of the
observation that for widths greater than 9 A extra methanol enters the
pore but mainly occupies its center (Fig. S2-S8).

3.3. Confined diffusion coefficient

We observe that the overall value of D decreases for each mix-
ture component within the slit pore as is reduced (Fig. 4). This can be
attributed to the fact that stronger confinement results in a reduced vol-
ume for diffusion. In the case of pure CSW [26], D displays oscillations
with minima for those values of where the liquid reaches maximum
density and maxima where the density is minimum (solid and dashed
vertical thick lines in Fig. 4, respectively).

The extrema in D for the mixture’s components are less evident and
suggest an interplay between the two liquids. For instance, CSW’s D) in

the 90%-10% mixture decreases at ~8.5 A (Fig. 4) where methanol’s
p is maximum (Fig. 2). This behavior could be a consequence of how
the density of methanol impacts the diffusion of CSW in the mixture,
specifically when their layers overlap (< 10 A, Fig. $3, S4). This effect,
however, is no longer evident for > 15 }D\, where the diffusion of CSW
in the mixture becomes comparable to that of the pure case.

We generally observe that the CSW is faster than the methanol
within the pore. This could be due to the ability of the CSW soft-core
potential to adapt quickly to pore widths that do not match with the
components layers (dashed vertical thick lines for the pure CSW in
Fig. 4), as, for example, at ~7.5 A (Fig. S2). The partial overlaps of
the soft cores of different molecules can lead to multiple maxima (and

minima) in D) at values of higher compared to the pure CSW case
(Fig. 4.

Also, as the methanol concentration increases in the mixture, the
thermal diffusion of the water-like liquid becomes slower (Fig. 4). This
phenomenon can be attributed to the steric effect of the voluminous
methanol molecule, which restricts the availability of free volume for
the diffusion of CSW. As a result, the value of CSW’s D, diminishes.

The extra-volume mechanism that facilitates thermal diffusion, due
to the soft core, has a limited effect on methanol. This is because only
one of its moieties interacts with the CSW potential. As a result, the
methanol’s maximum diffusion coefficient values are smaller than those
of the water-like liquid. This observation is consistent with the fact that
increasing the methanol concentration in the mixture or decreasing
diminishes the soft-core facilitating effect, leading to a slowdown in the
overall mixture (Fig. 4).

Furthermore, methanol experiences a more significant slowing down
than the CSW component, which can be attributed to its stronger inter-
action with the walls. Methanol particles interact with the walls twice
as much as CSW particles, leading to more effective hydrophobic attrac-
tion.

Therefore, a) the slowing down of methanol due to hydrophobic
attraction and b) the facilitation effect of soft polar interaction combine
to induce 1) CSW depletion from inside the pore for small values,
2) segregation between mixture components at higher values, and 3)
generally faster longitudinal diffusion of the water-like liquid. These
effects are promising prerequisites for efficient physical separation of
the two components.
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Fig. 5. The mixture’s hydration pressure oscillates between positive and
negative values depending on the slit-pore width. Only a few values of

correspond to mechanically stable (i.e., with P, =0 and 9B,/ <0,
solid vertical thick lines) or mechanically unstable (i.e., with A, =0 and
0P,y /0 >0, dashed vertical thick lines) equilibrium widths. In between these
values, external energy would be needed to keep fixed against the effective
(mixture-mediated) wall-wall attraction (Phydr < 0) or repulsion (Phydr > 0). The
range of variation of B, is larger for the 75%-25% CSW-methanol mixture
(green symbols and lines) than for the 90%-10% mixture (blue), while the pure
CSW case (red) is approximately intermediate. Vertical dashed and solid thick
lines are as in Fig. 2.

3.4. Hydration pressure

Next, we investigate the relationship between the hydration pres-
sure P, and to determine the most energy-efficient pore size for
separation. Indeed, P4, reflects the force required to maintain a spe-
cific distance between the walls of the slit pore. By integrating P4,
along the z-axis, we can evaluate the amount of energy required to
maintain fixed.

Like water [20,25,42] and pure CSW liquid [26], the CSW-methanol
mixture can either attract or repel the confining walls depending on
the pore width  (Fig. 5). If P4 > 0, the confined mixture’s internal
pressure on the pore walls is greater than the bulk pressure in Eq. (7),
and an external force is required to balance the internal pressure to keep

constant and prevent the walls from moving far apart. Conversely, if

Pyyar <0, the bulk pressure is greater than the internal pressure, and an
external force is necessary to avoid the collapse of the slit-pore.

As discussed for pure fluids, the force imbalance results from the
system’s changes in free energy. The stable equilibrium conditions
(Puyar =0 and 9P,y /0 < 0) correspond to the minima in free en-
ergy. In contrast, the unstable equilibrium conditions (B4 =0 and
aPhydr /0 > 0) represent the maxima [25,26].

An example that helps to understand this concept is when P4, =0
under two conditions: at ~7.5 Aand ~9.5 A. Our simulations show
that two liquid layers form between these two values of . If we decrease

from ~7.5 A, the pressure becomes negative, and the slit-pore would
collapse. Conversely, if we increase the width of the slit, B4 >0 and
the walls move apart. A similar but opposite situation occurs at ~9.5
A. If we decrease the width, the mixture applies P,yq > 0 to restore the
width to the equilibrium value. Conversely, if we increase , Pyq <0
and the walls return to their original value.

Here we find that the free-energy minima conditions for the mix-
tures are consistent, within the error bars, with those for pure CSW.
Additionally, we observe that the maxima have a weak dependence on
the percentage of methanol component (Fig. 5). Specifically, we find
that the slit-pore is in stable equilibrium when =~9.5 A, 12.5 A and
16 A. These widths correspond to 1) a confined mixture bilayer with
well-mixed CSW and methanol (Fig. S3 and 1), 2) three confined lay-
ers where CSW and methanol are segregated (Fig. 3 and 1), and 3) four
CSW layers with characteristics similar to the three-layer case.

Furthermore, in the case of three and four-layers of mixture, the
water-like liquid has a thermal diffusion constant approximately 20%
to 50% greater than methanol. However, in bilayer configurations, this
difference diminishes, and it almost disappears when is decreased,
with methanol concentration changes in the mixture having only a mi-
nor impact (Fig. 4).

The hydration pressure does not have a direct impact on selectivity.
Instead, it is crucial for the mechanical and energetic stability of the
system [43]. Indeed, translated into experimental conditions, having a
system with an unstable hydration pressure configuration could lead to
material fatigue and an eventual degradation of the setup. Therefore,
to achieve the highest selectivity while minimizing the work associated
with the hydration pressure, we must find the most suitable slit pore
width through an optimization process.

Therefore, based on our findings, we identify two potential configu-
rations that can be used for effective segregation processes. The first,
at high energy cost, involves the mechanical instability surrounding

~7.5 A, where there is a significant difference in the amount of CSW
water and methanol present within the pore. The second configuration
is around = 12.5 A, which offers ideal segregation and diffusion con-
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ditions for mechanically separating the water-like liquid from methanol
in an energy-efficient way.

4. Summary and conclusions

The separation of water and methanol is essential in various in-
dustrial processes, such as extracting methanol for biofuels [44,45].
However, conventional techniques have their limitations regarding ef-
ficiency and costs [46]. Thus, it is crucial to seek alternative methods
that are both technologically feasible and scientifically compelling. This
is particularly relevant for achieving the UN Sustainable Development
Goals (SDGs) of “Clean Water and Sanitation” and “Affordable and
Clean Energy”.

In our previous research on (single-component) nano-confined lig-
uids, we have shown that the way molecules interact with each other
impacts how thermal diffusion varies across different pore widths [26].
We also found that methanol accumulates within a graphene slit pore
when mixed with water due to its stronger hydrophobic attraction to
the pore [29]. Here, we investigate whether we can separate water and
methanol from a mixture by exploiting their distinct transport proper-
ties as a function of the pore width.

Therefore, we perform Molecular Dynamics simulations of water-
methanol mixtures, for three compositions, in slit pores of different
widths to explore how to optimize their separation. To ensure simula-
tion efficiency while retaining the correct thermodynamic behavior of
the mixture, we used the CSW water-like liquid [32] and the dumbbell
methanol model [28] to coarse-grain the mixture. These models were
previously tested in the literature [30,34] and successfully replicated
mixture properties [31,36].

Our current findings confirm that, within a narrow pore, the two lig-
uids diffuse at unequal rates. Additionally, in this work, we observe that
methanol and water tend to segregate within the pore, forming layers
whose separation depends on the pore width, with water taking up the
central space in the pore. The interplay between 1) layering, 2) slow-
ing down caused by the interaction of graphene and methanol, and 3)
facilitation of diffusion due to soft polar interactions provides optimal
conditions for enhancing layer separation between the two components.
For instance, if the pore size is adequate, nanochannels at the end of the
slit pore could extract the two components separately from different
pore regions.

However, not all pore sizes can withstand mechanical stress. While
it is possible to maintain the stability of the pore walls through external
work, it is still crucial to identify the optimal pore size that allows for
efficient diffusion and segregation of the components while ensuring
mechanical stability for maximum energy efficiency.

Given these constraints, this work shows that if a graphene pore
has a width containing at least three mixture layers-about 12.5 Ait is
most effective at separating water and methanol. Three factors make
this pore size energetically favorable for mixture separation. Firstly,
the components will segregate, concentrating the methanol near the
walls and the water in the center of the pore. This arrangement allows
efficient water extraction from the mixture through proper filtering ge-
ometry. Secondly, methanol is approximately 20% slower than water
for concentrations ranging from 10% to 25%, which aids in the separa-
tion process. Lastly, the pore remains mechanically stable, minimizing
the energetic costs for holding its structure.

The results of our study could have practical applications in other
systems. Specifically, the slit pore configuration we adopted can mimic
artificial structures that closely resemble our geometry [47] or the inter-
layer space in membranes composed of stacked graphene flakes, where
nanoslits—created by the distance between sheets—connect nanochannels
[9]. Therefore, based on our findings, ideal pore parameters could be
found to physically separate water-alcohol mixtures through nanotech-
nology.
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