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ABSTRACT
Graphene oxide (GO) membranes have emerged as promising candidates for water desalination as a result of their structural and transport
properties. In this study, we employ fully atomistic classical molecular dynamics simulations to investigate the performance of monolayer GO
membranes featuring pore- and slit-like nanostructures. We analyze the influence of the width of the slits, ranging from 0.8 to 1.5 nm, on
water transport and salt rejection by monitoring the spatial and temporal distributions of water molecules and ions. Furthermore, we assess
the effect of applied pressure on water density profiles and compute the potential of mean force for water molecules traversing the slits. Our
results reveal that slits offer tunable transport characteristics and that nanopores generally outperform slits in the combined metrics of water
flux and ion exclusion at low pressures. At higher pressures, however, 1.0–1.5 nm slits exhibit a permeability gain that can exceed comparable
nanopore systems, with a reduction in salt rejection, whereas 0.8 nm slits retain near-complete ion exclusion over the range examined. These
findings delineate operating regimes in which each architecture is advantageous and guide the optimization of nanostructure design for
advanced desalination technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0302812

I. INTRODUCTION

Water scarcity stands among the most pressing challenges of
the twenty-first century, directly affecting billions of people world-
wide. Although water covers more than 70% of the Earth’s surface,
only about 3% corresponds to freshwater available for human use.
This natural limitation is further exacerbated by population growth
and climate change, which alter the global hydrological cycle and
intensify pressure on water resources. The consequences of these
processes extend across critical domains, compromising energy pro-
duction, food security, public health, and economic development,

while also hindering poverty reduction. Owing to its magnitude,
water scarcity has been incorporated into international development
agendas and is recognized as a central issue for achievement of the
Sustainable Development Goals.1

Desalination has emerged as a viable response to this scenario
and, since the 1960s, has undergone technological improvements
that have reduced the energy consumption per cubic meter of water
produced while also enhancing reliability and cost-effectiveness.2–7

Among available technologies, reverse osmosis (RO) is the most
widely adopted. However, it remains more energy-intensive
than conventional freshwater treatment methods due to the
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thermodynamic limitations intrinsic to the separation of saline solu-
tions. Progress toward the theoretical minimum energy consump-
tion is, therefore, expected to yield substantial long-term savings and
strengthen the sustainability of RO-based desalination systems.8–11

In parallel with these developments, advances in nanoma-
terials have driven the design of more efficient membranes for
desalination.12–18 The performance of such membranes depends on
the balance between water permeability and salt rejection, properties
strongly influenced by surface charge distribution, pore geome-
try, and applied pressure. In our previous work, we investigated
nanoporous molybdenum disulfide (MoS2) membranes, which
combine high water permeation with significant ion rejection.19–23

We also found that the organization of charges around the pore
plays a decisive role since charge-free analogs of MoS2 can, for
specific pore diameters, yield higher water flux than conventional
MoS2.21

Graphene and graphene oxide (GO) represent another impor-
tant class of materials for desalination membranes.24–30 In these
systems, the pore entrance chemistry exerts direct control over
transport properties. In graphene, pores with diameters between 0.7
and 0.8 nm display marked differences, as hydrogenated entrances
promote higher permeability but lower salt rejection compared
with hydroxylated ones.31 In GO membranes with pore diameters
between 0.6 and 0.8 nm, the opposite trend has been reported, with
hydrogenated entrances producing lower permeability and higher
rejection relative to hydroxylated counterparts.32 Despite these con-
trasting behaviors, hydroxylated graphene pores tend to outperform
those of GO in terms of ion rejection, albeit with lower flux.32 These
results highlight the interplay of two mechanisms. The first arises
from the chemical nature of surface functional groups, hydropho-
bic in graphene and hydrophilic in GO, which makes the latter
more attractive to both water and ions. The second is related to
the charge distribution at the pore entrance, which facilitates trans-
port in graphene but induces a more ordered water structure in GO,
thereby reducing flow.

Beyond surface chemistry, channel geometry also exerts a deci-
sive influence on membrane performance.33–36 Studies of water flow
through nanoslits in monolayer graphene have shown that both
flux and permeability vary with applied pressure and slit width.37–40

Yamada and Matsuzaki37 reported a threshold near d = 0.8 nm,
above which water molecules cease to permeate in a single layer and
begin to form multiple layers. For MoS2 slits, however, this behav-
ior is not observed, and the presence of charges at the entrance is
sufficient to promote transport.41 Although recent advances have
demonstrated that structural reorganization strategies in GO mem-
branes, such as vertical lamellar alignment, can reduce channel
tortuosity and enhance permeability,42 the specific role of nanoslits
in governing water and ion transport remains largely unexplored.
Given that nanopores in graphene and GO exhibit distinct perme-
abilities at the nanoscale, it becomes relevant to ask whether water
flow and salt rejection through a nanoslit in graphene would differ
from those in GO.

Recent studies have shown that surface charge distribution is
a key factor controlling water and ion transport in graphene mem-
branes. Guardiani and colleagues demonstrated that the asymmetry
of ion distributions and the orientational effects induced by the
applied potential and pore charge significantly affect conduction.43

The charged pore surfaces can strongly slow down water dynamics,

emphasizing the role of electrostatics in confined transport.44 For
GO, the spatial arrangement of functional groups governs counte-
rion accumulation and co-ion exclusion, meaning that even chemi-
cally similar slits in graphene and GO can exhibit distinct transport
properties. These findings indicate that differences in charge topol-
ogy between graphene and GO nanoslit membranes naturally lead
to different water flow regimes and salt rejection efficiencies.45

In this context, since pores in graphene and GO membranes
exhibit distinct permeabilities at the nanoscale, it is reasonable to
question whether water flow and salt rejection through a nanoslit
in a graphene membrane would differ from those in an oxidized
graphene membrane. In this work, we address this question through
fully atomistic classical molecular dynamics simulations (MD),
assessing the ability of monolayer GO membranes to separate salt
from water efficiently. We compare slit-like and pore-like nano-
structures, with emphasis on how slit size influences water mobility
and ion rejection dynamics.

The remainder of this paper is organized as follows: Section II
presents the methods and simulation details; in Sec. III, we discuss
the results; and in Sec. IV, we present the conclusions and remarks.

II. METHODS AND SIMULATION DETAILS
In this section, we describe the computational model employed

to investigate water transport through nanoslits in GO membranes.
The system was designed to represent two confined reservoirs sepa-
rated by a GO membrane, enabling the simultaneous evaluation of
water flux and ion rejection for different slit widths.

The simulation box was initially constructed with dimensions
of 4.70 × 4.69 × 70 nm3 along the x, y, and z directions, respectively.
The membrane was placed at the center of the box, separating one
reservoir filled with pure water from another containing saline solu-
tion. Graphene walls were used as pistons to control the pressure
applied to the solutions. A view of the central GO slit is shown
in Fig. 1. The pure water reservoir contained 2784 molecules. The
saline reservoir had its salt concentration determined from the total
number of ions in solution N ions, the number of water molecules
NH2O, and the molar mass of water MH2O,46 expressed as

[NaCl] = Nions × 103

2 ×NH2O ×MH2O
. (1)

The division by two has been applied to account for the ion pair,
MH2O = 18 g mol−1. In this work, the salt concentration was 0.33
mol kg−1, corresponding to 90 ions for 7515 water molecules taking
into account the combination of the two reservoirs.

The GO membrane was generated from a flat graphene sheet
functionalized with hydroxyl and epoxy groups at an oxidation level
of 20%. Three different slit widths were considered, L1 (0.8 nm), L2
(1.0 nm), and L3 (1.5 nm), as illustrated in Fig. 2.

The simulations were performed with the Large scale Atomic
Molecular Massively Parallel Simulator (LAMMPS) package.47 Sev-
eral preparation stages were necessary before the transport simu-
lations. The system was first constructed with all molecules and
the membrane arranged in layers, and the GO membrane was ini-
tially considered without a slit. The model was then subjected to an
energy minimization of 150 ps in the NVE ensemble to relax atomic
positions.
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FIG. 1. System with a central GO mem-
brane and two reservoirs, considered
without (a) and with (b) the presence of a
nanoslit.

FIG. 2. Illustration of the GO membrane
for three different slit diameters: L1 =

0.8 nm, L2 = 1.0 nm, and L3 = 1.5 nm.

Initial velocities were assigned randomly so that the starting
temperature of the system was 10 K, a low value chosen to avoid
abrupt changes during this phase. Afterward, the system was equi-
librated under the NVT ensemble at 300 K. During these steps, the
membrane remained fixed by imposing positional restraints to the
carbon atoms of the plane, preventing global membrane motion.
The functional groups (epoxy, hydroxyl, and carbon), however,
were not constrained and were allowed to fluctuate around their
equilibrium positions.

The system was used to thermalize water molecules and ions at
room temperature. Subsequently, external forces were applied to the
piston atoms along the z direction, pushing toward the GO mem-
brane until the reservoirs equilibrated at the target water density of
1 g/cm3.

Once the system was thermalized and equilibrated at room
temperature and density of 1 g/cm3, we simulated water transport
through the slit under applied pressure. At this stage, the nanoslit
was opened and the forces applied to the piston-like carbon walls

were adjusted to generate a pressure gradient. The applied pressure
was computed from the system cross-sectional area, ensuring a con-
trolled directional flow through the slit. The membrane was kept
fixed in space and additional constraints restricted piston motion
to the z direction. The simulations were performed for 6 ns, cor-
responding to 12 × 106 time steps. Periodic boundary conditions
were applied in all directions, and the equations of motion were
integrated with the velocity–Verlet algorithm48 using a time step
of 0.5 fs. Temperature control was enforced with a Nosé–Hoover
thermostat.49,50

Water molecules were described with the SPC/E (extended
simple point charge) model, a rigid three-site force field with an
average polarization correction that reproduces experimental den-
sities and diffusion constants,51 as illustrated in Table I. Ion–ion
and ion–water interactions were modeled with the NaCl/ε force
field, parameterized to reproduce thermodynamic, structural, and
dynamic properties of sodium chloride in an aqueous solution when
combined with non-polarizable water models.46
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TABLE I. Force field parameters.

Atom σ (Å) ε (kcal/mol) Charge (e)

C32 3.3997 0.069 4 +0.1966
O (epoxy)32 3.166 0.139 9 −0.5260
O (hydroxyl)32 2.9 0.149 2 −0.4
H (hydroxyl)32 0 0 +0.3294
O (SPC/E)51 3.166 0.155 3 −0.8476
H (SPC/E)51 0 0 +0.4238
Na+ε46 2.52 0.034 656 8 +0.885
Cl−ε46 3.85 0.382 437 −0.885

The membrane parameterization was obtained from Ref. 32,
allowing us to compare the behavior of water flow through
nanopores and nanoslit using the same force field, as illustrated
in Table I. To test the accuracy of the pore simulation, we per-
formed simulations to the 1.0 nm pore under pressures of 300
and 800 bar. Our results are consistent with those reported in
Ref. 32.

All particle interactions were represented by the combined con-
tributions of Lennard-Jones (LJ)52 and Coulomb terms. The pair
potential is expressed as

FIG. 3. Snapshots of flows through slit in the oxide graphene (GO) membrane.
(a) Slit width of L1 = 0.8 nm, (b) slit width of L2 = 1.0 nm, and (c) slit width of
L3 = 1.5 nm.

U = ∑
i<j

⎡⎢⎢⎢⎢⎣
4εij
⎛
⎝
(σij

rij
)

12

− (σij

rij
)

6⎞
⎠
+ qiqj

4πε0rij

⎤⎥⎥⎥⎥⎦
, (2)

where σ and ε are the Lennard-Jones (LJ) interaction parameters
between different atoms, qi is the charge on site i, and rij is the
distance between the charge sites i and j.

The long-range Coulomb interactions are calculated by the
particle–particle particle–mesh (PPPM) algorithm.53 Details on the
LJ parameters are shown in Table I.

The flow of water across the membrane is determined using the
specific permeability of the membrane,

Am =
ϕ

(P −Π) , (3)

which incorporates information about the slit density and the mem-
brane resistance to water flow. In this expression, ϕ is the water flux
expressed in L/hm2 (liters per square meter per hour), and P and
Π are the applied pressure and the osmotic pressure, respectively.
Membrane permeability is defined as the ratio of flux to applied
pressure difference, with dimensions of LMH/bar or Lm−2h−1P−1.21

Figure 3 presents snapshots of the simulations of the flow of
water through slits in a graphene oxide (GO) membrane. The images
show three distinct slit widths.

III. RESULTS AND DISCUSSION
To evaluate the efficiency of GO membranes for desalination,

we first examined the water flux, defined as the number of water
molecules crossing the slits (L1, L2, and L3, separately) as a function
of time under applied pressure. Figure 4 presents these results and
shows that the flux increases with slit width, as expected. Among the
slit widths investigated, water mobility increases linearly with pres-
sure for the 0.8 and 1.5 nm cases, while an exponential increase is
observed for the 1.0 nm slit. At high pressures, the L2 slit exhibits
the highest normalized water flux, surpassing even the L3 slit, which
can be attributed to an optimized balance between confinement and
channel size. Narrower slits such as L1 are hindered by stronger
wall–water interactions and restricted molecular rearrangements,
limiting pressure-driven transport. In contrast, wider slits such as L3
allow greater configurational freedom. However, part of the applied
pressure is dissipated through internal friction and less ordered
transport, which reduces the flux per unit area. The water flux com-
puted from the slope of Fig. 4 was obtained for each pressure and slit
size and the results are summarized in Table II.

The intermediate width L2 maximizes transport efficiency
under strong confinement by promoting ordered layering of water
molecules while benefiting from slip-flow effects, thereby mini-
mizing viscous dissipation and enhancing permeability per unit
area. Comparable optimal-size effects under nanoconfinement have
been reported in molecular dynamics studies of water flow through
graphene nanoslits, where specific channel widths were found to
maximize slip length and volumetric flux at elevated pressures.54

These findings indicate that under high-pressure conditions, the
most efficient transport is achieved for the L2 case.

After establishing the characteristics of water flux through GO
membranes, we extend the analysis to compare slits with nanopores.
In this context, Hosseini, Azamat, and Erfan-Niya32 investigated
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FIG. 4. Absolute flux (top panel) and
area-normalized flux (bottom panel) of
water as a function of different applied
pressures for slit widths L1 = 0.8 nm,
L2 = 1.0 nm, and L3 = 1.5 nm. The rrror
bars are the deviation from the mean
value.

TABLE II. Water flux for different oxide graphene slit sizes with associated
uncertainties.

Pressure (bar) L = 0.8 nm L = 1.0 nm L = 1.5 nm

300 33.7 ± 5.8 137.86 ± 8.5 442.64 ± 10.7
400 129.5 ± 10.1 229.99 ± 12.3 668.52 ± 14.5
500 167.19 ± 12.3 287.99 ± 15.2 871.48 ± 18.1
600 215.89 ± 15.2 356.49 ± 20.5 1226.2 ± 25.8
700 272.19 ± 18.5 669.99 ± 25.7 1552.5 ± 30.4
800 330.50 ± 20.6 1466.66 ± 30.8 1840.5 ± 35.7

the performance of water desalination using ultrapermeable func-
tionalized graphene oxide membranes. Their results indicated that
flux increases with both applied pressure and pore diameter for
nanopores functionalized with either hydrogenated (hydrophobic)
or hydroxylated (hydrophilic) groups. For a nanopore with hydro-
genated groups on the surface, with a radius of 4.5 Å and an area
of 63.61 Å2, they reported that the flux under an applied pressure of

300 bar is ∼30 molecules/ns.32 To ensure a fair comparison, we cal-
culated the renormalized flux of the slit by dividing it by the number
of pores that could fit in the same slit area, according to

Fluxrenorm =
Fluxslit

# pores
, (4)

where #pores is the number of pores that can be accommodated
within a slit. If the ratio Fluxrenorm/Fluxpore is larger than one, the
slit is more efficient than the equivalent system of pores. Otherwise,
the pores remain more efficient.

Table III shows that at 300 bar, only the largest slit (1.5 nm)
is more efficient than the equivalent pore system, whereas at
800 bar, all slits surpass the pores. This indicates that slits become
increasingly favorable at higher pressures.

For hydroxylated pores, with a radius of 4.1 Å and an area
of 52.81 Å2, Hosseini and co-authors32 reported a flux of ∼40
molecules/ns at 300 bar and 60 molecules/ns at 800 bar.

Table IV shows that for hydroxylated pores at 300 bar, all
renormalized slit fluxes remain lower than the equivalent pore flux,
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TABLE III. Comparison between hydrogenated pores and slits at 300 and 800 bar (marked in red in cases in which the slit is
more efficient).

System
Width/

diameter (nm)
Area

(nm2) Pores
Pressure

(bar)
Flux

(ns−1)
Flux/

fluxpore

Fluxrenorm/
fluxpore

Pore-H32 0.9 0.63 1 300 30 1 1
Pore-H32 0.9 0.63 1 800 48 1 1

L1 0.8 3.76 6 300 50 1.67 0.28
800 350 7.3 1.21

L2 1.0 4.70 7.5 300 137 4.57 0.61
800 1450 30.2 4.03

L3 1.5 7.05 11.2 300 450 15 1.34
800 1850 38.5 3.44

TABLE IV. Comparison between hydroxylated pores and slits at 300 and 800 bar (marked in red in cases in which the slit is
more efficient).

System
Width/

diameter (nm)
Area

(nm2) Pores
Pressure

(bar)
Flux

(ns−1)
Flux/

fluxpore

Fluxrenorm/
fluxpore

Pore-OH32 0.82 0.52 1 300 40 1 1
Pore-OH32 0.82 0.52 1 800 60 1 1

L1 0.8 3.76 7.12 300 70 1.75 0.25
800 350 5.83 0.81

L2 1.0 4.70 8.9 300 137 3.42 0.38
800 1450 24.17 2.71

L3 1.5 7.05 13.3 300 450 11.25 0.85
800 1850 30.83 4.37

indicating that pores are more efficient under moderate pressures.
At 800 bar, however, the two largest slits (1.0 and 1.5 nm) out-
perform hydroxylated pores, suggesting that slit geometries become
advantageous only at higher pressures in this case as well.

Once the characteristics of water flow in GO membranes are
examined, it is also important to evaluate the permeability of the
systems with slits and equivalent pores at high pressures to assess
the efficiency of these membranes for desalination fully.

The water permeability across GO membranes for each slit size
is presented in Fig. 5. For all cases, at very low pressures, permeabil-
ity increases linearly with pressure. As the pressure rises, however,
the three systems display markedly different behaviors. The water
permeability computed from the slope of Fig. 5 was obtained for
each pressure and slit size, and the results are summarized in
Table V.

For the 0.8 nm slit, under intermediate and high pressures, per-
meability remains nearly constant and the curve appears flat with
only a slight increase at very high pressures. This behavior is con-
sistent with previous reports on graphene nanoslits.37 Such a regime
can be attributed to the formation of highly ordered water structures
that are quasi-crystalline or monolayer-like. Molecules are strongly

FIG. 5. Water permeability as a function of pressure for slit widths L1 = 0.8 nm,
L2 = 1.0 nm, and L3 = 1.5 nm. Error bars smaller than the point are not shown.
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TABLE V. Water permeability for different oxide graphene slit sizes with associated
uncertainties.

Pressure (bar) L = 0.8 nm L = 1.0 nm L = 1.5 nm

300 2.1 ± 0.2 6.0 ± 0.5 28 ± 3.7
400 6.1 ± 0.3 10 ± 0.7 32.0 ± 3.5
500 6.3 ± 0.3 11 ± 0.7 33.0 ± 1.0
600 6.8 ± 0.8 12 ± 1.0 39.0 ± 7.2
700 7.3 ± 0.4 18 ± 1.2 42 ± 8.4
800 7.0 ± 0.4 30.0 ± 1.5 44.0 ± 8.7

correlated and exhibit limited mobility. Under this extreme confine-
ment, even as pressure increases, the molecules lack the freedom to
rearrange and flow more effectively.55

For the 1.0 and 1.5 nm slits, permeability presents two dis-
tinct regimes. Between 400 and 600 bar for the 1.0 nm slit and
between 400 and 500 bar for the 1.5 nm slit, permeability remains
nearly constant with pressure, corresponding to a quasi-crystalline
water structure. Above these thresholds, however, the slits are suf-
ficiently broad to enable water molecules to reorganize and flow
more efficiently, resulting in a parabolic increase in permeability.
Consequently, permeability rises with pressure, as shown in Fig. 5.

Another important aspect in desalination is the ability of the
membrane to reject salt. Figure 6 shows the salt rejection for the
three slit widths studied. Rejection is nearly 100% for all pressures
in the case of the smallest slit L1 = 0.8 nm. Hydrated ions do not
approach the slit and their absence results in a constant permeabil-
ity. The salt reject computed from the slope of Fig. 6 was obtained
for each pressure and slit size, and the results are summarized in
Table VI.

For the slits L2 = 1.0 nm and L3 = 1.5 nm, salt rejection is 100%
at low pressures, but as pressure increases, ions pass through the
slit and rejection decreases. Water permeability then rises, shown in
Fig. 5, since hydration water is transported along with the ions and
adds to the bulk water that does not cross the slit. For nanopores

FIG. 6. Salt rejection as a function of pressure for slit widths of 0.8, 1.0, and 1.5 nm.

TABLE VI. Salt rejection for different slit sizes with associated uncertainties.

Pressure (bar) L = 0.8 nm L = 1.0 nm L = 1.5 nm

300 99.9 ± 10.2 97.91 ± 10.2 88.53 ± 10.3
400 99.8 ± 10.3 95.86 ± 10.4 85.00 ± 10.4
500 99.8 ± 10.8 89.91 ± 10.8 76.70 ± 10.9
600 99.8 ± 10.9 87.36 ± 10.9 72.35 ± 11.2
700 99.8 ± 11.8 86.16 ± 11.8 70.87 ± 11.9
800 99.8 ± 11.9 83.65 ± 11.9 69.44 ± 11.9

in GO membranes,32 salt rejection also decreases with pressure. In
this case, however, ion passage through small pores involves the loss
of part of the hydration shell, which reduces water permeability.
This explains why at high pressures, slits exhibit higher fluxes than
nanopores.

Finally, the potential of mean force (PMF) is employed to
describe the energy required to move a water molecule along
the z direction. It is computed at equilibrium by the following
expression:7,56

PMF(z) = −kBT ln [ρ(z)
ρ0
], (5)

where ρ(z) is the local density, ρ0 is the bulk density, T is the
temperature, and kB is the Boltzmann constant.

Figure 7 presents the PMF profile of the oxygen atoms of water
as a function of distance from the membrane center, taken at z = 0.
The peak at the center of the slit reveals an energy barrier that
prevents the passage of water molecules. This barrier is most pro-
nounced in the narrowest slit of 0.8 nm and decreases as the slit
widens. This behavior can be attributed not only to spatial restriction
but also to the partial disruption of the hydrogen-bond network in
confined regions. In narrower slits, confinement geometry reduces

FIG. 7. Potential of mean force for oxygen atoms of water along the z axis, cen-
tered at the slit of a graphene oxide membrane, for slit sizes of 0.8, 1.0, and
1.5 nm.
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FIG. 8. Potential of mean force for sodium atoms of salt along the z axis, centered
at the slit of a graphene oxide membrane, for slit sizes of 0.8, 1.0, and 1.5 nm.

the ability of molecules to preserve their hydrogen bonding, increas-
ing local free energy. In wider slits, this cooperative network is better
maintained, resulting in smoother PMF profiles and lower energetic
costs for displacement. The PMF of the salt ions is illustrated in
Fig. 8. The figure shows that for larger slits, the density of salt is
almost transparent to the presence of the membrane. This is con-
sistent with our observation of the larger slits not being good for salt
rejection.

IV. CONCLUSIONS
In this work, we employed fully atomistic classical molecu-

lar dynamics simulations to investigate the transport properties of
graphene oxide membranes containing slit and pore nanoarchitec-
tures. By systematically varying the slit widths from 0.8 to 1.5 nm,
we characterized the water flux, permeability, salt rejection, and
potential of mean force. The results demonstrate that slit geometries
provide an adjustable transport response that differs significantly
from nanopores and their relative efficiency depends strongly on the
applied pressure regime.

At low pressures, nanopores exhibit superior performance
compared to slits when water flux and ion rejection are consid-
ered simultaneously. Hydrogenated and hydroxylated pores display
higher normalized performance than equivalent slits at 300 bar,
reflecting the strong influence of surface chemistry and confinement
on water mobility. In contrast, at higher pressures, the behav-
ior reverses. Slits with widths of 1.0 and 1.5 nm show a gain
in permeability that surpasses nanoporous systems, although this
improvement occurs at the expense of reduced salt rejection. The
intermediate slit of 1.0 nm emerges as the most efficient configu-
ration under strong confinement, balancing the ordering of water
layers with reduced viscous dissipation. In comparison, the narrow
slit of 0.8 nm consistently achieves nearly complete ion exclusion
across the entire pressure range investigated.

The analysis of water permeability revealed distinct trans-
port regimes. Narrow slits maintain nearly constant permeability
at intermediate and high pressures, a behavior associated with the
formation of quasi-crystalline or monolayer-like water structures.

Wider slits, however, allow molecular rearrangements under high
pressure, which leads to a parabolic increase in permeability. The
analysis of salt rejection confirmed the trade-off between permeabil-
ity and ion exclusion, with rejection decreasing as pressure increases
for wider slits. In contrast, the narrow slit effectively blocks hydrated
ions under all conditions. Calculations of the potential of mean force
corroborated these findings by showing pronounced energy barriers
in narrow slits and progressively lower barriers in wider channels,
reflecting the breaking and partial preservation of the hydrogen
bonding network of water.

Taken together, these results delineate operational regimes
in which each membrane’s architecture becomes advantageous.
Nanopores are preferable under moderate pressures when high ion
rejection is required. At the same time, slits are more effective under
elevated pressures, offering enhanced water permeability and, in
some cases, competitive ion rejection. This comparative analysis
underscores the importance of tailoring nanoarchitecture geometry
to optimize desalination membranes, offering design guidelines for
the development of advanced graphene oxide-based systems. Future
research can extend these insights by exploring multilayer arrange-
ments, functional group modifications, and coupling with external
stimuli, thereby advancing the role of graphene oxide membranes in
sustainable desalination technologies.
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