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Abstract

We report numerical protocols for describing the water uptake process into mi-
croporous materials, with special emphasis on zeolite crystals. A better under-
standing and more predictive tools of the latter process are critical for a number
of modern engineering applications ranging from the optimization of loss free
and compact thermal storage plants up to more efficient separation processes.
Water sorption (and desorption) is indeed the key physical phenomenon to con-
sider when designing several heat storage cycles, whereas water infiltration is
to be studied when concerned with sieving through microporous materials for
manufacturing selective membranes (e.g. water desalination by reverse osmo-
sis). Despite the two quite different applications above, in this article we make
an effort for illustrating a comprehensive numerical framework for predicting the
engineering performances of microporous materials, based on detailed atomistic
models. Thanks to the nowadays spectacular progresses in synthesizing an ever
increasing number of new materials with desired properties such as zeolite with
various concentration of hydrophilic defects, we believe that the reported tools
can possibly guide engineers in choosing and optimizing innovative materials for
(thermal) engineering applications in the near future.
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1. Introduction

In the last decades, the increase in worldwide human population, industri-
alization and technological development have been causing a growth in the use
of fossil fuels, which in turn has increased greenhouse gas emissions and fuel
prices [1]. Those events motivate a more extensive and efficient exploitation of
the various renewable energy resources, such as solar, tidal, wind or geothermal
technologies [2]. To this end, one of the major limiting factor is the mismatch be-
tween most renewable energy availability and user demand, which is particularly
the case of solar energy due to its intrinsically intermittent and unpredictable
nature [1, 3, 4]. Therefore, energy storage technologies can play an increas-
ingly important role towards a better equilibrium between energy supply and
demand, with the additional aim to make accessible everywhere and every time
electrical and thermal power.

Particularly focusing on thermal energy, sensible [5] or latent [6] heat storage
systems are the most studied and established solutions in the field. However,
due to unavoidable energy losses, those approaches are often not suitable for
long-term applications [7]. On the contrary, storage systems based on sorption
phenomena show high energy density, negligible heat losses and allow repetitive
storage operations [8]. Systems using water as sorbate present the additional
advantages of no toxicity, low cost and large availability. In this context, zeolite
materials are showing great potential for heat storage applications [1].

Zeolites are aluminosilicate materials that nowadays can be easily synthe-
sized with a precise chemical composition and structure of the micropores [9].
The significant increase in the surface to volume ratio and the peculiar physical
properties of water under nanoconfined conditions are the main motivations of
the growing interest for zeolite materials in several fields [10, 11]. In fact, the

increased solvent accessible surface area enhances the solid-liquid interactions,



which in turn modify the liquid transport properties due to nanoconfinement
effects [12, 13]. Generally speaking, such effects are of interest in modern engi-
neering as they can be exploited for finely tailoring mass and energy transport
properties in next-generation devices [14, 15, 16].

In particular, zeolite crystals present both large heat of adsorption and the
capability to accommodate a significant amount of water without noticeable
structure degradation, thus allowing durable heat release/accumulation cycles,
respectively [17, 18]. Zeolite sorbents are typically non-toxic and present low
mass density [19] in addition to a relatively low desorption temperature: all
these features make them materials of great interest in thermal science for both
heating [20, 21] and cooling purposes [22, 23, 24].

However, while the nanometer size of zeolite pores allows the sorption process
to take place with large surface to volume ratios (as a rule of thumb, a teaspoon
of zeolite or MOF materials have a inner pore surface equal to the area of a
football field [25]) thus with high energy densities, it also involves nontrivial
nanoscale effects on the mass transport of water inside the nanopores, such as
surface barriers, single-file diffusion and nanoconfinement [26, 27, 28, 29, 30].

Therefore, modeling of the above phenomena is a non trivial task and it
can often be accurately accomplished only by resorting to detailed atomistic
tools, namely Monte Carlo (MC) and Molecular Dynamics (MD). In Figure 1,
the fundamental tool for linking atomistic results to the engineering level is
schematically represented: the connection of those drastically disparate scales
can be achieved by constructing the water uptake isotherms. In this work,
atomistic numerical protocols are used to investigate on the mechanism of both
water adsorption and infiltration into zeolites with different hydrophilicity thus
enabling to fully construct those isotherms.

In the low-pressure regime (i.e. below the saturation pressure), curves in
Figure 1 are typically referred to as adsorption isotherms, and along with the
value of the isosteric (adsorption) heat, are sufficient to reconstruct the isos-
teric field in the Clapeyron diagram. The latter is a convenient tool for the

thermodynamic optimization of thermal storage cycles [31].



Material Force Field
databases databases

Geometry &
PRE- Potentials
PROCESSING
ATOMISTIC
SIMULATION
w | Adsorption | [Infiltration
isotherms i§(‘)t‘h‘e'rr'ns_ "5 f
MATERIAL ) : Cj
PROPERTIES |1 D(w;T)
&h
BEVIICE Thermodynamic cycle Permeability of
SIG of heat storage device desalination membranes

Figure 1: Protocols for the atomistic modeling by Molecular Dynamics - MD and Monte
Carlo - MC methods of properties of nanoporous materials for thermal storage or desalination
applications. Starting from the geometrical structure and force field, atomistic simulations
are carried out to compute: (i) the isosteric heat g(w;T) and adsorption isotherms w(p;T),
at p < ps (ps being the saturation pressure); (ii) the infiltration isotherms w(p;T) and the
solvent diffusivity D(w;T) for evaluating the membrane permeability, at p > ps. Water
uptake isotherms can be regarded as a convenient linking tool for bridging the disparate space
and time scales between atomistic simulations and engineering applications. The reported
protocol may support computational design of devices based on nanostructured materials,

such as modern thermal batteries and desalination membranes.

On the other side, in the high-pressure regime (larger than tens or hundreds
of bars), curves in Figure 1 are referred to as infiltration isotherms and those
are relevant for water-solute separation processes such as desalination by reverse
osmosis. In fact, it is worth noticing that microporous materials can be also used
for manufacturing selective membranes.

To this respect, thanks to sub-nanometer pore sizes, excellent rejection rates

are expected when using zeolite crystals, or other materials with a narrow pore



size distribution. Better selective membranes can indeed help in the near future
in lowering the overall energy requirements in water desalination and other sepa-
ration processes. The permeability of a microporous membrane depends on both
the solubility coefficient, definable on the basis of the infiltration isotherms, (the
more hydrophilic the more permeable) and the water mobility (diffusion coeffi-
cient, D) within the pores [12] (the more hydrophilic the less permeable). Given
that it is a priori unclear which property (solubility or diffusivity) dominates
the overall transport behavior [32], the right-hand side of Figure 1 represents an
essential piece of information when it is to predict the membrane engineering
performances.

In summary, computational materials design is a very promising research
area, because it allows a more systematic investigation of novel materials for
several applications [33]. This is particularly true for nanostructured materials,
where macroscale properties are strongly affected by nanoscale characteristics
and experiments are often limited by fabrication and visualization techniques,
and thus multiscale modeling is needed [34]. In this article, we focus on nu-
merical protocols in the form of a detailed sequence of atomistic modeling and
simulation steps, as briefly sketched in (Figure 1), aiming at computing the
main material properties needed when evaluating engineering performance of
zeolite-based devices.

While different applications involve operating conditions with disparate pres-
sure values, we suggest a comprehensive simulation framework for describing
both adsorption and infiltration regimes. It is also recognized that reporting
results in the form of adsorption isotherms, the latter represent a formidable
tool for coping with the multiscale nature of the addressed problem, thus ef-
fectively linking atomistic details to more macroscopic properties and perfor-
mances of engineering devices. Here, we take advantage of recent development
of user-friendly software packages, such as GROMACS and Music. We hope
that the reported tool can help the process towards a more rational design of
novel nanoporous materials with tailored water uptake properties for both heat

storage and water separation applications.



This manuscript is organized in sections as follows. In the Section 2, the
adopted numerical protocols for modeling both adsorption and infiltration phe-
nomena are described in detail. Examples of atomistic simulations of water
adsorption into hydrophilic zeolite crystals and water infiltration into MFI de-
fective zeolite are presented in Section 3. Finally, conclusions are drawn in

Section 4.

2. Methods

Two modeling protocols based on atomistic simulations are here detailed,
with the aim to numerically predict adsorption and infiltration phenomena of
water intruded in zeolites for thermal storage and water separation applications,
respectively.

First, a hybrid MD/MC protocol is designed to investigate both adsorption
isotherms and isosteric heat of adsorption of water in a sample of 13X zeolite.
This type of zeolite is typically adopted for thermal storage applications due
to its hydrophilic behavior [35]. The geometry and force field of the simulated
configuration, as well as a simulation protocol are required to perform atomistic
simulations.

13X zeolite has a FAU structure with an Al/Si ratio of 1+-1.25 and a number
of Na cations equal to the amount of aluminum atoms and distributed in a few
possible sites within the crystal [36]. The adsorption properties of zeolite are
strongly influenced by both the amount of cations and their positions within
the framework [36, 37]. As a representative example, a 13X zeolite with 76 Na
cations per unit cell is here considered (leftmost picture in Figure 2) [38, 39].
Starting from the atomistic coordinates observed by NMR experiments [36],
the initial amount of aluminum atoms in the 13X unit cell is modified to the
target value. The substitution of Si atoms by Al ones is operated following
the Lowenstein’s rule. Cations are then randomly placed within the framework,
while considering the possible occupancy sites [40] and avoiding energy peaks

within the structure. The obtained unit cell is then replicated along z,y, z axes



in order to obtain a cubic simulation domain with 5.02 nm edge (2x2x2 unit
cells).

The force field adopted for the MD/MC adsorption simulations takes into
account bonded (i.e. covalent bonds) and nonbonded (i.e. van der Waals and
Coulomb forces) potentials. The zeolite framework is considered fixed in the
Monte Carlo simulations, whereas it is restrained by an harmonic potential in
the Molecular Dynamics computations. Such assumption has been made to
increase the simulation speed, and it does not significantly alter the adsorption
properties of zeolite [41]. Note that no position restraints are applied to the Na
cations, which are free to diffuse within the framework. Nonbonded interactions
are mimicked by 12-6 Lennard-Jones (LJ) and Coulomb potentials, respectively.
LJ parameters and partial charges for 13X zeolite are taken from Reference [38].
TIP4P is adopted as water model [42], coherently with similar studies in the
literature [38].

Given geometry and force field for the sorbent-sorbate couple to be tested,
the simulation box is first energy minimized with a steepest descent algorithm
[43]. Then, adsorption isotherms are obtained by MC simulations, whereas heat
of adsorption by MD ones (see Figure 2).

Equilibrium quantities are obtained through a series of Gran Canonical
Monte Carlo simulations (GC-MC). MC simulations are carried out with up
to 2 millions iterations, periodic boundary conditions along x,y, z axes, tem-
peratures and pressures ranging from 300 to 350 K and from 10 to 3.5 kPa,
respectively.

The isosteric heat of adsorption is instead obtained by MD runs. Starting
from the equilibrated system, multiple configurations are generated by randomly
inserting a controlled amount of water molecules in the zeolite pores, in order to
evaluate the effect of pores hydration on heat of adsorption. Here, the consid-
ered hydration levels range from 5 to 100% of the water uptake at the saturation
pressure (3.5 kPa), as computed by MC simulations. After the water molecule
insertion, the velocities in the system are initialized by a Maxwell distribution

at 300 K. The system is then relaxed to the target temperature (300 K) with
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Figure 2: Simulation protocol adopted to study the adsorption phenomena of water in 13X
zeolite. From left to right: once the geometry and force field of the zeolite framework are
defined, the simulation domain is equilibrated and production run performed. Gran Canonical
Monte Carlo allow to compute the adsorption isotherms of the considered sorbent-sorbate

couple, whereas Molecular Dynamics the isosteric heat of adsorption.

a 1 ns MD simulation in NVT ensemble (Berendsen thermostat applied to the

whole system [44]). After the thermalization step, the MD production runs are



carried out for up to 2 ns in NVT ensamble (Nosé-Hoover thermostat applied to
the zeolite framework [45]). Heat of adsorption is computed from the average
sorbate-sorbent (nonbonded) interaction energies during the simulated trajec-
tory. Note that the simulated MD trajectories would also allow to compute the
transport properties of water molecules intruded in the zeolite pores, such as
viscosity, Fick’s and self-diffusion coefficients.

Second, a MD protocol is developed to compute the infiltration isotherms
of water in a sample of MFI zeolite, which is a zeolitic material currently in-
vestigated for reverse osmosis membranes with enhanced permeability and near
100% ions rejection [10].

This MD setup is designed for estimating the equilibrium water filling of a
x,y periodic membrane at different solvent pressures, thus allowing to obtain the
characteristic water infiltration isotherms of the tested material. The membrane
is made out of either pristine (hydrophobic) or defected (hydrophilic) MFI zeo-
lite (2x3x3 crystal cells), and it is restrained in the center of the simulation box.
The membrane is then solvated in a large water box (about 30000 molecules are
typically added, see Figure 3a), whereas the water-zeolite interface normal to z
axis is functionalized by silanol terminals.

The force field adopted for the infiltration experiments takes into account
both bonded and nonbonded interactions. Bonded interactions in the MFT crys-
tal are modeled by both stretch and angle harmonic potentials. Parameters of
the bonded interactions are reported elsewhere [46]. Nonbonded interactions
between zeolite and water are crucial for defining the infiltration characteristics
of the studied material [47, 48]. Here, van der Waals interactions are modeled
by a 12-6 Lennard-Jones potential; partial charge interactions between solid
surfaces and water are modeled by a Coulomb potential. Initially, both LJ and
partial charges of MFI zeolite are taken from the values reported by Cailliez
et al. [47], where partial charges of silicon, oxygen and hydrogen atoms in the
MFTI structure are gs; = 1.4 e, go = —qg,;/2 and gy = gs;/4, respectively. The
value of ¢g; is successively tuned in order to better mimic experimental infil-

tration isotherms. TIP4P water model is adopted for the solvent [49], because
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Figure 3: Simulated configuration for infiltration experiments. (a) Schematics of the MD sim-
ulation box: MFI zeolite membrane (red/yellow) and water molecules (blue) are represented.

(b) MFI zeolite membrane after the water infiltration with p solvent pressure.

it well reproduces the transport properties of water molecules confined in MFI
zeolite [47]. Intramolecular interactions of water molecules are fixed by LINCS
algorithm [50], in order to increase the simulation timestep.

After that geometry is energy minimized, system velocities are initialized by
a Maxwell distribution (300 K). System temperature is then equilibrated at 300
K and water pressure stabilized around 0.1 MPa by successive NVT and NPT
runs, where Berendsen thermostat and barostat are used. Finally, infiltration
runs are performed in NPT ensemble (velocity rescaled Berendsen thermostat
with T=300 K; isotropic Parrinello-Rahman barostat with p water pressure to
be tested), so that water molecules can intrude in the initially empty zeolite
membrane until equilibrium conditions are reached (Figure 3b), typically after
10-35 ns. In silico infiltration experiments are performed in the pressure range
1-250 MPa, and only water molecules in the central portion of the membrane
are considered as infiltrated, in order to avoid artifacts due to the broken crys-
tallinity at the solid-liquid interface. Up to three repetitions per simulation

with different initial conditions are performed and results averaged, for better
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statistics. Kinetic end potential energies as well as pressure are checked for
convergence during the simulation.

MC simulations are carried out by means of MUSIC [51], whereas MD ones
by GROMACS [43] software. Rendering pictures are made with UCSF Chimera
[52]. Lennard-Jones potentials are treated with a twin-range cut-off modified
by a shift function (1.0 nm cut-off distance), whereas the Particle-Mesh Ewald
(PME) algorithm [53] with 1 nm real-space cutoff and 0.12 nm reciprocal space
gridding is chosen for electrostatic interactions. MD simulations are performed
with a leap-from algorithm and time step At = 2 fs. Long range dispersion

corrections are applied to avoid energy artifacts.

3. Results

8.1. Adsorption experiments

The presented simulation protocols may be adopted to study equilibrium
and transport properties of fluids within a broad selection of microporous ma-
terials, e.g. zeolites, MOF or porous carbon materials. For demonstrating the
robustness of the protocols, a few case studies are here reported: 13X and MFI
zeolites, which are typically studied for heat storage and water filtration appli-
cations, respectively.

First, adsorption isotherms of water in 13X zeolite (76 Na) are obtained
from Monte Carlo simulations at different temperatures, namely 7" = 300, 325,
350 and 375 K (Figure 4a). Given temperature and pressure, Monte Carlo
simulations allow to compute the water uptake w, which corresponds to the
equilibrium amount of adsorbed water molecules per unit cell (N/UC). Note
that w can be easily expressed into more engineering measure units, such as mass
of water per mass of zeolite (i.e. the load kgw/kgz), by considering the water
(M) and zeolite’s unit cell (Mz) molar mass: [kgw /kgz| = [N/UC| My /M.

Coherently with similar hydrophilic zeolites analyzed in the literature [38,
54], the simulation results (symbols in Figure 4a and b) show a typical type-I

adsorption behavior, which can be fitted by Toth equation for heterogeneous
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systems (solid lines):

w(p,T) - A 1/m’ (1)

[1+(Bp)"]

being A = w,, B and w,,, the maximum adsorbed amount, B the Toth adsorption
constant, which is related to the Henry law slope, and m the heterogeneity
parameter [54]. Note that m = 1 reduces Equation 1 to Langmuir sorption
isotherm, whereas the heterogeneity of the sorbent-sorbate system enhances
m deviation from 1. Simulation results are accurately (R%? > 0.93, see the
residual plot in Figure 4b) fitted to Equation 1 by an optimization procedure
based on genetic algorithm. Similarly to the experimental results by Wang and
LeVan [55], the obtained Toth equation parameters show coherent variations

with temperature, namely:

A(T) = Agexp (E/T), (2)
B(T) = Boexp (E/T), 3)

and
m(T) =mg+ C/T. (4)

In detail, Equations 2 and 3 are best fitted by Ay = 1.84 x 10! kPa™!, By =
3.57 x 107* kPa™! and F = 7585 K (R? = 0.99), namely a exponential decrease
of Toth adsorption constant with temperature. On the other hand, Equation 4
is best fitted by mp = 2.52x 1072 and C' = 29.6 K (R? = 0.8), namely a slightly
decreasing trend of heterogeneity parameter. Therefore, water uptake decreases
at high temperature, because of the exothermic nature of water adsorption to
13X zeolite. Results in Figure 4 also show that the most of water uptake,
takes place at low pressures (approximately p < 0.1 kPa and it increases with
T), whereas only marginal further uptakes can be noticed in the remaining
adsorption range. Hence, the former pressure range should be considered for
determining the conditions needed to regenerate thermal batteries based on the
simulated 13X zeolite.

MD simulations are then carried out to estimate the isosteric heat of adsorp-

tion (q) of the sorbent-sorbate couple considered so far, namely the enthalpy

12
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Figure 4: Atomistic simulations of water adsorption in 13X zeolite (76 Na) for heat storage
applications. (a) Adsorption isotherms at different temperatures: MC results (symbols) vs.
Toth equation fitting (solid lines, Equation 1). (b) To better visualize adsorption isotherms
at low p, pressures are reported in a logarithmic axis (upper panel). Moreover, the residuals
between MC results and Toth model fitting are plotted (lower panel). (c) Heat of adsorption
at different hydration levels (0). (d) Ideal cycle for a heat storage device based on sorption

phenomena, represented on the isosteric field in the Clapeyron diagram.

(AH) released by the sorbate during the adsorption process. The analysis is
only performed at 300 K, because ¢ is only slightly temperature dependent. Dif-
ferent techniques allow to calculate g from atomistic simulations [56]. Neglecting
the kinetic energy contribution to ¢ (i.e. low T’ as in the typical thermal storage

applications), it is possible to demonstrate that
—q¢=AH~Uwz — Uww, (5)

where Uy z and Uww are the sorbent-sorbate and sorbate-sorbate interac-

tion energies. Here, Uy z and Uwy correspond to the average water-zeolite

13



and water-water nonbonded interaction energies, which can be easily extracted
from the MD trajectories. Results in Figure 4c¢ show that ¢ decreases with the
nanopores hydration, in good agreement with previous experimental and mod-
eling studies [38]. In fact, the first molecules adsorbed to the nanopore surface
can fully lie in the water-zeolite potential well, therefore releasing a larger part
of their kinetic energy. Instead, successive adsorbed molecules progressively ex-
perience a screen effect from the first ones, therefore causing a smaller enthalpy
release and thus lower q.

Adsorption isotherms and isosteric heat of adsorption are the fundamental
properties of a sorbent-sorbate couple to be estimated in order to design the
working cycle of sorption heat storage devices. An ideal water sorption heat
storage system realizes an inverse cycle which can be conveniently illustrated in

the Clapeyron diagram, as sketched in Figure 4d. The heat of adsorption can be

determined using the Clausius-Clapeyron equation [57], namely ( 88_1?/7}) =
X

9
R

which represents a set of isosters in the Clapeyron diagram and can be
determined by the adsorption isotherms of the chosen sorbent-sorbate couple.
Starting from a fully adsorbed thermal battery (A point in Figure 4d), the
sorbent may be heated along an isosteric curve (A-B). A further heat supply
to the sorbent (B-C) causes the desorption of the sorbate at (ideally) constant
pressure (p., condensation pressure), thus being responsible for the regeneration
of the thermal battery. Unlike standard inverse cycles, sorption heat storage
cycles are interrupted (at C) for allowing heat conservation. A change in the
ambient conditions (e.g. seasonal heat storage) can then decrease the system
temperature without further molar changes (C-D). Finally, the key process is
the heat released along the discharge path D-A at constant evaporation pressure
(pe), which takes place when sorbent and sorbate are put in contact. The heat
released can be computed as Qp_a = ‘f;f;"i’ q(X,T(X),p.)dX|. Note that
A and C points are defined by the working conditions of the system, whereas
B and D depend on the selected sorbent-sorbate couple, which determines the

equation of the set of isosteres. Hence, accurate modeling tools for predicting

sorbate adsorption into a broad variety of sorbent are critical for a more rational
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design of sorption thermal storage systems.

3.2. Infiltration experiments

Equilibrium and transport infiltration properties of water confined within
nanopores are determined by geometric (i.e. pore size and network), physical
(i.e. pore filling, temperature, pressure) and chemical (i.e. solid-liquid non-
bonded interactions) factors [28]. In particular, the affinity between zeolite
matrix and water (i.e. hydrophilicity degree) can be controlled by introducing
hydrophilic defects in a pristine hydrophobic framework, thus precisely tuning
the properties of the intruded water. For example, while pristine MFI zeolite
(also known as silicalite-I) shows hydrophobic behavior, the introduction of alu-
minum defects fosters the creation of silanols (i.e. SiOH) thus a progressive
increase of the hydrophilicity of the nanoporous framework [32]. Here, water
infiltration in MFI zeolites with tunable hydrophilicity is studied by MD.

In the MD runs, steady state is considered as achieved when the water
uptake w converges to a constant value (Figure 5). This corresponds to the
amount of water molecules in thermodynamic equilibrium with the system’s
chemical potential (i.e. pressure). First, the infiltration isotherm of water in
silicalite-I obtained from MD simulations is compared with the experimental
results presented in Reference [9]. Partial charges of the zeolite structure are
then tuned for mimicking the experimental infiltration pressure (= 100 MPa
[9]): starting from the value suggested by Cailliez et al. (gs; = 1.4 e, where
e is the electron charge), MD runs show that gg;=1.8 e better reproduces the
experimental infiltration pressure of the considered silicalite-I membrane (Figure
6).

Note that the maximum framework infiltration capacity (wps) of the simu-
lated structure is larger than the experimental evidence reported by Humplik
et al., namely 52 N/UC vs. 35 N/UC, respectively [9]. However, similar val-
ues have been found in other experimental (i.e. 53 N/UC [58]) and numerical
studies (i.e. 57 N/UC [59]). Such discrepancy with experiments may be due

to the analysis of imperfect zeolite specimens, which may present surface bar-
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Figure 5: Water uptake w in a silicalite-I membrane, at p = 50 (black squares) or 150 (red

circles) MPa.
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Figure 6: Infiltration isotherm of water in a silicalite-I membrane. Results from current
MD simulations (red dots and dashed line) are compared with the experiments reported by

Humplik et al. (black line) [32].

riers, pore blockage or contamination of the structure thus modifications of the
accessible pore volume. On the other hand, numerical results may be affected

by non-optimized force field parameters, such as water model or Lennard-Jones

16



coefficients. For the sake of completeness, while water model is kept constant
in the following simulations, the effect of Lennard-Jones parameters on wj; has
been investigated. In particular, the inter-particle distance at which the LJ po-
tential is zero for the oxygen atoms of the MFI zeolite is varied (o). Starting
from the base case (i.e. o = 0.30 nm [47]), o is increased up to 0.42 nm and the
water uptake wy; at p = 250 MPa evaluated by MD simulations. Considering a
silicalite-I membrane, Figure 7 shows that wjy; decreases as ¢ increases. There-
fore, the wps decrease is due to the reduction of water accessible volume in the
zeolite’s nanopores. However, changes in wjy; do not affect the dependence be-
tween infiltration pressures (i.e. infiltration type) and structure hydrophilicity

[32], which is the focus of the following analysis.

g |

- =
T _
& 0.5 |
=

83 035 04 045
o [nm]

Figure 7: Influence of o Lennard-Jones parameter for the oxygen atoms of silicalite-I mem-
brane on the maximum framework infiltration capacity wps. Results are scaled by the frame-
work capacity wpsg of the base case, namely the case with ¢ = 0.30 nm. The black dotted

line is a linear fitting of MD results.

After the preliminary tuning of the zeolite force field on experimental results,
hydrophilic defects are introduced in the pristine structure, in order to study
the infiltration behavior of water in hydrophilic MFI membranes. Here, de-
fects mimic the substitution of silicon atoms by aluminum ones, which induces
the creation of four local silanol nests [47]. A setup with 3.06% Al substitu-

tions respect to the total amount of Si atoms in the structure (%Al1/Si) is then

17



simulated.

Results in Figure 8 show that a small increase in the defect concentration
(i.e. structure hydrophilicity) induces a dramatic change in the infiltration
isotherm shape, coherently with experimental evidences and previous modeling
works [32, 47]. MD results are then fitted by Dubinin-Astakhov equation (D-A),
which is a model widely adopted for interpreting the dynamics of adsorption-
infiltration processes [60]:

e { <kBNAT1n P>”“} (©)

WM — Wm Epa PMm
In Equation 6, pys is the pressure at which wj; is reached; EFp4 and npa are
D-A parameters related to the water-structure interaction energy and struc-
ture geometry, respectively; kp is the Boltzmann constant, N4 the Avogadro
number and T the system temperature. While w,,, wys and py; are known
quantities, Ep4 and npa are fitted to MD results. Here, the zeolite structure
is assumed as invariant in the simulated setups thus npa constant, whereas
Epa related to defect densities. By means of optimizations based on genetic
algorithm, nps = 3.14 is found to be the most accurate D-A exponent for
the simulated MFI membranes. The optimized Ep4 values are 2.30 and 3.85
KJ/mol for the pristine and the defected MFI zeolite, respectively. Figure 8
shows that D-A model (Equation 6) accurately fits (R? > 0.90) the obtained
MD infiltration isotherms. As expected, the energy parameter Ep, increases
with defect concentration, because the larger amount of hydrophilic spots in
the structure implies higher interaction energies between the membrane and
the intruded water molecules. Note that wj; is independent from defect con-
centration, because it is only determined by the solvent accessible volume of the
nanoporous structure.

The infiltration isotherm is clearly type-V in silicalite-I (according to TU-
PAC classification), which means that the membrane has an overall hydropho-
bic behavior. In this case, no infiltration occurs at low pressures, because bulk
liquid-liquid interactions are stronger than the solid-liquid ones. Therefore, wa-

ter condensation is dominated by liquid-liquid interactions at the infiltration
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Figure 8: Infiltration isotherms of water in MFI zeolites with different defect densities: MD
results (symbols) vs. D-A fitting (solid lines).

pressure, meaning that the condensation process starts with the homogeneous
nucleation of water molecules and it is then followed by the collapse of the wa-
ter clusters into the bulk liquid phase at the infiltration pressure [47, 48, 61].
The defect introduction within the MFI framework transforms the infiltration
isotherm from type-V to type-I. In this case, solid-liquid interactions become
dominant in the condensation process, thus inducing a heterogeneous nucle-
ation of water molecules in the proximity of the most hydrophilic (i.e. defected)
regions of the membrane [47, 58, 62, 63].

These numerical results demonstrate that small concentration of hydrophilic
defects can significantly alter the infiltration characteristics of hydrophobic
nanoporous materials, by enhancing their water uptake at infiltration pressures
[32, 47]. On the contrary, some recent experimental studies have shown a signif-
icant increase in the transport of water in nanometer-sized hydrophobic pores
[32]. Hence, since the overall permeability of membranes depends on both equi-
librium (i.e. membrane solubility) and transport (i.e. water diffusivity) infiltra-

tion quantities, MFI zeolite may represent an ideal platform for a model-driven
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design of the optimal defect concentration - thus hydrophilicity - of microporous

materials for reverse osmosis applications.

4. Conclusions

In this article, numerical protocols for atomistic modeling of both water
adsorption and infiltration into zeolite crystals have been presented. Those
tools are essential for predicting the engineering performances of new promis-
ing materials of interest for thermal storage and water-solute applications. The
essential tool for bridging the gap between atomistic simulation results and en-
gineering level applications are the water uptake isotherms. On one side, in the
low-pressure regime, the water adsorption isotherms (along with the knowledge
of the isosteric heat) allows to perform thermodynamic optimization of sorp-
tion thermal storage cycles. On the other side, in the high-pressure regime,
the water infiltration isotherms provide important information about the per-
meability of zeolite-based selective membranes. Better selective (and robust)
membranes may help in the near future in lowering the overall energy consump-
tion in water desalination and other separation processes. To this respect, as an
example, it is shown that the introduction of hydrophilic defects within an orig-
inally hydrophobic nanoporous material is a possible approach for controlling
the characteristic infiltration isotherms: starting from a hydrophobic structure
(i.e. silicalite-T), the hydrophilicity of the zeolite membrane is then tuned by

defect concentration.
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