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Abstract  

Pressure-driven permeation of water in a poorly wettable material results in a conversion 

of mechanical work into surface free energy representing a new form of energy storage, or 

absorption. When water is replaced by a concentrated electrolyte solution, the storage capacity 

of a nanoporous medium becomes comparable to high-end supercapacitors. The addition of 

salt can also reduce the hysteresis of the infiltration/expulsion cycle. Our molecular 

simulations provide a theoretical perspective into the mechanisms involved in the process, 

and underlying structures and interactions in compressed nanoconfined solutions. 

Specifically, we consider aqueous NaCl in planar confinements of widths of 1.0 nm and 1.64 

nm and pressures of up to 3 kbar. Open ensemble Monte Carlo simulations utilizing fractional 

exchanges of molecules for efficient additions/removal of ions have been utilized in 

conjunction with pressure-dependent chemical potentials to model bulk phases under 

pressure. Confinements open to these pressurized bulk, aqueous electrolyte phases show 

reversibility at narrow pore sizes and irreversibility in wider ones, consistent with experiment, 

as well as strong hysteresis at both pore size. The addition of salt results in significant 

increases in the solid/liquid interfacial tension in narrower pores and associated infiltration 

and expulsion pressures. These changes are consistent with strong desalination effects at the 

lower pore size observed irrespective of external pressure and initial concentration. 
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I. INTRODUCTION  
Compression of water in strongly hydrophobic nanopores has been established as a viable 

mechanism of energy storage underlying the function of liquid springs and shock absorbers.1 

According to conventional continuum estimates, the stored energy density can be approximated 

by the product of specific area and the wetting free energy, Δ𝛾. In an ideal case, this energy equals 

the work Pin∆𝑉recovered upon expulsion, where Pin is the intrusion pressure 𝑃!"~	#∆%
&!

, dz ∝ 𝑎'( is 

the effective pore diameter and a is specific area. Nanoporous hydrophobic materials such as 

zeolites, typically composed of alumina and silica, have long been studied as suitable media for 

the storage of surface energy. Metal-organic frameworks represent a highly promising alternative2-

3. The attainable density of stored energy has been shown to increase  when water is replaced by 

electrolyte solution but the gain also depends on the type of the porous material.3-11 Saline-filled 

zeolites with experimental pore sizes of 1.0 nm or lower have been shown to have high energy 

density capabilities that are in the range of 0.1-1.0 Jg-1  which is comparable to supercapacitors.9-

10, 12 The conversion between mechanical work delivered upon compression and surface free 

energy is, however, not always reversible. The expulsion of solution following a release of the 

pressure can follow three distinct behaviors: full energy recovery (liquid spring), partial energy 

recovery (shock-absorber), or no energy recovery (bumper).9, 13 In addition to the properties of the 

selected porous material, the outcome can depend on the composition/concentration of the 

electrolyte solution. Increasing the concentration of the solution, or ion type can, in some cases, 

shift the system from bumper to shock-absorber or liquid spring behavior.3 Molecular mechanisms 

behind the observed salt effects are only partly understood and have so far not been accessible to 

experiment. We strive to uncover generic features of nanoconfined electrolytes and their response 

to pressure variation using molecular simulations. To this end, we study the mechanisms, structural 

changes, and thermodynamic driving forces controlling water and electrolyte intrusion/extrusion 

into/from a nanopore. 
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We use the Grand Canonical Monte Carlo (GCMC)  simulation which is typically better suited 

for studies of equilibrium properties in open system than Molecular Dynamics (MD) simulations14. 

The focus of this study is on the intrusion/extrusion of concentrated NaCl solution into nanopores 

of size 1.0 nm and 1.64 nm. Alternative choices of electrolyte, such as LiCl favored in recent 

experiments because of its extreme solubility, are at this time not feasible because of scarce 

experimental data for the chemical potential, the drive to mix in a GCMC simulation.15 

Experimental bulk phase studies conducted by Adams16 considered the entire range of accessible 

NaCl molalities from ambient conditions to extreme pressures to determine partial molar volumes 

for each species. In turn, a chemical potential over a range of pressures can be calculated as 

described in more detail in section III.A of this work. Our study covers the experimentally relevant 

pressure range from 1 bar to 3000 bar for bulk electrolyte molalities 5.70 mol kg-1, 4.28 mol kg-1, 

3.02 mol kg-1, and 0 (neat water). At ambient conditions, these molalities correspond to bulk 

concentrations (molarities) cb ~ 2.83,  3.91, and 5.06 mol dm-3, respectively. Because molarity 

depends on the pressure (for given molalities, compression to 1000 bar results in molarity increases 

of 2.5-3%), and is not rigorously defined inside the confinement, molality is used as the preferred 

metrics in this study. 

Consistent with previous works17-20, our results show that only the narrow pore size can secure 

an intrusion reversal upon decompression. Moreover, we observe strong hysteresis in all cases. 

Simulation results establish an enhanced energy storage capacity with decreasing pore size and 

higher salt content as narrower pores act increasingly more hydrophobic. The salt contribution to 

this increase proves much more pronounced in narrow pores. This is consistent with significantly 

stronger, although incomplete, desalination in the narrower pore. The salt exclusion is not 

ameliorated with increased pressures and can be expected to play an even more important role with 

highly soluble salts like LiCl. All the more prominent salt effects leading to improved reversibility 

of the infiltration/expulsion cycle observed in some experiments, can be rationalized in terms of 
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near-complete ion defiltration21 due to the narrowed window size of pore cages, a medium-specific 

feature to be addressed in a separate study.   

 
II. METHODS 
 

 
A. Models. To study the intrusion and extrusion of aqueous NaCl in confinement we use classical 

molecular simulations with hydrophobic walls of separation dz of 1.0 nm and 1.64 nm. The narrow 

wall separation of 1.0 nm was chosen based on relevant experimental studies4-6, 10, 22 while the 

larger pore was chosen to be just above the kinetic threshold with respect to capillary evaporation17-

18, 23-29 in neat water and ambient conditions. With these choices, the solution-accessible width 

𝑑!
"##~	𝑑! − 𝜎$!%& 	in the narrower pore is very close to ½ of the wider one ( 𝜎$!%& 	is the water-

wall contact distance, ~0.345 nm in our model system). The models for the solution are SPC/E30 

water and Joung-Cheatham31 ion model adapted to selected water potential. These force fields are 

chosen because they capture reasonably well the properties of bulk solutions and are a good option 

when polarizable models are too computationally expensive.  The confined solution is open to 

exchange with bulk environment of variable input pressures Pbulk and temperature T=298.15 K.  

Confinement simulations in this study use only perfectly smooth, parallel-plate walls based on 

the integrated 9-3 Lennard Jones (LJ) potential.17, 32-33  The uniform-wall representation is 

advantageous as it secures rigorous validity34 of the area-scaling approach35-36 in interfacial tension 

calculations. The smooth wall/water interaction is described by the following equation 

  (1) 

where, , Bi = 15Ai/2,  ρw is uniform density of the interacting sites in the wall, 

σiw and εiw are the mixed LJ parameters of originally chosen to describe water-wall interaction 

using the Lorentz-Berthelot mixing rules, and zi is the z-position of molecule i and zw = dz or zw = 

0.  dz is the distance between the walls.17, 19 Values were originally chosen to fit a hydrocarbon 
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wall (water contact angle of a cylindrical nanodrop37 𝜃 =127±3°)	and are ρw = 0.333 Å-3, εw = 

0.6483 kJ mol-1, and σw = 3.742 Å. Since eq 1 describes interactions with semi-infinite walls, 

periodic boundary conditions are not necessary in describing wall/solution interactions. 

 Laterally periodic boundary conditions are applied to mimic a nanopore of infinite (x,y) 

dimensions. Long range electrostatic interaction are calculated using Ewald summation with a 

slab-correction term developed by Yeh and Berkowitz.38 The real-space cutoff value used is Rc = 

9.8 Å with a screening parameter α = π/Rc and 15 x 15 x 19 vectors in reciprocal space (kx, ky, kz) 

and an identical cutoff is applied to the smoothly truncated water/water, water/ion, and ion/ion LJ 

interactions without tail correction. In an earlier work, we tested a suitable correction scheme 

applicable to the pore geometry19, however, its use becomes questionable in the nonperiodic 

situations encountered during the infiltration or expulsion stages, which represent the critical steps 

in our simulations. To preserve correct contents of water and ions in the open ensemble simulation, 

our input chemical potentials include a shift corresponding to the lack of respective tail 

contributions.14 
 

B. Simulation techniques. Simulations are conducted primarily using the recently developed 

expanded ensemble Grand Canonical Monte Carlo (EEGCMC),  as described in detail in previous 

works39-42 and outlined below. So far, major modeling studies have been performed for neat 

water.43-51 Open ensemble simulations of electrolyte solutions, on the other hand, have been 

notoriously challenging because of astronomically low acceptances of ion exchanges associated 

with extreme free energies31, 52-56 of hydration. The above, well-tested open ensemble method 

relies on iteratively adding/removing molecules from the system using a biasing potential57 to 

increase the likelihood of acceptance. To significantly reduce the energy differences upon 

molecular exchanges, molecules are broken down into a number of fractional λ states that must be 

traversed to accept the addition of new molecules or the removal of existing molecules. The states 

with λ equal 1 or 0 correspond to a fully coupled or completely decoupled molecule, respectively.  
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In this work, water exchanges are split into 5 fractional λ states while ions have 15 fractional λ 

states and are added in pairs to maintain the condition of neutrality in the system. During the 

exchange process  𝜆 is randomly chosen to increase or decrease to the adjacent 𝜆	state, 𝜆 = 𝜆 ±

∆𝜆, until a successful exchange or a failure to exchange occurs. In addition to incremental 

exchanges, interaction potentials are also scaled as 𝑈(𝑟, 𝜆) = 𝜆𝑈(𝑟∗), where 𝑟∗ =	 {𝑟( +

[𝑅)(1 − 𝜆)](}
"
!. Rs is chosen as adjusted to secure a roughly even distribution of fractional states. 

Relevant thermodynamic averages are only sampled from configurations devoid of fractional 

molecules.   

    The EEGCMC method is used to simulate pore molalities corresponding to bulk molalities 

of aqueous NaCl 5.70 mol kg-1 (just below the solubility limit at ambient conditions), 4.28 mol kg-

1, 3.02 mol kg-1, and 0 (neat water). Values for bulk molalities are chosen based on the availability 

of experimental data for solution densities and associated chemical potentials which allows us to 

conduct high pressure simulations.16 Simulations with this method for neat water system are run 

for 1x109 Monte Carlo (MC) steps where a step is either translation/rotation of a full molecule 

(69% chance), translation/rotation of a fractional molecule(20% chance),  an iteration in fractional 

state (10% chance), or a simultaneous translation of the walls (1%)17. The same probabilities are 

used for systems with salt solutions, but the duration of the run is increased to 5x109-1x1010 

depending on the pore size. The approximate duration for a single aqueous electrolyte run is 

between 3-6 processor months. 

    Presuming an equilibrium between the bulk and confined phases, the chemical potentials of 

confined species equal those in the bulk, which allows us to determine the pore compositions based 

on the input chemical potentials, µi, for the two components. Ignoring scarce deviations from 

electroneutrality58, we consider only transfers of water and neutral ion pairs. Most reported 

simulations of open electrolyte systems have been performed with P = 1 bar; however, we are 

interested in cases where pressure can vary from the ambient value to several kbar. Values for 

chemical potentials of aqueous NaCl across a range of pressures are not readily available in the 
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literature but have now been calculated for 4 molalities (including neat water). The chemical 

potential, from previous work41,  for water and NaCl, and , at T = 298.15 K and Pbulk = 1 

bar is -240.301 kJ mol-1 and -391.278 kJ mol-1, respectively, with ideal gas contributions, and 

, which can be found in the NIST-JANAF thermochemical tables59, of -228.582 kJ mol-1 and 

334.15 kJ mol-1, respectively. Chemical potentials at ambient pressure vary with salt molality as 

reported in our previous work.19 At elevated pressures, they are estimated from the ambient values 

adjusted using experimental partial molar volume data from ref. 16 as detailed in the following 

section. 

 
III. RESULTS AND DISCUSSION 
 
 
A. Chemical Potentials at High Pressure. In a GCMC simulation, changes to the chemical 

potential of each species determine the equilibrium composition. By utilizing reported partial 

molar volumes as functions of pressure for a set of molalities16 m we calculate chemical potentials 

of water and salt at different pressures Pbulk according to the relation 

 

where, temperature, T, is constant at 298.15 K,  is the chemical potential at given 

pressure, P2, 𝜇*(𝑇, 𝑃+, 𝑚) is the chemical potential at the reference pressure P1 = 1 bar and  is 

the partial molar volume of species i at given (T, P, m) state.. The integral term pertains to the 

molar volume in the liquid phase and the externally applied pressure, Pbulk. In principle, equivalent 

results for chemical potentials should follow from integrating partial molar volumes in the gaseous 

phase over the corresponding range of vapor pressures, Pv, however, this route is not practically 

applicable to the salt component. Figure 1 presents chemical potentials from eq 2 for neat water 
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and the 4 bulk molalities of NaCl used in this study: 5.70 mol kg-1, 4.28 mol kg-1, 3.02 mol kg-1, 0 

(neat water). While not visually apparent, the slopes in Figure 1, i.e. the partial molar volumes of 

water and NaCl, present finite curvatures as partial molar volume of water slowly decreases and 

that of dissolved NaCl increases with compression. For pure water, the average rate of change is  

close to -5% over 1 kbar and only slightly less in 5.7 mol kg-1 NaCl solution, where partial molar 

volume of NaCl shows a comparable relative increase with pressure.  

The applicability of chemical potentials from Figure 1 to our model system is validated by 

the good agreement between computed bulk compositions at high pressures with the input 

molalities16 from the experiment. 

 

B. Intrusion/Extrusion. The main portion of this project is devoted to studies of the intrusion 

and extrusion of aqueous electrolytes into/from hydrophobic pores of preselected sizes dz = 1.0 

nm and 1.64 nm to determine compositions and relevant thermodynamic properties in equilibrated 

systems. The narrower pores are considered because of their compelling energy storage 

properties3, and the wider pore size is chosen just above the threshold width supporting a 

 

 

 

 
 
 
 
 
 
 
 

Figure 1. Input chemical potential values for water, left, and NaCl, right. Each value corresponds to a 
user determined pressure. Three molalities used in these simulations are: 5.70 mol kg-1 (black), 4.28 mol 
kg-1 (red), 3.02 mol kg-1 (green). Blue points correspond to neat H2O. 
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metastable liquid phase in decompressed neat water17, 19, 27, so there would be an obvious difference 

in intrusion/extrusion properties. 

To study the extrusion branch, simulations pores were first filled by increasing the pressure 

to 3000 bar. Subsequently, the system was allowed to relax to the desired input pressure. When 

these simulations resulted in a stable (or metastable) liquid-filled pore, the final configuration was 

modified to generate the initial configuration in the intrusion simulations. For this purpose, the 

volume of the box was doubled by extending the box length along one of the two lateral dimensions 

with the pore diameter dz being unchanged. The newly created volume contained no solvent 

molecules or salt ions to resemble the solution infiltration process in real systems (see Figure 2). 

The procedure removes the free-energy barrier that would have been required for the liquid 

nucleation in a completely empty pore, a process that is not representative of experiments where 

the liquid phase resides at the opening. 

         Conversely, the  barrier to vapor nucleation cannot be avoided in the reverse process of 

solution expulsion upon lowering Pbulk, explaining the pronounced hysteresis of the cycle. Resulting 

intrusion/extrusion plots for the narrow pore are shown in Figure 3 and the results for the wider 

pore are shown in Figure 4. Due to the difficult nature of adding and removing an ion pair in 

 
 
Figure 2: Snapshots of the elementary Monte Carlo boxes used in the simulation of confined 
NaCl solution inside the 1 nm pore during pressure relaxation (bottom), and the half-empty 
double size box generated by expanding the original (bottom) box to initiate an attempted 
infiltration run (see main text). The dark background spans the solvent-accessible width between 
soft pore walls placed at zw=0 and dz= 1 nm (eq 1). 
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solution, slow convergence when transitioning from an evacuated to permeated state, and 

 
 
 
Figure 4. Intrusion (solid lines) and extrusion (dashed lines) of water, left, and NaCl, right, in a 1.64 
nm pore for 3 bulk molalities: 5.70 mol kg-1 (black), 4.28 mol kg-1 (red), 3.02 mol kg-1(green) and neat 
water (blue). NaCl content is reported by pore molality, while water is counted by its total number. 
There is a proportionate increase of pore molality with increasing bulk electrolyte molality. Lines are 
to guide the eyes only. Longer runs would be necessary to improve the accuracy in intrusion 
simulations containing salt solutions. Inset (left): Compressibility for water in a 1 nm pore, blue shaded 
circles, in a 1.64 nm pore, blue open circles, and in the bulk, dashed magenta line. The magenta dashed 
line shows bulk water compressibilities from  experiment16. Error bars for water uptake: symbol size, 
molalities in extrusion branch: ±5%.	Intrusion molalities have not reached equilibrium. 
Compressibilities: up to ±8%.	 
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Figure 3. Intrusion (solid lines) and extrusion (dashed lines) of water, left, and NaCl, right, in a 1.0 nm 
pore for 3 bulk molalities: 5.70 mol kg-1 (black), 4.28 mol kg-1 (red), 3.02 mol kg-1(green) and neat water 
(blue). NaCl is reported in terms of pore molality, while waters are counted by their total number. A 
surprising outcome is a disproportionate  exclusion of the salt at low bulk molality. Lines are to guide 
the eyes only. Error bars for water uptake: symbol size, molalities in extrusion branch: ±5%.	Intrusion 
molalities have not reached equilibrium. 
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comparatively low numbers of salt molecules, average numbers of ion pairs are associated with 

larger uncertainty than with water. The statistical error in the pore composition in the intrusion 

branch could in principle be reduced with longer simulations, but this becomes too costly and the 

added accuracy would not alter the central result, i.e. the intrusion pressure for given system. Since 

each of these calculations begins with a partially empty pore, impractical computation times (9-12 

processor months for the wider, 1.64 nm pore) would be needed to secure converged equilibration 

of pore composition. The main information  provided by the intrusion curves is hence the estimation 

of the intrusion pressures. The intrusion process in the simulated system is much more abrupt than 

seen in experiments, where a degree of pore size polydispersity cannot be avoided. Pore molalities 

after the intrusion, on the other hand, show considerable fluctuations and generally deviate from 

the stable values determined in the decompression branch of each cycle. Interestingly, the 

compositions of incompletely equilibrated states along the intrusion branches suggest the pore salt 

molality can pass through a maximum in the early stages of the infiltration.  

The intrusion pressures Pin required to force water and NaCl into a hydrophobic pore are 

within the range observed in experiments.10, 13, 22, 60 Consistent with the macroscopic prediction17 

𝑃)* ≈
#%+,-.

&!
"## ,		Pin increases with decreasing pore width  𝑑#$%%	but the change is steeper than expected 

with given difference between the two widths we use. This is a clear indication of a simultaneous 

increase of the effective hydrophobicity of the walls as the liquid is forcefully compressed against 

them. We will return to this point in coming paragraphs where we analyze the pressure effect on 

wetting energetics. In doing so, we will only be assessing pure confinement effects between 

idealized unchanging walls without considering specific contributions indicated in zeolite 

experiments with changing extents of hydrophilic defects10, and frequent deformations after the 

first intrusion step.9 Our observations are consistent with previous findings that the 1.64 nm pores 

do not empty upon releasing the pressure while the 1.0 nm pores empty near 500 bar for salt 

solutions and 150 bar for neat water.  
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The inset in Figure 4 presents the results for compressibility of confined water, 𝜅 =

( ,-./
,0&'()

)1.3 at elevated pressures. 𝑁 is the number of liquid molecules in the confinement. Results  

in Figure 4 represent finite difference estimates for the slope of calculated lnN vs. Pbulk. In the 

narrower pore, where the composition (molality) shows no detectable dependence on Pbulk (Figure 

3), the same relation provides an estimate of the compressibility of the solution. In analogy with 

pure water17-18, 61-63, solution compressibility is increased inside a hydrophobic confinement, 

although less than for pure solvent, the compressibility of 5.7 mol kg-1 solution at dz=1 nm and 

Pbulk near 5.102 bar being close to ½ of that for confined water. Increased pressure leads to lower 

confinement compressibilities17, an effect akin to increasing the hydrophilicity of the walls. The 

higher compressibility in the confinement is primarily due to the pressure-induced buildup of the 

first hydration layer (see Section III.A). Because the interfacial region represents a bigger fraction 

of volume in the narrower pore, the compressibility rise is more pronounced there but the results 

for two pore sizes gradually converge with increasing pressure. Compression reduces the deviation 

from the bulk compressibility16; however, for pressures considered here, the confinement values 

never descend to those found in the bulk. The liquid uptake therefore continues to rise with 

compression even at extreme Pbulk ~ 3 kbar. Salt ions accumulate in the pores in parallel with that 

of water, maintaining nearly constant equilibrium molalities in the pores.  

 The qualitative differences under released pressure separate the energy storage 

mechanisms of the two pore sizes with the larger pore displaying a bumper behavior, for all 

molalities, and the smaller pore being the shock-absorber type, which allows for partial 

regeneration of input mechanical energy. At intermediate pressures, the liquid remains trapped in 

a metastable state17-18, 64 because of considerable kinetic barrier ΔΩ∗ to evaporation.24-29 In the 

narrow pore, the barrier is eventually overcome at sufficiently low pressures. However, 

ΔΩ∗	increases dramatically with pore widths (ΔΩ∗ ∝ 𝑑!()28 preventing expulsion from the wider 
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pores across the entire pressure range and pragmatically relevant times. It then becomes desirable 

to see what thermodynamic and/or configurational changes drive these two behaviors.  
 

C. Thermodynamics. While pressure tensors inside the pore are strongly anisotropic, 

all tensor components show a similar increase with the pressure applied in bulk solution. Figure 5 

illustrates an almost linear relationship between the applied pressure, Pbulk, and the parallel 

pressure components (P||=Pxx=Pyy, averaged over the total width of the pore). Following previous 

work, P|| is calculated as the (numerical) derivative of the system’s free energy with respect to liquid 

expansion65 along lateral coordinates x or y at fixed dz.36 Similar data for the normal pressure, PN, are 

shown in Fig. S1 in the Supplementary Information. At both pore sizes, the individual components 

increase by approximately the same amount as the input bulk value over the entire range of Pbulk. 

As shown in the preceding work19, the normal component of the pressure tensor in the confinement 

(Fig. S1) exceeds the bulk value and the difference depends on the salt content.  The reduction of 

the components parallel to the plates, P||, reflects the strongly hydrophobic character of our model 

walls.  

Despite the similarities between the two pore sizes, a more careful inspection of Figure 5 

reveals smaller slopes in the narrower pore. Since the composition of the pore changes only slightly 

      
 
Figure 5. Dependence of the parallel pressure component, P|| on the bulk pressure in 1.0 nm (left) and 
1.64 nm pore (right). Error bars have been estimated at ±10 bar in the narrower pore and ±20	bar in 
the wider one. 
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with pressure, we attribute the slope change primarily to the differences in the strength of 

molecular interactions. Figure 6 shows the net energies, normalized by the number of molecules, 

are generally bigger in the wider pores characterized by a higher molecular coordination. The 

negative slopes of net energy vs. Pbulk, observed in the narrower pores, are consistent with higher 

compressibility and the resulting pressure-induced increase in the population of interacting 

neighbor molecules in these systems. Average potential energies of the pores of both sizes rapidly 

decrease with increasing ion molality and the reduction is bigger in the wider pore characterized 

by much stronger uptake of the ions. The noise in the energy curves (Figures 6-7) is due to the 

very slow convergence of ion content in the pores; this is also suggested by the apparent 

correlations among adjacent points that can be traced down to common ancestor configurations.       

 Figure 3 and Figure 4 show that the pore molalities in the larger pore are approximately 

85% of the bulk molality with virtually no variation. On the other hand, the 1.0 nm pore has 23%, 

32% and 42% of the following input bulk molalities: 3.02 mol kg-1, 4.28 mol kg-1, and 5.70 mol 

kg-1, respectively (Figure 8). This implies a higher relative desalination when the concentration is 

      
 
 
Figure 6. Total potential energy, Utotal, for pores of size 1.0 nm (left) and 1.64 nm (right). The energy 
calculation includes the interaction with the walls and is normalized by the total number of particles (ions 
and water molecules) times thermal energy (RT). The data for the narrower pore are limited to pressures that 
can sustain a stable or metastable liquid phase in the pore. Error bars of reduced energies in neat water are 
below symbol size while they are between ±0.5	and	 ± 1	in solutions. 
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lower, and the size of the pore is small enough. The results in Figure 8 indicate 1.0 nm porosity to 

enable a rather effective filtering capacity in reverse osmosis desalination. This capacity is shown 

to improve at reduced concentrations with extrapolation to sea water concentration suggesting 

almost complete separation.  

The role the ions play in nanopore absorption can be partially explained by monitoring 

distinct contributions to the net intermolecular interaction inside the pore (Figure 7). Lennard-

Jones energies represent a minor term in ion-ion interactions and the normalized values (energies 

per ion) show a very weak dependence on the salt concentration. This interaction alone does not 

tell much on its own, but combined with the structure within the pore, (next Section), we observe 

an increased structure for water with ions residing solely in the center of the pore physically 

separated from each other by hydrating waters. Electrostatic interactions for specified component 

pairs show moderate changes with pressure, however, a clear trend is hard to separate from the 

noise associated with slow equilibration and convergence of ion content. 

The decrease in ion charge interactions seen at lower molalities is due to the 

disproportionately reduced pore molality. Inclusion of ions reduces water-water electrostatic 

interactions favoring instead water-ion interactions.  

A key property quantifying the surface wettability is the interfacial free energy, σ, (the 

derivative of the grand potential Ω with respect to the wetted area of pore walls) which we 

determine according to the relation19, 36, 66 

                                                                                                                        (3) 

where dz is the distance between the walls, and P|| corresponds to the pressure component parallel 

to the plates (The reader is referred to ref.36 for a full discussion of eq 3 and details of P|| 

calculation). The more negative this value is the greater the tendency to wet becomes (Figure 9).  

z ||
1
2
d Ps =-
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Figure 7. Lennard Jones (left) and electrostatic (right) pairwise interactions for H2O and NaCl in a 1.0 nm 
pore. Values are normalized by dividing by N times thermal energy RT. For water-water interactions, N 
represents the number of water molecules; otherwise, N is the number of ion pairs. Input bulk molalities are: 
top 5.70 mol kg-1, middle 4.28 mol kg -1, bottom 3.02 mol kg-1. The fluctuations in the energies are associated 
with slow equilibration of pore compositions used in subsequent calculations of distinct energy contributions 
in NVT simulations. In cases where lines overlap various dashed styles have been used for clarity. Statistical 
uncertainties of Lennard Jones energies and electrostatic energies among water molecules are close to 
symbol size or smaller. Error bars for electrostatic terms carry error bars of ±20 for Na+-Na+ and Cl--Cl- 
pairs, ±40 for Na+-Cl- pairs, and ±35 for both ion-water component pairs.  
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We, therefore, can approximately predict at what pressure intrusion will occur by pinpointing when 

σ switch signs and we find a direct agreement with Figure 3 and Figure 4. In the wider pore, the σ 

values appear relatively insensitive to the molality consistent with the weak effect of ions on the 

tendency for the pore to be filled. A bigger separation of σ values for different molalities in the 1.0 

nm pore is associated with a stronger influence of the salt on intrusion pressures (Figure 3).  

The trends discussed so far relate pore properties to the input (experimental) bulk pressures, 

Pbulk. Replacing experimental pressures by the model bulk pressures devoid of the tail contribution 

(consistent with the calculation in the pore) would suggest a shift of Pbulk values equivalent to 

substracting the (negative) tail correction bar. ( -s denote number 

densities of solution components i). This is avoided through the use of adjusted chemical potentials 

(Section II.A). The consistency of pressures in the pore with the input Pbulk is corroborated by the 

( )210tail
tail i iP Or µD = D = -å ir

 

 

 

 

 

 

 

 

Figure 8. Average nanopore molality, m, shown against the bulk molality, mbulk, at the lowest pressure 
supporting pore permeation. The blue dashed line represents a situation where the pore molality is equal 
to the bulk one. The 1.0 nm pore (red), shows a much larger salt depletion than observed in the 1.64 nm 
pore (black). Furthermore, the relative desalination is more pronounced when the molality is lower, but 
only in the narrower pore. At both pore widths, molality in the confinement is essentially insensitive to 
Pbulk (Fgures 3-4). 
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good agreement between the intrusion pressures from direct observation (Figures 3-4) with those 

corresponding to vanishing values σ (Figure 5). 

In Figure 10 we also present the ‘pure’ wetting free energy, σ’, estimated by excluding the 

area derivative of the work -PbulkdV against external pressure Pbulk during liquid intrusion. Since 

the volume occupied by the liquid varies in proportion to wetted area,  dV≈ +
(
𝑑!
"##𝑑𝐴& , σ’ can be 

obtained from the relation   

 𝜎′ ≈ 𝜎 + +
(
𝑑!
"##𝑃45-6  (2) 

Results for σ’ in Figure 10 quantify the actual surface resistance to wetting, showing that the walls 

appear somewhat more hydrophobic with increasing pressure67-68 and with the concentration of 

ions. The effect of salinity is considerably stronger in the narrower, 1.0 nm pore. A deficit in the 

molality can take place in the confinement, but especially for the narrow pore (Figure 8). The 

observed trends of wetting free energy can be explained in terms of the Gibbs adsorption isotherm 

  (3)  

which relates surface adsorption to the changes in interfacial tension.40, 69 Above, Γ(𝜇* , 𝑃45-6) 

represents the surface excesses of species i with the specified chemical potential and bulk pressure. 

Large surface deficits of ions in the narrow pore, i.e. strongly negative Γ(𝜇* , 𝑃45-6) imply a 

significant increase of σ upon increasing the bulk salinity. Conversely, the  moderate salt depletion 

in the wider pores result in only a weak dependence of σ on the bulk salt molality.  

In a recent thermodynamic analysis21, the increase in the intrusion pressure, ΔPin, with the 

salinity was interpreted in terms of osmotic pressure differences between the bulk electrolyte of 

concentration cb and neat water in the pores using the approximate relation ΔPin ~ 2cbRT. 

Neglecting  the  deviations  from  the  ideal  solution  behavior,  the  above  approximation cannot  

( ) ( ) ( )
( )

( )bulk

bulk bulk bulk bulk
0

, 0, , d
i

i

m
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i

m P P P
µ

µ
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Figure 10. ‘Pure’ wetting free energy, σ’, is calculated from extrusion-branch simulations by excluding 
the contribution of external pressure, Pbulk, as the driving force for liquid infiltration (eq 4). Results for a 
1.0 nm pore (left) and 1.64 nm pore (right), for neat water and 3 salt molalities: 5.70 mol kg-1, 4.28 mol 
kg-1, and 3.02 mol kg-1 show the walls appear more hydrophobic as solution is compressed into the pore. 
Values for the 1.0 nm pore below 260 bar are not available because of spontaneous expulsion of the liquid. 
Statistical uncertainties: up to ±1	mN m-1 in the narrower pores and ±2	mN m-1 in the wider ones. 
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Figure 9. Wetting free energy versus the input bulk pressure is calculated from extrusion simulations and 
is displayed for a 1.0 nm pore (left) and 1.64 nm pore (right) for 3 molalities: 5.70 mol kg-1, 4.28 mol kg-

1, and 3.02 mol kg-1. The apparent tendency to wet increases with increasing pressure. Values for the 1.0 
nm pore below 150 bar are omitted due to empty pores. Statistical error bars are estimated at up to ±1	mN 
m-1 in the narrower pores and ±2	mN m-1 in the wider ones. 
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resolve the differences between different salt types reported70 in subsequent experiments. The 

analysis of ref.21 concerned zeolite systems where narrow cage windows precluded the uptake of 

the salt in the pores. In the present system, the exclusion of the salt from the pores is not complete 

(Figure 8), suggesting the use of a slightly different relation ΔPin ~ 2(cb -cpore)RT. In the narrower 

pore this leads to estimated increases ΔPin of ~110, 135 and 150 bar for bulk molalities 3.02, 4.28, 

and 5.7 mol kg-1. The simulated changes ΔPin of ~80 ± 30 bar at the lowest molality and statistically 

indistuinguishable increases of ~270 ±	60 bar at the two higher molalities lack the accuracy for a 

quantitative comparison with the predicted osmotic effects, however, they clearly exceed the 

predicted ones at higher concentrations. The excess can be attributed to the combined effect of 

nonideal osmotic pressures and salt-specific71 ion/pore wall interactions, which also impact the 

changes in the wetting free energies σ (Figure 9)  at different salinities. No meaningful comparison 

is possible in the wider pores, where only a small fraction (the difference between the blue and 

black curves in Figure 8) of ions is excluded from the confinement, leading to osmotic pressure 

differences of only 25-40 bar, well below statistical uncertainties of simulated intrusion pressures 

in these cases. 

D. Structure. To further elucidate the effects of compression within a nanopore we explore the 

structural features of each configuration. Density profiles shown in Figure 11 help explain the 

increase of wall hydrophobicity accompanying the increased packing in the pore. Because of steric 

restraints, the majority of water molecules in the narrower pore populate distinct hydration layers 

next to the walls. This configuration results in a stronger deprivation of hydrogen bonds72 than is 

the case in the wider pore, where the interfacial layers are separated by bulklike water, accounting 

for ~9 mN m-1 difference in the pure wetting free energies for the two pore sizes observed even in 

the absence of salt. Because of the ions’ tendency to preserve their hydration shells, they avoid  
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direct contact with the walls. In the narrower pore, this trend confines the ions to a diffuse 

monolayer centered at the midplane of the pore. Nonetheless, cations and anions remain physically 

separated by water molecules and interact with each other only electrostatically (Figure 7). The 

additional space available in the wider pore allows the anions to spread out to their preferred 

location closer to the interface42 while the density of the smaller and more strongly hydrated 

cations still peaks at the center of the pore, with secondary cation density peaks coinciding with 

the maxima of the anion distribution. The comparatively stronger hydrophobic wall/ion affinity of 

the anion (Cl-) shown in Figures 11, S2, S3, and S4 (right) agree qualitatively with ion/wall free 

energy profiles for Li+ and Cl- ions determined in a Molecular Dynamics study of metal-organic 

nanopores of similar dimensions.73 The spatial separation of ions and concomitant oscillations in 

the charge densities due to the ions are matched by the opposite charge density contributions from 

the partially charged atoms of water. We illustrate charge distributions in Figure 12. In the 1.0 nm 

pore, the charges from the ions almost completely cancel each other out, while water charge 

distributions reflect an enhanced structure imposed by the more restrictive confinement. In the 

      
 
 
Figure 11. Number density profile of water, top, and NaCl ions, bottom, in confinement between a 1.0 
nm pore, left, and a 1.64 nm pore, right. The location on the x-axis of one wall is always placed on 0. Of 
ions, Na+ is shown by solid lines and Cl- has dotted lines, while the color coding matches for pressure 
inputs matches that for waters. These figures were created from extrusion simulations with bulk ion 
molality of 5.70 mol kg-1. 
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wider pore, the orientational polarization of water is facilitated further by matching the charge 

layering due to the ions. Our earlier work19, 40 showed this feature to facilitate the solution uptake 

and reduce the apparent hydrophobicity of the pore. Present results confirm the same mechanism 

continues to operate across the entire range of pressures, with density amplitudes gradually 

intensified with compression. Additional features, best manifested in the charge density profiles 

for the highest pressure (1500 bar) in Figure 12, are seen to develop in the highly compressed 

water in the wider pore. The increased structure gleaned from the high-pressure results in Figures 

11 and 12 imply an entropy reduction that can rationalize the moderate increases in the pure 

wetting free energies, σ’ (Figure 10) with increasing Pbulk even when the opposite trend is 

suggested from the decreasing energies observed in the narrower pore (Figure 6). 

 
 
IV. CONCLUSIONS 

 Through open ensemble simulations, we gain an insight into the mechanisms of the uptake 

of water and aqueous NaCl solutions in a wetting-resistant nanoporous medium over a large range 

      
 
 
Figure 12. Charge density of molecules in confinement between a 1.0 nm pore, left, and a 1.64 nm pore, right. 
The location on the x-axis of one wall is always placed on 0. These figures were created from extrusion 
simulations with bulk ion molalities of 5.70 mol kg-1. A clear distinction in the packing of water molecules is 
observed for higher pressures. This increase in structure implies a requirement for water to reorient in order 
to compensate for the increased number density. 
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of external pressures. By using pressure-dependent chemical potentials, derived from volumetric 

experiments, we are able to study confined systems open to pressurized bulk solutions. Our 

confinement model places the solution between perfectly smooth, hydrocarbon-like plates with 

separations of 1.0 nm and 1.64 nm to monitor the intrusion/extrusion cycle of solutions.  

 We find reversibility in our simulations to be consistent with literature, namely the 

infiltration of the narrower pore is reversible while wetting of the larger pore is irreversible. 

Reversibility creates a pathway for partial energy recovery characteristic of a shock-absorber 

material. The prominent hysteresis can be alleviated when pure water is replaced by aqueous 

electrolytes; NaCl was considered because of available volumetric data. The reduction in 

hysteresis is attributed to the increase of the pore/solution interfacial tension with increasing salt 

molality. Based on the comparison between the two pore sizes we considered, only a slight 

reduction of the nano-sized pore width should suffice to remove the hysteresis, leading to liquid 

spring behavior. Additionally, the narrow pore presents a strong desalination effect, which is even 

more prominent for lower bulk molalities of NaCl. The increase of liquid compressibility in 

hydrophobic confinements, previously  studied in neat water, is still observed but weakens with 

increasing salt molality. While compressibilities corresponding to the two pore sizes converge at 

extremely high pressures, they never descend to that of the bulk phase. 

 As one would expect, a more structured confined system is observed with increasing 

pressure which produces stronger steric restraints on solvating waters especially in the narrow 

pore. This effect, along with the surface depletion of salt ions, accounts for the differences 

observed in pure wetting free energies which tell that walls appear more hydrophobic as solution 

is compressed into the pore. The effect of salinity can be potentially enhanced by changing the 

system in future work. Namely, a considerably higher intrusion pressure would be expected if the 

salt solution were changed to LiCl since its solubility is near three times higher than for NaCl. It 

would also be of interest to consider molecular nanopores with narrow windows through which 
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solution can flow into a larger space. This process, amenable to Molecular Dynamics or diffusive 

Monte Carlo, would create a situation where stronger desalination and increased osmotic pressure 

difference21 could likely be observed in bigger pores. Alternatively, the exclusion effect can be 

enhanced by replacing the monovalent salt with a low molecular weight (high osmotic pressure74) 

polyelectrolyte, changing the mechanism and increasing the amount of possible energy storage. 
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